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ABSTRACT

This report represents the results of Task 2 "In Situ Test Programs
Related to Design and Construction of High Level Nuclear Waste (HLW)
Deep Geologic Repositories," of U.S. Nuclear Regulatory Commission (NRC)
Contract NRC-02-81-037, " Technical Assistance for Repository Design."
The purpose of the complete project is to provide the NRC with technical
assistance to enable the focused, adequate review by NRC of aspects
related to design and construction of an in situ test facility and final
geologic repository, as presented in U.S. Department of Energy (DOE)
Site Characterization Reports (SCR). and License Application (LA).

The Task 2 results include the general recommendation of available
tests which should be considered in designing media / site specific in
situ test programs. Tests will be conducted within an in situ test
f acility, consisting of an exploratory shaf t and an underground test
facility at the prospective repository horizon. Plans for these
programs are expected to be presented in the initial SCR and the
complete results presented in the LA. The media and sites considered
include (1) basalt at Hanford, Washington; (2) tuff at Yucca Mountain,
Nevada Test Site; (3) domal salt at specific Gulf Coast sites; (4)
bedded salt at an unspecified site; (5) granite at an unspecified site.

A licensing perspective is outlined and a defensible rationale developed
and utilized for the test selection process. This rationaje essentially
consists of:

e Establishing the information needs for construction authorization
e Assessing the relevant capabilities of available tests
e Matching the capabilities of specific tests to the perceived infor-

mation needs.

The information needs at any time consist of the additional information
(if any) needed in order to predict satisfactory repository system
performance with the required level of confidence, and thus are a
function of:

,

e The significance of the repository engineered components and site
characteristics to system performance,

e The currently available information, which may be supplemented with|
time

e The acceptable level of confidence in satisfactory performance for
|
|

each licansing step.
,

! Determination of the acceptable levels of confidence and the signifi-
cance of repository system components is outside the scope of this
report. Suitable assumptions have thus been made regarding the
development of information needs for construction authorization by the
time of initial SCR submittals.

Tests which are available and respond to the perceived media / site
specific information needs, either by simulation or assessment of site
characteristics, are identified and their capabilities assessed.
Specific in situ tests are investigated and described in detail.
Research and development which might be ef fective in improving test
capabilities have been recommended.
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EXECUTIVE SUMMARY

ES.1 INTRODUCTION

This report represents the results of Task 2, "In Situ Test Programs
Related to Design and Construction of High Level Nuclear Waste (HLW)
Deep Geologic Repositories," of U.S. Nuclear Regulatory Commission (NRC)
Contract NRC-02-81-037, " Technical Assistance for Repository Design."

The purpose of the complete project is to provide NRC with technical
assistance for the following reasons:

e To enable the focused, adequate review by NRC of aspects related to
design and construction of an in situ test facility and final
geologic repository, as presented in U.S. Department of Energy (DOE)
SiteCharacterizationReports(SCR)

e To ascertain that the DOE site characterization will provide, as far
as possible, all the information necessary to permit a review to be
conducted by NRC of a License Application (LA).

This report presents a licensing perspective, aescribes a methodology
for designing an in situ test program and recommends a tentative test
program together with test details which should be considered between
initial SCR submittal and LA. The in situ tests, tentatively
recommended to be conducted within an in situ test facility, have been
compiled with reference to the currently perceived specific information
needs af five media / sites: (1) basalt at Hanford, Washington; (2) tuff
at Yucca Mountain, Nevada Test Site; (3) domal salt at specific Gulf
Coast sites; (4) bedded salt at an unspecified site; (5) granite at an
unspecified site.

ES.2 PERSPECTIVE

Any deep geologic repository for the permanent disposal of high level
waste (HLW) must be designed to achieve certain performance objectives,
which can be summarized as: ,

1

e Short term construction and operation objective (through decommis-
sioning, about 100 years) of minimizing hazards jeopardizing the .
safety of the public and personnel during repository construction
and operation (including possibly retrieval and decommissioning
activities).

), e Long term waste containment and isolation objective (post-decom-
missioning, from about 100 to 10,000's years) of minimizing
radionuclide flux (rate / unit area) to accessible environment and

' thus minimizing hazards jeopardizing public safety after
decommissioning. This objective dictates maintaining a waste
retrieval capability for a specified period af ter waste emplacement

|
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and prior to decommissioning, thereby providing the opportunity for
verifying a sufficiently high probability of satisfactory long-term
performance and also providing a contingency plan for demonstrated
non-verification.

Performance criteria define and, where possible, quantify performance
objectives. These criteria can be given either deterministically (i.e.,
an absolute numerical limit) or probabilistically (i .e., an acceptable
level of confidence that a numerical limit will not be exceeded by the
particular repository performance indicator). Where the criteria are
given deterministically, a determination must still be made, although
implicitly rather than explicitly, of the level of confidence in not
exceeding the deterministic limit.

The performance of the repository will be a function of both the
engineered components of the repository and the inherent characteristics
of the site in which it is located. In many cases, the response of the
combined system is a result of an interaction of both engineered
components and site characteristics. Thus, performance objectives,
criteria and assessment can be related to the integrated system of
engineered components and site characteristics. This concept forms the
basis for the methdology of establishing the information needs and the
associated in situ testing requirements presented here.

There are two primary ways of maximizing the level of confidence that
the performance criteria will be achieved and that the actual
performance of the repository system will be satisfactory:

e Selecting a suitable repository site

Appropriately designing, constructing, and operating the reposi-e
tory.

Several questions are apparent:

e How can a suitable site for a repository be selected so as to
maximize the level of confidence in satisfactory performance?

e Once a site has been selected, how can the repository be designed
and constructed so as to maximize the level of confidence in
satisfactory performance?

How can a high level of confidence in satisf actory performance bee
demonstrated at each step in repository development?

These three questions are critical to the licensing process, and define
at variousthe development of a repository. There is a need to assess,fidence inthe level of condiscrete stages during development,

satisfying each designated performance criterion, based on the available
data on engineered components and site characteristics and the
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uncertainty of this data. If that confidence level is found to beacceptably high, the appropriate authorization or license amendment
necessary to initiate the next phase of repository development is
granted. However, if the level of confidence in compliance is found to
be unacceptably low, then one of two approaches can be taken by the
applicant:

(1) If the level of confidence can be increase *d by additional cost
effective characterization or design modification, then that
characterization or modification may be performed and the
application updated.

(2) If the level of confidence cannot be cost effectively increased by
further characterization or design rr.odification, then repository
development should be stopped at this site.

The discrete points in repository development are (see Figure ES-1):

(1) Site characterization report (SCR) submittals, primarily DOE
decision points for which NRC only offers opinions

(2) License application (LA)
3 Updated application for license to operate (emplace waste) ,

4 License amendment to decommission.

The acceptable level of confidence in satisfactory performance for each
step can De established by considering the consequences of not 1

satisfying the performance criteria at that particular stage, as well as
the risks for other alternatives in HLW disposal. These acceptable
levels will increase with repository development. As presently
perceived, it should be highly probable at LA that ultimate repository
system performance will be satisfactory in order to provide reasonable
assurance that the repository will be fully licensable, prior to
extensive development and major expenditure of funds.

Acceptable levels of confidence may be established either:

e Implicitly, through progressive technical discussions between the
regulator and applicant

e Explicitly, through rigorous decision-making utilizing quantitative
risk assessment methodology.

Although recognizing the difficulties in performing quantitative risk
assessments and subsequently defending the results in the decision-
making process (especially within the institutional framework), Golder
Associates considers it important to be attempting to utilize
uncertainty and probability assessments of the important parameters
affecting repository performance. These assessments should be used as a
guidance tool during the site characterization phase. While these
probability approaches are being established, the current approach of
assessing acceptability implicitly through technical discussions needs
to be continued.
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lt is anticipated that certain testing / monitoring methods will need to
be utilized in order to demonstrate an acceptabie level of confidence in
satisf actory performance at each step of repository development. This
perspective of the licensing process can be summarized, as follows:

e For site screening / selection, as summarized in the initial SCR
submittal, site investigation will focus generally on large-scale
features and consists of surface, borehole and laboratory testing.
This generally rough assessment of characteristics will allow for
comparison between sites and for the demonstration of an acceptable
level of confidence in satisfactory performance based on a
conceptual repository design.

e For a detailed repository design, as summarized in a license appli-
cation (LA), site characterization will focus on features adjacent
to planned shaf ts and the repository horizon, as well as on large-
scale features. This site characterization will consist primarily
of the construction and operation of an in situ test f acility. In
addition to the improved assessment of site characteristics provided
by in situ testing and by monitoring of the in situ test f acility,
certain aspects of key issues may be adequately resolved by
prototype simulation (and extrapolation of results) and predictive
models may be partially verified. The construction and operation of
this in situ test f acility may thus provide information for the
detailed repository design and for the demonstration of an
acceptable level of confidence in satisfactory performance with that
design,

e In an updated application for license to operate (emplace waste),
the assessment of site characteristics will be fur ther refined as
more areas underground are exposed and as the performance of the
repository is monitored. This monitoring may also provide
information for modifications in design (if required), additional
verification of predictive models, updating of performance
predictinns, and for the demonstration of an acceptable level of
confidence in satisfactory performance.

e Finally, in a license amenament to deconunission, the assessment of
site characteristics will be further refined by monitoring reposit-
ory performance. This monitoring may also provide information for
additional verification of predictive models and updating of
performance predictions. A final assessment of the level of
confidence in satisfactory long-term performance will be made, and a
determination made by the NRC as to whether this confidence level is
sufficiently high. If it is determined that the confidence level is
too low, modifications to the repository or retrieval of the waste
will be required.

ix
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| ES.3 APPROACH

A defensible rationale has been developed and utilized to tentatively
select available tests to be included in the media / site specific in situ
test programs. This rationale essentially consists of:

e Establishing the information needs for construction authorization
at each site

e Assessing the capabilities of available tests to meet the specific
information needs

e Matching the capabilities of specific tests to the perceived
information needs.

The information needs existing at any time result from the unacceptable
uncertainties in the prediction of repository system performance.
Information needs are determined as follows:

e Identify the existing information and assess the associated level
of confidence in satisfactory repository system performance

e Compare the assessed level of confidence with the acceptable level,>

either implicitly or explicitly

e Determine what additional information is needed to raise the level
of confidence in satisfactory performance to the acceptable level,
by:

establishing the relationship between each component of the-

repository system and system performance (i.e., sensitivity)

identifying where the existing information regarding significant-

components of the system is insufficient and can be readily
supplemented.

The information needs at any time are thus a function of:

e The significance of repository engineered components and site
characteristics to . system performance

e The currently available information, which may be supplemented with
.. time

e The acceptable level of confidence in satisfactory performance for
each licensing step.'

The significance of the repository system components to system
performance and the acceptable levels of confidence have not been
determined and are outside the scope of this report. Qualitative
assessments of acceptable levels of confidence and of the significance
of system components, as well as assumptions regarding the information
developed by the time of the initial SCR submittal, have thus been made

x



for the purpose of establishing information needs for construction
authorization.

The selection of tests to satisfy the perceived information needs
involves the prior determination of the relevant capabilities of
candidate tests, and the integrated compilation of a program of tests
that collectively best respond to the information needs. In the
selection of these tests, only presently available tests and potential
advancements to the state-of-the-art within current concepts and
technologies are considered. With future development, the test
capabilities may be improved.

These tests satisfy the information needs either by:

Simulating various aspects of the repository (e.g., constructione
techniques) for extrapolation of results

Assessing identified media / site specific characteristics (e.g.,e

hydraulic conductivity) to be used in numerical modeling

e Verifying predictive numerical models.

It is expected that the in situ test program will evolve with time
somewhat independently for each media / site considered as the perceived
information needs and test capabilities develop. It is even possible
that the information needs for construction authorization might be
satisfied prior to the initial SCR submittal, precluding the need for
most (if not all) in situ testing. The in situ test program must also
be flexible enough to take into account new information which becomes
available during its performance, as presented in SCR updates. The
complete design and specifications for any particular test cannot be
accomplished a priori without detailed descriptions of each individual
test location, as well as identification of specific information needs.
Hence, the recommendations for the conduct of specific tests are of a
scoping nature only.

ES.4 STUDY ACTIVITIES

In the course of developing recommendations for in situ testing, the
following activities have been undertaken (see Figure ES-2):

e The licensing perspective, including the various licensing steps,
for repository development has been identifled, based on the
procedural rule of 10-CFR-60. At each step, the level of confi-
dence in satisfactory repository system performance should be
assessed, and a determination made of whether that level of con-
fidence is sufficient to allow further development. The acceptable

| level of confidence at each step underlies the establishment of the
information needs.

xi
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Critical engineering variables, which in conjunction with the sitea

will determine repository system performance, have been identified.
This has been accomplished by first identifying the primary
engineering variables of repository design and construction (e.g.,
shaft dimension, shape, etc.). The influence of these primary
engineering variables on the level of confidence in satisf actory
performance has been qualitatively assessed and those perceived to
have a significant potential impact, in conjunction with a
capability for change at reasonable cost, have been judged to be
critical. These critical engineering variables should be
investigated by in situ testing, as well as emphasized during NRC's I

review process.

e Key issues, relating to the performance criteria, have been pre-
viously identified in Task 1 of this project. These key issues
impact the choice of values for the critical engineering variables
and must be adequately resolved to demonstrate an acceptable level
of confidence in satisfactory performance. These key issues, which

Imust be addressed in both the SCR and the LA review, include:

Constructability. Can the facility be constructed in a timely-

and safe fashion, and so that it will not jeopardize the waste
containment / isolation capability of the facility? Both the
unavoidable creation of a disturbed zone of rock around
underground openings and the construction of engineered barriers
will have an effect on the response of the repository.

Thermal Response. Can the temperature field be adequately pre--

dicted as a function of time and reliably incorporated into
mechanical, hydrological and geochemical models?

Mechanical Response. Can the stability and deformation of under--

ground openings (including around the waste package) be ade-
quately predicted for the periods of short-term construction /
operation and long-term waste containment / isolation?

Hydrologic Response. Can an adequate prediction be made regard--

ing the resaturation time of the repository (post-closure) and of
the long-tenn groundwater flow through the repository?

Geochemical Response. Can an adequate prediction be made of the-

extent and effect of geochemical alteration of the engineered
barriers and the rock? Can the quantity and rate of migration of
specific radionuclides over the long-term be adequately
predicted?

Information needs are thus related to the resolution of these key
issues,

e Characteristics which have a significant impact on the resolution of
the key issues have been identified (see Table ES-1) . Each of the
characteristics has subsequently been evaluated for each media / site

xiii
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SIGNIFICANT CHARACTERISTICS Table ES-1

KEY ISSUES
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l

in terms of its influence on satisfying each of the performance
criteria. This evaluation has taken into account the following
general attributes of each characteristic:

availability of cost-effective design and construction techniques-

which allow for a conservative assumption of the value of the
characteristic

uncertainty in the representation of the phenomenological laws of-

nature by the performance prediction model

sensitivity of the performance prediction model to the value of-

the characteristic

cost effectiveness and scheduling limitations of measures to-

reduce the uncertainty in the assessment of the value of the
characteristic.

From this evaluation, a tentative determination has been made
regarding the maximum acceptable level of uncertainty in the
assessment of each of the characteristics. However, until the
licensing perspective (Figure ES-1) has been clarified and the
sensitivity of system performance to all the system components
determined, these maximum acceptable levels of uncertainty for each
characteristic can be considered as qualitative indicators only,

e The current assessment of the significant characteristics for each
media / site has been based on previous work by Golder Associates,
performed either as part of this project or in previous projects.
These assessments have been presented in terms of a best estimate
and an indication of the level of uncertainty in that value.

Test methods (including surface, borehole, laboratory, and in situe

tests) which are available to assess the significant characteristics
have been identified. Existing repository-related in situ ;esting
programs have been summarized to assist in the identification of
available in situ tests. The inclusion of other tests has been
based on experience.

The capabilities of each of the available test methods regarding
its determination of the significant characteristics have been
assessed. This assessment has been based partly on the test's
representation of those environmental conditions which affect the
characteristic. The assessment has also included the factor of test
scale, i.e., whether a representative volume of rock mass is tested.
The importance of index testing in the assessment of characteristics
and their variability throughout the zone of influence has been
recognized,

o Those in situ tests which can be used to resolve the key issues by
simulation have been identified. These tests, as well as the in
situ test facility itself, simulate various construction / operation

xv
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aspects of the repository, so that their results can be used to
directly predict expected repository performance.

e The testing which will precede in situ testing has been anticipated.
The information obtained by this testing at sites where it is now
incomplete will supplement the existing infonnation, and the present
assessment of significant characteristics may change prior to
initial SCR submittal.

e The information needs for construction authorization, which are
perceived to exist at the time of initial SCR submittal, have been
identified, based on the current media / site specific assessment of
significant characteristics, anticipated future site investigation,
and the licensing perspective,

Media / site-specific in situ test programs have been tentativelye
recommended (see Table ES-2). These programs consist of available
in situ test methods which best respond to the information needs,
either by simulation or by adequate assessment of the significant
characteristics. Where no one appropriate method exists, a
combination of independent methods which adequately responds to the
perceived information needs has been identified.

An example in situ test facility which can accommodate these
programs has been developed under Task 4 of this project.

Scoping recommendations have been made regarding specific in situe
tests. These tests have been investigated in detail, and a des-
cription, an evaluation, and a recommendation regarding methodology
and utilization of results have been presented for each.

Potentially effective research and development of in situ testinge
techniques have been identified and recommended. Currently
available in situ tests may present difficulties in fulfilling
perceived information needs, especially in assessing characteristics
for the additional effects of radiation, temperature, and long term
beh av ior . These recommendations are primarily concerned with
advancements within available concepts and technologies and not
with the development of new or hybrid tests.

To the extent possible, consideration has been given in each of the
above activities to aspects which are perceived to be unique to each of
the media and sites under consideration, i.e., basalt, tuff, domal salt,
bedded salt, and granite.

ES.5 SUMHARY AND CONCLUSIONS

Golder Associates believes that this report presents defensible recom-
mendations regarding those tests which should be specifically considered
in a reasonable in situ test program conducted within an in situ test
f acility prior to construction authorization at any site. These tests

!
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REASONABLE IN SITU TEST PROGRAMS Table ES-2
3 of 3

Notes:
8 = several (f 10)
b = numerous ( > 10) i
C = continual
#a Exploratory shaft and underground test f acility are explorat ory excavations.

(1) a) The stratigrapnv/ structure includes the physical and chemical characteristics of
each rock mass unit (including poor fluid composition).

b) The in situ (i.e.. pre-excavation or virgin) stress, hydraulic, and teverna
fields can be indirectly assessed or inferred from the stratigraphy / structure
and tectonics (e.g.. in situ stress field can be inferred from the geomorpholes"
and tectonics of the site).

(2) De response characteristics refer to the rock mass, which censists of intact
rock, discontinuities and port fluid. These repense characteristics can be
assessed either:

Directly by testing a large scale sample which contains a significant numbere

of discontinuities
Indirectly by separately assessing the response characteristics of the intacte
rock, discontinuities, and pore fluid, and then assembling by a model. Hence.
the rock mass response characteristics can of ten be inferred frcm the strati-
graphy / structure.

(3) Basalt at Hanf ord. Washington (8)
(4) Tuff at Yucca Mountain. Nevada (8)
(5) Domal Salt at Gulf Coast Sites (8)
(6) Bedded Salt at unspecifico site (8)
(7) Cranite at unspecified site (8)

(8) Significance of characteristics for in situ testing. as they relate to design.
for each media / site was subjectively evaluated using a specific process.

(9) Plate test is very similar to two other tests:

Cable jacking test, in which the reaction is provided by an anchor in theo

rock mass father than the opposite wall of the excavation.
Radial jacking. in which the entire circumference of the opening ise

jacked using, for example, several plate jack systems.

Because of these similarities, only the plate test will be discussed, althou6h
cable jacking or radial jacking might be suitable alternatives.

(10) Tests are constant head injection, constant head withdrawal, constant flev
rate withdrawal, pulse injection. or gas injection permeability test.

(11) Exploratory excavations include the exploratory shaf t and underground test
facility.

(12) Coreholes include coring and core logging. as well as possibly borehole
surveying. caliper logging. oriented coring, integral sampling, impression
packer, boreSole TV/ camera, borehole radar, and geophysical well Icgging
(electrical, acoustic, and nuclear).

4
9

(13) a) Croundwater sampling implies subsequent laboratory determinatien of.
f, groundwater composition and age.

b) Rock mass sampling, either coring or large block samples, implies
subsequent laboratory tests.

(14) 1.aboratory tests are performed on rock mass or groundwater samples
2
o (15) Index tests do not assess the characteristic directly, but t,y empirical

correlations (e.g.. use of a Schmidt hammer on rock core or on an exposure
is an index test whose results can be roughly correlated with the modulus
of deformation, based on experience). There are too many index tests,
with varying reliability. to list.

4 (16) Monitoring performance implies associated analysis to assess characteristic.

(17) wy1-ofescturiag %st be very caref ally perfomd m oecer to ceatrol the este- sf.
I fractures unicn are generates.

**
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adequately respund to the information needs for construction
authorization which are perceived to exist at the time of initial SCR
submittal, and hence assist in resolving the key issues related to
short- and long-tenn performance criteria. The defensibility of these
recommendations relies on Golder Associates' current perception of the
information needs, which in turn are based on their licensing
perspective and assessment of currently available infonnation.

Although some of the judgements made in the selection of these in situ
tests are necessarily subjective and the licensing perspective may not
be universally shared, the rationale is clearly outlined so that
specific areas of technical disagreement can be readily identified and
these disagreements (if any) resolved. It must be emphasized, however,
that the media / site specific in situ test programs will be a function of
both the information needs and test capabilities at the time of initial
SCR submittal . It is expected that the in situ test program will evolve
with time somewhat independently for each media / site considered as these
information needs and test capabilities develop. In addition, the

program and the design of specific tests must be flexible enough to take
into account new information which becomes available during program
performance, as presented in SCR updates.

Golder Associates thus recommends that the NRC should, accordingly,
identify the information needs for each site and then focus on (1) the
plans of the in situ test program in their review of an SCR and (2) the
results of this program, and the appropriate incorporation of these
results in design and performance assessment, in their review of a LA.

|
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PREFACE - LICENSING PERSPECTIVE
,

,

P.1 INTRODUCTION
.

It is the intent of this report to specifically address the requirements
of in situ test programs for the development of deep geologic
repositories for the permanent disposal of high level nuclear waste
(HLW), so that the U.S. Nuclear Regulatory Commission (NRC) can
adequately review U.S. Department of Energy (DOE) programs. In order to

; identify these requirements, it is first necessary to establish a
perspective from which this will be accomplished. Too often, the
perspective is not clear and disagreements regarding the conclusions are
then often not easily resolved. In order to alleviate this problem, the

i perspective from which Golder Associates views repository development,
and in situ testing in particular, is discussed in this Preface. The,

requirements of in situ test programs can then be identified and
discussed on a logical basis.

The following topics are addressed within this Preface:

e Overview of high level nuclear waste program (Section P.2)
e Site selection (Section P.3)

1 e Repository design (Section P.4)
e Demonstrability (Section P.5)

1

P.2 ' OVERVIEW OF HIGH LEVEL NUCLEAR WASTE ISOLATION PRQGRAM

High level nuclear waste (HLW). presently exists and in relatively large
volumes. This waste is toxic, with its toxicity lasting for thousands
of years. This toxicity may lead to adverse health effects and thus HLW
must be isolated from the accessible environment during the period of
its toxicity.

I

Compared to other forms of permanent disposal of HLW, a deep geologic;

repository appears to be optimum in terms of:>

i

e Isolation (health effects)

| e Feasibility

e Timeliness

e Cost-effectiveness
:

o Permanence, requiring no perpetual maintenance

I e Public concensus and acceptability.

.

i

|

i
>
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A federal-level approach is presently being taken to HLW disposal in a
deep geologic repository, with provisions for the concurrence of the
states involved. The U.S. Department of Energy (DOE) is expected to
design, construct, and operate any HLW disposal facility. The U.S.
Environmental Protection Agency (EPA) is the federal agency which is
expected to establish the ultimate performance criteria that any
facility must satisfy. These ultimate performance criteria are
presently embodied in the draft rule 40-CFR-191. The U.S. Nuclear
Regulatory Commission (NRC) is the federal agency which is expected to
regulate HLW disposal, i.e., ensure that the DOE f acility will achieve
certain performance objectives related to public safety. In this
regulatory role, the NRC has produced the draft rule 10-CFR-60 to help
ensure DOE's compliance with the EPA criteria, as well as other
performance objectives.

The performance objectives, specifically related to public safety, which
deep geologic repositories for permanent disposal of HLW must achieve
can be summarized as:

e Short term construction and operation objective (through decommis-
sioning, about 100 years) of minimizing hazards jeopardizing the
safety of the public and personnel during repository construction
and operation (including possibly retrieval and decommissioning
activities).

e Long term waste containment and isolation objective (post-
decommissioning, from about 100 to 10,000's years) of minimizing
radionuclide flux (rate / unit area) to accessible environment and
thus minimizing hazards jeopardizing public safety after
decommissioning. This objective dictates maintaining a waste
retrieval capability for a specified period af ter waste emplacement
and prior to decommissioning, thereby providing the opportunity for
verifying a sufficiently high probability of satisfactory long-term
performance and also providing a contingency plan for demonstrated
non-verification.

Performance criteria must be established in order to define and, where

possible, quantify the performance objectives. These critiera, such as
the'NRC criteria (10-CFR-60), which incorporate the EPA criteria
(40-CFR-191), or other interim criteria established by the DOE or its
contractor, can be given either as (see Figure P-1):

1) Deterministic, in which an absolute numerical limit (Xc) is
specified for each quantitative performance indicator (X), so that
(if small X is good) X must be less than Xc for compliance

2) Probabilistic, in which an acceptable level of confidence (Lc) is
specified for not exceeding the numerical limit (Xc) by the actual
value of the quantitative performance indicator (X), so that the
probability or likelihood of (X<Xc), or P(X<Xc), must be greater
than Lc for compliance.

2 i



DEFINITIONS OF.
" COMPLIANCE WITH PERFORMANCE CRITERIA,, Figure P-1

h .

Acceptable perf::rmanca, limit ,7 c

@obablity Current performance

Density assessment
Func. tion of
X-value,p(x)

pedermance : Unacceptabic. perfa mance.
x(xc X 4 Xc

(good) (ba )xc

Fb.rformance irdic.ator, X
(eg , X isthe radionuclide, release. rate, at
some. Specr6ed location)

e Performance criteria can be specified as either:

(1) Absolute numerical limit. x so that x<xe . e

(2) Acceptable level of confidence, Lc, in satisfactory performance
(1. e . , x < xc ), 50 that probab111ty of ( x < xc ) is greater than Lc .

e i.evel of confidence in satisfactory performance, i.e., probability of
not exceeding the performance limit,x,,,:

hl (xidx . Md amProbability of (X < x ) er P (x < x ) = pc c
bound}

(e.Q., the probabilitv of the radionuclide release rate being less
than some limit x might be 0.8 or 80':.)c

e Level of confidence in unsatisfactory performance, i.e., probability of
exceeding the performance limit,xc; babed]

x) e P(x 4 x )= p 4)dx = dott.ed area(x5 Probability of e c

:
" (e.g., the probability of the radionuclide release rate being greater than

some limi t x , might be 0.2 or 20L. )e
a

$ 3 e Summation of probabilities of satisfactory and unsatisfactory
' performance must equal 1.0 or 100*., i.e.:

/
;

3 Pb<xc)+ P h 4 x ) = 10c

(e.g., 0.8 + 0.2 = 1.0)

f4 x
:

A Il
+ p
K 2

$$
**
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Where the criteria are given deterministically, a determination must
still be made, although implicitly rather than explicitly, of the level
of confidence in not exceeding the deterministic limit. Hence, it is
Golder Associates' opinion that a probabilistic approach, which
quantifies and explicitly incorporates the uncertainties in performance
prediction, should be taken where possible.

In either case, for both technical and political reasons, it will be
necessary to maximize the level of confidence (i.e., increase the
probability or likelihood) that the actual performance will be
satisfactory. There are two primary ways of maximizing this level of
confidence:

e Selecting a suitable repository site

e Appropriately designing, constructing and operating the repository.

Three questions are apparent:

1) How can a suitable site for a repository be selected so as to
maximize the level of confidence in satisfactory perfomance?

2) Once a site has been selected, how can the repository be designed
and constructed at that site so as to maximize the level of
confidence in satisfactory performance?

3) How can an acceptably high level of confidence in satisfactory
performance, i.e., compliance with the performance criteria, be
demonstrated at each step in repository development?

Each of these questions is addressed in the following three sections.

P.3 SITE SELECT 0N
i

The first question, related to site selection, which needs to be
addressed, is:

How can a suitable site for a repository be selected so as to
maximize tne level of confidence in satisfactory performance 7

Repository site screening and selection requires the assessment of
certain nonquantitative factors and quantitative parameters, which
describe the site and its properties. These site characteristics can
then be evaluated with respect to a particular set of site suitability

,

| criteria, which are based on how those characteristics are expected to
affect repository system performance. In addition, these site charac-
teristics can be input into performance models, which assess the <

probability of satisfactory performance. Both approaches could be used
I to compare sites. However, Golder Associates believes that the selec-
! tion of an optimum site requires that several of the top ranking sites
|

be compared against specific performance criteria. Furthemore, the use
1

:
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of performance models in the ranking process will significantly enhance
the demonstrability of the selection process.

Site investigation for site screening and selection focuses primarily on
large-scale features and does not generally require low uncertainty in
the assessment of the characteristics. At this stage it thus consists
of tests conducted from the surface, within limited boreholes, and in
the laboratory on samples obtained from the site (e.g., core from
boreholes), as well as prior information. As a result, the assessment
of characteristics may have widely varying levels of uncertainty at this
stage. It is possible that the assessment of certain characteristics at
this stage could have low uncertainty and thus require no further
information at subsequent stages.

P.4 REPOSITORY DESIGN

The second question, related to repository design, which needs to be
addressed, is:

How can the repository be designed and constructed at the selected
site so as to maximize the level of confidence in satisf actory
perf ormance?

Design and construction of a repository at the selected site will
consist of selecting values for the engineering variables of eachi

repository component, so as to optimize both the predicted performance,

and cost. Generally, once the site has been selected, the level of
confidence in satisf actory performance will be maximized by a
combination of (see Figure P-2):

conservative design (increased margin of predicted performance over-

performance limits)

decreased uncertainty in predicted performance (by decreasing-

uncertaint in predictive model and input, and by caref ul
construction .

Both of these can be achieved, but only at increasing cost.

In order to optimize repository design and construction in terms of
predicted performance and cost, it will be necessary to focus nn those
engineering variables which have a potentially significant impact on
compliance with performance criteria at reasonable cost, and in addition
can truly be varied (i.e., are not predetennined and set). An example
of such an engineering variable is the excavation and associated support
method, which may have a significant impact on performance. This is
because such variables will affect the transport properties of a
potentially important pathway for radionuclide escape. Once those
significant engineering variables have been identified, key issues can
be identified. Some of these key issues can be resolved by
extrapolation of the results of prototype simulation (e.g., construction

5
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MAXIMlZING THE LEVEL OF CONFIDENCE
Figure P-2IN SATISFACTORY PERFORMANCE
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] of trial sections), whereas others require the assessment of specific
site characteristics for input to predictive numerical models. Both
approaches will be essential to the resolution of the key issues.

Significant characteristics of the site, i.e., those which resolve key
issues affecting the choice of values of significant engineering,

-

variables, must generally be assessed with considerably greater
certainty than for site screening / selection. However, if the
uncertainty is already sufficiently low, then no additional effort may
be required. Hence, site characterization should generally update the
assessment of site characteristics for site screening / selection,+

especially by tests conducted in an in situ test facility. In addition
to assessing site characteristics, this in situ test facility can serve
as a simulation of the repository, and thereby resolve key issues.

In situ tests to be conducted in this f acility are expected to reduce
the uncertainty in the assessment of the significant characteristics.
This reduction in uncertainty will be provided primarily by directly
testing a representative volume of rock mass which is large enough to
contain a significant number of discontinuities. Tests on a
representative volume do not require scale-effect corrections in the
detennination of quasi-continuum rock mass characteristics, whereas'

,

smaller scale tests (e.g., borehole, laboratory, or small-scale in situ
tests) assess either the intact rock or the discontinuity'

characteristics, and not the composite rock mass characteristics. Due
to their generally high cost and long duration, however, the results of
large-scale in situ tests must be used to develop and verify
site-specific correlations with the results of tests -which are less
expensive and of short duration. Once reliable correlations have been,

determined, these simpler tests can be used with increased confidence in
assessing the significant characteristics throughout the repository.'

!

P.5 DEMONSTRABILITY

The third question, related to demonstrability, which must be addressed,
is:

|
How can an acceptably high level of confidence in satisfactory perform-
ance, i.e., compilance with the performance criteria, be demonstrated at
each step in repository development?

This question essentially defines repository development (see Figure
P-3). The NRC must assess the level of confidence in satisfactory
performance at various discrete decision points in repository
development, especially at LA. If the confidence level is found to be
acceptably high, the appropriate authorization or license amendment
necessary to initiate the next phase of repository development is

| granted. However, if the level of confidence in compliance is found to
! be unacceptably low, then one of two approaches can be taken by the

applicant:
,

7
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REPOSITORY DEVELOPMENT Figure P-3
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(1) If the level of confidence can be increased by additional cost
effective characterization or design modification, then that
characterization or modification may be performed and the
application updated

(2) If the level of confidence cannot be cost effectively increased by
further characterization or design modification, then repository
development should be stopped at this site.

The discrete points in repository development are:

(1) Site characterization report (SCR) submittals, primarily DOE
decision points for which NRC offers only opinions

(2) License application (LA)
(3) Updated application for license to operate (emplace waste)
(4) License amendment to decommission.

The acceptable level of confidence in satisf actory performance,

especially compliance with the ultimate (longinitial SCR submittalterm) criteria, willincrease with repository development, i.e., from

to decommissioning (see Figure P-4). It is presently perceived that the
acceptable level of confidence should be high at LA in order to provide
reasonable assurance that the repository will be fully licensable, prior
to extensive development and major expenditure of funds. If this were
not a concern, then the acceptable level of confidence in satisf actory
performance could be lower at LA, and the information gained af ter LA
relied upon to improve the level of confidence sufficiently for
decommissioning.

The assessment of the level of confidence in satisf actory performance,
relative to the acceptable level, at each decision point will affect
subsequent repository development activities (Figure P-3) and will
determine the nature and extent of subsequent in situ testing and
construction and operation monitoring. For example, if the level of
confidence in satisfactory wformance was high enough at the initial

j SCR submittal, due possibly to conservative and reliable engineered
components and/or predictable geology /geohydrology, in situ testing
prior to LA might not be necessary. Conversely (see Figure P-5), if the
level of confidence in satisfactory performance at the time of the
initial SCR submittal was perceived to be insufficent for granting
construction authorization, in situ testing would be necessary to
sufficiently improve the level of confidence in satisf actory
performance. An exploratory shaf t supplemented by surf ace tests might
improve the level of confidence in satisfactory performance, but still

| not enough for granting a construction authorization. An underground
! test facility would thus be necessary, prior to LA, in order to

sufficiently improve the level of confidence in satisfactory
performance. The results of tests after LA, as well as construction and
operation monitoring, could then sufficiently improve the level of
confidence in satisfactory performance for subsequent licensing steps.

9
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ACCEPTABLE LEVEL OF CONFIDENCE
IN SATISFACTORY PERFORMANCE Figure P-4
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ASSESSMENT OF LEVEL OF CONFIDENCE
IN SATISFACTORY PERFORMANCE (EXAMPLE) Figure P-5
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Acceptable levels of confidence may be established either:

e Implicitly, through progressive technical discussion between the
regulator and applicant

Explicitly, through rigorous decision-making utilizing quantitativee

risk assessment methodology (e.g., Roberds,1981). Such a risk
assessment includes explicit consideration of the consequences of
not satisfying the performance objectives / criteria, as well as the
risks in other alternatives for HLW disposal.

Although recognizing the difficulties in performing quantitative risk
assessments and subsequently defending the results in the decision-
making process (especially within the institutional framework), Golder
Associates considers it important to be attempting to utilize
uncertainty and probability assessments of the important parameters
affecting repository performance. These assessments should be used as a
guidance tool during the site characterization phase. While these
probabilistic approaches are being established, the current approach of
assessing acceptability implicitly through technical discussions needs
to be continued.

The required demonstration of compliance with the performance criteria
can be provided at any step in repository development by:

o Prediction (with inherent uncertainties) of future performance,
based on numerical modeling or extrapolation of physical simulation

Verification of past performance, based on monitoring performance.e

Monitoring of repository system performance will not be possible,
however, until later stages of repository development and, even then,
complete verification of compliance with long-term performance criteria
for waste isolation will not be possible. Hence, to demonstrate
compliance with performance criteria, either numerical models, which
rely on site characteristic assessments and the proposed repository
design, or physical simulations must be utilized to predict repository
performance, with some associated uncertainty.

The uncertainty in predicted performance must generally be decreased
| with each successive licensing step in order to demonstrate compliance.
| This can be accomplished by:

e Decreasing the uncertainty in the assessment of significant site
characteristics

! This can be accomplished by continually updating the assessment,
e.g., by additional site investigation, by in situ testing, byi

construction as more areas are exposed, and by performance
monitoring.

i

!
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e Decreasing the uncertainty in predictive numerical models

This can be accomplished by comparing predicted large-scale in situ
test results with the actual results and by comparing predicted
performance of the in situ test facility or repository with the
results of performance monitoring.

e Improving the correlation between simulation tests and the prototype

' The uncertainty in the extrapolation of results from a test case to
the prototype will be a function of the degree of similarity
between the two. Thus, as this similarity is increased (i.e., by
making the test case as similar as possible to the prototype in
terms of site characteristics, test conditions, and design /
construction), the correlation will be improved and the uncertainty
reduced.

e Updating performance predictions

The uncertainty in performance prediction increases with the time of
projection. Performance monitoring allows for .some previous
predictions to be adjusted to agree with the actual performance at
the time of measurement, and thus progressively eliminate measured
errors and effectively reduce the projection time of subsequent
project ions. However, due to the relatively short operating period,
this updating will be only marginally effective in reducing the
uncertainty in predicting very long term performance.

P.6 SUMMARY

It is anticipated that certain testing / monitoring methods will need to
be utilized in order to demonstrate an acceptably high level of
confidence in satisfactory performance at each step of repository
development (Figures P-3 and P-4). This perspective of the licensing
process can be summarized as follows:

e For site screening / selection, as summarized in the initial SCR
submittal, site investigation will focus generally or, large-scale
features and consists of surface, borehole and laboratory testing.
This generally rough assessment of characteristics will allow for

| comparison between potential sites and for the possible
; demonstration of an acceptably high level of confidence in

satisfactory performance based on a conceptual repository design,I

e For a detailed repository design, as summarized in a license
application (LA) for construction authorization, site characteriza-
tion will focus on features adjacent to planned shafts and the
repository horizon, as well as on large-scale features. This site
characterization effort will consist primarily of the construction
and operation of an in situ test facility. In addition to the
improved assessment of site characteristics provided by in situ

1

:
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| testing and by monitoring of the in situ test facility, certain
aspects of key issues may be adequately resolved by prototype

i simulation and predictive numerical models may be partially
' verified. The construction and operation of this in situ test

f acility may thus provide information for the detailed repository
design and for the possible demonstration of an acceptably high
level of confidence in satisfactory performance with that design,

e In an updated application for license to operate (emplace waste)
subsequent to construction, the assessment of site characteristics
will be further refined as more areas underground are exposed and as
the performance of the repository is monitored. Additional verifi-
cation of predictive numerical models and updating of performance
predictions may be provided by monitoring. This monitoring may also
provide information for modifications in design (if required) and
for the possible demonstration of an acceptably high level of con-
fidence in satisfactory performance by the constructed repository,

e Finally, in a license amendment to decommission, the assessment of
site characteristics will be further refined by monitoring
repository performance. Monitoring may also provide additional
verification of predictive numerical models and updating of
performance predictions. A final assessment of the level of
confidence in satisfactory lor.g-term performance will then be made,
and a detennination made by the NRC as to whether this likelihood is
high enough. If it is determined that the likelihood is too low,
modifications to the repository or retrieval of the waste will be
required.

Hence, the assessment of site characteristics is a continual process,
from site screening / selection to decommissioning, of reducing
uncertainty in the assessment of those characteristics which have a ,

'

significant impact on compliance with the performance criteria.
Similarly, the verification of predictive numerical models is also a
continual process, and consists of reducing their uncertainty.

f
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1.0 INTRODUCTION

1.1 INTRODUCTION

This report represents the results of Task 2, "In Situ Test Programs
Related to Design and Construction of High Level Nuclear Wasi't (HLW)
Deep Geologic Repositories," of U.S. Nuclear Regulatory Commission (NRC)
Contract NRC-02-81-037, " Technical Assistance for Repository Design."

The purpose of the complete project is to provide NRC with technical
assistance for the following reasons:

e To enable the focused, adequate review by NRC of aspects related to
design and construction of an in situ test facility * and final
geologic repository, as presented in U.S. Department of Energy (DOE)
Site Characterization Reports (SCR)

e To ascertain that the DOE site characterization will provide, as far
as possible, all the information necessary to permit a review to be
conducted by NRC of a License Application (LA).

This report presents and utilizes a defensible rationale to tentatively
identify those in situ tests (if any) which constitute reasonable media /
site specific in situ test programs for adequately responding to the
perceived information needs for construction authorization. These
information needs are related to the additional information needed after
initial SCR submittal (and site investigation) to adequately resolve the
key issues of repository system performance for construction
authorization at each site. It is expected that the in situ test
program will evolve with time somewhat independently for each media / site
considered as the perceived information needs and test capabilities
develop. The program and design of specific tests must thus be flexible
enough to take into account new information which becomes available
during program performance, as presented in SCR updates. In addition,
scoping recommendations have been made regarding (1) how specific in
situ tests should be conducted, (2) research and development which may
effectively improve the capabilities of the test program, and (3) the
utilization of the Task 2 results by the NRC in their licensing review
process.

It has been assumed that the in situ test program will be conducted
within an in situ test facility, consisting of an exploratory shaf t,
extending from the surf ace to the prospective repository horizon
possibly with test stations at various depths, and an underground test
f acility, consisting of appropriate tunnels and test rooms at that
horizon. Plans for the program are expected to be presented in the
initial SCR submittal and complete results presented in the LA.

* Specific terms utilized are defined in attached Glossary.
J
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1.2 APPROACH

This study, within the context of the current licensing perspective (see
Figure 1.1), involves the development of general recommendations for in
situ testing, with variations for each of the specific media and sites
under consideration. The media and sites specifically considered in this
study include (see Table 1.1):

e Basalt at Hanford Reservation, Washington

e Tuff at Yucca Mountain, Nevada Test Site, Nevada

e Domat salt at Richton or Cypress Creek, Mississippi, or Vacherie,
Louisiana

e Bedded salt at unspecified site (generic)

e Granite at unspecified site (generic).

The descriptions of domal salt and tuff media / sites were the subjects of
Task 1 of this project (Golder Associates,1982a and b, respectively)
and the basalt, granite, and bedded salt media / sites were the subjects
of other and earlier work (especially Golder Associates 1979a and c, and
1981).

This study is limited to consideration of tests conducted within an in
situ test facility in the time frame between the initial SCR submittal
and LA (i.e., site characterization) . Testing preceding initial SCR
submittal (i.e., site investigation during site screening / selection) is
outside the scope of work and thus has not been evaluated; SCR
requirements are given in the " Standard Format and Content of Site
Characterization Reports for High-Level Waste Geologic Repositories"
(NRC,1981). Testing or monitoring subsequent to LA (i.e., during
repository construction / operation) is also outside the scope of work.

A defensible rationale has been developed and utilized to tentatively
select available tests to be included in the media / site specific in situ
test programs. This rationale essentially consists of:

Establishing the information needs for construction authorizatione

at each site

Assessing the capabilities of available tests to meet the specifice

information needs

Matching the capabilities of specific tests to the perceivede

information needs at each site.

The information needs at any time result from the uncertainties in the
prediction of repository system performance, and consist of the
additional information needed in order to predict satisfactory
performance with the required level of confidence. Information needs y

1are determined as follows:
i

i
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IN SITU TEST PROGRAM WITHIN
REPOSITORY DEVELOPMENT Figure 1.1
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PRESENT STATUS OF DOE'S REPOSITORY S!TE
SCREENING / SELECTION PROGRAM Table 1.1

e Basalt at Hanford Reservation, Washington

Basalt Waste Isolation Project (BWIP), DOE prime contractor - Rockwell:
The prospective repository horizon is in basalt flow (presumably
the Umtanum, which is about 80 feet thick and 3800 feet deep) in Cold
Creek Syncline at Hanford Reservation, Washington; SCR submittal is
expected in late 1982, exploratory shaft is expected to be initiated
in 1983.

e Tuff at Yucca Mountain, Nevada Test Site, Nevada

Nevada Nuclear Waste Storage Investigations (NNWSI), DOE prime
contractor - Sandia:
The prospective repository horizon is in tuff (cossibly the Bullfrog
formation, which is about 400 feet thick and 2l00 feet deep, but
3 other formations are being studied to similar levels) under Yucca
Mountain at Nevada Test Site (NTS), Nevada; SCR submittal is

,

I

expected in 1983, exploratory shaft is expected to be initiated {
in 1983.

'

e Domal Salt at Richton or Cypress Creek, Mississippi, or Vacherie, Louisiana
Gulf Coast Domal Salt Investigation, DOE prime contractor - ONWI*:
A choice between Vacherie Dome in Louisiana, Richton Dome and
Cypress Creek Dome in Mississippi is expected to be made in 1983 ; a
subsequent choice between the selected dome and the selected salt
basin is expected to be made in 1983 for exploratory shaf t
initiation.

e Bedded Salt at unspecified site (generic)
Bedded Salt Investigation, DOE prime contractor - ONWI*:

A choice between the Paradox Basin in Southeastern Utah and the
Permian Basin in Northwest Texas is expected to be made in 1983;
a subsequent choice between the selected basin and the selected ,

salt dome is expected to be made in 1983 for exploratory shaft
initiation.

e Granite at unspecified site (ceneric)

g Granite Investigation, DOE prime contractor - ONWI*:

A The investigation and site selection process for a suitable site
I, in granite is expected to begin throughout the eastern portion of

the U.S. in 1982; SCR submittals for as many as three selected sites
are expected in about 1986.a

5 4
% 4

(2
3 * ONWI - Office of Nuclear Waste Isolation is managed for DOE by )

Battelle-Columbus I

.- c

I

g[h(
Note: This perceived status is as of November 1982, and is subject to

y update and revision.
* e
T a i
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|

Identify the existing information and assess the associated levele

of confidence in satisfactory repository system performance

e Compare the assessed level of confidence with the acceptable level,
either implicitly or explicitly

e Determine what additional information is needed to raise the level
of confidence in satisfactory performance to the acceptable level,
by:

- establishing the relationship between each component of the
repository system and system performance (i.e., sensitivity)

identifying where the existing information regarding significant-

components of the system is insufficient and can be readily
supplemented (i.e., where the existing uncertainty is large, but
can be effectively reduced).

The information needs at any time are thus a function of:

e The significance of each component of the repository system
(including site characteristics) with respect to system
performance

e The currently available information, which in conjunction with the
repository design determines the level of confidence in
satisfactory repository system performance

The acceptable level of confidence in satisf actory repositorye

system performance for each licensing step.

Regarding the above, performance assessment (including sensitivity
studies) is outside the scope, so that the significance of repository
system components cannot be quantitatively evaluated and the level of
confidence in satisfactory performance cannot be assessed. Also, the
existing information is not constant, but continually being supplemented
and updated. Determination of the acceptable level of confidence in
satisfactory performance at each step is a part of the licensing
perspective, and is outside the scope. Thus, for this study, tentative
information needs must be established based on Golder Associates'
premises, perceptions, and interpretations of available information.

The capabilities of available tests, with respect to responding to the
information needs, must be assessed. These tests satisfy the
information needs either by:

e Appropriately simulating various aspects of the actual repository
(e.g., construction techniques) for extrapolation of results

e Adequately assessing identified media / site specific characteristics
(e.g., hydraulic conductivity) to be used in numerical modeling

19
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:

e Sufficiently verifying predictive numerical models.

However, the development of new or hybrid tests (i.e., incorporating new
concepts or combining available concepts) is outside the scope, so that
only presently available tests and potential advancements to the
state-of-the-art (i e., expanding available concepts or improving
technology) are considered. Areas are also pointed out where research
and development might improve either individual test capabilities or the
combined capabilities of a test program in better responding to the
perceived information needs. Hence, test capabilities may improve with
time.

From a comprehensive list of available tests and associated
capabilities, appropriate in situ tests can be identified which
adequately respond to the perceived information needs for construction
authorization at each media / site considered. These tests must then be
integrated into a reasonable in situ test program. An in situ test
f acility, which can accommodate such reasonable in situ test programs,
can then be developed.

The actual media / site specific in situ test program will be a function
of the information needs and test capabilities at that ' time. Hence, it

is expected that the test program will evolve with time somewhat
independently for each media / site considered as the perceived
information needs and test capabilities develop. It is even possible
that the information needs for construction authorization might be
satisfies prior to the initial SCR submittal, precluding the need for
most (if not all) in situ testing. The program must thus be flexible
enough to take into account new information which becomes available
during its performance, as presented in SCR updates. Also, the complete
design and specifications for any particular test cannot be accomplished
a priori without detailed descriptions of each individual test location,
as well as identification of specific information needs. Hence, the
reconynendations for the conduct of specific tests are of a scoping
nature only.

1.3 STUDY ACTIVITIES

The following activities have been undertaken in the course of
developing recommendations for in situ testing (see Figure 1.2):

e A licensing perspective has been established (see Pref ace). The
various licensing steps in repository development have been
identified, based on the procedural rule of 10-CFR-60. At each
step, the level of confidence in future satisf actory repository
system performance should be assessed, and a determination made of jwhether that level of confidence is sufficiently high to allow
further development (Figure 1.1). These steps are:

I

20
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TASK 2 ACTIVITY FLOW CHART Figure 1.2

Identify Licensing Perspective, including
Performance Objectives and Criteria

(Generic)

U

Identify Critical Engineerino Variables,
which in Conjunction with Site will
Determine Repository Performance

(Generic)

U

Identify Key Issues, which Impact the Choice fInputtoTask2:
of Values of these Critical Engineering L 0utput of Task 1
Variables, and must be Resolved

(Generic)

Identify Available
Identify Available Test Methods and Identify Media / Site . nput to T k2

Test Methods for Evaluate their Specific Character- D

Resolving Key Capabilities with istics which have
.

and Previous*
Issues by Simu- Respect to Assess- Significant Impact Reports
lation ing these Sig- on the Resolution

nificant Character- of Key issuesistics

Y
" Input to Task 2:

Identify Existing infomation Regardin9 Output of Task 1Significant Characteristics
and Previous

, Reports
P

Anticipate Additional Testing Prior to
Initial SCR Submittal at each Media / Site

F

Identify Information Needs for Construc-
tion Authorization Perceived to be De-
veloped by the Time of Initial SCR Sub-
mittal at each Media / Site

I

II=
*

Tentatively Recomend in Situ Tests which Adequately Respond to the
_

R Perceived Information Needs and thus Constitute Reasonable Media / Site* Specific in Situ Test Procrams Prior to License Application

- Output of Task 2
3 0
j Tentatively Recomend Scope of Specific in Situ Tests

) b '

3
Note: Media / site specific considerations have been made to the extent

possible in each activity for basalt, tuff, domal salt, bedded
> salt, and granite.

.

E
<

$
e.'

& l.
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l

(1) SCR submittals
(2) License application (LA)
(3) Updated application for license to operate (emplace waste)
(4) License amendment to decommission.

The acceptable level of confidence at each step underlies the
establishment of the* information needs.

Critical engineering variables, which in conjunction with the sitee
characteristics will determine repository system performance, have
been identified (see Chapter 2, Section 2.1) . This has been
accomplished by first identifying the primary engineering variables
of repository design and construction (e.g., shaft dimension, shape,
etc.). The impact of these primary engineering variables on the
level of confidence in satisf actory performance has been
qualitatively assessed and those perceived to have a significant
potential impact, in conjunction with a capability for change at
reasonable cost, have been considered to be critical. These
critical engineering variables should be investigated by in situ
testing, as well as emphasized during NRC's review process.

Key issues, essentially related to compliance with the variouse
aspects of the short-term construction / operation and the long-term
waste containment / isolation performance critiera, have been
identified (see Chapter 2, Section 2.2) . These key issues impact
the choice of values for the critical engineering variables and
must be adequately resolved to demonstrate an acceptably high level
of confidence in satisfactory performance. Hence, these key issues
must be addressed in both the SCR and the LA review. Information
needs are related to the adequate resolution of these key issues.

These key issues can typically be resolved either by extrapolating
the results of appropriate prototype simulation or by adequately
assessing specific site characteristics and then incorporating them j

in sufficiently verified numerical models.

e Characteristics of a site which are perceived to have a significant
impact on the resolution of the key issues have been identified (see
Chapter 3). The assessment of each characteristic entails some
uncertainty, due to natural variability as well as due to the
quality of the data base on which the interpretaton is based. The
sources of uncertainty in this assessment have been identified. in
addition, response characteristics may be anisotropic, scale-
dependent, time-dependent, and a function of present and past ,

environmental conditions (i.e., stress level, pore pressure, |
temperature, radiation dose). Ignoring the effect of these
conditions results in greater uncertainty. Hence, the relationship
of each of the significant characteristics to these environmental
conditions has been qualitatively determined, based on experience.

1
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Each of the characteristics has subsequently been evaluated in terms
of its influence on satisfying the performance criteria. This
evaluation has taken into account the following attributes of each
characteristic:

availability of cost-effective design and construction techniques-

which allow for a conservative assumption of the value of the
characteristic

uncertainty in the representation of the phenomenological laws of-

nature by the performance prediction model

sensitivity of the performance prediction model to the value of-

the characteristic

- cost effectiveness and scheduling limitations of measures to
reduce the uncertainty in the assessment of the characteristic.

From this evaluation, a qualitative determination has been made
regarding the maximum acceptable level of uncertainty in the
assessment of each of the characteristics. However, these levels
are not independent of the magnitude of characteristic values
(individually or combined), the sensitivity of performance to all
the system components, or the acceptable level of confidence in
satisfactory repository system performance,

e The present assessment of the value of significant characteristics
at each media / site being considered, based on available information,
has been summarized (see Chapter 3, Section 3.5 and Appendix B of
Volume II). For tuff and domal salt sites, this has been based
primarily on the results of Task 1 of this project (Golder
Associates,1982a and b) . For basalt, bedded salt and granite
sites, this has been based on earlier work (Golder Associates,
1979a, b, and c), complementary work (Golder Associates,1981 and
1982c), work by others, and past experience. These assessments have
been presented in terms of a best estimate and an indication of the

,

level of uncertainty in that value.
:

! e Test methods which are available to assess the significant charac-
'

teristics have been identified (see Chapter 4). This has been
accomplished by first listing all of the common test methods,
including surface tests, borehole tests, laboratory tests, and in
situ tests, available for assessing each characteristic (see Section
4.2). Existing repository-related in situ testing prograas have
been summarized to assist in the identification of available in situ
tests (see Section 4.1 and Appendix C of Volume II).i

>
' The capabilities of each of the available test methods regarding

its determination of the significant characteristics has been
assessed (see Section 4.3). This assessment has been based partly
on the test method's incorporation of those environmental conditions
which affect the characteristic, as well as whether a representative

23



volume of rock mass is tested. These test capabilities are not
independent of either the magnitude of the characteristic value or
media,

e Those in situ tests which can be used to resolve the key issues h
simulation have been identified (see Chapter 4, Section 4.4). These
in situ tests, as well as the in situ test facility itself, simulate
various construction / operation aspects of the repository, so that
their results can be extrapolated to directly predict repository
performance,

e The testing which will precede in situ testing has been anticipated
(see Chapter 5, Sect ion 5.1.1) . The information obtained by this
testing at sites where it is now incomplete will supplement the
existing information, and the present assessments of significant
characteristics may change prior to the initial SCR submittal and
subsequent initiation of in situ testing.

e The information needs for construction authorization, which are
perceived to exist at the time of the initial SCR submittal, have
been identified (see Section 3.5.2). This has been accomplished by
identifying the existing media / site specific assessment of
significant characteristics and the anticipated additional site
investigation, and comparing that level of information expected at
initial SCR submittal with what is perceived to be required for
construction authorization,

e Tentative media / site-specific in situ test programs have been
recommended (see Chapter 5). These programs consist of available in
situ test methods which best respond to the perceived information
needs for each of the media / sites, either by simulation or by
adequate assessment of the significant characteristics. Where no

which adequately responds to the perceived information ,t methods
one appropriate method exists, a combination of independen

needs has
|

I been identified.

It is expected, however, that these tentative programs will evolve,
even during their performance, as information needs and even test
capabilities develop.

An example in situ test facility which can accommodate these
programs has been developed under Task 4 of this project (see
Section 5.3).

|

Scoping recommendations have been made regarding specific in situe
tests (see Appendix A of Volume II) . These tests have been
investigated in detail, and a description, an evaluation, and a
recommendation regarding methodology and utilization of results have (
been presented for each. However, it is expected that the design of i

each test will evolve as the information needs are defined, more
information regarding the site becomes available, and testing
technology improves.

i
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e Potentially effective research and development of in . situ testing
techniques have been identified and recommended (see Chapter 6).
These recommendations are primarily concerned with advancements to
the state-of-the-art (i.e., expanding available concepts or
improving technology), although the development of new or hybrid
tests (i.e., incorporating new concepts or combining available
concepts) and program integration have been addressed.

t

i

;
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2.0 KEY ISSUES FOR REPOSITORY DESIGN AND CONSTRUCTION

2.1 CRITICAL REPOSITORY DESIGN AND CONSTRUCTION ENGINEERING VARIABLES

The repository nust be designed, constructed, and operated so as to
demonstrably satisfy established performance criteria (see Pref ace -
Licensing Perspective). The repository system consists of engineered
components and the geologic site, which has certain characteristics. It

is the integration of engineered components and site characteristics
which will determine the level of confidence in satisfactory
performance.

The primary engineered components of the repository, which must be
designed and constructed so as to optimize predicted performance and
cost, are:

e Surface facilities

e Underground facilities, including engineered barriers
(large-scale)

shafts-

tunnels / caverns-

(small-scale)
waste packages.-

Surface facilities are outside the scope of this report, and only
underground facilities, not including engineered barriers, have been
considered. The waste package itself is also outside the scope of this
report, but the waste package emplacement hole has been considered.

Once the conceptual repository design has been completed (as presented
in the SCR), only certain aspects in the design and construction of each
repository component can be varied to achieve optimization. Those
engineering variables which are perceived to have a significant and cost
effective impact on the level of confidence in satisfactory performance
have been termed " critical." These critical engineering variables (see
Table 2.1) should be focused on, for in situ testing, design,
performance assessment, and NRC review. These variables have been
assumed to be essentially media / site independent.

I

I 2.2 KEY ISSUES WHICH IMPACT THE CHOICE OF THE VALUES OF CRITICAL
| ENGINEERING VARIABLES

The key issues which will affect the choice of the value of each
critical engineering variable (Table 2.1), and hence the level of

) confidence in satisf actory performance, can be separated into those
related to:

o Purpose of each repository component, as defined by the repository
conceptual design

27
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CRITICAL ENGINEERING VARIABLES
mO

(Large scale) (Small scale) Z 'D
b5

$ HAFTS TUNNELS /CAVERHS WASTE PACFAGE EMPLACEMENT HOLES Z$
REPOSITORY STAGE A>

M r"
nunter depth location 3
location (spacing) nunber orientation 2 mO TPre-construction orientation location (spacing) spacing O(Design) depth orientation hole diameter >@
size (x-section) length hole depth Ed

>Oshape (x.section) size (x-section) gg
shape (x-section) hS

cn Dm
excavation method excavation method g

Construction *
support method / support method / O
requirements requirements Z
liner requirements liner requirements y

(if any) z
om

________ ____________m __________ __________

O
dewatering dewatering O
ventilation ventilation Z

hoistin9 transport

o
_ _ . _ _ _ _ _ _ _ _ .__._______ ________ ____________

C
hole drilling O
hole lining d

Operation * waste package emplacement

hole backfill / plug
waste package corrosion protection
waste package retrieval

-4
Pos t-Opera tion backfill backfill h(Decomissioning) plugging sealing e-

!0
"

(Excluding surface facilities and waste package)
Construction and operation are sequential for any panel, but they are concurrent for*

the total repository.

- - _ - _ - _ _ _ _ _



- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

;

e Engineering variable interrelationships (if any)

e Site characte'ristics.

The purpose of the repository component is defined by the repository
conceptual design, and includes the following key issues:

e Usage (type) definition, e.g.-
- conveyance of men, equipment, muck from mining, or waste packages
- provision of ventilation, utilities, or dewatering
- storage of equipment, muck, or waste packages
- operating life

e Capacity requirements, e.g.-
- dimensions of equipment
- conveyance capacity
- ventilation capacity

e Isolation requirements, e.g., separation of mining and waste storage
operations

e Layout requirements or interrelationships between components, e.g. ,
repository level conceptual layout affecting shaft location.

Key issues which are related to site characteristics include the
following:

e Constructability. Can the facility be constructed in a timely and
safe fashion, and so that it will not jeopardize the long-term waste
containment / isolation capability of the f acility? Both the
unavoidable creation of a disturbed zone of rock around underground
openings and the construction of engineered barriers will have an
effect on the response of the repository,

e Thermal Response. Can the temperature field be adequately predicted
as a function of time to use as input to the mechanical, hydrological
and geochemical models?

e Mechuical Response. Can the stability and deformation of under-
ground openings (including waste package emplacement holes) be
adequately predicted for the periods of short-term construction /
operation and long-term waste containment / isolation?

e Hydrologic Response. Can an adequate prediction be made regarding
the resaturation time of the repository (post-closure) and of the
groundwater flow through the repository over the long term, including
the potential impact of shafts? Of lesser importance is the question s

of the amount of inflow into the repository during operation, i.e.,

over the short term.

e Geochemical Response. Can an adequate prediction be made of the
nature and extent of geochemical alteration of the engineered

29
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,

barriers and the rock? Can the quantity and rate of migration of
specific radionuclides over the long term be adequately predicted?

The above key issues are essentially related to predicting the
short-term construction / operation performance and the long-term waste
containment / isolation performance. Generally, they are a function of
both the constructed repository and the site characteristics. The site
characteristics include those of the rock mass around underground
openings which have been disturbed by excavation, as well as those of
the undisturbed rock mass. The constructed repository will also include
engineered barriers (e.g., backfill, seals, and plugs) . The interface
between the barriers and the rock mass must also be considered.

The various key issues affecting the choice of the value of each
identified engineering variable for shaf ts, tunnels / caverns, and waste ,

package emplacement holes (Table 2.1) have been identified (see Tables
2.2, 2.3, and 2.4, respectively) . These key issues are considered to

be essentially media independent.

The key issues must be resolved in order to:

Design and construct a repository (i.e., choose values for thee
critical engineering variables) for any of the media / sites being
considered

Demonstrate an acceptably high level of confidence in satisf actorye
performance for that repository design and site.

These key issues can be resolved either by:

Adequately assessing certain media / site specific characteristics,e
which are used as input in predictive numerical modeling, and

,

sufficiently verifying these models.

Appropriately simulating various aspects of the repository, in ordere
, to extrapolate the results.
|

f These two approaches will be discussed separately. Information needs,

to which in situ test programs must respond, are related to the adequate
|
' resolution of these key issues.

|
i

|

|

!
|

|

|
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KEY ISSUES AFFECTING CHOICE OF VALUES'

OF CRITICAL SHAFT ENGINEERING V ARIABLES Table 2.2

CRITICAL SHAFT ENGINEERING VARIABLE (See Table 2.1)
_ _ _

CONSTRUCTION ! POST-OPER-

PRE-CONSTRUCTION CONSTRUCTION /cPERATION ATION I

O
*

b d
.

c
: = a:5t
1" :+

*

s !2-
-

sa ee a ag
; & 2 t E &" "

8 EE % $ E e
"

c
e O 4 S g 5 % e - e''

.

3 3 5 t b : 5 ; 5~ " *
u

3 E S E 4 & b % 8~ "
.

KEY ISSUE j $j$$$ 33* jE j j d

g Usage e e e e o e e e e e o e e

Capacity Requirements e o e e e

5 Isolation Requirements e e e e e e eg
Layout Requirements e e e o e e o e e

Number X e e e e e e

Location e X e e e e

Orientation e X e o e o e o e e

i Depth e X e e e

f, Size (X-Section) e X e e e e e o e e

5 Shape (X-Section) e o X e e e e e

j Excavation Method e e o e X e e e e e e

5 Support Method / Requirements e o e X e o e e e

g Liner Requirements e o e X e o e

{ Dewatering Requirements e X

5 Ventilation Requirements e e e o X

Hoisting Requirements e e e e X

Backfill e e o e e o e X e
W
* Plugging e e o e e e o e X

" Constructability e e e e e o e
, g

9, Thermal Response e e e e

E$5 Mechanical Response e o e o e e o e
4 ev-%
? s E Hydrologic Response e e e e e e e

t A 1
Geochemical Response e e o ew

&

e Issue affects choice of engineering variables

u X lssue of variable interrelationship does not exist (identical)

T
d.

.; .

31

.. - _ _ _ _ - _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ ._ _._ ___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __



l||! i ,(| || ! | |;! I|

0s *3

. $, [ *,5. ben $,

CK
RE

g g Y*E I

!y[gW T8yj3u g5E E Ej 6yaX e
I Ij,
CSI I

s s
G H M T C S B T V C L S E s S L O L N D L I C U ASs s e y e h o e a r e e i u x h i e r o u e e s a s LUu u o d c e n a c a n w n p c a z n i c m p y o p a

e e c r h r s l k n t a e p a p e g e a b t o l a g Eh o a m t i f s i t r o v e t n t e h u a c e
T Se l n a r n i p l e r a ( h t i r t t io a m o i l u g

f f ig c c -
l o a r R t t ( X a o i t
l r t i e i x - t n R o y Uxf c i a R t t in q M o - S i e n NAa c l e a o g u e n s e o ( q R Ev e l s b R n i t e c n S u R e Y

a c E p i e R r h M c t p i e q NFIr t R e o l q R e e o e t i a r q u
S E FSi ; e R s n i u e q - d t i o c e u i

s e p s t i q u e / h o n i m i r LEUa p s o e y r u i n R o n ) n e r e
b c o D n e i r t e d ) g n e m E

/Cl h n o s m r e s q ) t m e
s n e e e m u s e n C Te o e s n m e i n t

i e t e n r t s AIi c s n t e s
n e t s m NVs e

Gt n Ee o t

r f s

R Cre e N Hl n Ca g R
2"5 EOt X e ei I

i n T I

N SIo e Cn e , e e e e X e e e e ml*u A Gs r L I EP

T Nh i e

Oa8%2c O2DE- t3 i n , , e e e e X e e e o - U
2 p g C N EO N FEN E

d v , , , e o X e e oI83;E s
T L RVo a R /

e r u C

I AC A NaE%a !T Vs i e e X o o e ea E GLo
n b N R

mO. 3 *%;E- UNo l e , , e e o e e e e X e e
t e E VEs N

G ASm21 ~a3;2ce , . e e e e o o x e e o I

x N RE

C R I Oi
Es e , . o e e X e e e e e a%4%2e EE3 A Ft O I

N N
G BS

Tm%&2 5"2% k"3eh( . e , , o X e e e e e
i U V LR

d C A ET Re a 3t *752Nc. ! I S. e o X e e e e e o An M
t B

Li CcE%23 5"2|*2 Ee e e X e o e o e e e e e e e ec
a ps

gT (l
, e o X e e e e o e e o 2.E 2;E =i5 t$%* TR SU) e

T e aC

o! be 22 "i5 tte . T,X e o e e e e e e e e e e a leb
l

. e , , , o X e e e e e o o e e e o4 ;- e 2s

,;|, o . 32

e2:?e e , , , X e e e o . o e e e e e 1
,

,)

| 'j



KEY ISSUES AFFECTING CHOISE OF VALUES
OF CRITICAL WASTE PACKAGE EMPLACEMENT Table 2.4
HOLE ENGINEERING VARIABLES

CRITICAL WASTE PACKAGE EMPLACEMENT
HOLE ENGINEERING VARIABLE (See Table 2.1)

PRE-CONSTRUCTION OPERATION

%
;a

3Ien
E %%
t 2*

b E & &E &
8 y

,E
; E 2; ; ;' ;

e : %k0484. e
3 EE & 5 3 ' 8 a '; '*

% 2 B e e o e22 e282
8 I a7 7 7 7*E70s;KEY ISSUE a o e = = = =2 =2o 3

;

d5 Usage e e e o e e e e e e

% Caoacity Requirements e o e o e o e e e
$ 2 Isolation Requirements e o e o e

Layout Requirements e e o e o e
Location X e o e e

Orientation e X e e e e o e,

3 Spacing e o X

h Hole Diameter X e o e e

g Hoie De,tn e e x . e e o e

{ Hole Drilling e e o X e

] Hole Lining e e X e e e e
j Waste Package Emplacement e o e X e

| Hole Backfill / Plug e o e o X e e
Waste Package Corrosion Protection e e o e X e
Waste Package Retrieval e o e e o e X

Constructability e e e,

h, Themal Response e e o e e e o

Mechanical Response e e o e o e e

]3ilHydrologic Response o ey

T 5 Geochemical Pesponse e e e e o e e
W
e

$ $ e Issue affects choice of engineering variables
e s

X Issue of variable interrelationship does not exist (identical)'

2
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3.0 SIGNIFICANT CHARACTERISTICS WHICH IMPACT
THE RESOLUTION OF KEY 155UE5

3.1 SITE CHARACTERISTICS

Certain characteristics of a site must be assessed in order to
adequately resolve the key issues (see Table 3.1). These characteris-
tics (see Glossary) can be summarized as those which describe the:

e Geologic setting of the site '

o Response or behavior of the site

The geologic setting constitutes the geometry and boundary / field
conditions of the site, as well as the " physical" characteristics of the
materials.

The geometry consists of the present stratigraphy / lithology and
structure of rock mass units. Each rock mass unit is considered to be
relatively homogeneous and consists of intact rock intersected by
discontinuities, such as joints, shears, and fractures, with pore fluid
(i.e., liquid and/or gas) contained in spaces within the rock mass.
Boundaries of rock mass units can be defined by changes in lithology or
structure, i.e., either large scale faults or char.ges in discontinuity
patterns.

The boundary / field conditions include the pre-excavation:

e In situ stress field
In situ hydraulic head field, which defines the direction ande

magnitude of hydraulic gradients
e In situ temperature field.

The " physical" characteristics which describe each rock mass unit
include:

Mineralogy, texture (including microcracking, bedding, schistosity),e

porosity, and density of the intact rock

Spacing, orientation, persistence, roughness / planarity, aperture,e

and nature of infilling or surface materials of the discontinuities

e Content and composition of pore fluid.

Also, the potential changes in the boundary / field conditions and
corresponding changes in structure (i.e., tectonics) or physical
characteristics, which are unrelated to repository development, must be
discussed as part of the geologic setting.

The " response" characteristics, i.e., those which descr'be the
mechanical, thermal, hydrologic, and geochemical response to any
loading, of the rock mass are strongly related to the physical

35
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CHARACTERISTICS WHICH IMPACT Table 3.1THE RESOLUTION OF KEY ISSUES

KEY ISSUES

* E*

3 i i&
= g ": ca"2 . -

2 E % 3 3
3 E jyg=2 ,-

CHARACTERISTICS f$$hN
GEOLOGIC SETTING

Stratigraphic / structural * e e e e e

Tectonic o e e e o
In situ stress field o o e o o
In situ hydraulic head field e o o e o
In situ tegerature field e e o o o

RESPONSE

(MECHANICAL)

Strength e e o o
Deformation o e o

Creep / fusing o e o o
________ _____

(THERMAL)

Thermal conductivity e o

Heat capacity e o
Linear thermal expansion o e

---____ ____

(HYDROLOGIC)

Hydraulic conductivity e o

Effective porosity e e
Specific storage e

(GEOCHEMICAL)
% Dispersivity e

.[ Adsorption / retardation e

Alteration / solubility o o o e e

% * includes the physcial and chemical characteristics of each rock mass unit
2 (including pore fluid composition).

e characteristic significantly impacts resolution of key issues.
!

o characteristic impacts resolution of key issues, but to a'

Q lesser degree
't

i
m
E

i! ?
aa 36
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characteristics of each rock mass unit. It is generally assumed that
the response characteristics (or their functions) are unique for each
rock mass unit because the physical characteristics are relatively
constant throughout that unit. However, each rock mass unit is only
approximately homogeneous, so that there is some variability in physical
characteristics throughout the unit and some resulting variability in
response characteristics as measured from point to point within the
unit.

Volumes which are relatively homogeneous with respect to hydrologic
response characteristics are of ten termed " hydrologic units." Such
hydrologic units consist of one or more rock mass units, and will not
necessarily be homogeneous with respect to physical characteristics or
other response characteristics. The characteristics of rock mass units
will thus be discussed here.

Discontinuities, as separations in the intact rock matrix, tend to
dominate the response of the rock mass. Hence, two different approaches
have been developed to assess the response of a rock mass (i .e.,
consisting of intact rock, discontinuities, and pore fluid). The rock
mass can be treated as either:

e A discontinuum, in which the discontinuities are represented
discretely and explicitly

e A continuum, in which the discontinuities are implicitly represented
as part of a quasi-continuum rock mass.

The explicit treatment of each discontinuity in a discontinuum-type
analysis necessitates the following:

e Description of each discontinuity. This includes determining the
location, orientation, and planarity, as well as the response
characteristics of each discontinuity. These response
characteristics will be related to the physical characteristics of
the discontinuity, i.e., persistence, aperture, roughness, nature of
infilling or surface materials.

e Description of the intact rock. This includes determininc the
response characteristics of the intact rock, which will be rel ated'
to the physical characteristics of the intact rock, i.e., its
mineralogy and texture (including microcracking, bedding, and
schistosity).

However, it is logistically very difficult to assess and model each
discontinuity explicitly on a large scale and perform numerical

.

analyses.

$ The implicit treatment of al1 the discontinuitles in a continutm-type
analysis necessitates the description of the rock mass. This includes

(!
determining the response characteris t ics of the rock mass, as a
composite of the intact rock and discontinuities. These response

37i
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characteristics will thus be related to the physical characteristics of
the rock mass (i.e. , the spacing, orientation, and planarity of the
discontinuities), as well as the response characteristics of both the
intact rock and the discontinuities. It is relatively easy to perform
continuum-type analyses.

3.2 VARIABLES WHICH AFFECT ASSESSMENT OF RESPONSE CHARACTERISTICS

3.2.1 Sensitivity

The response characteristics for any volume of material are of ten:

e Anisotropic (i.e., vary with orientation)

e Scale-dependent (i.e., vary with the scale of the sample)
,

e Time-dependent (i.e., vary over time)

e A function of the present and past environmental condiitons,
including

stress levei (rij, in tensor notation)-

pore pressure (u)-

temperature (Te)-

radiation dose (R)-

Thus, the value of an anisotropic parameter (Pkl, in tensor ,

notation) for a volume of material at any lo;:ation can be generally ,

expressed as:

(Pki) = f(V, T, rij, u, T , R)e

where
V = scale or volume of the sample
T = time Of applicability

The sensittvity of the value of each response characteristic to each of
the assessment variables can be investigated. For example, if the<

multivariable function "f" were reliably known, the sensitivity could be
assessed by taking the partial derivative of "f" with respect to any
assessment variable, e.g. (see Figure 3.1):

8(Pu ) = Sf(V, T,rij, u, Te, R)
BTe 8 Te

The multivariable function "f" is not typically known, however, so that
the sensitivity is often assessed by observing the change in Pkl
with a change in one assessment variable, while maintaining the others
constant. The observed sensitivity may change significantly, however,
for another set of assessment variable values.

38
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SENSITIVITY OF A RESPONSE CHARACTERISTIC
TO AN ASSESSMENT VARIABLE (EXAMPLE) Figure 3.1

Sensitivity of parameter to one assessment verlebte le for a given set
of the other assessment verfables (i.e., constant) and a given set of

physical characteristics of the material.

_

W
*

w
*
e
E
*
.
Q.

>
Temperature, Te.

Value of anisotropic parameter, Pgi (in tensor notation),
is a function of various assessment verlables:

( P ) = f ( V, T, 6Tj , u , Te , R)ki

f where Vs scale or volume of sample

a T= time of applicability

4
R 4 C;n stress level -

(in tensor
3 notation)
$ us pore pressure

- Environmental conditions
Te,* temperature (pset and present)

j R. radiation dose -
y

*y

; This multivariable function is unique for a

j given set of physical charactonistics of the material.

h =$ 39
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The general sensitivity of each of the response characteristics to the
assessment variables has been qualitatively assessed, based on
experience (see Table 3.2). However, the relat lonsh ip, and thus
sensitivity, of response characteristics to the assessment variables
have not been explicitly established and, also, are not independent of
media in many cases. Hence, these sensitivities provide a qualitative
indication only of which assessment variables can be expected to af fect
the characteristic values.

3.2.2 Representative Sample
,

It is assumed that, for a given set of physical characteristics, the
multivariable funct ion "f" is unique. Thus, in order to adequately
assess this function, it is necessary to obtain and test a
representative sample, i.e., the sample niust have a set of physical
characteristics which is very similar to that of the material. However,
the material is relatively homogeneous only within a certain dimensional
range (see Figure 3.2):

e Intact rock is relatively homogeneous between the scales of textural
features (i.e., typically fractions of an inch) and discontinuity
spacing (i.e. , up to tens of feet). A representative sample of
intact rock can often be obtained by coring. Thus, the response
characteristics of intact rock are relatively easy to assess,

,

e Discontinuities are relatively homogeneous between the scales of
roughness (i.e. , typically inches to feet) and planarity (i .e. ,
often many feet). Although the physical characteristics of
discontinuities within a set vary widely, it is of ten assumed that
discontinuities within a joint set have similar physical character-
istics, so that one joint is considered to be representative of the
set. However, it is difficult to assess large-scale physical
characteristics such as planarity and persistence. A representative6

sample of a discontinuity is difficult to obtain, except exposed in
underground openings. Thus, the response characteristics of
discontinuities are relatively difficult to assess.

e The rock mass is relatively homogeneous between the scales of i

discontinuity spacing (i.e., typically inches up to tens of feet)
and stratigraphic / structural features (i .e., of ten many tens of
feet). At smaller scales, either the intact rock or the '

i

discontinuity is tested, and not the composite rock mass. i
I

Conversely, at very large scales, the rock mass is no longer |

homogeneous, as diverse rock mass units are included in the sample. |
At an intermediate scale, however, the volume is sufficient to
contain a significant number of representative discontinuities.
This " representative" volume of the rock mass is typically difficult

{to achieve and thus the quasi-continuum response characteristics of
the rock mass are of ten relatively difficult to assess. They can be
assessed in one of two ways, either:

40
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SENSITIVITY OF RESPONSE
CHARACTERISTICS TO ASSESSMENT VARIABLES Table 3.2

A55E55ME*4T VARIABLES

ENVIRONMENTAL
CONDITIONS

(Past and Present)

5 $
"

.
S7 4 I 5 ev

} & { $ $ 5 e
8 t ; 2"

u
% d, k $ ' '

RESPONSE CHARACTERISTICS { } } $ { f j%
* * * * ' " "isee Table 3 l)

|MECHANICAL

Strength e o e o e e o

Defomation e e e e e e o

Creep / fusing o o o e o e o

THERMAL

Thermal conductivity e e e o e

Heat Capacity o o o e

Linear themal expansion e e o e o e o

HYDROLOGIC

Hydraulic conductivity e e e o e

Effective porosity o e o e e

Specific storage o e o e e

GEOCHEMICAL

Dispersivity e e o o e e

Adsorpti on/ reta rda tion o e o o o e e

Alteration / solubility e e o e * *

-; w
c; %

*

w

e response characteristic is typically sensitive to variable

el g o responce characteristic may be sensitive to variable but probably it a low level (if at all)
(.

2
3 Note: The sensitivity of response characteristics to the assessment variables

have been qualitatively assessed based on experience. However,
these sensitivities are qualitative indicators only.. as the relationship,
and thus the sensitivity, of response characteristics to the assessment

m ey variebles have not been exoiicitly established and also, are not
-j independent of media in many cas2s.
.s a
k
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SCALE EFFECT ON MEASURED VALUES Fiqure 3.2OF A RESPONSE CHARACTERISTIC

b
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e non-
relatively homogeneous non-homogeneous3 homogeneouem ,

'
u on small scale (ran f opf sentative on large scale

2
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e ,

range

o
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.
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;
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Scale of Sample (volume or dimenalons) (increasing)
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:
#

Note: Although there will be some residual variability, the mean value
3g of the response characteristic can be confidently assessed if based
'is on a representative volume.
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a -large-scale sample, which contains a significant number of-

representative discontinuities, can be tested and the
quasi-continuum response characteristics directly assessed.
However, it is logistically very difficult to obtain and test a
sufficiently large sample (i.e., of ten with dimensions of many
feet), except with large-scale in situ tests.

the quasi-continuum response characteristics can be indirectly-

determined as a result of explicitly modeling (numerically)
representative discontinuities Cthin a simulated volume of rock
mass. Although it is relatively dif ficult to assess the
characteristics of the discontinuities, it is relatively easy to
adequately assess the response characteristics of the intact rock
and to assemble a model to develop quasi-continuum response
characteristics for the rock mass. This indirect assessment may
contain significant uncertainty in the derived response
characteristics.

Each rock mass unit is approximately homogeneous, however, so that
the physical characteristics of even appropriately sized samples
will vary from sample to sample. The response characteristics
measured for these samples will thus exhibit some natural
variability within each rock mass unit.

Other problems in obtaining a representative sample include changes in
the physical characteristics due to sampling and with time. For
example, the aperture of discontinuities typically changes with
sampling. This causes a significant change in the response
characteristics (e.g., strength, hydraulic conductivity, etc.) . As
another example, the intact rock mineralogy may change as alteration
occurs with time. Similarly, the pore fluid content / composition and the
nature of discontinuity infilling/ surface coating may change with time.

The physical characteristics of the disturbed rock mass which will
exist immediately around any underground openings will be unknown until
after construction and may be significantly different from the undis-
turbed rock mass. This is especially related to the overstressing which
occurs during excavation, and which leads to additional microcracking of
intact rock and creation of additional discontinuities. Also, this zone
may be dewatered and exposed to conditions which will accelerate
alteration. The differences in the physical characteristics, and thus
the response characteristics, may be significant between the disturbed
and undisturbed rock mass, and will be a function of the excavation
procedure. Prior to construction, these differences can only be
predicted, whereas af ter construction they can be observed.

3.3 UNCERTAINTY IN THE ASSESSMENT OF CHARACTERISTICS

The estimate of each response characteristic is based on the
interpretation of all available information, i.e. , the data base. In
addition to the inherent uncertainty in the predicted value of each

43
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characteristic due to this interpretation, there will be some unknown
natural variability throughout each rock mass unit. The level of
uncertainty in the assessment of each characteristic will be related
to:

e Range in physically possible values. Absolute upper and lower
bounds on the value of each characteristic can be set by physical
laws, e.g., shear strength, thermal conductivity, and hydraulic
conductivity have lower bounds of zero. The larger the range
between the upper and lower bounds, the larger the potential uncer-
tainty is in the assessment of a given characteristic,

e Natural variability. There will exist some natural variability
throughout each rock mass unit. This variability causes a residual
uncertainty in the estimate of each characteristic, even for an
ideal data base. The larger this variability, the larger the
residual (or minimum possible) uncertainty. l

e Quality of data base. The data base must contain sufficient infor-

mation to draw conclusions regarding the mean value and natural
variability of each significant characteristic. Thus, the data base
must be sufficiently large, and the correlation between each data
point and the actual value'must be high. This correlation will be a
function of random errors and/or systematic errors (or biases) in
the determination of each data point. These errors, in turn, are a
function of:

Representation of the material by the sample. The physical-

characteristics of the sample tested may be dif ferent than the
rock mass unit of interest, e.g. , due to scale problems, I
sampling disturbance, or a change in pore fluid. Also, the

'

physical characteristics may change with time, e.g., as
alteration or solution occurs. In the case of the potential-

disturbed zone, the physical characteristics are a function of
the excavation procedure. Where a numerical model is used to
represent the coupling of individual components of a rock mass
unit, there will be additional uncertainty in the derived data
point.

Representation of the environmental conditions by the test. The-

test may not establish the complete relationship between the
response characteristic and all of the environmental conditions.
For example, one of the environmental conditions (e.g.,
temperature) might be held constant as the others are varied.
If the characteristic is sensitive to that variable, then there
will be significant uncertainty in the resulting assessment.

Accuracy in individual test results. The results of each test-

will have some inherent uncertainty due to possible measurement
errors / biases and assumptions / interpretations in the analysis.
With care, this uncertainty can often be significantly reduced.

|
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As the quality of the data base improves, e.g., incorporating
appropriate data from carefully controlled in situ tests under
operating conditions, the uncertainty in the assessment of a
characteristic decreases.

Where the characteristic is quantifiable and thus the probability of
values is continuously distributed, e.g., hydraulic conductivity, the
uncertainty in the assessment can be expressed in terms of confidence
levels, e.g., those bounding values for which there is a 90% chance that
the actual value will lie between (see Figure 3.3). Higher uncertainty
is reflected by larger ranges for a given confidence level (see Figure
3.4). Where the characteristic is non-quaritifiable (or has integer
values) and thus the probabilities are discretely distributed, e.g., the
presence of faults, the uncertainty can be expressed in terms of
probabilities for each possibility (or scenario) in a comprehensive,
mutually exclusive set.

It must be emphasized that the probability distributions for each
characteristic are assessed based on the interpretation of available
information (i.e., the data base). This probability distribution is not
equivalent to the statistical distribution of data contained within the
data base, but should take into account all components of uncertainty.

3.4 PRESENT ASSESSMENT OF MEDIA / SITE SPECIFIC CHARACTERISTICS

3.4.1 Basis for Present Assessment

The values of significant characteristics have been roughly assessed, as
discussed in previous sections, for each of the media / sites under
consideration (see Appendix B of Volume II). This assessment has been
based on readily available information. That is, a data base has been
assembled for each media / site and subsequently interpreted. This
present assessment of media / site specific characteristics consists of a
best estimate and an indication of the present level of uncertainty in
that value (e.g., 90% confidence levels). This uncertainty includes the
natural variability of the characteristic.

Although this assessment is considered to be sufficient for the purposes
of this study, i.e., illustrating the development of, and subsequent
response to, information needs, it should not be construed as being
sufficient for accurate performance assessment / licensing purposes. As
additional information becomes available, this assessment will change.

3.4.2 Present Media / Site Specific Assessments

3.4.2.1 Basalt

In accordance with the previously described basis (see Section 3.4.1),
the present assessment of characteristics of the site in basalt at the
Hanford Reservation in Washington has been accomplished (see Appendix B

45
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PROBABILITY DISTRIBUTIONS
FOR RESPONSE CHARACTERISTIC (EXAMPLE) Figure 3.3
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UNCERTAINTY IN ESTIMATION
Figure 3.4
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of Volume II, Table B-2). The distinctive features of the site
include:

e Relatively complex geology (flow structures)

e Potential for tectonic activity

e High horizontal in situ stresses

e High in situ temperatures

e Proximity to a major water resource

e Highly fractured rock mass, especially vertical cooling joints; the
intact rock is relatively strong, brittle, abrasive, impermeable,
and thermally conductive, but the fractures dominate rock mass
strength, stiffness, hydraulic conductivity, effective porosity and
adsorption / retardation (similar to granite, see Section 3.4.2.5).

3.4.2.2 Tuff

In accordance with the previously described basis (see Section 3.4.1),
the present assessment of characteristics of the site in tuff at Yucca
Mountain at the Nevada Test Site has been accomplished (see Appendix B
of Volume II, Table B-3). The distinctive features of the site
include:

e Relatively complex geology (flow structures)

e Potential for tectonic activity

e Deep water table

e Very porous fractured rock mass; the rock mass is relatively weak
and may have high hydraulic conductivity, although it may be highly
adsorptive

e Susceptibility of rock to alteration, especially with elevated
temperatures.

3.4.2.3 Domal Salt

In accordance with the previously described basis (see Section 3.4.1),
the present assessment of characteristics of the potential sites in |
do, mal salt along the Gulf Coast has been accomplished (see Appendix B of

'

Volume II, Table B-4). The distinctive features of these sites
include:

e Relatively complex geology (folding)

48
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;

Possibly ongoing diapirism (dome building)e

Relatively weak and plastic rock mass, which exhibits creep ande

self-healing / fusing (minimal fracturing); mechanical characteristics
degrade rapidly with increasing temperature

e Relatively impermeable rock mass, but the rock is soluble and the
pore fluid is corrosive (similar to bedded salt, see Section
3.4.2.4).

3.4.2.4 Bedded Salt

In accordance with the previously described basis (see Section 3.4.1),
the present assessment of characteristics at any potential site in
bedded salt has been accomplished (see Appendix B of Volume II, Table
B-5). The distinctive features of these sites include:

o Possible existence of continuous, porous interbeds

Relatively weak and plastic rock mass, which exhibits creep ande

self-healing / fusing (minimal fracturing); mechanical characteristics
degrade rapidly with increasing temperature

e Relatively impermeable rock mass, but the rock is soluble and the
pore fluid is corrosive (similar to domal salt, see Section
3.4.2.3).

3.4.2.5 Granite

In accordance with the previously described basis (see Section 3.4.1),
the present assessment of characteristics at any potential site in
granite has been accomplished (see Appendix B of Volume II, Table B-6).
The distincitve features of these sites include:

Rock mass with widely spaced joints; the intact rock is relativelye

strong, brittle, abrasive, impermeable, and thermally conduct ive,
but the fractures dominate rock mass strength, stiffness, hydraulic
conductivity, effective porosity and adsorption / retardation (similar
to basalt, see Section 3.4.2.1).

3.5 SIGNIFICANCE OF EACH CHARACTERISTIC

3.5.1 Process of Evaluation

The uncertainty in the assessment of each characteristic must be reduced
to certain levels in order to resolve the issues and demonstrate an
acceptably high level of confidence in satisf actory perf ormance.
However, the required level of confidence in the prediction of each
characteristic will not necessarily be media / site independent, but may
be a function of its expected value and the values of other significant

49
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characteristics. This is because repository performance is a function
of many characteristics, and acceptable repository performance can be
predicted with the required level of confidence by various combinations
of characteristic values.

In order to establish the approximate required level of confidence in
the prediction of each characteristic, the significance of each
characteristic, in terms of its influence on the short-term
construction / operation and long-term waste containment / isolation
performance, must first be established. This evaluation should take
into account the following general attributes of the characteristic:

o Availability of cost-effective design and construction techniques
which allow for a conservative assumption of the value of the
characteristic

e Uncertainty in the representation of the phenomenological laws of
nature by the performance prediction model

e Sensitivity of the performance prediction model to the value of the
characteristic

e Cost effectiveness and scheduling limitations of measures to reduce
the uncertainty ia the assessment of the value of the characteris-
t ic.

The process used in this evaluation of the significance of each
characteristic regarding compliance with each of the two summary
performance criteria (short-term construction / operation and long-term
waste containment / isolation) was to ask the following three questions in
sequence and respond based on experience (see Figure 3.5):

(1) Is this characteristic significant to the particular performance
criteria?

In other words, must the characteristic be assessed in order to
design a critical engineering variable and/or demonstrate
compliance with the performance criteria? If there is no
significant relationship between the characteristic and the
performance criteria, then the characteristic is determined to be,

1 of minor significance and should have the lowest priority for
i assessment and review. For example, such a lack of significance
I could be because either:

( a) a conservative assumption for the value of the characteristic
can easily be designed around and thus has little cost impact

(b) the predictive model used in performance assessment and demon- (
stration of compliance with performance criteria is not very
representative of the real world and/or that model is
relatively insensitive to the characteristic, so that a
reduction in the uncertainty in the assessment of the -

characteristic does not result in a significantly improved
performance assessment.

50
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r

If there is a significant relationship between the characteristic
and the performance criteria, further evaluation is required.

.

(2) Can anything significant be learned regarding this characteristic
during the in situ test program?

In other words, can the uncertainty in the assessment of the
characteristic be potentially reduced in a cost-effective manner
subsequent to the initial SCR submittal and prior to license
application (LA)? If nothing realistic can be done, then the
characteristic is determined to be significant, but not for in situ
testing. For example, this might be because either:

(a) there is no test available to better assess the characteristic,

during the in situ test program

(b) there is low uncertainty in its present assessment.
,

If the uncertainty in the assessment can be realistically reduced,
further evaluation is required.

(3) Does the in situ test program, as it pertains to the assessment of
this characteristic, result in a large reduction in the uncertainty

i in predicted performance, as required for a demonstration of
I compliance with the performance criteria?
,

In other words, does the predictive model used in performance
assessment and demonstration of compliance with the performance
criteria adequately represent the real world and also is that model
sensitive ~to the characteristic? If the model is very

.

representative (i.e., has low uncertainty) and is also highly

| sensitive to the characteristic, so that the in situ test program
j results in a major improvement in the performance assessment, then

that characteristic is determined to be of major significance. If
4 the model is only moderately representative and/or only moderately

sensitive to the characteristic, so that the in situ test program1

'results in only a moderately better performance assessment, then
that characteristic is determined to be of moderate significance.'

Characteristics with major significance need to be assessed with
relatively low uncertainty and should have highest priority for in situ
testing. Characteristics with moderate significance can be assessed
with greater uncertainty and should have next highest priority for in
situ testing. Characteristics with minor significance can be assessed
with relatively large uncertainty and should have low priority for in ,

,

situ testing. Characteristics which are significant, but cannot be '

i assessed during in situ testing must be assessed with relatively low
uncertainty subsequent to repository construction.

The maximum acceptable level of uncertainty in the prediction of each
characteristic which will sufficiently resolve the key issues (Table

l 3.1) has been subjectively assessed (see Table 3.3) based on experience
r

i
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ACCEPTABLE LEVEL OF UNCERTAINTY
IN THE ASSESSMENT OF EACH CHARACTERISTIC Table 3.3

ACCEPTABLE LEVEL CF UNCERTAINTV'

(See Figure 3.4)

fr s g
E % -

tm e >

CHARACTERISTIC (see Table 3.1) h [ )o 5, h

GEOLOGIC SETTING

Stratigraphic / structural ** :

Tectonic :

In situ stress field :

In situ hydraulic head field
:

In situ temperature field
:

RESPONSE

(MECHANICAL)
Strengt5 ec
Defomation oc
Creep / f using :

_ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _

(THERMAL)

Thermal conductivity :

Heat capacity :

Linear thermal expansion
:

.-_____ _ - _ _ _ _ _ _ - - - .

(HYDROLOGIC)

Hydraulic conductivity e- c
E'fective porosity

:

Specific storage
:

-..-_-_____ ___ _____

(GEOt,HEMICAL)

Dispersi vi ty :

Adsorption /reta rda tion
:

Alteration / solubility
:

e

I
"

* Note: Acceptable levels of uncertainty have been subjectively assessed, based on
esperience and a pirticular licensing perspective, especially regarding the

d acceptable level of confidence in satisfactory performance (see Preface).
However, these levels are qualitative indicators only, as the sensitivity of,

f Derformance to all system components has not been explicitly determined. Also,
the significance of these characteristics is not indeoendent of magnitude of

{ the characteristic value, of each other or of mMia.
o

e Maximum acceptable level of uncertainty for undisturbed rock mass characteristic
(and disturbed, unless otherwise indicated)

n

y o Maximum acceptable level of uncertainty for disturbed (due to excavation) rock mass
g characteristic

's ** Includes the physical and Chemical characteristics of each rock mass unit (including
2 pore fluid coffrgGsition).

$$
aa
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and a particular licensing perspective, especially regarding the
acceptable level of confidence in satisfactory performance (see
Preface). However, until the sensitivity of performance to all system
components (including site characteristics) has been determined and the
licensing perspective clarified, these maximum acceptable levels of
uncertainty in the prediction of each characteristic can be considered
as qualitative indicators only. Also, the significance of character-
istics is not independent of the magnitude of the characteristic value,
of each other or of the media.

The significance of the various characteristics, specifically as they
relate to short- and long-term performance, has been determined
utilizing the above procedure (Figure 3.5) for each of the media / sites
under consideration. This assessment of significance is thus based on
the present assessment of media / site specific characteristics (including
magnitude and uncertainty) (see Section 3.4 and Appendix B of Volume
II), and also the perceived reliability of models, general test I

capabilities, and sensitivity of performance to each characteristic. j

3.5.2 Media / Site Specific Evaluations

3.5.2.1 Basalt

The significance of the characteristics, as they relate to the short-
and long-term performance criteria, has been evaluated for the site in
basalt at the Hanford Reservation in Washington (see Table 3.4). This
evaluation has been based on the previously discussed procedure (see
Section 3.5.1), the present assessment of characteristics (see Section
3.4.2.1 and Appendix B of Volume II, Table B-2), and experience.

3.5.2.2 Tuff

The significance of the characteristics, as they relate to the short-
and long-term performance criteria, has been evaluated for the site in
tuff at Yucca Mountain at the Nevada Test Site (see Table 3.5). This
evaluation has been based on the previously discussed procedure (see

'

Section' 3.5.1), the present assessment of characteristics (see Section
.

3.4.2.2 and Appendix 8 of Volume II, Table B-3), and on experience.

3.5.2.3 Domal Salt

The significance of the characterisitcs, as they relate to the short-
and lon -term performance criteria, has been evaluated for the potential
sites n domal salt along the Gulf Coast (see Table 3.6). This k
evaluation has been based on the previously discussed procedure (see
Section 3.5.1), the present assessment of characteristics (see Section '3.4.2.3 and Appendix B of Volume II, Table B-4), and on experience.

i
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| SIGNIFICANCE OF CHARACTERISTICS
FOR IN SITU TESTING AS THEY RELATE TO DESIGN Table 3.4
(BASALT - HANFORD, WASHINGTON)

PERFORMAtlCE CRITERIA

5HORT-TERf1 LONG-TERM
~

(up to 100 years) (100-10,000's Years)
CHARACTERISTICS WASTE CONTAINMENT /
(see Table 3.1) C0!!STRUCTION/0PERATInfl ISOLATION

GE0 LOGIC SETTING
Stratigraphic /struc tural * E
Tec tonic | | | |

In situ stress, hydraulic head and E
temperature fields

RESPONSE

(MECHANICAL)
Strength p4 A| [g .|
Deformation p =1 [0 al

Creep

(Tl!ERf!AL)
Thernal conductivity k- el b sl

Heat capacity b ~d P il
Linear thermal expansion b "I le 61

(HYDROLOCIC)
Hydraulic conductivity b 5|

Effective porosity V) l/ ml

Specific storage km ej k 4
(GE0CHEllCAL)

J
Di scersivi ty | |

5
Adsorption / retardation E
Alteration / solubility

* Includes the physical and chemical characteristics of each rock mass units

k f (including pore fluid composition)

j Characteristic with major significance

|4- tl Characteristic with noderate significance

} Characteristic with ninor significance

$ [ | | Characteristic is significant, but not during in situ testing
d'
= Note: Significance of characteristics was subjectively evaluated using the

i; process illustrated in Figure 3.5 and discussed in Section 3.5.1.""
55
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SIGNIFICANCE OF CHARACTERISTICS
FOR IN SITU TESTING AS THEY RELATE TO DESIGN Table 3.5
(TUFF - YUCCA MOUNTAIN, NEVADA)

PERFORMANCE CRITERIA

SHORT-TERf1 LONG-TERM
~

(up to 100 years) (100-10,000's Years)
CHARACTERISTICS WASTE CONTAINMENT /
(see Table 3.1) COMSTRUCTIOH/0PERATION ISOLATION

GEOLOGIC SETTING
Stratigraphic / structural * E
Tectonic | | | |

In situ stress, hydraulic head and g ;

temperature fields i

'

RESPONSE

(MECHANICAL)
Strength E Ed |

Deformation Fa n, il Laesil

Creep W 1| F" !

(TilERMAL)
Thermal conductivity Fi v| R
lieat capacity b xl Em ~ + l

Linear thermal expansion b q E.- j

; ( HYDROLOGIC)

| Hydraulic conductivity E be il

Effective oorosity (A U
Specific storage D^e (| lbw tl

(GEOCHEMICAL)
Dispersivity (A | |

g Adsorption / retardation g g
1

,2, Al teration Lg q

* Includes the physical and chemical characteristics of each rock mass unit
h & (including pore fluid composition)
t s. ; Characteristic with najor significance

k3 p |
Characteristic with moderate significance

y Characteristic with ninor significance

$ h) | |
Characteristic is significant, but not during in situ testing

E M* 4 Note: Siqnificance of characteristics was subjectively evaluated using the
,$ process illustrated in Figure 3.5 and discussed in Section 3.5.1.
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SIGNIFICANCE OF CHARACTERISTICS
FOR IN SITU TESTING AS THEY RELATE TO DESIGN Table 3.6
(DOMAL SALT - GULF COAST SITES)

PERFORMANCE CRITERIA

5 HURI -I trui LONG-TERM ~
(up to 100 years) (100-10,000's Years)

CHARACTERISTICS WASTE CONTAINMENT /
(See Table 3.1) CONSTRUCTION /0PERATION ISOLATION

GEOLOGIC SETTING
Stratigraphic / structural * g
Tec tonic j | | |

In situ stress, hydraulic head and Q [^ |
temperature fields

RESPONSE

(MECHANICAL)
Strength C li:# |

Deformation M 31 h 'l
Creep >

(THERiiAL)
| b - ~|Thermal conductivity Fs

+

Heat capacity pt .| |y ,j

-- | b* :]Linear thermal expansion b :
:

(HYDROLOGIC)
Hydraulic conductivity P -l b |

Effective porosity B :|

Specific storage

(GEOCHEMICAL)
Discersivity | |

$ E Adsorption / retardation | |
.

3 Solubility | | | |

* Includes the physical and chemical characteristics of each rock mass unit4
(including pore fluid composition)

Characteristic with major significance.

a
F- -| Characteristic with moderate significance

VU Characteristic with ninor significancey y
- y

[ f; | | Characteristic is sionificant, but not durino in situ testing
4

Note: Significance of characteristics was subjectively evaluated using the

g. process illustrated in Figure 3.5 and discussed in Section 3.5.1.
ua 57
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3.5.2.4 Bedded Salt

The significance of the characteristics, as they relate to the short-
and long-term performance criteria, has been evaluated for potential
sites in bedded salt (see Table 3.7). This evaluation has been based on
the previously discussed procedure (see Section 3.5.1), the present
assessment of characteristics (see Section 3.4.2.4 and Appendix B of
Volume II, Table B-5), and on experience.

3.5.2.5 Granite

The significance of the characteristics, as they relate to the short-
and long-term performance criteria, has been evaluated for potential
sites in granite (see Table 3.8). This evaluation has been based on the
previously discussed procedure (see Section 3.5.1), the present
assessment of characteristics (see Section 3.4.2.5 and Appendix B of
Volume II, Table B-6), and on experience.

<
.
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SIGNIFICANCE OF CHARACTERISTICS
( FOR IN SITU TESTING AS THEY RELATE TO DESIGN Table 3.7

(BEDDED SALT - UNSPECIFIED SITE)

PERFORMANCE CRITERIA

Sh0RT-TERT 1 LONG-TERM ~~
(up to 100 years) (100-10,000's Years)

CHARACTERISTICS WASTE CONTAINMENT /
(see Table 3.1) CONSTRUCTIO!!/0PERATION ISOLATION

GEOLOGIC SETTING
Stratigraphic / structural * p '[ [- >]

Tectonic | | | |

In situ stress, hydraulic head and |- :| 1 x|
temperature fields

RESPONSE

(MECHANICAL)
Strength R |: .. [

Defomation N :| [n |

Creep / fusing

(THER!1AL)
Thermal conductivity pg aj |s !

Heat capacity p q [..;; .]

Linear thermal expansion p | p '|
(HYDROLOGIC)

Hydraulic conductivity [c | p- |
:

Effective porosity
|r- .|

Specific storage

(GE0 CHEF 11 CAL)
Dispersivity

| |

q q Adsorption / retardation F -|

$ Solubility | | | |

* Includes the physical and chemical characteristics of each rock mass unit
24 1 (including pore fluid composition)
4% y

3 Characteristic with major significance

E.-- .. | Characteristic with moderate significance

p y Characteristic with ninor significance
%.

3 b
| | Characteristic is significant, but not during in situ testing

6 M
[ Note: Significance of characteristics was subjectively evaluated usinq the

.; . process illustrated in Figure 3.5 and discussed in Section 3.5.1.
II E 59
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SIGNIFICANCE OF CHARACTERISTICS
FOR IN SITU TESTING AS THEY RELATE TO DESIGN Table 3.8
(GRANITE - UNSPECIFIED SITE)

PERFORMANCE CRITERIA

SHORI-ItR 1 LO N G- i Li"1
~

(uo to 100 years) (100 to 10,000's Years)
CHARACTERISTICS WASTE CONTAINMENT /
(See Table 3.1) CONSTRUCTION /0PERATION ISOLATION

GEOLOGIC SETTING
Stratigraphic / structural *

Tec tonic | | | |

In situ stress, hydraulic head and g
temperature fields

RESPONSE

(MECHANICAL)
Strength p 2] g sj

Deformation b o| p -|

Creep M M
(THERMAL)

Thermal conductivity F/ g| p nj

Heat capacity Eibeal R
Linear thermal expansion EP 7| b 2|

(HYDROLOGIC)
Hydraulic conductivity E |6 |

Effective porosity M b -|

Specific storage F 1 D ]
(GEOCHEMICAL) ,

Dispersivity M | | |

g z
Adsorption / retardation M b tj

$ Alteration / solubility M M
* Includes the physical and chemical characteristics of each rock mass unit

$$ $ (including pore fluid composition)
ek <

f Characteristic with major significance

C Characteristic with moderate significance

g g M Characteristic with ninor significance
,

3 6e

4 h | | Characteristic is significant, but not durino in situ testing
h %

i Note: Significance of characteristics was subjectively evaluated using the"

p, process illustrated in Fiqure 3.5 and discussed in Section 3.5.1.
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4.0 AVAILABLE TEST METHODS

4.1 EXISTING REPOSITORY-RELATED IN SITU TEST PROGRAMS

4.1.1 Significance of Existing Programs

The DOE site screening / selection program is progressing rapidly (Table
1.1). In situ test plans have been or will be developed by DOE (or
their contractors) for responding to the perceived information needs not
only in a generic sense, but specifically for each of the sites under ,

consideration. In addition, test facilities have been developed or are
planned for various media to assess specific test techniques and verify
certain aspects of predictive models; however, these media specific test
f acilities have generally been limited in scope and not intended for
site characterization purposes.

The existing site specific in situ test programs and media specific test
facilities (see Table 4.1) have been identified (see Appendix C of
Volume II) although they are subject to update and revision. The evalu-
ation of these existing programs is not within the scope of this study.
However, these programs serve as examples of what has been considered by
others to be appropriate for responding to perceived information needs.
These existing programs also identify some available test methods.

4.1.2 Existing Media Independent Programs

A generic in situ test program has been developed by DOE (DOE /NWTS,
1981), and summarized in "NWTS Program Strategy and Guidelines for the
Development of Test Facilities at Candidate Repository Sites" (January
8,1982).* This program is subject to update and revision, but
presently consists of the following facilities (see Table 4.2):

e Exploratory shaft
Phase I to determine the suitability of the site for a test and-

evaluation facility (TEF),

Phase II for site characterization-

e At-depth test facility ( ADTF) for site characterization

e Test and evaluation facility (TEF) for operational procedures.

The TEF, and its associated activities, are outside the scope of work,
and thus have not been considered further in this study.

A variety of tests (see Table 4.3) is expected to be performed within
these facilities in order to satisfy the stated objectives; the actual
tests are subject to update and revision.

t

*F.E. Coffman, DOE-Washington D.C., personal communication to J.B.
Martin, NRC-Washington D.C., January 28, 1982.
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PRESENT STATUS OF SITE SPECIFIC IN SITU TEST
* *PROGRAMS AND MEDIA SPECIFIC TEST FACILITIES

SITE SPECIFIC MEDIA SPECIFIC
MEDIA IN SITU TEST PROGRAM PLAN TEST FACILITIES

BASALT Cold Creek Syncline at Near Surface Test Facility
Hanford, Washington. at Hanford, Washington.

TUFF Yucca Mountain at G-Tunnel at
Nevada Test Site. Nevada Test Site.

DOMAL SALT None. Conceptual Experimental
Test Facility in
South Texas.
Avery Island Mine in
Louisiana.
Asse Mine in
West Germany.

BEDDED SALT None. Conceptual Experimental
(Although Waste Isolation Test Facility in

Project Plant-WIPP in West Texas.
Carlsbad, New Mexico is Carey Salt Mine in
an example) Hutchinson, Kansas.

Project Salt Vault in
Lyons, Kansas.

WIPP in Carlsbad,
New Mexico

GRANITE None. Stripa Mine in
Sweden.

k Colorado School of Mines
Experimental Mine| ;
in Colorado.i

*

! Climax Stock atu

{ {a Nevada Test Site.

I UKAEA at Cornwall, (
England.*

Underground Research f
53 Laboratory for AECL in
f Manitoba, Canada.'

M
i.

", Note: This status is as of November 1982, and is subject to update and revision.'
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imploratory Shaft At-Depth Test facility Test and Evaluation Factitty d
(ADif) (TEF) <

Phase I Phase II IT1
Q

o Access to hortron for e Allow decision on site e Geotechnical design e Verification of waste O
Phase || Testang suitability for optistration and handling, emplacement. gj

repository vertitcatton data and retrieval technology
e Allow dectston on for repository and procedures -

2TEF site suitability e Geotechnical design (not site-sMctf tc)- sealing te(hnologyvertitcation data for - thermal response @ 1

TEF (selected site * I* '' I'' ''C"P'II'"'I- thernamechanical response -

'"I I ''P**""I - escavation methods
- gmund contml e Vertitcation of ventilatione Provide information - wter contml system design -.|necessary to finaltre

'

s Espanded verif6 cation I'IIII*I I"

O e cath of instwtahof Reference Repository g
taJ and control system designg g ggg q

e [ valuation of equipment g
performance

e Develop scallag factors to O
full repository p

-

e Develop operational procedures for =4
both routine and abnormal operations g

e Operator training and certification O

e Reduced uncertainty in design
bases

Note: These objectives are subject to update and revision.

from "NWT5 Program Strategy and Guidelines for c, Develooment of Test Facilities
at Candidate Repository Sites" (January 8 b82) by F.E. Coffnan DOE-Washington. [
D.C., personal communication to J.B. Martin NRC-Washington, D.C., January 28, cy
1982. g
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SUMMARY OF PRESENTLY PROPOSED Table 4.3NWTS IN SITU TEST PROGRAM

e EXPLORATORY SHAFT - PHASE I

Coreholes(limited)
Exploratory excavation (limited)
Determine rock mass structure
Determine in situ stress field
Determine rock mass strength

Monitor drainage into excavation
Construction monitoring

e EXPLORATORY SHAFT - PHASE 11

Coreholes

Exploratory excavation
Exposure mapping

Groundwater sampling

Determine rock mass structure
Determine in situ stress field
Determine rock mass deformation moduli / Poisson's ratio
Determine horizontal and vertical permeability of rock mass

e AT-DEPTH TEST FACILITY
Exploratory excavation

Exposure mapping

Seismic monitoring
Groundwater sampling

Mine-by test
Heater test
Determine geochemical interactions
Monitor drainage into excavation

ac| Monitor construction and performance of excavations which simulate
4 repository (including associated rock disturbance / damage)
j Borehole sealing test

Shaft sinking / sealing test

g Backfill test
i
6
2 Note: This sumary represents Golder Associates' perception of the g
3 current NWT5 program, which is subject to update and revision.

The test and evaluation facility (TEF) is outside the scope of ;

work, and has not been considered. -),

k from "NWT5 program Strategy and Guidelines for the Develooment of Test Facilities
< at Candidate Repository Sites" (January 8. 1982) by F.E. Coffnan. DOE-Washington,
4 0.C. personal comunication to J.B. Martin. NRC-Washington, D.C.. January 28,9 1982.
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4.2 TEST METH005 AVAILABLE TO ASSESS SIGNIFICANT
CHARACTERISTICS

There are typically a variety of test methods available for assessing
the previously identified significant characteristics (see Chapter 3).
These methods can be generally categorized as:

e Surface tests
e Borehole tests
e Laboratory tests
e In situ tests.

The test methcds within each category which are generally available to
assess each significant characteristic have been identified (see Table
4.4), based on experience as well as existing repository-related in situ
test programs (sea Section 4.1 and Appendix C of Volume II). This is a
relatively comprehensive list of available tests; it should not be
construed that all of these tests are being recommended. The selection
of appropriate tests from this list will be a function of the perceived
information needs and test capabilities.

It mtet be recognized that there are no surf ace or borehole tests
available to assess the characteristics of the disturbed zone
surrounding an underground opening, except those which are used for the
undisturbed rock mass and whose results must be modified to estimate
the disturbed zone's characteristics. Also, any laboratory or in situ
tests used to assess the response characteristics of the disturbed zone
should be performed on samples with physical characteristics similar to
those which will exist in the repository. Hence, laboratory samples
should be obtained from, and in situ tests performed in, underground
openings which are excavated and supported using similar techniques as
are contemplated for the repository.

4.3 COMPARIS0N OF CHARACTERISTIC ASSESSMENT BY SPECIFIC TEST METHODS

The various test methods available for assessing each significant
characteristic (Table 4.4) do so with various limitations and levels of
uncertainty. As previously discussed (see Section 3.3), the
uncertainty in the assessment of each characteristic is due to (1) range
in physically possible values, (2) natural variability and (3) quality
of data base, which in turn is a function of the size of the data base
and random / systematic errors in each datum; these errors are a funct ion
of (a) representation of the material by the sample, (b) representation
of the environmental conditions by the test, and (c) accuracy in
individual test results.

The level of uncertainty in the determination of each characteristic,
due to quality of the data base, roughly varies with categories of test
methods, generally decreasing as follows:

65
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TEST METHODS AVAILABLE FOR ASSESSING Table 4,4
SIGNIFICANT CHARACTERISTICS 1 of 4

CMA4ACTERISTIC avaltaatt itST wtwoo (see notesti at ead of Taele)
(see Table 3.1) wuract 5 M Cit (from ser r ac e) tascuaramy Un u w (from subsurf ace encavation)

(GE0 LOGIC SETTI4G)

Stratteraontc/ o geolotte *apping (1) o cutting evaluation o core logging o espicratory escavations

structaral o surface geoonysics (2). o corenoles (3) o determination of (including esoosure macoing)

(factedes tne o geophysic/ seismic rock sanole mineralogy a corenotes (3. 4)
anysical and (s-hole, surf ace. (thtn section, s ray o rock mass samoling (5b)
caemical char- borenote) dif f raction) o geconysic/ seismic

acteristics of ogrosnomater sampling ($a) o determination of (s-nole, exposure-corenole)
esca rock mass gas detector. groundwater sample o esposure geconysics
unit, including composition and ege (radar scanntng)

core F1sto o hydrocnemtcal o groundwater samoling (4.~a)

comoosi tion) analysis of rock - gas detector (4)
s pole. - gas detector in mine.

Tectonic o geologic macolag (1) o acoustic emission o acoustic emission monitoring
o surf ace geconysics (2) monttoring o setssic g nitoring

- monitor stress changes - montter stress enances in rock
o , seismic monitoring mass (4)onitor surface in rock mass-

displace *ents/ - monitor dis- - monitor stress chances in
tilt placements in rock mass secoorts

'

- 9entter elec. - monitor temperatures in - mon' tor $15 placements in

trical ooten- rock mass rock mass (4)
- Sonitor temperat.res in rock

tial/c.crent/ - monitor core pressures

31scharge. in rock mass mass (4)
* montter temperstares in- monitor gas emission in

escavationrock mass
- monttor elec- - monitor pore pressures tn rock

tric41 actential/ mass (4)
Curre9t/ 11sCaarle * monitor drainage into esc avation
in rock mass. - monitor gas eisston in rect

mass (4)
- monitor gas emission in

e.c a vm a.
- monitor electr* cal potea- al

c urent/sisenarge.

In site stress .o rock mass sampling (5b) o core observation o rocu mass samoling (4, 5e)

field (stress o nydrofracturing(16) (stress relief, o nyorofracturing (4)
teasor) (6) o borenole jacking core discing), o corenole jaestag (4)

o overCoring. o overcoring (4)
o flat jack test
o overcoring (eaoosure) (7)
- monitor stress enanges in

roCh mass (4. 7)
- monitor displacements in

rock mass (a, 7)
- monitor disolacements at

esposare (7)
- monitor stress enances and

strates in swooorts

In situ hydraulic o nydrologic macoing o onitor port pressures - determination of a mnitor core or*ss *es M 'o;n

head field - ci t*atic monitoring. * monttor bore- oroundwater sample mass (4)

Nore eressure) note inflow composition and - monitor Dorenote tratnaje (4)
- monitor drainace ieto

(4) - Sroucewater sampling (Sa), age.
excavation (7)

- groundwater samoling (5a).

In stta ten era- o gnitor temocratures,
o mnttor temperatures ta rocktare field mass (4)'wace st ret (6) - monitor te=cerature **i

N escavation (7).
*
* M C*An! A ) o rock mass sampling ($b) o indes tests on o inden tests on encos res (1) *

Stetagte (a) - norenole jacking (104) rock samoles (g) o roct mass sa*oling (5b)
- nyorof racturing, o simole strenotn a sneer jacking (10b,11)

tests on rock a pillar test (=/or =/o ment) (12)
samole o mine-cy test

4

9 (sitding test, o monitoring fracturing in roca

Braatlian test, mass around escavation (e.g., o,
4 potat load test, acoustic emission 9cattertng)
e
%

beam test, tensile (1) /

o strenotn test. borenole jacking (4,10a1
fracture touanness - nyorofracturing (4)
test) (104) plate test (13)

o direct smear test on
discontinuity

e samole (w/or =/o( neat) (100, 14)

k' o unconfined
Comoression test ony rock cort (w/or w/o

.

neat) (10a)j o trtantal test on
. rock core (./or w/og* neat (10a.0).uo 66
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TEST METHODS AVAILABLE FOR ASSESSING Table 4.4SIGNIFICANT CHARACTERISTICS
2 of 4

CHARACTER!$T!C AyaILABLt TEST "E N00 (see actesf) at end of Table)
(see Table 3.1) hiiF ACE 5GstqE ( Frp surf ace) L A5GE ATGaY im 5iTU (from subsurf ace eucavatical

Ceformat ten ( 9) o surf ace geconysics (21 o rock mass samoling ($b) o inden tests on rock o inden tests on esposures (#)
o boremote ju ktng (104) samole (9) o rock mass sa=oling (50)
o geophysic/setssic o unconfined com- o borenole jacking (a,10a)

(n-nole, surf ace- pression test on o 9eopnysic/ seismic (s-hole,
borenote). rock core (w/or w/o es posure-borehole)

heat) (10a) o espesure oeophystes
o trianial test on o flat .iack test

rock core (w/or e/o o plate test (13)
heat) (10s,b) o ot 11ar test (=/or =/o beat) (12)o true trissial test o block test (w/or =/o meat)
on large rock sample o chaneer test =/ displace-ent
(w/or ./o heat) acnitoring ( /or ./o meat)
(loa,b) o snear jacking (10b.11)

o direct shear test on o mine-bv test
discontin ity sample o monitor stress chances in eccku

(=/or =/o heat) mass as encavation occurs (a,7)
(10b la) o monitor displace * eats in rock

o sonic veIOCity test mass as e:Cavation occurs (a,73
on rock core (w/or o monitor displace *ents at
w/o stress) (10a), exposure as escavation occa s(7)r

o monitor stress chances and
strains in swoports ( 7'.

Creep '91 o rock mass sampling (5b) o unconfined com- o rock mass samoitag (5b)
borehole jacking, long pression test on o flat jack test, long tem
term (104) rock core, long o plate test, long ter* {13)

- monttor deformation of term (w/or e/o o otilar test, long term (./or =/o
note after boring heat) (10a) hest) (12)=/ soft inclusion o triasial test on o block test, long term (./cr ./o
( 7,10 a) rock core, lono term aest)
monttor stress changes (w/or =/o heat)(104) o enaacer test ./dtsolaceaentaround hole after o true trianial test on monitortng, long term ( ior e/o
boring w/hard laroe rock sample, heat)inclusion (7,104). long term (w/or ./o o mine-by test

heat) (10s,b) o monitor stress enances in rock
o direct shear test on mass af ter excavat ton (a,71

discontinuity sample, o monitor displace =ents in rock
long term (m/or e/o mass after excavation (a,7)
heat) (100,la) o montter displacements at

- core observation encosure a'ter excavatica (a,7)
(monitor deformations o monitor stress enanges and
45 stress relieved by strains in swoports (7)
coring) (7. 104). - boremote jacking, long tem

(a 104)
- monitor ceformation of mole

after boring w/ soft 16c 1ws ion
(a,7,10a)

- monttor stresses arou d molen

after boring ./hard inclusion
(a,7. 10a).

( TwEPAL) o rock mass samoling (5b) o heated rock o rock mass sa-ottna (5b)Ther al o tnereal proce (single sample (10a) o thermal prote;onoct s,ity (?) boremole small scale o unconfined com- (single boremote small scale
=eet cs:acity (g) heater test) (104) pression test on heater test) (4,10a1

o heater test (n-nole rock core w/% eat o % eater test (s-mole smally small scale). (104) scale) (a)% o triasial test on o meater test (laroe scalele rock core ./ Peat o block test / meat (./or /o*
" (10a). stress)

o oillar test s/ heat (12)
o cha-ter test /meste: .atee
o acnitor teaceratore ta ecck * asso

$ and escavation (./veat tletion/
coolino) (7).

R

2 Lteear taermal o rock mass sampitag a mested rock o rock mass sampling f!bi
eaaasioe(3) ( 5b ). samole (11a) o heater test (Tart;e scate)

*
O

o unconfinea coa. O block test =/ beat (=/or /o
pression test on stress)
rock core e/ heat o pillar test w/ heat (12)
(10a) o charter test =/heates water ned

m o trianial test on =/dtsolacement 9eaitoring*
roc k core ./ meat o monitor temocratares andA (10a). disolace*ent s in rock mass andg excavation (7).N

E

i; ;
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TEST METHODS AVAILABLE FOR ASSESSING Table 4*4
SIGNIFIC ANT CHARACTERISTICS 3 of 4

CHARACTERISTIC avAtla8tf itST METHOO (see notes () at end of Table)
fsee Table 3.1) 56EF ACE 803iEWAE (from surf ace) L ABOR ATORY DI SITU (from subsurf ace evresation)

1
|

i

(MYDROLOGIC)
wyoraulte o rock mass sampling (56) o indes tests on rock o rock mass smooling (56)

I conductivity (8) o 9eopnysical mell sangle (9) o geophysical well logoing (a),

J Effective porostty (8) logging o antal pe-meability o permeability test (single
specific storage (8) o permeability test test on rock core borenote) (w/or =/o heated

(single borehole) (m/or w/o heat, water) (4.15)
(15) stress) (10a.15) o aultiple borenote oermeablittu

o multiple borehole o radial permeability test (w/or =/o heated water)
permeability test test on rock sample ( 4.15)
(15) (w/or =/o heat. o block test =/multiole borenote

o monitor borehole stress)(10a.b. 15). permeablittv test (=/or =/o
infle.(7). heat. stress)

o chaeer test (=/or =/o heated
mater) (15)

o monitor dratnace into encavation
and pore pressure in rock mass
(7)

o monitor borehole drainage (4.7).

(Gt0Cwf" CAL) o rock mass sam ling (5b) o determination of o rock mass sampline (56)
Dispersivity (8) o groundwater sampling (5a) groundwater sasole o groundwater
Adsarption/ o tracer test. composition and age samp1tne (4,5a)

retardation (5) o tracer test an rock o tracer test (w/or =/o heated
smuole (w/or w/o heat. =ater) (a)
stress) (10a.b) o block test =/ tracer test

o determination of (w/ or w/o nett. stress)
rock sample o chaeer test =/ tracer injection

utneralooy. and nonttoring (w/or =/o heated
water).

Alteratton/ o geologic mapping (1). a rock mass samoling (5b) o determination of o exposure mapping

sol.htitty o roundwater sampling (Sa) groundwater sagle o rock mass samp1tng (Sb1
o nonttor stant11ty of cogosition and age o groundwater samplino (a.5a1

borenole, o core loggtng o heater test (large sCaIe)
e determination of a chaeer test (w/or m/o heatl

rock sample mineralogy o sonitor alteration /soluttoniae
o slaking or of esposures,

accelerated
weathering test on rock sample
(=/ heat. stress)

o solubtitty test on rock sanele
(w/or w/o heateq
water)

o monitor alteration /
solutioning of rock
sample.

.

;

k

E

-

e
!

$
s.
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TEST METHODS AVAILABLE FOR ASSESSING
SIGNIFIC ANT CH ARACTER:GTICS Table 4,4

4 of 4

Notes: o Primary test metnod
= Possible secondary test method

(1) GeoleciC macSing includes a geodetic survey and exposure mapping, as well as possibly aeroonotograpny (by airplane or
satellite, biaca-and wnite, color, or infrared).

(2) Su f ue nec.ea sies include possibly gravity and magnetic surveys (land or air based), electr1 Cal survey, and seismicr r
surveys (reflection and refraction).

(3) Core %eles include Cori'ig and core logging, as well as possibly borehole surveying, Calicer logging, oriented ccring,
integrai sampling, tmcression packer, borehole TV/ camera, berehole radar, and geophysical well logging (electrical,
acoustic, and nuclear).

(a) Tests are conducted in boreholes drilled from underground.

(5) a) Ground-atee samoliao implies subsecuent latoratory determination of groundwater composition and age.
b) iioce mass sa cimo, either cortng or large block samples, implies subsecuent laboratory tests.

(6) The in situ (i.e. pre-escavation or virgin) stress, hydraulic, and temperature fields Can be indirectly assessed or
inferred from the stratigrapny/structu e and tectonics (e.g., in situ stress field can be inferred from the geomorphologyr

and tectonics of the site).

(7) Monitoring performance implies associated analysis to assess characteristic.

(8) The response characteristics refer to the rock mass, =hich consists of intact rock, discontinuities and pore fluid. These
response Characteristics Can be assessed either;

o Directly by testing a large scale sample which contains a significant nunter of discontinuities
Indirectly by separately assessing the response Characteristics of the intact rock, discontinuitis, and pore fluid, ando

then assembitng by a model. Hence, the roCh mass response characteristics can often be inferred from the
stratigraphy / structure.

(9) Inden tests do not assess the characteristic directly, but by en'oirical correlations (e.g., use of a Schmidt haver on rock
Core or on an encosure is at inden test neose results can be roughly correlated with the wodulus of deformation, based on
esperience). There are too many indes tests, with varying reliability, to list.

(10) Tests assess the response characteristics of only the a) intact rock or b) discontinuity, and does not directly assess tre
response characteristics of the roCh mass (see note 8).

(11) Shear jacking is very similar to torsion jacking. Because of these similarities, only shear jacking ettl be discussed,
although torsion jacking might be a suitable alternative.

(12) Piller test can Consist of either:
Jacking an isolated pillar or unconfined block to failure (i.e., essentially an unconfined plate test or an axiallyo

loaded unconfined block test)
o Reducing the d1mensions of a pillar (and thus increasing stresses) until failure occurs.

(13) Plate test is very similar to two other tests:
o Cable jacking test, in whiCh the reaction is provided by #1 anchor in the rock mass rather than the opposite wall of

the euCavation
Radial jacking, in which the entire Circumference of the opening is jacked using, for example, several plate jacko
systems.

. Because of these similarities, only tt.e plate test will be discussed, although cable jacking or radial jacking mignt be
a suitable alternatives.

es

(la) Direct shear test on discontinuity samples Can be of various scales and is also very similar to torsional shear tests.
Because of these similarities, only the direct shear test will be discussed, although torsional shear test might be a
suitable alternative.g

0

6 (15) Tests are constant head injection, Constant head withdrawal, Constant flow rate withdrawal, pulse injection, or gas
N injection permeability test. Multiple borehole permeability tests are often called " pump" tests.

(16) Mydro rettuein19ust be very Carefully performed in order to Control the entent of fractures which are generated.r

; This is a relatively comprehensive list of test methods which are
7 available for assessing site characteristics. It should not be

construed that all of these available tests are being recommended.

i
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(1) Estimate based on typical values for similar materials and
conditions

(2) Interpretation of the results of surface tests

(3) Interpretation of the results of borehole or laboratory tests

(4) Interpretation of the results of in situ tests

(5) Interpretation of the monitored response of prototypes or prototype
simulations.

The differences in uncertainty in the assessment of characteristics
between the various test methods are due primarily to the quality of the
data generated:

e Surf ace tests, although testing material with minimal sampling
. disturbance and under existing environmental conditions, generally
have the following limitations:

characteristics assessed at the surface must be extrapolated to-

depth with significant uncertainty

characteristics of a volume of rock mass, which is often larger-

than the representative volume (i.e., nonhomogeneous), are of ten
interpreted with poor resolution and no range in environmental
conditions.

e Borehole tests, although testing the material in place, generally
have the following limitations:

'

small-scale sample, so that either the intact rock or individual-

discontinuity, and not a representative volume of the rock mass,
is tested

- some disturbance of the sample tested occurs due to drilling
(i.e., a change in physical characteristics)

only a very limited range of environmental conditions can be-

evaluated

poor control of test due to remoteness.-

e Laboratory tests, although of ten allowing a full range in
environmental conditions to be applied with good test control,
generally have the following limitations:

small-scale sample, so that either the intact rock or possibly an-

individual discontinuity, and not a representative volume of rock
mass, is tested

f
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significant disturbance of the sample occurs due to drilling and-

change in environmental conditions, such as stress relief or
dessication.

e In situ tests, although testing a representative volume of material
in place, generally have the following limitations:

some minimal disturbance of the sample due to excavation and-

instrumentation installation

- limited range of environmental conditions can be practically
evaluated.

The assessment variables (see Section 3.2.1) which can be incorporated
in each of the available test methods have been identified (see Table
4.5), based on standard test methodologies. Clearly, in order to '

adequately assess a characteristic, a test method must be able to
incorporate those assessment variables which that characteristic is
sensitive to (Table 3.2).

The potential minimum level of uncertainty in the assessment of each of
the significant characteristics by the various available test methods
has thus been subjectively evaluated (see Table 4.5), based solely on
the resulting quality of the data:

(1) General sample representativeness
(2) Applied range in environmental conditions
(3) Typical test reliability.

Clearly, however, the sample representation and test reliability are not
necessarily media / site independent. Also, the level of uncertainty is
not independent of the absolute magnitude of the value measured, i.e., a
test may be appropriate for a given range of values only and very
inaccurate outside of that range. Other factors, i.e., the range in
possible values, natural variability, and size of the data base, also
impact the level of uncertainty. The subjective evaluation of the
potential minimum level uncertainty in the assessment of each
characteristic by various available test methods (Table 4.5) thus
provides a qualitative indication only of individual test capabilities.

4.4 IN SITU TEST METHODS AVAILABLE WHICH SIMULATE THE REPOSITORY
,

As previously discussed, rather than resolving key issues by adequately
assessing certain characteristics, in situ tests can be usee to resolve
key issues by appropriately simulating various asnects of the
repository. The in situ test facility is itsF t tiMlat on of various
construction and operation aspects of the repository. "*a uncertainty
in the extrapolation of results from a test case (i.e., s' situ test or
test facility) to the prototype (i.e., repository) will 9 a function of
the degree of similarity between the two. This correlation is improved,
and the uncertainty thus reduced, by making the test case as similar as

71
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LIMITATIONS AND UNCERTAINTY IN
ASSESSMENT OF SIGNIFICANT CHARACTERISTICS Table 4.5
BY AVAILABLE TEST METHODS 1 of a

TEST ASSESSMENT
VARIABLES

UNCEPTAINTY 1%

gh," ASSE!!ME'~ CFat
-

comettrons >APACTER1 TIC"

} CHARACTERISTICS

y ASSESSED BYo
> .

a TEST METHOD, g } } e

! $ g E $ .o (see Table 4.4) 8*
8*

o . ; t % 3 "," *
, ,

TEST METHOD 5 3 $ $ 5 $ 5 t ?O 5 t
" *l*l" "

(See Notes ( ) at end of Ta51*T * * * ' * "

tu hydraulic
XHydrologic mapping 4 - -- - -

=
Geologic mapping (1) de - - - - - Stratigraphic / structural- -

Q - - - - Tectonic 4 |e e-

Surface geos,aysics (2) Stratigraphic / structural -de - - - - --

y - e e - - - - Tectonic H
y e e X X X X Deformation -i-

*

e X - - - - Tectonic 4Seismic monitoring -

Cutting evaluation - X - - - - - stratigraphic / structural -H

Coreholes (3) Stratigraphic / structurale - - - - --
,

_

(Pore fluid composition)Rock mass sampling (5b) o - - - - --

(see laboratory tests) o o In situ stress field )o - - --

o X o o o o- strengtn |_

o X o o o o Deformation-

Creep / fusingo o o- - -3 -

* Thermal conductivity |oo o o- - -

y o - Heat capacity- - - - -

g 3 Linear thermal exoansiono o - o o- -

@ o X Fydraulic conductivityo o o- -
,,

0 $ X - - o o - Effective porosity-

~

X Specific storageo o- - - -

y o X o o Dispersivity )-- -

%

{ o o Adsorption /retedationo X - - -

o o o Alteration / solubilityo o. - -

(pare fluid composition)Groundwater sampling (Sa) - * - - - """' -

(see laboratory tests) X X - - - o o Dispersivi*y

X X o o Adsorption / retardation- - -
,

3 - o X - X o o Alteration / solubility
3
3 ** Note: This is only a qualitative indication of uncertainty in the assessment of ,

each characteristic. due only to quality of .the data base which will be |e
* media / site specific and a function of the magnitude of the value measured(* (see Figure 3.4). 1
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LIMITATIONS AND UNCERTAINTY IN
ASSESSMENT OF SIGNIFICANT CHARACTERISTICS Table 4.5
BY AVAILABLE TEST METHODS 2 of e

TEST ASSESSMENT
VARIABLES

UNCERTAINTY IN
ASSESS *EC CFEnv R t TAL

como!T!cas CMAR AC~ ER I ST IC"

} CHARACTERISTICS

ASSESSED BY3 g,

g } } 8 TEST METHOD.
,

@ $ g E j 8 (see Table 4.4) i 3 3
*

* 2 ~; ". t ,%
*

E. . m z . >

TEST METHOD ; 3 h t t ! T,- t f 3 5 t
. .

* * Q * ' *- " " * * " "
($ee Notes ( ) at end of Table)

Geophysical well logging X X - X X X - Hydraulic conductivity -l

- X - - X X - Effective porosity -1

X - - X X specific storage I--

- - - - - Stratigraphic / structural --IGeophysic/ seismic - *

(x-hole, surface-borehole) * * X X X X Deformation -l-

.

Borehole jacking X X In situ stress field --te - - --

(10a) X X o * X X - Deformation --i

- - - In situ stress field ;Overcoring o X - *

In situ stress field - -t |.Hydrof racturing (16) X o *- - - -

Pemeability test X o X * X - Hydraulic conductivity --{-

(single borehole) (15)
Effective porosity --to - - e X --

! * X - specific storage -to - -- -

** lpM[|iI$$"ee{t(15) X * X - Hydraulic conductivity* o -
,

# * X Effective porosity

I ;:
0 - - --

"$
* X - specific storageo- - -

g Tracer test e o - - - X e Dispersivity --t
O e 0 - - - X * Adsorption / retardation --i

Thermal probe (single X * * - Thermal conductivity -4X- -

borehole small scale
- - - - - e - Heat capacity -lheater test) (10a)

Thermal conductivityX dHeater Test (x-hole e o e- - - -

N small scale)
Heat capacity -4 --{e -- - - - -

f, Acoustic emission * X - - - - Tectonic 4-

monitoring

In situ hydraulic field ||Monitor pore pressure - e - - e - -

Monitor temperature - e - - - e - In situ temperature |
field,

! Monitor borehole inflo" X o - X X X Hydraulic conductivity --t-

(7I
- o X X - Effective porosity --4- -

o - - X X - specific storage -a; -

e e - X X X Alteration / solubility --jMonitor stability of borehole -

@
t ** Note: This is only a qualitative indication of uncertainty in the assessment of
j each characteristic, due only to quality of.the data base which will be

media / site specific and a function of the magnitude of the value measured..

$7 (see Figure 3.4).
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LIMITATIONS AND UNCERTAINTY IN
ASSESSMENT OF SIGNIFICANT CHARACTERISTICS Table 4.5
BY AVAILABLE TEST METHODS a of a

TEST ASSESSMENT
VARIABLES

UNCEDTAINTY IN
RANGE IN g$$ reeve y cr

(Mv !RO*E%T AL ~ ~ '

CCC !tions CHARACTEPISTIC"

} CHARACTERISTICS

ASSESSED BY5 .
: . ,

8 TEST METHOD, g 3 ) .
,

O 3 5 (see Table 4.4) r 3 8& a 5
*

h 2 ; z :=
- ".,,

*

}.
S % 2 B 5 4 b.

1 ; g g 3TEST METHOD E O t t b
tsee Notes t I at end of Table) * * o * ' ~ "

reIs7e$Ncore
In situ stress field _gX X o - - --

discing)

Core loggin9 - e - - - - - stratigraphic / structural '

- o o - X X X Alteration / solubility -y
Determination of rock o Stratigraphic / structural d- - - - -- -

fa
e n

X X Dispersivity Hs t on. a ray X X - - -

diffraction) X X - - - X X Adsorption / retardation -i

X X X Alteration / solubility -4- o o -

analysisH ro m 0 ;- - - - - -
p fg ,

Determination of ground- - e (Pore fluid composition) ;- - - - -

wa e ample composition
X X - - - X X Dispersivity -H

E X X - - - X X Adsorption / retardation '

E o X - X X X Alteration / solubility _ _g-

:c Index tests on rock o X X X X X strength -i-

sample (g)-

o X X X X X - Deformation -lg
y X X X - Hydraulic conductivity -lo X -

X X - Effective porosity -lX - --g
X X - specific storage -1 |$ - X - -

[ Sonic velocity on rock o X Xo X X - Deformation -4
core (with or without
stress) (10a)

,

\ .
" Simple strength tests o X X X X X strength -i-

on rock sample (10a)

( unconfineo compression strength --Io X o X X o -

- test on rock cere (with or i

| S without heat) (10a) o X o o X o - Deformation -H 1

m _

,; long term (with or o - Creep / fusing -He o- - -

|
8 without heat) (10a)

with heat (10a) o o o - o - Thermal conductivity ;-

- ~ ~ ~ - ' - Heat capacity^ '

T
0 - Linear thermal expansionf o o - o -

,

** Note: This is only a qualitative indication of uncertainty in the assessment of
4 each characteristic, oue only to quality of the data base which will be

,

a media / site specific and a function of the magnitude of the value measuredi

p (see Figure 3.4).
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LIMITATIONS AND UNCERTAINTY IN
ASSESSMENT OF SIGNIFICANT CHARACTERISTICS Table 4.5
BY AVAILABLE TEST METHODS 4 of a

TEST ASSESSMENT
VARIABLES

UNCERTAINTY IN
A55E!!MEV 0Ftav 'A.

ccm:1': ss CHARACTERISTIC **

j CHARACTERISTICS

ASSESSED BY5, .
. ,

, g 3 ) e 2 TEST METHOD

g E $ $ (see Table 4.4) 1 3 3@ =' *

* ' *; t : E ",% . , ,

TEST METHOD 3 3 $ $ $ 5 t ?
] 3 t5 " ' * * * * " "f!ee Notas ( ) at ead of Tablel * *

Triaxial test on rock * X o e o o Strength '|-

_*|E)'"'1$,')"'
"

* X o e o o - Deformation ,

long term (with or - - e e Creep / fusing ;o- -

without heat (10a)
71thheat(10a) Thermal conductivitye o ee- - -

Heat capacitye- - - - - - .

e Linear thermal expansion |e o e -- -

True triaxial test on * X o e o o Defomation-

large rock sample (with
or without heat) (10a.b)

Creep / fusing
-

long tem (with or e e o_ _ - - ,

without heat) (10a)

Direct snear test on e X o e o o Strength _"'I
-

h discontinuity sample
* X o e o o Deformation _q(with or without heat)

-*

E (10b 14)

E 'i&Tl"thP"d'.143
-

c aa'f=51ag a- - * * o.- -

E
h Heated rock sample (10a) e o Thermal conductivityX e- - -

,

$ Heat capacity ;e- - - - - -

< Linear thermal expansion :Xd e o *- - -

Axial permeability test o X - o e o Hydraulic conductivity --4-

|"th 'E.(Nr"s)
"'

X - - e o - Effective porosity --i-
t

% (10a. 15) X e o - Specific storage ,-i- - -

Radial permeability test * X - o * o - Hydraulic conductivity I-
:"t;0''T.'sDL' x - - - o - t " # tive acrosity --i-

h
(104, b. 15) - X * o - Specific storage -

4
- -y

5
$ Tracer test on rock o X o * Disper5ivity -H- - -

I
)(1

S '

b o X o e Adsorption / retardation ;e - - -
he .

D

Slaking or accelerated weath- X * X Alteration / solubilitye e --
,

ering test on rock sample
(with heat, stress)n

ubility est on rock

S(We'u
- e e X o X Alteration / solubility-

,

w1 neated water)g
1 " Note : This is only a qualitative indication of uncertainty in the assessment of
I each characteristic, due only to quality of-the data base which will be

g. media / site specific and a function of the magnitude of the value measured
3j (see Figure 3.4).
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LIMITATIONS AND UNCERTAINTY IN
ASSESSMENT OF SIGNIFICANT CHARACTERISTICS Table 4.5
BY AVAILABLE TEST METHODS s of e

TEST ASSESSMENT
VARIABLES

UNCERTAINTY IN
i

ggf gq\a( ggggggggy7 gp

ctiotticas ["ARACTERISTIC"

I
j CHARACTERISTICS

t

l 's ASSESSED BY
> b

, g "i ) g 2 TEST METHOD

@ "' 8 E 5 5 (see Table 4.4) 1* * 3
: : 3 ",*' '

% .

TEST METHOD I 3 5 $ $ h i t f j B t
s ,

* * " *
(See Notes ( ) at end of Table) * * o * * *- *

Monitor alteration / X X X Alteration / solubility |# # --

solutioning of rock sample

e - - - - - Stratigraphic / structural -Exploratory excavations -

Stratigraphic / structuralExposure mapping e - - - - --

X X X Alteration / solubilitye o -- ,

Index tests on o o X X X X - Strength -i-

exposure (9) -IDefonaationo o X X X X --

Stratigraphic / structural 'Coreholes (3, 4) * - - - - --

Stratigraphic / structuralRock mass sampling (5b) o - - - - --

(see laboratory tests) (Pore fluid composition)o - - - - --

In situ stress field0o o - - --

Strengtho X o o o o -

; O X o o o o Deformation-

@ Creep / fusingo o o- - - -

Q Thermal conductivityoo o o -- -

Heat capacityo3 - - - - - -

U o 0 Linear thermal expansiono o- - -

$ o X Hydraulic conductivityo o o --

|-- -

X Effective porosityo o -- - -

X specific storageo o -- -

o o oisperstvityo X - - -

k o o Adsorption / retardationo X - - -

o o o Alteration / solubility! o o --

(Pore fluid composition)Groundwater sampling (4, e - - - - --

Sa) (see laboratory tests) X X o o Dispersivity- - -
,

2
X X o o Adsorption / retardation- - -

t.
X o o Alteration / solubilityo X- -e

Hydraulic conductivity 4X X XGeophysical well logging X X* --

(8) X X Effective porosity 9X -- --

fSpecific storage -iX X X -- --

7
1 1,,

7 ** Note: This is only a qualitative indication of uncertainty in the assessment of
each characteristic, due only to quality of the data base which will bee

* media / site spec'fic and a function of the magnitude of the value measured
i* (see Figure 3.4).
=a 76
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LIMITATIONS AND UNCERTAINTY IN
ASSESSMENT OF SIGNIFICANT CHARACTERISTICS Table 4.5
BY AVAILABLE TEST METHODS e of a

TEST ASSESSMENT
VARIABLES

UNCEPTAINTY IM

g,$,"g ASSESSMEC CF

comettions CHARACTERISTIC-

j CHARACTERISTICS
ASSESSED BY

-
o ,.> .

a TEST METHOD, g } } e ,

f 5 .! f f f f (see Table 4.4) I $ $

TEST METHOD -8
* } : t s; ; e t.

I ; 3; elj gO t a b .
I(see Notes ( ) at end of Table) * * o * ' * *

Geophysic/ seismic - * - - - - - Stratigraphic / structural -q
o exposure. Dofor** tion -1* * X X X X)

-

* - - - - - Stratigraphic / structural -4Exposure geophysics -

(radar screening) o * X X X X - Def'ormation -4

Borehole jacking (4 X X *
' In situ stress field -;- -- - -

104) X X o * X X - Deformation -

''Overcering (4) o X - * - - - In situ stress field

|Hydrofracturing (4) X o - - - In situ stress field*- ,-

X * oPermeability test X o Hydraulic conductivity H- - -

or=ftoUtTeatediter)
' ' ' e o - m ective p rosity wo - --

(4. 15) - o * o - Specific storage - 4
- -

,

y Multiple borehole * * X * o - Hydraulic conductivity-
,

8 testg - 0 - - e o - Effective porosity
h

[ heated water) (4. 15) Specific storageo - - * O- -

w
% Tracer test (with or e o o * Dispersivity- - -

hout heated water) Adsorption / retardation ;, o - _ _ o .
e

".! Thermal probe (single X o Thermal conductivity -1X - *- -

borehole small scale*

* Heat Capacity -4heater test) (4, 10a) - -- - - - -

Heater test (z. hole * * X .- * Thermal conductivity -i
- - -

small scale) (4) - - - - - * Heat capacity e
-

* - Thermal conductivityHeater test * * X- -
,.

% (large scale) * Heat capacity- - -

j LineaI themal expansionX* * * -- -
,

X * X Alteration / solubility 4* o- -

Overcoring (exposure) (7) o o -*--- In situ stress fielo :i
'

k Flatjack test o o In situ stress field* - - --

* o o * X X Defora tion -i- -

,_j iong term creep / fusing -y}- - * * X- -

'Plate test (13) * o o * X X - Deformation
creep / fusing I:

~

1ong term * * - X I- - -
m

* o o * X X StrengthShear jacking (10b,11) -
,

g * o o * X X Deformation-

'

" Note : This is only a qualitative indication of uncertainty in the assessment of.

I each characteristic, due only to quality of the data base which will be
,; s media / site specific and a function of the magnitude of the value measured
jj (see Figure 3.4). p
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LIMITATIONS AND UNCERTAINTY IN
ASSESSMENT OF SIGNIFICANT CHARACTERISTICS Table 4.5
BY AVAILABLE TEST METHODS 7 et e-

TEST ASSESSMENT
VARIABLES

UNCEpTAINTY IN
aAhGt IN

gggp3g"7N"rv 0F
g$$gec*

EN 4 ISTIC-cc s

j CHARACTERISTICS

%, ASSESSED BY
. .

. % 1 2 TEST METHOD.

g *2 : : t 5
8 [ ! 3 :g (see Table 4.4) s 3 $

.

3
t : e s, ea s c .

8 3 #TEST METHOD i t 2: 1 r, 1 ; E x
(See Notes ( ) at end of Table) * * * * * *

DeformationSloca test e o o e X o - ,

_(with or without heat) ., _

long term (with or Creep / fusingoe e --- -

, without heat)
with heat (with or e o Thermal conductivity -o - e --

without stress) e - Heat capacity ;- - - - -

g
Linear thermal expansion 'e o o e -- -

~with multiple core- e o
'

o e 0 - Hydraulic conductivity-

g|Effective po ms uywi h w t he t
- o e -- -

,

stress) Specific storagee oo -- --
i

o e Dispersivity '.~with tracer test (with e o - - -

or without heat, stress) o e Adsorption / retardatione 0 - - -

Pillar test (with or o o o e X o strength-

without heat) (12) o o o * X o Defonnation-
> -

_long term (with or Creep / fusinge e o- - --

7 ,_without hea M --

g with heat (12) o o - e Thermal conductivity -Ie -- -

y Heat capacity -ie -- - - - - -

Linear thermal expansioneo o -qe -g - - -

w

; Mine-by test * e o X X X strength-

;

$ e e e X X X Deformation :-

, ,
'-Creep / fusing* X X5 - -- -

,

'
Hydraulic conductivity ';Chamber test (with e e X e o --

'
, [t )

* '- Effective porosity ;*- --

'
- e oe Specific storage :-- -

e o X Alteration / solubility |,f
~with deformation e e o X e 0

e o --

' '
Deformation-

monitoring (with or
, without heated water)

- * e X Creep / fusing- -
,

at on n toring with
g or without heated water)
8 ~with heated water e e X e Thermal conductivity- --

g-
Heat Capacity- - - - - . -

. -with heated water and o e e ,- Linear thermal expansionX --

displacement monitoring

with tracer injection o e o o 01spersivity- - -
,

and monitoring (with
.I or without heated water) e e g- o e Adsorption / retardation- ,

'e
"

,
" Note: This is only a qualitative indication of uncertainty in the assessment of

$h each characteristic. due only to quality of the data base which will be
U ad media /stte specific and a function of the magnitude of the value measured

(see Figure 3.4). g
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LIMITATIONS AND UNCERTAINTY IN
ASSESSMENT OF SIGNIFICANT CHARACTERISTICS Table 4.5
BY AVAILABLE TEST METHODS a se e

TEST ASSESSMENT
VARIABLES

UNCERTAINTY IN
g,Ntm ASSE!!"E'. Or
cocit:oirs CMARACTER'ST!C"

} CHARACTERISTICS

3 g ASSESSED BY,

, g i j e a TEST METHOD

5 .: E { E (See Table 4.4) i 3 4@ =* *

* * 2 ": :: t :.

TEST METHOD 5 3 5 5 5 $ 5 E b $ 3 E
(See Notes ( l at end of Tablel 's * C * * *- " " * * * "

Acoust1C emission y, _ _ _ _,

monitoring

Seismic monitoring * X H- - - - - ---rectonic
" ''

- - In situ hydraulic fielde - - e-ek 5

X X Xand drainage into e * Hydraulic conductivity- -

excavation (7) X X Effective porosity, -_ .-

X X Specific storage*- - - -

Monitor temperatures in e In situ temperature field I', _

rock mass (4) '
_,

ano excavation e e X X Thermal conductivity :-

$$nU'N)*i" X Heat capacity '- - - - - -

_

s O/uf==ita"di" unor the-i neansion ;x x. . - - -

z

"E'
Monitor stress changes and/or * * * X X X i 'ceformation-

displacements in recx mass j'
|;; and excavations (7) - - * X X Creep / fusing- -

,
a
"

Monitor stress changes * * * X X X -

O and strains in Deformation
|.E supports (7) e X X Creep / fusing -- - - -

5
-

Monitor fracturing i" * * * X X X strength '-

rock mass around
excavation (e.g., ty
acoustic emission

y monitoring) (7)
%

" Mo'N*'*j' "' X X X Alteration / solubility ':* * o- -

n g
exposure

Monitor borehole o o X X X Hydraulic conductivity -i- -

$ drainage (4,7)
X X Effective porosityo- -- -

*
specific storage dX Xo- - - -

2
E

,

?

b
$ " Note: This is only a qualitative indication of uncertainty in the assessment of

? each characteristic, due only to quality of.the data base wnich will be
j media / site specific and a function of the magnitude of the value measured

g6 (see Figure 3.4).
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LIMITATIONS AND UNCERTAINTY
IN ASSESSMENT OF SIGNIFICANT CHARACTERISTICS Table 4,5

BY AVAILABLE TEST METHODS e or e

NOTES:

e Assessment variable is adequately incorporated in test method.

O Assessment variable can be adequately incorporated in test method (optional).

- Assessment variable is not adequately incorporated in test method.

X Ch* '* ct"i 5 t'c i' "'* t'"If '"5'"5' ti " ** '5 5'5 5*'"t '''i* b'' ( 5'' 786'' 3 21 '"d th"5 th' '5 5'5 5"'"t ''''* b1' ' 5
not relevant.

(1) Geolo11e macciaq includes a geocetic survey and esposure mapping, as well as possibly aeroonotograpny (by atentane or
sateilite, ciaca.and..htte, color or infrared).

(2) Surface ocoenvsics include possibly gravity ed magnetic surveys (land or air based), electrical survey, and seismic
se veys (reflection and refraction).r

(3) Coreoles include coring and core logging, as ell as possibly borehole surveying, caliper loggine, oriented cortno,
integral scoling, woression pacter, borehole TV/ camera, borenole radar, and gecanysical = ell !cgging (electrical,
acoustte, and nuclear).

(4) Tests are coeducted in borenotes drilled from underground.

(5) al Grosnwater scoliao imolies 5.bsequent laboratory determination of ground atee comcosition and age,
b) aou vass Srpiing, ettner coring or large block swoles, implies subsequent laboratory tests.

(6) The in situ (i.e.. pre.encavation or virgin) stress, hydraulic, and temperature fields can be indirectiv assessed or
taferred from tme stratigranny/ structure and tectonics (e.g.. in situ stress field can be inferred from tne geoaoe:no'c;y
and tectantes of the site). 8 j

(7) .onitoring performance implies associated analysis to assess characteristic. j

(8) The resconse cnaracteristics refer to the rock mass, ditch consists of intact rock, discontinuities and core flute. %ese
response characteristics can be assessed either:

o Directly by testtag a large scale seple nich contains a significant number of discontinuities
o indirectly by separately assessing tee response characteristics of tne intact rock, discontin itis, and pore flotd. anou

tnen assembling by a model. Mence, the rock mass response characteristics can often be inferred from the
stratigranny/ structure.

(9) lace = tests do not assess the characteristic directly, but by retrical correlations (e.g., use of a Sch*idt aave* or ecca
core or on an esoosure is an indes test .mose results can be rougnly correlated =ttn the modulus of de'or ation, tases ;n
especieace). There are too many inden tests, with varying rettant11ty, to list.

(10) Tests assess the response characteristics of only the a) intact rock or b) discontinuity, and does not direc*1y assess e
resconse enaractectstics of the rock mass (see note 9).

(11; N ae 9ctia; 15 very swiler to torsion jacking. Because of these sistlarities, only shear jacking t11 oe disc.ssed,
ait$owgn torsion jacking signt be a suttaole alternative.

(12) pittar test can consist of ettner:

o vacsing an isolated ellf ar or unconfined block to failure (t.o., essentially an unconfined plate test or an antally
loaded .nconfined block test)

o neoctag the atmensions of a ptItar (and thus increasing stresses) u til failure occurs.n

(13) 31ste test is very swilar to two otmer tests:
o cao;e jactiag test, in which the reaction is provided by an anchor in tne rock mass cataer than tne eccestte .411 of

tne escavation
o andtal jacting, in =nich tne entire circumference of the opening" is jacked using, for example, several plate f act

systes.

Because of these similartttes, only the plate test .t11 de discussed, althoug's cable jacking or radial jacking -ignt ce
suitaole alternatives.

'

(14) Street saeae test on discontinutty saaples can be of various scales ed is also very sta11ar to torstonal snear tests. |
* 5ecause of tnese similarittes, only the direct shear test will be discussed, although torstonal smear test moat ce a
mi suiteole alternative.

(15) Tests are constant head injection, constant head withdrawal, constant flow rate =tthdrawal, pulse injection, or gas
injection permeaDtitty test. Multiple borenole permeability tests are often Called " pump * tests.

N

(16) Mydrofractu inQ "ust be v,ery Carefully performed in order to Control the entent of fractures .htch are generated.e

0 [8
This is a relatively comprehensive list of test methods which are available
for assessing site characteristics. It should not be construed that all of

j these available tests are being recommended.
,L

&
t

I
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possible to the prototype in terms of site characteristics, test
conditions, and design / construction.

Available simulation test methods, which resolve key issues, have been
identified (see Table 4.6). These tests attempt to duplicate a
construction or operation method, which is being considered for
repository development, and then observe and extrapolate the results to
the repository.

The tests with appropriate capabilities can subsequently be selected
frota this relatively comprehensive list of available tests, in order to
respond to the perceived information needs. For those key issues which
have already been adequately resolved, or will be by other means,
simulation tests may not be necessary. Only those key issues which need
additional resolution need to be addressed. Hence, it should not be
construed that all of these available tests (Table 4.6) are being
recommended.

81
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IN SITU TEST METHODS AVAILABLE TO RESOLVE Table 4.6
THE KEY ISSUES BY SIMULATION 1 of 2'

KEY ISSUE SIMULATION TEST METHOD

*

CONSTRUCTABILITY e Shaft or tunnel test section in which the excavation /
support procedures are varied:
- determine advance rates and cost for each procedure

- monitor blast vibrations (if drill and blast) and acoustic
emissions for each procedure

- determine corresponding extent and nature of disturbed
zone after excavation

- monitor performance (i.e., stress, displacement, stability)
of opening for each procedure

- observe rate of weathering, alteration, or solutioning of
exposure with time

'- determine effectiveness of ground and groundwater control
procedures

- determine characteristics of as-constructed disturbed zone.

Borehole, shaft, or tunnel test section in which the backfill /e
seal / plug materials and placement procedures are varied:

- determine rate of placement and cost of engineered barrier
- monitor performance of engineered barrier
- observe rate of alteration, weathering, or solutioning
with time

- determine characteristics of as-placed engineered barrier
and rock / barrier interface.

e Grout injection tests.

e Evaluate procedures for emplacing and retrieving waste
packages.

Evaluate operating procedures (i.e., hoisting / transporting,e
ventilating, drainage /oumping) in shaf t/ tunnel test sections.*

I
THERMAL RESPONSE e Monitor thermal response of tunnel test section (with or

3 without test backfill / seals / plugs) due to emplaced (actual
or simulated) waste packages.

f E MECHANICAL RESPONSE e Monitor mechanical response (i.e., deformations) of shaft /
* tunnel test section* (with or without test backfill / seals /
e plugs) in which excavation / support procedures are varied. f
li

e Rock bolt pull out tests.

L HYDROLOGIC Monitor hydrological response (i.e., pore pressures and flow)?j RESPONSE e

y of shaft / tunnel test sections * (with or without test
backfill / seals / plugs.)

g
=
A
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IN SITU TEST METHODS AVAILABLE TO RESOLVE| Table 4'6
! THE KEY ISSUES BY SIMULATION

2 of 2

KEY ISSUE IN SITU TEST METHOD

GEOCHEMICAL RESPONSE e Observe exposures over long* term after excavation of
shaft / tunnel test sections.

e Monitor geochemical response (i.e., waste-rock
interaction / corrosion / alteration and radionuclide
migration) of tunnel test section (with or without
test backfill / seals / plugs)--due to emplaced waste pack-
ages.

* Notes: The entire in situ test facility constitutes shaft / tunnel
test sections.

This is a relatively comorehensive list of in situ test
methods which are available to resolve the key issues by
simulation. It should not be construed that all of these
available tests are recommended.

%
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5.0 REASONABLE IN SITU TEST PROGRAMS

5.1 PROGRAM CONSIDERATIONS

5.1.1 Testing Which is Expected to Precede In Situ Test Program

Site investigation is expected to precede the in situ test program.
This precedent testing, including surface tests and tests within a
limited number of boreholes, as well as laboratory tests on samples
obtained from those boreholes, has been anticipated (see Table 5.1).
The results of actual site investigation will be presented in the Site
Characterization Report (SCR), as delineated in " Standard Format and
Content of Site Characterization Reports for High-Level Waste Geologic
Repositories" (NRC, 1981).

The information needs, to which the in situ test program must respond,
will develop as the present assessment of characteristics at each site
changes with site investigation prior to initial SCR submittal. It is
possible that some characteristics may be adequately assessed for
construction authorization prior to initial SCR submittal. In most
cases, however, in situ tests will be required to reduce the uncertainty
in the assessment of significant characteristics to acceptable levels
and adequately resolve the key issues.

5.1.2 In Situ Test Program Objectives

The in situ test program must adequately respond to the information
needs for construction authorization which have developed by the time of
initial SCR submittal at a given site. This is accomplished byutilizing appropriate tests which:

Reduce the uncertainty in the assessment of significant character-e

istics to acceptable levels. The uncertainties are reduced by
improving the quaIity of the data base. Large-scale in situ tests,
including predicting / monitoring the performance of the in situ test
f acility itself, assess the characteristics of a representative
volume of a rock mass unit which is large enough to contain a
significant number of discontinuities. Tests on such a representa-
tive volume do not require scale-effect corrections in the
determination of quasi-continuum rock mass characteristics, whereas
smaller scale tests (e.g., borehole, laboratory, or small-scale in
situ tests) assess either the intact rock or the discontinuity
characteristics, and not the composite rock mass characteristics.
Due to their generally high cost and long duration, however, the
results of large-scale in situ tests should be used to develop and
verify site-specific correlations with the results of tests which
are less expensive and of short duration. Once reliablecorrelations have been determined, these simpler tests can be used
with improved confidence to build a large quality data base. The
magnitude and natural variability of characteristics can thus be
assessed over a large area.
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TESTING WHICH IS EXPECTED TO PRECEDE Table 5.1
IN SITU TEST PROGRAM 1 of 3

c-au.TraIST!c itsT w!Tw00 (see actestl at ead ce teet,' (See Table a,4)
(see Table 3.1) sauct scat-m Urom sur f ac e ) Las?ar A v

(GEOLOMC St?T!ws)
(h in situ tests are anticipates)

geologlC *a:ciag (1) e Catting evalsation e Core loggingStrat* era:miC/ e
e su f ace 9eop*ysics (2) e Cerea 01es (3) e dete**irat$on ofstr Cts al rro

(inCls:es tee e ;eccaysic/ seismic roc h sa :Te enerefogy
says* Cal ans (n hole, surf ace- (twin section, n ray

C*e-scal C*ar- boremote) diffract *0n)
e gros : water sampling (Sa? e determination ofacteristics O' n ,

a Igros dwater sa*D eeaCa rock * ass
eit including Compcsition and age

w

:C'e fldfd 4 hysroC%e91 Cal

Co*:Csition) analysis of rock
s a inl e,

e oe0 0giC *a; Ding (1)1'e:toeiC
e swef ace geCDmysics (2)
e seismic -onitortng

e FOCk mass sa*pling (5b) e C0re Otservat'Onla site st'ess
f'e1J (s**ess e mydrcfracts ing (16) (stress relief,e

Core discing).
tr s!'1 |5'a

|- s'ts aydraslic e my: :fogiC *a:oing e acetter pore cressu esr

*es: 'iels
t'e *ress.rel

At

In sit, tv ara- e monitor te*peratures.

ts e fieldr
' t ees e+ st .ee' ( 6)

M C-W N e rock * ass sampling (5b) e ineen tests on
roCh sa o'es (915t'er;t* :,

e si*0le streact%
tests On FOCh
54*Dle
(sliding test,
$razilian test,
point load test,
bea* test, teastle
strength test,

fractu e tovonnessr

test) (104)
e direct smear test on

discontinuity
sample (w/07 w/0
heat) (10b, la)

e u Conficesn

Comoression test on
rock Core (w/or w/o
neat) (loa)

.
e trianial test on

roCh Core (w/Or w/0#
C heat (10a,b).

I
us

Oe'Ormatica (S) e surf ace 9fCDMysics (2) e FOCh mass safPDling (50) e inden tests on roCh
sarote (9)

e unconfined Co**
J pressiOM test on&

r0Ck CCre (w/Cr w/0{ heat) (10a)7, e triental test ona roCh CCre (w/or w/0*

M heat) (10a o)
e direct shear test on

discontinuity sa+cle
(w/Cr w/0 meat)
(10b, la)

e sonic velocity test
$ On roth CCre (w/Or
Y w/0 stress) (10a).*

$

$
,s
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TESTING WHICH IS EXPECTED TO PRECDED Table 5.1
IN SITU TEST PROGRAM 2 of a

|

Chapa0T[RISTIC TEST *ET40 (see estes() at end of Tablel (See Table 4.4)
(see Table 3.1) paragg g ag.0LE (frasi surf ace) L&L- - csv

Creep 49) e rock mass saTling (5b) e unconfined com. (No in situ tests are anticioated)
pression test on
roCh CCre, long
term (w'or e/o
heat) (104)

e triasial test on
rock core, lona term

(./er =/o heat)(10a)

( T-!W ) e rock mass sa-pling (50) e heated rock
Terrai sample (10a)
c m .ct .ity (?)

* eat *l?a:ity (3)

L" ear t*er a1 e rock mass sampling e heated esck
ex-ansion(3) (5e), sancie (10a)

(wv000 LOG!C)
wyerastic e rock mass sa*pling (5b) e inden tests on rock

con 3sctiv tty (S) e 3econysical mell samote (9)
Effect tve Dorosity (9) logging e ant al permeability
Specif tc storage (8) e permeability test test on rock core

(single borehole) ( /or e/o heat,
(15) stress) (10a,15)

('E00-E" C/4) e rock mass sagting (5b) e determination of
Dispersivity (S), e ground.ater sampling (5a) ground ater sa ole
Adsorptioel composition and ace

retarda: Ma !9) e tracer test on rock
sarole (=/or =/o heat,
stress) (10a,b)

e dete m ination of
rock sample
mineralogy.

A't e atten/ e geologic macoing (1). e rock mass samoling (5b) e determination of
grou d.ater samplescLoility e grou d ater sampling |5a) nn

conosttion and age
e core logging
e determination of

rock sample miceralogy
e slaking or

accelerated
weatnering test on rock sample
(w/ meat, stress)

e solubility test on rock sa ple
(w/or w/o heated
water)

.

CD

.I

i
:

o
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:

I
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TESTING WHICH IS EXPECTED TO PRECEDE Table 5*1
IN SITU TEST PROGRAM 3 of 3

NOTES:

e felt wh1Ch is espected to DreCede in situ test Drogram.

(1) Geelo41C *acSing includes a geodetic sarvey and esposure mapping, as well as possibly aerophotograpny (by airplane or
s atei l s te, ble;a-and-white, Color, or infrared).

$u f ace ge00nysits include possibly gravity and magnetic serveys (land or air based), electrical su vey, and se's'1Cr
(2) r

veys trefieCtica and refraction).sur

(3) Core *eies include Coring and Core logging, as well as possibly borenote su veying, Caliper logging, oriented Ccrie:,r

icte;rai sa pling, impression paCher, borehole TV/Ca tera, borehole radar, and geophystCal well logging (electrica!,
aCCast1C, and ndClear).

(4) Tests are CondwCted in boreholes drilled from underground.

(5) a) Greand.eter sa-oliac imolies subseawent laboratory determination of ground =ater Covecosition and age.
b) Ecc= +4s5 sa ol m , ettnee Coring or large block samples, implies subseasent laboratory tests.

(6) The in sitJ (i.e. pre-eEcevation or virgin) stress, hydraullC, and te90erature fields Can be indirectly assessed or
inferred from the stratigrasny/ structure and tecton1Cs (e.g., in situ stress fleId Can be inferred from the geomorpaidog.y
and tectonics of the site).

(7) =enitoring performance 1+ plies associated analysis to assess Characteristic.

(B) The respoese Characteristics refer to the rock mass. Witch Consists of intact rock, discontinuities and pore fluid. These
resDonse Characterist1Cs Can be assessed either:

DireCtly by testing a large scale sample whiCh Contains a signif1 Cant number of discontinuitieso
Indirectly by separately assessing the response Characteristics of the intact rock, discontinditis, and port fluid, ando
then asse*D11ng by a model. Hence, the roCh mass response Characteristics Can often be inferred from the
stratigraphy /structu e.r

(9) Indes tests do not assess the Characteristic directly, but by empiriCa1 Correlations (e.g., use of a SChaict ha-rer or roa
Core cr on an e Dosw e is an indes test whose results can be roughly Correlated with the modulus of ceformation, Dasec one

encerience). There are too many inden tests, with varying reliability, to list.

(10) Tests assess the response C9aracteristics of only the a) intact roCh or b) discontinuity, and does not directly assess tre
respor,se Characteeistics of the rock mass (see note 8).

(11) Shear faching is very similar to torsion jaChing. SeCause of these similarities, only shear jaChing will be discussed,
a l t h o.,g5 torsion jacking mig %t be a suitable alternative.

(12) Pillar test Can Consist of ettner:
.;aCains an isolated pillar or unconfined bloCh to failure (i.e., essentially an unconf tned plate test or an asiallyo
Icaded u confined block test)n

s ducing the dimensions of a pillar (and thus increasing stresses) ufttil failure occurs.o e

(13) 01 ate test is very similar to two other tests:
caole jaCaing test, in which the reaction is provided by an anchor in the rock mass rather than the opposite wall ofo
the euCavation
Radial jaChing, in which the entire Circumference of the opening is jaChed using, for example, several plate jaCho
systems.

Because of tPese similarities, only the plate test will be discussed, although Cable jaChing or radial jaChing might be
I suitable alternatives.
eu

(14) Direct swear test on discontinuity samples Can be of various scales aid is also very similar to torsional shear tests.
BeCause of these similarittes, only the direct shear test stil be discussed, although torsional sheer test sioht be a
suitable alternathe.y

4
(15) Tests are Constant head injection, Constant head withdrawal, Constant flow rate withdrawal, pulse injection, or gas

',' injection permeaD111ty test. Multiple borehole permeability tests are often Called " pump * tests.
;

g (16) W ere*rattarini aust be very Carefully performed in order to Control the estent of fractures whiCh are generated. f

m

h
A
i
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e Partially verify predictive numerical models, by comparing the
measured results of large-scale in situ tests with predictions.
This includes comparing predicted performance of the in situ test
f acility with monitored performance.

e Simulate important aspects of the repository. By monitoring the
performance of the in situ test facility, some of the data collected
during construction and operation of this f acility can be
extrapolated to predict repository construction / operation
performance. The validity of this extrapolation will be a direct
function of how well the in situ test facility represents the
repository, both in site characteristics and design / construction.

The in situ test program is assumed to consist of tests which are
available (Tables 4.4 and 4.6), and are conducted within an in situ test
f acility in the time frame between initial SCR submittal and LA. This -

in situ test facility is assumed to consist of an exploratory shaf t,
extending from the surf ace to the prospective repository horizon
possibly with test stations at various depths, and an underground test
f acility, consisting of appropriate tunnels and test rooms at that
horizon.

The exploratory shaft should be constructed to:

e Allow description of the site below the surface (including the
repository horizon) near the shaft

e Provide access to the repository horizon

e Provide information on shaf t design and construction engineering
variables

e Provide information on shaf t operation (i.e., ventilation, hoisting,
etc.) by monitoring

e Not adversely impact repository performance.
|

| The underground test facility should be constructed, if the site has not
been disqualified af ter construction of the exploratory shaf t, to:

e Allow description of the repository horizon

e Provide information on tunnel design and construction engineering
variables

e Provide information on tunnel operation (i.e., ventilation,
transportation,etc.)

,

,

e Not adversely impact repository performance.

It is expected that plans for this in situ test program will be pre-
sented in the initial SCR submittal and that the complete results will

89
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be presented in a LA. Testing preceding the initial SCR submittal
(Table 5.1) will affect the in situ test program, as the uncertainty in
the assessment of some characteristics is reduced and the information
needs correspondingly change. Similarly, testing or monitoring
subsequent to LA (i.e., during repository construction / operation) may be
required to further increase the level of confidence in satisfactory
performance to acceptable levels. This subsequent testing has not been
considered, however.

5.1.3 Tentative Media Independent In Situ Test Program

Tests which should generally be considered for inclusion in an in situ
test program have been identified (see Table 5.2, in conjunction with

, Table 4.6). This selection has been based on the objectives of the in
situ test program (see Section 5.1.2), especially based on:

e The perceived information needs for construction authorization
which will typically exist when the initial SCR is submitted, which
in turn depend on:

The maximum acceptable level of uncertainty in the assessment of-

the significant characteristics (see Section 3.5)

The present assessment of significant characteristics (see-

Section 3.4)

The tests which are expected to precede in situ testing (see-

Section 5.1.1)

e The assessed capabilities of each test in addressing these informa-
tion needs, which in turn depend on:

The typical level of uncertainty in the assessment of each signi--

ficant characteristic by available test methods (see Section
4.3)

- In situ tests which are available to resolve the key issues by
simulation (see Section 4.4)

Specific in situ test methods, which comprise this program and are
especially unique and important, have been investigated in detail (see
Appendix A of Volume II). These methods have been individually
described and evaluated, and Golder Associates has made recommendations
regarding test methodology, utilization of test results, and potential
research/ development.

As previously discussed, however, neither the' information needs for h
construction authorization nor the test capabilities at the time of
initial SCR submittal can be firmly established at this time. Also,

neither are independent of media or site. Thus, this tentative program {(Tables 5.2 and 4.6) provides only a preliminary indication of an

adequate in situ test program.

90
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TENTATIVE IN SITU TEST PROGRAM FOR Table 5.2
ASSESSING SIGNIFICANT CHARACTERISTICS 3 o, a

C* ARACTEa !$T!C TEST mEtwoD isee note !) at end of Tatie) (See Table 4.4)
(see Table 3.1) La5Gaa w v I4 3IT4 (from su N r' ace *=: eve * W

(GEOL 0aiC SETTI%) (Refer to Table 5.1 for tests anticipated

to be conducted from surface or in bore.
Steatteraphic/ holes drilled from surface prior to in e core logging e emploratory escavati ns

str ctsral situ test program.) e detemination of (incisding encoss e 'a::'*:r
w

(incisdes the rock sample mireralogy e coremotes ( 3, 4)
omysical and (thin section, a-ray a rock mass sa9oli*g (53)
cre-ical char- diffraction) e geopnysic/seis-ic
acteristics of a determination of (s-note, espos.re-tcrer.?e:

grou dwater samplenesca rock mass
sn't, includino composition and age
core fluid e mysroche"1 cal
coa:csttion) anitysis of rock

saanle.

?e:toaic e acoustic e*ission -orit:rias
e seismic mcniteeing

In sits st'ess e myces'ra:t.etro sai

field (stress e overtoring (4)
teas:r) (5) e flat jack test

In sits aydrasite e monitor ocre :~s ae+ - ..
head field mass '4;

97e *reissre)
5

In sits LeGera-
tare field e monitor te+perats es = c:cer

' t e-c e- mee t (6) mass (4)

I E C"# A) e indes tests e e inden tests on e==:5. es 6 4'
s"trea;t* (a) rock samples (g) e rock mass sa piino (Sc)

e si*ple strenet% o mire-ey test

tests on rock e monttorino fractwring in r:ca

saaple mass around en:avatior :e.2., sv
(sliding test, acoastic emissien enitarie;!

trarttian test, ( 7)
point load test,
een test, tensite
strengtn test,
fractare touanness
test) (10a1

e direct shear test on
discontinuity

sarole (=/or =/o
heat) (100, 14)

e u confinedn
Compress 1Cn test on
rock Core (=/Cr =/o
heat) (loa)

e triasial test on
rock core (=/or =/o
heat (10a,b).

4
>
p Oef ormation (B) e indes tests on rock e 'ndes tests on'encotares (e)

sample (9) e rock mass sa*p'iaa mie
e unconfined co'n. o geophysic/setsmic (s ho!e,

pression test on exposure-bere% ole)
A rock core (=/cr =/o e flat .iack test
8* heat) (10a) e plate test (13)

) e triastal test on o block test (w/or =/o heat)
2 rock core (w/or =/o ,heat) (104,2)
2 e true triasial test

e monitor displacement s in rock

j on large rock sa-ple mass as escavation occars (4,71
(=/or =/o heat) e acnitor displa:e e ts at

esposu e as escavatten occa s(7)(10a b) r r

e direct shear test on
discontinuity sample

7 (=/or =/o heat)
= (100, 14)
E o sotic velocity test

& on rock core (=/or

$.
w/o stress) (10a).

E
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TENTATIVE IN SITU TEST PROGRAM Table 5,2
FOR ASSESSING SIGNIFIC ANT CHARACTERISTICS 2 of a

CwAAACTERISTIC ttST METHOD (see notesf) at end of table)(See Table 4.4)
(see table 3.1) LaBCRATCEV 1% 5i70 (from subsurf ace esca.at ten 1

Creep (8) (Refer to Table 5.1 for tests anticipated e unconfined com. e rock mass sa-oltag :!P

to be conducted from surface or in bore- pression test on e flat jack test, long ter-

holes drilled from surface prior to in rock core, long e plate test, Icag ter- '3)
situ test program.) term (w/or =/o e block test, long ter= './or .f;

heat) (10a) beat)
e triasial test on e mine-ty test

rock core, loao term o monitor displa:e-ets ": r:ca
(w/or =/o heat)(10a) mass af ter esc av at ica ;&,t}

e true trtasial test on o moa ttor displace * eats at
larce rock sample, espospe af te* esc avatica (4,*
long term (w/or =/o
heat) (104,4)

e direct snear test on
discontinutty sample,
long term (w/or w/o
heat) (100,14)

(T=E3*aL) e heated rock e rock * ass sa e'ino .!:
Therral sample (loa) e neste* test (m *cte s s'1
coat:ti 'ty (?) e unconfined com- scale) (a)

-eat ci:acity (8) pression test on e heate test (1stge scaie'
rock core =/ heat e block test =/ heat ; ':r .'o
(10a) stress)

e triasial test on e onitor te pe atere ** -cek 'es'

rock core w/ heat and esc avation ie'veMt 'I ttlo9 '
(10a). coolino) (7).

Licear taee-al e heated rock e rock mass sa pling (5b)
espanstoa(3) sample (104) e heater test (large scale)

e unconfined com. e block test w/ heat (./or =/o
pression test on stress)
rock core =/ heat e monitor temceratres and
(10a)

' displacements in roc = mass and
e triasial test on encavaticn (7).

rock core ' heat
(10a).

(HVOROLOGIC) e inden tests on rock e rock mass sa*01169 I5b)
Hydraalic sample (g) e permeability test (s aale

conductivity (S) e antal peemeability bore % ele) f=/or ./o aested
Effective porostty (8: test on rock core mater) (a,15)
Specific storage (8) (=/or =/o heat, e malt tole bore *ote oe eas *'it e

stress) (10a,15) test (=/or .!o *eate: . ate *)
e radial permesotlity ( 4,15)

test on rock sample e bicck test =/*altic'e screaote
(=/or w/o neat, per-eab111tv test ;.'er lo
stress)(10a,b,15). heat, stress)

e cha ter test (./or ./o nested
water) (15)

e monitor drainaoe iato esc av atter
and pore cressu e in rock assr

(7)

y (SECC-E" CAL) e determination of a rock mass saaplino 55)
1g Ots;ersivity (8) groundwater sa 0 e e grouad.ater

Adsorstion/ composition and age sampling (a,5a)
e retar:st+:n (9) e tracer test on rock e tracer test (w/or ='o aeste1
0 sample (w/or w/o meat, water) (a)

stress) (10s,b) e block test =/ trace * test
e determination of (w/ or w/o aeat, steess)

rock saatple,)
+ minera1ooy.

1
Alteratten/ e determination of e esposure macging

grou dwater sample e rock mass sa'p!'ao .'531g sclub il tt y n

w composition and age e ground.ater sa*olmo ;a,$el
D e core logging a heater test (lar:e scalet

e determination of a cha-ter test (=/or =to ae sti
rock sample mineralogy e acnitor alteratton ' sol.t ica1*o .

e slaking or of esposares. j
accelerated (

0 weathering test on rock sample
Y (w/ heat, stress)
O e solubility test on rock sample
E (w/or slo heated

- water)
3
4
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I TENTATIVE IN SITU TEST PROGRAM Table 5,2'

FOR ASSESSING SIGNIFICANT CHARACTERISTICS
3 of 3

Notes:

e Test which should be specifically considered in a reasonable in situ test prograr..
The actual selection of tests will be a function of the information needs for a
specific site, as well as the test capabilities regarding those needs. Hence,
it is M to be expected that all of the indicated tests will be required at each site.

(1) Geolo1ic mapada; inCIudes a geodetic survey and espo5ure mapping, as well as possiDIy aerophCtoQreDay (by air;1 ace or
satellite, blaca-a9d-=hite, color, or infrared).

Su f ace geopaysics include possibly gravity ed magnetic surveys (land or air based), electrical sw vey, aad se's-ic(2) r e

surveys (reflection and refraction).

(3) Corencies include coring and core logging, as well as possibly borenote ss veying, caliper loggiag, oriented cerino,r

interai sa-cling, impression packer, borehole TV/ camera, borehole radar, and geophysical mell Icgging (electrical,
accustic, and nuclear).

(4) Tests are conducted in boreholes drilled from undergrou d.n

(5) a) G*os d-ater sa-cliac implies subsequeat lateratory dete*mination of ground.ater compcsition and age.a

b) Hoca wass samling, ettner coring or large block samples, implies subseq.ent laboratory tests.

(6) The in situ (i.e. pre-excavation or virgin) stress, hydraulic, and temcerature fields can be indirectly assessed or
infe red from the stratigrapny/structu e and tectonics (e.g., in situ stress field can be inferred from the geomorpeciogyr

and tectonics of the site).

(7) Monitoring performance implies associated analysis to assess characteristic.

(S) The response characteristics refer to the rock mass, =Aich consists of intact rock, discontinuities and pore fluid. These
response characteristics can be assessed either:

o Directly by testing a large scale sample which contains a significant npter of discontinuities
o Indirectly by separately assessing the c.esponse characteristics of the intact rock, discontinuitis, and pore fluid, and

then asse*b!1ng by a model. Hence, the rock mass response characteristics can often be inferred from the
stratigraphy / structure.

(9) Inden tests do not assess the characteristic directly, but by empirical correlations (e.g., use of a Schmidt haver on rock
an encosu e is an inceu test whose results can be roughly correlated with the modalus of deformation, based oncore or on r

emperience). There are too many inden tests, with varying reliaDility, to list.

(10) Tests assess the response characteristics of only the a) intact rock or b) discontinuity, and does net directly assess tee
ressor.se characteristics of the rock mass (see note 8).

(11) Snear jacking is very similar to torsion jacking. Because of these similarities, only shear jacking will be discussed,
although torsion Jacking might be a suitable alteenative.

(12} pillar test can consist of either:

o Jacking an isolated pillar or unconfined block to f ailure (i.e., essentially e unconfined plate test or an antally
loaded unconftned block test)

o Redscing the dimensions of a pillar (and thus increasing stresses) until f ailure occurs.

(13) plate test is very similar to two other tests;
o Cadie jacking test, in which the reaction is provided by an anchor in the rock mass rather than the opposite wall of

the escavation
o Radial jacking, in which the entire circeference of the opening is jacked using, for example, several plate jack

systems.

Because of these similarities, only the plate test will be discussed, although cable jacking or radial jacting might te
h suitable af ternatives.
m

(14) Direct shear test on discontinuity samples can be of various scales and is also very similar to torsional shear tests.
Because of these similarities, only the direct shear test will be discussed, although torsional shear test micht be a
suitable alternative.g

%

i (15) Tests are constant head injection, constant head =tthdrawal, constant flow rate withdra=al, pulse injection, or gas
injection permeability test. Multiple borehole permeability tests are often called " pump" tests.N

n
h (I6) profractJrint 'n st be very carefully performed in order to control the entent of fractures which are generated.u
m

9

k
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5.2 TENTATIVE MEDIA / SITE SPECIFIC IN SITU TEST PROGRAMS

Tests which should be specifically considered for inclusion in an in
situ test program for each of the media / sites under consideration have
been identified (see Table 5.3). These selections of tests are derived
from the tentative in situ test program (see Section 5.1.3), taking into
additional consideration:

e The present assessment of characteristics for each media / site (see
Section 3.4.2 and Appendix B of Volume II)

e The significance of characteristics for each media / site (see Section
3.5.2)

e The applicability of each test to the media / site specific conditions
(see Appendix A of Volume II).

The media and sites considered include (Table 1.1):

e Basalt at Hanford Reservation, Washington

e Tuff at Yucca Mountain, Nevada Test Site, Nevada

e Domal salt at Richton or Cypress Creek, Mississippi, or Vacherie,
Louisiana

e Bedded salt at unspecified site (generic)

e Granite at unspecified site (generic).

Golder Associates believes that the tentative media / site specific in
situ test programs (Table 5.3) offer the best available opportunity for
adequately responding to the presently perceived information needs, and
thus resolving the key issues related to repository design and
ctnstruction, prior to LA.

However, the information needs may change between now and when the
initial SCR is submitted, especially for granite and to a lesser extent
domal salt, bedded salt, and tuff. This is due to the additional data
which might be generated by surf ace, borehole and laboratory testing
performed prior to initial .SCR submittal, and thus preceding in situ
testing, at these sites. This is also due to possible clarificat ton of

'

the licensing perspective. Similarly, the capabilities of specific'

tests will generally improve in the future and even new or hybrid tests,
which have not been considered herein, may be developed having
significantly different capabilities.

lDue to the possible changes in both information needs and test capabil-
ities, the reasonable media / site specific in situ test programs (Table
5.3) are preliminary in nature and will evolve with time. In situ test
programs must thus incorporate some flexibility in order to easily adapt

}to these changes, as presented in SCR updates.
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TENTATIVE MEDIA / SITE SPECIFIC Table 5.3IN SITU TEST PROGRAMS
3 of 3

Notes: 8 = several (f 10)
13 = numereus ( > 10)
C = cortinual
# = Exploratcry shaf t and underground test f acility are exploratory excavations.

(1) a)The stratigraphv/ structure includes the physical and chemical characteristics of
each rock mass unit (includina poor fluid composition).

b)The in situ (i.e., pre-excavation or virgin) stress, hydraulic, and temerat ure
fields can be indirectly assessed or inferred from the stratigraphy / structure
and tectonics (e.g.. in situ stress field can be inferred from the gesner;hology

and tectonics of the site).

(2) The response characteristics ref er to the rock mass, which consists of intact
rock, discontinuities and pore fluid. These reponse characteristics can be
assessed either:
e Directly by testing a large scale sample which contains a significant number

of discontinuities
e Indirectly by separately assessing the response characteristics of the intact

rock, discontinuities, and pore fluid, and then assembling by a model. Hence,
the rock mass response characteristics can often be inferred from the strati-
graphy / structure.

(3) Basalt at Hanf ord. Vashington (See Section 3 and Appendia 8 of volume !!! (8)
(4) Tuff at Yucca Mountain. Nevada (See Section 3 and Appendia 8 of volume !!)(3)
(5) Domal Salt at Gulf Coact Sites (see Section 3 and Appendia 8 of volume !!)(R)

(6) Bedded Salt at unspecified site (See Section 3 and Accendis i of volu e !!)(8)m

(7) Cranite at unspecified site (see section 3 and Appendia 8 of volume !!)(8)

(8) Significance of characteristics for in situ testing. as they relate to design.
for each media / site subjective 1v evaluated *as shown in Figure 3.5.

,

(9) Plate test is very similar to two other tests:
o Cable jacking test, in which the reacticn is provided by an anchor in the

rock mass rather than the opposite wall of the excavation.

Radial jacking. in which the entire circumference of the opening ise

jacked using, for example. several plate jack systems.

Because of these similarities. only the plate test will be discussed, although
cable jacking or radial jacking might be suitable alternatives.

(10) Tests are constant head in'jection. constant head withdrawal. constant flow
rate withdrawal. pulse injection, or gas injection permeability test.

(11) Exploratory excavations include the exploratory shaf t and underground test
facility.

(12) Coreholes include coring and core logging, as well as possibly borehole
surveying, caliper logging, oriented coring, integral sampling, iepression
packer, borehole TV/ camera borehole radar. and geophysical well logging
(electrical, acoustic, and nuclear).

%
Y

(13) a) Croundwater sampling implies subsequent laboratory determination ofg
groundwater composition and age.,

b) Rock mass sampling, either coring or large block samples, implies
% subsequent laboratory tests.
%

9 (14) 1.aboratory tests are performed on rock mass or groundwater samples
(See Table 5.2 for a complete listing).,

%
o (15) Index tests do not assess the characteristic directly, but by empirical

correlaticns (e.g., use of a Schmidt hanner on rock core or on an exrosure
is an index test whose results can be roughly correlated with the modulus
of deformation, based on experience). There are too many index tests.a

} with varying reliability, to list.

m

4 (16) Monitoring performance implies associated analysis to assess characteristic.
T

wy1 o'ractu ing %st tre very carefully oerformee ta e dee to control the este* sfe (17) e
C fractures =m ch are generates.

i? ,"* 97
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5.3 EXAMPLE IN SITU TEST FACILITY FOR BASALT AT HANFORD, WASHINGTON

The configuration, schedule, and cost of a reasonable in situ test
f acility which can accommodate the tentative in situ test program has
been developed in Task 4, " Relationship of an In Situ Test Facility to a
Deep Geologic Repository for High Level Nuclear Waste" (Golder,1982d),
of this project. The development of the example in situ test f acility
has utilized the geologic setting, the existing exploratory shaf t
design, and the preconceptual repository design for the Basalt Waste
Isolation Project (BWIP) at Hanford, Washington. BWIP was chosen as an
example case because the repository program was the most advanced and
more information was available, as compared to other media / sites.

The example configuration of a reasonable underground test facility for
basalt (see Figure 5.1) has been primarily influenced by the following
factors:

e Accommodate example in situ test program

e Construct certain test and access tunnels to repository dimensions
and orientations to evaluate full scale opening response

Spatially separate experiments to reduce test interactione

e Confirm the extent of the proposed repository host rock mass and
Ievaluate the variability of characteristics in two orthogonal

directions (long, near-horizontal boreholes can be added to extend
this investigation) j

Provide sufficient working area, access and utilities for qualitye

assurance and safety.

The schedule for the development of the example in situ test facility
for basalt has been estimated to be about 66 months, from mobilization
to completion of the test program; however, this could possibly be
accelerated to about 47 months.

The cost of the example in situ test f acility construction, in situ
testing, and f acility operation has been estimated to be about $60
million, of which $4 million and $19 million have been estimated for
testing in the shaft and the underground facility, respectively.

The configuration, schedule and cost of an in situ test f acility at
other potential repository sites will probably vary from the example
developed for basalt at Hanford, Washington. The test program, and
corresponding configuration, schedule and costs of an example test
f acility, have been developed based on presently perceived information
needs and test capabilities. Either of these may change with time, so (

that the in situ test program and f acility may also change, and thus
should be considered tentative and remain flexible.

>
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EXAMPLE IN SITU TEST FACILITY
CONFIGURATION FOR BASALT Figure 5.1
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Notes: 1) This example configuration has been developed to accommodate
the examole in situ test orogram for Basalt (see Table 5.3).

;

2 2) Repository tunnels not shown.
j Mine-by observation tunnel above the test tunnel not shown.

. (from Golder, 1982d)
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6.0 RECOMMENDED IN SITU TESTING RESEARCH

6.1 INTRODUCTION

Although the tentative media / site specific in situ test programs (see
Section 5.2), in conjunction with the recommendations regarding specific
in situ tests (see Appendix A of Volume II), provide the best available
means for resolving the key issues, there are some remaining limita-
tions. In order to reduce or mitigate these remaining limitations,
Golder Associates recommends that research be conducted in three broad
areas:

(1) Existing tests
Recommended areas of specific research (especially in monitoring or
measurement) in tests already selected (see Appendix A of volume
II).

(2) New or hybrid tests
Research and development of new or hybrid in situ tests which will
improve the understanding of fundamental laws and assist in the
development and verification of complex coupled predictive models. ,

(An example would be the coupling of thermal effects with bulk '

modulus properties, as measured in a Plate Test.)

(3) Program integration
Of considerable importance to schedules and cost in construction of
a geologic repository is to establish how many, how extensive,
where, and when in situ tests should be performed during the
process of repository development.

Each of these research topics is discussed in the following subsections.
Also, research needs have been previously discussed by others for many
areas of rock mechanics (e.g., National Research Council,1981) and
specifically for repository development (e.g., LBL,1979).

6.2 POTENTIAL IMPROVEMENTS TO EXISTING IN SITU TESTS

6.2.1 Plate Test

The recommendations for research and development regarding the plate
test (see Appendix A of Volume II, Section A.1) include:

e Development of improved modeling of the plate test for determination
of various deformation parameters

e Development of improved correlations of plate test results with
other simple tests
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e Modification of the plate test to incorporate variables which affect
the deformational characteristics, e.g.:

tenperature-

radiation-

water saturation / pore pressure-

confining stress-

Development of improved waterproofing of electrical instrumentatione
and improved corrosion resistance for all equipment

Development of more sensitive, accurate, and stable electronice
deformation monitoring instrumentation, especially for long-term
creep tests

Development of more sensitive, accurate, and stable application ofe
boundary conditions, especially for long-term creep tests

Development of more accurate determination of boundary conditionse

e Elimination of W8X anchor slippage and stress-induced flowage at
the edge of the loaded area, especially in salt.

6.2.2 Block Test

The recommendations for research and development regarding the block
test (see Appendix A of Volume II Section A.2) include:

Development of improved modeling (i.e., discontinuum) of the blocke
test for determination of various thermal, thermomechanical and
mechanical parameters

Development of improved correlations of block test results withe
other in situ tests

Development of improved waterproofing of electrical instrumentatione
and improved corrosion resistance for all equipment

Development of more convenient, sensitive, accurate, and stablee
electronic or optical subsurface deformation / strain monitoring
instrumentation, especially for long-term creep tests

Development of improved joi t permeability measurement methods andne
related analytical models

Improvement in the methods of stress tensor determination for use ine f,

the block test heating phases,

102
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6.2.3 Chamber Test

The recommendations for research and development regarding the chamber
test (see Appendix A of Volume II, Section A.3) include:

e Investigation of flow in natural fractures. Statistical methods can
possibly be developed to characterize the aperture, orientation,
attitude, and persistence of fractures in geologic materials. Such
efforts may result in the development of practical, discontinuum
numerical models for flow in fractured media.

e Investigation of the relationship between the dimensions of frac-
turing and the size of a representative elementary volume (REV).
This would allow a better assessment of the use of porous media
models for describing flow in fractured media.

e Refinement of algorithms for automatic calibration of hydrologic
parameters in groundwater models (inverse models)

e Modification of the chamber test to incorporate other variables
which affect the hydrologic response of a rock mass:

stress environment-

temperature-

rock and fracture deformability-

- anisotropy

e Development of improved numerical modeling of the chamber test for
determination of various hydrologic, thermal, and deformational
parameters.

6.2.4 Mine-by Test

The recommendations for research and development regarding the mine-by
test (see Appendix A of Volume II, Section A.4) include:

e Development of a borehole instrum(nt that will provide continuous
monitoring of both longitudinal and transverse deformations at 1 m
intervals along the borehole

e Development of a borehole instrument that can monitor stress changes
in three dimensions

e Development of improved modeling of the mine-by test for determina-
tion.of various deformational parameters

e Further development of improved correlations of mine-by test results
with other simple tests and empirical relations.
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6.2.5 Heater Test

The recommendations for research and development regarding heater tests
(see Appendix A of Volume II, Section A.5) include:

e Developments to improve sensitivity, reliability, and durability for
all instruments which must operate for long periods at high tempera-
tures and under adverse moisture conditions

e Development of numerical modeling techniques to predict rock mass
thermomechanical response. An understanding must be achieved of
coupled reactions, such as the effects of temperature and stress on
the thermal and thermomechanical properties, and heat transfer by
conduction and convection in an anisotropic, nonhomogeneous media,

Development of correlations of the thermal and thermomechanical rocke
mass parameters derived from the heater tests with those derived
from laboratory tests, as well as correlations with those derived
from heated block tests.

6.2.6 Tracer Test

The recomendations for research and development regarding tracer tests
(see Appendix A of Volume II, Section A.6) include:

e Investigation of solute transport in natural fractures. Statistical
methods can possibly be developed to characterize the aperture,
orientation, attitude, and continuity of fractures in geologic
materials. Such efforts may result in the development of practical,
discrete, numerical models of solute transport in fractured media,

Investigation of the relationship between the dimensions of frac-e
turing and the size of a representative elementary volume (REV) .
This would allow a better assessment of the use of porous media
models for describing solute transport in fractured media.

1

Modification of the tracer test methodology and analysis to incor-e
porate other variables (such as temperature, rock and fracture

,

! deformability and anisotropy) which affect the hydrologic response
of a rock mass

Development of laboratory techniques for determination of the
.

e
equilibrium distribution coefficient to verify calculated values'

from tracer tests

Investigation to define the variance of a measured value and to; e
determine the relationship of the value measured to the scale ofI

testing.
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6.2.7 Multiple Berehole Permeability Test

The recomendations for research and development regarding multiple
borehole permeability tests (see Appendix A of Volume II, Section A.7)
include:

e Investigation of flow in natural fractures. Statistical methods can
possibly be developed to characterize the aperture, orientation,
attitude, and persistence of fractures in geologic materials. Such
efforts may result in the development of practical discontinuum
numerical models for flow in fractured media.

e Investigation of the relationship between the dimensions of frac-
turing and the size of a representative elementary volume (REV).
This would allow a better assessment of the use of porous media
models for describing flow in fractured media.

Refinement of algorithms for automatic calibration of hydrologice

parameters in groundwater models (inverse models)

e Modification of the multiple borehole permeability test to incor-
parate other variables which affect the hydrologic reponse of a rock
mass:

- temperature
- rock and fracture deformability

anisotropy-

e Development of improved numerical modeling of the multiple borehole
permeability test for determination of various hydrologic, thermal,
and deformational parameters.

6.2.8 Overcoring

The recomendations for research and development regarding overcoring
(see Appendix A of Volume II, Section A.8) include:

Improvement of adhesives, i.e., maximizing reliability and strengthe

and minimizing setting time and time-dependent characteristics, for
the adverse conditions found in drilling.

e Improvement of present designs of installation devices to make them
more convenient to use and more reliable

e Reduction in the cost of in situ measurements. These efforts should
include reducing the cost of each measurement, reducing the number
of unsuccessful measurements, and reducing the number of successful
measurements necessary to establish a local stress field with
confidence.
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e Improvement of strain gauges and their accuracy. Specifically, some
work needs to be performed on eliminating or reducing the effects of
temperature, length of electrical cables, or other phenomena which
adversely impact the reliability of strain readings. These
improvements might easily be effected by manufacturers.

e Continued investigation into methods to improve data reduction and
instrument calibration

e Continued improvement in the measurements of the in situ mechanical
properties of the rock mass required in analysis

Development of refined analysis methods for nonlinear or anisotropice

rock

e Development of techniques to extend the depth to which in situ
stress measurements can be made by overcoring techniques. 1

6.2.9 Flatjack Test

The recommendations for research and development regarding the flatjack
test (see Appendix A of Volume II, Section A.9) include:

Investigation, possibly coordinated with repository geotechnicale
investigations, into large scale flatjack testing

e Development of the flatjack test for use deeper in the rock mass

Continued investigations into numerical and analog techniques fore
improved interpretation of flatjack measurements.

i
i

6.2.10 Acoustic Emission Monitoring

The recommendations for research and development regarding acoustic
emission monitoring (see Appendix A of Volume II, Section A.10)
include:

Development of more sensitive seismometers to detect lower amplitudee

emissions

Development of telemetry and fiber-optics systems to transmite

signals more efficiently from remote seismometers to a central
| recording station
<

e Development of more sophisticated analysis techniques for event( location and source parameter determination.

!
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6.2.11 Exposure Mapping

The recommendations for research and development regarding exposure
mapping (see Appendix A of Volume II, Section A.11) include:

e Development of a standard scratch hardness tester that would apply a
constant force to the specimen. This would help eliminate operator
variability. The tester would be similar to a pocket penetrometer
used for soils, but would have a sharpened tip for scratching the
specimen. A standard scratch hardness tester is already available
for laboratory use.

e Development of a " full perimeter tunnel camera." This would be
similar to a borehole camera, but would simultaneously photograph
the crown, walls, and invert of a tunnel,

Further development of computer methods for storing, analyzing, ande

plotting geologic information

e Further investigation of statistical analysis of discontinuity
characteristics

6.3 DEVELOPMENT OF NEW OR HYBRID TESTS

Some of the available tests selected for resolving the key issues of
repository development are aimed at establishing the relationship of a
characteristic with the assessment variables. However, in many cases,
only a certain range (which is of ten insufficient) in the assessment
variables can be evaluated by any one test presently available. The
extension of this range to cover the conditions expected during the
repository life should be attempted. For example, the chamber test
could be further complicated by the audition of a fluid at a variety of
elevated temperatures. This would also enable a further clarification
of the laws relating heat and fluid flow. Such research, with similar
improvements in modeling of such tests, may be the only way in which
model uncertainty in specific site performance evaluations can be
adequately reduced. The minimum acceptable level of confidence in
satisfactory performance will control whether or not such research is
required for a particular site. Stated in another way, research should
be carried out at a particular site only if there is a clear benefit in
establishing or predicting performance. If justified, R&D may need to
be accelerated in order to meet the constraining schedules of repository
development.

It is not within the scope of this project to detail research needs
under the general heading of improving fundamental knowledge. It is
thus only important to establish the areas where, for specific sites,
the current knowledge may be unacceptably low. These areas include:
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(1) The interaction between heat and fluid transport in a fractured 4

medium, which cannot be adequately characterized by porous flow
behavior. This coupling of flow through fractures under a variety
of heat loads has been studied in the laboratory, but very little
work has been carried out in situ.

(2) The relationship between induced stress and fracture aperture /
deformation, and the resulting effect on hydraulic conductivity.
This is only partially understood from limited field and laboratory
experiments.

(3) The transport of specific radionuclides. The effect of assessment
variables (e.g., temperature), in conjunction with the material
type and pore fluid composition, on adsorption / retardation of
various radionuclides is not well understood. At present, the
determination of the equilibrium distribution coefficient (K )*d
which dominates repository performance assessment, is very
uncertain.

6.4 INTEGRATION OF IN SITU TEST PROGRAM IN REPOSITORY DEVELOPMENT

The integration of the in situ test program in repository development,
i.e., number, extent, location, and timing of in situ tests relative to
the repository configuration and schedule, is a critical question which
demands site specific consideration. This topic has been addressed
under Task 4 of this project (Golder Associates,1982d) (see Section
5.3). Exploration by means of subsurf ace development, i.e., a system of
tunnels (or boreholes) and an access shaf t, is a most important step in
deciding on whether further investment should be made at a particular
site. This decision must be based on the observed variability of the
geological setting, as well as on the results of tests and hydrologic
and mechanical response of the test facility due to excavation of
subsurface openings. The possibility of modular development of the in
situ test facility, as well as of the repository, with explicit
intermediate decision points, requires further detailed investigation
for each potential repository site.
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7.0 SUMMARY AND CONCLUSIONS

The Task 2 results include the general recommendation of those tests
which should be specifically considered in designing media / site specific
in situ test programs. It has been assumed that these tests will be
conducted within an in situ test facility, consisting of an exploratory
shaf t, extending from the surface to the prospective repository horizon
possibly with test stations at various depths, and an underground test
f acility, consisting of appropriate tunnels and test rooms at that
horizon. Plans for the program are expected to be presented in the
initial SCR submittal and the complete results presented in the license
application (LA). The media and sites considered include (1) basalt at
Hanford, Washington; (2) tuff at Yucca Mountain, Nevada Test Site; (3)
domal salt at specific Gulf Coast sites; (4) bedded salt at an
unspecified site; (5) granite at an unspecified site.

A defensible rationale has been developed and utilized to tentatively
select available tests to be included in the media / site specific in situ
test programs. This rationale essentially consists of:

e Establishing the information needs for construction authorization
developed by the time of initial SCR submittal at each site

e Assessing the relevant capabilities of available tests

e Matching the capabilities of specific tests to the perceived
information needs at each site.

The information needs at any time result directly from the uncertainties
in the prediction of repository system performance, and consist of the
additional information needed to adequately demonstrate satisf actory
performance. Information needs are determined as follows:

Establish a licensing perspective, by:o

developing repository system performance criteria to quantify-

performance objectives

- identifying the steps during repository development at which
compliance with the criteria must be demonstrated

- establishing (either implicitly or explicitly) the acceptable
level of confidence in satisfactory repository system performance
at each step which constitutes adequate demonstration of
compliance

Identify the existing information and assess (either implicitly ore

explicitly) the associated level of confidence in satisfactory
repository system performance

Compare the assessed level of confidence with the acceptable levelo

(either implicitly or explicitly)
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Determine what additional information, if anythe level of confidence to the acceptable levei,is needed to raise
e

by:

establishing the sensitivity of system performance to each-

component of the repository system

identifying where the existing information regarding significant-

components of the system is insufficient and can be ef ficiently
supplemented (i.e., where the existing uncertainty is large, but
can be effectively reduced).

The information needs at any time are thus a function of:

e The significance of each component of the repository system
(including site characteristics) to system performance

e The existing information related to system performance

e The acceptable level of confidence in satisfactory repository system'
performance for each licensing step.

Performance assessment (including sensitivity studies) is outside the
scope, so that the significance of repository system components has only
been qualitatively evaluated and theslevel of confidence in satisfactory
repository system performance, based on existing information, has not
been assessed. The existing information for each media / site considered
has been summarized herein; descriptions of tuff at NTS and domal salt
at specific Gulf Coast sites were generated under Task 1 of this
project, whereas descriptions of the other media / sites were derived from
previous work. Also, the testing expected to precede in situ testing,
and thus supplement the existing information, has been identified. The
acceptable level of confidence in satisfactory performance, specifically
for construction authorization, has not been explicitly established for 1

each stage of repository development. This acceptable level has in the )past, and may continue to be, established implicitly through progressive |
technical discussions between NRC and 00E (see Pref ace - Licensing
Perspective). In the absence of a specified acceptable level, the
information needs for construction authorization cannot be firmly
established at this time. Hence, information needs for construction
authorization which are perceived to develop by the time of initial SCR
submittals at each media / site have been utilized to illustrate the
rationale for test selection.

Tests which are available and respond to the specific information needs
have been identified, and their capabilities assessed. Specific in situ
tests, which might be included in an in situ test program and are
especially important or unique, have been investigated in detail.
Because design and specifications for each test require prior definition
of information needs and a detailed description of each test location,
recommendations regarding the conduct of each test and the utilization
of test results are of a scoping nature only. Potential advancements to
the state-of-the-art have been suggested, and areas pointed out where
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research and development might improve test capabilities in response to
the perceived information needs.

From'a comprehensive list of available tests and their relevant
capabilities, in situ tests have been identified which adequately
respond to the perceived information needs for construction
authorization at each media / site considered (Table 5.3). These tests
satisfy the information needs either by:

e Simulating various aspects of the repository for extrapolation of
results

e Assessing identified media / site specific characteristics to be used
in numerical modeling

e Verifying predictive numerical models.

An in situ test facility which can accommodate such reasonable in situ
test programs has been developed for basalt at Hanford under Task 4 of
this project and summarized here for illustration of program
integration.

The actual selection of tests which should be included in a media / site
specific in situ test program will be a function of the information

i needs and test capabilties at that time. Additional information can be
expected to be obtained during ongoing or future site investigation
prior to initial SCR submittal for some media / sites. Also, new or
hybrid tests and modeling techniques,.with improved capabilities, can be
expected to be developed with time. Hence, it is expected that the in
situ test program will evolve somewhat independently with time for each
media / site considered as the perceived information needs and test
capabilities develop. The program and the design of specific tests must
be flexible enough to take into account new information which becomes
available during program performance, as presented in SCR updates.

Golder Associates believes that this report presents defensible
recommendations, based on currently available knowledge, regarding those
in situ tests which should be specifically considered in designing .a
reasonable in situ test program conducted within an in situ test
f acility prior to construction authorization at any site. These tests
adequately respond to the perceived information needs, and thus
sufficiently resolve the key issues related to short-term
construction / operation and long-term waste containment / isolation
performance (as given in the current drafts of NRC's 10-CFR-60 and EPA's
40-CFR-191), for construction authorization at each media / site.

Although some of the assessments made within the rationale for the
tentative selection of these in situ tests are necessarily subjective
and the licensing perspective may not be universally shared, the
rationale is clearly outlined so that specific areas of technical
disagreement can be readily identified and these disagreements (if any)
resolved.
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Golder Associates thus recommends that the NRC should, accordingly,
.

identify the information needs for each site and then focus on (1) the |
plans of the in situ test program in their review of an SCR and (2) the i

results of this program, and the appropriate incorporation of these I

results in design and performance assessment, in their review of a
,

4 license application.
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GLOSSARY

G.1 GENERAL TERMS

Advancements in Expanding available concepts or improving available
State-of- technology,
the-Art: )

Characteristic: Aspect of ground or environment describing repos t-
tory site, and being either quantitative ("param- |
eter") or qualitative ("f actor").

Characterize: Describe the set of " characteristics," based on
testing results or measurement.

Critical " Engineering variable" which has a significant im-
Engineering pact on the " level of confidence in satisfactory
Variable: performance."

Engineering Engineering aspect of repository design or construc-
Variable: tion which can be altered by the engineer (e.g.,

size, shape, and orientation of underground
openings).

Environmental Those conditions which may affect the assessment of
Conditions: a " characteristic," including stress level, pore ;

pressure, temperature and radiation dosage. '

Factor: Nonquantitative " characteristic."

Geologic Setting: Description of the geometry and boundary / field con-
ditions of the site, as well as the physical (non-
response) characteristics of the materials. The
geometry consists of the stratigraphy / lithology and
structure of rock mass units. Boundary / field
conditions include the pre-excavation in situ stress
field, in situ hydraulic head field and in situ
temperature field. The potential changes in the
geometry or boundary / field conditions unrelated to
repository development (i .e. , tectonics) are also
part of the geologic setting.

Hydrologic Unit: Volumes which are relatively homogeneous with res-
pect to hydrologic " response characteristics". Such
hydrologic units consist of one or more " rock mass
units," and will not necessarily be homogeneous with
respect to physical characteristics or other
" response characteristics."

(Note: all terms in quotation marks are defined separately herein.)
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Information Needs: Additional information needed to improve the " level
of confidence in satisf actory performance" to
acceptable levels, i.e., sufficiently reduce the
uncertainty in predicted repository system
performance. The information needs at any time are
thus a function of:

e The significance of components of the "reposi-
tory system" (including site characteristics),
with respect to system performance

e The existing information, which determines the
" level of confidence in satisf actory perform-
ance"

e The " acceptable level of confidence in satisfac-
tory performance".

The information needs can be responded to by:

e Appropriately simulating various aspects of the
actual repository (e.g., construction tech-
niques) for extrapolation of results

e Adequately assessing identified media / site
specific " characteristics" (e.g., hydraulic
conductivity) to be used in predictive numerical
modeling

e Sufficiently verifying predictive numerical
models. i

l

In Situ Test Consists of an exploratory shaft (or drif t), extend- ,
'

Facility: ing from the surface to the repository horizon poss-
ibly with test stations at various depths, and an
underground test facility, consisting of appropriate
tunnels and test rooms at that horizon. The plans
for this facility will be presented in the initial
SCR and the complete results presented in the
license application.

,

I

In Situ Test Consists of a suite of appropriate in situ tests

Program: conducted within an "in situ test f acility" (af ter
initial SCR submittal and prior to construction
authorization) to adequately respond to the
"information needs" and thus resolve " key issues,"
either by simulation or by assessing "significant
characteristics" with acceptable uncertainty.

I
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e Probabilistically, in which an acceptable level
of confidence (Lc) that the numerical limit (Xc)
will not be exceeded by the actual value of the
quantitative performance indicator (X) i
specified, so that the probability of (X<Xc),
P(X<Xc), must be greater than Lc f
Compiiance.

Repository The process of proceeding through the various
Development: " stages" of repository life from site screening

selection to decommissioning.

Repository System: Consists of all components which contribute to per-
formance, i.e., the site characteristics and engi-
neered components.

Response " Parameters" which describe the response or behavior
Characteristics: (i.e., mechanical, thermal, hydrologic and/or geo-

chemical) of a volume of material. These
" characteristics" are strongly related to the
physical characteristics of the material, and also
may be:

e Anisotropic (i.e., vary with orientation)
e Scale-dependent (i.e., vary with the scale)
e Time-dependent (i.e., vary over time)
e A function of the present and past environmental

conditions, including
stress level-

pore pressure-

temperature-

radiation dose.-

Rock Mass Unit: Volume of rock which is relatively homogeneous with,

| respect to its physical characteristics (i.e.,
intact rock, discontinuities, and pore fluid).
Boundaries of rock mass units can be defined by
changes in lithology, structure (i.e., large f aults
or changes in discontinuity patterns), or pore
fluid. Due to this relative homogeneity, the
" response characteristics" (or their functions) are
relatively constant throughout each unit. However,
each rock mass unit is only approximately
homogeneous, that there is some yariability in
physical characteristics throughout the unit and
some resulting variability in " response
characteristics" as measured from point to point.
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Scale: Dimensional aspects of a repository, as follows (in
increasing size order):

.

e Waste package (very near field)
e Room (near field)
e Repository (3 sq mi underground)
e Site (10 sq mi) (far field)
e Location (30 sq mi)
e Area (1000 sq mi)
e Basin
e Region (multi-state)
e Nation (U.S.).

Significant " Characteristic" which has a significant impact on
Characteristic: the resolution of " key issues," and thus influences

design of " critical engineering variables." These
" characteristics", in conjunction with the
engineered components, will determine repository
system performance.

Site Characteriza- The program of exploration and research, both in the
t ion: laboratory and in the field, undertaken to establish

the " characteristics" of a particular site. Site
characterization includes borings, surf ace excava-
tions, excavation of exploratory shaf ts, limited
subsurface lateral excavations and borings, and in
situ testing at depth needed to determine the
suitability of the site for a ' geologic repository,
but does not include preliminary borings and
geophysical testing needed to decide whether site
characterization should be undertaken.

Site Investigation: The program of exploration, both in the laboratory
and in the field (e.g., preliminary borings and
geophysical testing) conducted during site screening
and selection, prior to SCR submittal.

Stage: Distinct period of activity during repository life,
as follcws (in chronological order):

e Site screening
e Site selection
e Detailed site investigation (followed by initial

submittal of SCR)
e In situ testing and repository design
e Repasitory construction (preceded by license

application and construction authorization)
e Repository operation (preceded by updated

license application and operating license)
e Waste retrieval (if required)
e Decommissioning (preceded by license amendment

and decommissioning authorization)
e Post-decommissioning.
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G.2 COMMON ROCK MASS RESPONSE CHARACTERISTICS

Various parameters (i.e., quantifiable response characteristics) are
used to describe the mechanical, thermal, thermomschanical, hydrologic,
and geochemicpl response of a rock mass. Each of the common response
characteristics discussed in this report (see Table G-1) is briefly
defined in the following . sections. Other less common characteristics
are defined as they are used in the report.

G.2.1 MECHANICAL

Young's Modulus

Young's modulus, or modulus of elasticity, E, is defined as the ratio of
the change in stress to the corresponding strain increment (in uniaxial
compression or tension), for linear elastic behavior of the material:

0#* (ML-1 T-2)E= o en

where
a crx = stress change (ML-1 T-2)
o e x = strain change (dimensionless)

Young's modulus, in conjunction with one other elastic parameter
(typically Poisson's ratio), describes the elastic behavior of an
isotropic material.

Deformations within rock masses, however, typically consist of a
combination of elastic and inelastic behavior, and may be nonlinear.
The term " deformation modulus" (analogous to Young's modulus) is of ten
used to describe the elastic / inelastic, as well as nonlinear, behavior
of rock masses.

These moduli are often anisotropic and scale dependent. Their values
of ten vary with stress history, stress level, strain rate, temperature
and possibly radiation dosage.

Poisson's Ratio

Poisson's ratio,F , is defined as the negative ratio of lateral strain
to axial strain produced by an applied axial load, for elastic behavior
of the material:

O'L (dimensionless)
otA

'

where

t = lateral strain (dimensionless)ac
oeg = axial strain (dimensionless)

fPoisson's ratio, in conjunction with one other elastic parameter
(typically Young's modulus), describes the elastic behavior of an
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COMMON ROCK MASS RESPONSE
Table G-1CH AR A CTERISTICS
1 of 2

RESPONSE COMMON COMMON
CHARACTERISTIC SYMBOL DIMENSIONS UNITS

Mechanical
Young's Modulus E ML'I '2 psi, MPaT

Poisson's Ratio v (dimensionless) -

Creep T~1 hr-I-

Strength ML-I -2 psi, MPaT-

Joint Normal
Stiffness K ML T*2 MPa/mmn
Joint Shear
Stiffness K ML T'2 MPa/mm

s

Thermal

Thermal
Conductivity K MLT-3Te-I Watt / meter C

O

Mass Heat
L T-2Te-I Calorie /gm C2Capacity C,

Volumetric
Heat Capacity C 'ML-I -2Te-I Calorie /cm C

3
T

y

Specific Heat C (dimensionless) -

p
Thermal

L T-I cm /sec2 2
Diffusivity K

Thermo-Mechanical

Coefficient of
Thermal
Expansion:

Te,1 g ,1 g ,1
F Clinear a.

volumetric @ Te-1
o -1,

C-1p
,

Hydrologic

} Hydraulic
Conductivity K LT"j fps, cm/secy

" Intrinsic
2 2Permeability k L cm

; Specific Storage S '1 -I
cm

s

1 Effective
[g Porosity n (dimensionless) -

e
| u

E

4

!
i
i
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COMMON ROCK MASS RESPONSE Table G-1
CHARACTERISTICS 3 ., a

RESPONSE COMMON C0tHON

CHARACTERISTIC SYMBOL DIMENSIONS UNITS

Geochemical

Dispersivity a L cm

Equilibrium
Distribution K '3 1 * 9"

dCoefficient
Sorption Ratio R L" * 9"

d

Retardation
Factor R (dimensionless) -

Key: M = mass
1engthL =

timeT =

Te temperature=

!

!

3
s

.

E

i .

>

)
.

2

4
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isotropic material. Poisson's ratio is also of ten used to describe the
typical elastic / inelastic, as well as non-linear, behavior of rock
masses.

Poisson's ratio may be anisotropic and scale dependent. In addition,
the value may vary with stress level, temperature, strain rate, and
possibly radiation dosage.

Creep Parameters

Creep parameters express the viscous behavior of a material i.e., the
strain which occurs with time at constant stress or the stress
relaxation which occurs with time and no def ormation. There is
presently no well-accepted formulation for creep behavior in all media.
However, the following characteristics are sometimes exhibited under
constant stress conditions (see Figure G-1):

e Primary creep, in which initial creep strain occurs at a decreasing
rate with time, and unloading produces complete strai'n recovery

e Secondary creep, in which the creep strain approaches a steady state
(i.e., constant creep rate) and unloading does not result in complete
strain recovery (i.e., permanent set); secondary creep is exhibited
only at relatively high stress levels

Tertiary creep, in which the creep strains become very large and thee

rate of strain increases to rupture; tertiary creep occurs only at
stress levels approaching the strength of the material.

Creep behavior is often anisotropic and scale dependent. In additlon,
the behavior is of ten a function of stress level, temperature, and
possibly radiation dosage.

Strength

The strength of a material expresses the limiting state of stress
(ML-1 T-2) at which failure occurs. In this sense, failure
consists of fracturing or sliding along existing discontinuities in
brittle material, or of large deformations in ductile material. In
brittle material, peak and residual strengths may be defined, where peak
strength is the maximum stress state (at which failure occurs) and
residual strength is the post-peak steady-state (i .e. , frictional)
stress state (see Figure G-2).

A strength criterion for a material can be defined as a unique
combination of stress parameters which define the boundary (surf ace)
between stable and unstable conditions. Strength is termed tensile
strength, compressive strength, or shear strength depending on the
loading and constraint conditions.
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IDEALIZED CREEP CURVE AND STRAlf4 RECOVERY
FOR A ROCK MATERIAL Figure G-1
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| STRENGTH OF A BRITTLE MATERIAL Figure G-2
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Strength is of ten anisotropic and scale dependent, especially in
discontinuous media. In addition, due to its partly frictional nature,
strength is strongly a function of confining stress, as well as
temperature, stress history, strain rate, pore pressure, and possibly
radiation dosage.

Joint Normal Stiffness

The joint normal stiffness, Kn, is defined as the normal
displacement across the joint caused by a unit change in stress normal
to the joint. The joint normal stiffness is a function of the stress )
level, stress history, strain rate and temperature, j

Joint Shear Stiffness

The joint shear stiffness, K , is defined as the relative shear )3
displacement along the joint caused by a unit change in shear stress '

parallel to the joint. The joint shear stiffness is a function of the
stress level, stress history, strain rate and temperature.

"

G.2.2 THERMAL

Thermal Conductivity

The coefficient of thermal conductivity, K, is defined as the rate of -
heat transferred by conduction per unit area normal to the direction of
heat flow per unit thermal gradient in the direction of heat flow, under
steady-state conditions:

K = g, (MLT4 Ted)

where
Q = amount of heat energy (ML2 T-2) |

2A = cross-sectional area normal to flow (L )
-

t = time of flow (T)
8T = thermal gradient, or change in temperature per un' t
8x length in the x-direction (Tel-1)

1

Thermal conductivity may be anisotropic and scale dependent. It may
vary with temperature, state of stress, and pore fluid composition.

Mass Heat Capacity

The mass heat capacity, Cm, is defined as the amount of heat energy
necessary to change the temperature of a unit mass of material by one
degree:

!

!

Cm* mot ( T4 Ted)
l _Cy

~ Pd
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where
Q = amount of heat energy (ML2 T-2)
m = mass of material (M)

oT = change in temperature (Te)
8 = dry density of material (ML-3d
Cy = volumetric heat capacity (ML- T-2 Te-1)

The mass heat capacity, in conjunction with thermal conductivity, is
needed to describe transient heat flow.

The mass heat capacity may be scale dependent. It may vary with
temperature, state of stress, and pore fluid composition.

Volumetric Heat Capacity

The volumetric heat capacity, C , is defined as the amount of heaty

energy necessary to change the temperature of a unit volume of material
by one degree:

c,=s.,$7 (ML-1 T-2 Te-1)

=C em d

where
Q = amount of heat energy (ML2 T-2)

3V = volume of material (L )
AT = change in temperature (Te)

d = dry density of material (ML-3)1)P
2 T-2 Te-Cm = mass heat capacity (L

The volumetric heat capacity, in conjunction with thermal conductivity,
can be used to express transient heat flow.

The volumetric heat capacity may be scale dependent. It may vary with
temperature, state of stress, and pore fluid composition.

Specific Heat

Specific heat, C , expresses the ratio of the mass heat capacity of
amaterialtoth!tofwater. The specific heat, in conjunction with
thermal conductivity, can be used to express transient heat flow.

Specific heat may be scale dependent. It may vary with temperature,
state of stress, and pore fluid composition.

Thermal Diffusivity

Thermal diffusivity,k , expresses the rate at which a change in
temperature spreads by conduction for one-dimensional transient heating.
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It is related to thermal conductivity and volumetric heat capacity as
follows:

x C (L2 T-1)x *

where
Kx = thermal conductivity in the x-direction (MLT-3 Te-1)
Cy = volumetric heat capacity (ML-1 T-2 Te-1)

Thermal diffusivity may be anisotropic and scale dependent. It may vary
with temperature, state of stress, and pore fluid composition.

G.2.3 THERM 0 MECHANICAL

Coefficient of Thermal Expansion l

The coefficient of thermal expansion defines the change in length
(linear coefficient), area (surficial coef ficient), or volume
(volumetric coefficient) of a body per unit length, area or volume, for
a given change in temperature aT:

O
a = LaT (Te-1)

where a = coefficient of linear thermal expansion,

and

O* vat (Te-1)

whereS=coefficientofvolumetricthermalexpansion.

In isotropic materials the coefficient of volumetric thermal expansion
is approximately three times the coefficient of linear thermal
expansion:

|

The coefficient of linear thermal expansion may be anisotropic and scale
dependent. It may vary with temperature, stress level, pore fluid
composition, and possibly radiation dosage.

G.2.4 HYDROLOGIC

Hydraulic Conductivity

Hydraulic conductivity, K, is defined by Darcy's Law as the proportion-
ality constant relating the Darcy velocity of a fluid (volume flux rate)
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to the hydraulic gradient:
-i

(LT-1)K;=qi 3

where
i = 1,2,3 refers to the principal coordinate axes
qi = Darcy velocity in the i direction (LT-1)
Sh = hydraulic gradient, or rate of change in hydraulic head
8x; per unit length, in the i direction (dimensionless)
Kj = principal hydraulic conductivity in the i direction

(LT-1)

The hydraulic head, h, at any point (x,y,z) can be expressed as:

h (x,y,z) = E(z) + p(x,y,z) (L)
P9

where
E = elevation above an arbitrary datum (L)
p = pore pressure (ML-1 T-2)
g = acceleration of gravity (LT-2)
p = pore fluid density (ML-3),

Hydraulic conductivity may also be defined in terms of the properties of
the porous medium and the pore fluid:

K= (LT-1)F
where

2k = intrinsic permeability of the porous medium (L )
M = pore fluid dynamic viscosity (ML-1 T-1)

The pore fluid density and viscosity depend on the pore fluid
composition and vary with temperature.

Hydraulic conductivity may be anisotropic and scale dependent. It may
vary with temperature, state of stress and pore fluid composition.

Intrinsic Permeability

Intrinsic permeabiliy, k, is a characteristic property of the porous
medium. It is related to the hydraulic conductivity by the pore fluid
properties:

2
k = P9 (L )

where
K = hydraulic conductivity (LT-1)
F = pare fluid dynamic viscosity (ML-1 T-1)
P = pore fluid density (ML-3)
g = acceleration of gravity (LT-2)
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Intrinsic permeability may be anisotropic and scale dependent, and may
vary with temperature and stress level.

Specific Storage

The specific storage, Ss is the volume of fluid taken into or
released from storage in a unit volume of the porous medium per unit
change in hydraulic head under saturated conditions. It depends on the
compressibility of the rock matrix and the pore fluid. For porous media
with high permeability, the relationship can be expressed as:

Ss = (nB+a)g g (L-1)

where
n = total porosity, or the ratio of the volume of void space in

the rock to the total volume (dimensionless)
B = compressibility of the pore fluid (LT2 M-1)
a = compressibility of the rock matrix, or the change in volume of

the rocg) matrix per unit volume of the porous mediumLT2 M-
P= p(ore fluid density (ML-3)
g = acceleration of gravity (LT-2)

The applicability of this equation to media with very low hydraulic
conductivity is uncertain.

Specific storage may be scale dependent and may vary with temperature,
stress level, and pore fluid composition.

Effective Porosity

Effective porosity, n , is defined as the ratio of void spacee
through which fluid moves (i.e., interconnected voids) to the total
volume. It is thus approximately equal to the ratio of the Darcy
velocity to the true average pore fluid velocity:

"
n* = Y

(dimensionless)
*

~_

Vwhere
q = Darcy velocity in the x direction (LT-1)
V = true average pore fluid velocity (LT-1)
K = hydraulic conductivity in the x direction (LT-1)

.3b.= hydraulic gradient in the x direction (dimensionless)
8x

The effective porosity is less than or equal to the total porosity. In
fractured media, effective porosity may be much less than the total

|
i

porosity because the majority of flow may occur through a relatively
small number of fractures. I
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G.2.5 GE0 CHEMICAL

Dispersivity

Dispersion describes the spreading of a solute when introduced into a
flow field and includes both mechanical dispersion and molecular
diffusion. Mechanical dispersion results from the movement of fluid
along statistically random paths through the porous medium, while
molecular diffusion results from physiochemical properties of the fluid
and the surrounding rock. Molecular diffusion is normally neglected in
natural groundwater systems and has not been measured in in situ tests.

Dispersivity, a (the measure of dispersion), is a length property of the
medium and is strongly dependent on the scale of the flow region under
investigation. Values can range from 10-2 cm in laboratory tests to
104 cm for regional systems. At the laboratory scale it is a
consequence of the tortuosity of the medium pore space, velocity
gradients in the pore spaces, and variations in the pore space
d imens ions . At the regional scale it is primarily due to the divergence
of flow paths resulting from heterogeneities in aquifer properties,
particularly hydraulic conductivity.

Dispersivity is anisotropic and is described by a lateral dispersion
coefficient (perpendicular to the flow direction) and a longitudinal
dispersion coefficient (in the direction of flow). The longitudinal
dispersion coefficient is typically 5 to 20 times as large as the
lateral dispersion coefficient.

Equilibrium Distribution Coefficient

For low to moderate solute concentrations, the mass of adsorbed solute
p;r unit dry bulk mass of the medium and the mass of dissolved solute
per unit volume of pore fluid are commonly related by the expression:

S=KCD (dimensionless)d

where
S = mass of adsorbed solute per unit dry bulk mass of the porous

medium (dimensionless)
C = solute concentration, or mass of dissolved solute per unit

volume of pare fluid (ML-3)

Kd and b are determined experimentally and depend on the solute
species and the geochemical character of the system. This relationship
is known as the Freundlich isotherm. If b=1, then

Kd = S/C (L3 g-1)

is a linear isotherm and Kd is known as the equilibrium distribution
coefficient.
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Equilibrium distribution coefficients are normally measured in the
laboratory by batch or column tests, in these tests, a contaminant
solution of known concentration is mixed with powdered rock (batch test)
or circulated through a column of crushed rock (column test). When
chemical equilibrium is achieved, the change in dissolved solute
concentration is used to calculate the amount of solute adsorbed by the
rock. In many tests the reaction rates are so slow that equilibrium
conditions cannot be verified at the end of the test. In these cases,
the calculated ratio S/C is called the sorption ratio, R . Measured
sorption ratios are thus less than or equal to the equilibrium
distribution coefficient. ;

Sorption Ratio

The sorption ratio, R , is the mass of adsorbed solute per unit dryd
bulk mass of the porous medium divided by the solute concentration of

'

the pore fluid:

Rd = S/C (L3 g-1)

where
S = mass of adsorbed solute per unit dry bulk mass of the

porous medium (dimensionless)
C = solute concentration, or mass of dissolved solute per unit

volume of pore fluid (ML-3)

For solutes which have linear adsorption isotherms, the sorption ratio
under equilibrium conditions is equivalent to the equilibrium
distribution coefficient.

Retardation Factor

The retardation of the front of a reactive solute relative to the bulk
mass of groundwater is described by the retardation factor R:

R=1+ K "$ "
d

where
Pb = bulk density of the porous medium (ML-3)
n = total porosity (dimensionless)

3 M-1)Kd = equilibrium distribution coefficient (L
= average linear velocity of the groundwater (LT-1)V

Vc = velocity of the (C/Co = 0.5) point on the concentration
profile of the reactive solute (LT-1)

This relationship holds for f ast reversible adsorption with linear
isotherm (S = K C).d
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G.3 COMMON INSTRUMENTATION USED FOR IN SITU TESTING

In situ tests generally require the measurement of some of the following
responses:

e Strain and displacement
e Stress (absolute and changes)
e Temperature
e Groundwater pressure

These responses are typically measured at discrete points by instru-
mentation and interpolations or extrapolations made to determine the
complete response field. Many of the in situ tests described in the
Appendix utilize the same instrumentation. The instrumentation that is
common to several tests is described in this section of the Glossary.
Two references have been used extensively for this section of the
Glossary: Cording et al (1975) and IECO (1979).

G.3.1 STRAIN AND DISPLACEMENT

Strain or displacement in the rock mass can be measured by a variety of
methods (see Table G-2), either within boreholes or on the exposed
surface. Although the results are usually referenced to a discrete
point in the rock mass, measurement of strain and displacement occurs
over a finite length. Borehole extensometers measure displacements that
are parallel to the axis of the borehole (i.e. , longitudinal measure-
ments), whereas deflectometers and inclinometers measure displacements
that are transverse to the axis of the borehole. Strain gauges, which
measure strain based on changes in electrical resistance, frequency of
vibration, or electrical inductance, are of ten used as components in
other instrumentation systems (including extensometers, inclinometers,
deflectometers, load cells, stress cells, and piezometers).

Borehole Extensometers

Borehole extensometers consist of one or more anchors at various depths
in the borehole and a reference head at the borehole collar (see Figure
G-3). Units with a single anchor are called Single Position Borehole
Extensometers or SPBX's; those with two anchors are called Double
Position Extensometers, or DPBXs; those with more than two anchors are
termed Multiple Position Extensometers, or MPBX's. The anchors in the
borehole are connected to the reference head by steel rods or tubes in
the rod type (see Figure G-3a), and by tensioned wires in the wire type
(see Figure G-3b). A deformation sensor, such as a micrometer or strain
gauge, is inserted between the ends of the rods or wires and the
reference head so that relative movements between the anchors and
reference head can be measureo. Typical accuracies for rod units are of
the order of +0.002 in. over lengths of up to 100 f t. Relative dis-
placements beTween anchors can be obtained since all the displacements
are related to a common reference. If the bottom anchor is positioned
outside the zone of movement, then that anchor can be considered fixed
and absolute displacements of each anchor can be assessed.
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| BOREHOLE EXTENSOMETERS Figure G-3
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Rod or wire extensometers are available that can use up to 8 anchor
positions in a 76 mm diameter or smaller borehole. The deformation
sensors can be mechanical (micrometer or dial gauge) or electrical
(DCDT, linear potentiometer, vibrating-wire strain gauge, sonic pulse,
or resistance strain gauge). The mechanical readouts are usually
removed from the reference head between readings.

The type of anchor used depends on the characteristics of the material
being monitored. Grouted anchors, using expansive grout or polyester
resin, are the most reliable and are particularly useful in weak rock or
rock that tends to creep (see Figure G-4). Mechanical expansion shell
anchors or rock bolt anchors can be used in most sound rock.
Spring-loaded wedge types and a hydraulically activated prong-type are
also available. If any doubt exists on the ability of a particular
anchor type to function adequately in a given material, lab or field

,

tests should be conducted to test for slippage and adequate anchor |
strength. '

In wire-type units, the wires are usually encased in a flexible, oil-
filled, PVC tube for protection. At the level of each anchor, a special
joint is placed and one wire is tied off to a washer at that point. The
other wires pass through separate guide holes in the washer and extend
to the deeper anchor points. The area between the tubing and borehole
wall is fully grouted, thus anchoring the unit. The tubing must be
strong enough to withstand the grout pressures, otherwise it may col-
lapse and jam the extensometer rods or wires. The grout is relatively
weak and moves with the rock, thereby displacing the anchor assembly.
For the rod-type units, the rods are usually protected by individual PVC
tubes down to the anchor position where a portion of one of the rods (or
an extension consisting of a rebar or grooved anchor to improve bonding
to the grout) is exposed. The borehole is then fully grouted.

The wire extensometers may be used in boreholes that are less than 6 to
9 m deep. The friction between wires may result in large error in
boreholes deeper than about 9 m. Rod extensometers are superior for
deep boreholes because friction introduces much less error and the
reliability of the anchor can be more easily tested.

,

Changes in temperature can produce significant errors in both rod and
wire-type extensometers. if significant temperature changes are anti-
cipated during the test, it may be necessary to install temperature
sensors along the length of the extensometer so that temperature correc-
tions can be applied. The use of super invar rods will reduce, but not
eliminate, error due to temperature changes. Shown below are some
coefficients of thermal expansion for some of the materials that are
typically used in borehole extensomete?s:

Material Coefficient of Thermal Expansion
(in microstrains/*C)

Stainless steel 17.8
Mild steel 11.8
Aluminum 23.1
Super invar 0.36 to 1.0

136

._. _. - _ __ .



! TWO-ANCHOR EXTENSOMETER Figure G-4
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A 30 m long rod that is heated by 1*C will increase in length by 0.5 mm
if it is stainless steel and by 0.03 mm if it is super invar.

Installation of a borehole extensometer involves drilling a borehole,
determining anchor locations, assembling and testing the instrument,
inserting it into the borehole, setting the anchors, and possibly
grouting.

Borehole extensometers may require holes that are 40 to 90 mm in diame-
ter, but many are designed for a 76 mm diameter hole because this is a
common size used in geotechnical engineering. The hole is cored so that
rock quality information may be obtained. Deep holes should be surveyed
so that the drif t of the hole can be included in analysis of results.

The anchor location is based on the anticipated rock movements and the
quality of the core recovered from the hole. Some anchors are located
in the areas where the greatest movements are anticipated and others are
spaced out along the length of the borehole. Anchors should be located
so that they will bracket zones of discontinuities and should not be
located directly across a discontinuity. Once positioned, the anchors
are set. If grouted anchors are used, neat cement grout is pumped into
the grout tube so that it will fill the borehole from the bottom. If

possible, horizontal holes are generally inclined downward a few degrees
to facilitate grouting.

Assembly of the extensometer includes the following:

Cut wire, rods, conduit, and grout tubes to lengthe

e Straighten the wire or rods that will be used
e Thread wires (if used) into conduit
e Attach anchors to conduit and wires
e Fill conduits with oil.

The extensometer is then inserted into the borehole.

For wire extensometers, it may be necessary to use a mechanical or
hydraulic anchor so that the wires can be tensioned before grouting the
hole. For rod extensometers, the rods are installed in the conduit and
the mechanical readout head is installed af ter the grout has set.

A mechanical readout rod extensometer requires little calibration. It

simply requires an initial reading to be taken using a depth micrometer
or dial gauge. The wire-type extensometer req' ires cycling of theu

tension with measurements taken af ter each cycle in order to measure the
repeatability of the measurements. Electronic extensometers require a
series of readings checked against the values obtained from the
mechanical readout to determine the amount of zero drif t.

Inclinometers

Displacement transverse to the borehole axis can be determined using a
borehole inclinometer (see Figure G-5). This instrument measures the
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| PORTABLE BOREHOLE INCLINOMETER Figure G-5
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I inclination of the casing emplaced within a borehole. Lateral
displacement is detected by changes in the inclination and can be
determined by integrating the changes in inclination over the length of
the casing. The bottom of the inclinometer-is usually placed deep
enough below the zone of movement so that it can be regarded as fixed.,

Where large displacement occurs along discontinuities, the special
casing may shear off. Hence, borehole inclinometers are generally
applicable to soil or soft rock conditions.

Borehole inclinometers may be either permanently mounted or portable.
Both types use the same casing. Fixed inclinometers have an accuracy of
about 0.1 nn in 10 m, but this accuracy is lost if the instrument is

i removed from the hole for repair. Portable inclinometers generally have
an accuracy of about 3 mm over a distance of 10 m, which may not be,

accurate enough for measuring the typically small displacements that
occur in most rock types. )

I
r

i The inclinometer casing is installed in a borehole and grouted in place. l

Casing is available with outside diameters of 48, 70, and 85 mm. The
borehole is sized _ for the couplings, which are 54, 78, and 94 mm in'

diameter. The borehole is cored (usually NX size, 76 mm diameter) and;

then reamed out to the size required for the couplings. The casing is'

installed with a grout pipe along the side -and then grouted into place
using neat cement grout. When the grout has set, the casing is surveyed
to determine the amount of spiraling.

: There is little calibration required except for taking of initial read-
ings. The inclinometer probe is generally calibrated in a casing that
is set in 'an area that will experience no movement. For the portable;

inclinometer, a probe is lowered down the hole and readings are taken at'

30 to 60 cm intervals along the casing. A check on the accuracy is pro-;

vided by turning the probe 180 degrees and repeating the process. Thet

| readings are later reduced manually or by computer to determine the
slope and displacement along the casing.;

: The form of readout used depends on the type of sensing mechanism in the j

| probe. Various probes are available which use Wheatstone bridge or
j vibrating wire readouts.
l'

Deflectometer

A deflectometer consists of steel tubes that are connected by pivots
installed in a borehole (see Figure G-6). Deflections of the pivots are

detected by strain gauges that are mounted on cantilevers. The trans-
verse movement along the borehole is calculated by summing the deflec-
tions along the length of the borehole. Up to 8 pivots may be used per
borehole, at a maximum spacing of 6 m between pivots. The pivots are
usually single axis, but dual axis models are also available. The
deflectometer can be installed in 76 mm I.D. pipe that is grouted into
the borehole. Portable deflectometers are also available that consist
of two tube sections and a pivot that are designed to be inserted and
withdrawn in standard inclinometer casings.
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ROD TYPE MULTIPLE POSITION BOREHOLE DEFLECTOMETER Figure G-6
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Deflectometer pipe is installed in boreholes in the same way as
inclinometer casing. The deflectometer requires 76 mm I.D. pipe, so it
is necessary to install the pipe in a borehole that is about 95 mm in
diameter. The pipe is grouted in place using a grout tube attached to
the side of the pipe.

The deflectometer is installed in the pipe and the anchors are locked
into place. For rock, the anchor spacing is generally based on the
condition of the rock core that is recovered from the borehole and the
location of the zone of expected greatest movement. The lowest anchor
is usually set in an area where negligible movement is anticipated so
that it can be assumed to be fixed.

The accuracy of the deflectometer is dependent on the spacing and number
of pivots. The individual pivots are accurate to within about 30
seconds of arc (1 mm in 10 m).

The deflectometer is read using a standard Wheatstone bridge type
readout unit.

Resistance Strain Gauges

The electrical resistance of a wire is inversely proportional to its
cross-sectional area. Straining of the wire changes its cross-sectional
area and, consequently, its resistance. Thus, if the wire is attached
to a surface, measurements of the changes in the wire's resistance can
be used to determine the strains in the surface in the direction of the
wire. This is the operating principle of the resistance strain gauge
(see Figure G-7).

The most common form of the resistance strain gauge is the bonded gauge.
In the bonded strain gauge, a thin wire filament or metal foil is formed
into a pattern and bonded to a backing of paper-thin plastic or epoxy
(see Figure G-7a). The backing is in turn cemented to the surface where
the measurements are to be made. These gauges are available in a wide
variety of sizes (gauge lengths from as small as 0.008 in to as large
as 6 in.) and shapes (including multi-element rosette configurations).
Their strain sensitivity is usually around 2 to 4 microstrain with
ranges up to 20,000 to 50,000 microstrain (2 to 5 percent strain) for I

I normal gauges. Post-yield or high elongation gauges that work up to
strains of 10 to 20 percent are available. Bonded strain gauges are
primarily used for surface strain measurements.

Bonded gauges are difficult to use under most field conditions because
they require meticulous care and skill in preparing the measurement
surface and cementing the gauge in place. They are very sensitive to

,

moisture and good waterproofing is difficult to achieve under field'

conditions. Bonded resistance strain gauges can be mounted and sealed
in the factory into a stainless steel or brass envelope (see Figure
G-7b) that is then welded to the measurement surf ace or embedded into
concrete. This gauge is termed an encapselated gauge. One version of
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ELECTRICAL RESISTANCE STRAIN GAUGES Figure G-7
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the weldable encapsulated gauge uses _a fine wire supported in an insula-
' ting medium and enclosed in a sealed stainless steel tube. To avoid
heat damage, a small capacitive discharge welder is used to attach these
gauges,

i

| Another form of the resistance strain gauge is the unbonded, encapsula-
; ted gauge (see Figure G-7c). This gauge uses a fine wire strung under

tension over ceramic insulators mounted on a flexible metal frame to
form a resistance coil. Usually two coils are used and they are -
arranged so that one-coil contracts while the other expands when _ the
frame is strained. The coils and frame are factory sealed into a tubu-
lar metal cover. The gauge is mounted by bolting it to saddle brackets
previously attached to the measurement surf ace. One version of this
type of strain gauge, the Carlson strain meter, has a very long and4

successful experience record in field usage, e.g., Carlson meters embed-'

ded in concrete dams have worked successfully for. periods of over 20
years. The Carlson system is also used-in stress cells and piezometers.

Wheatstone bridge type readouts are used for resistance-type strain.

; g auges . Correction must be made for the temperature of the gauge and
; the resistance of the lead wires.

Vibrating-Wire Strain Gauges

The vibrating-wire strain gauge consists of a length of steel wire that'

is stretched between two posts (see Figure G-8). The two posts are

i connected to the points _between which the displacement is to be
measured. Displacement between the two posts causes a change in the
tension in the steel wire, which is sensed by determining the change in

i natural frequency of vibration of the wire. In order to allow for
f remote readout, the vibrating-wire strain gauge has a magnet, an exciter

coil, and a sensor coil. The exciter coil is used to " pluck" the wire'

and set it vibrating. As the wire vibrates in the magnetic field, it
ir. duces an electrical current in the sensor coil which has a frequency

equal to the frequency of vibration. The current is amplified by the
readout unit and the frequency is measured by a frequency counter
contained in the readout. Automatic electronic conversion of changes in

' frequency to strain are available.

The advantage of the vibrating-wire strain gauge is that the frequency
,

1 that is measured is independent of the resistance of- the leads and the
currents that may be induced in the lead wires. The disadvantage is
that they have a relatively small range, because the wire either may be
stretched too tight or may become too slack if strain is excessive.

,

During manufacture or during installation, the initial tension in the
wire should be set so that 3/4 of its range is available in the expected
direction of movement and 1/4 is available in the opposite direction.

;

The strain gauge is generally installed by attaching the ends onto the
surface that is to be monitored. Embedment-type gauges are cast in
concrete or grouted in boreholes. Calibration consists of measuring the

! initial frequency and temperature af ter installation is completed.
t
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Subsequent readings include measuring frequency and temperature. A
thermistor may be mounted to the gauge for measuring temperature, or an
additional circuit may be installed in the readout to measure the
resistance of the exciter coil so that temperature may be calculated. A
strain gauge which is physically isolated from structural strains can
also be used to correct for temperature ef fects and to monitor
temperatures.

The vibrating wire strain gauge is accurate to within about 5 to 10 per-
cent. Although other strain gauges provide greater accuracy, the vibra-
ting wire strain gauge has been the most successful for use in long-term
monitoring of underground excavations where remote readout is necessary.
This is because the vibrating wire strain gauge is completely waterproof
and is not plagued by the electrical problems of the other types of
strain gauges. Although zero drift can be a problem with vibrating wire
strain gauges due to creep of the wire, this can be compensated by using
dummy gauges.

Linear Displacement Transducers

Two types of linear displacement measuring transducers, the linear
potentiometer and the linear variable differential transformer or LVDT
(see Figure G-9), are used extensively in many geotechnical instruments,
such as extensometers. The LVDT is sometimes referred to as a DC to DC
linear differential transformer or DCDT. The LVDT is sensitive enough
that it can be used as a strain gauge.

The linear potentiometer is a resistance device. It consists of a
mandrel wound witn fine wire or conductive film. A wiper attached to a
shaft rides along the mandrel and divides the mandrel resistance into
two parts. The resistance ratio of these parts is measured with a
Wheatstone bridge circuit to determine the displacement of the wiper and
shaft. Linear potentiometers are available with ranges from 0.5 to 4

,

in. Average sensitivity is 0.01 in . to 0.001 in. Since linear
potentiometers are a combined mechanical and resistance device, moisture
can cause severe problems and waterproofing of potentiometers can be
difficult. Usually the device is sealed into a case with a mechanical
seal, such as an 0-ring, at the shaf t.

The LVDT converts a displacement into a voltage change by varying the
inductance path between a primary coil and two or more secondary coils
when an excitation voltage is applied to the primary coil. Variations
in the output signal can be calibrated to displacements of the LVDT
core. The calibration is usually linear. The coils are wound on a
hollow mandrel . A ferromagnetic core slides within the mandrel to vary
the inductive coupling. AC voltage is usually used, but DC models are
available. Readout units contain an accurate voltmeter and a carefully
regulated power supply. Since the output voltage,is proportional to the
input voltage, the power supply must be controlled. Since the electri-
cal portions of the LVDT can be isolated and waterproofed by encasing
the mandrel in potting compound, the LVDT is much less sensitive to
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LINEAR DISPLACEMENT TRANSDUCERS Figure G-9
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moisture than a linear potentiometer. It is also less affected by temp-

erature and is mechanically simpler. LVOT's are available with
displacement ranges from 0.1 in. to several feet. Sensitivities of 10
microstrain are possible.

Mechanical Strain Gauges

An alternative to the remote-reading electrical gauges is a mechanical
strain gauge that uses a dial gauge indicator for direct reading. Since
dial gauges are easily damaged and cannot be lef t in place, systems have
been designed that allow removal of the gauge between readings and
replacement of the gauge in a way that provides sufficient repeatability
in the readings. A typical mechanical strain gauge (such as the
Whittemore or Huggenberger types) has two pointed arms that fit into
conical holes or gauge points drilled and punched into the instrumented
surface, or into studs set into or on the surface. The change in
distance between the gauge holes is measured by determining the distance
between the arms when inserted in the holes. Each arm is attached to
the end of a tube. The two tubes are coaxial and slide one inside the
other. A dial gauge indicator clamped to the inner tube measures the
displacement between the tube ends. An initial measurement of the
separation between the gauge holes is made. Changes in this distance
recorded in subsequent measurements serve to determine the surficial
strains. The gauges usually read to the nearest 0.0001 in., but the

repeatability of the readings depends partially on the quality of the
seat for the points and partially on the skill of the operator. Gauge

lengths of 2 to 80 in, are available. For most engineering
measurements, a 10-in. gauge length is used (with a sensitivity of about
10 microstrain).

The holes for one of the typical mechanical gauges, the Whittemore
gauge, are 1/8 in, deep and are made with a standard No. 54 drill . The
holes are then countersunk with a 90-degree center angle conical punch.
This forms a cylindrical edge upon which the measuring arm points, which
have 30-degree conical points, can rest (see Figure G-10a) . The
punching action also serves to strain harden the surf ace where the
measuring arm point and the side of the reference hole touch. An

alternative procedure is to use a No. I high-speed combination drill and
countersink to make a 1/8-in. deep by 1/32-in. diameter conical hole and
to use spherical contact points that fit snugly in the holes (see Figure
G-10b).

While gauge holes can be drilled directly into a steel or cast iron|

member, metal inserts are used for rock. These inserts are stainless
steel bolts grouted into holes drilled into the rock. The gauge holes
are then drilled into the ends of the inserts. For temporary readings,
holes can be made on small pieces of steel which are then glued in
place.

To ensure repeatability with the mechanical gauges, extreme care and
precision must be exercised during their initial installation. The
gauge holes must be drilled so that they are exactly perpendicular to
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!

the line of the instrument gauge casing and at the required spacing.
The field engineer should acquire some laboratory experience with such !

drilling prior to site installation.

Measurements are made by placing the gauge contacts into the gauge
holes. The gauge is rocked back and forth gently to provide a secure
junction of the contacts with the gauge holes. When the dial gauge has
stabilized, a measurement is taken. An awkward location for measure- !

ments can often induce imprecision; thus, the gauge holes should be i

arranged so that they can be measured from a reasonably comfortable
position. Multiple measurements are typically used to improve the
reliability of results.

An important part of the mechanical strain gauge is a calibration bar.
This bar is used to determine temperature compensation and also to 1

provide a reference in case it is necessary to repair or replace the |

Igauge. The bar is made of invar steel and mild steel and is designed so
that the expansion of the invar will be cancelled by the expansion of
the mild steel (see Figure G-10c).

Mechanical strain gauges are simple, reliable, relatively low-cost
devices that can be used in a variety of situations. They are not as
sensitive as most of the electrical type strain gauges, but their
sensitivity and accuracy are' adequate for verifying performance of other
types of gauges or for use as a backup to other gauges. Since the
mechanical gauge is removed between readings, its calibration can be
checked at any time (a considerable advantage) . The gauge holes are
easy to protect from damage and water. The disadvantages of the
mechanical gauges are that they cannot be read remotely, and the
repeatability of the readings depends on the skill and experience of the
operator.

Portable Extensometers

The two common types of tunnel convergence gauges are the rod exten-
someter (see Figure G-11a) and tape extensometer (see Figure G-11b).
The micrometer and dial gauge rod types can provide an accuracy of +0.08
mm, while the tape extensometers have accuracies within the range of
+0.06 to 2.5 mm, depending on the spring tension force used in the tape.
In error of one pound in the spring force can cause an inaccuracy of
0.1 mm (Dunnicliff,1971) . The rod types are bulkier and more easily
damaged. Their use is generally limited to spans of 10 f t or less,
unless sectioned rods are employed. For larger spans, flexure of the
rod may reduce the accuracy to +0.1 in, or less. The tape units are

more versatile and can be easily used for spans up to 30 f t or more.

The rod and tape extensometers both use reference heads that are set in
the rock. The reference heads are usually epoxied into small holes (3
to 15 mm diameter) that are drilled into the rock and protective covers
are placed over the head to prevent damage between readings. The heads
are designed to provide a positive, repeatable seating for the
extensometers.
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Both types of units are temperature sensitive and standard temperature
corrections should be applied. Before taking measurements, the exten-
someters should be allowed to come to equilibrium with the surrounding
air temperature. A calibration bar consisting of a steel bar with hook
attachments for the tape can be placed in the tunnel to calibrate the
steel tape before each set of measurements, and thus provide for
mechanical adjustments of the unit.

G.3.2 STRESS

Strictly speaking, there is no way to directly measure and monitor the
absolute stress at a point, as the installation of the monitoring
instrument causes a change or redistribution in the stress field. Only
changes in stress, once' the instrument is installed, can typically be |

measured. However, procedures have been developed. for back-calculating !

the original absolute stress from those types of measurements.

There are two borehole methods that are used to measure stress changes
(see Table G-3): the hard inclusion cell and the soft inclusion cell.The hard inclusion cell is a stiff gauge that is placed in a borehole
and is either cemented or grouted in place. If the stiffness of the cell
is at least five times the stiffness of the rock, then the cell measures
changes in the rock stress directly and is independent of the
deformational properties of the rock. The soft inclusion cell is placed
in the borehole and measures the deformations of the borehole wall. The
stress changes are calculated from these displacements, based on elastic
theory and elastic properties of the rock in the borehole wall.

Hard Inclusion Cells

There are three main types of hard inclusion cells, although there are
many variations of these types available. The benefit of hard inclusion
cells is that they rea6 stress change directly and are not sensitive to
the deformation properties of the rock. |

The solid inclusion stressmeter is a brass or steel bar that has a
strain gauge embedded in it. The bar is wedged or cemented into a
borehole and it monitors stress changes that are parallel to the

|
I

orientation of the strain gauge. Before installation, the cell may be
calibrated in the laboratory by mounting it in a borehole drilled in a
large block of rock. The block is then subjected to various stresses in

-
a load frame and the response of the strain gauge is monitored. In the

i field, the stressmeter may be installed in boreholes up to 30 m deep.
The vibrating wire stressmeter (see Figure G-12) uses a 37.5 mm diameter
borehole and as many as three cells may be stacked in a single
borehole.

The " stiff" hydraulic cell can be considered as another type of hard
inclusion cell. This is a flatjack that is filled with a stiff fluid,
such as mercury, so that the fluid has approximately the same stiffness
as the rock. The flatjack may be installed in a slot cut in the wall of
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VIBRATING-WIRE STRESSMETER Figure G-12
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a tunnel or in a borehole. In either case, it is pressurized approxi-
mately to the rock stress acting normal to the flatjack. Changes in
stress are measured by monitoring changes in the pressure of the fluid
in the cell. If the initial ;ressure in the cell is too low, then
changes in stress will tend to arcn over the flatjack and the measured
pressure change will be too low. The pressure in the cell can be read
using either a mechanical pressure gauge or a diaphragm connected to a
strain gauge.

The Glotzi cell is similar to the " stiff" hydraulic cell, except that it
is connected to a constant volume pump. It is assumed that the pressure
required to maintain a constant volume in the flatjack is equal to the
change in the rock stress normal to the flatjack. The Glotzi cell is
cemented into a borehole and pressurized to the approximate in situ
stress normal to the cell. Changes in pressure necessary to maintian
constant volume are monitored.

The accuracy of the hard inclusion cells is limited because the inhomo-
geneities in a rock mass result in a nonuniform stress distribution at
the measurement scale, i.e., the hard inclusion cells measure the stress
changes in a small area which may not be representative of the rock
mass. Also, the hard inclusion cells measure stress changes only in one
direction (longitudinal to the strain gauge or normal to the flatjack
faces). Thus, it is necessary to use six cells oriented in different
directions to determine the changes in the entire stress tensor. In
addition, there is always some disturbance of the rock around the cell
and this may affect the stress changes measured by the cell. Under
laboratory conditions, the hard inclusion cells have an accuracy of 5 to
10 percent, but under field conditions, the accuracy has been estimated
at about 25 percent.

Soft Inclusion Cells

Soft inclusion cells monitor the deformation of the rock around a
borehole, so that the stress changes can be calculated. There is one
type of mechanical cell and three types of electrical cells that are
commonly used. All four cells were originally developed to determine the
in situ stress tensor using overcoring techniques (see Appendix, Section
A.8), but they can also be used to monitor borehole deformation and
stress changes by installing them in a borehole and not overcoring.

The USBM borehole deformation gauge (see Figure G-13) is a mechanical
gauge that is installed in a 37.5 mm diameter borehole. The gauge
measures three diameters of the borehole using resistance strain gauges
mounted on cantilevers. The changes in the diameters are related to the
stress changes in the rock around the borehole (see Appendix, Section

,

A 8 for equations). The cell may be used in boreholes up to 30 m deep,i

and only one cell may be used per hole. The cell has two advantages
compared to the other sof t inclusion cells:

e The cell may be used in wet holes because it does not need to be
bonded to the rock
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U.S. BUREAU OF MINES (USBM) Figure G-13
BOREHOLE DEFORMATION GAUGE
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e The cell may be easily removed for repair or calibration.

The cell can measure changes in diameter of as little as 0.08 mm, which
would correspond to a stress change of about 0.1 MPa. Three boreholes
with different orientation are required to determine the complete stress
tensor. Calibration consists of checking changes in resistance of the
strain gauges against known displacement.

The CSIR "Doorstopper" (see Figure G-14a) consists of a strain gauge
rosette that is epoxied to the bottom of a borehole. The rosette is
encased in a potting compound in order to protect it from water.
Installation is as follows:

e A 37.5 mm diameter hole is drilled and the bottom is ground smooth
using a special bit

e The hole is dried using compressed air

e The bottom of the doorstopper is coated with epoxy, placed in the
hole, and pressed against the bottom of the hole using a special
tool (see Figure G-14b) until the epoxy dries.

After installation, initial strain gauge readings are taken using a
Wheatstone bridge type read out.

The CSIR triaxial strain cell (see Figure G-15) is an apparatus which
glues three electrical strain gauge rosettes directly to the wall of a
37.5 mm diameter borehole.

The cell measures 12 separate strains in 3 different planes, which by
appropriate analysis can be related to the change in stress at that
point within the rock. Only six independent measurements are required
to determine the six components of the stress change tensor. However,

I as all the strain measurements contain some errors, the additional
readings (six in the case of the four element rosette strain cell) can
be included to improve the accuracy and obtain an indication of the
precision of the data.

The CSIRO hollow inclusion triaxial strain cell (see Figure G-16) is
identical in principle to the CSIR triaxial cell. In the CSIR0 cell,
however, the three strain guage rosettes are embedded in a hollow
cylindrically shaped epoxy probe. When the cell is glued to the wall of
a 37.5 mm diameter borehole, the strain gauges are separated from the
wall by a thin layer (1 to 2 mm) of epoxy. This partially alleviates
the difficult practical problem of bonding the gauges in the borehole.

The boreholes for the soft inclusion cells are cored and the cells are
installed in a location that is free of discontinuities. When the cell
no longer needs to be used for stress change monitoring, it is over-
cored. Both the overcore and the core samples must be tested to
determine the deformation characteristics of the rock around the cell.
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CSIR 'DOORSTOPPER"
Figure G-14
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CSIR TRIAXIAL STRAIN CELL Figure G-15
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CSIRO HOLLOW INCLUSION
TRIAXIAL STRAIN CELL AND INSTALLATION APPARATUS Figure G-16
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The main limitation of the sof t inclusion cells is that the deformation
properties of the rock must be relatively well known in order to
calculate the stress changes in the rock. However, most analyses assume
that the rock behaves as a linear elastic material. The cells cannot be
used reliably in rock that is subject to creep or is fractured. The
Doorstopper, CSIR and CSIRO cells are subject to some potential error
because the epoxy may creep with time during stress change monitoring.
The cells also are affected by inhomogeneities in the rock which result
in a nonuniform distribution of stress in the rock mass at the
measurement scale.

G.3.3 TEMPERATURE

The two most commonly used types of temperature sensors are thermo-
couples and thermistors (see Table G-4). However, vibrating wire gauges
can also be used. The temperature sensors are mounted in probes and
installed in boreholes to monitor the temperature of the rock. Also,
the sensors may be mounted on other instruments, such as extensometer
rods or strain gauges to facilitate making temperature corrections.

The same calibration method is used for both thermocouples and
thermistors. The sensors are placed in baths of known temperature and
the potential difference or resistance measured. Both types of probes
are generally calibrated by the manufacturer, so little calibration is
required in the field.

The probes may be installed practically anywhere that a temperature
measurement is needed. For meas,uring the temperature of a rock mass,
the sensor is placed in a borehole which is then backfilled with sand.
A series of measurements is taken until the probe reaches equilibrium.
This is necessary because the temperature of the rock around a borehole
may be influenced by the temperature of the drill fluid used, the
friction from the drill tools, and the temperature of the sand backfi'l.
Af ter equilibrium has been attained (this could take from a few hours to
a few weeks), both types of temperature sensors have a very f ast
response to changes in temperature in the rock and both are very
accurate.

Thermocouples

Thermocouples consist of two wires made of dissimi1ar metals, such as
chromel and alumel . The wires are jointed together at the point where
the temperature measurement is to be made. The free ends of the wires
are maintained at a constant reference temperature. The difference in
temperature results in a potential difference between the two free ends
which can be measured with a potentiometer. The potential difference
can be related to the temperature at the junction of the two wires. An

advantage of the thermocouple is that the resistance of the leads is not
critic al . Hence, when long lengths of lead wire are required, the
thermocouple is usually selected over the thermistor so that readings do
not have to be corrected for the resistance of the wire.
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Thermistors

Thermistors measure temperature based on the change in electrical
resistance with temperature. This change in resistance can be measured
very accurately with a Wheatstone bridge. The resistance of the leads
to the probe must be accurately known and readings must be corrected for
lead wire resistance. It is thus necessary to measure the resistance of
the leads at various temperatures so that corrections can be applied.

G.3.4 GROUNDWATER PRESSURES

Instruments used to monitor groundwater pressures are called piezo-
meters. The data (pressure head) is used to determine the piezametric
head (elevation head plus pressure head) in a flow field at the point of
measurement and, if the flow is transient, the changes in head with
respect to time. The piezometers are sealed within individual sections
of a borehole and isolated from contact with other zones so that the
location of the reading is accurately known.

Careful installation is required for accurate measurements (see Figure
G-17). The piezometer tip must be sealed into the zone where pressure
measurements are desired and the seal must not allow any leakage which
could "short circuit" the pressure reading. Usually the piezometer tip
is placed in the borehole and sand is tamped around the tip. Bentonite
is then tamped on top of the sand. The bentonite has low enough
permeability to prevent short circuiting. Pneumatic, mechanical, or
hydraulic packers may also be used to isolate a portion of the borehole.
Packers must be used in holes that are iiclined upward. The piezometersf
may be stacked in a borehole to measure the distribution of water
pressure along the length of the hole. The piezometer tip and the zone
of measurement must be de-aired or erroneous measurements will result.

Piezometers all operate on the same basic principle. This involves the
measurement of an internal pressure head which exactly balances the
pressure (piezometric) head external to the instrument. The internal
and external heads are usually balanced through a flexible membrane,
which is located in a porous tip or filter installed in the ground at
the point to be monitored. The tip of the piezometer is usually
installed in a filter pack, such as Ottawa sand, to increase its
collection area and sensitivity.

Piezometers are classified on the basis of the technique used for
measurement. The three basic types of piezometers are open system,
closed system and diaphragm piezoraeters.

Open System Piezometers

In an open system piezometer, the elevation of a free water surf ace that
fluctuates with changes in external head is measured in a standpipe.
The free water surf ace is located by dropping a probe down the standpipe
until it contacts the water surface. The depth is measured on the
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PIEZOMETER INSTALLED FROM A TUNNEL Figure G-17
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marked probe cable. The open system piezometers are the most reliable
and least expensive of the various piezometers. Their principal
disadvantages are that they are very slow to respond to changes in
piezometric head (because a considerable volume of water must flow into
the standpipe to register a change in head), they cannot be used in
upward inclined holes, and the location and source of flow into or from
the hole is often not easily determined.

Closed System Piezometers

Closed system piezometers use a fluid filled hose to transmit the
external head to a pressure measuring device, usually a Bourdon gauge or
manometer. An open piezometer can usually be converted to a closed
system by adding a pressure gauge, if the piezometric head rises above
the top of the open system standpipe. Closed systems usually use two
tubes to allow the flushing out of trapped air or gasses that would
otherwise lead to erroneous readings. Closed systems are more expensive
and difficult to maintain than open systems, but have advantages over
open systems in that they can be connected to a central monitoring
station, can measure negative pore pressures, and are more sensitive
than open systems.

O_iaphragm Piezameters,

Diaphragm piezometers use a sealed, flexible or movable diaphragm to
separate the interal and external heads. Diaphragm piezometers can be
divided into fluid-actuated sensor and electrical sensor types (see
Table G-5). Although these piezameters are more expensive,
sophisticated, and prone to failure than other types, they do have high
sensitivity and rapid response time. The diaphragm responds to very
small head changes quickly because very little water flow is required to
displace the diaphragm. These piezometers can be read remotely from a
central station and can measure negative pore pressures. They are
delicate and a 10 percent failure rate is common. However, they are

often the only units which are sensitive and respond rapidly enough for
low permeability materials.

In the fluid-actuated sensors, the fluid pressure is adjusted (either
manually or automat ically) to balance the external pressure on the
diaphragm. When the differential pressure across the diaphragm is zero,
the fluid pressure is measured at the surf ace. Various systems of
valves and flow indicators are used to detect the balance condition.
The sensitivity of the fluid-actuated sensors is a function of the
deformation induced in the diaphragm per unit of differential pressure
across the diaphragm. The measurements are usually repeated several
times to improve the accuracy of the reading. The fluid can be
hydraulic (e.g., oil, see Figure G-18) or pneumatic (e.g., air or
nitrogen gas, see Figure G-19).

The electrical sensor types have a strain gauge or displacement trans-
ducer attached to the diaphragm. The deflection of the diaphragm under
the external head is measured to determine the pressure head. Either
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| HYDRAULIC DIAPHRAGM PIEZOMETER Figure G-18
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PNEUMATIC DIAPHRAGM PIEZOMETER Figure G-19
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resistance or vibrating-wire strain gauges can be used as sensors (see
Figure G-20a and b, respectively).

G.3.5 DATA ACQUISITION SYSTEMS

The advantage of electronic instrumentation is that it is compatible
with the use of computerized data acquisition systems. Computerized
data acquisition systems can increase the reliability of data
measurement, and decrease costs by automating readings, and
preprocessing data.

The functions that can be performed by data acquisition systems include:

Automatic timed readings of instrumentatione

Recording of instrumentation data (analog)e

Conversion of analog signals to numerical (digital)e

e Recording of digital information

e Preprocessing of data for analysis

e Graphical and tabular presentation of data

e Data analysis

e Graphical and tabular presentation of analytical results

e Storage of data and results

Transfer of data and results to computing facilities.e

Data acquisition systems can perform any number of these functions, and
the cost of the system is directly proportional to its capabilities. In
situ testing requires a sufficiently large number of readings so that
the use of a computerized data acquisition system is generally
justified.

Data acquisition systems can be divided into two categories:

Test specific devices which read and record data from only one teste

e Centralized systems whiC.) read and record data from a number of
tests simultaneously.

Test specific devices have the advantage that they are portable, and can
be located at the test site. They can also be designed to , provide
exactly the needs of that specific test. Disadvantages include
increases in expense due to duplication of reading and recording
capabilities among data acquisition systems for dif ferent tests. In
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ELECTRICAL SENSOR Figure G-20
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addition, individual reading and recording devices lack the advantages
of centralized facilities, and data must be periodically transferred to
a computer facility for reduction, analysis, and presentation.

Centralized f acilities offer greater capabilities and flexibility, but
suffer from problems of connection to instrumentation, data loss over
greater distances, and risks of major disruption due to system
malfunctions. Centralized facilities can offer on-line data analysis
for continuous monitoring.

The choice between test specific and centralized facilities is one which
must be made during the design of the overall test program. The
magnitude of the data acquisition system required is related to-the
number of instruments to be read, the frequency of reading and the need
for concurrent analysis of data.

A data acquisition system is made up of a combination of the following
components:

o Central Processing Unit (CPU) controls the logic of data acquisition
including control of measurement and recording devices, and
reduction and analyses of data

e Real Time Clock provides the CPU with time signals required for
scheduling of reading

e Analog-Digital ( A-0) Converter converts analog signals from
measuring devices (generally voltages) to digital signals understood
by the CPU

e Multiplexer couples numerous input and output channels to the CPU

Data Storage Devices include high speed (disk) and low speed (tape)e

storage systems. Storage devices provide both permanent and
temporary storage of data from initial measurement through
archiving,

e Input / Output (I-0) Devices include on-line terminals such as CRT's,
teletypes, and decwriters, highspeed printers, and plotting devices.
I-0 devices provide the interface between the computer and
engineering personnel,

Software programs allow the engineer to control the data acquisitiono
system through the CPU. Sof tware includes the operating system for
control of data storage and input / output devices, high-level
programming languages such as Basic and Fortran, and applications
programs written to perform the specific functions required from the
data acquisition system.

The combination of components, and the size and speed of CPU, data
storage, 1-0 devices, and software determines the capability of the data
acquisition system. Typical unit costs for system components have been
estimated (see Table G-6).
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TYPICAL COSTS OF DATA ACQUISITION Table G-6
SYSTEM COMPONENTS

ESTIMATED COST

COMPONENT SPECIFICATION * MODEL (1982 U.S. Dollars)

Central Pn) cessing Nova 4/C 64 KB, 16 Slot 8391-H 6,092

Unit
Real Time Clock Data Acquisition Control 4300 2,670

Subsystem
;

! Analog-Digital DG/DAC 50 KHZ A/D 4280 1,820
1 Converter Converter (+/- 10V)

Multiplexer DG/DAC 16-Line 4281 670

Differential A/D MUX
Data Storage Device Winchester 12.5M Byte 6099 6,050

(High Speed) Moving Head Desk Including
Controllers

Data Storage Device 1600 BPI Streaming Tape 6125 6,800
(Slow Speed) Drive Subsystem

I/O Devices Dasher D200 Alphanumeric 6109 2,350

(Video Terminal) CRT Display

I/O Devices Dasher TPI Printer 6043 2,200

(Printer)
Software DOS-Initial License /STR/ 3574-OlF 2,000
(Operating System) CSS / 1 YR SSS/ Install

Software DOS Fortran IV Initial 3597-OlF 1,100

(Programming Language) License

Miscellaneous 19" Cabinet with Blower, ll44-A 2.020
Circuit Breaker. 4269
Auxiliary Blower

* Based on provisional quotation from Data General Corporation. The use of
~

f Data General equipment in this example does not signify endorsement of their
) products or an offering by Data General. Number of units, models and actual

costs must be determined when the entire data acquisition system is designed.;
-
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G.4 COMMON SITE PREPARATION AND CHARACTERIZATION ACTIVITIES FOR IN SITU
TESTING

G.4.1 EXCAVATION

There are two basic methods which are used to excavate underground
openings: the drill and blast and mechanical excavation methods. Both
of these methods may be used for the excavation of an in situ test
f acility and for the excavation of an HLW repository.

Drill and Blast

Drill and blast excavation uses high-energy explosives placed in holes
that are drilled in the excavation in order to reduce the rock to blocks
and fragments that may be easily removed from the tunnel . The method
consists of three main operations:

e Dril'. blast holes
e Blast
e Muck removal.

Percussion drills are typie. ally used for drilling the blast holes.
These drills are often mounted on a drill jumbo (see Figure G-21) or,
more typically for small excavations, single air leg drills are used.
The holes are drilled in a pattern that is dependent on the geological
conditions, the size of the tunnel, and the limitations of the mucking
equipment. Various patterns may be usea to minimize the disturbance to
the rock around the tunnel while maximizing blasting efficiency.

The blast holes are charged with explosives such as dynamite or ammonium
nitrate / fuel oil. The amount of explosive used in each of the blast
holes depends primarily on the requirement to produce adequate
fragmentation of the rock without causing excessive damage to rock
around the tunnel. The explosives are ignited using various millisecond
delays which allow the firing to occur in a sequence. The firing
sequence is designed to maximize the number of charges that will blast
towards a free face. Blasting towards a free f ace maximizes the
efficiency of the blast and minimizes the damage to the surrounding
rock.

The blasted rock is removed during the muck cycle. Tunnel supports may
be installed during the muck cycle and prior to or during the following
drill cycle.

The disturbance to the rock surrounding the tunnel is a function of the
following:

e Blast hole size, length, and orientation
e Charge per blast hole
e Blast hole pattern
e Firing sequence
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e Rock strength, including the effects of discontinuities
e In situ stresses.

Various techniques can be used to minimize the amount of disturbance.
One common technique is smoothwall blasting. This involves drilling
small diameter " trim" holes at close spacing around the perimeter of the
tunnel. The " trim- holes are loaded with a light charge. They are
delayed so that they all fire simultaneously and are the last holes to
fire. This ensures that they all fire towards a f. ee face.

The advantages of the drill and blast method are:

e It can be used in any rock type

e It is versatile and adaptable to changing geological conditions
along the alignment of the tunnel

e Any size and shape of openir.g can be excavated

e Mobilization costs are low.

Costs for drill and blast tunnel excavation and support of two sizes of
tunnel in salt, welded tuff, basalt, and granite have been estimated
(see Table G-7). In all cases, it has been assumed that the contractor
and necessary equipment have already been mobilized at the site.

Mechanical Excavation

There are two mechanical excavation methods: full face and part face.

Tunnel boring machines (TBM's) excavate the full cross-sectional area of
the tunnel in one pass, similar to a very large diameter drill. A TBM
has a rotating shield or head that is about the same diameter as the
tunnel that is to be excavated. Small cutting wheels are mounted on the
rotating shield. The cutting wheels chip, grind, and fracture the rock
as the shield is rotated and thrust forward. All but a few of the TBM's
currently available excavate a circular cross section. TBM's have been
used to excavate tunnels from 2 to 12 m in diameter. TBM's are best
suited for use in tunnels with uniform, well-known geologic conditions
where the rock is stable and is not very abrasive. TBM's are not very
versatile and unexpected geologic conditions can result in long delays
in excavation.

TBM's have the following advantages:

o Cause very little disturbance to the rock around the tunnel, so that
less support is required

e May be more economical than drill and blast in long tunnels in
suitable geologic conditions.
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TUNNELING COST ESTIMATES Table G-7

ESTIMATED COST

(1982U.S.D0LLARS/LINEARMETER)

3X3m 3m9 6X6m 6m0
Media Drill & Blast TBM Drill & Blast TBM

Salt 800 700 700* 500*

Welded Tuff 900 800 1,500 1,300

Basalt 1,200 NA 2,100 NA

Granite 1,000 NA 1,900 NA

* Unit cost for 6 X 6 m opening in salt is lower than 3 X 3 m opening
because excavation and muckin4 equipment are well developed for the
larger size, resulting in more efficient excavation.

Note: These estimated costs include excavation and support, but not
mobilization.
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e May have higher rates of advance than drill and blast method in
suitable geologic conditions.

TBM's are usually not used in short tunnels because of the high costs
for acquisition and the long time required for assembly and
mobilization.

There are several types of part face tunneling machines available. One
of the most commonly used types is the road header (see Figure G-22).
The road header has a small cutting wheel mounted on an articulated
boom. The operator moves the cutting wheel across the face in order to
cut the desired cross section. The road header is suitable for tunnels
less than about 6 m in diameter in weak to moderately strong rock. The
road header has advantages over both drill and blast an( TBM's:

e The amount of disturbance to the rock is comparable to that caused
by a TBM

e The road header is very mobile and can easily'be adapted to various
geologic conditions. If rock is encountered that is too hard, it
can easily be moved back from the face to allow intermittent drill
and blast tunneling through the hard rock,

e Any cross-sectional shape can be cut.

Mechanical excavation is probably suitable for use in salt and tuff and
probably not suitable in granite and basalt. A road header would
probably be more feasible for the in situ test facilities because of the
various shapes , sizes, and short lengths that are envisioned. Even
though a full face TBM might be used in the final HLW repositories, a
road header would be suitable for simulating the disturbance caused by a
TBM.

Cost for mechanical tunnel excavation and support for two sizes of
tunnel in salt and welded tuff have been estimated (see Table G-7). In
all cases, it has been assumed that the contractor and the necessary
equipment have already been mobilized at the site.

G.4.2 DRILLING, SAMPLING, AND LOGGING

The in situ test program will require drilling boreholes in various
orientations from underground openings for installation of the
instrumentation, as well as for assessment of characteristics (see
Figure G-23). Boreholes may be bored using either coring or noncoring
methods, depending on whether core samples are required. Borehole
logging techniques may be used to provide additional inf orm a t i o n .
Orilling and some direct logging costs have been estimated (see Table
G-8); these estimated costs do not include mobilization or analysis /
interpretation of data.
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UNDERGROUND DIAMOND DRILL Figure G-23
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DRILLING AND DIRECT LOGGING COSTS Table G-8
+

ESTIMATED
COST

A) CORING (1982 U.S.
|
' Size Designation Hole Diameter (mm) Core Diameter (mm) DOLLARS)

J

| EX 37.5 22.2 66

: NX 75.8 47.6 100

PX 122.6 85.0 130>

NX-Oriented 75.8 45+ 130

Integral Sampling 122.6 85.0 250

.

| B) NON-CORING 50 25

|

i

I

l
C) DIRECT LOGGING COSTS

Method

6Borehole Television
Seisviewer
Caliper Logging (typically included in standard suite

f geophysical logs)Impression Packer

Note: These estimated costs do not include mobilization or
subsequent analysis / interpretation.
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Core Drilling

The two general methods of core drilling in common use differ in the way
core is retrieved from the hole. In the conventional method all of the
drill rods and the entire core barrel are removed from the hole at the
end of each run. In the wireline method, the inner tube of the core
barrel is removed through the center of the drill rods by a cable.
Wireline is not generally applicable for use in short boreholes drilled
underground.

All drilling methods require a drill fluid to be pumped through the
drill rods to the bottom of the hole to cool the bit and remove cuttings
from the hole. The most frequently used fluid is water, sometimes with
bentonite or soluble oil added. Compressed air may also be used. The
disadvantage of using water for drilling in salt is obvious . The
problems associated with using air is that it is difficult to blow
cuttings from deep holes, and any moisture in the hole will result in
the formation of a mud cake which can prevent the discharge of
cuttings.

Core recovery is influenced by the type of bit used and the type of core
barrel. The selection of the proper bit is greatly dependent upon the
characteristics of the rock being cored, such as its solubility,
hardness, abrasiveness, and degree of cementation. Diamond bits are
usually used for coring, although tungsten carbide bits may be used in a
soft rock. The type of barrel most often used is a double tube
swivel-type design in which the inner barrel does not rotate with the
outer barrel and cutting bit. In highly fractured or loosely cemented
rock, a triple-tube core barrel in which the inner tube is split
lengthwise is highly recommended. With this barrel, the inner tube is
removed and opened lengthwise to expose the core, thereby assuring a
relatively undisturbed sample for study and photography.

Two methods used to obtain additional information from cores are:

Integral sampling - This specialized overcoring technique is used toe

recover badly fractured rock with a minimum of disturbance, i.e.,
complete recovery and with fracture aperture unchanged. A
small-diameter hole is drilled and a steel rod is grouted into the
hole. The rod is then overcored with a larger diameter bit, and the
rod and surrounding cylinder of rock are removed as a unit (Rocha,
1971). This method is slow and difficult, and not feasible for deep
holes.

e Oriented coring - Various instruments and techniques have been
devised in an attempt to determine the original in situ orientation
of drill core (Goodman, 1976). The objective is to allow
determination of the absolute dip and strike of bedding planes and
fractures. Mechanical, electrical, and magnetic methods have been
attempted but no completely satisf actory system has yet been
developed. Any attempt to obtain and utilize oriented cores,
particularly from deep holes, should include a borehole survey,
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Noncore Drilling

In some cases. it may not be necessary to obtain core samples from the
boreholes, so that it is not necessary to use a coring method. There
are three main types of noncore drilling methods:

e Blind bits are similar to coring bits, but they cut the full cross
section of the rock. Blind bits may use either diamonds or tungsten
carbide for cutting the rock,

Rotary bits use three rollers with hardened steel teeth or tungstene
carbide buttons to grind the rock,

o Percussion drills advance the hole by repetitious rapid blows, ,

thereby crushing and chipping the rock ahead of the bit. Downhole 1
!hanyners, which have a hydraulic or compressed air motor just behind

the bit, are suitable for large diameter deep holes.

Noncoring methods are suitable for advancing a borehole down to the
point where coring is required or for drilling holes that will be logged
using geophysical or other methods. Noncoring methods generally are not
suitable for drilling holes for installing instrumentation because of
the need to know the geologic details that may affect the instrument
installation and data interpretation.

Borehole Direct Logging

Valuable information may be obtained from observation and measurement of
the borehole walls. Boreholes may be logged using direct observation
and measurements or by geophysical methods which log some property of
the rock in the, walls of the borehole. The advantages and limitations
of some of the common types of borehole logging methods are as follows:

Borehole survey - Boreholes seldom follow their initial bearing ande

inclination. Even " vertical" boreholes drif t and are seldom if ever
plumb. A borehole survey measures the true inclination and
direction of the borehole at frequent intervals in order to
detennine the true location of any point within that borehole.

Borehole photography and TV - Photographic and TV cameras have been
|

e
~ developed that can be lowered into boreholes three inches in

diameter or larger. One of the cameras photographs the image on a
conical mirror, which gives a donut-shaped photograph of the
circumference of the hole; calculation of true strike and dip is
possible. On one model of TV camera, the lens is directed downward
onto an angled mirror that can be rotated from a control panel.
Another model can be made to view axially, radially, or with a 180

| degree lens opening and can be fitted with a zoom lens and a
powerful floodlight. Dips and strikes can be estimated and the TV
images can be recorded on tape for more detailed study. In addition
to allowing determination of the spacing and orientation of frac-
tures, joints and bedding, borehole cameras allow inspection of

i
1

182
|

|



|

zones of little or no core recovery. Their major disadvantage is
that in holes filled with muddy or oily water they do not work well
and are subject to frequent malfunction.

Under ideal conditions, camera surveys can give an understanding of
subsurface conditions that is unobtainable by any other means except
by direct inspection in large diameter shaf ts and adits.

A related instrument is the borehole televiewer which presents a
continuous acoustic picture of the borehole produced by a rotating
ultrasonic scanner. The reflected ultrasonic waves are converted
into a . visual image of the borehole. Fracture systems and the dip
of fracture planes can be determined by this method (Zamanek, 1970).
In order to obtain a good borehole picture, a slow and constant
logging speed should be used and the suspended solids content of the
borehole fluid should be low.

Caliper logging - Caliper logging provides a continuous recording ofe

borehole diameter versus depth. The caliper has three arms that can
be controlled. The logs are used to determine borehole diameter, to
locate caved zones, to identify fractures, and to correlate geologic
boundaries. Geophysical logging methods can be correlated with the
caliper logs to enhance the interpretation of the data and to cbtain
direct correlation with the actual rock condition. Thus, caliper
logs are of ten obtained in conjunction with geophysical logs to aid
the interpretation of the data,

Impression packer logging - Impression packers are sof t plastice

packers that are inflated against the wall of the borehole in order
to obtain an impression of the features that are present on th'e
wall. The impression packer is oriented so it is possible to
determine the strike and dip of fractures and other features on the
borehole walls. It is also possible to obtain a rough estimate of
joint aperture using the impression packer.

Borehole Geophysical Logging

Geophysical well-logging techniques test the earth with ins trumu t s
inserted into boreholes; data are transmitted to recording devices. The
logs give a detailed and continuous record of the borings and allow
detection of subtle layer boundaries that can of ten be correlated
between borings.

Qualitative interpretation of the logs enables estimating of porosity,
permeability, lithology, pore-water chemical quality, geologic
structure, fracturing, and fluid movement and distribution.
Quantitative interpretation of porosity, pe rme a b i l i t y , and water
salinity may also be performed. By correlating the logs obtained from
boreholes, a subsurface geologic map can be drawn showing faults,
structures, and changes in lithology and sedimentation.
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Geophysical methods that have been applied in oil field well logging
include electrical (self potential and resistivity), acoustic and
nuclear logs. Caliper and temperature logs are also made to aid data
interpretation. Generally, a standard ensemble of logs is run; the
appropriate logging tools are selected according to the in situ rock
conditions and the specific information required for the study. Costs
for the standard set of logs is about 66 (1982 U.S.) dollars per meter,
including interpretation.

The geophysical logs must be interpreted in conjunction with each other
and with available core samples. Geophysical logs are made (by a field
geologist, engineer, or technician) af ter drilling and core sampling
have been completed and an initial evaluation of conditions has been
performed. Depending on the method used, the borehole may be cased or
uncased. For unstable rock in uncased holes, the boreholes should be
kept open using a material such as dril1ing mud during the logging
operation. Drilling mud also provides an electrolytic medium between
the downhole probe and the wall of the borehole if electric logging is
performed.

Electrical logging - The physical properties measured in electricale
well logging are electrical resistivity and self (or spontaneous)
potential. Self potential and resistivity were the earliest and are
still the most frequently applied methods of electrical logging. An
electric log consist of simultaneously run measurements of
electrical resistivity and self potential. Such logs are valuable
for correlation between boreholes and for subsurface mapping.

self-potential (spontaneous potential) logging - Potentials in-

boreholes may be caused by a number of effects, e.g., streaming
(electrokinetic) potential, shale (diffusion) potential, liquid
junctfon, and mineralization. The principal effect encountered,
however, is probably caused by electrochemical reactions
occurring between the drilling fluid and the formation
interstitial water (Wyllie, 1949).

Measurements are usually made by recording electric potential
differences between an electrode in a borehole and another
electrode at the surface of the underground opening. In some
instances, the potential gradient is measured between two |
downhole electrodes positioned at small spacings. I

1

The density and resistivity of the mud can seriously affect the
measurement of potential. When the drilling mud is very salty,
the potential curve is flat and may be useless. This condition

j may occur in salt.

resistivity logging - The electrical resistivity of a fluid--

saturated rock depends mainly on the pore fluid conductivity,
porosity, interconnection of voids, and bed thickness. In
general, resistivity is inversely proportional to porosity and
salinity. Usually, direct current or alternating current of low
frequency is applied to current electrodes and the potential is
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measured between two or more potential electrodes. The result
is a plot of apparent resistivity versus depth,

e Acoustic logging - Acoustic logs measure the elastic or seismic
properties of the rock. In the acoustic logging method,_ sonic
energy is generated by a transmitter in the borehole, and
transmitted to one or more receivers. When the acoustic energy is
recorded, identification can be made of four wave types. The first
wave arrival is a compressional (P-) wave that travels in the rock
' surrounding the borehole. The second wave arrival is a shear (S-)
wave that takes the same path. The third arrival is a fluid wave

'

that travels through the fluid column in the borehole. The last
(fourth) arrival is a Stoneley wave that travels along the area of
contact between the borehole wall and the borehole liquid.

The principal applications of sonic logs have been in detecting
fractures (King and McConnell,1973) and in determining ' porosityi

( Berry, 1959) . Porosity can be determined using a standard formula
that relates porosity to the wave velocity in the rock (formation)
and the wave velocity in the fluid that fills the pore space (Wyllie

i et al,1958).

e Nuclear logs - Some atomic nuclei emit natural radiation and others
can be induced to do so. Although several types of rays are emitted
(alpha, beta, and gamma rays, and neutrons), only gamma rays and
neutron emissions have enough penetration to be of practical use in
logging.

; Well logging instruments are basically of three types: (1) those
| that detect gamma radiation from the natural radioactive decay of

uranium (U), thorium (Th), and potassium (K) in rocks; (2) those
that use artificial gamma rays; and (3) 'those that induce nuclear
processes using neutron sources.

,

All natural rocks contain some radioactivity due to the presence of
U, Th, and K40 Radioactivity is generally lowest in basic
igneous rocks, intermediate in metamorphic rocks, and highest in

i some sediments and granitic rocks. Shales, clays, and marls are
generally several times more radioactive than sandstones,

i limestones, and dolomites. In a given area, the radioactivity of
shales does not vary much, so that a gamma-ray log is an approximate
measure of the amount of shale in the formatlon.

G.4.3 GEOPHYSICAL SEISMIC SURVEYS

Seismic surveys are useful for correlating rock ur :ts between boreholes,
, -estimating rock quality, and estimating the elastic constants of the
! rock mass. There are three basic types of seismic survey: refraction,
i crosshole, and reflection. All three methods involve measuring the time

required for the shear or compressional waves to travel between the
i
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source and the sensor. Seismic refraction and reflection are performed
from inside of the tunnel while crosshole seismic is performed between
boreholes (see Figure G-24).

Seismic Refraction

Seismic refraction measurements consist of creating a seismic impulse by
explosive or mechanical means and recording arrival times of refracted
seismic waves along a line of measurement (see Figure G-24a). Straight
lines fitted to distance (from shot point) vs. arrival-time plots permit
calculation of seismic velocities for the different layers encountered.
Locations of velocity breaks in the travel-time curve are used to
calculate distances to interfaces. In this method, the distance between
shotpoints and detectors (geophones) is large compared to the distance
to the seismic layers investigated; the separation needed is roughly
three to five times the penetration.

Seismic body waves are either of the compressional (P-) or shear (S-)
type. P-waves are always faster than S-waves in a given medium. For
this reason, P-waves are used almost exclusively in seismic refraction,
although experiments using S-waves have been performed and newer
developments have made i.ne use of S-waves in lithologic determinations
potentially more interesting.

Seismic refraction is used primarily to determine seismic velocities and
distance to adjacent layers. Such determinations are used not only for
engineering purposes but also for corrections applied to seismic -

reflection surveys. In f act, seismic refraction invesigations of
adjacent layers can be made part of a seismic reflection survey.

The usefulness of seismic refraction measurements is limited to
investigation of the rock near the test opening. As the distance from
the opening increases, the method becomes more and more approximate and
difficult to interpret. The refraction method depends on the assumption
that seismic velocities increase with distance from the source. If this

assumption is not fulfilled, the method gives erroneous results.

Seismic velocities are directly related to the dynamic elastic constants
of a medium, and velocities can be used to characterize the rock and
soil types encountered.

With r 3 versed refraction profiles, location and dip of subsurface layers
can be calculated. Other methods of interpretation exist for
determining variations in subsurface depth for each geophone location.

Crosshole Seismic
i

In the crosshole shear-wave method, a seismic impulse is created in one
borehole and wave arrivals are detected in an adjacent borehole (see
Figure G-24b). It has been found that this method gives more accurate
results and more detailed information concerning layers or fractured j
zones than other acoustic measurements, either in single boreholes or in
uphole and downhole configurations (Mirafuente et al,1974).
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SEISMIC SURVEY TECHNIQUES Figure G-24
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Processing of crosshole shear-wave data is straightforward, and I;ttle
or no interpretation is needed. The distance between boreholas divided
by the travel time of shear waves gives the shear-wave velocity
directly. The velocity can then be converted to dynamic shear modulus,
if an estimate of density is available. Simultaneous measurement of
compressional wave velocity can be used to estimate the dynamic elastic
constants, e.g., Young's modulus or Poisson's ratio. Amplitudes of
recorded shear and compressional waves can be used to determine
attenuation characteristics of materials. These characteristics give
additional information on rock quality and fracturing. '

Seismic Reflection

Seismic reflection measurements are performed by measuring travel times
of seismic waves artifically generated at or near a st.rface that return
to that surface after being reflected. Compared with seismic
refraction, shot-to-detector distances are small compared to distances
investigated, and a smaller amount of energy is needed per shot for a
given penetration. Normally, only P-waves are used.

Seismic reflection is by far the most expensive exploration method.
However, it is also the most effective and most highly developed method
which gives detailed and accurate information on the location of
subsurface layers, faults, and cavities, as well as velocities. These
are derived from measurements of reflection time vs. separation
distance. In addition, amplitude measurements made on digital
recordings define the reflection c efficient (velocity times density)
and attenuation characte.-istics.

With accurate velocity information, distances to reflective layers can
be calculated, usually to within a few percent. Correlation with nearby
borings increases the accuracy. Resolution is a function of penetration
d' stance and contrast in properties between layers. With increasing
penetration distance, higher frequencies are attenuated, resulting in
decreased resolution.

Seismic cross sections provide a wealth of data on the subsurf ace
configuration, including faults and voids in, for example, salt. These
structures are derived by interpreting the seismic cross section, and
skill of the interpreter is a key factor in the quality of the
interpretation. Voids may be indicated only by the presence of a
diffraction pattern in the seismic section; however, if large enough,
they may be completely resolved on a seismic section.

In spite of sophisticated methods used to attenuate multiple
reflections, interpretation of the exact nature of a seismic horizon is,

I still subject to critical evaluation by the interpreter.
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