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PREFACE

The Center for Nuclear Waste Regulatory Analyses (CNWRA), a Federally Funded Research and
Development Center (FFRDC), conducts research on behalf of the Nuclear Regulatory Commission
(NRC). The NRC-funded research at the CNWRA is focused on activities related to the NRC
responsibilities defined under the Nuclear Waste Policy Act NWPA), as amended. Progress for the period
of January 1, 1994 to June 30, 1994 on nine (see page 1) of 12 research projects that are currently active is
described in this report. Three research projects not reported here are the Stochastic Analysis of Flow and
Transport, Unsaturated Mass Transport (Geochemistry), and Thermohydrology. Final reports for the
Stochastic Analysis of Flow and Transport and Unsaturated Mass Transport (Geochemistry) have been
prepared, subjected to peer review, and submitted to the NRC. The Thermohydrology research project is
scheduled for completion in December, 1994 when a final report on this project will be prepared. For a
brief summary of the work in the reporting period, the reader is referred to the Executive Summary
beginning on page 1.

In addition to disseminating research results through publications in appropriate open literature
(e.g., CNWRA topical reports, NRC documents, and journals) and at technical meetings, workshops, and
symposia; the CNWRA produces these research reports twice yearly. See page iii for a list of previous
reports in this series.

Each chapter in this semi-annual report summarizes the progress made in a particular research project and
is authored by the researchers in that project. Since readers of this report may be interested only in a
particular topic, each chapter is self-contained and can be read without reference to other chapters.
Coverage in the semi-annual reports is limited to only the key aspects of progress made; greater detail is
provided in topical reports that are produced during the course of the research or at its conclusion, as
appropriate. The editor of this report ensures that each chapter is reviewed for its technical and
programmatic content and that some uniformity as to the depth of descriptions is maintained across the
various chapters.

The NRC evaluates its research needs continually as the research progresses. The research needs are based
on user needs identified jointly by the NRC Offices of Nuclear Material Safety and Safeguards (NMSS)
and Nuclear Regulatory Research (RES). Generally, the NMSS is the user in the sense that its staff applies
the research results to strengthen its reviews of the submittals by the U.S. Department of Energy (DOE),
including the License Application for the first High-Level Nuclear Waste (HLW) Repository. In their turn,
the user needs are based on Key Technical Uncertainties (KTUs) that are identified during the process of
developing strategies and methods for determining compliance with the applicable regulations—in this
case, 10 CFR Part 60. Thus, the research is directed toward evaluation of the KTUs.
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1 EXECUTIVE SUMMARY

1.1 INTRODUCTION

Progress from January | to June 30, 1994, on
nine out of 12 research projects under way at the Center
for Nuclear Waste Regulatory Analyses (CNWRA) is
discussed in this report. Two of the three rescarch
projects not reponted. namely Stochastic Hydrology and

Insaturated Mass Transport (Geochemistry ), have been
complcted with final peer-reviewed project reports
(Bagtzoglou et al.. 1994, Bagtzoglou and Muller, 1994,
and Murphy and Pabalan, 1994). Thermohydrology is
the third unreported project which is scheduled to be
completed in December 1994,

All rescarch projects at the CNWRA are
sponsored by the Nuclear Regulatory Commission
(NRC) to fulfill its mandate under the Nuclear Waste
Policy Act (NWPA), as amended. To understand the
role of NRC funded rescarch, it 1s important to
recognize that the NRC regulatory responmbilities are
distinct from those of the U.S. Depantment of Energy
(DOE), which is responsible for siting, constructing, and
operating a repository for the permanent disposal of
high-level waste (HLW). The DOE has undertaken the
development and implementation of a broad range of
techniques and methods to obtain informaton and
produce analyses necessary to determine site suitability,
design the engincered portions of the repository, and
complete a license application for review by the NRC.
In fulfilling its responsibiliies for assuning  the
radiological health and safety of the public. the NRC
conducts confirmatory and exploratory (also referred to
as anticipatory ) rescarch to

*  Develop the licensing tools and technical
bascs necessary 10 judge the adequacy of
the DOE hicense application

o Ensure a sufficient independent under-
standing of the basic physical processes
taking place at the proposed geologic
repository site

e Muntain an independent, but limited,
confirmatory research capability to be
used in evaluating DOE prelicensing and
license application submittals

Figure 1-1 depicts the bawic relationship
between the NRC research program and licensing needs.

Regulations applicable to the licensing of a HLW
repository (primarily 10 CFR Part 60) arc translated into
regulatory requirements, cach of which must be met
before the NRC staff can recommend the issuance of a
license. Strategies and methods for determining if DOE
demonstration of compliance with the regulatory
requirements  is  acceptable are  currently  being
developed and documented in the NRC License
Application Review Plan (LARP). Key Technical
Uncertainties (KTUs) are defined based on the risk to
compliance determination. Evaluation and reduction of
those aspects of the KTUs which are NRC's
responsibility are the pnmary objectives of the research
undertaken by the NRC. Each chapter of this feport
outlines the specific KTUs being addressed by the
rescarch described in that chapter,

Each of the rescarch projects discussed herein
is being conducted n accordance with approved
Research  Project  Plans,  which  were developed
consistent with an associated NRC statement of work.
These plans are the wehicke for esablishing the
objectives, technical approach. justification, and
funding for cach of the studies. They also describe the
interrelationships among the various projects, which
provide a sound basis for integrating research results
across disciplines. Because the plans primanly address
planning and management matters, they are not
discussed further 1n this repont.

This document provides at. executive summary
that covers, in capsule form, the progress of cach
rescarch project over the past 6 mo. The executive
summary is followed by Chapters 2 through 10,
representing cach of the nine currently active research
projects. Project objectives and a report of rescarch
activities and resulis to date, as appropriate, are given in
each chapter. Progress loward fulfillment of identified
research nceds and development of particular regulatory
products are addressed in cases where such progress has
been significant. In addition, commentary is provided
on anticipated progress for cach project in the ensuing
6 mo period.

1.2  SEISMIC ROCK MECHANICS

Long-term deterioration of emplacement drifts
and potentially enhanced near-field fluid flow resulting
from coupled processes are among the important
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Figure 1-1. Relationship of the NRC HL.W Research Program to licensing needs

concerns for safe high-level nuclear waste (HLW)
disposal, Repetitive scismic loads and thermal loads
pensrated by decay of the emplaced waste are among
the factons that could potentially cause rock degradation
or change near-field flow patterns due to joint normal
and shcar deformations. Evidence in the literature
indicates that the most hkely significant effect of
carthquakes on hydrology s changes in fracture
permeability

A key technical uncenainty (KTU) has been
identificd that could pose a high risk of noncompliance
with the performance objectives of 10 CFR Part 60, This
KTU 1 the ability to predict the long-term effects of
repetitive seismic load and high temperatures on the
degradation of emplacement drifts. These long-term
cffects may have implications on the performance of the
Lngineered Bamer Systems (EBS), retrievability of
wastc, and long-term waste isolation, especially if some
of the openings to the HLW repository are left unfilled
at closure. The objective of the Seismic Rock
Mechanics Research Project is to develop techniques
that could be used tu predict the response of the near-
ficld rock mass at the propused repository at the Yucca
Mountain (YM) site when it is subjected to repetitive
setsmic loads and high temperature conditions. The
knowledge gained through laboratory, field, and
theoretical analvses 1n this project has supported the

development and implementation of portions of the
license  Application Review Plan (LARP) and
prehcensing activities, including reviews of Exploratory
Studies Facility (ESF) design packages. The results of
ongoing activities in Tasks 4, 5, 7, and 9 are reported
herein.

Task 4 activities during this reponting peniod
included construction of a small-scale model of jointed
rock mass for dynamic tests. This scale model consisted
of approximately 670 cast simulated-rock ingots aligned
within a testing frame at 45 degrees to the horizontal. In
the center of the simulated rock mass was a 6-in.
(15.2-cm) circular tunnel. Thin stecl cables were used to
apply a portion of the scaled in situ loadings. Detailed
instrumentation was placed around the tunnel as well as
at other lncations, some of which were detenmnined from
pretest computer analysis using the Universal Distinct
Element Code (UDEC). The entire test specimen was
loaded onto a shaking table and a horizontal (i.e., shear)
carthquake input motion was applied to the base, Both
the amplitude and time duration of the input signal were
apprupriately scaled. The laboratory experiments
involved the application of four earthquake motions
using the same input signal characterized by the peak
input displacement. Mcasurements were recorded after
cach cxperimental run. The input signal was then
increased in amplitude, and another four runs were
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made. The process was continued until significant
displacement had occurred or the tunnel collapsed. The
purpose of these experiments was to study the impact of
repetitive motion on the stability of the tunnel,

Pretest modeling analysis of the first input
carthquake motion was conducted with the UDEC. This
input motion consisted of a peak displacement of
0.15 in. (0.38 cm). Duc to the long computer run times
for the 7.5 dynamic signal, some geometric
simplifications within the model were necessary, These
simplifications involved using the actual size {1.c.. 2-in,
(5.08-cm)} experimental rock blocks within a few
diameters of the opening and 4-in, (10.16-cm) square
blocks further away. It was determined that this
simphfication would not result in much difference in the
predicted results. Maximum shear displacements on the
order of 4.0x10° % in. (0.1 mm) were predicted along
certain juints intersecting  the tunanel. The  shear
displacement response along joints was in the form of
step changes  rather  than  continuous  shear
displacements. The 7.5-s signal required approximately
6 d of computer run time on a Sun Sparc 10 workstation
using the UDEC code.

Task § activity during this reporting period
involved the analysis of field data on the effects of
mining-nduced  small  magnuude carthquakes on
groundwater pressure distribution, based on field work
conducted by the Center for Nuclear Waste Regulatory
Analyses (CNWRA) at the Lucky Friday Mine, ldaho,
The groundwater pressure in three fracture Zones was
monnored for 24 mo. In addition, the magnitude, source
location, and associated ground motions of mining-
induced seismic events were noted. It was observed that,
in general, the magnitude of carthquake-induced
groundwater pressure change vaned with the carthquake
magnitude and distance of the ohservation point from
the source location. This relationship may be modeled
by fitting a regression curve to the observed data.
However, use of such a madel for predictions may be
limited to carthquake magnitudes that fall within the
range of the fited data. Mechanistic modeling is likely
to be more reliable but such models are not available at
this time.

Task 9, the DEvelopment of COupled models
and  their  VAlidaton . against  EXperiments
(DECOVALEX), is currently in its third phase. The
Bip-Ben Expenment (TCH v one of five test cases
(TCs) for this phase and is currently being modeled by
thc NRC/AUNWRA using the finite clement code

ABAQUS. The Big-Ben Experiment consists of an EBS
involving coupled thermal-mechanical-hydrological
(TMH) processes. The EBS incorporates a partially
saturated bentonitic buffer material surrounding the
heater system within the simulated rock (concrete).
Simulated fractures were also present in the system in
which water injection took place. Thus, the purpose of
the test was to evaluate the water uptake within the
buffer as well as determine the degree of moisture-
induced swelling under heated conditions and water
injection. The ABAQUS code was chosen due to its
capabilitics for modeling partially saturated flow and
mechanical swelling of the buffer. ABAQUS does not
have all the degrees-of-freedom for modeling fully
coupled TMH processes within a single clement. Thus,
two scparate analyses are required, namely a thermal
analysis, followed by a poroclastic analysis. To date, the
thermal anaiysis has been completed. The predicted
nodal temperatures will be input into a mode! for
analyzing the mechanical swelling and thermo-
mechanical stresses, as well as the partially saturated
flow. Final results will be presented in the next reporting
penod.

Both experimental and modeling work are
continuing on the Direct Shear-Flow Test (TCS),
proposed by the NRC/ICNWRA for Phase 3 of
DECOVALEX. TCS5 was designed to study both
saturated and unsaturated flow in a single natural
welded tuff joint under both normal and direct shear
loading. To date, saturated tests using water have been
conducted under pure normal loading conditions. Prior
to conducting the test, the rock matrix on either side of
the fracture was fully saturated with water. At each
increment in normal load, the fracture injection flow
rate was held constant while the pressure difference
between the inlet and outlet of the fracture was
measured. During the next reporting period, saturated
flow experiments will be conducted under shear loading
conditions. Initial progress has been made in modeling
the experiment using the code ABAQUS. The fracture is
modeled using gap elements that can conduct fluid flow.
As a first attempt, only a two-dimensional (2D) vertical
cruss-section through the joint was modeled, taking into
account the actual rough surface profile. It was found
that the nonlinear normal stress versus joint closure
response could be reasonably simulated using a softened
contact option within ABAQUS. This approach was
necessary since ABAQUS lacks sophisticated joint
models, having only the standard Mohr-Coulomb
frction model.
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1.3 INTEGRATED WASTE PACK.

AGE EXPERIMENTS

The Nuclear Regulatory Commission (NRC)
regulation 100 CFR 60.113 requires waste packages to
provide  substantially complete containment  of
radionuclides for a2 minimum penad of 300 10 1,000 yr.
As stated in the License Application Review Plan
(LARP) Sections 5.4, 2.2.2, and 2.2.3, the key technical
uncertaintics (KTUs) in the assessment of Engincered
Bamer System (EBRS) compliance with performance
objectives include the prediction of environmental
effects on the performance of waste packages and the
EBS, and the extrapolation of short-lerm laboratory and
prototy pe tests results to predict long-term performance
of EBS components. The goal of the Integruted Waste
Package Eapenments (IWPE) program 1s to provide a
cntical evaluaton of the informaton available for the
assessment of comphance with regulatory requirements
pertaining to EBS by a suitable combination of hiterature
surveys and cntical  experiments. To achieve s
obyectives, the IWPE program as divided 1nto six tasks:
Task 1 —  Corrosion, Task 2 — Stress Corroston
Craching, Task 3 — Materials Thermal Stabibity, Task 4
- Microbiologically Influenced Corrosion, Task § -~
Onher Degradation Modes, and Task 6 -~ General
deporing. The results of ongoing activities 1n Tusks |
and 2 are reponted here.

The gencral approach 1o long-term  hife
prediction  of container  materials 10 environments
promoting localized corrosion is pointed out along with
the role of expenimental investigations. Two of the
parameters in this approach are the mtiation and
repassivation potential. In performance assessment (PA)
calculations, a single critical potential, which is the
experimentally determined repassivation potential, s
used to predict the occurrence of localized corrosion of
waste package containers. The assumption of a single

criical potential is supported by the results reported in |

this chapter. The repassivation potential for crevice
corrosion is found 1o be similar to that for pitting
corrosion. The propagation rute of crevice cerrosion is
found to be only slightly faster than that of pitting, and
the maximum depth of crevice corrosion 1s smalar o
that of piting for the same charge denuty. These
findings can be qualitatively explained by the available
mechanistic models, which are based on the changes in
chloride concentration and pH ins.de the crevice or pit,

Long-term ocalized corrosion tests (up to 9
mo) show that the use of repassivation potential for deep

pits or crevices is more conservative in comparison to
other parameters, such as pit initiation potential.
Specimens held at potenbals more positive than the
repassivation potential, but more negative than the pit
initiation potential, exhibit crevice corrosion after a few
months. However, specimens held at potentials more
nepative than the repassivation potential have not yet
shown any indication of localized corrosion. Further
tests along this line are recommended to gain greater
confidence in the use of this parameter for PA.

The applicability of critical potentials for
locahzed comosion for predicting atress  corrosion
cracking (SCC) is being studicd using slow strain rate
and constant deflection tests on type 3161 stainless steel
(SS) and alloy 825. The results generated thus far are
consiatent with the sssumption that the repassivation
potential for localized corrosion constitutes a lower
bound for the critical potential for SCC in the case of
type d6l.. However, the occurrence of SCC is
apparently dependent on test technique. In slow strain
rate tests, SCC of type 316l SS was promoted by
concentrated chlonide solution (9.0 molkg water)
above 100 °C, and at lower chlonde concentrations and
temperatures by the presence of thiosulfate. However,
no SCC was ohserved with the slow strain rate test
technique  at  chionde concentrations lower than
6 mol’kg water, even in the presence of thiosulfate. In
contrast, SCC of type 316L. SS was observed using U.
bend specimens in constant-deflection tests conducted
in wlutions with chloride concentration as low as
1.000 ppm. In dilute solutions, cracking was found to be
confined to the region above the liquid water-vapor
interface. In the case of alloy 825, no apparent
discrepancies were observed by comparing the results of
the slow strain rate tests with those of constant.
deflection tests under environmental conditions similar
to those used for testing type 316l. SS. For alloy 825,
SCC was only observed in tests at 120 °C in highly
concentrated  chloride  solutions. However, since
alloy 825 1s far more resistant to SCC than type J16L
SS. additional studies are needed w reach a conclusion
regarding the effect of test technique. The need to study
the cffects of crevice conditions and concentration
processes at the vapor/solution interface on the initiation
of cracks is emphasized 10 explore the full range of
environmental conditions and electrochemical potentials
that can cause cracking of these alloys in chlonde.
containing solutions at temperatures close to the boiling

point.
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14 GEOCHEMICAL NATURAL ANA-
LOG RESEARCH

The Geochemical Natural Analog Research
Project is being conducted to develop a better
understanding of the usefulness and limitations of
natural analog studies when employed to support a
license application for a high-level waste (HLW)
repository and to provide fundamental data on the long-
term behavior of HLW within a repository environment
to support Performance Assessment (PA) models. Field
and literature data were used to select two sites for
analog research: the Nopal I uranium (U) deposit in the
Pefia Blanca district, Chihuahua, Mexico, and the
Akrotiri archaeologic site on Thera (Santorini), Greece.
This report describes recent results from the Pefia
Blanca site.

At the Nopal I U deposit, U has been
transported under conditions comparable to those that
could occur at the candidate HLW repository at Yucca
Mountain (YM), Nevada. This investigation focused on
approximately 1,400 m? of essentially continuous
bedrock outcrop spanning the Nopal I deposit and
surrounding host tuff. Analysis and interpretation of the
data collected provide estimates of: (i) the distributions
of U within and around the Nopal I deposit, (ii) the
distribution and characteristics of the fracture network
within and surrounding the deposit, and (iii) the
transport of U away from the deposit mainly along
fracture paths. U-series isotopic measurements indicate
mobilization of U along the margin of the deposit within
the last 1 Ma and significant U transport at about 54 ka.

Greater transport distances were observed
along a few relatively continuous mesofractures (i.e.,
fractures with apertures >1 mm and traces extending
more than 10 m) than through the general fracture
network composed of thousands of less continuous
microfractures (i.e., fractures with apertures <1 mm and
trace lengths on the order of centimeters) within and
surrounding the deposit. U transport away from the
deposit appears to be largely independent of variations
in the general fracture network pattern. Analyses
reported here place semi-quantitative constraints on U
transport distances along paths with distinct fracture
characteristics. Movement of U away from the Nopal I
deposit, measured as net horizontal transport vectors
along mesofracture paths, achieved maximum distances
at least 20 times greater than transport of U through tuff
with a complex network of microfractures. Transport of
U away from individual microfractures into

homogeneous, unfractured (at optical microscopy
scales) tuff matrix appears limited to distances less than
1 mm.

Uranium distributions are interpreted as
relative inventories of transported U within distinct
portions of the transport system. The U content of a
complex microfracture network is five times greater
than the U content of the mesofracture through which U
was introduced into the microfracture network. Data
from individual microfractures with high U
concentrations (e.g., 5.6x10° ppm) indicate that the
amount of U transported out of a microfracture into the
tuff matrix adjacent to a microfracture and retained to
the present is only 5 percent of the U retained within a
microfracture (mainly by precipitation as uranophane).
This analysis suggests a relative ranking for transported
U inventories: (1) microfracture network U content >>
mesofracture U  content, and (ii) individual
microfracture U content >> adjacent matrix U content.

These results comprise significant progress
toward a better understanding of performance issues
important for a YM repository. NRC/CNWRA Iterative
Performance Assessment (IPA) has identified
substantial ~ conceptual  uncertainties  regarding
appropriate implementation of fracture transport and
fracture retardation, and the relationship between
fracture flow and matrix diffusion remains
indeterminate in transport models. Results reported here
provide semi-quantitative constraints on U fracture
transport distances and identify the portions of a
complex fracture-matrix system that have retained
(under conditions comparable to those anticipated for a
YM repository, for a time period of at least 10* yr) the
greatest proportion of transported U. Future versions of
PA models can use these results to reduce conceptual
uncertainties regarding U transport.

1.5 SORPTION MODELING FOR
HLW PERFORMANCE ASSESS-
MENT

To develop an understanding of radionuclide
sorption processes and the important physical and
chemical parameters that affect sorption behavior in the
Yucca Mountain (YM) environment, experimental and
modeling activities are being conducted to investigate
the sorption behavior of uranium (U) and other actinides
on geologic media. During the first half of 1994,
experiments were completed to determine the possible
effects of pH and solid-mass to solution-volume (M/V)
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ratio on the sorption of U(6+) on montmorillonite,
which is an important alteration mineral occurring at
YM, Nevada. The experiments were conducted using
initial solution concentrations of approximately 50 ppb,
solution pH from 2 to 9, and M/V equal to 0.25 or
2.5g/l.. The results show that U sorption on
montmorillonite is strongly dependent on pH; at an M/V
ratio equal to 2.5 g/L, U sorption increases sharply at pH
values above about 3.0 (adsorption edge), reaches
almost 100 percent at pH ~ 6.3, and decreases sharply at
pH greater than about 8.0 (desorption edge). Sorption
data at M/V equal to 0.25 g/L indicate that, at lower
M/V, the sorption envelope collapses, that is, the
adsorption edge shifts to higher pH, the desorption edge
moves to lower pH, and the sorption maximum
decreases to lower values. Data from reverse
experiments indicate that U sorption on montmorillonite
is reversible.

Because of the low concentrations of U used in
the experiments, potential U sorption by the container
walls was a major concern. Therefore, experiments were
conducted to determine the dependence of container
sorption on the type of container used and the impact of
sorption competition between the container walls and
the mineral sorbent. The results of these experiments
indicate that significant amounts of U are lost from
solution due to sorption on container walls and that
different types of containers have different affinities for
U (polypropylene>>Teflon-FEP>polycarbonate). The
results also indicate that desorption of U from the
container occurs upon the introduction of a competitive
substrate, such as a mineral phase. Thus experimental
studies of radionuclide sorption must account not only
for the effects of sorption on container material but also
the effects of sorption competition between the mineral
sorbent of interest and the container material.

Using simple conceptual models, a Diffuse-
Layer Model (DLM) is able to predict complex sorption
behavior reasonably well. For U sorption on
montmorillonite, binding constants determined using
the data for M/V = 0.25 g/L. were able to reproduce the
observed sorption behavior for M/V = 2.5 g/l quite
well. The DLM was also able to model sorption of
aqueous carbon as a function of pH and M/V. The
performance of the DLM suggests that surface
complexation models (SCM) can be used to predict
sorption behavior for conditions beyond those used in
sorption experiments. The DLM could be used to create
an array of sorption coefficients as a function of system

chemistry for use in contaminant transport calculations.
It may be difficult, however, to unambiguously define
some of the necessary chemical variables in a natural
groundwater sy stem.

Results of these laboratory experiments and
modeling activities provide us with an understanding of
the important parameters that control the sorption
behavior of an actinide element. Because of the strong
dependence on pH and sorbent-surface-area/solution-
volume ratio, modeling of sorption processes will likely
require that changes in groundwater chemistry and in
rock/fluid ratio be properly accounted for in
performance assessment calculations if retardation by
sorption processes is included. However, the success of
the surface-complexation model in describing and
predicting U sorption on montmorillonite and other
minerals suggests that SCMs offer a scientifically
defensible approach that may be useful for performance
assessment calculations.

The similarity in the pH-dependence of U
sorption on montmorillonite observed in these
experiments and those observed for clinoptilolite and o -
alumina reported previously is important. It may help
identify simplified approaches to modeling sorption and
thus help in the development of Compliance
Determination Methods (CDMs) that will appropriately
address the key technical uncertainties (KTUs)
identified in Section 5.1 of the LARP and in the
development of conceptual models related to the
Performance Assessment Research (PA) Project and the
Iterative Performance Assessment (IPA) Phase 3. The
information derived from the laboratory experiments
may also help interpret data on U distribution and
migration at the Pefia Blanca field site of the
Geochemical Natural Analog Research Project.

1.6 PERFORMANCE ASSESSMENT
RESEARCH

There are three primary objectives of this
project. The first objective is to provide modeling
technology that will benefit the Nuclear Regulatory
Commission (NRC) Iterative Performance Assessment
(IPA) activity and the development of methodologies
that will be used in Compliance Determination Methods
(CDMs). A second, and equally important, objective is
to address key technical uncertainties (KTUs) associated
with conceptual models, mathematical models, model
parameters, future system states (i.e., disruptive
scenarios), and model validation. The third objective is
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to provide the technical basis for formulating guidance
to the U.S. Department of Energy (DOE) in the specific
areas of Performance Assessment (PA) modeling
approaches and validation strategies. Research
conducted under the PA Research Project is divided
among three major tasks: Task 1—Conceptual Model
Development; Task 2—Computational Model Develop-
ment, and Task 3—Model Evaluation. In this reporting
period, a strong emphasis was placed on Task 1, which
includes research on hydrologic conceptual models and
disruptive event scenarios. Major effort was made in
reviewing scenario selection methodologies, and in
analyzing hydrologic data from the Pefia Blanca site,
both under Task 1. A reduced level of research was
performed on: (i) development of a conceptual model,
based on thin-film approximations, for flow in a fracture
(Task 1); (ii) documentation of a time-dependent,
nonisothermal infiltration model (Task 2); and (iii)
examination of the effects of data filtering on
unsaturated flow model predictions (Task 3). In
addition, research on conceptual models of flow and
transport in fractured tuff was performed jointly with
the Geochemical Analog of Contaminant Transport in
Unsaturated Rock Research Project.

Work on disruptive event scenarios (i.e., future
system states) was given high priority. Disruptive event
scenarios are an important element of NRC IPA
exercises and provide the basis for estimating how well
the geologic repository may perform under
combinations of adverse events and processes. In this
reporting period, a major portion of the staff effort was
devoted to a review of the state-of-the art in scenario-
selection approaches. This activity produced a technical
report (Bonano and Baca, 1994) that may be published
as a NUREG/CR. The report shows that, despite
differing terminology, many countries are using
approaches similar to the NRC/Sandia National

Laboratories (SNL) scenario methodology used in IPA; -

only in the United Kingdom is another distinct approach
being used based on environmental simulation. The two
approaches are shown to be complementary, with both
approaches having strong and weak points. In addition,
a number of open issues in scenario-selection are
identified, including the role of expert judgment, the
uniqueness and completeness of scenarios, and the
implementation of scenarios.

The other task given high priority was the
analysis of hydrologic data from the Pefia Blanca
Natural Analog Site, including both the measurement of

field-sample hydraulic properties and the simulation of
field-scale percolation using these measured properties.
These analysis activities have the dual purpose of
supporting the planning for proposed field
experimentation examining water percolation at the
Pefia Blanca site, and augmenting the understanding of
the mathematical and numerical models used to
simulate transport and represent the source term in
studies of the natural analog. The proposed field
experiment, in turn, is intended to address the dearth of
experimental results examining field-scale percolation
in the partially saturated, fractured tuffs which are
characteristic of both the Pefia Blanca site and YM. In
this reporting period, hydraulic properties were obtained
for five Nopal Formation core samples, representing
differing degrees of hydrothermal alteration, which
were collected from the Peiia Blanca Site as part of the
Natural Analog Research Project and measured as part
of the PA Research Project. The measured hydraulic
properties include porosity, bulk density, saturated
hydraulic conductivity, and the soil-moisture retention
curve. Samples of highly altered tuff have measured
porosities on the order of 25 to 30 percent and
permeabilities on the order of 1.0x10"12 m?, whereas
the least altered rock has porosities on the order of 5 to 8
percent and permeabilities on the order of 1.0x10714 m?,
Numerical model simulations were performed to
estimate how long an infiltration front would be
expected to take to arrive at the existing adit, with and
without the presence of fractures, under experimental
ponding conditions. Based on these simulations, the
total useful duration for an equivalent field experiment
is anticipated to be on the order of a few days.

1.7 VOLCANIC SYSTEMS OF THE
BASIN AND RANGE

Characterization of the frequency and nature of
past volcanic events in the Yucca Mountain region
(YMR), and assessment of the probability and
consequences of future volcanism, are critical aspects of
prelicensing scientific investigations. The technical
objectives of the Volcanic Systems of the Basin and
Range research project are to (i) assess the probability
of continued magmatic activity in the YMR, (i)
evaluate the quality and quantity of uncertainties in
volcanological data for the YMR and nearby volcanic
fields, and (iii) develop models that better predict the
interaction between crustal tectonics and volcanism in
the western Great Basin (WGB). These studies will
provide a basis for prelicensing guidance to the U.S.
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Department of Energy (DOE) and are critical to license
application review, as evinced in specific sections of the
License Application Review Plan (LARP) (Section
3.2.1.9, evidence of igneous activity as a potentially
adverse condition, Section 3.2.27, impact of volcanism
on groundwater movement, and Section 6.1, assessment
of compliance with the requirement for cumulative
releases of radioactive materials). The Volcanic
Systems of the Basin and Range research project has
been designed to assess the probability of future
volcanism in the YMR, taking into account the range of
activity and structural controls on activity that are an
inherent part of WGB volcanism.

During the last 6 mo, work has concentrated on
development of the Volcanism Geographic Information
System (GIS). Published geological data for the
Reveille Range—Lunar Crater Volcanic Field of Nevada
and the Cima, Coso, and Big Pine Volcanic Fields of
California, have been linked to common geographic
coordinates in the GIS. Because of this linkage,
volcanism models that relate tabular (e.g., volcano age)
and spatial (e.g., fault location) data can be developed
and tested at different areas and scales. In addition, the
Volcanism GIS provides an effective tool for the review
of prelicensing documents and the DOE license
application.

A peer review of both the Volcanic Systems of
the Basin and Range and Field Volcanism research
programs was initiated as part of Task 3 review
activities. This review will examine the scope and focus
of Center for Nuclear Waste Regulatory Analyses
(CNWRA) volcanism research and provide specific
recommendations for improvement of these projects.
Nominations for panel membership have been solicited
from 150 active researchers in numerous volcanism sub-
disciplines. To date, 12 candidates have indicated a
general willingness to serve on the review panel and
have a relatively high number of nominations. The
review is tentatively scheduled for late September 1994,
in San Antonio, Texas.

Work also began on developing a strategy for
the critical review of volcanic and tectonic data
compiled in the Volcanism GIS and an assessment of
conceptual magmo-tectonic models for the WGB. In
addition, this task will review the completeness and
accuracy of data in the Volcanism GIS. All geological
data have some level of uncertainty. To the extent
possible this uncertainty must be quantified and
propagated through geological models, so that model

results are presented with appropriate levels of
uncertainty. Data uncertainties must reflect both the
precision and accuracy of the method used to collect the
data. Model uncertainties must reflect both the
uncertainties in the data used to construct the model and
the accuracy of the model in representing geological
processes.

1.8 TECTONIC PROCESSES IN THE
CENTRAL BASIN AND RANGE
REGION

The objectives of the Tectonics Research
Project are: (i) to compile and integrate tectonic data for
the central Basin and Range and Yucca Mountain (YM)
regions, and (ii) to develop and assess models of
tectonic processes. The purpose of the project is to
evaluate the adequacy of existing data, methods, and
models for demonstrating and determining compliance
with regulatory requirements. Of particular concern is
the adequacy of existing and anticipated data for
quantitatively assessing compliance with waste-
isolation performance objectives.

Data and references compiled by Tectonics
Research project staff have been used to develop
Compliance Determination Strategies (CDSs) on
Structural Deformation [License Application Review
Plan (LARP) Section 3.2.1.5], Evidence of Igneous
Activity (LARP Section 3.2.1.9), and Structural
Deformation and Groundwater (LARP Section 3.2.2.8).
Digital terrain and boundary data, and visualization
methods developed for tectonics research are also being
used in the regional and subregional hydrogeology
research projects.

A Geographic Information System (GIS) is
being used to compile data from disparate sources into
an integrated management, review, and analysis
environment. Significant technical accomplishments to
date consist of: (i) development of digital terrain models
of the YM and central Basin and Range regions; (ii)
production of integrated maps of Quaternary faults,
Quaternary basaltic volcanic fields, historic earthquake
seismicity, and in situ stress orientations; and (iii)
compilation of an initial database of geodetically
measured regional strain and geologically determined
slip rates for individual fault systems.

Significant accomplishments since the last
report include: (i) evaluation of the National Earthquake
Information Center (NEIC) hypocenter database, with
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emphasis on the temporal and spatial clustering of
earthquakes, relationships between earthquakes and
mapped faults, and the 3-dimensional (3D) distribution
of earthquakes through time in the sequence of
earthquakes associated with the Ms 7.6 Landers
earthquake (1992); (ii) reconnaissance field work in the
Black Mountains; (iii) analysis of fault slip in 3D stress
fields; and (iv) collaborative research, with the Regional
Hydrology Research, on the geometry of the regional
carbonate aquifer system and the effects of in situ stress
on transmissivity and regional groundwater flow.

Evaluation of the NEIC hypocenter database
reveals that, during the relatively brief period of the
earthquake record (<200 yr), spatial and temporal
clustering of major earthquake activity has occurred in
the central Basin and Range region. Therefore, a
tectonically active fault system in the Basin and Range
province that is seismically quiet (e.g., the right-lateral
strike-slip Death Valley-Furnace Creek system) should
not be assumed to be aseismic. The Ms 7.6 Landers
earthquake (1992) is similar to the type and magnitude
of a large earthquake that would potentially occur on the
Death Valley-Furnace Creek fault system. The Landers
earthquake sequence produced approximately 75 km of
surface rupture (with  right-lateral  strike-slip
displacement) along mapped and previously unmapped
faults, and triggered earthquakes as far as 1,250 km
north of the Landers mainshock.

Field observations of extensional detachment-
zone deformation indicate that detachment faulting in
carbonate rocks is capable of producing tremendous
fracture permeability which could have a major impact
on groundwater flow in the regional carbonate aquifer.
A new approach to analysis of fault slip tendency in 3D
stress fields shows great potential for predicting
orientations of faults (and sense of slip) expected in
contemporary stress fields of southern California and
Nevada. Collaborative work with Regional Hydrology
Research has identified fairly close agreement between
direction of maximum horizontal stress and direction of
groundwater flow in the greater Death Valley region. A
model is suggested wherein in situ stress produces
anisotropic transmissivity by either forming new
fractures (which act as groundwater conduits) at a low
angle to the maximum horizontal stress, or
preferentially closing existing fractures that are oriented
at a high angle to the maximum horizontal stress.

1.9 FIELD VOLCANISM

The primary goals of the field volcanism
project are to better characterize the effect of this type of
volcanic activity on repository performance and, as a
result, better constrain probability models of disruption
of the repository. This characterization will be possible
through investigation of the: (i) mechanics of mafic
cinder cone eruptions, (ii) extent and characteristics of
shallow hydrothermal systems and diffuse degassing
associated with small-volume mafic eruptions, and (iii)
nature of mafic intrusive geometries at repository
depths. Successful completion of the Field Volcanism
project, which began in April 1993, will require study of
Plio-Quaternary cinder cones in the western Great Basin
and comparison with modern, recently active cinder
cones located elsewhere. Key Technical Uncertainties
(KTUs) related to the Field Volcanism Project are (i)
low resolution of exploration techniques to detect and
evaluate igneous features, (ii) inability to sample
igneous features, and (ili) development and use of
conceptual tectonic models as related to igneous
activity.

Several specific research activities were
initiated or completed during the last 6 mo. These
activities are designed to address issues related to the
probability and consequences of igneous activity in the
Yucca Mountain region (YMR). These include:

* Completion of a review of the seismic
tomographic and magnetic methods and
their application to the study of small-
volume basaltic cinder cone fields

*  Development of a research strategy to use
tomographic and magnetic methods to
investigate basaltic cinder cone align-
ments

e Completion of a simple model for dike-
fracture interaction

»  Preliminary study of diffuse degassing at
Paricutin volcano, Mexico

e  Comparison of xenocrystic and pheno-
cry stic amphiboles in alkaline basalts

e Acquisition of basaltic rocks collected
during the 1975-1976 eruption of the
Tolbachik cinder cones
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+ Continuing major element and petro-
graphic analysis of basaltic lavas of the
western Great Basin

These activities resulted in a Major Milestone
(MM), Geophysical Topical Report: Application of
Seismic Tomographic and Magnetic Methods to Issues
in Basaltic Volcanism, and an abstract A Simple Model
of Dike-Fracture Interaction, presented at the Spring
Meeting of the American Geophysical Union. In
addition, a position paper was prepared during this
period on the technical and regulatory basis for the
study of recently active cinder cones, in support of an
earlier Intermediate Milestone on this topic.

Soil gas and temperature data collected at
Paricutin cinder cone in January and February, 1994,
provide bounds on models for diffuse degassing at
cooling cinder cones. Very high temperature zones are
limited in areal extent to former vents, covering areas of
several thousand square meters. Even after a long period
of time, these vents are superheated; however, there is
little or no condensable phase associated with fumaroles
in these high-temperature regions, indicating that they
act as dry-out zones. The high Rn and He fluxes
observed in these areas indicate transport from depth
with comparatively little mixing. These zones are
surrounded by lower temperature regions in which there
is high vapor flow at temperatures of 45-100 °C. At
Paricutin, this region of elevated vapor flow covers
1.5-2 km?. Gas flow is high throughout this area. A
working hypothesis is that these zones cause areas of
convective upwelling due to the cooling rock beneath
the cone, and that there is very little or no magmatic
component to gases at Paricutin. At depth, a broader
area is likely affected by convective flow. Modeling of
convective flow and cooling is planned, which will be
constrained by gas flow and temperature data collected
at Paricutin, with the objective of determining the likely
areas affected by gas flow during and following cinder
cone eruptions.

During the next 6 mo, research will focus on
studies at the Tolbachik cinder cones, Kamchatka,
Russia. These studies will include surveys of diffuse
degassing, temperature monitoring, and collection of
rock specimens for characterization of eruption
mechanisms at these cinder cones. Following field work
at Tolbachik, initial surveys of the three cinder cones
used for analog studies, Paricutin, Mexico, Cerro Negro,
Nicaragua, and Tolbachik, will be complete. During the

Fall of 1994, initial modeling studies of the degassing
data will be made.

In addition to these activities, it is anticipated
that a new task will be developed in the Field Volcanism
Project. This task will involve seismic tomographic and
magnetic investigations of a selected cinder cone
alignment for the purpose of delineating intrusion
geometry and the relationship of the alignment to
regional structure. Based on results from Task 4, it is
clear that this geophysical investigation will provide an
auspicious approach to reduction of uncertainty related
to exploration of igneous features, especially intrusions
at repository depths and the relationship between
tectonism and volcanism in the western Great Basin. It
is anticipated that, in collaboration with NRC RES staff,
this Task will be developed in the next 6 mo.

1.10 REGIONAL HYDROLOGY

Yucca Mountain (YM) has been proposed as a
potential high-level nuclear waste (HHLW) repository in
part because of the favorable geochemical and
hydrologic environment provided by its 700-m-thick
unsaturated zone. Siting the repository in the
unsaturated zone may limit the potential for waste
canister corrosion and dissolution of the waste form.
Low water fluxes that are postulated to exist in the
unsaturated zone limit the likelihood that dissolved
radionuclides will be rapidly transported to the
accessible environment. One mechanism that may
saturate the repository horizon and compromise
favorable conditions at the YM site would be an
increase in the elevation of the regional water table.
Elevation of the water table may occur due to increased
recharge to the regional hydrogeologic system from
areas up to 100 km to the north and northeast of YM.
Even if elevation of the regional water table does not
saturate the repository block, the reduced thickness of
the unsaturated zone may significantly diminish travel
times in the vadose zone. The research project on
Regional Hydrogeologic Processes of the Death Valley
region was initiated to improve understanding of the
saturated groundwater flow regime at YM and to assess
the influence of the regional flow system on the height
of the water table beneath YM. The objectives of this
research project are to: (i) analyze existing conceptual
models and develop new conceptual models of the
regional hydrogeologic flow regime in the Death Valley
region that contains YM, and (ii) construct numerical
models of regional flow that may be used to assess the
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potential for the water table beneath YM to rise in
response to wetter climatic conditions.

Predictions made with numerical models will
be used by the U.S. Department of Energy (DOE) in its
license application to demonstrate that the YM site
meets the overall performance standards outlined in 10
CFR 60.112 and the geologic subsystem performance
standard defined in 10 CFR 60.113(a)(2). In addition,
the DOE may choose to use numerical models to
demonstrate the absence or influence of potentially
adverse conditions including: (i) the effects of future
pumping on the regional flow system [10CFR
60.122(c)(2)]; the potential for deleterious changes to
the hydrologic system [10 CFR 60.122(c)(5)]; (ii) the
potential for changes to the hydrologic conditions
resulting from climate change [10 CFR 60.122(c)(6)];
(iii) the potential for water table rise [10 CFR
60.122(c)(22)]; and (iv) the presence and influence of
favorable conditions, including the clear absence of
fully saturated pathways connecting the repository to
the water table ([10 CFR  60.122(b)(8)(i1)].
Understanding of the regional hydrogeologic system
developed from this project will be used to guide the
review of the DOE license application and to assess the
adequacy of the models used by the DOE to
demonstrate  compliance with  the  regulatory
requirements and environmental standards.

During the past 6 mo, efforts have continued
within Task 1 on: (i) review of literature characterizing
the hydrogeology and hydrogeochemistry of subbasins
within the Death Valley region; (ii) collection of
hydraulic, geologic, and geochemical data; and (iii)
integration of data into a GIS database. However, most
of the work conducted during the past 6 mo, as well as
all the work presented in this research report, has been
in Task 2. Efforts within Task 2 have been focused on
developing and assessing methods for delineating high
permeability flow channels within both the Paleozoic
carbonate aquifer, which comnects the topographically
closed basins of the Death Valley region at depth, and
the fractured welded tuff aquifer in the vicinity of YM.
Understanding the potential for, and consequences of,
flow channeling is essential for evaluating the potential
for future climate changes to affect the performance of
the repository. Local hydrogeologic studies of the
Paleozoic carbonate aquifer suggest that channeling
does occur along solution widened faults and fracture
zones. Research presented here suggests that the
contemporary regional stresses may affect the hydraulic

properties of fractures and fault zones and lead to
anisotropy of the transmissivity. Simple models of flow
in fractured rock aquifers based on parallel plate theory
are developed to demonstrate the physical relationship
between the orientation of the horizontal contemporary
stress tensor and the orientation of the transmissivity
tensor. This model indicates that the orientation of the
maximum principal component of the transmissivity
tensor in a fractured rock aquifer is parallel to the
orientation of the maximum horizontal stress. This
theoretical result is partially supported by stress
measurements and multiple well hydraulic test data
from the fractured Culebra dolomite unit at the Waste
Isolation Pilot Plant (WIPP) near Carlsbad, New
Mexico. Estimates of the orientation of the maximum
horizontal stress in Yucca Flat were inferred from
borehole breakout data. Incorporating the effects of
transmissivity anisotropy into flow maps of Yucca Flat
shows that the direction of the Darcy flux differs
significantly from the direction of the driving force.
Anisotropy will be used in computational models
developed in Task 3 to quantitatively demonstrate the
effects of flow channeling. Channelization may also
characterize flow in the tuffaceous aquifer between the
repository horizon and the regional carbonate aquifer;
and nonisostatic stress effect may also be influential.
Evidence for channelization in the tuffaceous aquifer is
provided by the occurrence and isotope chemistry of
calcite and the groundwater chemistry in the vicinity of
YM. The carbon isotope chemistry of calcite is
indicative of precipitation from water derived from the
Paleozoic aquifer, which may have occurred millions of
years ago. Tuffaceous zome groundwaters extracted
from boreholes are chemically undersaturated with
respect to calcite. The occurrence of calcite in core from
these same boreholes indicates that the flow system
supplying water to wells is channelized and isolated
from rock containing calcite.
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21 TECHNICAL OBJECTIVES

The technical objective of the Seismic Rock
Mechanics Research Project is to develop techniques
that could be used to predict the response of the near-
field jointed rock mass at the proposed high-level waste
(HLW) repository at Yucca Mountain (YM), Nevada,
when it is subjected to repetitive seismic conditions
(including earthquakes and nuclear explosions at the
Nevada Test Site) and thermal loads. The near-field
response includes the response both at the emplacement
borehole and the emplacement drift scales. The
laboratory, field, and theoretical analyses conducted as a
part of this project are designed to develop a better
understanding of near-field rock mass behavior under
repetitive seismic and thermally induced loads. The
analyses are also designed to obtain fundamental data
on the seismic and thermal effects that can be used to
validate predictive models and to verify computer codes
for review of repository design [10 CFR 60.131(b)(1),
60.133(e)(1), 60.133(e)(2), 60.133(i), and 60.134],
waste retrievability [10 CFR 60.111, 60.133(c),
60.133(e)(1), 60.133(i), and 60.134], and postclosure
performance assessment [10 CFR 60.112, 60.113,
60.122(c)(5), 60.122(c)(12), 60.122(c)(14), and
60.122(c)(23)]. Many factors that control the effect of
seismic and thermally induced loads on the near-field
jointed rock mass behavior of the proposed repository
are poorly understood. The problem is further
complicated when the potential coupled effects of
thermal loads are considered.

Information developed within the Seismic
Rock Mechanics Research Project is being used to
support specific portions of the License Application
Review Plan (LARP) and prelicensing activities,
including reviews of Exploratory Studies Facility (ESF)
design packages. Detailed laboratory and field studies
on the stability of underground openings were used to
provide a basis for development and implementation of
portions of the LARP relating to Section 4.3,

Assessment of Compliance with Design Criteria for
Shafts and Ramps and will be used for Section 4.4,
Assessment of Compliance with Design Criteria for
Underground Facility; Section 4.5.2, Assessment of
Integrated Geologic Repository Operations Area
(GROA) Compliance with the  Performance
Objectives—Retrievability of Waste; and Section 5.3,
Assessment of Compliance with the Design Criteria for
the Postclosure Features of the Underground Facility.
Knowledge regarding the prediction of long-term
stability of vertical emplacement boreholes and
emplacement drifts (for in-drift emplacement) and
potential near-field fluid flow resulting from the
coupled effects (including repetitive seismic effects)
will support implementation of Section 5.4, Assessment
of Compliance with the Engineered Barrier System
(EBS) Performance  Objectives. Furthermore,
knowledge of effects of repetitive seismic and thermal
loads (including long-term deterioration of underground
openings in the emplacement area) on near-field
hydraulic conductivity changes and on the potential to
create preferential pathways that may compromise the
waste isolation capability of the proposed repository
will provide input for Iterative Performance Assessment
dAPA).

The Compliance Determination Strategies
(CDSs) for the LARP sections noted previously have
been identified as type 4 or 5. It is clear that the Seismic
Rock Mechanics Research Project is important in
addressing uncertainties raised in CDSs 4.3, 4.4, 4.5.2,
5.3, 5.4, and 6.1, requiring an independent review
capability for assessing Key Technical Uncertainties
(KTUs) that pose a high risk of noncompliance with
performance objectives of 10 CFR Part 60. Specific
KTU topics that will be addressed by the Seismic Rock
Mechanics Research Project include the ability to
predict the effects of thermal and repetitive seismic
loads on the stability of emplacement drifts and
emplacement boreholes that may affect the performance
of the EBS, retrievability of waste, and long-term
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isolation of waste. For instance, it has already been
determined through field experimental studies that
repetitive lower magnitude seismic events can have a
much greater influence on the degree of damage to
underground openings than a single large-magnitude
event (Hsiung et al., 1992).

The Seismic Rock Mechanics Research Project
is an integrated effort combining expertise in rock
mechanics, mining engineering, engineering geology,
and hydrology. The integration includes the exchange of
research results between Seismic, Thermohydrology,
Integrated Waste Package Experiments (IWPE), and
Performance Assessment (PA) Research Projects in the
prediction of opening stability and changes in near-field
hydraulic conductivity. The seismic and thermo-
hydrology projects will complement each other
developing techniques to predict near-field hydraulic
conductivity and flow and transport environment, taking
into account matrix flow and mechanical effect-
dependent fracture flow under thermal conditions. The
seismic research will assist in evaluating the mechanical
loads that may cause stress/crevice corrosion or
structural failure of waste packages, which is a
component of EBS evaluations. The combined research
and modeling efforts of Seismic and Thermohydrology
projects will be useful to evaluate the presence of
aqueous environments near the waste package for IWPE
rescarch and the nearfield flow and transport
environment for PA research.

Specific Nuclear Regulatory Commission
(NRC) research needs that may be met through this
project include: attainment of a better understanding of
dynamic response of a jointed rock mass; evaluation of
existing rock-joint constitutive models; evaluation of
scale effects such that laboratory results can be applied
to the field; assessment of potential effects of repetitive
seismic loads on change of hydrological properties;
identification, through a better understanding, of
coupled TMH processes that are relevant to the
unsaturated environment; and verification of selected
computer code(s) that will be used in the LARP for
seismic analyses and prediction of coupled TMH effects
on near-field rock mass response. Research within the
Seismic Rock Mechanics Research Project includes:
characterization of dynamic behavior of single-joint
rock in the laboratory using tuff natural joint specimens
from Apache Leap near Superior, Arizona; performance
of scale model experiments of a jointed rock mass;
assessment of analytical models and computer codes;

performance of field studies on the effects of mining-
induced seismicity on the rock mass near underground
openings and local hydrology; collection of ground
shock data; participation in the DEvelopment of
COupled models and their VALidation against
EXperiments (DECOVALEX) program for evaluation
of computer codes capable of simulating coupled TMH
processes; and identification and understanding of
important thermally induced coupled processes in an
unsaturated environment through laboratory studies.
Earlier reports in this series documenting progress to
date include: Hsiung et al. (1992, 1993a-¢), Ahola et al.
(1992, 1993), Hsiung and Chowdhury (1991, 1993),
Kana et al. (1990, 1991), Brady et al. (1990), and
Brandshaug et al. (1990). This report describes the
results of activities in the Seismic Rock Mechanics
Research Project during the first half of 1994,

2.2  SIGNIFICANT TECHNICAL
ACCOMPLISHMENTS
2.2.1 Dynamic Scale Model Experiment

on a Jointed Rock Mass

In this study, a scale model consisting of an
aggregate of simulated rock material blocks was used to
study the earthquake response of a larger segment of the
reference repository rock mass. This model followed the
direct shear experiments on single, naturally jointed,
welded wff fractures to determine the joint normal and
shear response under both cyclic pseudostatic and
dynamic loadings. The direct shear tests on single,
natural welded tuff joints have been discussed fully in
previous reports (e.g., Hsiung et al., 1993d—e, 1994)
including the comparison with numerical predictions
obtained from the distinct element code UDEC. For this
period of reporting, a brief description of the scale
model experiment as well as the numerical simulation of
the experiment are presented, including how the
numerical analysis was used in determining appropriate
boundary loadings for the actual scale model
experiment.

A schematic diagram of the scale model
experiment is shown in Figure 2-1. This scale model
experiment consisted of approximately 670 simulated
rock ingots, each with a dimension of 2x2x24 in.
(5.08%5.08%60.8 cm). The overall size of the 1/15 scale
model was 4x4x2 ft (121.6x121.60x60.8 cm). The
simulated rock ingots consisted of a mixture of portland
cement, barite, bentonite, air entraining agent, soap
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Figure 2-1. Schematic drawing of scale model experiment

agent, and water. The strength of the simulated rock
ingots was about 1/15 to 1/10 that of the Apache Leap
tuff rock. The placement of the ingots in the testing
apparatus was such that two joint sets are created at 45
degrees to the horizontal. A circular tunnel 6 in.
(15.2 cm) in diameter was created in the center of the
model, perpendicular to the 4x4-ft (121.6X121.6-cm)
sides. This tunnel was created by stacking ingots with
curved surfaces against circular steel membranes which
were used to support the opening until the boundary
loadings were applied. Upon application of the
boundary forces, these circular steel supports were
removed prior t the dynamic testing. The
instrumentation, not shown in Figure 2-1, consisted of
Bentley transducers to monitor the normal and shear
displacements along joints in the immediate vicinity of
the tunnel opening. Strain gauges and accelerometers
were installed on the face of the specimens around the
opening to measure the block deformation and
accelerations. In addition, linear variable differential
transformers (LVDT) and accelerometers were installed
at various distances along the axis of the tunnel to
measure the tunnel closure and acceleration,
respectively.

The horizontal boundary forces were simulated
using thin steel cables anchored to the loading plates,
whereas the overburden load was simulated through a
combination of scale model weight, dead weight at the
top of the specimen, and thin steel cables. Sixteen cables
were used, 8 cables uniformly spaced in the horizontal
direction on the front and back faces and 8 cables
uniformly spaced in the vertical direction on the same
two faces (see Figure 2-1). In addition to the top plate
through which the vertical cables were attached, four
additional plates were added, each having a weight of
310 1b (140.7 kg) to contribute to the overburden load.
These plates are not shown in Figure 2-1. Each of the
two vertical end plates was attached via a hinge
assembly to the bottom plate, thus allowing rotation of
these plates about the hinges. Contact between the top
plate and the side plates was allowed through a roller
assembly. The top plate was allowed to slide freely up
and down along the end plates, and could also be
detached from the end plates, if necessary, during the
dynamic testing. Each vertical cable was tensioned to
236 Ib (1.05 kN), to simulate the appropriately scaled
overburden pressure. The horizontal cable tensions were
determined through numerical simulation in which the
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lateral displacement/joint slip was minimized during
stacking of the rock ingots, top plate, and dead weights,
and tensioning of the vertical cables. The horizontal
cable tensions were thus determined to be 180 (0.8), 234
(1.04), 275 (1.22), and 293 1b (1.3 kN) for the top,
midhigh, midlow, and bottom horizontal cables,
respectively, on both the front and back of the scale
model apparatus. The modeling exercise was used to
establish the proper horizontal cable tensions at each
stage of the assembly process in order to eliminate any
lateral displacement along the joints. Six donut-shaped
load cells were used to monitor the cable tensions in the
horizontal and vertical cables on both the front and back
of the test apparatus during the dynamic test. The load
cells were also used to set the appropriate pretension on
those cables prior to the dynamic test. The cable tension
versus cable vibration frequency calibration curves were
used to set the pretensions in the remaining horizontal
and vertical cables that were without load cells. In order
to input the dynamic loading, the entire assembly as
shown in Figure 2-1 is mounted on a large shaking tabie.
For this particular scale model test, only a horizontal
seismic loading was applied to the base of the apparatus
in the direction perpendicular to the axis of the tunnel.
The particular earthquake time history is presented
elsewhere in this section.

Prior to casting the simulated rock ingots, the
batch mix proportion was established such that the
uniaxial compressive strength was approximately 1/15
of the prototype based on tests results from the 28-d
curing time. In pouring the ingots, a uniform surface
roughness was maintained on all sides of the 2-ft
(60.8-cm) long blocks. This roughness was created by
lining the molds with a rubber material having a known
roughness. In order to determine the joint properties,
rock blocks were poured to the dimensions that could be
tested within the existing direct shear apparatus.
Corresponding to some batches of ingots, cylindrical
samples were also prepared to determine the material
property data for the mixture such as the Young's
modulus, Poisson’s ratio, and uniaxial compressive
strength. Rectangular specimen pairs for simulated
joints were also prepared for a determination of
properties for simulated interface. Table 2-1 shows the

preliminary test results of the interface and material
property data for a selected number of ingots.

Table 2-1. Material property data for the scale
model blocks and interfaces

Bulk modulus (K) 1.475x10° MPa

Shear modulus (G) 1.020x10> MPa
Density (p) 2,053 kg/m3
26 degrees

Joint friction angle (¢)

Joint normal stiffness (k) 1.0x10* MPa/m

Joint shear stiffness (k) 1.0x10% MPa/m

Joint cohesion (C) 0.0

For the pretest numerical simulation, the
distinct element code UDEC was utilized. The distinct
element approach was necessary because the dominant
mode of deformation of the jointed rock mass system
would take place along the joints. The two-dimensional
(2D) plane strain model used for the UDEC analysis is
shown in Figure 2-2. The model chosen did not
incorporate the 2x2-in. (5.08%5.08-cm) blocks through-
out the entire region, but only within the region
extending approximately two tunnel diameters from the
tunnel boundary. In the remainder of the model, 4-in.
(10.16-cm) square blocks were utilized. An additional
case was set up in which 2-in. (5.08-cm) square blocks
were utilized within the entire model domain; however,
the results still appeared to compare reasonably well
even though there were some discrepancies as will be
mentioned later in this section. Thus, in order to
minimize the computer run time, the coarser model as
shown in Figure 2-2 was used. To calculate responses to
the 7.5-s earthquake time history developed for the scale
model test, the computer run time for even this coarser
model took approximately 7 d on a Sun Sparc 10
workstation.

Figure 2-2 shows the horizontal and vertical
cable elements used in the UDEC analysis. These cables
are anchored only in the bounding support plates, and
thus interact with the scaled rock mass only through
these plates, as in the actual experiment. Since a 2D
plane strain model is used for the UDEC analysis, the
cable force represents a force per unit depth (i.e., Ib/in.).

CNWRA Semi-Annual Research Report

16

January-June 1994



Seismic Rock Mechanics

Hsiung et al.

2.500

N

1.500

0.500

Inches (x10')

-0.500

-1.500

Mo Yo e

:
:
ﬁW

-2.500

pea%
]

|

1 | 1 |

-2.500 -1.500 -0.500

0.500 1.500 2.500

Inches (x10'}

Figure 2-2. Two-dimensional UDEC model for the scaled

rock mass experiment

Thus, the cable tensions in the UDEC model were set
equal to the actual cable force specified in pounds
divided by the cable spacing of 12 in. (30.4 cm). This
was done because the actual depth of the scale model
was 24 in. (60.8 cm), and cables were placed on both
the front and rear faces of the actual apparatus. In the
UDEC model, the end plates are pinned to the bottom
plate at one point of contact to simulate the hinge in the
actual experiment. The top plate, however, is not pinned
to either of the two end plates. The points of contact are
assigned values of zero for the friction, cohesion, and
tension such that the top plate can slide freely along the
end plates during the dynamic loading.

The scaled earthquake velocity time history
representing the horizontal motion of the base plate is
shown in Figure 2-3. The earthquake signal used for
scaling was from the acceleration response recorded
from the Guerrero accelerograph array for the
earthquake of September 19, 1985, in Mexico. A 1/15
geometric scaling was used for the velocity amplitude,
and duration was scaled by ll,fl—g based on the
Riabucinski-Buckingham theorem (Fumagalli, 1968).
The peak input velocity corresponds to a value of about
3.27 in./s (8.31 cm/s). This value corresponds to a peak

displacement of 0.15 in. (0.38 cm) and a peak
acceleration of approximately 0.4 g. The duration of the
dynamic motion is 7.5 s. This time history, representing
a peak displacement of 0.15 in. (0.38 cm), was used in
the UDEC simulation and was also the first motion
applied to the actual experimental test apparatus. In
addition, the actual experiment ran this particular time
history several times to simulate the effect of repetitive
seismic motion with the same peak amplitude. The
displacement amplitude was then increased and a
second series of repetitive motions was applied to the
experimental apparatus. It is expected that the tunnel
will likely collapse after several repetitive motions, with
or without increasing the peak displacement amplitude.
Experimental results on the small-scale rock mass
model will be discussed in the future. In the following
discussion, the results of the UDEC analysis are
presented. Only one cycle of earthquake time history
loading was applied to the UDEC model. No repetitive
motions were simulated in the UDEC analysis.

Figure 2-4 shows the computed displacement
field around the circular opening after removal of the
tunnel blocks. The displacements shown include both
those induced by removal of the blocks representing the
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Figure 2-3. Scaled earthquake velocity time history for the UDEC analysis

tunnel as well as those caused by tensioning of the
vertical cables. As shown in Figure 2-4, the maximum
displacement is approximately 0.0036 in. (0.091 mm).
During tensioning of the vertical cables, the horizontal
cable tensions were adjusted to minimize any horizontal
displacement. The numerical modeling simulation is
somewhat different from the actual experiment in that
during the actual construction of the scale model test,
the circular tunnel is created while stacking the ingots
prior to cable tensioning. However, in the numerical
simulation, the tunnel is created after tensioning of the
cables. This difference is not expected to cause
significant variations in the results but will have to be
verified.

Figure 2-5 shows the computed total displace-
ment field after 4 s of dynamic loading, approximately
halfway through the earthquake time history signal as
shown in Figure 2-3. This figure shows higher block
motion into the tunnel from the upper right and left
portions of the tunnel due to slippage along the joints.
Maximum total displacements are now on the order of
0.0513 in. (1.303 mm). There is also a significant drop
in the stresses in the two block regions experiencing
motion in the upper portion of the tunnel and a

significant increase in the stress state below the floor of
the tunnel. It should be noted that in plotting the total
displacements as shown in Figure 2-5, the small
component of displacement due to excavation and
preloading has not been subtracted out. Figure 2-5
shows some amount of detachment or displacement
discontinuity occurring along the interface between the
2-in. (5.08-cm) and 4-in. (10.16-cm) blocks. This
appears to be solely due to the coarse model assumption
used, as this detachment was not present in the finer
model. The maximum relative shear displacements
between the two models was, however, approximately
the same.

The horizontal and vertical cable tensions
computed during the first 0.5 s of dynamic loading are
shown in Figures 2-6 and 2-7, respectively. At the start
of the dynamic loading, the time was initialized to zero.
Thus, the initial starting cable tensions in both figures
represent equilibrium after excavation of the tunnel
blocks. As shown in Figure 2-6, the lower horizontal
cable at the start of the dyn