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Foreword

Radioactive waste management programmes in OECD countries cover a wide range of activities
in research and development with the common purpose to get the necessary scientific basis for
disposal of various types of radioactive waste. The concern for the safety of final disposal is shared
among the safety authorities and the radioactive waste producers, primarily the nuclear utilities.
In some countries, site selection and characterisation programmes for high-level waste disposal are
at a relatively advanced stage and several countries already have repositories for low-level waste
in operation. Due to the difficulties involved and the amount of work necessary to get the required
scientific information, the problems to be resolved have a high priority in national and international
co-operative programmes.

INTRAVAL was set up as an international project concerned with the use of mathematical models
for predicting the potential transport of radioactive substances in the geosphere. Such models are
used to help assess the long-term safety of radioactive waste disposal systems. The INTRAVAL
project was established by the Swedish Nuclear Power Inspectorate to evaluate the validity of these
models. Results from a set of selected laboratory and field experiments as well as studies of
occurrences of radioactive substances in nature (natural analogues) were compared in a systematic
way with model predictions. Discrepancies between observations and predictions were discussed
and analysed.

The project ran for six years, from 1987 to 1993. It was organised in two phases. The Swedish
Nuclear Power Inspectorate (SKI) was managing participant during both phases and the
OECD/Nuclear Energy Agency, Her Majesty's Inspectorate of Pollution (HMIP/DOE), United
Kingdom, and Kemakta Consultants, Sweden took part in the project secretariat. The project had
also observers from the International Atomic Energy Agency and from the State of Nevada.

The first phase of INTRAVAL was finished in 1990. Reports of the results from the first phase
were issued in 1990, 1992 and 1993. A summary report of phase one of the project was published
in the beginning of 1994,

The second phase of INTRAVAL was initiated in 1990 and finished 1993. Thirty-eight
organisations from thirteen OECD countries participated in the second phase. Test cases were
divided among four working groups which describe their findings in four separate reports. This
report is one of them. In addition a summary report will be issued as well as a report from an
independent subcommittee for integration.




Abstract

The Working Group 1 final report summaries two test case studies, the Las Cruces Trench (LCT),
and Apache Leap Tuff Site (ALTS) experiments. These test cases were in the earlier Phase 1
effort and are discussed in the Phase 1 final report. For Phase 2 they were refocused to address
field validation aspects building upon the accomplishments in Phase 1. The objectives of these
two field studies were to evaluate models for water flow and contaminant transport in unsaturated,
heterogeneous soils and fractured tuff. The LCT experiments were specifically designed to test
various deterministic and stochastic models of water flow and solute transport in heterogeneous,
unsaturated soils. Experimental data from the first two LCT experiments, and detailed field
characterisation studies provided information for developing and calibrating the models.
Experimental results from the third experiment were held confidential from the modellers, and
.were used for model comparison. Comparative analyses included: point comparisons of water
content; predicted mean behavior for water flow; point comparisons of solute concentrations; and
predicted mean behavior for tritium transport. These analyses indicated that no model, whether
uniform or heterogeneous, proved superior. Since the INTRAVAL study, however, a new method
has been developed for conditioning the hydraulic properties used for flow and transport
modelling based on the initial field-measured water content distributions and a set of scale-mean
hydraulic parameters. Very good matches between the observed and simulated flow and transport
behavior were obtained using the conditioning procedure, without model calibration. The ALTS
experiments were designed to evaluate characterisation methods and their associated conceptual
models for coupled matrix-fracture continua over a range of scales (i.e., 2.5 centimeter rock
samples; 10 centimeter cores; 1 meter block; and 30 meter boreholes). Within these spatial scales,
laboratory and field tests were conducted for estimating pneumatic, thermal, hydraulic, and
transport property values for different conceptual models. The analyses included testing of current
conceptual, mathematical and physical models using the ALTS characterisation data. Conclusions
drawn were: (1) wetting history has a significant influence on formulating the characteristic
curve; (2) thermal conductivity is only poorly related in a linear fashion to water content; and (3)
the fracture saturation behind the wetting front initially is very low, perhaps ten percent, but
increases to complete saturation during the course of the block wetting experiment contrary to the
modelling results which overestimated the fracture imbibition volume by a factor of twenty, and
the fracture wetting front advance by a factor of eight. Both the LCT and ALTS studies have
demonstrated the value of field-scale experiments and the importance of experimentalists and
modellers working together to solve complex flow and transport problems.




Table of Contents

Page
1 Introduction 7
2 Test Case Summaries 9
2.1 Las Cruces Trench (Richard Hills, Contributor) 9
2.1.1  Background 9
2.1.2  Experimental Objectives 9
2.1.3  Experimental Design 10
2.1.4  Experimental Analysis 11
2.1.5 Models Developed for Testing 12
2.1.6  Model Comparison and Testing Strategy 14
2.1.7  Alternative Conceptual Models Tested and Assessed 16
2.1.8  Integration of Multi-Disciplines 17
2.1.9  Performance Measured Used to Assess Modelling Results 19
2.1.10 Principal Findings 20
2.2 Apache Leap Tuff (Todd Rasmussen and Amado Guzman-Guzman, Contributors) 23
2.2.1  Background 23
2.2.2  Experimental Objectives 23
2.2.3  Experimental Design 24
2.2.4  Experimental Analysis 26
2.2.5 Models Developed for Testing 27
2.2.6  Model Comparison and Testing Strategy 28
2.277  Alternative Conceptual Models Tested and Assessed 29
2.2.8  Integration of Multi-Disciplines 29
2.2.9  Evaluation Criteria 30
2.2.10 Principal Findings 30
3 Significant Lessons 35
3.1 Characterisation Instrumentation & Methods 35
3.2 Conceptual Model Development 35
33 Comparison Strategies and Measures 36
34 Acceptance Criteria 36
4 Conclusions 37
Acknowledgements ' 37
References 38




List of Figures

2.1

2.2

23

24

2.5

2.6

2.7

2.8

Plan View for the Las Cruces Trench Experiments

Plot 2b Water and Chemical Tracer Application Schedule

Observed and Simulated Water Content Distributions for Day-70

Experimental Setups for (A) the Wetting Front Experiment for the Fractured Block; (B) the
Rock Porosity Measurement Experiment of the Matrix Using a Pycnometer; (C)
HydraulicDiffusivity Coefficient Measurement Using a Core Imbibition Experiment; and (D)
GasDiffusion Coefficient Measurements and Breakthrough Curve Experiment

Borehole Location at the Apache Leap Tuff Site

Schematic Representation of the Air Injection System

Three-dimensional omni-scale directional semivariogram of In k 1-m scale

Log-Log semivariogram of /n k of the pooled data from the 0.5-, 1.0-, and 3.0-m scale

List of Tables

2.1
2.2
2.3

24

Parameters Measured During the Las Cruces Trench Experiments
Modelling of the Plot 1 and 2a Experiments
Modelling of the Plot 2b Experiment

Fractured Block Characterisation Parameters




1 Introduction

Phase 2 of the International INTRAVAL Project initiated in October 1990 was organised into four
working groups. Working Group 1 (WG1) originally addressed the Las Cruces Trench, Apache
Leap, and Twin Lake Test Cases. In April 1991 the Twin Lake Test Case was moved to Working
Group 4, and later returned to WG1 prior to the completion of Phase 2. The Yucca Mountain Test
Case, considered an auxiliary test case of the Apache Leap Test Case was added in 1992. At the
final technical workshop of Phase 2 held in Stockholm in September 1993, members of WG1 met
to organise the final reporting strategy. It was agreed that each test case would be documented in
a final published report under the responsibility of the Pilot Team. The WG1 final report would
contain summaries taken from the individual test case reports. To date only the Las Cruces Trench
and Apache Leap Test Cases have been documented in final published reports, "INTRAVAL
Phase 2 Modelling Testing at the Las Cruces Trench Site" by Hills and Wierenga, 1993, and
"Apache Leap Tuff INTRAVAL Experiments: Results and Lessons Learned" by Rasmussen et al.,
1996. Information on the Twin Lake and Yucca Mountain test cases are provided in the final
INTRAVAL Progress Report 10 issued in 1993 prior to the completion of Phase 2. Therefore the
WGI final report is limited to summaries reporting on the Las Cruces Trench and Apache Leap
Test Cases.

At the conclusion of Phase 1 of INTRAVAL, the NRC staff nominated two ongoing field studies
for consideration in Phase 2 of the INTRAVAL Project. These experiments dealt with the testing
and confirmation of water flow and contaminant transport models for unsaturated, heterogeneous
soils and fractured tuff. In Phase 1 of INTRAVAL which focused on laboratory and field studies,
the Las Cruces Trench studies were proposed by the NRC staff to examine issues of heterogeneity
in unsaturated soils. Specifically, how to characterise it, model it, and assess uncertainty in
simulated flow and transport results (the Phase 1 results are discussed in Voss and Nicholson,
1993). The Apache Leap Tuff studies were proposed by the NRC staff to examine issues of non-
isothermal, multi-phase flow and transport in unsaturated, fractured tuff. Both projects were
approved for continuation in Phase 2 which focused on field studies and natural analogues.







2 Test Case Summaries

The following test case summaries were developed from the final test cases reports ([Hills and
Wierenga, 1993] for Las Cruces Trench; [Rasmussen et al., 1996] for Apache Leap). Data reports
and peer-reviewed journal articles are cited throughout the test case summaries which further
document modelling and experimental results, information and detailed datasets. Lessons learned
from these two test cases were presented at the GEOVAL-94 symposium [Nicholson et al., 1995]
using information from the WG] final report.

2.1 Las Cruces Trench Studies

2.1.1 Background

The Las Cruces Trench (LCT) studies originated as a cooperative research effort between field
experimentalists at New Mexico State University (NMSU), Pacific Northwest Laboratory (PNL),
and modellers at the Massachusetts Institute of Technology (MIT)[Wierenga et al., 1986]. The
field site was already part of a long-term environmental research study at the NMSU College
Ranch (located 64 kilometres northeast of Las Cruces, New Mexico, USA) which was examining
soil moisture processes in arid, cattle grazing land. The stated objective of the pre-INTRAVAL
LCT study was "to collect a detailed data base for validating stochastic flow and transport models
for unsaturated soils" [Nicholson et al., 1989]. The original objective went on to state "The
theoretical stochastic method; the approach for selecting an adequate data base upon which
stochastic models can be tested; and the details of the field program, including the plot design and
initial test configuration of the field trench, are all integral parts of the validation process." Central
to the LCT study was the need to determine the degree of heterogeneity at the field site, and how
it should be represented (e.g., stochastic random fields characterised by means, variances and
correlation scales) [Nicholson et al., 1989].

2.1.2  Experimental Objectives

For the INTRAVAL Project, the LCT studies were reformulated using the goal of rigorous model
testing (both deterministic and stochastic models) to include multiple field tests. The experimental
objectives were that:

- The hydraulic properties for the site should be characterised in sufficient detail so that the
site can be modelled using deterministic and stochastic models;

- The boundary conditions on water flow and solute transport should be carefully controlled
to minimise ambiguities associated with model testing; and

- The movement of water and solute through the soil profile during infiltration and
redistribution should be monitored in sufficient detail so that the effect of spatial variability
can be defined [Hills and Wierenga, 1994].




These experimental objectives were successfully met, due in part to the detailed instrumentation
and monitoring activities which produced significant experimental datasets [Wierenga et al., 1989
and 1990, and Hills and Wierenga, 1994].

2.1.3  Experimental Design

Figure 2.1 illustrates the experimental design. Water was applied at a rate that would not create
saturated conditions, but would enhance lateral spreading to magnify the lateral and vertical
heterogeneities of the unsaturated soil profile. The facility was designed for monitoring the applied
water and tracer movement at various depths. The field instrumentation consisted of numerous
neutron access tubes, and tensiometers and solute samplers installed in the wall of the excavated
trench. The trench face was exposed for the first experiment allowing visual observation of the
wetting front advance. Water and tracers were applied to two different experimental plots.

A trench measuring 26.5 m long, 4.8 m wide, and 6.0 m deep was excavated through a series of
soil horizons. The trench served as an observation, sampling and instrumentation facility. Earlier
soil column and lysimeter experiments were important in defining the soil properties and for testing
the horizontal versus vertical property differences for various infiltration rates [Wierenga et al.,
1986]. This information was used to determine the irrigation application rate for the first wetting
experiment (Plot 1) using the 4m wide by 9m long irrigation strip shown in Figure 2.1. The Plot
1 test can be viewed as an initial characterisation experiment which along with the earlier lysimeter
and laboratory experiments defined the soil horizons, properties and ambient conditions [Wierenga
et al., 1989]. The Plot 2a test was considered a dynamic experiment in which model calibration was
possible [Wierenga et al., 1990]. Plot 2b was also a dynamic experiment but was performed as a
validation experiment since the experimental results were not given to the modellers [Hills and
Wierenga, 1994].

The first experiment used the 4.0 by 9.0 metre plot (Plot 1) with a water application rate of 1.82
cm/day. Tritium was applied with the irrigation water for the first ten days, followed by 76 days
of irrigation without the tritium. The second (Plot 2a) and third experiments (Plot 2b) used the 1.22
m wide by 12 m long irrigation strip. The Plot 2a test in Phase -1 of INTRAVAL involved a
reduced application rate (0.43 cm/day) with tritium and bromide tracers for 11.5 days followed by
an additional 64 days of water application without tracers. The Plot 2b test, designed by scientists
at the University of Arizona and NMSU in consultation with the modelling teams in INTRAVAL,
used an application rate identical to the first experiment (1.82 cm/day) but used a different
application schedule and tracers [chromium, boron, and pentafluorobenzoic acid (PFBA) initially,
and tritium, bromide and 2,6-difluorobenzoic acid (DFBA) later] (see Figure 2.2).
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Figure 2.1 Plan view for the Las Cruces Trench Experiments (from Hills and Wierenga, [1994]).
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Figure 2.2 Plot 2b water and chemical tracer application schedule (from Hills and Wierenga,
[1994]).

2.1.4  Experimental Analysis

The experiments were analysed by defining: (1) the characterisation and dynamic variable
properties measured during the experiments (see Table 2.1); (2) the distributions of water contents
using the neutron access holes taking readings at various depths; (3) the tracer plume concentration
contours using collected water samples via the soil solution samplers in the face of the trench
during the experiments, and destructive core samples collected at the end of the experiments; and
(4) the wetting front positions for Plot 1 based upon photographs of the trench face over time.
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Table 2.1 also provides the scale and technique used to determine the characterisation and dynamic
variables (where 0, 0, and O, are the volumetric water content, residual water content, and
saturated volumetric water content, ¢ and n are parameters that define the shape of the van
Genuchten model soil-water retention curves, and & is pressure head) measured during the
experiments [Hills and Wierenga, 1994].

To characterise the transport parameters of the tracers (tritium, bromide, chromium, boron and
chloride) a series of laboratory and field column studies were performed, and are reported in Porro
et al. [1993], and Porro and Wierenga [1992]. PFBA and DFBA are non-reactive anions and are
considered to have the same properties as bromide, and therefore were not tested.

2.1.5 Models Developed for Testing

During Phase 1 of INTRAVAL, the modelling teams consisted of: (1) the Bureau for Economic
Geology, University of Texas (BEG); (2) the Center for Nuclear Waste Regulatory Analysis
(CNWRA); (3) HydroGeologic Inc. (HGL): (4) Kemakta Consultants Co. (KKC); (5)
Massachusetts Institute of Technology (MIT); (6) New Mexico State University (NMSU); (7)
Pacific Northwest Laboratory (PNL); and (8) Sandia National Laboratory (SNL). In Phase 2 the
groups included BEG, CNWRA, MIT, NMSU, and PNL.

Table 2.1 Parameters measured during the Las Cruces Trench experiments (from Hills and
Wierenga, [1994]).

Parameter Scale Technique Reference

Characterisation Variables

K. 8cm Measured flow through saturated cores Elrick et al. [1980],
Wierenga et al. [1989a]
K 10cm Borehole permeameter Reynolds et al. [1984],
. Wierenga et al. [1989a]
6,.0,a,n 8 cm Cores and constant pressure apparatus Wierenga et al. [1989a)
combined with parameter estimation
Particle size 8cm Soil sieves and modified pipet method Gee and Bauder [1986].
distribution Wierenga et al. [1989a]

Dynamic Variables

6 50 cm Neutron Probe Wierenga et al. [1990]

h 2cm Tensiometer Wierenga et al. [1990]
Concentration  2cm Solute samplers and soil sampling Wierenga et al. [1990]
of tracers
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Table 2.2 Lists the models that were developed and used to analyse the Plot 1 and 2a experiments
both prior to and during Phase 1 of INTRAVAL. The models can be grouped into two categories,
(1) deterministic models that represent heterogeneities as homogenous, uniform property values
or as heterogenous with various approaches to portraying distributed property values, and (2)
stochastic models using Monte Carlo methods or the techniques of Mantoglou and Gelhar [1987]
to represent heterogeneities. The process models in Phase 1 focused on those used to characterise
the soil hydraulic properties, and dynamic models used to simulate flow and transport for Plot 1
and 2a experiments as shown in Table 2.2. Details on the conceptual and numerical aspects of these
models is provided in Hills and Wierenga [1994].

Table 2.2 Modelling of the Plot 1 and 2a experiments (from Hills and Wierenga, [1994]).

Group Model Comments

CNWRA BIGFLOW Finite difference code for high resolution water flow
simulations. Modelled a 3-D, randomly heterogeneous and
stratified soil with boundary conditions similar to Plot 1 but
with wetter initial conditions.

HGL VAM2D Finite element code for water flow and transport. Modelled
Plot 2a with several levels of heterogeneities (isotropic and
anisotropic) in 2-D.

KKC TRUST + TRUMP Integrated finite difference code for water flow and transport.
Modelled Plot 2a as a homogeneous and a layered soil in 2-D.

MIT Finite element code for water flow using modified Picard
Iteration. Modelled Plot 1 using 3-D effective media
stochastic property models in a 2-D simulation.

NMSU Water Content based finite difference code for water flow &
transport. Modelled Plot 2a as a homogenous soil in 2-D.
PNL . UNSAT-H One and two-dimensional finite difference and finite element
UNSAT2 codes for water flow. Modelled Plot 1 water flow with several

levels of heterogeneities in 2-D.

SNL VAM2D Finite element code for water flow and transport. Monte-Carlo
simulation of 2-D water flow using VAM2D with multiple
realisations of a uniform soil model. Analytic 1-D models are
used.

For Phase 2, the dynamic models simulated flow and transport of the Plot 2b experiment. Table 2.3
summarises the models used and the manner in which they represented heterogeneities. (Note: a
"blind model” was defined as "one which was formulated before the modeller had seen the
experimental results.” The NMSU models could not be classified as blind since the modeller was
also the party responsible for collecting and analysing the experimental results.) Detailed
discussions of the models listed in both Tables 2.2 and 2.3 are provided in Hills and Wierenga
[1994].
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2.1.6

Model Comparison and Testing Strategy

The following procedure as discussed in Hills and Wierenga [1994] was developed and
implemented by the LCT Pilot Team for the Phase 2 model comparison.

1.

The water/tracer application rates, the initial volumetric water contents in the y = 2, 6,
and 10 m planes (see Figure 2.1), and the initial normalised solute concentrations in the
y = 0.5 m plane were provided to the modellers.

Using the actual water/tracer application histories (see Figure 2.2), the Plot 2b experiment
was simulated by the participating modellers.

Several of the modellers provided NMSU with ASCII files of the predicted volumetric
water contents and normalised solute concentrations at the measurement locations and
times. Since this data was provided to NMSU without the modellers having access to the
experimental data, these model predictions were considered blind (see Table 2.3).

Preliminary comparisons between experimental data and model predictions were made
and presented at an INTRAVAL workshop. The experimental data was then released to
those modellers that had supplied the corresponding model predictions to NMSU.

Additional model predictions were provided to NMSU after the above presentations were
made. These later modelling predictions were considered non-blind (see Table 2.3). To
be totally unbiased, the model predictions provided by NMSU were also considered non-
blind since one of the NMSU personnel had access to the data.
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Table 2.3 Modelling of the Plot 2b experiment (from Hills and Wierenga, [1994]).

Group

Models

Comments

BEG

CNWRA

MIT

NMSU

PNL

BEG1

CNWRAI

CNWRA2

CNWRA3

MIT1

NMSUI

NMSU2-

NMSUS

PNLI

PNL2

PNL3

PNL4

Not Blind. Finite difference code for two phase flow and multicomponent
transport. Modelled water flow in 2-D assuming uniform, isotropic soil.

Blind. Finite volume code for water flow. Modelled water flow in 2-D using a 9
layer, isotropic soil model.

Blind. Finite volume code for water flow. Modelled water flow using a 2-D,
heterogeneous 121 zone (11 x 11 grid), isotropic soil model based on trench face
characterisation.

Blind. Finite volume code for water flow. Modelled water flow using a 2-D,
heterogeneous 3621 (51 x 71 grid), isotropic soil model based on trench face
characterisation.

Blind. Finite element code for water flow using modified Picard approximation.
Modelled water flow using a 3-D effective media stochastic property model
(homogeneous, anisotropic) in a 2-D simulation.

Not Blind. Water content based finite difference code for water flow and tritium
transport. Modelled water flow and tritium transport assuming soil is
homogeneous and isotropic in 2-D.

Not Blind. Water content based finite difference code for water flow and tritium
transport. Modelled hydraulic properties of soil as heterogeneous, isotropic in 2-
D using four property realisations sampled from the trench face characterisation,
Transport properties were modelled as uniform, isotropic.

Blind. Finite difference code for two-phase flow and transport. Modelled water
flow and tritium transport in 2-D using a composite van Genuchten, uniform,
isotropic soil model for the hydraulic properties. Transport properties were
modelled as uniform and isotropic.

Blind. Finite difference code for two-phase flow and transport. Modelled water
flow and tritium transport assuming the hydraulic properties of the soil were
uniform, anisotropic, using modified parameters in the standard van Genuchten
model. Transport properties were modelled as uniform and isotropic.

Blind. Finite difference code for two-phase flow and transport. Modelled water
flow and tritium transport assuming the hydraulic properties of the soil were
uniform, isotropic, and using van Genuchten parameters estimated from a 1-D
inverse analysis of Plot 1 experiment. Transport properties were modelled as
uniform and isotropic.

Blind. Finite difference code for two-phase flow and transport. Modelled water
flow and tritium transport using the 2-D trench face characterisation of the water
retention parameters and an isotropic, 2-D heterogeneous, conditioned realisation
of the saturated hydraulic conductivity field. Transport properties were modelled
as uniform and isotropic.
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The modellers were periodically updated at Working Group | meetings by the Pilot Team who
conducted the quantitative comparisons. As shown in Figure 2.2 several chemicals were applied
during the execution of the Plot 2b experiment. However, only tritium was modelled since the data
set from tritium proved to be the most complete, and deemed to be the most reliable by the
experimentalist.

As discussed in Hills and Wierenga [1994] the initial conditions were provided to the modellers
via ASCII files for water content in the y=2, 6, and 10 m planes, and tritium in the y=0.5 m plane.
Model predictions were returned to NMSU in the same format for the measurement times and
locations. Each record of the initial condition and model prediction files included a time (days since
start of Plot 2b experiment), the x, y, z coordinates (m) measured relative to the Plot 2b irrigation
centerline, and the value of the predicted variable.

2.1.7 Alternative Conceptual Models Tested and Assessed

As shown in Tables 2.2 and 2.3, a great variety of alternative conceptual models were tested and
assessed. The alternatives ranged from uniform property to complex distributed property value
models. The stochastic models considered spatial variability using spectral analysis approaches
which related property distributions to tension dependency.

Wittmeyer and Sagar [1993] used the LCT data to assess the effect of increased model complexity
on the accuracy of the predicted water contents using two separate measures. Based on the sum
of squared differences between measured and predicted water contents, the most complex model
(CNWRA3) produced the most accurate predictions. However, comparative analysis of the first
and second moments of the water content distribution as functions of time lead to equivocal results;
no one model was consistently better than the others. That there was less variation among the
second moments predicted by the models than between the models and the experimental results
suggested that there was a consistent source of bias in the models; an observation confirmed by
visual inspection of the propagation of the predicted and observed wetting fronts. Wittmeyer and
Sagar [1993] concluded from their study that while increased detail in model structure may indeed
increase the accuracy of predictions, site characterisation efforts should focus on those specific
geologic features whose presence dominates the flow regime.

Following the final modelling comparison studies, a newly developed method focusing on
conditioning methods was successfully applied to the LCT datasets for the Plot 2b experiment.
This method is based on conditioning the soil hydraulic properties on the initial field-measured
water content distributions and a set of scale-mean hydraulic parameters [Rockhold et al., 1994;
and Rockhold et al., 1996]. Very good matches between the observed and simulated flow and
transport behaviour were obtained using the conditioning procedure, without model calibration as
shown in Figure 2.3.

Another technological advancement derived from the LCT study, as presented in Hills et al.
[/994], was the development of a flux-corrected transport based numerical algorithm to model
solute transport in heterogeneous variably saturated soils. Application of this new algorithm to the
LCT database indicated that the movement of the wetting front may be heavily influenced by the
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old water, whereas the new water tends to bypass much of the old water indicating preferential
flow. Also developed during the INTRAVAL Project and documented recently, was a computer
code, POLYRES, which uses a polygon-based solution technique to solve the governing Richards
equation for partially-saturated flow conditions [Hills et al., 1995]). POLYRES has proven useful
in simulating ground-water flow in complex, heterogeneous, unsaturated porous media.

2.1.8 Integration of Multi-Disciplines

The Pilot Team (University of Arizona and New Mexico State University investigators) consisted
of specialists in the areas of soil physics, soil chemistry, soil morphology, hydrogeology and
numerical methods. The modelling teams similarly brought varied expertise to the effort. The
integration occurred through the four phases of the LCT studies: (1) the site characterisation stage
in which the soil horizons were mapped in detailed; in situ saturated hydraulic conductivity tests
were performed; core samples were collected and tested for hydraulic and transport properties; and
particle size distributions were analysed [Wierenga et al., 1989]; (2) the design, construction and
conducting of the Plot 1 experiment [Hills et al., 1989a and 1989b]; (3) the design and execution
of the Plot 2a experiment using information and analysis of the Plot 1 experiment [Wierenga et al.
1990]; and (4) the final design and execution of the Plot 2b experiment using the detailed
monitored data and analysis from the Plot 2a experiment [Hills and Wierenga, 1994]. The
integration is also reflected in the joint authorship of the numerous papers produced and the
subjects discussed (e.g., field and laboratory studies as well as modelling). Ultimately the
integration occurred in the analysis of the site characterisation, field experimental, and modelling
results as discussed in Hills and Wierenga [1994].
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Figure 2.3 Observed and simulated water content distributions for day 70 (from Rockhold et al.,
[1994]).
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2.1.9 Performance Measures Used to Assess Modelling Results

For the INTRAVAL Phase 2 analysis, the performance measures used to assess the simulation
results consisted of both point comparisons, and integrated comparisons with the experimental
data.

Point Comparisons

The point comparisons were;

1. Contour plots of observed and predicted water contents and solute coﬁcentrations,

2. Scatter plots of observed and predicted water contents and solute concentrations, and
3. First arrival times of the water and solute plumes as a function of depth.

Contour plots as presented in Hills and Wierenga [1994] were very useful in visualising the
behaviour of the wetting front, moisture redistribution, and the solute plume. However, caution
is advised in interpreting these plots since the contour results often are very dependent on the
contouring algorithm.

Therefore, the second point value comparison approach used was scatter plots of observed versus
predicted volumetric water contents and normalised solute concentrations. The LCT Pilot Team
considered scatter plots to provide a more realistic assessment of point value predictions than the
contour plots because contouring methods inherently (sometimes intentionally) average data and
because the resulting contours can be very dependent on the analytical techniques used to generate
the contours. It was also felt that scatter plots have the added advantage of showing the scatter of
the observations about the predictions which give a good indication of bias and uncertainty about
the mean [Hills and Wierenga, 1994].

The third point value comparison approach used plots of first arrival times of the water and solute
plumes at various depths. The LCT Pilot Team defined the time of arrival of the water plume as
that time when the volumetric water content increased by 0.03 from the initial conditions in any
of the three measurement planes y = 2, 6, and 10 m [Hills and Wierenga, 1994).

Integrated Comparisons

The integrated quantities used for comparison as discussed in Hills and Wierenga [1994] were:

1. First and second moments of the water and tritium plumes as a function of time;

2. The normalised change in total water volume below each of the z=0, 1,..., 5 m horizontal
planes as a function of time; (The LCT Pilot Team felt that the observed changes in water
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volume below a horizontal plane was a good estimator of the water to pass through that
plane while the plume remained fully observable.) and

3. The changes in the sum of relative tritium concentration below each of the z=0,1,..., 5 m
horizontal planes as a function of time.

Implementation

The LCT Pilot Team wrote four FORTRAN programs to generate the desired data files, given the
point values of the experimental data and model predictions [Hills and Wierenga, 1994]. Two
programs processed the data for water flow and two processed the data for tritium transport for
the point and integrated quantities outlined above.

2.1.10 Principal Findings

The assessment of success involved both model testing and the repeated reevaluation of the
experimental results. Both field monitoring data and destructive core sampling were used in these
reevaluations. The success was also measured by the advance in knowledge and datasets created
[Wierenga et al., 1993]. The following observations as discussed in the final LCT INTRAVAL
report [Hills and Wierenga, 1994] demonstrate this interrelationship between model testing and
field analysis.

Sufficiency of Experimental Data

"The testing of models using data from dry, spatially variable soils is not a trivial task. Not only is
it difficult to characterise the site, but it is difficult to obtain sufficient high quality solute samples
to obtain good estimates of the movement of solute plumes as a function of time. In contrast, water
flow in unsaturated soils is easier to monitor. Neutron probes allow water to be monitored at many
locations and the measurements are very consistent day to day over periods of years. For the Plot
2b experiment, the total increase in water observed by the neutron probe just after irrigation was
very close to the actual water applied (less than 1% error) suggesting that given the spatial
variability of the site, the number and location of the neutron probe measurements were sufficient
to resolve the water plume.”

Differences in Model Predictions

The final LCT report goes on to indicate that "there are considerable differences in model
predictions even though all the modellers had access to the same very large characterisation data
set for the Las Cruces Trench experiments. Some of the models presented were fairly simple and
assumed uniform soil hydraulic property fields while others conditioned the soil models on the
observed two-dimensional spatial heterogeneities observed in the trench face. Even though many
models were considered, none of the models stood out as clearly superior. All of the models under
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predicted first arrival times of the water plume at depths greater than 4.5 m and the models that
tended to do well by one measure of mean behaviour would often perform poorly by another.
Since the probability distributions of the prediction errors do not appear to be well defined and
were not clearly distributed as normal or log-normal for all of the models considered, parametric
statistical tests were not performed. Less powerful non-parametric tests were used. As a result of
these quantitative and graphical comparisons, several observations can be made:

The CNWRA and PNL models consistently provided better predictions of mean or median water
contents (i.e., near zero mean or median predictions errors) which suggested a good accounting
for the total mass in the system. This was likely due to the extra care CNWRA and PNL exercised
in modelling the actual spatial distribution of the initial water contents. However, the
improvement in mass balance that resulted did not necessarily lead to a reduction in the spread of
the population prediction errors (i.e. RMS error) about zero relative to the other models. NMSU1,
for example, showed a lower RMS than the CNWRA models. Thus accurately modelling the
initial conditions does not, in itself, always lead to improved predictions for water flow.

Time of first arrival times of the water plume were greater for the experiment than for any of the
models once the plume reached 4.5 m. This indicates that none of the models provided
conservative estimates for these travel times from a regulatory point of view since they all over-
predicted these times. While this is expected for the uniform soil models since they predict mean
behaviour, this was not expected to be always true for the heterogeneous soil models. Contour
plots of experimental water contents show that a dry layer extends throughout the measurement
domain. This layer was not well-predicted by any of the models. It is not clear whether this is due
to limitations in the experimental characterisation procedures, the inability of Mualem's model
[1976] to predict unsaturated hydraulic conductivity for this soil layer given the van Genuchten
retention model [1980a], or simply due to differences between the soil properties at and away
from the trench face.

The observed change in the volume of water below all depths greater than 3 m was significantly
greater than that predicted by all of the models except for PNL3. While PNL3 was conservative
from a regulatory point of view in the sense that it overpredicted the change in water content at
depth, its behaviour during redistribution was considerably different from that observed in the
experiment. The predicted water plume was much more diffuse than the observed plume and more
horizontal spreading was predicted. The hydraulic parameters used by PNL3 were obtained with
a 1-D inverse procedure [Rockhold, 1993] using the experimental observations obtained during
infiltration for the Plot 1 experiment. In contrast, the soil characterisation used by the other models
was based on outflow data obtained from core and disturbed soil samples. This may explain why
the other models (except MIT1) performed better during redistribution.

The two models, PNL2 and MIT 1, conceptualised the soil as anisotropic. MIT1 overpredicted the
water plume spreading and underpredicted vertical plume movement as did PNL2. PNL2 assumed
that the horizontal hydraulic conductivity was twice the vertical whereas MIT1 used a tension
dependent anisotropy derived from stochastic theory. For the first 310 days of the experiment,
neither model seemed appropriate. The more conventional isotropic models performed as well or
better. However, significant heterogeneity induced anisotropy may be present later in
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redistribution when the plume becomes larger and when the gravitational forces become less
important relative to the matric potential forces.

The initial water contents used in the BEG1 model were significantly larger than those observed
in the field. While this had the effect of accelerating the downward motion of the water plume
which gave good first arrival time estimates, BEG1 performed poorly by many of the other
measures.

Results from Phase 1 of INTRAVAL for the Plot 2a experiment suggested that water movement
was easier to model than tritium transport [Voss and Nicholson, 1993]. However, most of the
model comparisons made during the Plot 2a experiment were side by side comparisons of
smoothed contour plots. The more extensive comparisons made here do not support this
hypothesis. Tritium transport predictions for the Plot 2b experiment were more acceptable than
the corresponding water flow predictions in the sense that the observed tritium behaviour (first
arrival times, change in tritium concentrations below a horizon) was bounded by the various
model predictions whereas the observed water flow was not. It is not clear if this is because tritium
transport occurs in the wetter portion of the water plume or simply because the tritium plume did
not pass through the anomalous dry layer at 3 m.

The present results indicate that models that appear superior or conservative (from a regulatory
point of view) for water flow do not necessarily lead to superior or conservative predictions for
tritium transport. For example, the PNL models generally gave better predictions of mean or
median water contents while the NMSU models generally gave better predictions of mean or
median solute concentrations. Only PNL4 provided conservative estimates of first arrival time
down to 4 m for the water plume. In contrast, only the heterogeneous NMSU3 and NMSU4
models provided conservative estimates of first arrival times for the tritium plume introduced
during the Plot 2a experiment whereas the heterogeneous models NMSU3 and NMSUS5 and the
uniform soil model PNL1 provided conservative estimates of arrival time of the plume introduced
during the Plot 2b experiment. These results support the idea that using multiple realisations of
heterogeneous soil models (i.e., NMSU2-NMSUS) is an appropriate way to bound contaminant
plume behaviour.

Overall, the results of the present work show that for this particular experiment, traditional
uniform soil or heterogeneous soil models conditioned on detailed site characterisation data can
predict the overall features of water flow and tritium transport. Even though there are considerable
differences in how the models conceptualised the soil profile, no model was clearly superior
overall. Superior models by one measure were not always superior by another. This suggests that
the effect of characterisation uncertainty, even when the site is characterised as thoroughly as the
Las Cruces Trench Site, may have a greater impact on model predictions than differences in how
the models conceptualise the soil.

The LCT studies and the model testing demonstrated one approach to validation through

interactive laboratory and field experiments and modelling using a quantitative-based model
testing strategy with performance measures tied directly to regulatory significant criteria.
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2.2 Apache Leap Tuff Site Studies

2.2.1 Background

The Apache Leap Tuff Site (ALTS) studies originated as a research effort by investigators at the
University of Arizona to examine site characterisation and conceptual model issues associated with
high-level radioactive waste repositories. As discussed in Yeh et al., [1987] the objective of this
pre-INTRAVAL study was to examine models and strategies for obtaining characterisation data.
Specifically, the design document stated that "Characterisation of fluid flow and solute transport
through unsaturated fractured rock requires that site-specific conceptual models be defined,
parameters for the models be estimated using field and laboratory data, and validation of the
conceptual models be performed” [Yeh et al., 1987]. The great difficulty was that an understanding
of the fundamental processes, and the development of conceptual models describing flow and
transport in unsaturated, fractured rock was in its infancy. As opposed to the Las Cruces Trench
studies, the focus needed to be on a much more fundamental and primitive level in which
characterisation techniques and conceptual model development was very much in question.

2.2.2  Experimental Objectives

For the INTRAVAL Project, the ALTS studies were reformulated to meet the goal of testing
conceptual models and their linkage to characterisation approaches. The experimental objectives
were: (1) to verify the existence of proposed processes, and the parametric form of hypothesised
material properties; and (2) to examine conceptual models and characterisation approaches over
arange of scales and processes using the following approaches;

1. Rock matrix characterisation experiments for hydraulic, pneumatic and thermal properties
using small (2.5 x 6.0 cm), and large (12 x 10 cm) cores;

2. Non-isothermal core experiments for coupled water, vapour and solute movement using
(9.6 x 12 cm) core;

3. Rock fracture characterisation studies and analyses of water and gaseous flow properties
using a (20 x 21 x 93 cm) block with persistent single fracture;

4. Fracture imbibition experiments for determining imbibition rates and related properties using
a (20 x 21 x 93 cm) block with persistent single fracture; and

5. Field air injection experiments for characterising the heterogeneity of fracture-related
permeabilities, and for examining dependency of measured pneumatic properties on
measurement support (length of test interval) using inclined 30 m boreholes intersecting
fractures.

These experimental objectives were addressed through numerous laboratory and field experiments,
and are discussed in detail in Rasmussen et al. [1994], Bassett et al. [1994], and Rasmussen et al.
[7990].
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2.2.3  Experimental Design

Figure 2.4 illustrates the experimental design for the core and block studies (numbers 1, and 3
above) used to determine hydraulic, pneumatic, and gaseous transport property” values for the
matrix and fractures. The core and block specimens used were taken from the Apache Leap Tuff
(white unit). The block contained a discrete fracture along the long axis. Details are provided in
Rasmussen et al. [1990).

A
| «——— 92cm —|
| T
« rock bolt 21 em
% | _—fracture =
injection
injection : manifold
manifold
B Core
C

S
I O Vb, Pb
Valves -
Block

Water Bath

Pycnometer

Water Manometer
Gas Detector

—

Block < Soap
U Bubble
Flowmeter

Figure 2.4 Experimental setups for (A) the wetting front experiment for the fractured block; (B)
the rock porosity measurement experiments of the matrix using a pycnometer; (C)
hydraulic diffusivity coefficient measurement using a core imbibition experiment; and
(D) gas diffusion coefficient measurements and breakthrough curve experiment. (from
Bassett et al., [1994)).
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The experimental setup for the core heater experiment (number 2 above) used a large core
measuring 9.6 cm in diameter and 12 cm in length that was subjected to a series of coupled heat,
water, vapour and solute transport experiments. These experiments involved the use of a one-
dimensional thermal gradient (5 to 45°C) applied along the long-axis of the core. The core was
hermetically sealed and insulated to provide a closed system for air and water. Dual-gamma
attenuation methods were employed to provide water content and solute concentration profiles
along the length of the core. Coincident temperatures along the core using thermocouple ports
were also measured. Solute concentrations at the end of the experiment were determined
[Rasmussen et al., 1994]. :

Figure 2.5 provides a three-dimensional portrayal of the 15 inclined and vertical boreholes at the
ALTS. Figure 2.6 provides a schematic representation of the air injection setup (number 5 above)
for determining the apparent permeabilities along the borehole intervals. The permeability tests
consisted of imposing a sequence of increasing flow rates (a minimum of three), each of which was
continued until a steady state pressure response was attained. Air pressure, temperature and
relative humidity were measured at the surface and the injection interval. Atmospheric temperature

and pressure were also monitored. The flow rate was preset at the surface with the aid of electronic
mass flow controllers.

Depth (M)

Figure 2.5 Borehole location at the Apache Leap Tuff Site (from Guzman-Guzman and Neuman,
[1994]).
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Figure 2.6 Schematic representation of the air injection system (Guzman-Guzman and Neuman,
[1994]).

2.2.4 Experimental Analysis

The five distinct groups of studies (see above) produced significant datasets as discussed in
Rasmussen et al. [1994]. The information produced, and the analysis of these datasets have been
summarised in the final INTRAVAL report [Rasmussen et al., 1994] as follows:

1.  Laboratory analyses of the first set of experiments on the small core samples provided
characterisation data related to porosity, characteristic curves, hydraulic conductivity, air
permeability and thermal conductivity. The effects of variable water contents, hysteresis and
temperature on the physical parameters were examined, as well as, the effects of solute
concentrations on ambient matric potential.

2. The core heater experiment demonstrated the presence of an active heat pipe which was
observed when the core was brought to an intermediate water content. The resulting latent
heat transport was insignificant in comparison to the conductive heat transport in this
experiment. When a soluble salt (Nal) was introduced into the experiment, the heat pipe
phenomenon was not as active due to the increased osmotic potential near the warm end of
the core. The increased osmotic potential lowered the vapour pressure near the warm end
and reduced the vapour phase transport of water.
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3. The third set of studies conducted on the fractured rock block provided information to
characterise the physical properties of the block. Equivalent fracture apertures were obtained
using six types of experiments. Three volumetric fracture aperture values were obtained by
using a pycnometer, tracer breakthrough volumes, and the ratio of fracture transmissivity
to fracture hydraulic conductivity. Two Poiseuille apertures were obtained using a cubic
aperture equation applied to gas and water flow rates, and using a quadratic aperture
equation gas breakthrough velocities. A final estimate of fracture aperture was obtained
using the air-entry potential of the saturated fracture.

4. A horizontal fracture imbibition experiment was conducted using water as a fluid imbibed
into an initially dry fractured rock to obtain values of cumulative water imbibition volume,
and to examine visible wetting front positions.

5.  The field air-injection datasets consisted of in-sifu air-permeability measurements obtained
from straddle-packer tests on selected intervals of the boreholes. At the completion of each
injection test, there were at least seven different sets of data that could be used to determine
the air permeability of the rock surrounding the interval tested; three transient sets during
injection; three steady state sets and one recovery set. The datasets consisted of air-
permeability measurements at different scales (0.5, 1.0 and 3.0 m) and at multiple-injection
rates in six of the boreholes [Guzman-Guzman and Neuman, 1994].

2.2.5 Models Developed for Testing
The following models were developed for testing:

1. Characterisation models used to define the porosity, characteristic curves, hydraulic
conductivity, air permeability and thermal conductivity for the rock matrix using small cores
were tested. The models were examined to determine how sensitive they were to a range of
water contents, hysteresis and temperatures.

2. Conceptual models describing flow through a single fracture were tested using the large
block experiment. Property values for the matrix and fracture apertures were measured
repeatedly and compared to the model estimates.

3. The approximate analytic model of Nitao and Buscheck [1991] was evaluated for its ability
to predict the behaviour of water imbibition into initially dry fractured rock. The model was
evaluated to determine its suitability for use in understanding unsaturated flow.

4.  Conceptual models dealing with scale effects (i.e., that due to the growth of permeability

and dispersivity with support scale), and spatial distributions of heterogeneities were tested
using datasets from the in situ air-injections studies [Guzman-Guzman and Neuman, 1994).
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2.2.6 Model Comparison and Testing Strategy

For the characterisation models, the experimental data indicated that variations in temperature
affect the shape and position of the moisture-retention curve, and by inference, the shape and
position of the relative permeability curve. The wetting history was also shown to have a large
influence on the moisture-retention characteristic curve. Thermal conductivity was shown to be
only poorly related in a linear fashion to water content. The effects of solute concentrations on
ambient matric potential are also demonstrated. It can be concluded that accumulations of
saturated salt solutions will increase the osmotic potential which in turn affects the total potential
observed under non-isothermal conditions.

For the fracture flow conceptual models, the volumetric apertures estimated using the pycnometer
and the tracer breakthrough volumes were closely related. The volumetric aperture determined
using the ratio of fracture transmissivity to hydraulic conductivity was less, followed by the
apertures determined using the cubic and quadratic equations, respectively. The smallest aperture
observed was the capillary aperture. This progression is consistent with the hypothesis that
fracture roughness will decrease the effective flow area for the Poiseuille flow, and induce an ink
bottle effect at fracture constrictions.

For the approximate analytic model of Nitao and Buscheck [1991], a horizontal fracture imbibition
experiment was also conducted using water as a fluid imbibed into an initially dry fractured rock.
The imbibition rate was reproduced using a model developed by Nitao and Buscheck [1991]. The
form of the model was found to provide a good fit to the shape of the observed data, but the model
overestimated the fracture imbibition volume by a factor of twenty and the fracture wetting front
advance by a factor of eight. The noted reduction in water inflow may be due to phenomena
neglected in the theoretical model, such as fracture surface coatings or enhanced surface
weathering, and the inability to accurately determine fracture physical properties a priori, such as
the fracture water diffusivity. It was shown that fracture saturation behind the wetting front
initially is very low, perhaps ten percent, but increases to complete saturation during the course
of the experiment. This may indicate that fingers of saturation exist within the fracture during
early time, and these fingers expand laterally and dissipate over time.

Data from the imbibition experiment reported here confirm the second imbibition phase as
hypothesised by the Nitao and Buscheck model. The experiment was not able to distinguish either
the first or third imbibition phase of their model. A new imbibition phase was observed, however,
which resulted from the finite length of the fracture within the tuff. The Nitao and Buscheck
model should be modified to incorporate the finite extent of discrete fractures. Another concern
raised by the experiment was the failure to properly estimate fracture hydraulic properties. It is
observed that laboratory estimates of rock fracture hydraulic properties, when used with the Nitao
and Buscheck model, substantially overestimated the cumulative imbibition rate, and the rate of
advance of the wetting front in the fractured block. Calibrated values of the fracture hydraulic
parameter are substantially smaller than the characterisation value. An additional shortcoming of
the model is the inability to reproduce the observed fingering of water within the fracture,
although the fingering was limited only to the early fracture imbibition period. Fingering may be
more important when vertically oriented fractures are present.




For the conceptual models dealing with scale effects and spatial distributions of heterogeneities,
in situ air-injections tests were performed over a range of scales (i.e., 0.5, 1.0 and 3.0 m) and at
multiple-injection rates. Field data indicate that the air permeability determinations are strongly
affected by two-phase interaction between air and pore water, and in higher permeability zones
by inertial flow effects. A 45-degree, 30-metre deep borehole was tested for permeability at three
different scales to study the effect of measurement support on permeability estimates and their
statistics [Guzman-Guzman and Neuman, 1994]. These measurements seem to indicate some
dependency of the mean permeability on measurement support (length of test interval), a
phenomenon known as "scale effect." Upscaling by weighted arithmetic averaging of the smaller
measurement support data produces better estimates than geometric weighted averaging. High
permeability values are, however, slightly underpredicted by either upscaling approach. Although
the observed variability of air permeabilities at the ALTS is over 3.5 orders of magnitude, the data
are amenable to classical geostatistical analysis and yield well-defined semivariograms. The omni-
directional semivariogram exhibits a nested structure with two distinct plateaus and correlation
scales, and an additional correlation structure whose sill and range are undefined due to the limited
extent of the experimental site [Guzman-Guzman and Neuman, 1994]. It was also observed that
the increase in the variance and correlation scale which grew with the scale, is consistent with the
multi-scale continua concept discussed by Burrough [1983], and Neuman [1987, 1990, 1993,
1994]. The available fractured rock permeability data can be viewed as a sample from a random
(stochastic) field defined over a continuum with multiple scales of heterogeneity [Guzman-
Guzman and Neuman, 1994].

2.2.7 Alternative Conceptual Models Tested and Assessed

The alternative conceptual models considered were an equivalent porous medium model and a
model that considered the discrete fracture network embedded in a porous matrix. The models
were tested by estimating the physical, hydraulic, pneumatic, and thermal properties for the
discrete fracture, and then forming forecasts using the alternate conceptual and mathematical
models. The forecasts for each conceptual model includes the 95% forecast confidence interval
about the forecast, thus allowing assessment of the accuracy of the forecast when compared
against the experimental result. The confidence intervals were generated by first measuring the
uncertainties in the input parameters, and then propagating those input parameter uncertainties
through the model using a Taylor series expansion. The model outputs were then compared
against experimental results. Because the experimental results also contain uncertainties, the
observed confidence intervals were also generated.

2.2.8 Integration of Multi-Disciplines

The test program utilised expertise from various disciplines as consultants. The core personnel
were hydrologists, with support from individuals trained in geology, engineering (civil, chemical,
mechanical, nuclear and geological), rock mechanics, and chemistry. The integration occurred
through experimental design meetings and reports, discussions of experimental and modelling
results, and joint field trips for examining and collecting flow and transport property
measurements.
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2.2.9 Evaluation Criteria

Success in experimental design and model performance was evaluated in two ways, heuristically
and statistically. The models were tested heuristically by noting whether reasonable relationships
between inputs and outputs were observed. Input parameters were varied and outputs were
examined to survey the trend in response to combinations of inputs. The experiments were
examined heuristically to note whether the measured responses were consistent with a priori
estimates of system responses. Several defective experiments were found using this method.

The statistical evaluation consisted of comparing model forecast confidence intervals with the
experimental results. If the experimental results were found to lie within 95% confidence region
for the model forecast, then the model could not be rejected.

2.2.10 Principal Findings

The accomplishments of the test case were: (1) development of characterisation and calibration
datasets that are useful for testing and evaluating conceptual and numerical models; (2)
development of new characterisation techniques suitable for field-scale characterisation of
unsaturated fractured rock; (3) development of new analytical techniques for analysing field tests
(e.g., air permeability testing at various scales); and (4) estimation of parameter uncertainties in the
characterisation experiments to quantify prediction accuracy.

Laboratory Experimental Results

Results of laboratory experiments conducted to characterise fluid and thermal flow parameters of
unsaturated Apache Leap Tuff indicate that hysteresis influences the moisture characteristic curve.
Wetting and drying characteristic curves are markedly different, with the wetting curve consistently
showing higher matric potentials at equivalent water contents. Efforts to identify the matric
potential from water contents of unsaturated rock will require knowledge -of the water content
history of the site. The successful application of osmotic solutions to maintain constant matric
potentials was demonstrated. Saturated salt solutions present in the geologic environment may
affect the observed matric potential. Near a repository, accumulations of soluble salts may affect
the migration of liquid and vapour due to the osmotic potential induced at high salt concentrations.
Coupling of salt concentrations with water activity should be an integral component of simulation
models of fluid flow near the waste repository.

Temperature is shown to affect the characteristic curve. Both reduced and increased temperatures
cause substantial shifts in the characteristic curve, attributable to the change in the temperature
dependence of the fluid surface tension. Coupling of hysteresis effects with temperature changes
was not evaluated, nor were changes in the characteristic curves evaluated as a function of dynamic
temperature changes. Additional characterisation studies will be required to address the effects of
temperature fluctuations on characteristic curves.
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The relative permeabilities for air and water were determined using rock cores. Estimates of
permeabilities were obtained under isothermal conditions. Additional experiments will be required
to evaluate the importance of temperature on water and air relative permeability functions.

The influence of water content on the thermal conductivity was examined using a one-dimensional
heat cell. A linear relationship between water content and thermal conductivity was not clearly
demonstrated. Observed mean thermal conductivities were less than expected for the range of
volumetric water contents from O to 0.0876. Additional studies will be required to investigate the
nature of the unsaturated thermal conductivity relationship, and the influence of hysteresis on the
relationship.

Laboratory experiments conducted to observe thermal, liquid, vapour and solute transport through
variably saturated, fractured Apache Leap Tuff demonstrate that:

1. Conduction is the dominant heat transport mechanism even when a significant heat pipe
effect is present.

2. Water contents increase away from the heat source due to vapour driven advection and
condensation.

3. Solutes accumulate near the heat source, but the accumulation of solutes increases the
osmotic potential which decreases the heat pipe phenomenon.

4.  The heat pipe process may not significantly affect thermal or liquid flow in materials similar
to the Apache Leap Tuff samples examined.

5. Solute transport was substantially affected by the heat pipe phenomenon, resulting in the
accumulation of significant solutes nearer the heat source than would have occurred if the
heat pipe had not been present.

6. Models of heat and liquid flow near high level waste repositories may not need to
incorporate heat pipe effects.

7. Models of solute transport should incorporate the heat pipe phenomenon, and should also
consider the effects of osmotic potential on liquid and vapour transport.

These observations may only be relevant to the conditions examined. Additional laboratory and
computer simulation experiments should be conducted to evaluate the effects of coupled thermal,
liquid, vapour and solute transport over a wider range of material properties. Also, the effects of
thermomechanical, geochemical, biogeochemical, and radiation-induced changes will also require
examination. It is possible that processes not yet considered may significantly affect the migration
of radionuclides in the region immediately adjacent to the waste repository. Field and laboratory-
scale experiments are necessary to identify these unknown processes.
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Uncertainty Assessments

Table 2.4 presents estimated characterisation properties of the rock matrix and the embedded frac-
ture. Several parameters, including the fracture porosity, liquid saturation changes across the
wetting front in the fracture and rock matrix are assumed values. Table 2.4 also presents
characterisation parameters with their uncertainties. Uncertainties in the derived parameters were
estimated by propagating parameter uncertainties using first-order Taylor series approximations.

Table 2.4 Fractured block characterisation parameters (from Rasmussen et al., [1994]).

mean =+ std. dev.
Rock Matrix Properties:

\Y% rock volume 39,240 £ 0 cm’

vV, pore plus fracture volume 4,635 = 120 cm®
V., matrix pore volume 4,493 £ 127 cm’
0, porosity 0.115 +0.003

As,, liquid saturation change 1+0®

D, water diffusivity coefficient 3.61 +0.28 cm?® hr!
D, argon gas diffusion coefficient ~ 31.0+0.94 cm?® hr!

Rock Fracture Properties:

V; volume 1423 £41.7 cm®
w width 20.2+0cm

a fracture-boundary distance 10.5+3 cm

b half-aperture 381 £ 11 pm

L length 92.5+0cm

6, porosity 1+0®

As; liquid saturation change 1£0®

K; hydraulic conductivity 9650 + 504 cm hr’!
T, transmissivity 490 + 25.2 cm® hr!
D; water diffusivity coefficient

Note: (1) Assumed value.

A first-order approximation of parameter uncertainty propagation was estimated using the Taylor
series expansion of the input errors.

Characterisation techniques which demonstrate promise for estimating material properties on field
scales include the use of a pycnometer to measure fracture and matrix porosities, and gas-phase
tracer experiments to estimate the fracture/matrix porosity ratio, the permeability distribution, and
the porosity-length distribution. While these indices are only strictly appropriate for gas-phase
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transport, inferences to liquid phase transport may be derived if relationships between gas and
liquid phase transport are known. It is anticipated that gas-phase testing using tracers will become
a rapid and effective tool for characterising macropores on field scales. The interactions between
matric storage and advection through fractures have been demonstrated in the laboratory, and field
scale experiments are being explored to apply this new technique.

Interpretation of fracture aperture estimates is complicated by the observation that the estimated
value is a function of the method employed to provide the estimate. Six measures of fracture
aperture were developed and comparisons were made between methods. It was observed that
volumetric measures of fracture aperture yield the highest values, with lower estimates provided
by measures using Poiseuille's law. The lowest estimate was obtained using capillary theory. It can
be concluded that when fracture aperture measurements are reported, the method employed to
provide the estimate should also be indicated.

Uncertainty measures of characterisation parameters are also presented in Rasmussen et al. [1994].
The uncertainty in the measured parameter are required to evaluate the uncertainty in predictions
based upon the parameter. Forecasts of flow and transport will require measures of uncertainty in
the forecast. Uncertainties in estimated parameters may contribute to large errors in forecasts.

Field Experimental Results

Based on an extensive data set consisting of steady state apparent air permeability values, the
following conclusions are presented in Guzman-Guzman and Neuman [1994]. The apparent air
permeability from straddle-packer tests is a strong function of the applied pressure. Changes in
air permeability with pressure are due to two-phase flow and, in some cases to inertial flow.
Computer simulations confirmed the two-phase flow explanation. Upscaling of the apparent
permeability is accomplished best via weighted arithmetic averaging. Geostatistical and statistical
analyses indicate that the apparent permeability data from ALTS behave as a stochastic multiscale
continuum with an echelon (see Figure 2.7), and power-law (fractal) structure as shown in
Figure 2.8. The latter is associated with a Hurst coefficient w = 0.28 to 0.29 which is remarkably
close to the generalised value w = 0.25 predicted by Neuman [1990, 1994]. Additional
permeability tests spanning larger rock volumes at ALTS would help to determine whether the
seemingly fractal behaviour extends beyond the scales already tested.

As presented in Guzman-Guzman and Neuman [1994] analysis results strongly suggest that site
characterisations must be based on hydrogeologic data collected on a spectrum of scales relevant
to performance assessment. They further point out the need to consider two-phase flow and inertia
effects in the interpretation of air injection tests. The transient part of these tests may hold the key
to site evaluation of functional relationships between rock permeability, fluid pressure and
saturation. The ALTS investigators report that the inverse methods hold a promise in this regard,
and propose to use them in the context of their ALTS data.
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Figure 2.7 Three-dimensional omni-scale directional semivariogram of In k 1-m scale (from
[Rasmussen et al. 1996]).
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scales.
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3 Significant Lessons

During the Phase 2 effort significant accomplishments were realised. The LAS Cruces Trench
(LCT) Test Case studies created the definitive field dataset for testing water flow and solute
transport models as applied to variably saturated conditions in heterogeneous soils. The detailed
LCT datasets provided greater information on spatial heterogeneity, moisture migration and
redistribution, and coincident tracer movement than was previously available. The modellers had
sufficient detailed information to conduct their simulations over a wide range of possible
conceptual models. The use of sophisticated model comparison strategies was possible due to the
extensive LCT experimental data available for three distinct field experiments. An iterative
approach to modelling the three experiments (i.e., conceptualisation, characterisation, calibration
and validation) was realised.

For the Apache Leap Tuff (ALT) Test Case, the accomplishments included: (1) development of
characterisation and calibration datasets that are useful for testing and evaluating conceptual and
numerical models; (2) development of new characterisation techniques suitable for field-scale
characterisation of unsaturated fractured rock; (3) development of new analytical techniques for
analysing field tests (e.g., air permeability testing at various scales); and (4) estimation of
parameter uncertainties using the characterisation experiments to quantify prediction accuracy.

3.1 Characterisation Instrumentation & Methods

Both the LCT and ALT studies provided new characterisation strategies, methods and
instrumentation. For example, the LCT studies used a combination of solution samplers and
destructive core sampling to map the tracer movement during the "2b experiment". The ALT
studies developed new methods for conducting air permeability testing and analyses in unsaturated
fractured rock. Another major technical difficulty was overcome with the development of a
vacuum distillation method for obtaining water and gas samples from rock core collected at the
ALT site.

3.2 Conceptual Model Development

A significant accomplishment for both the LCT and ALT studies was the pursuit of alternative
conceptual models. The testing strategy reflected a wide range of conceptual alternatives for
characterising and modelling the experiments. For example the LCT models cover the range of
uniform property to detailed discretised spatial property values (both deterministic and stochastic)
based upon site data. '

For the ALT studies, a variety of conceptual models dwelling on fundamental flow processes were
evaluated against experimental data. Conclusions drawn were: (1) wetting history has a significant
influence on formulating the characteristic curve; (2) thermal conductivity is only poorly related
in a linear fashion to water content; and (3) the fracture saturation behind the wetting front initially
is very low, perhaps ten percent, but increases to complete saturation during the course of the
block wetting experiment contrary to the modelling results which overestimated the fracture
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imbibition volume by a factor of twenty, and the fracture wetting front advance by a factor of
eight. Another example was the examination of conceptual models dealing with scale effects and
spatial distributions of heterogeneities using datasets from the in sifu air-injection studies.

33 Comparison Strategies and Measures

The LCT studies developed a very sophisticated approach to model comparison using both point
(e.g., contour plots, scatter plots, and first arrival times) and integrated (e.g., first and second
moments, normalised change in total water volume, and changes in the sum of relative tritium
concentrations at specific horizons) measure comparisons coupled to a "blind" testing method.
Detailed comparisons cover the entire range of the experiment (both early and later time horizons
for the water and tracer movement). The LCT Test Case was the only test case to develop the
validation experiment (i.e., "2b experiment") during Phase 2 (not a priori) using the model
comparison strategy.

34 Acceptance Criteria

Again, the LCT test case was unique in developing detailed quantitative acceptance criteria based
upon both statistical measures using the experimental data, and uncertainty information for the
alternative conceptual models. The ALT acceptance criteria were generally qualitative focusing
on characterisation and conceptual model testing.




4 Conclusions

Both the LCT and ALT studies contributed significantly to the field of characterisation strategies,
methods and instrumentation. The field and earlier laboratory studies provided a wealth of data and
practical experience in applying their innovative characterisation strategies, methods and
instrumentation. Questions addressed included how to represent hydrogeologic heterogeneities
over a range of scales, over what time-space continuum did the field methods, experimental data
and numerical models function, the role of persistent discontinuities (e.g., macro-pores, faults and
major fractures) in developing preferential infiltration and flow paths, and in estimating the scale
effect by understanding the relevant test interval length or "support scale" for the field data. The
LCT Test Case proved to be the best example of how to conduct a validation experiment for
testing site specific conceptual and numerical models. Specifically, the LCT validation experiment
("2b experiment") was designed using the input from the modellers, and tailored to the
performance measures and acceptance criteria. The field experimentalists and modellers worked
together through all phases of the testing program.

Acknowledgement

The contributing authors wish to acknowledge the leadership and organisational work of Dr. Peter
J. Wierenga, Chair, Department of Soil and Water Science, University of Arizona who selected the
site, designed and conducted the Las Cruces Trench field experiments. Similarly, we wish to credit:
(1) the modelling insights and calculations that assisted in the experimental design by Dr. Lynn
Gelhar and Dr. Dennis McLaughlin from the Massachusetts Institute of Technology, and Dr.
Glendon Gee from Pacific Northwest Laboratory, and (2) the field experimentalists who
constructed, monitored and sampled the experiments were Warren Strong, Alex Toorman, David
Hudson, Indrek Porro, Mike Kirkland, Maliha Nash, Joe Vinson, Mike Young, Ricardo Carrasco,
Jaime Castillo, and David Pickens. The modellers who contributed were Mark Rockhold, Pacific
Northwest Laboratory (PNL) and Dr. Gordon Wittmeyer, Center for Nuclear Waste Regulatory
Analysis during the final phase.

For the Apache Leap Tuff Site studies the contributing authors wish to acknowledge the leadership
of Dr. Daniel D. Evans, Professor Emeritus, University of Arizona who began the work and
devoted so much scientific and motivational support. In Phase 2, Drs. Randy Bassett, Shlomo P.
Neuman and Michael Sully provided scientific direction and support. We also wish to recognize
the many laboratory and field experimentalists who assisted in collecting and analysing the ALTS
data; Shirlee Rhodes, Charles Lohrstorfer, James Blanford, Priscilla Sheets, Ingrid Anderson,
James Devine, Michael Henrich, Dick Thompson, Michael Getis, Emie Hardin and Greg Davidson.

The technical editor wishes to acknowledge the assistance of Dr. Ralph Cady, NRC staff, and Mark
Rockhold, PNL for their review and suggested revisions to the final draft.

Both the LCT and ALTS studies were supported by the U.S. Nuclear Regulatory Commission's
Office of Nuclear Regulatory Research involving numerous contractors and NRC staff.

37




References

Nicholson, T.J., R. Hills, M. Rockhold, G. Wittmeyer, T.C. Rasmussen, and A. Guzman-Guzman,
"Conclusions from WG-1: Partially-Saturated Porous and Fractured Media Test Cases," in
Proceedings of GEOVAL '94 - Validation Through Model Testing. Paris, France, October 11-14,
1994, OECD, 1995.

Voss, C.F. and T.J. Nicholson, "Phase 1, Test Cases 10, 11 and 12: Flow and Tracer Experiments
in Unsaturated Tuff and Soil,” The International INTRA VAL Project, OECD, Paris, 1993.

Las Cruces Trench

Elrick, D.E., R.W. Sheard, and N. Baumgartner, "A Simple Procedure for Determining the
Hydraulic Conductivity and Water Retention of Putting Green Soil Mixtures,"” in R.W. Sheard (ed),
Proceedings of the Fourth International Tuffgrass Research Conference, The Ontario Agricultural
College, University of Guelph, Guelph, Ontario, 1980, pp. 189-200.

Gee, G.W. and J.W. Bauder, "Particle-size analysis," In A. Klute (ed.) Methods of Soil Analysis,
Part 1, 2nd ed. ASA, SSSA, Madison, WI, Agronomy, Vol. 9, 1986, pp. 383-411.

Hills, R.G., P.D. Meyer and M.L. Rockhold, "PolyRES: A Polygon-Based Richards Equation
Solver,” NUREG/CR-6366, U.S. Nuclear Regulatory Commission, Washington, DC, December
1995.

Hills, R.G., I. Porro, D.B. Hudson and P.J. Wierenga, "Modelling One-Dimensional Infiltration
into Very Dry Soils - Part 1: Model Development and Evaluation,” Water Resources Research,
Vol. 25, No. 6, June 1989a, pp. 1259-1269.

Hills, R.G., D.B. Hudson, 1. Porro, and P.J. Wierenga, "M'odelling One-Dimensional Infiltration
Into Very Dry Soils - Part 2: Estimation of the Soil-Water Parameters and Model Predictions,"
Water Resources Research, Vol. 25, No. 6, June 1989b, pp. 1271-1282.

Hills, R.G., K.A. Fisher, M.R. Kirkland, and P.J. Wierenga, "Application of flux-corrected
transport to the Las Cruces Trench site," Water Resources Research, Vol. 30, No. 8, August 1994,
pp- 2377-2386.

Hills, R.G. and P.J. Wierenga, "INTRAVAL Phase 2 Model Testing at the Las Cruces Trench
Site," NUREG/CR-6063, U.S. Nuclear Regulatory Commission, Washington, DC, January 1994.

Mantoglou, A. and L.W. Gelhar, "Stochastic Modelling of Large-Scale Transient Unsaturated
Flow Systems," Water Resources Research, Vol. 23, No. 1, January 1987, pp. 37-46.

Nicholson, T.J., P.J. Wierenga, G.W. Gee, E.A. Jacobson, D.J. Polmann, D.B. McLaughlin, and
L.W. Gelhar, "Validation of Stochastic Flow and Transport Models for Unsaturated Soils: Field
Study and Preliminary Results," in Buxton, B.E. (Editor), Proceedings of the Conference on

38




Geostatistical, Sensitivity, and Uncertainty Methods for Ground-Water Flow and Radionuclide
Transport Modelling, September 15-17, 1987, San Francisco, CA, Battelle Press, Columbus, Ohio,

1989.

Voss, C. and T.J. Nicholson, Technical Editors; A. Flint, R. Hills, and T.C. Rasmussen, Primary
Contributors, "The International INTRAVAL Project Phase 1 Test Cases 10, 11 & .12: Flow and
Transport Experiments in Unsaturated Tuff and Soil," Nuclear Energy Agency, Organization for
Economic Cooperation and Development, Paris, France, 1993.

Porro, I., P.J. Wierenga and R.G. Hills, "Solute Transport through Large Uniform and Layered
Soil Columns," Water Resources Research, Vol. 29, No. 4, pp. 1321-1330, April 1993.

Porro, I. and P.J. Wierenga, "Transport of Reactive Tracers by Unsaturated Flow using Field and
Column Experiments," Proceedings: Radionuclide Adsorption Workshop, September, Los Alamos,
New Mexico, 1992, pp. 111-123.

Reynolds, W.D., D.E. Elrick, N. Baumgartner, and B.E. Clothier, "The Guelph Permeameter for
Measuring Field-Saturated Soil Hydraulic Conductivity above the Water Table. II. The Apparatus !
Proc. Canadian Hydrology Symposium, Quebec City, Quebec, 1984.

Rockhold, M. L., "Simulation of Unsaturated Flow and Nonreactive Solute Transport in a
Heterogeneous Soil at the Field Scale,” NUREG/CR-5998, (PNL-8496), U.S. Nuclear Regulatory
Commission, Washington, D.C., Februa}ry 1993.

Rockhold, M.L, R. Rossi, and R. Hills, "Application of Similar Media Scaling and Conditional
Simulation for Modelling Water Flow and Tritium Transport at the Las Cruces Trench Site", Water
Resources Research, Vol. 32, No. 3, pp. 595-609, March 1996.

Rockho]d, M.L, R. Rossi, R. Hills and G.W. Gee, "Similar Media Scaling and Geostatistical
Analysis of Soil Hydraulic Properties," in Gee, G.W. and N. Richard Wing (Editors), Proceedings
of the 33rd Hanford Symposium on Health and the Environment, In-Situ Remediation: Scientific
Basis for Current and Future Technologies, Richland. WA, November 7-10, 1994, Battelle Press,
1994,

Wierenga, P.J., LW. Gelhar, C.S. Simmons, G.W. Gee and T.J. Nicholson, "Validation of
Stochastic Flow and Transport Models for Unsaturated Soils: A Comprehensive Field Study,"
NUREG/CR-4622, U.S. Nuclear Regulatory Commission, Washington, DC, August 1986.

Wierenga, P.J., D.B. Hudson, R.G. Hills, I. Porro, J. Vinson, and M.R. Kirkland, "Flow and
Transport at the Las Cruces Trench Site: Experiments 1 and 2,” NUREG/CR-5607, U.S. Nuclear
Regulatory Commission, Washington, DC, 1990.

Wierenga, P.J., A.F. Torman, D.B. Hudson, M. Nash, and R.G. Hills, "Soil Physical Properties at

the Las Cruces Trench Site,” NUREG/CR-5441, U.S. Nuclear Regulatory Commission,
Washington, DC, 1989.

39




Wierenga, P.J., M.H.' Young, G.W. Gee, R.G. Hills, C.T. Kincaid, T.J. Nicholson, and R.E. Cady,
"Soil Characterisation Methods for Unsaturated Low-Level Waste Sites,” NUREG/CR-5988, U.S.
Nuclear Regulatory Commission, Washington, DC, February 1993.

Wittmeyer, G.W. and B. Sagar, "Model Complexity and Model Validity: Application to the Las
Cruces Trench Experiment, INTRAVAL Test Case 10, " Proceedings Site Characterisation and
Model Validation, Focus ‘93, American Nuclear Society, La Grange Park, IL, 1993, pp. 209-216.

Apache Leap Tuff

Bassett, R.L., S.P. Neuman, T.C. Rasmussen, A. Guzman, G.R. Davidson, and C.F. Lohrstorfer,
"Validation Studies for Assessing Unsaturated Flow and Transport through Fractured Rock,"
NUREG/CR-6203, U.S. Nuclear Regulatory Commission, Washington, DC, August 1994.

Burrough, P.A., "Multiscale Sources of Spatial Variation in Soil. I. The Application of Fractal
Concepts to Nested Levels of Soil Variation”, Journal of Soil Science, Vol. 34, 1983, pp.577-597.

‘Guzman-Guzman, A. and S.P. Neuman, "Field Air Injection Experiments,” Chapter 6 in
Rasmussen, T.C., S.C. Rhodes, A. Guzman and S.P. Neuman, "Apache Leap Tuff INTRAVAL
Experiments: Results and Lessons Learned,” NUREG/CR-6096, U.S. Nuclear Regulatory
Commission, Washington, DC, March 1996.

Guzman, A.G., AM. Geddis, M.J. Henrich, C.F. Lohrstorfer, and S.P. Neuman, "Summary of Air
Permeability Data from Single-Hole Injection Tests in Unsaturated Fractured Tuff at the Apache
Leap Research Site: Results of Steady-State Test Interpretation”, NUREG/CR-6360, U.S. Nuclear
Regulatory Commission, Washington, DC, March 1996.

Neuman, S.P., "Stochastic Continuum Representation of Fractured Rock Permeability as an
Alternative to the REV and Fracture Network Concepts”, in Proceedings, Memoirs of the 28th US

Symposium on Rock Mechanics, Tucson, Az, 1987.

Neuman, SP., "Universal Scaling of Hydraulic Conductivities and Dispersivities in Geologic
Media", Water Resources Research, Vol. 26, No. 8, 1990, pp.1749-1758.

Neuman, SP., Comment on "A Critical Review of Data on Field-Scale Dispersion in Aquifers" by
L.W. Gelhar, C. Welty, and K.R. Rehdat, Water Resources Research, Vol. 29, No. 6, 1993,
pp.1863-1865.

Neuman, SP., "Generalized Scaling of Permeabilities: Validation and Effects of Support Scale,"
Geophysical Research Letters, Vol. 21, No. 5, pp. 349-352, March 1, 1994.

Nitao, J.J. and T.A. Buscheck, "Infiltration of a Liquid Front in an Unsaturated, Fractured Porous
Medium", Water Resources Research, Vol. 27, No. 8§, 1991, pp. 2099-2122.

Pruess, K. and J.S.Y. Wang, "Numerical Modelling of Isothermal and Non-isothermal Flow in
Unsaturated Fractured Rock - A Review," in Evans, D.D. and T.J. Nicholson (Editors), Flow and

40




Transport Through Unsaturated Fractured Rock, Geophysical Monograph 42, American
Geophysical Union, Washington, DC, 1987.

Rasmussen, T.C. and D.D. Evans, "Unsaturated Flow and Transport Through Fractured Rock -
Related to High-Level Waste Repositories: Final Report - Phase 2," NUREG/CR-4655, U.S.
Nuclear Regulatory Commission, Washington, DC, May 1987.

Rasmussen, T.C., D.D. Evans, P.J. Sheets and J.H. Blanford, "Unsaturated Fractured Rock
Characterisation Methods and Data Sets at the Apache Leap Tuff Site," NUREG/CR-5596, U.S.
Nuclear Regulatory Commission, Washington, DC, August 1990.

Rasmussen, TC S.C. Rhodes, A. Guzman and SP. Neuman, "Apache Leap Tuff INTRAVAL
Experiments: Results and Lessons Learned," NUREG/CR-6096, U.S. Nuclear Regulatory
Commission, Washington, DC, March 1996.

Yeh, T.C., T.C. Rasmussen and D.D. Evans, "Simulation of Liquid and Vapour Movement in
Unsaturated Fractured Rock at the Apache Leap Tuff Site: Models and Strategies,” NUREG/CR-
5097, U.S. Nuclear Regulatory Commission, Washington, DC, March 1988.

41







MAIN SALES OUTLETS OF OECD PUBLICATIONS
PRINCIPAUX POINTS DE VENTE DES PUBLICATIONS DE L’OCDE

AUSTRALIA - AUSTRALIE

D.A. Information Services

648 Whitehorse Road. P.O.B 163

Mitcham. Victoria 3132 Tel. (03) 9210.7777
Fax: (03) 9210.7788

AUSTRIA - AUTRICHE

Gerold & Co.

Gruben 3!

Wien | Tel. (0222) 533.50.14

Fax: (0222) 512.47.31.29

BELGIUM - BELGIQUE

Jean De Lunnoy

Avenue du Roi. Koningslaan 202

B-1060 Bruxelles  Tel. (02) 538.51.69/538.08.41
Fax: (02) 538.08.41

CANADA

Renouf Publishing Company Lid.
5369 Canotek Road
Unit |

Ottawa. Ont. K1J 933 Tel.

Fax:

(613) 745.2665
(613) 745.7660

Stores:
71 1/2 Sparks Street
Ottawa, Ont. KIP SR1 Tel.

Fax:

(613) 238.8985
(613) 238.6041

12 Adelaide Street West
Toronto, QN MSH 1L6 Tel.

Fax:

(416) 363.3171
(416) 363.5963

Les Editions La Liberté Inc.
3020 Chemin Sainte-Foy
Sainte-Foy. PQ G1X 3Vé Tel.

Fax:

(418) 658.3763
(418) 658.3763

Federal Publications Inc.

165 University Avenue, Suite 701

Toronto, ON M5H 3B8 Tel.
Fax:

(416) 860.1611
(416) 860.1608

Les Publications Fédérales
1185 Université
Montréal, QC H3B 3A7 Tel.

Fax:

(514) 954.1633
(514) 954.1635

CHINA - CHINE

Book Dept., China Natinal Publiations

Import and Export Corporation (CNPIEC)

16 Gongti E. Roud, Chuoyang District

Beijing 100020 Tel. (10) 6506-6688 Ext, 8402
(10) 6506-3101

CHINESE TAIPEI - TAIPEI CHINOIS
Good Faith Worldwide Int'). Co. Lid.
9th Floor. No. 118, Sec. 2

Chung Hsiao E. Road
Taipei Tel. (02) 391.7396/391.7397
Fax: (02) 394.9176

C%ECH REPUBLIC -
REPUBLIQUE TCHEQUE
National Information Centre
NIS - prodejna

Konviktski §

Praha | - 113 57 Tel. (02) 24.23.09.07
Fax: (02) 24.22.94.33
E-mail: nkposp@dec.niz.cz

Internet: http://www.nis.cz

DENMARK - DANEMARK

Munksgaard Book and Subscription Service

35. Nerre Segade, P.O. Box 2148

DK-1016 Kgbenhavn K Tel. (33) 12.85.70
Fax: (33) 12.93.87

J. H. Schultz Information A/S.
Herstedvang 12,

DK - 2620 Albertslung Tel. 43 63 23 00

Fax: 43 63 19 69
Internet: s-info@inet.uni-c.dk

EGYPT - EGYPTE
The Middle East Observer
41 Sherif Street

Cairo Tel. (2) 392.6919
Fax: (2) 360.6804

FINLAND - FINLANDE
Akateceminen Kirjakauppa
Keskuskatu 1, P.O. Box 128
00100 Helsinki

Subgcn'ption Services/Agence d’abonnements :
P.O. Box 23

00100 Helsinki Tel. (358) 9.121.4403
Fux: (358) 9.121.4450

*FRANCE

OECD/OCDE

Muil Orders/Commandes par correspondance :
2, rue André-Pascal
75775 Paris Cedex 16 Tel. 33 (0)1.45.24.82.00
Fax: 33 (0)1.49.1042.76
Telex: 640048 OCDE

Internet: Compte. PUBSINQ®oecd.org

Orders via Minitel, France only/
Commandes par Minitel, France exclusivement :
36 15 OCDE

OECD Bookshop/Librairie de I'OCDE :
33, rue Octave-Feuillet

75016 Paris Tel. 33 (0)1.45.24.81 81
33 (0)1.45.24.81.67

Dawson

B.P. 40

Tel. 01.89.10.47.00
Fux: 01.64.54.83.26

9112) Palaiseau Cedex

Documentation Frangaise
29, quai Voltaire

75007 Paris Tel. 01.40.15.70.00
Economica

49, rue Héricart

75015 Paris Tel. 01.45.78.12.92

Fax: 01.45.75.05.67

Gibert Jeune (Droit-Economie)
6, place Saint-Michel
75006 Paris Tel. 01.43.2591.19

Librairie du Commerce International

10, avenue d'léna
75016 Paris Tel. 01.40.73.34.60

Librairie Dunod
Université Paris-Dauphine
Place du Maréchal-de-Lattre-de-Tassigny

75016 Paris Tel. 01.44.05.40.13
Librairie Lavoisier y

11, rue Lavoisier

75008 Paris Tel.

Librairie des Sciences Politiques
30, rue Saint-Guillaume

01.42.65.39.95

75007 Paris Tel. 01.45.48.36.02
P.UF.

49, boulevard Saint-Michel

75005 Paris Tel. 01.43.25.83.40

Librairie de 1'Université
12a, rue Nazareth
13100 Aix-en-Provence Tel.

Documentation Frangaise
165, rue Garibaldi

04.42.26.18.08

69003 Lyon Tel. 04.78.63.32.23

Librairie Decitre

29, place Bellecour

69002 Lyon Tel. 04.72.40.54.54

Librairie Sauramps

Le Triangle

34967 Montpellier Cedex 2 Tel. 04.67.58.85.15
Fax: 04.67.58.27.36

A la Sorbonne Actual
23, rue de I'Hétel-des-Postes
06000 Nice Tel.

Fax:

0493.13.77.75
04.93.80.75.69

GERMANY - ALLEMAGNE
OECD Bonn Centre

August-Bebel-Allee 6
D-53175 Bonn Tel. (0228) 959.120

Fux: (0228) 959.12.17

GREECE - GRECE

Librairie Kauffmann

Stadiou 28

10564 Athens Tel. (01) 32.55.321
Fax: (01) 32.30.320

HONG-KONG

Swindon Book Co. Lud.
Astoria Bldg. 3F

34 Ashley Road, Tsimshatsui
Kowloon, Hong Kong Tel. 2376.2062

Fax: 2376.0685

HUNGARY -~ HONGRIE
Euro Info Service
Margitsziget, Eurépa Haz

1138 Budapest Tel. (1) 111.60.6}
Fax: (1) 302.50.35
E-mail: euroinfo@mail. matav.hu

Internet: http://www euroinfo.hu//index.htmt

ICELAND - ISLANDE
Mil og Menning

Laugavegi 18, Posthélf 392
121 Reykjavik Tel. (1) 552.4240
Fax: (1) 562.3523

INDIA -~ INDE

Oxford Book and Stationery Co.

Scindia House

New Delhi 11000] Tel. (11) 331.5896/5308
Fax: (11) 332.2639

E-mail: oxford.publ@uxcess.net.in

17 Park Street

Calcutta 700016 Tel. 240832

INDONESIA - INDONESIE
Pdii-Lipi

P.O. Box 4298
Jakarta 12042 Tel. (21) 573.34.67

Fax: (21) 573.34.67

IRELAND - IRLANDE
Government Supplies Agency
Publications Section

4/5 Harcourt Road

Dublin 2 Tel. 661.31.11

Fax: 475.27.60

ISRAEL - ISRAEL

Praedicta

5 Shatner Street

P.O. Box 34030

Jerusalem 91430 Tel. (2) 652.84.90/1/2
Fax: (2) 652.84.93

R.O.Y. International
P.O. Box 13056

Tel Aviv 61130 Tel. (3) 546 1423
Fax: (3) 546 1442

E-mail: royil@netvision.net.il

Palestinian Authority/Middle East:
INDEX Information Services
P.O.B. 19502

Jerusalem Tel. (2) 627.16.34

Fax: (2) 627.12.19

ITALY - ITALIE

Libreria Commissionaria Sansoni
Via Duca di Calabria, 1/1
50125 Firenze Tel. (055) 64.54.15
Fux: (055) 64.12.57
E-mail: licosa@ftbece.it
Via Bartolini 29

20155 Milano

Editrice e Libreria Herder
Piazza Montecitorio 120

Tel. (02) 36.50.83

00186 Roma Tel. 679.46.28
Fax: 678.47.51

Libreria Hoepli

Via Hoepli §

20121 Milano Tel. (02) 86.54.46

Fax: (02) 805.28.86




= 20146 Milano

Libreria Scientifica

Dott. Lucio de Biusio ‘Aeiou’

Vi Coronelli, 6

Tel. (02) 48.95.45.52
Fax: (02) 48.95.45.48

JAPAN - JAPON
OECD Tokyo Centre
Landic Akasaka Building
2-3-4 Akasuka. Minato-ku
Tokyo 107 Tel. (81.3) 3586.2016
Fax: (81.3) 3584.7929

KOREA - COREE

Kyobo Book Centre Co. Ltd.

P.O. Box 1658. Kwang Hwa Moon
Seoul Tel. 730.78.91

Fax: 735.00.30

MALAYSIA - MALAISIE

University of Malaya Bookshop

University of Malaya

P.O. Box 1127, Jalun Pantai Baru

59700 Kuala Lumpur

Malaysia Tel. 756.5000/756.5425
Fax: 756.3246

MEXICO - MEXIQUE
OECD Mexico Centre
Edificio INFOTEC

Av. San Fernando no. 37
Col. Toriello Guerra
Tlalpan C.P. 14050

Mexico D.F. Tel. (525) 528.10.38
Fax: (525) 606.13.07

E-muil: ocde @rtn.net.mx

NETHERLANDS - PAYS-BAS
SDU Uitgeverij Plantijnstraat
Externe Fondsen

Postbus 20014

2500 EA’s-Gravenhage

Voor bestellingen:

Tel. (070) 37.89.880
Fax: (070) 34.75.778

Subscription Agency/ Agence d’abonnements :
SWETS & ZEITLINGER BV
Heereweg 347B

P.O. Box 830

2160 SZ Lisse Tel. 252.435.111

Fax: 252.415.888

NEW ZEALAND -
NOUVELLE-ZELANDE
GPLegislation Services

P.O. Box 12418

Thorndon. Wellington Tel. (04) 496.5655
Fax: (04) 496.5698

NORWAY - NORVEGE
NIC INFO A/S

Ostensjoveien 18

P.O. Box 6512 Etterstad

0606 Oslo Tel. (22) 97.45.00
Fax: (22) 97.45.45

PAKISTAN

Mirza Book Agency

65 Shahrah Quaid-E-Azam
Luahore 54000 Tel. (42) 735.36.01

Fax: (42) 576.37.14

PHILIPPINE - PHILIPPINES

International Booksource Center Inc.

Rm 179/920 Cityland 10 Condo Tower 2

HV dela Costa Ext cor Valero St.

Makati Metro Manila Tel. (632) 817 9676
Fax: (632) 817 1741

POLAND - POLOGNE
Ars Polona

00-950 Warszawa )

Krakowskie Prezdmiescie 7 Tel. (22) 264760
Fax: (22) 265334

PORTUGAL

Livraria Portugal

Rua do Carmo 70-74

Apart. 2681

1200 Lisboa Tel. (01) 347.49.82/5
Fax: (01) 347.02.64

SINGAPORE - SINGAPOUR
Ashgate Publishing

Asia Pacific Pee. Ltd

Goliden Wheel Building, 04-03

41, Kallang Pudding Road
Singapore 349316 Tel. 741.5166
Fax: 742.9356

SPAIN - ESPAGNE
Mundi-Prensa Libros S.A.
Castellé 37, Apartado 1223
Madrid 28001 Tel. (91) 431.33.99
Fax: (91) 575.39.98
E-mail: mundiprensa@tsai.es

Internet: http://www.mundiprensa.es

Mundi-Prensa Barcelona
Consell de Cent No. 391
08009 - Barcelona Tel. (93) 488.34.92

Fax: (93) 487.76.59

Libreria de la Generalitat
Palau Moja
Rambla dels Estudis, 118
08002 — Barcelona
(Suscripciones) Tel. (93) 318.80.12
(Publicaciones) Tel. (93) 302.67.23
Fax: (93) 412.18.54

SRI LANKA

Centre for Policy Research

¢/o Colombo Agencies Ltd.

No. 300-304, Galle Road

Colombo 3 Tel. (1) 574240, 573551-2
. Fax: (1) 575394, 510711

SWEDEN - SUEDE
CE Fritzes AB
S-106 47 Stockholm Tel. (08) 690.90.90

Fax: (08) 20.50.21

For electronic publications only/
Publications électroniques seulement
STATISTICS SWEDEN
Informationsservice
S-115 81 Stockholm Tel. 8 783 5066

Fax: 8 783 4045

Subscription Agency/Agence d’abonnements :
Wennergren-Williams Info AB
P.O. Box 1305

171 25 Solna Tel. (08) 705.97.50

Fax: (08) 27.00.71

Liber distribution
Internatinal organizations
Fagerstagatan 21
S-163 52 Spanga

SWITZERLAND - SUISSE

Maditec S.A. (Books and Periodicals/Livres
et périodiques)
Chemin des Palettes 4
Case postale 266
1020 Renens VD 1 Tel. (021) 635.08.65
Fax: (021) 635.07.80

Librairie Payot S.A.
4. place Pépinet

CP 3212

1002 Lausanne Tel. (021) 320.25.11
Fax: (021) 320.25.14
Librairie Unilivres
6, rue de Candolle
1205 Genéve Tel. (022) 320.26.23
Fax: (022) 329.73.18

Subscription Agency/Agence d'abonnements :
Dynapresse Marketing S.A.
38, avenue Vibert

1227 Carouge Tel. (022) 308.08.70
Fux: (022) 308.07.99
See also — Voir aussi :
OECD Bonn Centre
August-Bebel-Allee 6
D-53175 Bonn (Germany) Tel. (0228) 959.120
Fax: (0228) 959.12.17

THAILAND - THAILANDE

Suksit Siam Co. Ltd.

113, 115 Fuang Nakhon Rd.

Opp. Wat Rajbopith

Bangkok 10200 Tel. (662) 225.9531/2
Fax: (662) 222.5188

TRINIDAD & TOBAGO, CARIBBEAN
TRINITE-ET-TOBAGO, CARAIBES
Systematics Studies Limited
9 Watts Street

Curepe

Trinadad & Tobago. W.1. Tel. (1809) 645.3475
Fax: (1809) 662.5654
E-mail: tobe @trinidad.net

TUNISIA - TUNISIE

Grande Librairie Spécialisée

Fendri Ali

Avenue Haffouz Imm El-Intilaka

Bloc B 1 Sfux 3000 Tel. (216-4) 296 855
Fux: (216-4) 298.270

TURKEY - TURQUIE
Kiiltir Yayinlari Is-Tiirk Ltd.
Atatiirk Bulvari No. 191/Kat 13
06684 Kavaklidere/Ankara
Tel. (312) 428.11.40 Ext. 2458
Fax : (312) 417.24.90

Dolmabahce Cad. No. 29

Besiktas/Istanbul Tel. (212) 260 7188

UNITED KINGDOM - ROYAUME-UNI

The Stationery Office Ltd.

Postal orders only:

P.O. Box 276, London SW8 SDT

Gen. enquiries Tel. (171) 873 0011
Fax: (171) 873 8463

The Stationery Office Lid.
Postal orders only: ’
49 High Holborn, London WCI1V 6HB

Branches at: Belfast, Birmingham. Bristol,
Edinburgh, Manchester

UNITED STATES - ETATS-UNIS

OECD Washington Center

2001 L Street N.W., Suite 650

Washington, D.C. 20036-4922 Tel. (202) 785.6323
Fux: (202) 785.0350

Internet: washcont@oecd.org

Subscriptions to OECD periodicals may also be
placed through main subscription agencies.

Les abonnements aux publications périodiques de
I'OCDE peuvent étre souscrits aupres des
principales agences d’abonnement.

Orders and inquiries from countries where Distribu-
tors have not yet been appointed should be sent to:
OECD Publications, 2, rue André-Pascal. 75775
Paris Cedex 16, France.

Les commandes provenant de pays oli I'OCDE n'a
pas encore désigné de distributeur peuvent étre
adressées aux Editions de 'OCDE. 2. rue André-
Pascal, 75775 Paris Cedex 16. France.

12-1996




OECD PUBLICATIONS, 2 rue André-Pascal, 75775 PARIS CEDEX 16 - No. 79583 1997
PRINTED IN FRANCE




THE
INTERNATIONAL
INTRAVAL
PROJECT

Phase 2, Working Group Reports

Intraval parties:

Agence Nationale pour la Gestion des Déchets Radioactifs (France), Atomic Energy of
Canada Ltd. (Canada), Australian Nuclear Science and Technology Organisation
(Australia), Bundesanstalt fir Geowissenschaften und Rohstoffe/Bundesamt fiir
Strahlenschutz (Germany), Commissariat 2 I’Energie Atomique/institut de Protection et
de Sireté Nucléaire (France), Empresa Nacional de Residuos Radioactivos S.A. (Spain),
Gesellschaft fiir Reaktorsicherheit (Germany), Gesellschaft fiir Strahlen- und
Umweltforschung (Germany), Her Majesty’s Inspectorate of Pollution (United Kingdom),
Industrial Power Company Ltd. (Finland), Japan Atomic Energy Research Institute
(Japan), Nationale Genossenschaft fiir die Lagerung Radioaktiver Abfille (Switzerland),
National Institute of Public Health and Environmental Hygiene (the Netherlands),
National Radiological Protection Board (United Kingdom), Nuclear Safety Inspectorate
(Switzerland), Power Reactor and Nuclear Fuel Development Corporation (Japan),
Swedish Nuclear Fuel and Waste Management Co. (Sweden), Swedish Nuclear Power
Inspectorate (Sweden), U.K. Nirex Ltd. (United Kingdom), U.S. Department of Energy
(United States), U.S. Environmental Protection Agency (United States), U.S. Nuclear
Regulatory Commission (United States).

Observers:
International Atomic Energy Agency (IAEA), State of Nevada (United States).

Project Secretariat:

Swedish Nuclear Power Inspectorate, Her Majesty’s Inspectorate of Pollution/Harwell
Laboratories, Kemakta Consultants Co., Organisation for Economic Co-operation and
Development/Nuclear Energy Agency.

Copies of this report are available from:

_The Swedish Nuclear Power Inspectorate (SKi)
Box 27106
5-102 52 Stockholm (Sweden)




