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SUMMARY

This report presents a description of geotechnical measurement techniques
that can provide the data necessary for safe development--i.e., location,
design, construction, operation, decommissioning and abandonment--of a
radioactive waste repository in bedded salt. Geotechnical data obtained
by a diversity of measurement techniques are required during all phases

af repository evaiution.

The techniques discussed in this report are grouped in the following
categories:

» Geologic, Geophysical and Geedetic

» Rock Mechanics

e Hydrologic, Hydrogeologic and Water Quality
s Thermal

The major contribution of the report is the presentation of extensive
tables that provide a review of available measurement technigues for

each of these categories. The tables give the purpose of the measure-
ments, the applicable repository development stage, a brief cescription
of the technigues, and references in which detailed discussions can be
found. Where possible, the techniques are arranged in the order in which
they would normally be used. Table L-1 summarizes the geotechnical activ-
ities for each development stage, coordinated with a licensing schedule.
The Ticensing process shown here is suppositional because requiatory pro-
cadures have not been cleartly defined.

The technigues are also discussed in the text to the extent necessary to
describe the measurements and associated instruments, and to evaluate the
applicabiiity or limitations of the method. More detailed discussions of
therma) phenomena, creep Jaws and geophysical methods are contained in the
appendices; references to detailed explanaticns of measurement technigues
and instrumentation are included throughaut the report



A large number of technigques are listed. Some of them measure the desired
properties directly, others must use an indirect approach tu calculate

the necessary parameter, and in some cases, no truly applicable measuring
technigue exists. Recommendations are made where research and develop-

ment could provide improved or new methods to obtain necessary data.

Geologic formations are never comptetely isotropic or homogeneous;
professional judgment is always required to evaluate the validity of
measurements and to decide to what degree the data are representative
of the general area. Interpretation, weighting and integration of data
produced by all the various techniques will normally be required to
develop a reliable model.

Two measurement programs are required: exploration and monitoring. The
exploratory program would be designed to determine the naturally exist-
ing geologic, geometric, thermal, and hydrologic configuration of a
repository site, and to measure t.e physical properties of the geologic
materials at the site. The monitoring program would be designed to
measure any changes in baseline conditions resuiting from construction
and operation of the repository in order to anticipate potential leakage
or rock instability, and to assess the jong-term pervormance of the

repository.

The summary below includes research findings for each gectechnical category.

Geologic, Geophysical and Gesdetic Measurement Techniques

Geolagic measurement techriques are strangly oriented toward exploration,
but do have applications required during the emplacement and decommission-
ing stages of repository development. Trenching, core drilling and Tog-
ging, aerial photo interpretation, surface mapping, shaft and tunnel map-
ping, wineralogic and petrographic analysis, and joint indexing and
anatysis are used to determine the geometry and geologic framework of



the repository site. A considerable amount of interpretation may be
reguired and it is frequently necessary to assume a continuity of geological
conditions in order to project data from one area to another.

Geophysical measurement technigues are alse mainly exploratory in nature.
In most cases, geophysical data are correlated with geologic data in order
to increase confidence in the results. Aeria: and remote sensing tech-
niques are valuable tools for evaluating regional geslogic features as
observable from surface expressions. Ground-based seismic, electrical,
gravity, and magnetic surveys can be used to delineate geologic structure
below the surface. Both regional reconnaissance surveys and more inten-
sive local surveys can be conducted. Bath airborne and ground-based
methods are capable of collecting valuable data quickly without the need
for more costly and time-consuming underground geologic methods

Geodetic techniques are generally well-established and reliable and ave
used to establish baseline measurements and to monitor movements during

construction, operation, ana after decommissioning.

Rock Mechanics Measurement Technigues

Rock mechanics measurement techniques have advanced rapidly over the
past three decades. It is now possible to measure underground stresses,
stress changes, rock elastic properties, and rock deformations. Labora-
tory technigues for testing rock cores have also been improved.

Rock stress measurements in bareholes employ open-hole, soft-inclusion
or hard-inclusion probes. Overcoring around some of these probes allows
calculation of in-situ stresses. Other nrobes can be installed in bore-
holes and teft for monitoring stress changes over time. In-situ elastic
properties can be measured by jacking tests; techniques for measuring
rock ueformations and tilt are well developed. New inscruments are
being developed for measuring lateral as well as axial deformation of
boreholes.



Research is required to determine the influence of high temperatures
upon all rock mechanics instrumentation because many instruments will be
used to obtain data both before and after waste emplacement. Instruments
that will operate reliably at high temperatures need to be designed,
especially for stress-change monitoring and deformation measurements.

Hydrologic, Hydrogeologic and Water Quality Measurement Technigues

Hydralogic, hydrogeologic and water quality measurement techniques are
generally standardized. Hydrologic and hydrogeologic technigues can be
used to establish the water balance between the repository and the sur-
rounding area. Water quality measurements can be used i establish
baseline water properties and to monitor changes in thase properties.

Many new techniques for analyzing water quality have been developed in
recent years. These include automatic sampling systems, automatic
streanflow monitoring systems, and highly sophisticated laboratory
analyzers

At present, no reliable in-situ measurement technigues exist for deter-
mining water migration through highly impermeable rocks, especially
those in which flow occurs mainly through fractyres. Pumping tests,
plug tests and most injection tests are not applicable for determining
permeabilities or storage coefficients. Research and developmenrt are
required in the areas of rock fracture evaluation, the effects of stress
on permeability, interaction between dissolved minerals and the rock,
water sampling in refatively impeimeable rocks, temperature effects on
fluid flow and rock permeahility, and the use of chemical tracers.

Thermal Measurement Techniques

Thermal measurement technigues are not well developed. The capability

exists to measure rock temperature and thermal conductivity in boreholes,
but is 1imited to temperatures below 200°%. Alsn. vailable thermal con-
ductivity probes measure radial conduclivity on!, 'eat capacity can be



estimated from some thermal conductivity probe measurement data, but
Tittle effort has been made to develop the instrument techniques. No
techriques are available to measure the emissivity or heat transfer
coefficients of rocks underground. In-situ heater tests in rock chambers
have been conducted but only to a limited extent. Techniques reported in
these tests do not suggest ways to monitor the large-scale thermal behavior
of a waste repository. No borghole heater techniques for use in mines
have been reported.

Laboratory tests exist for thermal conductivity, heat capacity, emis-
sivity, and heat transfer coefficients. Except for thermal conductivity
tests, these technigues have not been developed specifically for rocks.
New testing techniques need to be developed, In addition, research and
development for determining rock thermal properties are needed for salt,
shales, and other associated rocks.

There is a strong need for research and development efforts in the ther-
mal area. The effects of heat upon rock properties, the development of
standardized thermal testing procedures, the development of in-situ ther-
mal tests, and the creation of new measuring instruments all need to be
addressed.



CHAPTER 1
INTRODUCTION

The collection and organization of geotechnical information is a funda-
mental requirement for all aspects of the installation and operation of
a nuclear wiste repository in bedded salt. In particular, site selec-
tion, design preparation, and repository effectiveness assessment cannot
be executed without reliable, accurate geotechnical information. This
information can be obtained only by observations and measurements taken
at a particular site and upon the geologic materfals collected from that
site. This report presents a state-of-the-art review of available tech-
niques for making these observations and measurements.

Geotechnical information can be classified into two broad categories:
baseline site data and monitored site data. The former are generated
during exploration and would be used mainly for the selection, evaluation,
design, and development of a repository site. The Tatter are generated
during and after repository operation and would be used meinly to assess
repository effectiveness.

Baseline site data are used for the construction of a complete three-
dimensional model of the site geologic conditiors. This model would
include the Tocation and orientation of all geologic strata, an identi-
fication of all wajor structural features (faults, joint patter: and
spacing, and folding), chemically aitered zones, and other geologic
features. Fiso included would be supplementary information describing
rock and salt properties, characteristics that would influence reposi-
tory geohydrology--e.g., rock porosities and permeabilities, aquifer
Jocations and characteristics, and fracture information. Once this
madel has been sufficiently developed, detailed decisions about where
and how to emplace waste can be made.



Monitored site data are used for several purposes. First, the data pre-
vide actual operating knowledge about the behayior of the rock and ground-
water system at depth. This information can be used as feedback into the
original repository design so that appropriate adjustments can be made.
Second, the collection and review of site data can act as a warning device
against possible rock failures, waste leakages, rock tempervature increases
and other possibie adversa effects. As time passes and more and more
information ahout the repository is callected, a general understanding

of normal behavior is developed so that abnormal behavior can be recognized
quickly. Finally, monitored data provide a realistic data base to assess
a repository's capabilities for (1) long-term containment and (2) unob-
structed waste retrieval. In partictlar, the interaction between rock
behavior and ground-water flow can be more fully evaluated after a repos-
itory becomes operatianal.

1.1 PURPOSE AND SCOPE

The purpose of this report is two-fold. First, it is to present in tabu-
lar form available geotechnical measurement techniques that can be used
to collect data for siting and monitoring nuclear waste repositories in
bedded salt. Second, it is to assess each technique with regard to its
reliability, accuracy, measurement limitations, and research and develop-
ment needs,

Geotechnical measurements include visual observations and instrument
measurenents--both in situ and in the laboratory. In this report, four
categories of ceotechnical measurements are treated:

Geologic, Geophysical and Geadetic

Rock Mechanics

Hydrological, Hydrogevlogic and Water Quality
Therma?l



Geotechnical properties of environmental baseline parameters are incor-
porated within the four categories listed on the previous page. Geo-
chemical studies were not included in the scope of work.

Tables concluding Chapters 2, 3, 4 and 5 1ist the parameters most useful
for evaluating a repository. With each parameter are listed measurement
techniques, the purpose for which the technique is used, the repository
development stage in which it can best be applied, and pertinent remarks
pertaining to the operating principles of the measurement instrument or
to the usefulness of the information obtained.

The text presents introductory discussions of the parameters and measure-
ment techniques listed in'the tables. These discussions are designed to
explain why and how data are obtained, Aiso included, where applicable.
are evaluations of the reliability and accuracy of the instruments.
Attenticn is drawn to areas where instrumeni research and development are
ne:zded.

Supplementing the text are appendices that provide detailed technical
background for three of the measurement technique categories. Appendix A
more fully explains present-day geophysical instrumentation and survey
techniques. Appendix B presents a basic discussion of rock stress-
deformation characteristics and a discussion of rock creep phenomena

and its associated parameters. Appendix C introduces thermal phenomena
and its associated parameters,

1.2 UNCERTAINTIES IN GEOTECHNICAL MEASUREMENTS AND DATA ACQUISITION

Geotechnical measurement. 2re subject both to observational e.rors and to
interpretational errors. Ubservational ervors depend upon the accuracy
and reliability of the instrument or the observer. Interpretational
errors always depend upon the experience, knowledge and judgment of the



interpreter. There are two categories of data to consider: exploration
data and monitored data.

In many cases, observational errors éan be identified fairly easily, par-
ticularly if they are large errors. For example, if an instrument is not
calibrated, or an operator makes fauity readings, improbable conclusions
are drawn. At the same time, small errors occur and are more difficuit
te identify. For this reason, each measurement technique's limitations
should be fully known and accounted for during data interpretation. Mul-
tiple readings and comparisons with alternative instruments are often

used to check for small errors.

Interpretational errors are directly related to the amount of data
acquired. In most instances, interoretations must be made with insuffi-
cient data, so that no matter how accurate are the data, errors in human
Jjudgment can produce false results. Quring exploration, errors in judg-
ment are expected; therefore, strong reliance is always placed upon cross-
checking with data from different sources. As more and more information
is collected over a period of time, the confidence Tevel in the data
increases, and rafined interpretations can be made,

The acquisition of monitored data is also subject to errors of observa-
tion and interpretation. If the monitored data are used for warning and
control functions in a repository, then data accuracy and instrument
reliability are of paramount importance. If a danger develops--such as
overheating in pillars--it must be detected rapidly and unfailingly.

If monitored data are to be used for design feedback, again data accuracy
and instrument reliability are important. Otherwise, design errors may
occur which could lead to inadequate conditions for waste isolation.

In addition, if the instrument fails, there is usuvally time to instal)

a new one. If the monitored data are to be used for long-term assessment
of repository effectiveness, then the time element becomes of paramount
importance. Observaticn techniques must be reliable over Tong time
intervals, or must be such that they can be repeatedly reintroduced

witn consistent accuracy.
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1.3 DEVELOPMENT SCHEDULE

This report answers two basic questions: What should be measured? Can
it be measured? The answers necessarily relate to the development
stages of a repository: each stage has its own requirements for infor-
mation. For example, during early geologic reconnaissance, only general
site geology and representative rock properties are required. From
major geologic structural features and rock strength data, a schematic
picture can be developed for qualifying the site for further exploration
or for rejecting it as being unsuitable. If the site appears to be
acceptable, then more information is needed. To determine if the site
is feasible, detailed information about geologic conditions at specific
locations underground must be obtained. Extensive drilling, sampling,
and geophysical wark are reguired to outline more completely the geo-
Togic configuration of the site, and to define rock properties. One of
the basic problems of site exploration will be integrating the drilling
program with the requirements for adequately sealing storage areas.

This may include 1imiting drilling in order to reduce the risk of fail-
ures in borehole seals. After a specific site is selected, even mare
information is needed. At this stage, the focus of the explaration
effort changes. Infarmation about the rock at specific undergiround
locations is requirad. Shafts and rooms must be located, access tunnel
routes 1aid out, pussible ground-water flow channels identified, aqui-
fers located and tested, and a host of other tasks performed. A1)
exploratory activities must be carefully planned to minimize disturbance
of rock in the vicinity of the selected repository site.

Presented in Table 1-1 is a preliminary program designed to indicate the
type of geotechnical measurements needed during each stage of repository
development. For each stage, techniques that .i11 receive the most use
are shown for the four categories adopted in this report: Geological,
Rock Mechanics, Hydrologic, and Thermal. It should be emphasized, how-
ever, that all of these techniques can be used at any stage of devel-
opment, provided there exists suitable access as vequired by the tech-

nique.
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A1so shown in Table 1-1 is the connection between the development stages
and the regulatory pracess as now used in the nuclear industry. Ir
broad terms, any underground project can be reprasented by a series of
activities separated by a series of decisions. As each activity is
completed, a decision has to be made as to how, when and if the next
stage shall be initiated. During all work, these decisions are made
continuously; however, certain ones always play a major role. for
current nuclear requlatory procedures, these major decisions are repre-
sented by license and permit approvals. In Table 1-1, the timing of
thase approvals is shown in relationship to the development stages

The stages adopted for this report are based upon the normal process of
project development used in engineering underground structures and
mines:

A, Site Selection

1. Areal Reconnaissance - Broad-based review of potential site

geolbgy, hydrology, rock mechanics and rock thermal properties,

2. Detaired Investigation - Fult-scale exploration into the geo-

technical suitability of the site as a waste wepository.

3. Detailed Design - Full-scale design of all underground facili-
ties including shaftis, tunnels, rooms and support facilities.

B. Construction

Full-scale construction of all facilities needed for the initiatien of
emplacement--including shaft, turnel and room excavation, and the instal-
lation of equipment.

e -
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C.  Emplacement

A1l forms of waste emplaced over the life of the repositery.

0.  Decommissioning

1. Sealing - Rooms, tunrz2ls and shafts sealed and the repository
vacated.

2. Monitoring - Measurements in the site vicinity made to insure
continued integrity of the repocitory.

3. Abandonment - Repository sealed and abandoned for a Jong period
of time; monitoring ceases

Ouring Stages A.1 through A.3, most information collected will define
naturally existing conditions and will be used mainly far describing the
repasitory. Descriptions will inzlude the geologic structure of the site,
the hydrologic behavior of local and regional ground-water flow, the ther-
mal heat flows at the site, in-situ and taboratory rock properties, and any
other factors that could affect repositecry operation, long-term containment,
and environmental impact. During Stage B, additional geotechnical informa-
tion will be obtained, and pre-emplacement monitoring instruments will

be installed and tested. During Stage C, most information generated will

be monitored data from the storage operations. During Stages D.1 and D.2,
monitored data will predominate, although in-situ and laboratory testing
will be performed for designing seals. For a certain period after sealing,
monitored data will continue to be collected. During Stage D.3, the reposi-
tory is assumed to be totally abandoned.
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1.4 INSTRUMENTATION STRATEGY AND THE REGULATORY PROCESS

It is difficult to specify in regulations which geotechnical measurement
technigues should be used, or when, why, where and how they shovld be
used. The basic need is for quality information and not necessarily

the specialized information from a single instrument or data analysis
technique. As experience in the mining and petroieum fields shows, first
a decision must be made as {o what type of information is requived, and
then tha decision is made as to how to obtain it. For the case of a waste
repository, the information requived will be related to the regulatory
requirements of that repository. These requirements will be related to
the stability of the underground openings and the long-term waste con-
taining ability of storage areas. Requirements for specific infarmation
can be included in the regulation, but flexitility should be given to the
repository operator as to how to obtain it.

Two measurement phases need to be detailed, however, because they are
critically important in the reguistory cycle. These are (1) geot chnical
exploration--to determine the characteristics of site--and (2) geotechnical
monitoring--to detect and identify possible adverse conditions (especially
conditions favoring waste leakage) within a repository.

A.  Comments on Exploration Strategy

The basic prablem of exploration is to define the geologic nature of a
site, including the types and physical properties of rock present, the
geometric configuration of those rocks, the location and orientation of
structura) features such as faults, joints, folds, and fractured areas,
and the groundwater system. Exploration must be sufficiently detailed

Lo provide adequate information to assess the rock stability and contain-
ment capabilities of a site. This information may be obtained from
large- or small-scale investigations--i.e., from feasibility explora-
tion of an entire repository site or from analysis of a particular
storage panel underground.



It must be emphasized that exploration is a process of search and iden-
tification. It consists of a series of cyclical programs of establishing
target areas, exploving those targets with geotechniceal measurement
techniques, analyzing and reporting the results; and then establishing
new target areas. The cycle is repeated again and again with different
levels of effort until an orebody, oil pool, gas reservoir, or repository
site is found.

A< exploration prograsses, some target areas will be rejected and others
accepted. Exploration effort will intensify and become concentrated
upon a few favorable sites. The emphasis will change from surface to
subsurface exploration methods. Core drilling and sampling and horehole
geophy:ical testing will increase. As more data are collected, the level
of confidence in the information describing the site geology and ground-
water conditions will rise. Nexi, an exploration shaft will be sunk to
targeted rock strata and preliminary in-situ tests performed. Eventually,
the confidence of the operator will increase ta a point where he feels
that one or more sites are feasible and the information describing

those sites is adequate. He will then apply for approval. At this
point, the regulator will have to review the exploration and decide

for or against approval.

In all underground projects there is always an element of risk involved

in assuming that the maps, diagrams, data compilations and written

reports generated from explaration accurately represent underground con-
ditions and can provide the hasis for predicting future repository behavior.
For a facility as sensitive as a waste repository, there will be a strong
tendency toward obtaining as nuch information as possible. Experience

has shown that the most reliable and accurate information abcut rack
strata underground coues from core driiling coupled with sampling,
geophysical logging and barehale ‘esting--followed eventually by shaft
sinking, tunneling, and in-situ testing. However, extensive core drill-
ing may adversely affect waste containment because every borehole is a
potentia) leakage path. Since there are strong doubts about the long-term



effectivenass of presently used borehole seals, it is not reasonable to
perforate a storage location with drill holes. Thus, the need for drill-
ing (Lo describe adeguately waste storage target areas) is matched against
the reguirement for preserving the containment capabilities of the targeted
rock. This tradeoff creates a difficult challenge for the field of explora-
tion strategy.

In order to emphasize the expleration strategy problem, two areas of

special interest are identified. First, in order to evaluate the con-
tainment capabilities of a particular repository site, accurate permeability
data must be obtained and incorporated into ground-water flow and diffusion
modeling. Rock permeabilities inciude pore permeability, fracture per-
meability and, possibly, permeability resulting from joints and faults. The
task of identifying these accurately without extensive drilling js formidable.

Second, in order to evaluate the effects of canister heat upon rock stab ty,
upon the operating environment, and upon retrieval and waste containmer. .,
accurate thermal properties must be determined and incorporated into the

heat flow modeling. Therefore, rock thermal property data should bLe

obtained through laboratory sample testing and, possibly, in-situ bore-

hole heater tests. This requirement in turn creates a need for explora-

tion drilling, Thus, in addition to the basic need for collecting purely
descriptive information, the exploration strategy must consider sampling

and testing together with modeling,

Drilling restrictions can be managed several ways. One approach is to
conduct Vimited surface drilling to outline broad targets, and then convert
to highly controlled drilling from underground stations. Exploration
shafts and tunnels would be required during the exploration program.

A second approach, perhaps in conjunction with the first is to use
geostatistical techniques for planning the drilling and analyzing the
resulting data. Geostatistical analysis technigues have not as yet

been developed for the special conditions unigue to a repository.

1-10



B.  Comments on Monitoring Strategy

Any repository monitoring program must be designed to detect and identify
possible adverse conditions in a repository that could affect the health

and safety of workers, the structural stability of storage rooms (and,

thus, canister placement and retrieval operations), the structural

stability of access tunnel and shafts (and, thus, underground transportation
and ventilation), and the containment capabilities of storage areas. The
basic problem of monitering is first, to identify possible adverse con-
ditions; second, to select instruments Lo detect those conditions; third,

to develop an instrumentation plan to install the instruments; fourth, to
davelop a data acquisition plan, and finally, to install the {nstruments.

The identification of possible adverse conditions in a repository requires

a review of all previous exploration findings, possible additional explora-
tion work, in-situ rock mechanics tests, in-situ permeability tests, in-situ
heater tests, and laboratory tests. A1l of thic work will be aimed at
creating a data base for subsequent monitoring. The monitoring program

also requires instrument testing, calibration and modification.

A full-scale geotechnical monitoring program must address a number of
importani factors, among which are

o C(anister/waste interaction

s Canister/rock interaction

¢ Waste/rock interaction

¢ Storage room stability, including structural condition of the
floor, roof and pillars

¢ Access route stability, including ventilation tunnels, men and
material tunnels, waste haulage tunnels, inclines, shafts,
raises and other openings

o Rock fracturing behavior buin in storage room areas and in the
surrounding strata

1-1
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4 Heat flow rates and temperatures in the rock adjacent to storage
Tooms

o Heat flow rates in repository rocks on a regional basis

o Ground-water flow, temperatures, and quality in aguifers asso-
ciated with the repository

e Rock permeability changes within rock strata adjacent to
storage areas

¢ Borehole, shaft and tunnel seals, including permeability of new
and old seals,

The monitoring program will include visual observation, periodic in-situ
testing, periodic sample testing, and continuous data read-outs from in-
situ instruments.

The development of a monitoring strategy for any repository will depend
upan the geotechnical conditions found at the site, the mine plans for
the repository, anu the design plan for canister storage and retrieval.
In general, instrumentation, measurement techniques, and data analysis
methods exist for rock stability monitoring and the behavior of ground
water in aguifers. There are two areas of especial concern in which
measurement techniques have not been adequately developed and in which

experience is minimal

¢ The effacts of & strong, localized heat source upon rock
behavior underground--inciuding possible temperature
increases, reductions in rock stability, increased
creep rates, and rock fracturing processes

¢ The ground-water flow behavior and the hydrologic properiies
of rocks of very low permeability--including fracture per-

meability.

Reguiations should require a geotechnical monitoring plan during each
stage of repository development. These plans should include a descrip-

1-12



tion of monitoring strategy as well as a description of instrumentation
use and data analysis procedures. The regulator should have the right
to approve or disapprove each plan, and to make inspections once the
plan is instituted.

For most cases, monitoring plans can be preparec with presently available
measurement technigues. For example, room stability can be monitored
with rock-deformation, stress, and stress-change measuring instruments.
However, no definitive monitoring program can yet be developed for the
two areas mentioned above (rock heat flow and low-permeability ground-
water flow) where research and development efforts are most strongly

needed.

1.5 AUTHORIZATION
The current work was conducted pursuant to Purchase Order 5487509, dated

9 April 1979, and Purchase Order 6755608, dated 5 September 1979, issued
by the University of California, Lawrence Livermore Laboratory.
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TABLE 1-1
Sheet 1 of 2

REPDSITORY DEVELOPMENT STAGES AND THE APPLICABILITY OF GEQTECHMNICAL MEASUREMENT TECHNIQUES

Geologic, Geophysical

Hydrologic, Hydregeologic

and Geodetic Rock Mechanics and Water Quality Thermal
{Refer to Ch. 2 and {Refer to “h. {Refer to Ch. 4 and (Refer to Ch. 5 and
Development Stage Licensing Milestone Table 2-1) and Table 3-1} Taple 4-1 te 4-5) Jable 5-1)

SITE SELECTION
AND DESIGHN

Reconnaissance

Prefeasibility
Report

Detailed (nves-
tigatian

Preliminary
Design

Feasibility
Raeport

Detailed
Design

PRELIMINARY CONSTRUC -
TION AUTHORIZATION

CONSTRUCTION
AUTHORTZ AT ION

Employ aerial and
satellite remote
sensing techniques;
conduct geophysical
reconnaissance, rock
sampl!ing, geologic
review and limited
wapping, seismic recan-
naissance, limited core
drilling.

Perform detailed
geclogic mapping, core
drilling, seismic
refraction and reflec-
tion surveys, borehole
geophysical lugging,
extensive carc sampiing,
earthquake studies,
microseismic studies.

Expl. ration shafts and
tunnels; underground
core drilling; continue
surface mapping; map
shafts and tunnels.

Perform limfted
testing for rock
properties.

Extensively test
cores for strength,
elastic properties,
and creep.

Continue core
testiny; make in-
situ jacking tests;
overcore faor in-
situ stress mea-
surements; install
deformation gages

Conduct preliminary
streamflow measurements,
preliminary rainfall
mnalysis; review ground-
water data.

Conduct full water-,alance
study, pumping tests,
streanflow measurements,
permeability tests, labo-
ratory studies of porosity
and permeability; estab-
lish basaline water qual-
1ty data.

Conduct in-situ perneabil-
ity tests; install ground=-
water piezometers; install
test wells; make aquifer
pumping tests; make mine
drainage gbservations-.

Conduct limited laboratory
testing for thermail prop-
erties.

Measure borehole conductivity
temperature, and thermal
capacity; test geochemical
properties in the laberatary:
establish geothermal gracdients.

Perform ‘n-situ thermal tests
in borehales and underground
rooms, and laboratary tests;
preliminarily determine emis-
sivity and heat transfer
coefficients.



Cevelopment Stage

Licensing Milestone

Geologic, Geophysical
and Geodetic
(Refer to Ch. 2 and
Table 2-.}

TABLE 1-1
Sheet 2 of 2

REPISITORY DEVELOPMENT STAGES AND THE APPLICARILITY OF GEOQTICHNIZAL MEASUTEN

Hydrologic, Hydrogeologic

TECHHIQUES

Ro~\ Mechanics and Water Quality Thermal
{Refer to Ch. 3 {(Refer to Ch. 4 and (Refer to Ch. 5 and
and Table 3-1) Table 4-1 to 4-5) Table S-1)

B. CONSTRUCTION

C. EMPLACEMENT

D. DECOMMISSIOMING

Sealing

Monitoring

Abandonment

DECOMTSSIONING

Underground core drill-
ing; perform in-situ
geophysical tests; tun-
nel geologic Yogying;
install micro-seismic
monitoring system;
monitor ming seismic
events.

Map geology of newly
excavateec areas; con-
tinue ¢ .k sampling.

Map geology of seal and
plug areas; rock sam-
pling; conduct limited
core drilling.

Explore to assecs grount
conditions; geophysica’
and geclogic methods
same as for Stage A.

Continue in-situ
tests, overcoring
and jacking tests;
instatl long-term
deformation and
tilt gages;
justall stress-
change devices in
bareholes.

Monitor rock
deformation,
rack stress, and
changes in rock
praperties.

Perform in-situ
tests for seal

design; monitor
deformations in
seals and plugs.

Remotely monitor
rock stress and
deformation.

Monitor 211 test wells;
continue in-situ permea-
bility tesis; perform
special in-situ tests;
install storage-room
permeability monitcring
devices.

Monitor surface-water

balance, ground-water

flow, mine-water flow,
water quality over and
near repository; con-

tinue in-situ permea=-

bility tests.

Monitor surface-water and
ground-water quality and
flow; monitor mine-water
flow,; test borehole, shaft
and tunnel plugs.

Perform streamflow anal-
ysiss; install ground-water
wells: make pumping tests,
plug tests, permeabilicy
tests. etc., as sita can-
ditions warrant.

Install long-term temperature
probes; determine in-situ emis-
sivity, diffusivity and heat
transfer coafficients; install
heat rate monitoring instruments;
perform new instrument R&D; per-
form laboratory tests on rock
samples; and perform ventilation
tests.

Install therma! probes {heat-
flow and temperaturc} in

storzge room areas; menitor rock
temperatures and heatflows in
storage areas, access tunnel
areas, and throughout repository.

Monitor rock temperatures and
heat f1ow.

Monitor raock temperatures and
heat flow; measure conductivily
and diffusivity and other
properties as site conditions
warrant.
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CHAPTER 2
GEQLOGIC, GFOPHYSICAL, AND
GEQDETIC MEASUREMENT TECHNIQUES

2.1 INTRODUCTION

The measurement techniques discussed in this chapter are grouped (as
nearly as possible) in the order in which they would be applied in the
location and evaluation of a repository site. The approach is taken

from a genera) regional appraisi] to detaited investigation of a specific
site. Included are geologic and geophysical measuring techniques for
evatuating from a distance geologic structure, stratigraphy and lithology
through the application of remote sensing and airborne geophysics, those
techniques that are per;ormed on the earth's surface or in shallow
excavations, and those that require drilling of exploratory holes.

Much of the information that is derived from remote or surface mea-
surements should be applied with caution to the assessment of probable
geological conditions at depth because geologic structure s rarely
constant., These methods provide a general understanding of the area,
however, and allow fdentification of questions requiring furti :r clar-

ification.



2.2 AIRBORNE TECH!IIQUES

A.A Remote Sensing

Remote sensing includes various methods of collecting information about
the earth without being in direct physical contact with it. It normally
is performed from aircraft and satellites and is restricted to methods
that use electromagnetic energy to detect and measure earth properties.
Remote sensing does not include measurement of force fields such as
electrical, magnetic, and gravity forces. These measurements may be
made from aircraft, but they are discussed in the following section,
Airborne Geophysical Methods,

Remote sensing techniques are used during the initial evaluation of a
prospective areé or site. They give an understanding of the gross
physical characteristics of an area and allow identification of features
requiring detailed direct investigation, Considerable experience in
remote sensing interpretation and confirmation of hypotheses in the
field are required for reliabla results.

Three bands of the electromagnetic spectrum are utilized in remote
sensing: (1) the phocographic band, which includes the visible spectrum
and a small part of the ultra-violet and infrared Lands, {2) the thermal
infrared band, and (3) the radar band.

1. Photographic Band - The photographic band is the original form
of aerial photography, and photographs may be made at wavelengths rang-
ing from ultraviolet into the photographic portion of the infrared
region. Varjous combinations of films and filters can be used with the
different spectral bands to obtain the best results under varjous
terrain and weather conditions, Multispectral systems, employing muiti-
ple cameras or lenses, are also used to acquire special-purpu.e photo-
graphs. Sabins (1978) discusses the use of various photographic combina-
tions.
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Images in the photographic band are acquired with conventional cameras
or with optical-mechanical scamning devices. The following types of
photography within the photographic band are used in remote sensing:

Conventional black-and-white
Infrared black-and-white
Color

Infrared-color

Multispectral

Ultraviolet

Conventional black-and-white phctography is the most widely used type
because stereo coverage of most of the United States is available at
modest prices from qovernment agencies. Experienced interpreters can
readily distinguish geologic features on black-and-white photographs.

Infrared black-and-white photography has the following advantages over
conventional black-and-white:

o Improved haze penetration produces a higher contrast ratio and
higher spatial resolution.

¢ Maximum reflectance from vegetation occurs in the photugraphic
IR region and praduces bright tones.

¢ Infrared absorption produces clear land-water boundaries.

Color photographs are generally superior to black-and-white for geological
interpretation because the human eye can discriminate many more shades

of color than it can tones of gray. Infrared colar photography combines
the properties of infrared black-and-white with the advantages of color



Multispectral photography vun be used to enhance specific features by
obtaining various cclor combinations. However, multispectral photography
is much more expensive, and it has no significant advantage over normal
color. Multispectral photographs lack the ground rasolution of conven-
Lional photographs

Ultraviolet photography is not widely used in remote sensing because
atmospheric scattering produces photographs of poor contrast and low

resolution.

The various types of photagraphy can be employed using the three imagery
acquisition techniques discussed below.

o Conventional Aerial Photography - Aerial photographs can be

used to delineate formaticn outcrops and structural features,
and data derjved from photo interpretation can be correlated
with information cbtained from surface and subsurface investiga-
tions to provide a complete geological interpretation of the
selected area. Stereoscopic viewing of aerial photographs
provides a comprehensive picture, and may reveal features that
are not evident from the ground (Miller, 1961; Ray, 1960).

Numerous photogrammetric instruments are available to obtain
guantitative information from aerial photography. Photo-
grammetric measurements can be used to determine the strike
direction and dip magnitude of exposed strata, to calculate the
thickness of geolosic sections, to determine the offset of
faults, and to obtain topographic information. It is also
possible to relatively quantify such features as drainage
density and fracture density, which can be related to permea-
bility and ground-water recharge.
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2.

Low Sun:Angle Photography ~ Low sun-angle photography (Slemmons,
1969; Cluff and Slemmons, 1871) enhances topographic differences

to give optimum delineation of fauit scarps. It is useful
primarily to locate faults and lineaments on a regional basis.
Low sun-angle photographs show subtle differencas in relief
and, therefore, are more useful in areas of low relief than in
areas of high relief where shadows obscure much of the area
(Sabinsln;??S).

Satellite Imagery - Various forms of satellite imagery are

used to define surface gealagy, generally on a regional basis,
because the image scale is much smaller than the scale of
conventional aerial photographs. Gross features that might be
overlooked on the larger scale aerial photographs are sometimes
easily discerned on small-scale statellite imagery. Linezments
and geomorphological anomalies of the features that may be
observed on satellite imagery are two of the most significant
Such features can be correlated with trends shown on geomagnetic
maps and with features determined from surface investigations.
Multispectral images may sometimes be used advantageously to
display pertinent data (Anuta, 1977; Hughes Aircraft Co.,
1972).

Thermal Infrared Band - Thermal infrared radiation is absorbed

by the glass lenses of conventional cameras and cannot be detected by

photographic films. Special detectors and scanners are used to record

images in the thermal IR spectral region.

Thermal infrared (IR) imagery records heat flow patterns that are altered
by such geologic features as salt domes and faults. Thermal IR can be
used to obtain geologic and structural information, to map surface and
near-surface moisture, and to monitor environmental conditions (Vincent,
1975, LeSchack and Del Grande, 1976).



Thermal models and emnirical correlations with ground features are used
tu understand the significance of temperature signatures obtained by
thermal infrared imagery, and the signatures can be correlated with rock
types (Sabins, 1978).

3. Radar Band - Radar is a form of active remote sensing which
provides its own source of electromagnetic emergy., Side-looking radar
(SLAR) is a radar system that acquires imagery from radar pulses directed
away from the source at a low angle.

SLAR is the optimum remote sensing system for mapping terrain and geologic
structure in forested areas where flying conditions are poor. The low
illumination angle of SLAR enhances lineaments. This enhancement is
caused by the suppression of distracting detail, reduction of resolution,
and radar shadowing of the SLAR system {Sabins, 1978). SLAR imagery
provides gross lithologic and structural subdivisions on a regional

scale (Viksne, 1969). Two types of SLAR are being used: real aperture
and synthetic aperture radar. The two types differ in the method for
achieving resolution in the azimuthal direction. The two systems are
described by Sabins (1978).

B.  Airborne Geophysical Methods

The distinction between remote sensing and afrborne geophysical mea-
surements is somewhat arbitrary. Logically categorized as remote
sensing methods, aeromagnetic and aerial gamma-ray spectroscopy sur-
veys are usually listed among the geophysical methods since both types
of survey are a1so conducted on the ground.

In comparison, gravity measurements, usually taken on the ground, have
also been made by airborne instruments, although with diminished
accuracy. Some of the electromagnetic methods are used in aerial
surveys for mineral exploration.
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1. Gamma-Ray Radiometry and Spectroscopy - ‘Airborne gamma-ray
instrumentation was initially used to explore for the radioactive
elements uranium and thorium. The technique was later extended for

use in geolagic mapping {Ldvborg et al., 1972} and in monitorirg natu-
ral radioactivity at reactor sites {Bates, 1964; MacKallor, 1965).

Geiger counters originally used for this purpose proved unsatisfactory,

and they were replaced by scintillation counters using thallium-activated
sodium-iodide crystals. Multichannel spectrum analyzers are used to
determine pulse heights and peak positions (Darnley, 1970). MNore recently,
{Duval et al., 1977}, it has been found that large-volume plastic detec-
tors can be used effectively to determine apparent concentration of radio-
active potassium, uranium, and thorium (Reeves, 1975}, Other new develap-
ments in instrumentation have been reported by Chiu and Collins (1978).

Airborne gamma-ray measurements must be carefully calibrated. Cor-
rections have to be applied for cosmic radiation, altitude, aircraft
contamination, and Compten scattering in the detectors (Grasty, 1975).
Varjous mathematical techniques are then used to derive geologic
information from the measurements (Duval, 1977; Collins, 1978).

2. Magnetics - Magnetic surveys measure total magnetic field
intensity at designated locations {Dobrin, 1960; Telford et al.,
1976). Measurements of field components do not greatly increase the
value of interpretation.

Survey techniques considered here are

¢ Airborne, conventional surveys, sensitivity 1 to 0.1 n7
{nanoTeslas*)

* The Tesla is the Systéme International (SI) unit of magnetic flux
density (Hebers/meterz). One nanoTesla equals one gamma.



o Airborne, high-sensitivity surveys, including gradiometer
surveys, sensitivity 0.01 to 0.0001 nT

¢ Ground surveys, sensitivity 10 to 1 nT.

One factor that has to be taken into account in magnetic surveys is
the time-varying nature ofvthe earth's magnetic field. Time varia-
tions of the field can be grouped into secular variation, daily varia-
tion, pulsations, micropulsations, and magnetic storm activity.

During magnetic storms the field variations are so large and rapid
that no magnetic surveys should be conducted. Secular variation is
not a problem in magnetic surveys; however, for comparison of surveys
from year to year, this variation must be considered. Presently
available are models such as the International Geomagnetic Reference
Field (IGRF) that represent the smooth field of the earth and its

secular variation.

"aily and other short-term fluctuations of the field must be consid-
ered in acquiring and processing magnetic data. Errors arising from
such variations can be eliminated by comparison with base station
readings, by survey line arrangements and statistical procedures, or
by measuring gradients which, over short distances, are free from

diurnal variations.

The anomalous magnetic field plotted as a result of magnetic surveys

is dependent on the magnetic susceptibility and remanence of rocks in
the area surveyed (Nagata, 1961). For conventional surveys, measur-
able effects depend entirely on the distribution of ferromagnetic
minerals in the earth's crust. Most sedimentary rocks have negligible
magnetic susceptibility and are transparent as far as magnetic measure-

ments are conceriled.
The magnetic map and profiles resulting from a survey are, therefore,

representative of the configuration of basement rocks and other igneous
and metamorphic rocks in an area. Magnetic measurements can provide
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valuable information on the tectonic framework of an area, such as a
salt basin considered for repository purposes. Magnetic maps are
also an excellent indicator of lineaments which can be compared with
other informalion relating to faults and fractures.

Rock salt is a paramagnetic material with a slightly negative sus-
ceptibility. This effect is strong enough to be potentially detec-
table with modern high-sensitivity magnetometers. A high-sensitivity
survey, therefore, may give direct indications of salt configuration.

Airborne surveys are a fast and relatively inexpensive method of
covering large areas, They also have the advantage of attenuating
near-surface effects which appear as noise in ground magnetic data.
Today, ground magnetic surveys are used primarily to investigate
locations of possible faults, where displacement and fracturing may
produce large local magnetic excursions which would be attenuated in
derial surveys.

Total intensity of the earth's magnetic field, the parameter measured in
magnetic surveys, is of no direct significance with respect to bedded

salt repositories or their geologic conditions. Instead, magnetic

anomaly maps (or profiles), related to the magnetic susceptibility and
remanence of rocks, have to be interpreted in order to derive meaningful
geologic information. Magnetic maps can give information on rock types
{primarily of the basement), on depth to magnetic rocks, and on lineaments
and other structural features.

Depth determinations can be considered accurate only to + 10 percent--even
if the magnetic measurements are accurately made--because of assumptions
used in calculating depths from magnetic anomalies. However, a high-
sensitivity survey permits a greater number of depth determinations by
using many smaller anomalies. In any survey, a number of depth determina-
tions wil) be inconsistent with other measurewents and wil] have to be
rejected because they do not match the assumptions used.



Lineaments and outlines of 1ithologic units can often be located to
within 10 to 20 percent of the depth of magnetic rocks. In general,
magnetic maps provide a good picture of basement depth and configuration,
and of regional trends and lineament directions, They are of great
value in arriving at an overall evaluation of the te:tonics of a salt

basin.
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2.3 GROUND-BASED MEASUREMENTS

A.  Geodeiic Measurements

Geodetic measurements taken before the emplacement of nuclear wastes

will form a baseline reference for monitoring subsequent crustal displace-
ments and deformations. These measurements will be grouped into three
subcategories: Survey-related methods for geometric contrels, inclinometer-
type technigues for the measurement of ground deformations; and pore-
pressure measurements, also for the measurement of ground deformations
(After Sharma and Raphael, Measurements Committee, USCOLD, 1979. See

Table 2-1, this report, for details.)

o Survey-related methods--such as precise leveling and triangula-
tion, traversing, and photogrammetry, in decreasing order of
accuracy (see Gould and Dunnictiff, 1971, for a thorough discus-
sjon of accuracy requirements for geotechnical measurements)--
provide the horizontal and vertical control data for the site.
These data are needed to provide a network of control points to
detect crustal movements, and to provide points of reference
for the deformation measurements.

¢ Techniques using inclinometers, slope indicators, tiltmeters,
and extensometers provide deformation data by micromonitoring
the relative crustal movements near structural features, such
as surface faulting and ground cracking. (See Schmidt and
Dunnicliff, 1974; and Cording et al., 1975, for state-of-the-
art geotachnical instrumentation and techniques.) Micromovements
of the underlying <trata can adversely affect man-made facil-
ities, and therefore deserve careful scrutiny.

8 Piezometers measuring pore-pressure changes provide further
information on crustal deformation. Changes in pressure head
resutting from ground-water fiuctuations (Hvorslev, 1951; Terzaghi
and Peck, 1967} could be caused by seasonal and climatic factors

2-1
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(Sokol, 1966}, by human activities (Casagrande, 1949}, or by
faulting (Zones, 1957). Changes in pore pressure alter the
Toading and stress regime in the ground, and are important
precursors of land subsidence and mass sliding (Carrillo, 1948;
Terzaghi, 1962; Lambe, 1972).

B.  Ground-Based Geologic Methods

1. Geologic Mapping - Geologic mapping of the surface identifies
rack outcrops and surface features to provide information for selecting
a suitable repository site. Innumerable geologic mapping methods are
available, but most of these are variations of four principal types
(Lahee, 1941):

¢ (ompass and clinometer

¢ Hand-level

¢ Barometer or altimeter

¢ Plane table and alidade or other surveying instrument.

0f these four methods, the least precise is the hand-level, used chiefly
for rough reconnaissance work. The compass and clinometer method is
more precise than the hand-level method, but should not be used in
regions underlain by stratified rocks dipping at less than 5 degrees.

The barometer method is more precise than the iwo preceding methods, but
is less precise than the plane-table method. Some advantages of the
barometer method aver the plane-table method are that

¢ Only one person i5 reguired, whereas the plane table method
requires two or more

o The method is less time consuming
¢ The equipment is lighter and more portable

e The method is less dependent on visibility between points
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Some disadvantages of the barometer method are that

¢ It requires experfenced personnel and reliabie aneroid barom-
eters

o Correlation of outcropping strata is more difficult because
traverses are commonly set up on straight lines in definite
directions or on existing roads

o Barometric readings require constant attention to temperature
and need corrections before the map can be made.

2. Joint Mapping, Fracture Analysis, and Lineament Studies - Joint
mapping, fracture analysis, and lineament studies will provide information
related to the three-dimensional distribution of fractures, joints, and

other discontinuities. This information will aid in determining rock
permeability, ground-water movement, and stability of the repository
site. The information can be acquired by standard mapping methods, and
can be analyzed statistically. Such data are most easily evaluated if
graphically presented by steraographic projectior (Hoek and Bray, 1974).

Information acquired from the mapping of joints on surface outcrops,
excavated slopes, and exploration trench walls is essential in assessing
the rock quality even though the information cannot be used quantitatively.

3. Trenching - Trenches and test pits are used to confirm and
expand data that are observed op the ground surface. Their use permits
obsarvation of fresh and unweathere! rock surfaces by removing surficial
deposits and weathered bedrock, which hide discontinuities and ¢).quise
lithology. Trenches may uncover solution channels, prove or disprove
the existence of suspected faults, aid in identifying rock types, and
Tocate ground water. Trenches and test pits also provide a means of
obtaining samples for laboratory examination and tests. Trenches provide

a continuous exposure along a given line and thereby disclose the cantinu-
ity of strata.

2+ 13
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4. Thin Sections, Microscopy - Thin section and other microscopic

studies determine the mineral composition, texture, and structure in order
to inontify the type of rock and ity origin. Crystal structure, deter-
mined by use of the petrographic (poTarizing) microscope, identifies the
minerals present in the rock samples, and provides data that aid in
determining in-situ rock strength and stability. Microscopic studies
would be used in ini.ial stages of site selection to confirm strati-
graphic ccrrelations and rock conditions.

5. Paleontology, Micropaleontology ~ ldentification of fossils

in sedimentary rocks makes possible the construction of the strata's
depositional history, which aids in understanding the regional geology.
Fossil identification makes possible correlation of strata that cannot
be correlated by lithologic characteristics alone, Paleontologic
methods would be used during initial stages of site selection if
needed to confirm stratigraphic relationships.

€.  Ground-Based Geophysica) Methods

1. Magne s - Ground magnetic measurements, closely related to
aeromagnetic surveys, are described in Section 2.1, describing aerial
geopnysical methods, and in Appendix A.

2. Gravity - Gravity measurements establish the earth's gravita-
tional acceleration at designated points (Dobrin, 1960; Telford et al,
1976). Although some experiments have been perf-vmed with aerial and
helicopter gravity surveys, terrestrial gravity surveys are the only
type of survey to be considered for bedded salt repositories. Compared
to magnetic surveys, gravity measurements are more expensive, but they
are still much cheaper than seismic me! “ods.

Sensitivity of gravimeters used in explovation {s approximately 0.01

mgal. Factors other than subsurfaze density distribution which affect
gravity measurements are elevation, terrain irreqularities, latitude,

2-14



PR nuns

e e Eew Mgas WG SR WEE NN

pumpma—. -wwentii i > E—— we— Pu—— - — -——

S

and earth tides. Because the elevation and latitude of measuring stations
must be known, surveying is needed for gravity measurements. This is a

major item in gravity survey costs

Two types of gravity surveys can pe distinguished. Conventional gravity
surveys for regional exploration usually employ station spacings of 500 m
or more and are designed for an accuracy of 0.1 mgal. Surveying accuracies
required are 30 cm in elevation and 100 m in latitude. Microgravity sii-
veys (Omnes, 1975) use station spacings of 100 m or less, and achieve an
accuracy of 0.01 mgal. Surveying requirements then become +3 cm in eleva-
tion and +10 m in latitude.

Tidal variations can amount to as much as 0.3 mgal. These variations
are usually accounted for together with instrument drift by periodi-
cally reoccupying hase stations. Terrain irreguiarities are difficult
to eliminate, even if the topography is accurately known, because of
uncertainties in estimating the density of near-surface rocks.

As opposed to magnetic measurements, gravity measurements are strongly
influenced by changes in sedimentary rock. Salt, a Tow density material,
is especially amenable to investigations by gravity surveys.

Variations in gravitational acceleration are of no direct interest for
exploration and design of bedded salt repositories. Of interest are

the density variations which cause local changes in gravity. These varia-
tions allow interpretation of the type and distribution of rocks in the
subsurface. Interpretation of gravity maps is very similar to magnetic
dala interpretation. Using both types of data together increase confi-
dence in the interpretation.

2-15
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Gravity data provide information on rock types {both basement and sedi-
mentary), depths to distinctive rock units, and on faults and linea-
ments. As in magnetic interpretation, depths calculated from gravity
measurements are based on cartain assumptions and are accurate to about
+10 percent. Some depth estimates have to be rejectea because they do
not conform to the assumpiions used. Gravity measurements give only
certain timits of the depth to a rock body causing an anomaly. Usually,
the depth ca'culated is a maximum depth to the upper surface of the rock
body.

Lineaments and circumferences of Tithologic units can often be Tocated

to within 10 to 20 percent of the depth of rocks causing anomalies.
Shallower features can be located move accurately than deeper anes.
Gravity data are particularly valuable for finding indications of
faulting. In petroleum exploration in sedimentary basins, gravity has
been used effectively in conjunction with seismjc reflection measurements.

Voids in bedded salt can be theoretically determined from gravity measure-
ments. However, for the expected depths of repositories, the method--
because of its limitations--is not suitable for this purpose. Voids in
bedded salt will have to be investigated by seismic reflection and by
radar measurements in boreholes and pilot shafts

3. 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
(Mooney, 1973; Musgrave, 1967). Straight lines fitted to distance {from
shot point) vs. arrival-time plots permit calculation of seismic veloci-
ties for the different layers encountered. Locations of velocity breaks
in the travel-time curve are used to calculate depths to interfaces. In
this method, the distance between shotpoints and detectors (geonhones)
is large compared to the depth of seismic layers investigated; the
horizontal distance needed is roughly three to five times the depth
penetration.
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Seismic body waves are either of the P- or S-type. Compressional or
P-wavec are always faster than shear or S-waves in a given medium. For
this reason, P-waves are used exclusively in seismic prospecting, although
experiments using S-waves have been performed and newer developments have
made the use of S-waves in lithologic determinations potentially more
interesting.

Seismic refraction is used primarily to determine seismic velocities
and depths of near-surface layers. Such determinations are used not
only for engineering purposes but also for corrections applied to
seismic reflection surveys. In fact, seismic refraction investigations
of shallow Tayers can be made part of a seismic reflection survey of
the area.

The usefulness of seismic refraction measurements for bedded salt reposi-
tories is limited to near-surface investigation down to depths of a few
hundred meters. As the depth increases, the method becomes more and more
generalized and difficult to interpret. The refraction method depends

on the assumption that seismic velocities increase with depth. If this
assumption fs not fulfilled, the method gives erroneous results, Also,
with increasing shot-dectector lengths, increasing amounts of dynamite
have to be used, adding to the expense of the survey.

Velocity--the main parameter derived from refraction measurements--is
of direct interest to repository design. Seismic velocities are
directly retated to the dynamic elastic constants of a medium, and
velocities can be used to characterize the rock and soil types encoun-
tered, Velocity also defines rippability for excavation purposes.

With reversed refraction profiles, depth and dip of subsurface layers cam
be calculated. Other methods of interpretation exist for detemining
variations in subsurface depth for each geophone location. Masuda (1975)
provides a good sunmary of these interpretation methods.
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4. Seismic Retlection - Seismic reflection measurements are per-
formed by measuring travel times of seismic waves artificially generated
at or near the surface that return to the surface after being reflected
from subsurface horizons (Dobrin, 1960; Telford and others, 1976; Dix,

1952). Compared with seismic vefraction, shot-to-detector distances are
small compared to depths investigated, and smaller amounts of dynamite
are needed per shot for a given depth penetration.

Again, in normal seismic exploration only P-waves are used. Some
experiments with S-waves have been performed, and S-wave techniques
are attracting renewed attention with respect to 1ithologic investi-
gations.

Seismic reflection is by far the most expensive exploration method.
However, it is also the most effective and most highly daveloped
method which gives detailed and accurate information on subsurface
layers, depths, velocities, faults, and cavities. New developments in
data processing and interpretation have led to more definitive answers
on the lithology of reflacting layers,

The reflection method requires extensive field operations and sophis-
ticated computer processing, Problems that accur in this type of sur-
vey are related to variations in near-surface low-velocity layers, to

accurate determination of velocity at depth, and to multiple reflections.

For purpeses of nuclear waste repositories, two types of seismic

reflection surveys must be distinguished:

o Standard reflection surveys for investigating sizable areas
and depths
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s High-resolution surveys for investigating specific, localized
tavrgets, usually at shallower depths. These surveys require
shorter geophone group spacings, higher frequencies, and
shorter sampling intervals in digital recording than the
standard surveys.

Subsurface reflections depend on the acoustic impedance of rocks and
soils. Acoustic impedance is the product of the density and velocity of
the medium. Therefore, the reflection amplitude is influenced by both
veiocity and density, whereas the measured travel time depends on veloc-
ity and depth.

Parameters derived from measurements of reflection time vs. distance
are velocity, depth and related parameters of bed thickness, and local
relief or relative depth. In addition, amplitude measurements made on
modern digital recordings define reflection coefficie.t {velocity timss
density) and attenuation characteristics.

Velocity is determined from the reflection hyperbolas by computer
techniques. These schemes permit calculation of both average velocities
to a certain depth and interval velocities (Dix, 1955). If the data

are not distorted by steep dips, these velocities tend to he internally
consistent and accurate to within a few percent, In order to arrive

at an absolute estimate of the velocity, however, it is essential to
have information from bareholes which can be used to calibrate estimates
made from seismic records.

Velocity informatien from boreholes consists of velocity Togs and wel)
shots. Velocity Togs show interval velocities as measured by an
acoustic borehole probe. Well shots measure the average velocicy

from shots at the surface to detectors at different levels in boreholes

With accurate velocity information, depths to reflective layers can be
calculated. Although seismic sections are usually plotted in terms of
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reflection time, modern processing methods permit calculation and
plotting of sections in terms of depth to provide an actual cross

section of the subsurface.

Absotute depths can usually be calculated to within a few percent.
Correlation with nearby well information may increase the accuracy to
within 3 to 10 m (Dobrin, 1960). Relative depths can he resolved
with the latter accuracy. In high-resolution surveys, an average
situation will lead to the capability of resolving a 3-m-thick bed at
a depth of 3000 m (Fary, 1979}. Resolution is a function of depth and
of sediment type. With increasing depth, higher freguencies are
attenuated, resulting in decreased resolution. Sediment types can
influence attenuation considerably; for instance, a shale section will
permit far better penetration of high-frequency waves than a sand
section (Farr, 1979).

Newer developments have led to inverted seismic cross scctions whict
show velocity plotted as a function of depth (Savit, 1978; Garotia,
1978; Lindseth, 1979). This type of section permits closer correla-
tion with subsurface lithology as obtained from boreholes and firect
stratigraphic interpretation of seismic data.

Seismic cross sections provide a wealth of data on subsurface configura-
tion, including faults and voids in, for example, salt or limestone.
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 miay be 1ndicated only by the presence of a
diffraction pattern in the seismic se<tion; however, if large enough,
they may be completely resclved on a seismic section,

In spite of sophisticated methods used to attenuate multiple reflections,

interpretation of the exact nature of a seismic horizon is still subject
to critical evaluation by the interpreter,
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5. Electrical and Electromagnetic Methods - Electrical and electro-

magnetic methods are used to measure the electrical resistivity of sub-
surface rocks. A great variety of methods exists; only a Timited number
among these are suitable for investigating bedded salt repositories
(keller and Frischknecht, 1966; Grant and West, 1965).

As is the case with the other potential field methods (gravity, magnetic),

electric methods give only indirect indications of subsurface configu-
ration. Except for features near the ground surface, they permit only
generalized conclusions, and the validity of interpretations is strongly
dependent on comparison with other data.

Electromagnetic methods (Vanyan, 1967}, which are based on measurement of
time-varying magnetic and electric fields, can be subdivided into methods
using artificial sources and those using natural sources. Artificial
sources, in general, do not provide sufficient depth penetration. Among
the methods using natural sources, the magnetotelluric and audiomag-
netotelluric methods are among the most effective (Cagniard, 1953;
Kunetz, 1972). They us- natural current fields related to jonospheric
currents which, in turn, are induced by radiation of charged particles
from the sun. These earth currents penetrate to great deptih and,
depending on the frequencies used, magnetotelluric measuremants can
provide resistivity estimates to depths of several thousand meters. The
effective depth of penetration aepends on resistivity and frequency.
Lower frequencies provide greater penetration. Also of importance is

the fact that the depth of penetration is greater in resistive strata
such as salt beds.

Magnetotelluric measurements are particularly suited for reconnaissance
surveys because the equipment used in the field is relatively small

ang easy to set up. However, for better definition of subsurface
features, OC electrical resistivity methods are often advantageous.
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Direct-current resistivity measurements are performed by applying a
current into the ground through electrodes and measuring the resulting
potential at certain points on the surface (Kunetz, 1966). Direct
current or slowly alternating current is used in these measurements.
Stowly alternating currents or periodic current reversals are used to
eliminate polarization effects of the electrodes. Porous potentiometric
electrodes are used with DC to prevent this problem,

There are many different resistivity methods based an different elec-
trode arrangements. One of the most widely used methods is the Schlum-
berger configuration, which resuits in relatively good resolution and
efficient field procedure. The Schlumberger configuration consists of
two current electrodes and two potential electrodes symmetrically
arranged on a line, with the potential electrodes near the center of
the configuration. The distance between the current electrodes is

much greater than the spacing of the potential electrodes, the minimum

ratio being five to one.

Since reconnaissance electrical measurements over wide areas are not
expecled to add information to the detailed studies needed for repos-
itory siting, we recommend only the use of Schlumberger measurements,
including their variants (namely, modified Schiumberger method and
equatorial configuration), in the area of the envisioned site. For
detection of fractures and resulting low-resistivity zones, magnetotel-

luric measurements may also be useful.

lectrical and electromagnetic measurements determine apparent /°sis-
Livity as related to electrode spacing or frequency used. This informa-
tion has to be interpreted to derive a measure of nctual rock resis-
Livity versus depth and location (Van Nostrand and Cook, 1966).
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By using certain assumptions and mathematical procedures, resistivi-
ties and vepths to interfaces between different layers can he esti-
mated. Resistivity can often be determined with an accuracy of about
15 percent. Depth determinations are usually much less accurate.

As with other potential field methods, it is important to compare elec-
trical measyrements with other geclogical and geophysical information

ta arrive at an improved interpretation,

6. Microseismic Methods - Microseismic measurements consist of

recording and amalyzing acoustic signals that originate in and travel
through the subsurface, There are two types uf methods: vock npise

monitoring and sensu stricto microseismic measurerents

Rock noise monitoring detects subaudible noise resulting from stress
conditions or mass movements in the subsurface. (ocations at which
sounds originate can be determined by analyzing recordings made with
several detectors distributed over an area. In geothermal exploration,
this method has been used extensively to monitor ground noise that is
often associated with geothermal reserveirs (Clacy, 1968; Teledyne-
Geotech, 1872; Butler and Brown, 1978). Such noise may be caused by
thermal stress or circulation of water or steam in the reservoir forma-
tion.

Other applications of this method include locating underground water
flow, locating water leakage paths in dams and reservoirs, and analysis
of failure conditions in structures and soil or rock slopes. Failure of
slopes or ynderground cavities is usually preceded by rock noise emana-
tions that increase in frequency up to the point of faiture. Careful
monitoring may permit taking remedial measures before a critical point
is reached.
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Microseismic measurements--sensu stricto--or microearthquake measure-

ments, are a part of earthquake seismology. This type of measurement is
perfarmed hy placing sensitive seismugraphs in various locations around
an area to be investigated (Asada, 1957). The instruments are designed

to record small earthquakes (less than magnitude 3) occurring in the area.

With a sufficient number of microseismographs, foci of such eerthquakes
can he determined and plotted (Lee and Lahr, 1972; Leslie et al,, 1976).
Movements producing small earthguakes ar2 cften generated by faults and
local fractures. Given a sufficient length of recording time, locations
of successive microearihguakes serve to define the location and attitude
of faults or fracture planes (Brunz and Allen, 1967; Combs and Hadley,
1977).

Additional information can be obtained from focal mechanism studies
(Stauder, 1962). The direction of first motion of earthquake waves in
an areq defines quadrants of compression and dilatation (Nakano, 1923),
each quadrant having a consistent divection of first motion. These
quadrants are related to the initial motion of the P-wave created by the
force system at the earthquake focus. The quadrants of alternate com-
pression and dilatation are divided by nodal planes, one of which is the
fault plane and the other an auxi.iary plane (Gupta and Rastogi, 1976).
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2.4 UNDERGROUND TECHNIQUES

A, Geologic Methods

The ultimate technique for the determination of subsurface geology is
direct observation and mapping in shafts or adits. Because of the great
expense involved, this method is normally reserved for the final stage
of exploration to confirm geological information derived by ather means
and to provide access for in-situ rock mechanics testing.

Before excavation of shafts and adits is undertaken, the area should

be investigated by exploratory drilling. The most commonly used

method of exploratory drilling in bedrock s diamond core drilling
because it is the most efficient method of obtaining representative
samples of the rock as it exists in situ (Acker, 1974; Cumming and
Wicklund, 1978). Other non-coring methods such as rotary driliing or
down-the-hoie hammer percussion drilling can be used to drill holes for
phetographic and television cameras, geophysical logging equipment, or
installation of instruments. These non-coring drilling metheds may also
be used to penetrate overlying strata quickly and inexpensively until the

tevel where diamond coring is recommended.
[Yiamond core drilling and associated techniques are discussed in this
section along with some of the classification systems that are used to

evaluate the quality of diamond drill cores.

1. Oiamond Core Brilling - The two general metheds of core drill-

ing in common use differ in the way core is retrieved from the hole.

In the conventional method a1l of the drili rods and the entire core
barrel are removed from the hole at the end of each run. In the wire-
line method, the inner tube of the core barrel is removed through the
center of the drill rods by a cable. Tha drill rods and outer core bar-
re) remain in the hole until the hole is completed or it is necessary

to change the diamond bit. The advantages of the wireline method are that
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it is faster, particularly for deep holes, the core is Tess likely to be
damaged as the rods are pulled, and the drill rods act as casing and
prevent caving. The disadvantages are that it produces a smaller diameter
core from the same size hole as the “conventional” method, and it is
necessary to remove all of the rods from the hole to change the bit,
thereby risking caving in bad ground.

A1l diamond 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 cut-
tings from the hole. The most frequently used fluid is water, sometimes
with bentonite or solubie oil added. Compressed air is also used. The

disadvantage of using water for drilling in soluble bedded 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 thé type of core
harrel. The selection of proper bit is greatly dependent upon the char-
acteristics of the rock being cored, such as its solubility, hardness, and
degree of cementation. 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 barcel in which the inner tube is split length-
wise 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

o Integral Coring - A specialized overcoring technique is used
to recover badly fractured rock completely and with fracture
spacing intact. 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, 1973).
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The method is slow and difficult and not feasible for deep

holes. A variation is a pre-grouting technique in which a .
small-diameter hole is drilled and pressure grouted before it

is overcored. This method is not often successful and i% is
seldom used.

o Oriented Coring - Various instruments and techniques have
been devised in an attempt to find a way of orienting a drill
core in the same position that it accupied in situ (Goodman,
1976; Voleshin et al., 1968; Zimmer, 1963). The objective is
to allow dete:mination ¢f the dip and strike of bedding
planes and fractures. Mechanical, electrical, and magnetic
methods have been attempted but no completely satisfactory
system has yet been developed. Any attempt to obtain and
utitize oriented cores, particularly from deep holes, should
include a borehole survey,

2. Borehale Survey - Boreholes seldom follow their initial bearing
and inclination. E£ven "vertical” boreholes drift and are seldom if ever
plumb. A borehole survey plots the true inclinailion and direction of the
borehole at frequent intervals so thal its true location can be plotted.
[t is important to survey deep boreholes frequently if they are to be
drilled near but not into a potential disposa) area and if a reliable
interpretation of the data derived from the hole is to be obtained.

3. Barehale Permeability Test - Another means of evaluating the

permeability or degree of fracturing in rock that is normally performed

in exploration holes is the water test (USBR, 1977). There are a number

of variations of the borehole permeability test, including the Constant
Head Test, the Falling Head Test, and the Pressure Test. The Constant Head
Test measures the constant flow of water required to keep the hole full

The Failing Head Test (Gravity Test) measures the rate of drop of the
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water level in the hole. In the Pressure Test, which is the most fre-
quent 'y ased test in rock, sections of the hole are isolated by expand-
ing packers in the hole and then water is pumped under pressure into the
isolated cone. The press.re, rate of water loss, and length of hole

tested is used to calculate the permeahility of the formation.

Resutts of horeh:le permeability tests should be used with caution. as
they are frequently in err r by a factor of 10 or more. As water flow

in rock is almos: entirely through fractures; however, the water tests

do provide at least a qualitative means of evaluating the degree of frac-
turing in rock.

4. Borehcle Photography and TV - Photographic and TV cameras

have been developed that can be Towered into boreholes three inches in
diameter or larger (Trantina and Cluff, 1963). One of the cameras
photographs the image on a conical mirror which gives a donut-shaped
photograph o* the circumference of the hole. Another camera takes a
stereo photograph louking vertically downward. Calculation of true
stikn and dip is possible with the first type of photograph, but the
second Lype allows only a visual estimate of approximate strike and

dip.  On one model of TV camera, the lens is directed downward onto an
angled mirror that can be rotated from a surface ¢. ‘rol panel

Anather model can be made to view axially, radially, or with a 180-
deqren lens opening (Winterkorn and Fang. 1975). It can also be fitted
with a zoom lens an- a powerful floodlight. The distance between objects
observed with this Jens can be estimated because the time reguired for
focusing to various distances is known. Dips and strikes can be estimated
and the TV images can be recorded on tape for move detailed study. In
addition to al’owing determination of the spacing and orientation of
fractures, joints and bedding, borehole cameras allow inspection of zones
of Titt.e or no core recovery. Their major disadvantage is that they do
not work well and are subject to frequent malfunction in holes filled
with muddy or oil-coated water.
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Under ideal conditions camera surveys can give an understanding of sub-
surface conditions that is uncbtainable by any other means except direct
inspection in large diameter shafts and adits.

A related instrument is the borehole televiewer which presents a con-
tinuous acoustic picture of the borehole produced by a retating ultra-
sonic scanner. The wltrasonic wave returns are converted into a visual
image for viewing of borehole conditions. Fracture systems and the dip

of fracture planes can be determined by this method (Zemanek et al., 1870).
In order to obtain a good borehole picture, a siow and constant logging -
speed shryld be used and the solid content in the borehole fluid should

be Tow.

5. Geological Analysis of Rock Samples - Anaiyses of samples by
megascopic and microscopic methods provide information about the mineral

compesition, fossil cantent, texture, and structure. This information
aids in determining how a rock mass wil) respond to construction opera-
tions and helps to correlate beds between horeholes to defipe the strati-
graphic sequence and geologic structure.

Many micro-techniques are available for sample study, and generally
employ either the petrographic or the binocular microscope. The petro-
graphic microscope is used lo identify minerals and to study thin sec-
tions. The binocular microscope is normally used to observe the larger
features such as Jithology, texture, and structure.

Micropaleontology is especially useful in evaluating structural condi-
tions and facies changes, and in dating and correlating strata.

Meyascopic examination of hand samples is often superior to microsopic
examination for determining some rock properties. The color, texture,

composition, and bedding are usually readily apparent when samples are

ohserved megascopically,
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6. Engineering Classification of Rock Masses - There have been

many attempts to derive classification systems which would allow
nuiorical values te be assigned to discontinuous rock masses (Deere,
1963; Bieniawski, 1974). Some of the parameters are strength of the
intact rock material, degree of fracturing of drill core and fracture
spacing, and condition and orientation of joints and fractures.

Goodman (1976) lists several systems, two of which are described below.

One index, developed by Deere (1963), is the Rock Quality Designation
(RQD), which is the ratio of the combined length of all hard and strong
pieces of core 10-cm or longer to the total length of the core run.

The RQD is one factor in the classification system propased by Bieniawski
(1978) which assigns a numerical value based upon uniaxial compres-

sive strength of rock material, RQD, spacing of joints, condition of
joints, orientation of joints, and ground-water conditions., Use of a
standard classification system would allow a more meaningful comparison
of variaus rock units at alternative sites than the general gualitative

terms in use today.

7. Interpretation of Geologic Structural Data - Interpretation

of geologic structural data is greatly facilitated by use of the
descriptive geometry technigues of Badgley (1959) and the principles

of stereographic projection and joint surveys described by Goodman
(1976). Use of these methods allows interpretation of field data and
solution of problems invelving the relationship of formations, struc-
tures, lines and planes in space. Such problems are difficult to solve

by other neans
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B.  Underground Geophysical Methods

Single Borehole Techniqres (Well Logging) - Geophysical well-logging

techniques test the earth with instruments lowered into boreholes;
data ave transmitied to recording devices at the surface. The logs
give a detailed and continuous record of the haorings and allow detec-
tion of subtle layer boundaries.

Qualitative interpretation of the logs enabies determinatisn of poros-
ity, permeabitity, lithology, pore-water chemical quality, gealogic
structure, fracturing, fluid movement and distribution, and environ-
ment of deposition. Quantitative interpretation of porosity, permea-
bility, and water salinity may also be performed. 1In addition, corre-
tation of beds may be accomplished more easily with geophysical well
togs than with other metheds. By correlating the logs obtained from the
wells of an area, a subsurface geologic map can be drawn showing faults,
structures, and changes in Tithology and sedimentation

Geophysical methods that have been applied in well logging include
electrical (self potential and resistivity), acoustic, nuclear, tem-
peralure, chemical, mechanical, and photographic. Generally, a standard
ensemble of logs is run; the appropriate logging tools are selected
according to the in-situ rock and soi) conditions and the specific
information required for the study.

In this report, borehgle photegraphic and TV logging are covered in
Section 2.4A, Underground Geologic Methods; temperature and thermal
conductivity logging are covered in Chapter 5, Thermal Measurement,

Techniques.
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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) after drilling and core sampling
have been completed. . Depending on the method used, the borehole may be
cased or uncased. For unstable soil or rock in uncased holes, the
boreholes should be kept open using a material such as drilling 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. Drilling near salt domes can produce
significantly increased borehole failure problems (Bradley, 1979).

1. Electrical Logging ~ The physical properties measured in elec-
trical 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 borehole logging. An elec-
tric log consists of simultaneously run curves of electrical resisitivity
and self potential. Such logs are valuable for correlation between wells
and for subsurface mapping.

a. Self-Potential (Spontaneous Potential) Logging - Potentials

in boreholes may be caused by a number of effects--e.g., sireaming (elec-
trokinetic) potential, shale {diffusion) potential, liquid junction, and
mineralization. The principal effect encountered, however, is probably
caused by electrochemical reactions occurring between the drilling fluid
and the formation interstitial water (Wyliie, 1949).

Potential measurements are usually made by recording potential changes
between an electrode in a borehole and another electrode at the surface.
In some instances, the potential gradient is measured between two downhole
electrodes positioned at small spacings. Potential and resistivity mea-
surements are generally recorded simultaneously.
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The density and resistivity of the mud can serjously affect the potential
curve. When the drilling mud is very salty, the potential curve is flat
and may be useless. This condition may obtain in the vicinity of a salt
repository.,

b. Resistivity Logging - The electrical resistivity of a fluid-

saturated rock or soil depends mainly on the pore fluid conductivity,
porosity, interconnection of voids, and bed thickness. In general,
resistivity is inversely proportional to poresity and salinity. Usually,
direct current or alternating current of low frequency is applied to
current electrodes and the potential is measured between two or more
potential electrodes. The result is a plot of apparent resistivity ver-
sus depth. Various techniques are discussed in Appendix A-7.

2. Acoustic Logging - Acoustic Togs measure the elastic or seismic
properties of rock and soil. 1In the acoustic logging method, sonic
energy is generated by a transmitter in the boreholes, and transmitted
to a receiver or multiple receivars. 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 (5-)
wave that takes the same path. The third arrival is a fluid wave that
travels through the fluid column in the Lorehole. The last (fourth)
arrival is a Stoneley wave that travels along the area of contact
between the well bore wall and the borehole Tiguid.

The principal applications of sonic logs have been in detecting frac-
tures (King and McConnell, 1973) and determining porosity (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 et al.,
1958).

2-3



3. Gravity logging - Gravity Jogging is a relatively new method for
determining the mean density and, accordingly, porasity of formations
between gravity stations (Hammer, 1950). Depth of investigation is much
greater than in other porosity logging methods, and measurements are not
as strongly influenced by drilling effects. In addition, casing does not
significantly affect the results.

More accurate density determination can be made with borehole gravimeters
than with the other logging tools mentioned (Schmoker, 1978). Nearby
density changes can he Togged in material not penetrated by the borehole,
such as density changes due to a salt deme or other geologic structures.

A number of instruments have been developed for gravity logging in bore-
holes (Howell and others, 1966). The mechanisms are similar to those used
in surface measurements. The size of the borehole gravimeter may require
a larger size hole than that used in most other logging techniques. The
LaCoste-Romberg borehole gravimeter, for example, requires a hole with a
diameter greater than 6 inches. Also, temperature and pressure may be
Timiting factors in the use of the instrument. Because of the cost of

the instruments, they should be used in cased holes unless the holes are

in excellent condition.

4. Nuclear Logs - Some atomic nuciei 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 neutrons have enough penetration to be of practical use in logging.

Well Togging instruments are basically of three types: (1) those that
detect gamma radiation from the natural radicactive 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 neutren
sources.
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A1 natura) 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 some sediments and
granitic rocks. Shales, clays, and marls are generally several times
more radicactive than sandstones, limestones, and dolomites. In a given
area, the radioactivity of shales does not vary much, so that a gamma-ray

100 75 an approximate measure of the amount of shale in the formation.

The energy spectra of U and Th are broad, although there are charac-
teristic gamma rays from Th {2.62 MeV) and U (1.7-1.8 MeV). The gamma
ray from K40 is mongenergetic at 1,46 MeV. Gamma-ray detectors sensi-
tive to the appropriate narrow energy band can be used to distinguish
the source of radiation.

The average energy of gamma rays is approximately 1 MeV. About half

the gamma ray detected in a borehole originates within five inches of
the wall of the hole. In sediments, the depth of investigation is on
the order of one foot. The intensity of radiation is reduced by approx-
imately one-third if the borehole is cased.

Formation properties can also be determined by the interaction of neutrons
with atomic nuclei in the rock. Neutrons are slowed by elastic and inelastic
collisions with nuclei. Characteristic gamma rays are emitted as the result
of both types of collisions. In elastic collisions, emission of the gamma
ray is the result of neutron capture. In inelastic collisfons, emission

of the gamma ray is the result of an excited energy state of the nucleus.

5. Nuclear Magnetic Resonance Logging - Methods of magnetic well
logaing include the magnetic iield log, the susreptibility log, and the
nuclear magnetic resonance log. These methods measure either the forma-
tion susceptibility or the magnetic field itself. Magnetic well logging
has not been widely applied, and of the three methods mentioned the most
applicable to this study is the nuclear magnetic resonance log.
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Nuclear magnetic resonance logging utilizes the principle of the nuclear
precession magnetometer, which is described in Appendix A.1. The unbound
hydrogen nuclei in the formation fluids are initially oriented by a strong
magnetic field. When the field is cut off, the nuclei precess about the
earth's magnetic field. The precessicn sets up an alternating magnetic
field that induces a voltage in the receiving instrument. The amplitude
of the signal is an indication of the unbound hydrogen in the formation
and, accordingly, its water content. Porosity and permeabiliiy measure-
ments have been obtained by this method.

6. Radar Legging - Gfound-probing radar is a relatively new geo-
physical method which is still essentially in the developmental stage.
The depth of penetration is determined by propagation attenuation in the
medium under investigation and the properties of the radar system itself.
Radar measurements outside salt domes have been restricted primarily to
depths of approximately 10 meters. However, discantinuities in salt
domes caused by anhydrite stringers, shale, sandstone, or fractures cause
radar veflections that have been located to a depth of several hundred
meters (Stewart and Unterberger, 1976).

Although borehole radar has not yet been widely applied, it may prove an
exceedingly valuable tool for locating faults, fractures, voids, and

caverns becavse of its much greater potential depth of investigation

than other methods cited (Cook, 1977). Very-high-frequency (VHF) radar
probing for discontinuities in salt were made from a drillhole by use of

a 230-MHz-pulse radar well logging system (Holser et al., 1972). Hluchanek
(1973) used a 440-MHz-pulse radar system to investigate the Hocksley Salt Dome.

7. Caliper Logging - Caliper logging provides a continuous record-
ing of borehole diameter versus depth. The -aliper has three arms that
can be controlled from the surface.
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Caliper logging is a valuable tool, since it is the only direct measure-
ment of the in-situ rock condition. The logs are used to determine
borehole diameter, to locate caved zones, to identify fractures, and

to correlate geologic boundaries. Other geophysical Togging methods
can be correlated with the caliper 1ags to enhance the interpretation
of the data and to btain direct correlation with the actual physical
rock condition.
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Crosshole Methods - Logging methods which are based on a source-receiver
measurement and have sufficient pene'ration ran alsc be used in muitiple
borehole configurations. In this case, a source is placed in ane bore-
hole and receivers in one or more adjacent boreholes. Borehole measure-
ments that can be applied to crosshole techniques include radar, electri-
cal resistivity, acoustic, and shear wave.

Information obtained by the crosshole method is often more accurate
because borchole effects can be minimized. Representative values of test
parameters can be obtained by testing a much larger volume of undis-
turbed material. Measurement parameters abtained by crosshole methods
include 1ithology, permeabiiity, and fracturing. In addition, crosshole
shear-wave measurements are particularly valuable in determining dynamic
elastic parameters of rocks and soils.

1. Shear-Wave Measurements - In the crosshole shear-wave method, a

seismic impulse is created at a given elevation in one borehole, and wave
arrivals are detected at the same elevation in an adjacent borehole. It
has been found that this method gives more accurate results and more
detailed information concerning layers or fractured zones than other
acoustic measurements, either in single boreholes or in uphole and down-
hole configurations (Mirafuente et al., 1974).

Crosshole shear-wave measurements will be needed during the site selec-
tion (A) and testing and design (B) phases of a bedded salt repository.
They will give detailed and accurate elastic parameters for repository
design, particularly with respect to earthquake loading conditions.
During Stage B, these measurements should be obtained from the actual
repository location at depth. Since present instruments are Timited to
3 depth of about 150 m, either a modified instrument will have to be
constructed for greater depths, or measurements can be conducted in
horeholes drilled at depth from a pilet shaft.
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Processing of crosshole shear-wave data is straightforward, and Tittle or
no interpretation is needed. Travel time of shear waves divided by the
distance between boreholes 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 also permits determination of Young's modulus, Poisson's ratio,
or any other cynamic elastic constant.

Mmplitudes o7 recorded shear and compressional waves can be used to
determine absorption characteristics of materizls. These characteristics
give additional information on rock quality and fracturing.

Crosshole shear-wave velocity measurements are not only used to deter-
mine rock qualities for repository design, they also serve as a baseline
for monitoring repository behavior under thermal stress. Repeated shear~
wave measurements aficor waste emplacement will indicate amy changes that
may have been induced during repository operation.

2. Resistivity Measurements - With two or more boreholes available,
current electrodes can be more widely spaced in one borehole and
potential electrodes placed in adjacent boreholes for IC resistivity

1 measurements. Better three-dimensional distribution of measuring

points and more representative bulk measurements are thus obtained.
Some resolution of layers and details is lost with this arrangement,
and interpretation methods are not as sophisticated as those for
single-borehole methods. MNevertheless, compared to single-borehole
methods, crosshole resistivity measurements give better definition of
bulk rock resistivity, with diminished capability for detecting local
variations.

Electromagnetic measurements in crosshole configuration, in general, have
the same advantages and disadvantages described above, Additionally,

there is a problem in constructing sources for borehole use with sufficient
tapacity for penetration. Crosshole electromagnetic measurements, there-
fore, have not been used very much,

- ——
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3. Radar Measurements - In a crosshole configuration, radar measure-
ments will rely on radar transmission rather than reflection. Therefore,
it should be possible to reach greater distances between transmitter and
receiver than between a single borehole transmitter/receiver and reflec-
tors in the subsurface.

Resolution of voids and other discontinuities is a question of frequency.
Present methods can detect a tunne) if its diameter is equal to or greater
than half iie wavelength of the electromagnetic wave used (Lytle and
others, 1979). This means that, for small voids, frequencies in the
mega-Hertz range are needed. Such measurements, although they are still
electromagnetic in nature, are usually called radar measurements.

Crosshole radar measurements indicate fractures, veoids, or materials
other than salt as shadows. With a good distribution of boreholes, it
may be possible to delineate zones with such features,



Subsurface Mine Techniques - Essentially, all geophysical techniques
that can be performed at the surface can also be applied to subsurface
mines and tunnets. Subsurface mine technigues may offer better resolu-
tion of the nhysical parameters under investigation than surface

methods because of the proximity of the area of interest. Subsurface
tunnel and mine methods that have been applied in the past have included
primarily seismic refraction and electrical resistivity measurements
{Scott et al., 1974; Daeman, 1977).

Subsurface electromagnetic detection and ranging methods (radar) of
geologic structure have recently attracted much attention. The ranging
systems differ in the signal transmitted {either a particular radio
frequency or an impulse), the antenna used to couple the electromagnetic
energy to the rock, and the processing of the received signal. Selec-
tion of the transmitted signal and the antenna depends on the medic
involved, and the electromagnetic pulse must be designed for the
particular application {Moffatt and Puskar, 1976).

A11 successful ground-probing radars at present employ electromagnetic
waves of low frequencies (15-500 MHz) for maximum penetration (Cook,
1975). The waves are emitted in broad-band pulses of very short
duration (2 to 70 nanoseconds) to obtain good discrimination of reflec-
tors. Average transmitted power levels are generally only a few

Watts, and equipment has been designed to be highly portabie.

The rate of attenuation and velocity of propagation of an electromagnetic
wave is dependent on the electric permittivity and magnetic permeability
of the material, Although radar penetration is highly 1imited in most
materials, radar transmission in salt to depths of several hundred

meters has been achieved {Stewart and Unterberger, 1976). Low attenua-
tion exists for pure salt at frequencies of 108 to 109 Hz. Impurities in
the salt increase its attenuation rate. Also, saturated saline solutions
have a high conductivity, and attenuation may be severe for radar waves
travellirg through wet rock salt.,



A reflection of the radar energy in salt occurs when discontinuities in
tha electric permittivity or magnetic permeability are encountered.

These discontinuities and subsequent radar reflections may be caused by
sandstoie, shale, anhydrite, water, or fractures. Since electric permit-
tivity varies rapidly with density, radar refiection could also be caused
by variations in the salt density.

Stewart and Unterherger used a VHF radar system with a frequency of 440
MHz in the Cote sianche Salt Dome to probe for the top and flanks of tns
salt. Many discontinyities were detected in a shear zone, and information
about the salt roof was obtained by their method.



2.5 SUMMARY AND CONCLUSIONS

Geological and geophysical measurements often require considerable
interpretation and it is frequently necessary to ascume a continuity

of conditions between the lacation where the measurements are made and
the location where the information is needed. Such an assumption may
be necessary in the case of a bedded salt repository site because it

is important to maintain the integrity of the containment media;
drilling a large number of exploratory holes may be precluded. Develop-
ment shafts and adits will serve as exploratory tools to provide data
for final design; provision shculd be made for modifications to accom-
modate conditions that are actualiy encountered.

Remote sensing is a valuable tool for geological mapping of the earth's
surface. [t provides a rapid means of economically acquiring regional
information. The results, however, depend upon geologic interpretation
and the correlation with data obtained from other sources, such as ground
measurements. The completeness and quality of a photogeologic study will
depend upon the photography used, the area studied, and the personnel
involved. Because the information that can be obtained from remote sensing
interpretation will vary with the scale of the phntography, it is often
advantageous to use both large- and small-scale photographs to ensure that
neither small features, visible only on large-scale photographs, nor subtie
regional features, apparent onfy on small-scale photographs, will be over-
Tooke !. The imagery acquisition techniques can be selected to obtain the
best information based on conditions at the site.

Photogrammetric instrumentation may be used to reduce the precise field
measurements that will be required, but the extent of photogrammetry that
will be possible depends upon the area and the quality of photography that
is available,
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Since the major cost in borehole geophysics is drilling the borehole, it

is recommended that as many borehole techniques as feasible be run in the
test horeholes. Each method can add to the value of the total information
obtaiped and methods should be correlated to enhance the information. The
effectiveness of the borehole methods depends on a variety of in-situ condi-
tions, including the type of borehole fluid, whether the holes are cased,
the solubility of the salt in the borehole fluid, and rock lithology.

The methods should be evaluated in the field and, if a method proves

ineffective, alternatives recommended.

Important information obtained from self-potential and resistivity Togs
includes porosity, permeability, fracturing and geologic correlation.
In addition, induction logs give information on geologic structure and

formation dip.

With the exception of focused-current logs and induction logs, the elec-
tric Togging metheds described have serious limitations. Salt in the
vicinify of the vepository could increase the salinity of the driiling

mud and, accordingly, its conductivity. Conductive drilling muds have

a large influence on Togging results and can render the methods ineffec-
tive. This shortcoming may be somewhat remedied by using either a logging
etectrode of much greater diameter or buffers above and below tne elec-
trode. Focused logs such as focused current Jogs or induction logs may
be more effective in saline conditions. Induction logs can also be used

in dry holes.

Each method mentioned provides its own unigue addition to the data.
Virtually all the borehole logs may be used alone to provide maps of
5011 boundaries and stratigraphic units. A combination of logs adds a
confidence factor to the measurements, especially if they are sensitive
to different physical parameters.
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TABLE 2Z-1
Sheet 1 of 15

GEOLDGIC, GEOPMYSICAL, AND GEODETIC MEASUREMEINT TECRNIGUES

Repositgry Parameter Measurement Technigue Purpose Stagey Remarks
Geologic Structure, AIRBCRNE TECMHIQUES
Stratigrapghy, Lithol-~
ogy A Rermote Sensing Methods
Conventignal aerial pho- Determine formation cutcrops A Complements surface studies, particularly
tagraphy and geologic structure with respect to structure. {See Footnate 2)
(Mi1ter, 1961; Ray, 196Q)
Low sun-angle photogra- Locate lineaments and faults A Qptional procedure for locating faults.
phy (HaTker and Trexler, 1977; Cluff and
Stemmons, 1969)
Satellite imagery QOetermine stratigraphy and A Defines broad regiaonal geclogy. (Sabins,
structure 1378}
Thermal infrared imagery Determine temperature and A Provides geological and structural infor-
surface water circulation. mation in addition to surface temperature
Sutline geologic and veriations related te¢ circulation in
structural units upper aquifers. Detect faults by effe¢t on
ground water and vegetation. {See Foor-
not2? 2) (Sabins, 1378)
Side-Looking Radar (SLAR) Define structure and A Detects faults and fracture zones.

Yineaments

B. Geophysical Mathads

Gamma Ray Radiometry Determina formation outcrops, A Used to acguire geslogical information and
and Spectroscopy and faults, radiation back- to detect faults. (Reeves, 1575)
giround levels
Aeromagnetic survey Determine structure linea- A Conventiaonal magnetic survey defines base-
ments and basement depth meat structure, depth, litholeay, and 1linea-

ments. Comparisons with surface geoloay .
give information on structures that are
influenced by basement configuration. High-
sensitivity magnetic survey may detect

salt structures. {Dobrin, 1960; Telford,
et at., 1976)

1 . . : :
_5 Repository Development Stage: A = Site Selectfon, 8 = Construction Authorization, C = Emplacement Authorization, D = Decommissigning Authorization.
=" Also applicable to ground-water stvdies.
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Repository Paraneter
Location

&f Repository Development Stage:

GEOLOGIC, GEOPHYSICAL, AND GEODETIC MEASUREMENTY TECHNIQUES

Measurement Technique

GROURD-BASED TECHNIQUES
A. Gendetic Methpds

Reference marker

Permanent bench mark
Triangulation station

marker

Bedrock monument

Plane table

TABLE 2-1
Sheet 2 of 15

Purpocse

A = S{te Selection, B = Construction Authorization,

Locate measurement position

Locate points of known ele-
vations

Locate contrel position

Precisfon monitor bedrock
rovements

To map rapidly

Stage—/

A, B

Remarks

Concrete piltar set in pourad concrate.
The top of the pillar is set flush with
the ground and the refersnced position
1;4;I)gcated with a brass marker. (ASCE,

Brass disk set in stone or concrate and
marked with the elevation above mean
sea level. )

Brass disk set in a cylinder of concrate
poured in place. For important control
sitions the surface monument should
e supplemanted by a substructure with a

subsurface mark. (ASCE, 1940)

Standard steel pipe set in hole drtlled
in bedrock and backfilTed with concrete.
The upper portion s i1solated from can-
tact with the surface scil and weak,
weathered rock. The top of the pipe

is fitted with & stainless steel cone
dimensicned to receive the standard exten-
sion rod. (0'Rourke et al., 1977)

The table is mounted on a tripod and an
alidade 1s used to take stadia readings.
Heasurements are plotted immediately.
Work can be checked 1n the field. Good
for reconnaissance work and rough
surveys.

C = £mplacenment Authorization, O = Decormissioning Authorization.



TABLE 2-1
Sheet 3 of 15

GEOLOGIC. GEOPHYSICAL, AND GEODETIC MEASUREMENT TECHNIQUES

Reppository Paraneter “2asurencnt Techpique

Purpose

Stagell

Remarks

Location {Cont'd.) A Geodetic Methods (Cont'd.)

Traversing

Trilateration

Photogrammetry

e Aerial photogrammetry

e Terrestrial photo-
grammetry

Horizontal Control

Odometer

Tacheoretry

» Stadia method

Locate positions of points

on the ground

Locate positions on
ground

Locate positions on

ground

Measure distance

SwWift, indirect method
to neasure distance

17 Repository Development Stage: A = Site Selection, B = Construction Authorization,

2/ Also applicable to ground-water studies.

A, B,

A well-developed procedure consisting of
distance and direction measurements

to fix pasitions. Open traverses are used
for exploratory purposes. For more

precise work, closed traverses are en-
ployed, with angles measured by repetition,
and distances taped forward and back.
{Precision: 171,000 to 1/10,000)

Similar to triangulation, but lines instead
of angles are measured. The advent of
electronic distance measurement makes this
method feasible. {Stipp, 1962)

A sterep comparator is used to view over-
tapping photographs. By means of references
to properly identified ground contro! points,
the positions and altitudes of selected
points can be discerned. The standard

error of measurement is 1/9,000 to 1/50,000
of- the width of image. (Gould and
Dunnicliff, 1971)

Useful for reconnaissance and rough plan-
ning (Precision: 1/200). For this and
the folloWing survey-related techniques,
refer to McCormac (1976), and the standavd
works by Breed and Hosmer {1962, 1977).

Cormonly used for mapping and rough
surveys. Also for checking more precise
work. (Precision: 1/250 to 1/1,000)

Telescope equipped with horizontal
cross-hairs is sighted on a leveling
rod and the iatercepts read, from
which the distance is computed.

€ = Emplacement Authorization, D = Decormissioning Authorization.
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TABLE 2-1
Sheet 4 of 15

GEOLOGIC, GEOPHYSICAL, AND GEQDETIC MEASUREMENT TECHNIQUES

Repository Paranmeter Measurerment Technigue Purpose Stegel/ Remarks
Horizontal Contro? A. Geodetic Methods (Cont'd.)
{Cont 'd.)
Tacheormetry (Cont'd.)
e Subtense bar method Heasure distance A, B Distance is computed by sighting
on a horizantal bar of known length
and measuring the angle subtended.
Can be used when rough terrain makes
taping infeasible. (Precision:
171,000 to 1/5,000)
Ordinary Taping Measure distance with a grad- A, B Used in ordinary land survey. (Pre-
vated steel tape cision: 1/1,000 to 1/5,000
Precision Taping Apply standard carrections A, B Uses standard steel tape, but tape
to taping to improve tension carefully controlled; tape
accuracy temperature is-measured and appropriate
corrections are applfed. Excellent for
Tand surveys. (Precision: 1/10,000
to 1/30,000}
Base Line Taping Measure distance with ex- A, B Used in geodetic surveying. {Precision:
treme accuracy using an 1/175,000 to 1/1,000,000).
Invar tape and following (Cf: National Geodetic Survey)
stringent procedures
Electronic Distance Measure distance by travel A, B Can be used in ordinary lend surveys and
Measurenent (EDM) time of light waves precision surveys. (Precision:
+D0.04 foot; +1/300,000) (Gould and
Bunnicliff, T971)
Vertical Control Aneroid Barometer (Altimeter) Determine elevations by A, B Suff‘cient for preliminary or recon-
measuring air pressure nais;ance work. (Accurate within 10 to
20 feet).
Oumpy Level Level A, B High powered telescope attached to a

7 Repository Development Stage:

A = Site Selection, 8 =

Constructiar Autherization,

C = Emplacement Authorization,

level tube. Simple and dependable.
Suffices for most leveling work.

0 = Decommissioning Authorization.



TABLE 2-1
Sheet 5 of 15

GEOLOGIC, GEOPHYSICAL, AND GEODETIC MEASUREMCNT TECHNIQUES

Repository Parameter Measurement Technigue Purpose
vertical Control A. Geodetic Methods (font'd.)
{Cont'd.}
Tilting Level Level
Self-lLeveling Level Level

{Automatic Level)

Differential Leveling Measure vertical distance

® Second order

e Third crder

e Fourth order

Precise Leveling Measure vertical distance
{First Order)

Recfiprocal Leveling Measure vertical distance

17 Repository Bevelopment Stage: A = Site Selection, B = Construction Authorization,
2/ Alsp applicable to ground water studies.

[

stagel/

Remarks

The telescope is brought te a level
position quickly by means of a tilting
knob. Permits faster and more precise
levaling.

The instrument automatically does
the fine leveling. Excellaent an sgft
yielding ground and/or in strong winds.

Leveling precision can be increased

by shortening sight distances, balancing
backsight and foresight distances, and
reading the Tevel rod to the nearest
0,001 ft.

Error in inches not to exceed
0.035 ¥ M where M = miles leveled

Error _in inches not to exceed
Q.05 ¢¥M

Error in inches exceeds Q.05 H

Highest precision leveling as prac-
ticed by Hational Geodetic Survey.
{Error in inches rmust not exceed
0.017 M)

A useful technique for increasing
accuracy of leveling across wide or
large bodies of water. Precision is
turther enhanced by using twd levels
and taking simultaneous observations
from both sides.

Emplacement Authorization, D = Decommisstoning Authorization.



Repository Parameter

TABLE <-1
Sheet 6 of 15

GEOLOG1C, GEOPHYSICAL, AND GEODETIC MEASUREMENT TECHNIQUES

Measuremnent Technigue

Purpose

Vertical Control
{Cont 'd. )

Angles 2nd Directions

i/ Repository Development Stage:
2/ Also applicable to ground=-water studies.

Geodetic Methods (Cont'd.)

Laser Beam

Brunton Compass

Transit

Theodolite

Photo-Theodolite

A = Site Selection,

8 = Construction Authorization,

Provide reference Yine or
datum

Heasure magnetic bearing of
a line of sight, measure
vertical angles and grade

Measure horizontal and ver-
tical angles

Measure horizontal and
vertical angles

Take terrestrial photegraphs

Stage™!

A, B

A, B

A, B

A, B

Remarks

Alignments and grading can be controlled
easily and accurately using either
a fixed or rotating level beam.

A combination compass, c¢linometer, and hand
level, with a wide variety of uses in
reconnaissance survey and geologic field
work .

Versatile instrument used to measure
angles, prolong straight lines, perform
leveling, determine magnetic bearings,
and measure distance by stadia.
(Precision: 10 sec to 1 min of arg)

Similar to transits, but more precise,
and readings are taken through an eye
piece Tocated near the telescope.
(Precision: 1 sec to 6 sec of arc}

Theodolite mounted on a survey camera

to facilitate taking stereo pairs. Used in
conjunction with photogrammetric methods.
Requires ground control points.

C = Enplacement Autharization, D = Decormnissioning Authorization.



TABLE 2-1
Sheet 7 of 15

GEOLOGIC, GEOPHYSICAL, AND GEGQDETIC MEASUREMENT TECHNIQUES

Repository Parameter Measuyrement Technigue

Purpose

Rermarks

Ground Deformation A. Geodetic Methnds (Cont'd)

Tape Extensometer

Micrometer Beam
Extensometer

Tittmeter

17 Repository Development Stage: A = Site Selection,
2/ Also applicable to ground-water stuc.es.

B

Precisian measure linear
deformatians

Precision measure
linear displacements

Measure tiit angle

Construction Authorization,

A high quality steel tape with hales
punched at regular intervals to

engage a displacement dial gage.
Distance is measured by adding the dial
gage reading to the distance shawn

o the punch mark. Tension adjustment
and temperature correction required.
Precision: 1/75,000 ta ./180,000)
(0'Rourke et al., 1977; Cording et al.,
1975}

A rigld beam extensometer fitted with

a micrometer and a tiTtmeter can measure
changes in vertical and horizontal dis-
tances between neighboring monuments
with high degrees of precision. Simple
and relatively inexpensive. Ideal for
monitoring bedrock movements over short
range. {(Precision: 1/200,000 to
17300,000) (0'Rourke et al., 1977;
Cording et al., 1375)

A precision spirit level equipped with
a micrometer adjustment s used

either singly or with a rigid heam ex-
tensometer to measure tilt angles.
Precision Tines using tiltmeters are
employed to monitor ground movements
across faults or fractures, and to
profile ground subsidence. ({(Precision:
1/20,000 to 1/200,000) (O'Rourke,

et al., 1977; Panek, 1970)

C = Emplacement Autherization, D = Decormissioning Auti wization.
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TABLE 2-1
Sheet 8 of 1S5

GEOLOGIC, GEOPHYSICAL, AND GEODETIC MEASUREMENT TECHNIQUES

Repository Paraneter Measurernent Technique Purpose Stgge_hl/ Remarks

Ground Deformation Al Geodetic Methods (Cont'd.)}
{Cont*d.}

Beaver Inclinometer Measure iateral movement 8, C. D A null-balance accelerometer mounted
underground inside a probe senses the component

of earth's gravity along its axis. The
equipment is designed to collect and
record data automatically in IBM compat-
ible format for computer praocessing.
Dperates at any angie from vertical to
horizental. (Precision: 1/1,000 to
1/5,000) (Bromwell et al., 1971)

Fultiple Position Measure strain gra- B, C, D Several designs are available, including
Borehole Extensometer {MPBX) dients or displacements rod, wivre, and prche types. A recent
in the sail or rocks developrient that holds the most promise

consists of permanently installed cir-
cular magnets anchored to the walls
of an uncased borehaie and a reed-type
switch acting as a sensor. An optionat
micrometer drive head located at the
tap af the extensometer provides very
accurate positions of the switch.
Reliable and relatively inexpensive.
{Precision: 0.5 mm to 0.2 mm}.
{Burland et al.., 1972; Cording et al.,
1975)

Terranetrics Portable Bore- Continuously measure angular 8, C, D A pivoted joint between the deflegtion-arm
hole Deflectometer variations along the axis of head and the guide housing allows the de-
a borehole flection-arm to deflect with respect to the

guide housing. As the instrument ts
noved up cr down the cased borehole,
transducers pick up the angular variation
and a continuous profile is obtained.
{Carding et al., 1975)

%’ Repositery Development Stage: A = Site Selection, B - Construction Authorization, C = Emplacerment Authorization, 0 = Decommissioning Authgrization.
2/ Also applicable to ground-water studies.




TARtY 2.1
Sheet 9 of 15

GEOLOGIC, GEOPHYSICAL, AND GEOCETIC MEASUREMENT TECHNIQUES

Repository Parareter Heasuretrent Technigue Purpose Stagel! Remarks

Ground Defarmation A Geodetic Methods (Cont 'd.)
{Cont 'd)

Borros Anchor Point Measure near-surface dis- B, C. D A conical steet drive paint with retracted

Settlement Probe placement (vertical) stee?! prongs is lowered ta the required
depth in a bprehole and the prongs are
forced into the ground. An oputer casing
protects and isolates the inner rod
from drag due to settiement of the ground
above the point. Requires leveling.
{Cording et al., 1975)

Ocep Ground Settlement HMeasure deep-seated graound B, €. D A cased borehole is advanced by any con-

Probe displacement {vertical) ventional method to the depth to be mont-
tored. [f the casing is placed in a
predrilled hole, the annular space
must be grouted. Hydrostatic pressure
must be*balanced by drilling mud to pre-
vent bottom blawout during boring. The
inner probe is secured to the Strata at
bottom of the hole. A few feet of embed-
ment is usually adequate. For mare
secure anchorage, grouting should be done.
{Cording et al., 1975)

Wilson Slope Indicator lHeasure underground B, C, O A sensor placed in a flexible casing in
horizontal movements the ground detects lateral movements
by measuring at various depths the devia-
tion of the axis of the probe from the
true vert<cal, ({Precision: 1/1,000
to 172,500} (Wilson and Hancock, 1965)

Hydraul!ic Piezoneter Measyre pressure head A, B, C, D Hydraulic piezometers require compara-
(Changes in head can tivaly large amgunts of flow in and
indicate ground defor- out of the porous tip to adjust-te the
mation) changes in external head and should be

used only in more pervious sSirata
to reduce hydrodynamic lag time.

by Repository Peveloprent Stage: A = Site Selection, B = Construttion Authc 1zation, ¢ = Emplacement Autharization, 0 = Decommissiconing Authorization



TABLE 2-1
Sheet 10 of 15

GEOLOGIC, GEOPHYSICAL, AND GEODETIC MEASUREMENT TECHNIQUES

i/

Repository Parareter Measurenent Technique Purpose St age—!
Ground Deformation A Geodetic Methods {Cont'd.)
{Cont‘d.)
Hydraulic Piezometer {Cont'd.)
» Casagrande type
@ USBR type
Diaphragm Piezenmeters Measure pressure exerted on A, B, C, O
the diaphragm by the inter-
stitfal fluid
Geologic Structure, B. Ground-Based Genlogic Methads
Stratigraphy and
Lithology

L7 Repository Development Stage:

Surface Geologic Mapping

Joint Mapping, Fracture
Analysis, Lineament Studies

A = Site Selectian, 8

= Cunstruction Authorization,

Determine rock units, struc-
ture, and stratigrap.y

Determine orientation
and frequency of joints
and linearents and
characteristics of frac-
ture surfaces and nfill-
ing material

C = Emplacement Authorization,

Remarks

Long ar industry standard in the geo-
technical field, it requires careful
installation. (Casagrande, 1949)

Also called a closed system, it requires
3 fluid-filled line to transmit the
external pressure to a measuring device
located outside. Usually uses a second
line to flush out trapped air or gases.
(U.S. Bureau of Reclamation, 1974)

The pneumatic type reguires back pres-
sure to exactly balance the external

fluid pressure. Enables in-situ cali-
bration. The electrical sensor typec

uses strain gage or displacement trans-
ducers to convert diaphragm deflection

to piezometric head. The diaphragm units
have quick response, but are prone to mal-
functioning. (Schmidt and Dunnicliff,
1974; Cording et al., 1975)

Provides geologic framework for re-
pository by ideantifying outcrops and Sur-
face features. {(Lahee, 1941)

Usced to analyze 3-dimensional distribution

of fractures and to determine ground-water
movenent. (Hoek and Bray, 1974)

D = Decommissioning Authorization



TABLE 2-1
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GEOLOGIC, GEOPHYSICAL., AND GEODETIC MEASUREMENT TECHNIQUES

Repository Parameter Measurement Technique Purpose Stagey Remarks

Geologic Structure, B. Ground-Based Geologic Methods
Stratigraphy and -———’—’——‘

tithology (Cont'd.}

Trenching Determine fault and fracture A Serves to prove ar disprove existence
locations, soil profile, of near-surface active faults.
ground water, expose bedrock
Thin Sections, Microscopy Determine mineral composition, A identifies mineral composition and texture
texture, structure for litho- which can be used to identify rock type and
Togic correlation origin. {Leroy and Crain, 1949;
Leroy, 1951)
Paleontology, Micropaleon- Determine age of rocks Identifies fossils to determine age and
tology history which aid in understanding re-

gional geology. (teroy, 1951)

C. Ground-Based Geophysical

Hethods
Ground Magnetic Lorate magnetic anomalies A Detects near-surface faults, and indi-
cates regional geulogic trends.
{Ait} 2n, 1961; Breiner, 1973)
Sravity Determine basin structure, A S2)t is a low density waterial. Gravity
faults. sait depth var.ations indicate salt structure
and faulting. (Dobrin, 1960; Telford
et al., 1976)
Scosmic .. action Determine attitude of sub- A Defines sequence and characteristics of
surface layers subsurtace layering. Can detect arrival-
time delays caused by Holocene faults.
Geood yeconnaissance technique. (Mooney,
1973:'Musgrave et al., 1967, Masuda, 1975)
Sefsmic Reflection Determine subsurface structure, A Most advanced methad for defining subsur-
faulting, depth and thickness face structure. Conventional survey for
@ Standard of strata, lithology regional structure and faulting. High-

resolution survey for detatled definition
of site conditions. (Dobrin, 1960;
Telford et al., 1976; Dix 1952}

Y Repository Development Stage: A = Site Selection, B = Construction Authorizotion, C = Emplacement Authorization, D = Decommissioning Authorization.
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GLOLCGIC, GEOPHYSICAL, AND GEQDETIC MEASUREMEMT TECHHIQUES

Repository Parameter Measurement Technique Purpose Staggl_f__ Remarks

Geologic Structure, C. Ground-Based Geophysicat

Stratigraphy and Methods i

Lithology (Cont‘'d.)
Setsmic Reflection (Cont'd.)
- High Resolution (Farr, 1979; Wiles, 1979)
Electrical and Investigate structure and A Defines gross layering of bedding and

Electromagnetic qround water identifies leached cavities, if present.

[ General {Keller and Frischknecht, 1966; Grant

and West, 1965)
® DC Resistivity {Van Nostrand and Cook, 1965;
Kunetz, 1966}
- Electromagnetic {Cagniard, 1953; Yanyan et al., 1967;
Kunetz, 1966)

Microseismic locate epicenters and fault A Mopitors seismic activity, if present.
trends and local stress fields May define faulted areas that are
unsuitable for repositories.

® Microscismic {(Asada, 1957; Brune and Allen, 1967)

[} Ground Noise {Teledyne/Geotech, 1972)

Emanometry Measure radon level Method to determine presence of
fractures. Changes in radon level may
indicate subsurface stress changes.

17
=" Repository Development Stage: A = Site Selection. B = Cunstruction Authprization, C = Emplacement Authorization, D = Decommissioning Ruthorization.
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GEOLOGIC, GEOPHYSICAL, AHD GEODETIC MEASUREMENT TECHNIQUES

Measurenent Technique

Purpose

Stagel/

Remarks

Repositaory Parametev

Geolagic Structure,
Stratigraphy and
Lithology (Cont"d.)

NDERGRQUND TECHNIQUES

A. Geologic Methods

Core Drilling and Sampling

e Oriented Cores
[ ] Integral Coring
Core Indexes

. RQD (Rock Guality
Designation)

. Percent Recovery

. Longest Prece

e Joiats Per foot

GeoTogical Sample
Analysis, Microscopy,
Mi¢ropaleontology

=’ Repository Development Stage: A = Site Selection,

Determine stratigraphy and
lithology, structure,
fractures, rock quality

Determine oricntation of
fractures and bedding

Obtain samples 1n Joose
or fractured rock
Determine rock strength

Assess raock quality

Assess rock quality

Assess rock quality

Oetermine fracture density

Provide details on lithol-
agy and stratigraphy

Construction Authorization,

Permits accurate definition of subsurface
layering and structure. Praovides access
for other gealogic and geaphysical methods.

Permits definition of strike and dip.

Permils sampling in formations that
normally wiil pot yield ccres.

Core indexes give indication of probable
rock stability around opening.

Percentage of core in intact pieces over
4" in length is approximately related
ta the compressive strength.

Percentage of total core run that is
recovered helps to determine rock
strenqgth,. and adequacy of exploration.

Longes* s0lid core specimen recovered
in tote sample run of 10 feet in-
dicates relative rock gquality.

Defines degree of fracturing in rock
and salt beds.

Gives mineral composition, fossil
content, and texture of individual
rock and salt beds. Used to cor-
relate beds between barecholes.

Emplacement Authprization, I = Decgmmissioning Authorizaticon.
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GLOLOGIC, GEOPHYSICAL, AND GCODETIC MEASUREMENT TECHNIQUES

kepository Parameter Measurernent Technigue Purpose Stageil Remarks
Geologic Structure, A. Underground Geologic
Stratigraphy and Meth lContfd.{
Lithology (Cont'd.)
Borehole TV, Photography, To determine fracture A, B Visual asseszment of homogeneity of
Televiewer planes, bedding deposit and presence or absence of frac-
tures or voids. (Winterkorn and Fang,
1975)
Shafts and Adits Hap rock mass B
features
8. Underground Geophysical
Hethads
Single Borehole Techniques Provide information on: A, B These borehole logging methods provide

7 Repository Development Stage:

[ ] Electrical Logging

- Self-Potential
- Resistivity
. Acoustic Logging

. Gravity Legging

A = Site Selection,

B = Construction Authorization,

Lithaloqy, permcability,
porosity, fractures

Porasity, fractures

Density, porosity

C = Emplacement Authorization,

infarmatian on lithologqy, porasity,
permeability and fracturing of formations
intercepted by boreholes. Interpretation
of data is usually done by comparing

dj fferent types of logs, particularly with
respect to deducing fracturing. Used to

-correlate beds in areas where fine gra-

dations between beds make correlation
difficult, Also used to estimate para-
meters such as: porosity, density, and
permeability.

{Telford et al., 1976)

{Salt and Clark, 1951; Lishman, 1961)

{Guyod and Shane, 1969)

(ftoweli, Heintz, and Barry, 1966}

D = Decommissioning Authorization.
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GEOLOGIC, GLOPHYSICAL, AND GEODETIC MEASUREMENT TECHNIQUES

_Repository Parameter Measurement Technique Purpose Stagel/ Remarks

Geolagic Structure. B. Underground Geophysical
Stratigraphy and Methods {Cont 'd.)

Lithotogy {Cont'd.)

& Nuclear logging

- Natural Gamma Radiation Radipactivity, lithology Gamma-Spectrometer. (Mero, 1960)
- Density NDensity, porosity Gamma-Gamma Log. (Pickell and
Heacock, 1960
- Neutron Porosity, moisture content (Pontecorvo, 1941)
& Nuclear Magnetic Reso- Permeability (Brown and Gamson, 1960}
nance (NMR) Logging
. Radar Logging Locate fractures, anhydrite Dry salt is an ideal rmediym for radar
stringers, and sard lenses transmission; large distances of

penctration are attainable.
(Holser et al., 1972; Stewart and
Unterberger, 1976)

[] Caliper Logging Borchole diameter {Schlunberger, 1972)

Crosshole Techniques Provide information on: A, B, Application of crosshole methods is similar
1o that of methods used in single bore-
holes.

[] Acoustic and Shear Wave Lithology, fractures, per- Crosshele shear-wave measurenenis

meahs1ity, dynmamic elastic are particularly valuable to determing
pa. -~ ters dynanic elastic parameters of beds

tetween two or more boreholes.
{Mirafuente et al., 1974)

@ Resistivity Lithology, permeability, (ASCE, 1974}
fractures

Mine Techmiy. A, B A1l ground-based geophysical techniques
can be applied in mines and tunnels.
May offer improved resolution.
(Stewart and Unterberger, 1976; Scott
et al., 1974)

1/'Reposilury Developnent Stage: A = Site Selection, B = Construction Authorizatian, C = Emplacenent Authorization, D = Decormissioning Authorization



CHAPTER 3
ROCK MECHANICS
MEASUREMENT TECHNIQUES

3.1 INTRODUCTION

Rock stability within a repository is a major factor that affects the
successful containment of nuclear waste, Floor heave, roof caving,
pillar collapse, wall spalling, rock bursting, slip aiong joints and
faults, borehole seal failures, shaft seal failures, and other variablies
may lead to the creation of Teakage paths into emplacement areas. The
ability to recognize and identify potential leakage paths requires a
knowledge of stress-deformation characteristics of repository rocks.
This knowledge can be obtained only by rock mechanics testing and

measuring techniques.

The rock mechanics measurement techniques exhibited in Table 3-1 are
divided into two broad categories, in-situ and laboratory, each having
six subcategories. Each measurement technique is listed under the
specific subcategary that best applies to the type of information
produced. The arrangement below is followed in this chapter and in
Table 3-1.

¢ In-Situ Measurement Techniques:

- Stress

- Stress Change

- Elastic Moduli and Strength
- Displacement

- Tilt

- Creep



¢ Laboratory Measurement Techniques:

- Compression Testing
- Shear Testing

- Tension Testing

- Fatigue Testing

- Creep Testing

- Other

In-silu measurements can alsg monitor rock mass behavior over time. The
resulling data can indicate the physical state of a rock mass and of its

associated supports.

Rock samples collected in the field are tested in the laboratory to
provide basic information about the behavior of repository site rocks.
These properties are determined exclusive of rock mass inhomogeneities
such as faults, joints, and cavities. However, taboratory data aid in
setting design parameters for underground workings and in establishing
a haseline for the analysis of monitored data.

fock mechanics techniques are designed to measure rock stresses, rock
deformations, and the stress-deformation parameters that characterize
the reck. The deformational response of a rock to an applied set of
stresses will vary with rock type, the environment, and the internal
state of the rock. Variations with rock type occur because of differences
in the behavior of the rock's mineral components. Variations with the
environmeat include the effects of temperature, the degree of dryness
for dry rocks, pore pressure for saturated rocks, the presence of pore
fluids other than water, and the presence of reactive chemicals. Varia-
tions with the internal state of the rock primarily include the degree
and configuration of fracturing within the rock matrix resulting from
previous states of stress and associated defurmations. These factors
complicate the full understanding of rock behavior for both in-situ

and laboratory conditions. A discussion of stresses and stress-
deformation behavior is presented in Appendix B.



Salt mine experience has shown that creep deformations can be expected in
salt deposits. 1n general, the rates of creep around openings underground
increase with depth (Hedley, 1967) and temperature (McClain, 1966, McClain
and Bradshaw, 1970). Thus, to understand the mechanical behavior of
pillars, rooms, and other openings over time, an understanding of the creep
properties of the associated rocks is required.

Creep is normally defined as the slow, time-dependent deformation of a
solid under application of constant stress. However, creep also can occur
under changing stress conditions. The measurement of creep requires, then,
the ability to measure stresses and displacements. A1l of the techniques
described in Table 3-1 for stress measurement, stress-change measurement,
displacement, and tilt can be adapted to programs for measuring and moni-
toring creep in a repository. A thorough discussion of creep laws,

effects of pore water and internal fabric, and creep functions for salt

can be found in Appendix B.

3.2 IN-SITU MEASUREMENT TECHNIQUES

A, In-Situ Stress Measurement Techniques

Ihree methods are used to determine the state uf stress in a rock mass:

1} overcoring, 2) flat jacking, and 3) hydraulic fracturing.

1. Overcoring - Overcoring is the most flexible and useful of the
three methods for determining rock stresses underground. In the over-
coring method, deformations associated with a small-diametar hole are
menitored as the rock around that hole is relieved by overcuring a lar-
ger, concentric hole. From these deformations, stresses are calculated
with formulas derived from the theory of elasticity. In order to apply
these formulas, the rock elastic constants must be known.



By drilling the pilot hole and then the overcore hole, the state of
stress at a set of locations along a borehole can be obtained. Stress
determinations can be made to depths exceeding 100 feet.

Three differenl types of measurement probes can be used to measure defor-
mations in the pifot hole:

o Open-hole probe
e Hard-inclusion probe

¢ Soft-inclusion probe.

Open-hole probes measure the strain displacements in the wall of the
borehole, or upon the flat end of the borehole during overcoring. Biaxial
and triaxial measurements cn be made (see Table 3-1). For the biaxial
system. only stresses in the plane perpendicular to the borehole axis

can be obtained for a particular borehote and these must be corrected

for stresses acting paralle) to the borehole (Panek, 1966).

To obtain a full state of stress, several specific cases must be consid-
ered. In an isetropic rock--i.e., a rock in which a given elastic constant
i egual in all directions--the full state of stress theoretically can

be ¢btained from a triaxial probe used in a single borehole (Oka and

Bain, 1970}, or from a biaxial system used in two, non-parallel, non-
perpendicular boreholes {Panek, 1970). For orthotropic rock--i.e., rock
with three orthogonal planes of elastic symmetry at each point--the full
state of stress can he determined using the bfaxi.:. system in thre2 non-
paraliel boreholes (Baria and Wane, 1970).

For a hard-inclusion probe, the prabe modulus of elasticity must exceed
that of the rock by a factor of at least 5.0 (Fairhurst, 1968). Large
strains in the rock are resisted by the stiff inclusion so that dis-
tortions of the borehole wall are relatively small. The result is

that the strains in the inclusion are dependent only upon the stresses



in the rock and not upop the rock modulus (of elasticity) (Wilson, 1961,
Hast, 1958). Strains in the probe are measured, and the stresses are
calculated. Since the inclusion stresses are independent of rock modulus,
the probe can be calibraled by placing it (the probe) in a metal cylinder
and subjecting the cylinder to calibration loading cyctes.

For a soft-inclusion probe, the probe modulus of elasticity must be less
than that of the rock by a factor of at least 5.0 (Fairhurst, 1968). The
inclusion distorts easily, offering little resistance to the deformations
in the pilot hole wall. Strains in the inclusion are independent of the
probe's elastic modulus and depend only upon the rock stresses and elastic
constants (Agarwal and Boshkov, 1966). The inclusion is instrumented
with strain gages which are monitored during overcoring. The strain data

are converted into rock stresses by using appropriate efastic formulas.
The inclusion elastic modulus, because of its small effect upon measured
strains, can be neglected in stress calculations. The probe, therefore,
does not have to be calibrated, but the rock elastic constants must be

known.

At present, the most commonly used probes are two open-hele biaxial
units: the U.S. Bureau of Mines "borehole deformation gage" (or modifi-
cation of it), and the South African "doorstopper" (see Table 3-1).
These units are the simplest to use and have proven reliability. Hast's
probe and the CSIR {Council on Scientific and Industrial Research, South
Africa) technique have also been used successfully in hard rocks. The
soft-inclusion probe developed by Rocha has been used in very deep bore-
holes, but operating problems have been encountered. A1l other gages

{ isted in Table 3-1) have been used primarily in hard rocks. There

is a need for the development of a soft~inclusion gage for use in soft
and fractured rocks.



Overcoring techniques are limited by the vock strength, If in-situ
stresses are high, stress concentrations around the borehole perimeter

may exceed the rock strength. This condition can lead both to a spalling
of rock from the perimeter and to the development of discing in the over-
core cylinders during drilling (Hast, 1979). If such spalling and discing
deveiop, borehole deformations will no longer be purely elastic, and strass

calculations based upon elastic theory will no longer apply.

Since vocks are highly anisotropic elastically, the use of isotropic
equations to analyze stresses can introduce errors into the stress calcula-
tions. Anisotropic equations are available to calculate stress; however,
the elastic moduli of the rock must first be determined {Becker and

Hooker, 1967).

The accuracy of stress determinations by overcoring techniques is difficult
to assess. In laboratory tests on blocks of rock, using the "doorstopper”
probe, Leeman {1968) obtained stresses to within 10 percent of the applied
stress and stress orientations to within 2 to 4 degrees of the actual
orientations. Engelder and Sbar (1978) compared three metheds of over-
coring in sandstone and Timestone. These methods included the "doorstopper"
probe, the USBM Borehole Deformation Gage, and the bonding of strain gage
rosettes directly to outcropping rock. Results of repeated tests -howed
that the precision of stress determination is seldom better than 20 per-
cent in magnitude and +10 percent in orientation.

AL present, stress determinations better than 25 percent in magnitutude
and *10 percent in orientation cannot be expected for most applications
of overcoring techniques. Accuracies for specific overcoring sites will
vary with rock type and the condition of the rock. Accuracy alsa depends
upan the skill and experience of the technicians performing tests. A
research and development effort is required to determine the influences
affecting accuracy and to improve probe performance.



2. Flat Jack Techniques - A flat hydraulic cell is placed into an

open slot which has previously been cut into a rock face. The cell is
then pressurized, forcing the steel membranes against the sides of the
cut. The pressure required to return the rock to its virgin state is
assumed to equal the rock stress acting niormally on the flat jack.
Deformation devices are used to measure strains across the slet and to

determine when the virgin strain state is reached.

Flat jacks measure only the stresses normal to the jack. Several jacks
can be installed to measure normal stresses in various directions. They

have been used primarily to determine vertical stresses in mine pillars.

The accuracy of stress measuremencs with flat jacks have never been fully
evaluated. Investigations into many areas are needed, including the
effects of

Jack length-to-width ratio

Rack fracturing adjacent to jack slot
Grouting media properties

Cracking in the rock around the slot

Residual rock stresses.

3. Hydraulic Fracturing (Hydrofracturing} - Hydrofracturing is a
method of determining rock stress by causing the rock around a borehole
to fail. Fluid is pumped into a sealed section of borehole unti) the bore-

hole wall fractures in tension. Failure is rrcognized by a sudden reduc-
tion in stope of the pressure-flow rate curve. The minimum stress is

then calcutated from the fracture stress using standard formulas (Haimson,
1974). Stress orientation must be determined with borehole impression
packers, borehole acoustical techniques, or other methods.

Hiydrofracturing has been used extensively in the oil and mining indus-
tries for increasing the porosity of rock formations. It can also be



used to determine approximate values for in-situ rock stresses at depth
(Haimson, 1974, 1977). However, it is not an advisable method for deter-
mining in-situ stresses at a nuclear repository site because, by inducing
rock fracturing, rock permeability will be increased.

Support stresses must be monitored as well as the stresses of the rock

mass itself. Load cells, flat jacks, and various strain measuring systems
serve this purpose. For most support systems, the object of instrumentation
s to monitor long-term stress increases at critical Tocations in the
supports. The most common supports are props (compression memb:rs), roof
bolts {tension members), steel ribs {either horseshoe shaped or circular),
steel Tiner plates, steel precast liner segments, and poured and precast

concrete linings.

Load ceils can be used to measure compression and tensile stresses in
bolts and props. Strain gages can be used to measure bending moments and
axial stresses in all steel and concrete support systems. Flat jacks can
be used to monitor pressure changes in mass concrete and in the contact
between the rcck and the supports.

Most supports are instrumented to monitor the stresses in the supports and
not to determine the state of stress in the surrounding rock. However,
increases in support stiresses would indicate changes in loading and would
indicate impending problems.

B, In-Situ Stress Change Measurement Technigques

Stress changes with time can be monitored by overcoring probes, borehole
dilatometers, and pressure cells as indicated in Table 3-1. Stress
changes can be caused by



Mining excavations

Pillar failures

Roof failures

Changes in the ground-water table
Rock expansion due to heating
Rock contraction due to cooling
Other factors.

The analysis of stress changes is often a problem of determining the
reason for the change.

Hard-inclusion gages have been used to monitor stress changes in pillars
in coal mines {Wilson, 1961) and salt mines (Potts, 1964; Dreyer, 1977).
A hard-inclusion gage has two advantages when used in rock susceptihle
to creep, such as salt. First, as mentioned earlier, a hard-in. -sion
gage will measure stress independently of the elastic moduli of . salt,
thus making determinations of salt properties unnecessary. Second, the
stresses measured by the inclusion will not be seriously affected by
creep, If a rigid inclusion is placed in rock that is creeping at a
constant rate, the stress level in the inclusion will be raised until
stress equilibrium is reached between the salt and the inclusion. Thus,
at equilibrium, the in-situ stress can be read directly without the need

to correct for creep (Skilton, 1971).

Soft-inclusion stress monitoring systems include fluid-filled borehole
sections, fluid-filled cylindrical cells for borehole placement, fluid-
filled flat cells encased in cylinders of grout and placed in boreholes
{borehole pressure cells, or BPCs), and fluid-filled flat cells placed
in pre-cut slots. In all cases, rock stress changes cause changes in
fluid pressure in the cells, Because a change in cell pressure tends
to counteract the deformations induced by the rock stress changes, the
cell pressure change can be related to a given rock stress change

{Barr 1960),




For a flat cell fitted into a slot, almost all of the rock stress acting
normal to the cell face is transferred to the fluid. Small stress dif-

ferences are introduced by stress concentrations in the rock around the
slot opening. [f the fluid in the cell is stiff, it will reduce volume
changes in the cell, and thus, reduce rock deformations around the

cell. Keeping the rock deformations te a minimum keeps stress con-
centrations to a minimum so that cell pressure will more closely approx-
imate rock stress. Stiff fluids are preferred for fluid cells (Ageton,
1967).

Glotzl _cells are flat fluid cells designed to measure pressure at con-
stant cell volume by use of a counter-pressure fluid system. Increases
in rock stress act to push the cell face inward which closes a valve
arrangement included in the counter-pressure system. By increasing the
counter pressure, the face can be forced backward into the rock. The
pressure at which the valves open equals the rock pressure. These cells
have been used widely in soils and to a limited extent in rock. They

are applicable to monitoring stresses in bedded salt.

Cylindrical borehole cells can be used in an uncalibrated or a calibrated

mode. For the uncalibrated mode, the physical properties of the rock
and the cell must be known. The pressure-volume response of the pump-
cell system and the elastic properties of the rock must be known, if
changes in cell pressure are to be related to changes in rock stress
(Setlers, 1970). For the calibrated mode, the cell is pressure-cycled
in calibration cylinders of different elastic properties before place-
ment in a horehole. This cycling yields the complete physical charac-
teristics of the pump-cell system. Then the cell is placed in the bore-
hole and pressure-cycled again, exhibiting the elastic properties

the rock. The resulting information is then used to establish a direct
relationship between rock stress and cell stress (Panek, Hornsey and
Lappi, 1964).
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Pressure changes recorded by the cell monitor only the sum of the changes
of the two principal rock stresses acting in the plane nomal to the
borehole axis. Thus, changes in stress can occur that will not be sensed
by the cell, the most serious case occurring where an increase in the
maximum princiial stress is offset by an equal decrease in the minimum
principal stress. A1l cells should be installed with their fiuid pres-
sure preset at a value above that of the maximum principal stress. If
the rock stress decreases, the borehole diameter will expand, possibly
to such a degree that the cell membrane begins to retard the fluid
expansion rather than the rock., In this instance, cell pressures will
reflect the elastic nature of the membrane and not of the rock. The
sensitivity of a cell decreases with an increase in rock modulus, and
increases with an increase in cell stiffness, where stiffness is defined
as the pressure/volume ratio of the cell system. For this reason, most
cells are made as stiff as possible.

A flat cell grouted into a cylindrical borehole is called a Borehole
Pressure Cell (BPC), and is 2 type of flat fluid cell developed by the

U.S. Bureau of Mines (Panek and Stock, 1964). In these cells, omly rock
stress changes acting normally to the flat face of the cell can be monitored;
however, two cells oriented at right angles can monitor the biaxial

stress changes acting normal to the borehole axis.

Open hole stress monitoring can be done with overcoring probes such as
U.S. Bureau of Mines borehole deformation gage. These probes momitor the
deformations in the perimeter of the borehole that occur over time. Any
changes in regional rock stress will be refiected by a distortion of the
borchnle wall, Using the theory of elasticity, one can convert these
distortions into rock stress changes; however, the elastic properties

of the rock must be known. If rock stresses exceed the failure stress

of the rock, then failure will occur around the borehole perimeter, and
the open-tole readings will be erroneous.

3I-1
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Evaluation of the accuracy of in-situ stress-change measurement devices

is difficult. Many types of gages including cylindrical pressure cells,
horehole pressure cells, hard inclusion gages (Irad Gage), flat jacks,
Glotzl cells, and photoelastic stress meters have produced data for periods
of a year or more after emplacement. In most cases, the consistency of
the stress change readings has led investigators to assume the results

are reliable to at least +25 percent -- for example, see Clark (1978).

But no detailed effort has been reported to document either gage accuracy
or the rock and gage characteristics that affect the gage accuracy.

In rock susceptible to creep (such as salt), the rock tends to close
around the cell. If the rock has no yield point with respect to creep,
creep will continue until the fluid pressure becomes high enough to
resist further deformation. At this point, the fluid cell pressure will
equal the average rock pressure. Cells of this type have been used in
Canadian potash mines (Mraz, 1978).

C. In-Situ Rock Strength and Elastic Moduli Measurement Techniques

For the design of underground openings for a repository in bedded salt,
certain basic properties of the associated rocks must be determined. These
properties include the elastic moduli and the failure characteristics of
each rock type. VYalues of tnese properties obtained from in-situ tests are
preferable to those obtained from laboratory sampie tests because the in-
situ data include the effects of large-scale inhomageneities. To obtain
these in-situ values, the rock must be loaded and, thus, some type of
jacking is required.

In a jacking test, the rock is forced to deform under an applied load.

The Toad and the deformation are measured simultaneously, and load-deforma-
tion curves are constructed. The elastic moduli are calculated from these
curves. If failure strengths are desired, the 1oads can be applied until
rock fracturing occurs.
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For criiical design features, both radial and axial tunnel jacking have
been employed because the results include the effects of gross inhcmage-
neities such as joints or faults. Therefore, the moduli and strangth

values are more realistic,

Borehole jacks and dilatometers are less expensive and ore flexible than
large-scale jacking systems, and many such devices have been developed
(see Table 3-1). They can be used in rather long boreholes.

Elastic moduli determined by borehole methods have not always correlated
well with moduli developed from large-scale jacking tests. There have,
therefore, been reservations about using borehole-developed moduli values

for critical design applications (Meyer and McVey, 1974).

In-situ rock strength can also be determined by jacking as indicated in
Table 3-1. Borehole jacking can determine the tensile strength of a
rock (Goodman, Van, and Heuze, 1972). Plate-bearing tests can yield
estimates of rock campressive strength (Wagner and Schumann, 1971).
Flat jacks can be used to determine compressive strength by compressing
the rock between two parallal jacks. Shear strength can be determined
by a torsion test (Sellers, 1974).

For all jacking tests, the determination of elastic moduli depends

upon accurately modeling the jack-rock behavior. In most cases, modulus
values are determined by idealized models of how the jack loads the rock,
and of how the jack and rock behave under that load. Improvements in the
model include using pumerical techniques as described by Heuze and Salem
(1976). These authors reported that rock anisotropy, plate stiffness, and
radial cracking in the rock can strongly affect modulus values unless
accounted for. In addition, Hustrulid (1976) reports that a curvature
mismatch between borehole jack plattan and the horehoie can cause sub-
stantial errors in modylus determinations. Additional research is
required to develop reliable techniques for calcuiating modulus values
and for performing tests.
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D. In-Situ Displacement Measurement Techniques

fisplacements are measured in order to determine rock movements. The
analysis of the displacements must take into account both the scale of
measurement and the source from which they arise.

In Table 3-1, displacement measurement techniques are divided into three
categories:

¢ Small-scale techniques
s Extensometer techniques

e Surveying technigues.

Small-scale methods include instruments that can measure displace-

ments in the range of micro-inches to perhaps 0.01 inch. Small-scale
methods employ measuring instruments with small gage lengths (distances
between measuring points), They most often are used to determine rock
stress,

Extensometer techniques include instruments that can measure displacements

in the range from 0.001 inch to perhaps several feet. Extensometers are char-
acterized by the attachment of rods, tubes, or tensioned wires to measuring
points, and then measuring the relative movements. [Displacements between
points on the rock are transferred to equal displacements on rods, tubes,

or wires where measurement s more convenient. Gage lengths range from

less than a foot for hand-held gages to hundreds of feet for borehole-
installed wire and rod systems. Van Schalkwyk (1976) veports capabilities

to measure with an accuracy of #0.001-inch over a displacement range of

0.5 inch in a 500-foot-long extensemeter

Surveying techniques ave used to measure vock deformations greater than

0.01 inch. Normally, they are used where extensometer techniques are
not applicable, or in situations where baseline data are neaded--such as
the total initfal distance between two points or the initial elevation
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of a point. Surveying has been extensively used in monitoring subsidence
and settlement above min's and tunnels. Surveying techniques can be used
both above ground and underground. In gemeral, al! the displacement
techniques produce accurate, reliable data if gage installation and
monitoring are done properly.

E. In-Situ Tilt Angle Measurement Techniques

Tilt can be measured on a rock surface or in boreholes. Since all changes
in the orientation of a flat face or a borehole are caused only by rock
deformation, the repeated measurement of tilt angles monitors rock

deformations.

Borehole inclinometers are used extensively to monitor seil and rock
movements in the plane normal to the borehole axis. (For the case of

a vertical borehole, horizontal movements wauld be monitored.) Tilt
measurements made at selected intervals along the length of the bore-
hole are used to calculate the position of the borehole at each measure-
ment depth. Repeated measurements at giv~~ time intervals can be used
to plot movements of the borchole.

Still in the development stage, the three: dimensional tiltmeter (listed
in Table 3-1) promises more accurate depth measurements than are possible
with present methods. This instrument will provide the added capability
of measuring a borehole's longitudinal extension or contractien as well

as its horizontal movement,
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The following accuracies are obtainable with carefully installed instruments:

¢ Photographic Tiltmeters: 1 to 5 minutes of arc depending upon
total arc to be measured (Van Schalkwyk,
1978)

e Spirit levels: +0.15 degree of a- - normally, but +2 seconds of arc
obtainable in speuially designed electric units
(Sherwood and Curry, 1976)

¢ Borehole Tiltmeters: +3 seconds of arc (Van Schalkwyk, 1976;
Cornforth, 1973)

A horizontal displacement of 0.20 inch is
detectable over a 100-foot Tength of vertical
borehole using accurate tiltmeter readings
and statistical data analysis methods.

F. In-Situ Creep Measurement Techniques

1. Testing - Few in-situ tests are designed specifically to determine
rock creep properties. However, both borehole and tunnel jacking tests
can be designed to measure rock creep. In both situations, two basic
approacites can be taken. In the first, a Toad would be applied to a bore-
hole wall or a rock face and held constant over time. Any rock deformation
would result from creep, the total creep load being the in-situ stresses
plus the jack load. A series of load tests would result in different
creep rates which can be used to generate creep parameters. Only one
instance of a test of this type was found in the literature (Cogan, 1976).

In the second approach, the rock loads wouid be varied in order to control
deformation rates. For example, the walls of an open borehole creep inward,
the driving force resulting from the in-situ stresses. This inward move-
ment can be retarded by pressurizing the hole with a fluid. The inward
Creep rates correspond to specific bovehole pressures, and can be used to
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derive in-situ creep parameters if the stresses are known. Similar
approaches could be worked out for borehole jacking, tunnel jacking,
flat jacking, and other testing techniques.

2. Monitoring - Experience has shown that creep deformations
underground occur at constant rates, and that the monitoring of these
rates can be used to analyze rock behavior around openings. The average
creep rates of tunnel walls can be used to estimate future defiections
of tunnel walls. High closure rates in competent rocks can indicate
that the rock is near failure. Spontaneous increases in Creep rate
indicate changes in stress conditions, or initiation of rock failure.
Decreases in creep rate indicate decreases in rock loading or a strengthen-
ing of the rock. Changes in the creep rate, such as sudden increases in
total deformation, may indicate rock fracturing.

Stress conditions are affected by heat through thermoelastic action and
creep parameter alteration., Extensometer and tiltmeter data, recording
creep behavior, changing under stress conditions are more difficult to
interpret.

Extensometers and tiltmeters have been used to monitor creep deformation
vs. time in mines, tunnels, and around other underground openings. These
instruments measure total deformational changes that occur with reference
to the rock state at the time of (instrument) instaliation. Each measure-
ment can include elastic, plastic, and creep deformations. However, most
rocks are brittle at the stresses found around engineered openings, and
it has been difficult to identify plastic deformational components.
Elastic deformations are measured oniy for changes in rock stress brought
about by mining or the application of leads to the rock. The result of
these stress changes is an initial elastic deformation followed by a
change in the creep rate. But for most cases it is very difficult to
recognize the elastic deformations. Thus, under normal conditions
deformation-time data usually reftect creep behavior.
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The above discussion applies to salt strata as well as to other types of
rock. Since salt is highly prone to creep, monitoring is easily accom-
plished. Creep deformation data together with temperature and stress
data can be used to monitor repository rock behavior over time--before,
during, and after emplacement.

3.3 LABORATORY MEASUREMENT TECHNIQUES

Laboratory stress-strain testing is designed to produce basic rock prop-
erty data from rock sampies collected in the field. Results characterize
rock behavior exciusive of on-site geologic inhomogeneities.

Laboratory-determined physica) properties of rocks are used to classify
the rocks by type, to help establish design criteria for openings, to
corroborate in-situ-determined properties, to provide data for mathematical
modeling, and to provide a data bank of rock properties for analytical
procedures.

Basic data requived for evaluation, analysis, and design of a repository
in bedded satt are (Duvall, 1976)

e Rock density
Elastic modulus
Paisson's ratio

Uniaxial compressive sirength

Triaxial compressive strength (solid core)

Triaxial compressive strength (cores with planes of weakness)
Modulus of vupture

Tensile strength

Creep constants.

The laboratory techniques shown in Table 3-1 determine these properties.
Variations of these techniques have been used to develop specialized
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tests. Other tests, independent of these techniques, exist but are
not listed (Lama and Vutukuri, 1978). tLaboratory testing of creep
is included in Appendix B.

3.4 SUMMARY AND CONCLUSIONS

A wide variety of measurement technigues can be used to determine the
rock rechanical behavior of a repository in bedded salt. The capabili-
ties exist to measure stress, stress change, strength, mechanical prop-
erties, displacements, and tilt-angle changes of in-situ rock. In
addition, laboratory testing procedures are available to determine rack
properties under extreme conditions of stress, strain, and temperature.

The data collected frum these measurement techniques can be used for a
variety of purposes, including

s Preliminary evaluation of site rock characteristics, including
long-term stability

o Preliminary evaluation of containment capabilities of site
rocks

¢ Preparation of design specifications for rockwork facilities
o Monitoring and assessment of pre-emplacement rock behavier
e Monitoring and assessment of post-emplacement rock behavior

¢ Monitoring and assessment of post-decommissioning rock behavior.

Rock stress measurements can be made by hydrofracturing, jacking, or over-
coring. Hydrofracturing introduces fractures that may act as water

flow paths; jacking techniques can be used, but yield only a limited
emount of data; overcoring techniques are the most flexible and improved
methods are being developed. With the present state-of-the-art, stress
determinations in hard racks can be made with a reasonable degree of
accuracy and reliability.
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Necessary improvements in overcoring technigues include (1) a probe that
can reliably measure the full stress state in a single borehole, (2) a
soft-inclusion probe that can make stress determinations in soft and
fractured rocks, and (3) technigues that can be used in boreholes over
100 feet deep.

In-situ elastic properties and rack strength can be determined by jacking
test, including borehole tests, tunnel jacking tests, and plate bearing
tests. It is often difficult to correlate small- and large-scale tests
since rock inhomogeneities have a greater effect on tests with Tonger
jacking surfaces. Borehole jacking tests need improvements in equipment
design, operating techniques, and data analysis to improve data correla-
tion with large-scale tests. Large-scale tests need redesign to reduce
the time and expense of testing,

Stress changes in a repository can be monitored in boreholes with per-
manently emplaced, hard-inclusion and soft-inclusion stress gages. For
the most part, these gages monitor stress changes that occur normal to

the borehole axis. A1l of the many types of svailable gages record only
stress changes relative to the stress induced during emplacement. Both
fluid-filled and hard-inclusion gages have been used in salt mines.
Improvements in equipment shouid include the development of hard-inclusion
and soft-inclusion gages that would record stress changes both parallel

to and normal to the borehole axis. A better understanding of rock creep
effects on gage performance is also needed.

Deformation and tilt-angle measurements are reliable and accurate. Pres-
ent capabilities exist for measuring almost any type of rock deformation.
Instruments are available for monitoring most types of defarmation behavior
that could occur in a salt repositary, New developments will streamline
gage installation and automate data acquisition and processing.

Existing laboratory technigues can both heat and induce pore-water and
confining stresses upon test specimens. Uniaxial and triaxial tests can
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measure elastic, plastic, creep, and post-failure behavior of salt and
associated strata. Testing standardization is limited to uniaxial and
triaxial strength tests, For a repository in bedded salt, standard
procedures for creep testing and full-scale triaxial testing should

be developed.

Schedule

The application of rock mechanics measurement technigues will vary with
the stage of repository development. In the early stages, basic data
must he obtained to evaluate and plan the underground facilities. As
more information is collected about rock properties and in-situ behavior,
the emphasis will shift from sampling, testing and general data collec-
tion to monitoring and observing rock hehavior under actual repository

conditions.

Site Selection (Stage A)

During reconnaissance and explaration, rock sampling and testing will be
required for the evaluation of the site. Both borehole core samples and
grab samples can be collected. Testing will determine rock strength,
creep parameters, elastic moduli, failure characteristics, failure para-
meters, and other data associated with rock stability., These tests
should be done on both salt and its associated strata. Labaratory

testing will dominate at this stage.

During this stage, exploration shafts and tunnels will be excavated. In-
situ rock testing will be used to establish a correlation between labora-
tory test data and in-situ behavior. Further sampling and laboratory
testing can be conducted. The main objective is to generate data that
can be used for the design of underground openings and for analyzing
repository stress-deformation behavior.
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Construction (Stage B)

By the time approval for emplacement has been received, a mass of rock
property data will have been collected. At this stage, monitoring will
become more important, and will include measurements nf rock stresses and
deformations over time. These measurements can be used to check design
assumptions against actual creep behavior, identify potentially unstable
rock areas, and establish a general understanding of repository stress-
deformation behavior

Emplacement (Stage C)

Once waste emplacement begins, heat will start to flow into repository
rocks and temperatures will rise. In-situ stress and stress-deformation
tests can be performed to determine the affects of heat upon the rocks.,
In addition, monitoring stations can be installed to observe rock sta-
bility in heated areas. Data from these monitoring stations will aid in
accessing retrievability of waste.

Decommissioning (Stage D)

Once waste has been sealed in a room, data collection must pe accomplished
by remote methods since direct access is no longer available. Monitoring
the emplacement areas can be done through drillholes. Deformation
monitoring can be used to identify roof collapse, pillar failure,

s1ip along rock fracture, subsidence, and other features that can affect
containment,
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Paraneters

In-Situ Raock
Stress

Measurerment Technigues

TABLE 3-1
Sheet 1 of 20

ROCK MICHANICS MLASUREMONT TECHNIQUES

Purpnse

stagel/

Remarks

IN-SITU MEASUREMENT TECHNIQUES

A. In-Situ Stress

Borehole Overcoring

Biaxial stress
determination

QOpen-Hale Methads

[

Borehole Deformation
Gage (USA)

Doorstapper Technique
(S. Africa)
Griswold Gage
Hawke's Stressmeter
(England}

i . 2/
White Pine LVTD=" Gage

Four-Component Defor-
mation Cetl (ULA)}

To determine in-situ
coring stress normal
to borehole axis

(]

Tochnique measures rock stresses by monitoring stress
relaxati-n inside small borehole after drilling

a larger sized hole around it. This is a standard
method of determining rock stress. {Agarwal and
Boshkov, 1966; Berry and Fairhurst, 1966; Fairhurst,
1968; Roberts, 1968; Hoskins, 1387)

Strains on ;erimeter of borehole are monitored and
converted into stress.

Strain gage instrumeat measures radial distortiaons
in hole during overcore drilling. Distortion is
converted into stresses. {Obert, Merrill and
Margan, 1962; Merrill, 1967}

A strain_gage rosetts is cemented to the face of an

EX {1-1/2" diam.)} borchole. At hole is overcored,
stress relaxation of face is recorded. {Leeman, 1969}
Simitar to borehgle deformation gage. (Royea, 1970)

A photoelectric plug is cemented to the end of a
borehole and monitored during overcoring. (Hawkes and
Moxon, 1965)

{Perrin and Scott, 1964)

Similar to borehole deformation gage. (Crouch and
Fairhurst, 1967)

1 N - N -
=y Repository Development Stage: A = Site Selection, B = Construction Authorization, C = Emptacement Authorization, D = Decommissioning Authorization.

Linear voltage differential transducer, also known as linear variable differential transformer.




TABLE 3-1
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ROCK MECHANICS MEASUREMENT TECHNIQUES

1/

Paramecters Measurement Techniques Purpose Stage— Renmarks
In-S{tu Tock A. {n-Situ Stress

Stress (Cent'd.) Borehole Cvercoring (Cont'd)

Biaxial stress deter-
mination {cont'd.)

Hard-Iaclusion Methods B, C

e Hast's Stressmeter
{Sweden)

e Borehole Beforma-
tion (Belgium)

e Talbot Strain Cell
(England)

Soft-Inclusion Method

» Cast Photoelastic
Inclusion

Triarial stress determination

Open-Hole Methods

¢ CSIR (Council on Scientific
and Industrial Research)
Techniques

Hard~Inclusion Method

® USGS 501id Inclusion
RUTS

e Rigid Inclusion (Poland)

17

Strains that develop in 2 hard inclusion wedged into
borehole are measured and converted into stress.

A metal stud with an electrical wire coil wound around
it fs wedged into a borehole. Straining during over-
coring is converted into changes in coil inductance.
Inductance is converted into stress by calibrating
the probe. (Hast, 1958}

Uses six (h) LVDTs to monitor borehole surface defor-
mattons. (Bonnechere and Cornet, 1977}

Similar to CSIR cell but strain rosettes are held
against borehole wall and not cemented. (Patts,
Szek1, and Rowley, 1974; Potts, Dunitam, Maconochie
and Reid, 197&)

Hole deforms as if inclusion were not present.

A photoelastic, expoxy resin plug is cemenied
into a borehole and overcored. Fringe lines are
measured. {Riley, Goodman and Kolting, 1977}

Strain gages are cemented to hole wall. Strains
are monitored as overcoring proceeds and converted
into stresses. (lLeeman, 1964a, 1964b, 1968c)

Strain gage rosettes are cemented to a steel ball.
Steel ball is encased in plastic and then cenented into
borehole for avercoring. {Hichols, Abel and Lee, 1968;
Abel and Lee, 1873) .

Specially designed rigid cylinder for use in coal
mines. (Fileek and Cyrul, 1977)

=’ Repository Development Stage: A = Site Selection, B = Construction Authorization, C = Emplacement Authcrization, D = Decommissioning Authorization.
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TABLE 3-1
Sheet 3 of 20

ROCK MECHAN!CS MEASUREMENT TECHNIQUES

Parameters Measurement Techniques Purpose Stagei/ Remarks
In-Situ Rock. A. In-Situ Stress
Stress (Cont'd.) Borehole Overcoring (Cont'd}
Triaxial stress deter-
mination {cont’d.)
Soft-Inclusion Methods: Hole deforms as if inclusion were not present.
e Soft-Inclusien Gage B, C Plastic cylinder containing strain gages is embedded
(Portugal) in borehole; strains are mumitored during overceoring
and converted into stresses. (Rocha, 1966; Rocha and
Silverio, 1969)
e Soft-Inclusion Instru- B, C Similar to soft-inclusion gage above. (Blackwood, 1977}
ment {Australia)
Flat Jack Techaiques Measure rock stress g, C A flat jack is instalTed in a slot cut normally into
a rock face. Rock deformations before and afiar slot
cutting are monitored. Then jack is pressurized until
initial deformation is reached. Jack pressure at full
return equals in-siilu stress normal to jack. (Tencelin,
1951; Hoskins, 1966; Ageton, 1967)
Hydrofracturing Determinre minimum Not recom- Measurement is made of fluid pressure required to
rock stress adja- nended fracture rock adjacent to a plugged borehsolie.
cent to a borehole Capable of use in deep boreholes. (Hubbert and Willis,
1957; Haimson, 1968; Haimson, 1974; Rogiers, 1975;
_ Hafmson, 1977) -
In-Situ Stress: Creep Recovery Measure- Determine in-situ A, B, C Instrument orients drill cores upon removal from bore-
Residual Stress ments stress, residual hole and monitors strain changes over time. Plots of creep
stress, elastic rate vs. time when compared with core laboratory tests
modulus yield residual stresses. HNot tried on salt. ({Voight,
1967; Friedman, 1972)
In-Situ Stress: Three Basic Types of Monitor support B, C Used to check stabijlity of supports.
Rock Supports Instrumentation stresses

[ Load c=11s

Hydraulic transducers used to measure axial compression
or tensfion. Can monitor rock bolt loads, prop loads
and bearing loads.

17 Repository DPevelopment Stage: A = Site Selection, B = Construction Authorization, C = Emplacenent Authorization, D = Decommissioning Authorization.



Parameters

In-Situ Stress:
Rock Supgorts
{Cont 'd.

In-Situ Rock
Stress Changes

A.

Measurement Techniques

TABLE 3-1
Sheet 4 of 20

ROCK MECHANICS M:IASUREMENT TECHNIQUES

1/

Three Basic Types of

[] Flat jacks

. Strain gages

In-Situ Stress Change

ments

Purppse Stage™ Remarks
In-Situ Stress {Cont'd.)
Instrumentation (Cont'd.)
Flat fluid-pressure celis. Can be placed into mass
contrete to monitor stress changes.
Many types exist. Can be attached to any stee)
s member including rebar in concrete.
Stress-Measuring/Instru- Honitor stress 8, € A1l open-hole hard and soft-inclusion borehele probes
changes and creep used for overcoring and modulus determination can be
over time used to monitor borehole closure with time. If rock

[] Borehecle Deformation
Gage (USA)

) C5IR Triaxial Cell
{S. Africa)

[} Four-Component BDefor-
mation Gage (USA)

. Cast Photoelastic
Inclusion (USA)

. Borehole Deformation
Cell {Belgium)

e Talbot Strain Cell
{England)

[} Soft-Inclusion Gage
{Portugal)

s Soft-Inclusion Instru-
ment (Australtia)

17 Repository Developmnent Stage:

creeps, closure will represent creep strain effects
as well as stress change effects. The best instru-
ments for long~term monitoring are l1isted in the

second column belaw. (References previrasly cited).

Previausly described for stress measurements.

A = Site Selection, B = Construction Authorization, C = Emp’acement Authorization, D = Decommissioning Authorizatien.
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ROCK MECHANICS MEASUREMENT TECHNIQUES

Parameters Measurement Techniques Purpose Stagel/ Remarks
In-Situ Rock B. In-Situ Stress Change
Stress Changes (Cont"d.)
(Cont 'd.)
Hard-Inclusion Gages Monitor stress B, C Strains in boreholes are menitored over time and
specially designed for changes converted to stresses. Mostly used in soft rocks and
change measurements coal. Are applicable to salt mines.
[ ] Irad Gage (USA) Hard inclusion is wedged into borehole.
Vibrating wire system senses stress changes
on inctusion. ({Hawkes and Bailey, 1965}
» Solid Inclusion Deveioped by National Coal Board (England)
Stress Gage for use in coal mines. (Wilson, 1961)
{England}

. USGS Solid A strain gage instrumented steel ball encased
Inclusion Gage in epoxy was tested in a mine. Not tried in salt.
(Abel and Lee, 1973)

. Potts's Stressmeter Initial use of gage was ir a salt mine. (Potts,
{England) 1957; Potts, 19&4)
[ Wiison's Stressmeter Similar to English Solid-Inciusion Stress Gage.
(Wilson, 1961}
. Photoelastic Plug Photoelastic disk is set in the hole and distorts
Techniqwe (England) as stress is relieved. Stress pattern caused by
distortion is monitored. (Roberts, 1968)
° Sailt Piug Gages There are two types. Type 1 is a salt-filled steel
{West Germany) ring instrumented with strain gages. Type 2 i3

a strain-gage-instrumented plug of fused salt.
{Dreyer, 1977)

[ Cther Hard-Inclusion Gages Many hard-inclusion probes used for stress deter-
mination by overcoring, or for elastic modulus
determination by borehole jacking have been
used to monitor stress changes.

- CSIR Pressiometer (Woreotnicki, Enever and Spathis, 1976)
(Austratia)

- Rigid Inclusion Probe (Fileek and Cyrul, 1977)
{Potlend}

- W. German Gage Viorating wire transducer monitors stress

changes. (Dreyer, 1977)

17 Repository Development Stage: A = Site Selection, B = Construction Authorization, C = Emplacenent Authorizatien, D = Decormissioning Authorization.
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ROCK MECHARICS MEASUREMENT TECHNIQUES

Parameters Measurement Technigues Purpose Stauei/ Remarks
In-Situ Rock B. In-Situ Stress Changes
Stress Changes (Cont*d. )
(Cont'd.)

Fluid Cel1ls for stress- Monitor stress 8, C A1l soft-inclusion gages used to this date have

change pleasurements changes been fluid-filled pressure cells.

. Liquid-filled borehole Monitor pressure change in Fluid in a
plugged borehole. Creep of salt wil]
stop when pressure equilibrium is reached.

Has been used in salt- (Barr. 1960}

e FlaL STot Method A flat cell is cemented into a slot in the
rock. This cell is cannected to a cylindrical
cell that acts as a standard pressure source.
A differential pressure transducer is placed
between the two cells. PRock pressure causes
liquid pressure to increase in a flat cell.

By adjusting cylindrical cell pressure rock
pressure can be read. Mot tried in salt, but
applicable. (Swolfs and Brechtel, 1977)

[ Flat Jack Monitoring A flat hydraulic cell is placed in a siot and
pressurized; the resulting stress changes are
ronitored over time using a transducer or pres-
sure gage. Experience in salt not known.
(Curth, 1976; Beneez, Bodoyni, Hagy and Szepesi,
1977}

- Specialized Pressure Cells ) Thin-walled ¢ylindrical -ells designed for pres-
sure fmonitoring over time. Used in Canadian

- IMC (International potash mines. (Mraz, 1978}
Minerals Co.} Cell
- Hoskin's Cell
- SRC (Stress Redistri-
bution Cell} Omni-
Directional Cell
- Hhi%e Pine Hydraulic {Cuminings and Parker, 1964)
Cel
gy1;ndrica1 Pressure (Panek, Hornsey and Lappi, 1964)
e

vy Repository Development Stage: A = Site Selection, B = Construction Authorization, € = Emplacement Authorization, D = Decormissioning Authorization.
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s Sheet 7 of 20

ROCK MECHANICS MEASUREMENT TECHNIQUES

Parameters Measurement Technigues Purpose Stagel/ Remarks
In-Situ Rock B. In-Situ Stress Changes
Stress Changes {Cont'd.)
{Cont'd.)

Fluid Cells (Cont'd.)

. Glotzl Celis B, C A flat hydraulic cell is placed into a rock slot,
into soil, into concrete in a tunnel Tiner, or at
a tunnel Tiner-seil/rack interface. A counter
pressure system s used to purp cell up during
operation. At point where cell volume has returned
to original volume, counter-pressure equals rock
strezs normal to cell. Experience in salt is not
known. (Carlson, 1958; Glotz)l., 1958; Sauver, Geriard
and Sharma. 1377)

In-$itu Rock C. In-Situ Strength 2nd
Strength and Elastic Hm'._'h;

Elastic Moduli:

Ltarge Scale " To determine:
Jacking Tests Elastic moduli, B A plate is jacked against a rack surface and the
rock shear strength, resulting deformations vs. loads are recorded. Normally,
rock bearing capacity Jacking tests are used to determine design parameters
for water tur els, foundations and underground chambers.
{ASTM, 1969; Cording, Hendron and Deere, 1971).
. Prop Jacking in £lestic moduli Place prop across tunnel or against roof and floor,
Tunnels and jack against two walls, Monitor Separation
distance vs. jack load. HNot reported in salt.
(Wallace, Slebir and Anderson, 1968; Benson, Murphy
and MHcCreath, 1969: Kruse, 1969}
® Pressure Chamber Clastic moduli Line and plug tunncl to prevent leakage. After
Jacking in Tunnels filling cavity with water, increase water pres-
sure and monitor distortians of tunnel. Not per-
formed in salt. (Talobre, 1961; Dodds, 1866)
17 s N . . . . . : esns <
=’ Repository Development Stage: A = Site Selection, B = Construction Authorization, C = Emplacement Authcrization, D = Decommissioning Authorization.
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TABLE 3-1
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ROCK MECHANICS MEASUREMENT TECHNIQUES

Paramcters Measurement Techniques Purpose Stagel/ Rerarks

In-Situ Rock C. In-Situ Strength and
Strength and Elastic ﬂoaulé [Cont'd.)
Ervastic Moduli:

Large Scale Jacking Test {(Cont'd.}
{Cont"d.}

1] shear Jacking Test Shear modulus and 8 Use two jacks, one acting normally upon a block
shear strength of rock, the other for block shearing. Hot
reported for salt but applicable. (Serafim and
topes, 1962, Serafim and Guerreiro, 1966)

[ ] Radial Jacking Elastic modult Line perimeter of a tunnel with flat cells and sup-
port against walls with stiff struts. Then pres-
surize cells and record radial deformation vs.
pressure. Not reported for salt but applicable.
{Wallace, Slebir and Anderson, 1868; Misterek, 1969;
Wallece, Slebir and Anderson, 19639)

¢ Plate Bearing Test Bearing strength, Jack @ stiff plate of standard dimensions against
elastic moduli, a rock surface. Record loed vs. penetration and
compression note where maximum load cccurs. Not reported for
strength salt but is applicable. (Jenkins, 1960: Coates and
Gyenge, 1865; Wagner and Schumann, 1971)

e LlLarge Flat Jacks Elastic moduli Flat Jack cells are fitted into precut slots oriented
normal to a rock face. Jacks are pressurized and
rock deformations across slot are monitored by
tranducers inceorporated into the jack cells,

(Rocha, 1968; Rocha, 1969}

e Cabie Jacking Elastic moduTi Cable is anchored into a2 borehole and used to jack
a bearing plate toward the anchor. A two-cable
system can be used with jacks, both parallel and
transverse to cable anchor. Hot used in salt.
(Zienkiewicz and Stagg., 1967)

if Repository Development Stage: A = Site Selection, B = Constructicn Authorization, C = Emplacement Authorization, D = Decommissioning Authorization.
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ROCK MECHANICS MEASUREMENT TECHNIQUES

Parameters Measurement Techniques Purpose Stagel/ Remarks
In-Situ Rock C. In-Situ Strength and
Strength and ETastic Moduli {Cont'd.)
Elastic Moduii:
Large Scale Jaeking Tests (Cont'd.)
(Cont'd.}
. In-Situ Torsion Test Elastic shear Drill donut-shaped hole normal to rock face. Atftach
modulus, shear clamping system to core and twist core off virgin
strength rock. Not used in salt. (Sellers, 1974}
. In-Situ Triaxial Elastic properties, Both axial stress and confining stress applied to
Compression Test shear strength block of rock under shear loading. MNot used in salt.
{John, 1961)
[ Pillar Jacking Failure strength A pillar is cut between the roof-pillar contact.
of pillars Jacks are placed in the cut and the pillar is
lvaded. Has been used only in coal.
{Bieniawski, Denkhaus and Vogler, 1970; Lama, 1970)
e Pull-Out Test In-situ rock Pull anchored bolt out of a rock face. Measure
tensile strength force to pull it out. Salt experience not known.
(Evans, 1964; Foote, 1964)
In-Situ Rock
Strength and
Elastic Moduli:
Small Scale
Borehole Jacking Elastic rock moduluc B, C A jack expands sides of borepole laterally and the amount
normal to borehole of expansion is measured against the applied force.
axis A11 berehole jacks are applicable to bedded salt.

& Goodman Jack Monitors total expansion between opposite sides of

(USA) borehole, at points where jack pads cantact rack
surface. Data reduction requires corrections for:
(1) differences in curvature between the jack and
hole walls, and {2} the dissimilarity in stiff-
ness between the toading pads and the rock. (Heuze
and Goodman, 1970)

iy Repository Development Stage: A = Site Selection, B = Construction Authorization, C = Emplacement Authorization, D = Decommissianing Authorization.




TABLL 3-1
Sheet 10 of 20

ROCK MECHANICS MEASUREMENT TECHNIQUES

Paransters Measurement Technigques Purpose Stagci’. Remarks

In-Situ Rock c. In-Situ Strength and
Strength and Elastic Foduli (tont'd.])

Elastic Moduli:

Small Scale Borehole Jacking {Cont'd.}
(Cont 'd.)
e Modified Goadman Jack B, C Monitors extension strains in borehole wall rock
(usa) at points to each side of jack pads.
{de la Cruz, 1978)
@& CSIR Pressiometer Informatian lacking ‘Worotnicki, Enevars and
{Australia) Spathis, 1976)
. Geoextensomater Information Tacking. {Absi and Seguin, 1967;
{France} Hast, 1958)
o Centrex Cell A split cylindrical sleeve is forced a»art by a
{Fraace) conical mandrel. (toel, 1953
[] Borehole Jack A split cylindrical sleeve is forced apart by an
{W. Germany} advancing screw. (Martini, Durbaum and
Siesel, 1964).
e Borehple Pressure Cell Flat jack cast into cement cylinder and placed into
{USA) & borehole. Has been used in salt. (Panek and Stock,
1964)
s Talebre's Jack See Borehole Jack {W. Germany) above. (Talabre, 1961)
Limited to shallow holes.
dorehole Dilatameters Elastic moduli B, C A uniferm radial stress is applied to a section of borehole
and radial displacements are measured ayainst radial stress.
Al dilatometers are applicable to bedded salt.
[] Menard Pressuremeter Designed for soils but applicable to soft rocks.
(France} (Menard, 1957 and 1966)
¢ Madified Menard Pres- todified version aof Menard Pressuremeter for applicationsg
suremeter (Frgnce) in hard rocks. Salt experience unknown. {Alas, 19638)

17 Repository Development Stage: A = Site Selection, B = Construction Authorization, C = Emplacement Authorization, D = Decommissioning Autharization.
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ROCK MECHARICS MEASUREMENT TECHNIQUES

Paranmeters Measurement Techniques Purpose Stage~ Remarks
In-Situ Rock c. In-Situ Strength and
Strength and Elastic ModL i1 (Cont'd.)
Elastic Moduli:
Small Scale Borehole Dilatometers
{Cont*d.) (Cont*d.)
[ ] Cylindrical Pressure Cell Copper sheath is jacketed against borehole inner dia-
{usa) meter. Fluid volume changes indicate borehole strain.

Has been used in salt. (Panek, Hornsey and
Lappi, 1964).

® LNEC (Laboratorio Nacional de B, C Used for dam design. {Rocha, 1966)
Engenharia Civil - Portugal)
Dilatometer

[ Others References:
- Pressuremeter (Pah?, 1877)
(W. Germany)
- Elastometer (Japan) (Oyo Instrument Company, 1979)
- {Schiyg Tube Deformeter (Yachiyo Engineering Company, 1979}
apan
- Geoprobe (USA) {Testlab Corp., 1967}
~ Radiometer {Italy) Information lacking.
-  Unnamed (Janod and Mermin, 1854}
~ Unnamed (Xujundic and Stojakovic, 1964)
~ Unnamed {Comes, 1965)
- Unnamed {MacKinley and Anderson. 1975}
- Unnamed {Mayer, 1964)
-  Unnamed (Jaeger and Coock, 1964}
. CSM (Colorado School of Similar to cylindrical pressure cell but prebe
Mines) Dilatometer [USA) is made of plastic. (Hustrulid and Hustrulid, i273;
Patricio and Beus, 1976)
e Rock Borehole Shear To determine rock Jack forces plates against side of a borehole.
Test (RBST) shear strength, A second jack pulls plate along hole axis.
angle of internal Record slip against sides of borehole vs. force.
friction New instrument nat tried in salt. {Handy,

Pitt, Engle and Klockow, 1976}

Yy Repository Development Stage: A = Site Selection, B = Construction Authorization, C = Emplacement Authorization, D = Deconuissioning Authorization.
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ROCK MECHANICS MEASUREMENT TECHNIQUES

Measurement Techniques Purpose Stagel/

Paranaters Remarks
Ir-Situ Rock C. In-Situ Strength and
Strength and EVastic Moduli {Cont'd.)
Hardness Tests i
and Elastic Borehole Penetrometers Determine rock B, C A small rigid die 1s forced into borehole wall.
Hodul i penetrability, (Mult, 1963; Dryselius, 1965; Stears, 1965)
etastic modulus
Schmidt Hammer Estimate rock hard- A hard steel piston is rebounded against a
ness rock face. Used to estimate weathering
of rock surfaces in hard rocks. {Miller, 1965;
ISARM, 1977; Roberts, 1977} .
In-Situ Dis- D. In-Situ Displacement
placenment

Small-Scale Techniques Monitor small (uin.
to 0.01 in.) displace-
ments between near
points

[} Carlson Meter

] Vibrating Wire B, C
Strain Gages

Unit 15 normally placed in poured concrete to mornitor
small elastic displacements or displacements across
Jaints in the concrete. It uses elastic wire strain
gages. Ends of wire are attached to one section each
of two sliding steel cylinders. MNot normally used

in salt. Could be fixed into boreholes. Also used
to measure temperatures. (Carlson, 1958)

Units can be mounted on reinforcing bar in concrete,
on concrete itself, on steel members and on rock
face. As deformation occurs, 1t stretches the wire.
This changes natural frequency of wire when wire is
plucked, and freguency change is calibrated for
indicating total displacement. Applicable co bedded
salt for measuring rock strains. ({(D:ayer, 1977;
Sinco, 1979)

T s s
Y Repository Development Stage: A = Site Selection, B = Construction Authorization, C = Emplacement Authorization, D = Decomnissioning Authorization.
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T.OCY. MECHANICS MEASUREMENT TECHRIGUES

Parameters Measurement Technigues Purpose Stagel/

Remarks

In-Situ Dis- D. I isplacement
Bl acanant Contrdzy

{Cont'd)
Small-Scate Tech. (Cont'd.)
LY LVDTs, B, C
Potentiometers

[ ] Mechanical Devices

] Whitmore f.ge

Extensometer Techniques Monitor rock defor- B, C, D
mation (displacements
from 0.001 in. to
several ft.)

[} [avar Tube
Extensometer

- Reed Extensometer

- Distometer
(Switzerland}

- Deformeter
(Switzerland}

- Huggenburger Gage
{Switzerland)

[ Borehole Rod
Extensometer

Accurate instruments to measure dispiacements between
points. Widely used as measurement elements for gages.
Are mounted on extensometers, borehole probes, dilatom-

eters, and other instruments.

Depth gages, accurate tapes, micrometer machinisi's
gages, ctc. These are all common measurement tools
used by surveyars and machinists.

Mechanical gage to measure accurately changes in
distance between two studs about 6-10 inches apart.

Permanent measuring points are installed, and distance
changes between points are measured with time. Al1l
extensometers can be used in bedded salt. (Cording,
H;;ggon and Deere, 1971; Smith and Burland, 1976; ISRM,
1

Portable instrument. Used tc monitor tunnel
closure, between spads embedded in tunnel walls,
or roof and floor. Consists of two tubes or rods,
one sliding in relationship to the other.

{Terrametrics, 1979)
{Kovari, Amstad and Fritz, 1977)

{Kovari, Amstad and Fritz, 1977)

{Sinco, 1979)

Rods are anchored at selected points in a bore-
hole and transfer displacements to collar of
hole. Measure elongation or shortening between
anchor points over time. Used in seil and rock,
and in vertical, angled and horizontal boreholes.
Holes to 100 ft. and mare can be monitared. Many
commercial units available. (Sinco, 1979;
Terrametrics, 1979)

7 : s s .
~' Repository Development Stage: A = Site Selection, B = Construction Authorization, C = Emplacement Authorization, D = Decomniissioning Authorization.




Measuremneant Technigues

_ Paraneters

In-3i*+: Dis~ D. In-Situ_Displacement
placenent Cont do] — .

fCont'd.)

1/ pepository Development Stage:

Extensometer
Techniques (Cont'd.)

e Borehole Wire
Extensoaetar

e Borehole Settlement
Probes

s Borehole Induction Coil
Extensometer

. Convergence Gages

Surveying Techniquesg/
. Standard Surveying

- Lewvel
- Mine Transit

- Theodolite

TABLE 3-1
Sheet 14 of 70

ROCK MECHANICS MEASUREMENT TECHNIQUES

Plurpose

Stagei/

Repmarks

Moniter rock deforma-
tion (displacements >
Q.01 in.)d

2/ Surveying Techniques are more fully discussed in Chapter 2 and Table 2-1.

A, B, C. 0

Same as Borehole Rod Extensometer, but stressed wires
are used to transFer displacements. Many commercial
units available. {Hedley, 1969; Terrametrics, 1979)

Wire extensgmeters especially designed for vertical
holes in seil. ({Since, 1979

Borehole casing with induction coils wound argund
outside perimeter at set locations is installed in
barehpoie. lIntroduce probe down casing and monitor
changes in coil location with respect to hole collar.
{Bellier and Debreuille, 1977)

Similar to Invar tube extensometer. One end of
eacht tube anchored to tunnel wail, roof, or flgor.
Measure slippage between tubes as anchor points
converge or diverge. Gage may be left in place
ar anchor points can be installed and portable
gage used. Automatic recording units are avail-
ble. Have been used extensively in salt mines.
(Terrametrics, 1979}

Monitor surface subsidence, monument movements,

tunnel wall distortions. etc. Uses accurate levelling
ang first-order transit runs. {Staley, 1964. Davis,
Foote, Kelly, 1966)

General surveying and subsidence monitoring.

General surveying, angle determination, and
stadia surveys.

General surveying, angle determination, stadia
surveys, triangulation.

A = Stte Selection, B = Construction Authorization, C = Emplacement Authorization. D = Decommissioning Authorization.
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ROCK MECHANICS MEASUREMENT TECHNIQUES

Remarks

Parameters Measurement Technigues Purpose Stagel/
In-Situ Dis- D. In-Situ Displacement
placement {Cont*d-]
(Cont'd.)
Surveying Tecthniques A, B, C, D

(Cont'd.)
*.  Geotheodolite

- Surveyor's Tape
- Plumb Lines

[ ] Photagrammetry

¢ Lasers

* Electronic D stance
Meters (EDM)

- Tellurcmeter

- DOther

1/

= Repos “ory Development Stage: B = Site Selection,

General surveying, angle deterwination, stadia
surveys, triangulation.

Distance determination.
Establish vertical reference line.

All of the above instruments can be usaed to
monitor rock movements in bedded salt.

Scale measurements
From photographs

Measure offset
from light beam

Measure distance

Accurate stereographic photagraphy taken over time
from same location. Comparative analysis of photos
allows underground measurements of displacements.
{McVey, Lewis and Guidice, 1974)

Mainly used for tunnel aligmment control. Can be
used to measure changes in location of points
normal to laser beam. ATso can be used to plumb
fggggs and to check shaft alignment. (Chrzanowski,

Measure time for electromagnetic wave pulse tc travel
from instrument to target ind back again. Converts
time lag to distance.

Infrared wave device. (Commercial instruments)

Hicrowave device. (Commercial Instruments)

= Construction Autharization, C = Emplacement Authorization, D = Decommissioning Authorization.




Tiltneter

17 Repository Development Stage: A = Site Selzction,

zontal and vertical
rmoverents in bore-
hales

B = Construction Authorization, C =

fmolacenent Authorization, D = Becommissioning Authorizatiom.

-« —— o —— — g D ————— — — e o
TABLL 3-1
Sheet 18 of 20
ROCK MECHANICS MEASUREMENT TECHNIQUES
Parameters Measurentent Techniques Purpose Staggéﬁ__ Remarks
In-Situ Tilt E. In-Situ Tilt Angle
Angle Changes
- Tiltmeter {Vertical Monitor vertical - B, T, D Instrument is mcnted an a rock surfaces, or in a bore-
Borehole) alignment hole. If surfac. or borchole distorts, it will tilt.
ormally used for structural members in buildings or
on foundation. Applicable to bedded salt. Cou?d rmonitor
underground wall, roef, and floor moverents with time.
(Sinca, 1979; Telemac, 1979; Terrametrics, 1979)
Borehole Inclinometer teasure horizontal 8, C, D Accurately measures borehole inclination from vertical
movements in bore- plumb along length of borehole. Calculations using tilt
holes and distance yield horizontal displacements of hole.
S5tandard jinstrument for monitoring rock and soil
rmovements. (Sinco, 1979; Telemac, 1979; Terrametrics,
1979; Terra Technology, 1979}
Borehole Twist Gage Measure B, C. D Measure twist of grooves in inclinometer casing with
borehole twist degt?. Applicability to salt is excellent. {Tesch. E
1976
Horizontal Borehole Incli- Measure horizontal B, C Same as koretole inclinometer above but designed
nometer movenent in borehole for horizontai holes. (Ter.wetrics, 1979; Sinco, 197%)
FEastman System Determine barehole A, B, C Photographic technique to obtain borehole orientation.
strike and dip Used for determining borehole orientation during drilling.
(Eastman, 1972)
Tropari Determir.: borehole A, B8, C Mechanicai system used ta obtain borchole aorientation
strike and dip during drilling. Used mostly in diamond rore drilling
operations. (Longyear, 1979)
Three-3imen:ional Menitor both hori- e, <, 0D Instrunent employs pencdulum system to measure borehole

jnclinmaticn, ard a2 semiconductor crystal te locate
magnets attached to barehole casing for depth measure-
ments. {Smart, Jingh and Isaac, 1978).

e



TABLE 3-1
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ROCK MECHANICS MEASUREMENT TECHHWIQUES

Paraneters Measurement Techniques Purpose Stagel/ Remarks
LABORATORY MEASUKREMENT To determine:
TECHNIQUES
Laboratory Laboratory Testing Rock physical A, B, C Round cylinders, cubes and prisms of rock samples are loaded
Stress-Strain Equipment properties axially and laterally, and resulting deformations

zre recorded against time. Stress and deformation are
recorded at failure. Tests are run on dry rock or rock
with pores filled with water. In latter case, pore
pressures are monitored. Appticable to salt.

Laboratory
Compression

Uniaxial Test Strergth of rock A, B, C ‘‘niaxial Compression - a standard test. Sample
samples is tested only with an axial load. Unconfined com-
pressive strength, stress-strain curve, elastic
riodulus and Poisson's ratio are obtained. (Wuerker, 1959;
Stowe and Ainsworth, 1972; ASTM, 19781; ISRM, 1979a)

Triaxial Test A, B, C Triaxial Compression - a standard technique. Samples
are tested with axial load and various fixed values
of confining pressure. Axial loads and corresponding
lateral loads are plotted on Mohr diagram to determine
cohesion and internal friction angle. {ASTM, 1978m).

Triaxal Test/ A, B, C Cubes of rock sample are tested under three different
3-nimensional principal stresses. (Serata, Sakurai and Adachi, 1972)

1/ Repository Development Stage: A = Site Selection, B = Construction Authgrization, € = Emplacement Authorizatien, D = Decommissioning Authorization.
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Measurement Technigues

TABLE 3-1

Sheet 18 of 20

ROCK MECHANICS MEASUREMENT TECHNIQUES

Purpose

stage}!

Remarks

Laboratory Shear

Laboratory
Tension

Labgratory
Fatigue

Direct Shear Tests

Torsion Test

Uniaxial Tension

Brazil Test

Modulus of Rigidity Test

Unjaxial Fatigue Tests

i7

~{ Repository Developmnent Stage: A = Site Selectian,

B

To determine:
Shear strength
A,

Tensile strength

Ay

A,

A,

Spectrum of failure B,
stresses as a function
of cyclical loading

8, €

B, €

Cylinders or prisms of rock are Toaded normally with a set
1oad and then caused to shear 2long a plane normal to the
Toad. Shear stress vs. shear displacements, shear failure
stress, and shear modulus are recorded. Samples can be
oriented to fail aiong badding planes. Normally used only
for soft rocks. (Bernaix, 1969; Protodyakonov, 1969)

Rock cylinder is twisted in torsion. (Protodyakcnov, 1969)

Cylinder samples are loaded in tension until samples
fail. Monitor load agafnst elongation of sample.
Applicable to =alt but not a cormon test. (ASTM, 1378n)

Load an axial disk in compression at two opposite
locations on perimeter of the disk. Monitor Failure
Tead. Comman test for competent rock including salt.
(Fairhursc, 1964; Hobbs, 1964; Colback, 1966; Jaeger,
1967; Hudson, 19€69)

Rock bearns or cores loaded as beams are bent until tensile
failure occurs on tensicn side. Racord beam loads and
deflections and calculate tensile stress at failure.
Limited use for salt. (Adler, 1970}

Net a commen test. Failure is normally by tension.
Failure varies with Toad extremes and fractured
state of the sample. (Hardy and Chugh, 1870}

= Construction Authorization, C = Emplacement Ruthorization, D = Deconmissioning Authorization.
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Parameters

teasurement Technigues

Laboratory Creep

Laboratory
Bulk Modulus

Laboratory Joint
Shear

Laboratory Rock
Hardness

Laboratory Specific
Gravity

TABLE 3-1
Sheet 19 of 20

ROCK MECHANICS MEASUREMENT TECHNIQUES

Untaxial/Triaxial
Compression

Consolidation Test

Shear Test

Indentation Test

Schmidt Hammer

Shore Scaleiascope

Balance Scale

Pycnometer

17 Repository Development Stage:

Purpose Stagel/

To determine:
Creep constant B, C
Bulk modulus A, B, C
Joint resistance to B, C
shear stresses
Resistance to B, C
indentation
Rock hardness a8, ¢
by rebound
Rock hardness B, C
by rebound
Unit weight of rock A, B, C
samples

A, B, C

Remarks

Creep constants will depend upon the test load.
Many tests have been performed on salt. (Lama and
Vutukuri, v. II1, 1978)

Apply a uniform pressure to a rock sample, and its volume
contracts. Bulk modulus measures amount of contraction
against pressure. {Birch, 1966; Lama and Vutukuri,

ve I1, 1978)

Apply shear lpads across a joint in a rock sample. Meonitor
Toads and movement to full slippagc:. Extensive past work
on joint shearing. {Lama and Vutukuri, v. IV, 1978)

Standard hardness tests and instruments for metals are
applicable. Special tests for rocks exist Lut are not
common. Applicable to bedded salt.

A spring-loaded steel hammer is impac..: against a rock
face. The rebound is measured omn a calibrated scale.

The higher the rebound, the harder the rock. Can be used
in situ and in Taboratory {Tarkoy, 1975).

A& diamond tipped tool is impacted against a rock surface
and height of rebound is measured. Impact is against
very small surface area and will yield hardness of indi-
vidual grains. (Tarkoy, 1973).

Weigh sample dry and then submerged. ODetermine volure.

Crush sample to soil size and use standard pycnoneter
methods. (Larmbe, 1951)

A = Site Selection, B = Construction Authorization, C = Emplacement Authorization, D = Deconmissioning Authorization.



Paranmeters Measurement Te- hnigues

TABLE 3-1
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ROCK MECHANICS MEASUREMENT TECHNIQUES

Purpose Stagel/

Remarks

Laboratory Full-

Scale Stress-

Strain Properties
Triaxial Strain-
Cantrolled Testing

Laboratory
Miscellaneous
Rock Praperties

Swelling Laboratory Swelling
Pressure Pressure Cell Tests
Index

Slake Dura- Slake Ducability Index
bility Test

Abrzsion and
Abrasiveness

Los Apgeles Abrasion Test

Tabor Abrasion Test

17 Repository Development Stage: A = Site Selection,

To determine:

Post-failure rock B, C
behavior
Maximum swelling B, €

pressure index

Rock strength resis- B, C
tance to water satu-

ration

Rock resistance to B, C

abrasion and capacity
to resist drilling
and cutting

Resistance to wear
from rubbing and
impact

Determine rock
resistance to drill
bit abrasive action

B = Construction Authorijzation, C =

Uses triaxial testing apparatus to control axial straining
rather than axial load. Sample is taken to failure. At
sample taflure, load is relaxed automatically as to coin-
cide with strain rate. For low strain, progress to total
failure can be monitored against total strain. (Cook

and Yojcm, 1966; Wawersik, 1968; Rummel and Feirhurst, 1970;
Wawersik and Fairhurst, 1970)

Rocks cemposed of or containing clay particles tend to
absorb water. For some clays, absorption leads to
swelling. Swelling pressure can be very high.

{1SRM, 1972; ISRM, 1975b).

Sarnles are dried, weighed, saturated with fluid, dried,
weighed etc- Monitor loss of weight. {Franklin and
Chandra, 1972; ISRM, 1972; ISRM, 1979b)

A graded charge of rock aggregate is tumbled in a cylinder
for a set nurber of revolutions at 30 - 33 rpm. Then the
charge is renoved and a sieve analysis performed. Changes
in qrading are reported as a percentage of wear. (ASTM,
1969; 1SARM, 1978b).

As thin disk of NX core is rotated, it is subjectud to
rubbing artion of metal tool. Loss of rock by wear per
revolution is measured. Can also determine wear on the
tool to evaluate potential for tunnel boring machine use,
or possible abrasion of rock surfaces by machinery
{Tarkoy, 1975).

Emplacement Authorization, D = Decommissioning Authorization.



CHAPTER &
HYDROLOGIC, HYDROGEOLOGIC AND
WATER QUALITY MEASUREMENT TECHNIQUES

4.1 INTRODUCTION

Successful containment of nuclear waste depends in part upon the hydro-
geologic regime of the repository site, The migration of water into
storage rooms can result in the dissolution of waste and its subsequent
transport from a repository into the ground-water system. From the
point of entry into the ground-water system, the waste will follow the
movement of ground water, and may eventually migrate to the surface.
Bedded salt deposits are relatively impermeable; however, even low-
permeability formations may permit unacceptable fluid migration.

Measurements of hydrologic, hydrogeologic and water quality parameters
are required to assess the transport potential should leakage occur, to
establish regulatory guidelines, and to monitor hydrogeologic behavior
of a particular repository site. A comprehensive appraisal of a repos-

itory site includes

¢ The extent and hydraulic properties of aquifers and confining
beds

o The sources, head distributions, flow rates, and velocities of
water in the aguifers in the existing regime and estimates of
conditions during construction and emplacement and after a
repository is decommissioned

o The chemical and physical properties of water in the aquifers
during the existing regime, and factors that may effect changes
in these properties.
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The extent of aquifers can be defined by the geologic, geophysical, and
geodetic measurements described in Chapter 2. The hydraulic properties
can be determined by the measurement techniques that are described in
Section 4.3 and Table 4-2. The flow system can be defined partly by
direct measurement, partly by analysis. The hydraulic head distributions
and variations can be measured by methods described in Section 4.3 and
Table 4-2. The flow can be determined by an analysis of the hydrologic
budget.

The hydretogic budget of a basin is a quantitative expression of the
hydrologic cycle applied to a specific area. It may be expressed by
the following equation:

Precipitation + Surface Inflow + Ground-water Inflow +
Imported Water = Streamflow + Ground-water Qutflow +
Exported Water + Evapotranspiration + Change in Surface
Storage + Change in Ground-water Storage + Change in Soil
Moisture Storage

Evaluating each term of the hudget for a heterogenecus basin is imprac-
tical. Only those terms that involve inflow, outflow, and sterage in
the saturated zone affect potential migration from a waste repository.
Walton (1970, p. 377) presented the following ground-water budget for
a designated area:

Ground-water Recharge = Ground-water Discharge (to streams) +
Ground-water loss through Evapotranspiration + Subsurface
Underflow from the Area + Change in Ground-water Storage

Ground-water recharge includes precipitation that reaches the water
table plus ground-water inflow, if any, from adjoining areas. An
assessment of ground-water recharge is essential to evatuate the poten-
tial mobilization and redistribution of nuclear waste from a repository



in contact with ground water. Because the inhomogeneous Soil and rocks

in most areas preclude estimating with confidence the total recharge

from isolated measurements, individual measurements are only a guide to
the total ground-water recharge and flow. Models are particularly useful
in evaluating possible and probable combinations of hydrologic parameters,
particularly if the hydrologic budget is solved under a wide range of
stressed and unstressed conditions.

Water quality evaluation invalves both the measurement of chemical
properties and the evaluation of the effects of those impurities on
suitability for use. Water that enters a storage area may mix with and
mobilize some of the nuclear waste. From that point, the waste can
migrate with the water. The waste materials, however, are also subject
to geochemical reactions along the path of flow. The waste material can
be absorbed, dispersed, or concentrated, depending upon rock and water
chemistry, rock and water temperatures, water pressure, and the manner
and rates of flow. Water quality data from in-situ and laboratory tests
can be used to determine the effects on waste as it migrates.

Reacti.ns between ground water and rock materials are particularly
critical in a bedded salt sequence because of the solubility of sodium
chloride .nd other salts. Any changes in flow regime induced during
construction and operation of a repository in bedded salt can be expected
to be reflected in changes in water quality. Preconstruction measure-
ments of both ground and surface water quality are especially important
in order to provide a baseline for monitoring changes during construction
and operation of the repository. These methods are listed in Table 4-4.
Measurements of the solubility rates of salt are also required. An
evaluation of these methods is beyond the scope of this report.

Tables 4-1 through 4-5 1ist available techniques for measuring the param-
eters associated with water flow, storage, and quality. In each table,
the measurement techniques are organized according to the parameter
measured. [Each technique is accompanied by remarks explaining pertinent
facts about the technique and its application.

4-3
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4.2 HYDROLOGIC MEASUREMENTS

Measurements of surface-water conditions play a subordinate role in
establishing site criteria for nuclear waste repositories. The necessary
isolation of the repository imposes constraints that preciude inter-
action between a waste repository and surface waters. Nevertheless,

some measurements of surface-water conditions are required to model the
ground-water system and to provide a baseline for predicting and moni-
toring possible effects of construction activity on the envivonment.

United States Geological Survey procedures for stream gaging, which have
been generally accepied throughout the world, were formalized by Corbett
and others (1943). Additional methods and procedures, described in
Table 4-1, have been generally accepted as standards; some of these

have been evaluated by the World Meteorological Organization (1974).
Rantz and others (in press) and Rantz and Herschy and others (in press)
describe contemporary stream-gaying practices. These latter compilations
presumably will be used as reference standards because of the stature of
the promulgating organizations: the U.S. Geological Survey and the
World Meteorologizal Organizatian.

The recent trend in hydrometry is toward the development of more effi-
cient instruments and the automation of data processing. Also important
is the evolution of new concepts such as monitoring networks, hydro-
logical benchmarks, and stream-gaging networks designed to detect hydro-
logic changes due to natural phenomena and to human activities.

4.3 HYDROGEOLOGIC MEASUREMENTS

A.  Ground-Water levels

Ground-water-level measurements will be required to inventory existing
hydrogeologic conditions at the site. Water-level data are important
factors in underground construction for the following reasons:



o Water levels are a measure of the total head in a rock forma-
tion and therefore of pore pressures in that formation. Water
Tevels in properly constructed wells indicate potential hydro-
static pressures at which water inflow into underground openings
can occur if unrestricted flow paths develop.

e Differences in areal and vertical water levels are a measure of
hydraulic gradient, which determines the direction of fluid
movement and, with hydraulic conductivity, determines the rate
of fluid movement.

o Water-leve) fluctuations are the result of dynamic conditions
that indicate stresses imposed on the aquifer. The most common
stresses are changes in recharge or discharge due to natural
or man-made causes.

Water-level data in conjunction with well testing data can be utilized
to study movement of water in the vicinity of the repository area.

Dynamic conditions may be determined by periodic or continuous water-
level measurements of the water table or the piezometric surface. The
frequency of periodic measurements may extend from Jess than one minute
for a pump test to six months for establishing seasonal variation. The
frequency of measurement should be adjusted to the circumstances. In
some instanccs, only a few measurements are possible or expedient to
make, but in other instances frequent measurements over a long period of
time may be required (U.5. Bureau of Reclamation, 1978). The possibility
of error in interpretation decreases as the frequency of measurement and
length of record increase. Measurements are made often until the annual
regimen is established. The frequency of measurement of some wells may
then be reduced. A few carefully selected observation wells may be
equisped with continuous recorders. Spacing and frequency should be
sufficient to determine changes and the configuration of the water table
or piezometric surface. For repository siiing, measurements should be



initiated prior to construction. Monitoring should continue through
construction, emplacement, and after decommissioning to permit comparison
of preexisting and post-facility conditions. Such data may be invaluable
in the event of claims or suits for damage.

Water-level measurement techniques and equipment have been developed by
the U.S. Geological Survey {Shuter & Johnson, 1961; Garber & Koopman,
1968), Some of these methods have been adapted to meet the special
requirements of the Nevada Test Site (Garber & Koopman, 1968). The
available measurement techmiques and the applicability of each technique
to monitoring water levels in bedded salt are described in Table 4-2.

B. Measurements of Aquifer Transmitting Capability

Three parameters are commonly used to describe the capability of an
aquifer to transmit ground water: permeability, hydraulic conductivity,
and transmissivity. Definitions of these and other terms used in this
chapter conform to U.S. Geological Survey Standards {Lohman and others,
1972):

o Intrinsic Permeability, k - Intrinsic permeability is a measure of
the relative ease with which a porous medium can transmit a Tiquid
under a potential gradient. It is a property of the medium alone
and is independent of the nature of the liquid and of the force
field causing movement. It is & property of the medium that is
dependent upon the shape and size of the pores.

o  Hydraulic Conductivity, K - Hydraulic conductivity, K, replaces
the term "field coefficient of permeability,” Pf, introduced by
Meinzer and Wenzel (1942, p. 7), which embodies' the inconsistent
units gallon, foot, and mile. If a porous medium is isotropic and
the fluid is homogeneous, the hydraulic conductivity of the medium
is the volume of water at the existing kinematic viscosity that
will move in unit time under a unit hydraulic gradient through a
unit area measured at right angles to the direction of flow . . . .

Hydraulic conductivity is dependent primarily on the nature of the
pore space, the type of liquid occupying it, and the strength of
the gravitational field.



¢ Transmissivity, T - Transmissivity is the rate at which water of
the prevailing kinematic viscosity is transmitted through a unit of
width of the aquifer under a unit hydraul.c gradient. It replaces
the term "coefficient of transmissibility” because by convention it
is considered a property of the aquifer, which is transmissive,
whereas the contained 1iquid is transmissible. However, though
spoken of as a property of the aquifer, it embodies also the satur-
ated thickness of the aquifer ‘b) and the properties of the contained
liquid. Tt is equal to an integration of the hydraulic conductivi-
ties across the saturated part of the aquifer perpendicular to the
flow paths.
After a correction his bcen made for viscosity of the water in the
aquifer, the permeability and hydraulic conductivity can be determined
either in the laboratory or in the field. The transmissivity and the
saturated thickness of the aquifer (b) can be measured only in the
field. The hydraulic conductivity (K) can be measured in the laboratory.
However, laboratory measurements of transport parameters of bedded salt
deposits are inadequate because the structural elements, such as joints
and bedding planes that constitute flow paths, are widely spaced. The
reliability of field measurements also depends upon geologic conditions
such as spacing of structural elements; a large volume of rock must be

tested to insure representativeness.

Most aquifer tests are based on the response of well water levels to
pumping from or injecting into an aquifer. Water-level changes in the
pumped well generally do no. indicate the ability of aguifers to transmit
water as accurately as water-level changes in observation wells. Measure-
ments in observation wells ordinarily are not affected by well losses

or variations in pumping rate and are therefore more reliable than results
of tests in which water levels are measured only in pumped wells.

EquiTibrium methods based on an analysis by Thiem (1906) or non-equilibrium
methods based on an analysis developed by Theis (1935) are applicable.
However, short-duration tests (less than a day) can be evaluated using a
non-equilibrium method and therefore are commonly employed, Many of the
analytic methods are summarized by Stallman (1971) who presents a discus-
sion of the hydrologic conditions and well construction to which each
method applies,



Single-hole tests are frequently conducted in which the pumping well is
the only observation hole. The common techniques are listed in Table
4-2. Rlthough these tests do not adequately define the capacity of
aquifers to transmit water they are valuable for estimating the permea-
bility during exploratory drilling. Constant-head injection tests using
packe:s are generally used. Constant-head and variable-head tests are
sumnarized by Mansur {1971).

Other methods can be used to approximate the capacity of aquifers to
transmit water. One method includes estimates of transmissivity based

on specific capacity* measurements {Bentall, 1963; Logan, 1964). The
reliability of such estimates depends on the quality of the well construc-
tion. Another method is to estimate transmissivity from model calibra-
tion (Marino and Yeh, 1973; Weeks and others, 1974). The reliability

of values determined from this method depends on the reliability of the
water budget and the historical water-level record.

Measuring either isotropy or homogene *y of rocks as applied to the
capacity for flow is extremely difficult. 0'Brien and others (1978)
indicated the need for reliable methods in media with similar hydrologic
properties to bedded salt. Louis and Pernot (1972) analyzed directional
permeability using four peripheral boreholes. However, this method

has been used only once, and further use of the method is required to
determine its validity. Gringarten and Witherspoon {1972) devised a
method of analyzing pumping tests to account for amisotrop, introduced
by fracture. This method may also be applicable to directional permea-
bility due to bedding planes. Additional methods suggested by 0'Brien

* The specific capacity of a well is “the rate of discharge of water from
the well divided by the drawdown of water level within the well. It
varies slowly with duration of discharge, which should be stated when
known. If the specific capacity is constant except for the time
variation, it is roughly proportional to the transmissivity of the
acquifer” {Lohman, 1972).
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and others (1978) include surface and subsurface methods to identify
fractures, and pumping tests to identify boundary effects. Some methods
for quantitative measurement of hydraulic properties are currently being
demonstrated by Bourke and others {in press).

C. Storage Capacity and Void Space

Many parameters ace used to define storage capacity and the valume of
space in a rock mass. The most.commoniy use.t parameters are dimension-
less ratios between the void space, or a property of the void space, and
the bulk volume of rock. The values of the parameters are determined in

part by empirical measurements, ncst of which involve draining a rock mass

in'the laboratory or in the field, and timing the duration of draining.

The commonly used space and storage parameters as deiined by Lohman and
others (1972) are

¢ Porosity - The porosity of a rock or soil is its property of con-
taining interstices or voids and may be expressed quantitatively
as the ratio of the volume of its interstices to its total volume
. With respect to the movement of water only the system of
interconnected interstices is significant.

¢  Effective Porosity - Effective porosity refers to the amount of
interconnected pore space availabie for fluid transmission. . . .
Although effective p.rosity has been used to mean about the same
thing as specific y. *, such is discouraged. . .

¢ Specific Yield - The specific yield of a rock or soil is the ratio
of (1Y the volume of water which the rock or soil, after being
saturated, will yield by gravity to (2) the volume of the rock or
soil, The definition implies that gravity drainage is complete.

In the natural environment, specific yield is generally observed as
the change that occurs in the amount of water in storag: per unit
area of unconfined aguifer as the result of a unit change in head.
Such a change in storage is produced by the draining or filling of
pore space and is therefore dependent upon pariicle size, rate of
change of the water table, time, and other variables.
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Alternative terms, such as void ratio (velume of voids/volume of solids)
may be used in expressing the above parameters. Methods for measuring
paresity and effective parosity have been described by Meinzer (1923),
Stearns {1938), and Pirson (1958). Porosity can be determined approxi-
mately by measuring a property of the fluid that fills the void space.
For example, geophysical methods such as neutron logs, density logs,
sonic logs and electric logs are used to estimate porosity  (Telford
and others, 1976). The application is described in Appendix A.

. Storage Coefficient - The storage coefticient is the volume of
water an aquifer releases from or takes into storage per unit
surface area of the aquifer per unit change in head.

In a confined water body the water derived from storage with decline
in head comes from expansion of the water and compression of the
aguifer; similarly, water added to storage with a rise in head is
accommodated partly by compression of the water and parily by expan-
sion of the aguifer. In an unconfined aguifer, the amount of water
derived from or added to the aquifer hv these processes generally

is negligible compared to that involve. in gravity drainage ar
filling of pores; hence, in an unconfined aguifer the storage coeffi-
cient is virtually equal to the specific yield.

Values of storage coefficients. are determined by transient-state pumping
lests, Kruseman and de Ritter (1970) summarize the methods to evaluate
storage coefficient. Other terms such as specific storage* also define
properties of the storage of the aquifer. Such properties cannot be
measured in the laboratory or directly in the field without draining the

entire aquifer.

Several of the storage parameters are pertinen’. to the evaluation of
waste repository sites in bedded sait. The significant parameters are
effective porosity and storage coefficient. Effective porosity, with
hydraulic conductivity and hydraulic gradient, is used *o determine the

* The volume of water released from or taken into storage per unit
volume of the porous medium per unit charoe in head.
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fiuid velocity, and with density and distribution coefficient,* Kd,
the significant surface-area-dependent distribution coefficient. The
storage coefficient affects flow rates during transient flow.

Nthough effective porosity of granular media can be measured with
reasonable reliability, the measurement of effective porosity of rocks
at a bedded salt site is extremely difficult because the void space is
predominantly represented by fractures. An extremely large volume of
rock must be tested to reduce samp'ing errors. 0'Brien and others
(1978) concluded that no effective means now exists for directly measur-
ing either total or effective porosity in fractured rock. The use of
tracers is the most effactive indirect method, but the method involves
many assumptions (0'Brien and others, 1978). Snow {1968) estiwated the
porasity of fractured rocks from permeability tests on single frac-
tures; however, he indicated that the results are conservative. In the
future, better estimates may be obtained fiom model studies, with im-
proved meihods of defining fracture continuity (0‘Brien and others,
1978).

The storage coefficient for bedded salt terranes is best evaluated using
pumping tests in which the results are obtained by measuring water
Tevels in observation holes. This method, which is described by Wenzel
(1942), appears to be ifie only reliable method for testing a large
volume of rock. (A large volume must be tested in rocks with fracture
permeability such as salt deposits.} A comprehensive discussion of
methods of analyzing and evaluating pumping tests is presented by Kruseman
and de Ridder {1970). If the water level 1s to be lowered below the
level of the‘confining bed, the specific yield as determined in the
laboratory will have to be used. Laboratory methods yield a good esti-
mate of storage coefficient in unconfined aquifers with moderate to high

* Distribution coefficient is a measure of the distribution of an
ion species between the water and the sorbing medium. A high K
indicates 2 strong tendency for sorption.
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permeability. Therefore, laboratory methods described by Johnson (1957)
may be used to estimate the storage coefficient of some unconfined
aguifers above bedded salt deposits but not to estimate the storage
coefficient of the bedded salt deposits.

B. Hydrogeologic Measurement Problems Associated with Bedded 5ait

Many rock strata associated with bedded salt formations are character-
ized by extremely low intrinsic perﬁeabi1ities on the order of w3 el
and Tess (Gloyna and Reynolds, 1961). Permeabilities as low as these
permit only slow water movements under the normal ground-water gra-
dients. Permeabilities in salt and shale generally are so low that the
rocks are considered impermeable. However, if these vocks are fractured
or cut by joints, faults, or other systems of rock cracking, significant

fluid flow through these fissures is possible.

Fluid flow through fractures is highly dependent upon the type of frac-
ture, the fracture distribution, the degree of interconnection, the rock
stress, the fluid pressure, the condition of fracture surfaces, and
other factors. The porosities and permeabilities of fractured rocks
thus depend strongly upon the geometry of fiacturing in a rock mass.

The state of development of field techniques for measuring permeabili-
ties, conductivities, and other properties of fractured racks is not
well developed. Techniques for measuring these rock properties were
developed for investigations of ground-water supply and of seepage
losses. The differences between two low values of a rock's conducting
capacity is of 1ittle concern in such studies. However, several factors
have created interest in more precise methods of determining permea-
bility differences in nearly impermeable rocks. These differences are
particularly important in regional and basin ground-water modeiling and
in questions involving micration of potential contaminants, Techniques
developed for soil drainage and petroleum engineering have been adapted
to determine quantitatively values of low permeability. Bredehoeft



(1965) suggested adaptation of oil field techniques which have been
described by Van Poolen (1960). Many technigues described by Mathews
and Russell (1967) and Earlougher (1977) have been adapted to deep
ground-water studies. Cooper and others (1967) have adapted analytic
methods used in oil fields to determine transmitting capacities using
deep ground-water test wells. A similar method has been applied by
sredehoeft and Papadoupulos (in press) to Tow-permeability rocks at
depth where prediction of radionuclide migration is required. The
method has been used in many environments, including fractured crystal-
Jine rocks below the Atlantic Coastal Plain sediments by Marine (1967)
and in volcanic rocks in the Basin and Range Province by Dinwiddie
(1968).

Types of permeability tests that are applicable to nearby impermeable
rock masses have been evaluated by Wilson and others (1979). These
methods, particularly those described by Wang and others (1977}, may be
adapted to bedded salt. The most promising methods involve measuring
effects of flow over long distances in order to average local varia-
tions common in bedded salt deposits. Experiments are currently being
made by Bourke and others (1979) to compare and to verify the applica-
bility of existing methods.

Progress is needed in defining and characterizing fracture systems, in
developing reliable measurement techniques to determine fluid flow and

fracture permeabilities, and in perfecting measurement techniques designed

to monitor changes in flow or permeability caused by rock temperature
and stress changes. Improved techniques should be applicable in holes
drilled from underground stations as well as ir surface-drilled holes.

At present, techniques used to measure in-situ fracture properties can
be grouped into three general categories (Witherspoon, 1977):

¢ Dorehole Packer Tests
# Tracer Tests
o In-Situ Fracture Analysis
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A variety of measurement techniques exist and have been used for each
category, but difficulties have been encountered in data interpretation.

Various packer tests cap be conducted in rock, in water-filled vertical
boreholes, or in dry angled holes drilled from underground stations. If
a selected length of borehole is sealed by fluid-tight packers at two
ends, then the jsolated section cas be subjected to an increase or to a
decrease in pressure. For pumping tests in aquifers, the pressure is
reduced because the fluid head is reduced. Fluid will then flow toward
the isolated section and flow rates can be monitored. 1In a hole in
fractured rock of very low permeability, or in dry rock, pumping is not
possible. In these cases, fluid injection tests are performed.

The tluid injection test consists of pressurizing the air or water in a
packed sectior of borehole and monitoring the change in pressure over
time. The pressure or the rate of injection can be kept constant.
Normally, though, an equalizing injection pressure eventually develops
for any rate of injection inflow. Plots of these equalizing pressures
vs. inflow usually show the rate of inflow increasing as the pressure
increases.

Yariations of the borehole packer test can be tried. Various arrange-
ments of packers can be placed in a borehole to measure flow along the
hole axis from one solated section to another. Two holes can be used
and cross-hole flow from one to the other can be measured. Guarded
packer tests might be used in which the rock adjacent to the isolated
section is prepressurized by radial stresses designed to close rock
fractures around the borehote,

Results of packer injection tests are difficult to interpret. To this
date, only order-of-magnitude values for permeability have been obtzined
(Banks, 1972; Maini and Norishad, 1972; DiBiagio and Myrvoll, 1973)
because (1) rock fracturing is naturally variable, (2) injection pres-
sures stress the rock, thereby openin; fraclures and changing the
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permeability, and (3) problems occur with leaky packers, In addition,
there has not been enough careful research work to identify completely

the sources of variability.

Pulse injection tests could aiso be made in which a high fluid pressure is
suddenly applied to an isolated section of horehole. The resulting fluid
flow or pressure change in that borehole--and possibly in surrounding
boreholes--could be monitored (Witherspoon, 1977). Tests of this type
have not yet been applied.

Tracer tests are performed by injecting a quantity of trace element into
_a borehole and observing the arrival of the element in a second borehol:.
The time of arrival for specific trace-element concentrations are moni-
tored over time. The results can be used to ca’culate permeability and
dispersion coefficients. Additional research is required to develop
trace-element techniques with packer tests in fractured rock (Witherspoon,
1977).

Fractures can be analyzed in boreholes by means of TV logging, impression
packers, and geophysical logging techniques inciuding acoustic, electri-
cal and magnetic methods. Progress is being made in this area, "t more
work is required to increase confidence in the data obtained. A greater
degree of confidence is needed to make judgmenis about rock fracture per-
meability under a variety of conditions. New techniques are needed to
observe fracture behavior on borehole walls in response to stress, tem-
perature, and pore-pressure changes; their development is anticipated.

Regional and directional variations in hydraulic properties of nearly

impermeable rocks are currently being studied; the results will be pub-
lished by Neuman (in press)
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4.4 WATER QUALITY MEASUREMENT

Monitoring the waier environment is achieved by measuring the individual
parameters of water quality at the surface and in the unsaturated and
saturated zones below the surface or by collecting samples for field or
laboratory analysis. Individual constituents dissolved in ground water
may migrate with the water. The concentrations of individual consti-
tuents in water and rock as wall as the rates and quantities of flow
over long time periods affect migration of chemical, biologic and radio-
chemical constituents in the hydrologic system.

In accordance with the requirements of the Federal Water Pollution Con-
trol Act (Public Law 92-500) and the Safe Drinking Water Act (Public L w
93-523}, the Environmental Protection Agency is authorized to make joint
investigations with other Federal agencies, state and interstate agencies,
municipalities and industries to prepare or develop a comprehensive pro-
gram for preventing or reducing the pallution of surface and underground
waters (Todd and others, 1976). These objectives are achieved by imple-
menting a monitoring program, with continuing measurements and observa-
tions to identify migration of water pollutants and to measure the devia-

tion in water quality from the standards on a regional basis.

Water-quality data acquisition involves in-situ sampling procedures with
subsequent analyses for the physical, chemical, and hiological constitu-
ents in the water. To be truly representative, the integrity of the
sample must be maintained from the time of collection to the time of
analysis. Lists of sample preservation techniques are presented by
Ballinger and others (1974) and Everett and others (1976) to prevent or
retard chemical and biological changes in a sample after it is removed
from the source. The sampler should be made of non-reactive and absorbent
material, In situ samples can be collected at the land surface, the
vadose zone, and tie saturated zone. Table 4-3 lists the sampling tech-
niques for surface water and for subsurface water in the saturated and
unsaturated regimes, Care should be taken during sampling to prevent
interference with the flow condition at the sampling point.
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The major constituents of water related to water pollution may be classi-
fied into physical, chemical, and biological components. The common
chemical and physical components that require analyses are listed in
Tables 4-4 and 4-5 respectively. The Tists in the tables represent the
minimum requirements for identifying water pollution problems during a
monitoring program.

The inorganic and organic chemical parameters are generally of primary
concern in virtually all wastes. Three of the chemical parameters--
dissolved oxygen, pH, and oxidation-reduction potential--listed in
Table 4-4 should be measured in situ by means of electronic probes
(Lytle and others, 1979). The remaining parameters involve laboratory
analyses. Radiological parameters are included in Table 4-4. Radio-
logical parameters are generally of concern only in some industrial and
mining wastes. Radioactive elements generally are measured in the sub~
microgram range and therefore may be affected by any background or
residual material in the sample container. A radionuclide may also
become adsorbed on the surface of suspended particles or on the con-
tainer material (Everett and others, 1976; Todd and others, 1976).
Physical parameters, such as temperature and density, are of concern.
Water temperatura can be raised by heat generated from radioactive
material even if radiochemical constituents are contained. Temperature
affects the water density and viscosity, thereby influencing the rate
and vertical direction of flow.

Bacteria such as the coliform group, pathogenic microorganisms, and
enteric viruses are of primary concern in municifal, animal waste, and
septic tank effluent. Coliform organisms, although harmless, have been
used as indicators of the presence of pathogenic bacteria, and fecal
streptococci are being used increasingly as indicators of significant
contamipation of water. The coliform count in water can be determined
using the membrane filter method (APHA, 1975; ASTM, 1978).
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Biolegical parameters related to water guality are chorophyll-a concen-
tration, carbon fixation rate, phytopiankton, zooplankton, benthic
fauna, fish, and macrophytes (Lytle and others, 1979). Measurement
techniques for these biological parameters are given by the American
Public Health Association (1971), Cairns and Dickson (1973), Edmensan
and Winberg (1971), U.3. Federal Interagency Work Group on Designation
of Standards; for Water Data Acquisition (1972), Slack and others, (1973},
Vollenweider (1974), Weber (1973), and Welch (1948).

Meteoralogical factors may affect the water quality through induced
chemical changes and biological productivity in the flow systems, particu-
larly in surface water. The major meteorological parameters that need to
be considered are air temperature, wind velocity and direct:ion, relative
humidity, precipitation, dew point temperature, evaporation, barometric
pressure, radiation, cloud cover and motion. Detailed descriptions of
the measurement techniques and instruments invelved are gives by Middieton
and Spilhaus (1953}, Sellers (1965), and Stans and others (1970).

4.5 SUMMARY AND CONCLUS IONS

An assessment of the hydrologic regime in the vicinity of nuclear waste
repositories is required to determine in advance the prasibility of the
migration of radionuclides that may not be containe within the reposi-
tory. The permeability of the rocks at bedded salt deposits is extremely
low, so that migration will be determined primarily by the fractures.
Therefore, the program to measure hydraulic properties of bedded salt
will, in large part, be dictated by the nature and extent of fracturing.

Currently, best method for evaluating the average hydraulic properties
of large volumes of fractuced rock is to model an entire ground-water
basin or any large area for which boundary conditions can be defined.
Such a model requires hydrologic data that are based on surface-water as
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well as ground-water measurements. The chemical and physical properties
of the water and rocks also must be determined to evaluate the effect
of possible chemical reactions.

Recent research has provided methods for measuring the hydraulic proper-
ties of relatively small volumes of rock. These methods are based on
techniques developed in both ground-water and petroleum industries.
Recent developments notwithstanding, additional research is required to
develop new methods and verify the application of new methods to bedded
salt.

The dynamics of the hydrologic conditions mandate that the measuresent
progran be initiated as early as possible in repocitory development in
order to define the regime. These measurements wi [l not only provide
data for mode] constructions but will also establish a baseline for
continuous monitoring to verify the predictions.
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HYDROLOGIC MEASUREME®™ TECH: JuUEsd/

Streanfiow

Parameters Measurement Technigues Remarks
Discharge Meirs Most efficient where a drap of about 0.5 ft, or more pccurs in ganal, latergal or ditch.
(Grover and Harrington, 1966, United States Bureau of Reclamation, 1967)
. Standard contracted Thicknass of crest should be between 0.03 and 0.08 in. Distance of the crest from
rectanguiar weir bottom of approach channel sho..u not be less than twice the water height of the

above the crest and in no c2.e less than 1 ft. Measurement of head on weir should

be taken as the difference in elevation Detwamen the crest and the water surface at

a point upstream from one weir a distance of four times the maximum head on the crest.
Head should be corrscted if velocity of approach is high. (Hulsing, 1967; U.S. Bur.
Reciamation, 1967)

[ ] Standard suppressed Conditions for aceuracy of measurement are identical with those of standard contracted
ractangular weir rectangular weir {SCRW}. Proper aeration beneath nappe at the crest is required.
(U.S. Bur. Reclumation, 1967)
® Standard Cipolletti Conditions for accuracy are same as those of SCRW. Should not be used for heads less
{Trapezoidal} than about 0.2 ft nor greater than one-half the crest iength. (U.S. Bur.
Reclamatign, 1967}
® Standard 90° V-notch Conditions for accuracy as in SCRW apply. More accurate flow measuring device for small
welir discharge than the preceding types. It is the best type for measuring discharges less than

1 second-foot and {is as accurate as the other types for flews fram 1 to 10 second-feet.
{Hulsing, 1967)

Parshall flume Can operate with reTatively small head loss in cases when there 1s ins' . ‘iLient
fall for a weir. Relatively insensitive to velocity of approach. Ability to
withstand relatively high degree of s.binergence without affecting the flow rate.
Its velocity of flow is sufficientiy high to essentially eliminagte sediment depo-
sition which would gtherwise reduce measurement acc¢uracy. GOperates over a wide
range of flow rates from 0.0l to 3,000 second-feet, However, itSs construction
reguires accurate workmanship, usually more expensive than weirs or submerged
orifices and cannot be used in close-coupled combination structures cansis+®ing
of turnout, control, and measuring devices. Desirable where flow depth is
toa shallow for current meters and available drop is small. (Boyer, 1964;
Corbett, 1962; U.S. Bur. Reclamation, 1967)

Yy Applicable to Construction Autharizatien (8), Emplacement (C), and Decommissioning {D) Stages.
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HYDROLOGIZ NTASUREMENT TECHNIQUESl/

Streamflow

Parameters Heasurement Techniques Remarks
Discharge
{Continued)
Submerged orifice Is used when there is insufficient fall for a weir and where a Parshall flume is not

cost-justified. More susceptible to interference from weeds, trash and sediment that
could prevent accurate measurements. The distance from the edges to the bounding sur-
faces of the channel should be greater than twice the least dimension of the aorifice.
Cross-sectional area of water prism 20 to 30 ft upstream from the orifice should be at
least 8 times the cross-sectional area of the orifice. (Corbett, 156Z; Simon, 1976; U.S5.
Bur. Reclamation, 19G67)

Salt-dilution method Measures discharge directly without area and distance measurements. For turbulent
streams of moderate or small size. Cost depends on dosage requirec and chemical
method for analysis. (Corbett, 1962; U.S. Bur. Reclamation, 1967)

Color-dilutiaon method Uses nontoxic dyes that do not deposit on flow surfaces, sediments or weeds. Cost
depends on dosage of dye. Choice of dyes depends an physical, chemical and biological
effects on them. (Carter and Davidson, 1968; Wilson, 1968}

Radioisotope method Dilution method using radicaective tracer. Limited in use because of potential threat
to public health. (U.S. Bur. Reclamation, 1967)

Slope-~area method Requires good estimates of roughness factor and hydraulic radius of the flow ¢ross sec-
tion. Reach under study should be straight and uniform with no movement or depgsition
of debris. (Corbett, 1962; Dalrymple and Benson, 1967; Grover and Harrington, 1966}

Weir stick leasures discharge of recranqular suppressed weirs over range of about one second-foot to
several thousand second-feet. (Gagye indicates discharge per unit length of weir and
also specific head. (U.S. Bur. Reclamation, 1967)

Velocity Current meters Preferred over other means of water measurement when large flows are measured and
available drop is small. (Boyer, 1964, Corbett, 1962; Grover and Harrington, 1966;
Knox, 1958)

A7 Applicable to Construction Authorization (B}, Emplacement (C), and Decommissioning {0) Stage




Streamf)ow
Parameters

Velocity {Cont'd.)

HMeasurenent Techalques

TABLE 4-1
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YDROLIGIC MEASUREMENT TECHNIqueSE/

Remarks

. Price meter

[ Pygmy meter

. Propeller meter
. Electromagnetic
flowmeter

. Qptical current
meter

Float

Picar tube

Salt-velocity methnd

Calar-velacity methad

Acoustic flowmeter

Oeflection meter

Vertica! axts pucket type equipped with air pocket to prevent accumulatign of
silt in the pivot bearing. {Corbett, 1962; Buchanan and Somers, 1969

Smaller version of Price meter; especially designed for use in shallow streams, also in
large canals with low flow velecity. Limited to velocities up to 4 feet per second.
{Corbett, 1962; U.S. Bur. Reclamation, 1967)

Less sensitive than Price meter to velocity components not parallel to directfon of flow
(Simon, 1976, U.S. Bur. Reclawation, 1967)

MYeasures two velocity components within range of zero to 10 ft/sec; equipped with visual
disptay. (Boyer, 1964; Simon, 1976)

Used for quite high velc-ity flows and faor flgws carrying debris and heavy sediment.
No part of the meter is immersed during operation. Measures only the surface
velocity of stream rather than average or integrated velocity. {U.S. Bur. Reclamation,

1967)
Measures velocity at or close to surface. Floats may be diverted by wind, surface
disturbances and cross-currer® . Accwacy in measurement may be affected by appre-
ciable changes in stream deptn along the test reach and the preciseness of coef-
ficiant used to compute discharge. (Boyer, 1964; U S. P -, Reclamation, 1967)
Measures relatively high veiocities in canals, 4t dre, wtes and overflow crest.

(Boyer, 1964; Simon, 1976

Used in open channels; more generally used in closed conduits. Relatively expensive
electrical equipment required. (Corbett, 1962; Grover and Harrington, 1966

Difficult to detect center of mass of dye. Uncertainty that observed dye velocity
repr?sents mean velocity of stream or just surface veliocity. {(U.$. Bur. Reclamation,
1967

Accuracy of systent depends upon positioning the transducers at the proper heights or
depths to obtain true average velocity in the channel. (Boyer, 1964; U.S. Bur. Recla-
mation, 1967)

For midrange velocity measurements. Deflectian arrar may be caused by wind on expased
g;g;)of meter. Within 2% accuracy under ideal conditions. {U.S. Bur. Reclamation,

17 appricable to Construction Authorization (B}, Emplacement (C), and Decommissioning {0) Stages. - i
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TABLE 4-1
Sheet 4 of 4

HYDROLOGIC MEASUR IMENT TECHN[QUESAJ

Remarks

Sonic sounder

Velocity-Azimuth-Depth
Assembly (VADA)

Surface follower

UWtrasonic device

Resistant gage

Water-Level Gages

Staff gage

Chain gage

Wire weight gage

Float

Bubble gage
Digital ecorder

5ti1ling well

An assembly of a depth recorder, operating by acnustic reflection, and a Price _urrent
meter. Perm’"s measure~ents without lowering the assembly to the stream bottom; par-
ticulariy sumtable in .. eat depths where debris is a fregquent nenace to the uquipment.
{Grover and Harringt-~:, 1966)

A combination of a sonic sounder with a remote-i.dicatirg compass and a Price current
meter. (Buchanan and Somers, 1969; Grover and Harrington, 1966)

Rezord continuously. ({Grover and Harrington, 1965}

Equipped with echograph that plot results of continuous measurements across the
stream. (Simon, 1976)

Measured voltage is linearly proportional to the depth of immersion. (Simen, 1976)

Nan-recording, either vertical or .nclined; 1iable to damage by floatfng ice, logs
and debris. {(Boyer, 1964; Grover and Harrington, 1966)

Non~recording with horizontal scale. Wind action may introduce errar by blowing the
weight to one side. Disadvantage of possible fluctuation in height of the structure
to which 1t is attached. [Grover and Harrington, 1966}
Modification of chain gage with graduated reel or counter. (8oyer, 1964)

Usually placed in stil1ling well to eliminate movemants caused by surface waves. May
have graggég)recorder to produce continuous recard of water stages. (U.S. Bur. Recla-
mation,

May be equipped with water-stage recorder. (Buchanan and Somers, 1968)

Float and counterweight device with electrically operated paper-tape punch. Most
practical for field use where temperature and moisture are widely variable. Elecs
tronic translatars are used to convert tapea records into input for digital computers.
{Buchanan and Somers, 1968; U.S. Bur. Reclamation, 1967}

Equipped with intake pipes, float and recorder. Structure is well anchored and intake
pipes are sized to prevent csct?lations of the float by wave action within the well.
(Buchanan and Somers, 1968; Corbett, 1962)

T
i/ Applicable to Constructicn Authorization (B), Emplacement (C), and Decommissioning (D) Stages.




Parameter Measurement Technigues

TABLE 4-2
Sheet 1 of 8

HYDROGEOLOGIC MEASUREMENT TECHNIQUE

Purpose Stagg;’

Rerarks

Water Level Steel Tape

Electric Cable

Air Line

Hater-level Recorders

Measure water A=-D
depth

Measure yater A-D
depth

Measure wvater A-D
depth

Record water- A-1D
level fluctua-
tions

A tape reel 1000 to 2000 feet long, mounted on a
motor drive provided with braking mechanism. A
spring balance attached to the well head enables
the operator to maintain tape revisian within
desired 1imits during reeling in. Stretch and
temperature connections are made. Repeatable

to within 0.1 foot at depths of aver 1700 feet.
(Garber & Koopman, 1968)

A single~-conductor armored cable, winch, and

depth indicator are housed 1n cone unit. DOifferent
design of water-level sensing probes: self-
potential, conductivity, capacitance, induc-
tance, and magnetic types are available.

Direct reading to 0.2 foot, and to 0.01 foot

by measurement between marks. (Garber &

Koopman, 196B)

A simpie and quick means of measuring water
Tevel, especially applicabie in pumped wells
where more precise methods do not work because

of turbulence. A compressed air source and pres-
sure gas., preferably calibrated in feet of
water, are required. Depths are read to within
0.25 to 0.5 foot. {Garber & Koopman, 19€8)

These devices are subdivided into those
utilizing water-level sensing probes and those
using pressure sensing devices. The latter
kind has the advantage of being ible to be
used in packed or sealed-off zones.

{Garber & Koopman, 1968)

lTReposH:or_v Development Stage: A = Site Selection, B = Construction Authgrization, C = Emplacement Authorization, D = Decomnissioning Aythorization.



TABLE 4-2
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HYDROGEOLOGIC MEASUREMENT TECHNIQUE

Paran eter Measurement Techniques Purpose Stagei/
Water Level Water-Level Recorders (Cont'd.)
(Continued)
- Surface Recording Device
. Downhole Recording Device
[ Mechanical Recorders Continuously A-D
record water
Tevel

- Drescher Float-Gage
Attachment

17 Repository Development Stage:

A = Site Selection, B = Construction Authorization,

Remarks

The recording mechanism is located on the ground
and the water-level fluctuation is transmitted
by a cable attached to a sensor to be translated
to chart rotation. Vhen a transducer is

used, it is anchored to the casing below the
water level and responds to rapid changes in
pressure.

The unit is smali and completely self-contained.
Typically, it consists of a pressure sensing
elenent attached to a recording stylus. Ori-
ginally developed by petroleum engineers, it has
potential use for aquifer testing. Clock speed
can be adjusted to provide up to 72 hours

of continuous recording.

A small-diameter float or probe is attached to 2
cable strung over a pulley connected to the
recording device, and thence to a motor-driven
reel. Change in water level causes the sensor

to activate the motor causing the reel to release
or retrieve the cable and thus follow the new
water level. The resulting moverment is recorded
on the drum. (Shuter and Johnson, 1961)

The float movement causes the balance arm and
the attached mercury switch to tilt, closing
the appropriate electrical switch (Rate of
response: 1 ft/min).

= Emplacement Authorization, D = Decommissioning Authorization.
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HYDROGEQLOGIC MEASUREMENT TECHNIQUE
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Remarks

Parameter Measurement Technigues
Water Level ® Mechanical Recorders {Cont'd.)
{Cont*d.)

- Cradle-Gage
Attachment
- Ferret-Gage

Attachinent

. Keck lmmersion Element

[} Criner Gage Attachment

. Electronic Pressure Transducer
Devices

Purpose Stagel/
Measure head at A-D

pre-set depths

The recorder 2nd the control mechanism are
balanced on knife edges attached to a base.
Electrical contacts mounted an each side close
as the chassis tilts, because of the movement
of the fleat, and thus operate the motor-driven
ree! (Rate of response: 3 ft/min).

The prabe contains a single-pole, double-flow-~
throw, center-off switch with attached swinging
bar magnet. A small fioat mounted with a U-shaped
magnet is used to actuate tha magnetic switch
{Rate of response: 2 ft/min).

A weighted probe is suspended in the well by

an electric cable that passes over the recarder
pulley, and is attached to the reel. An encased
pressure sensitive switch actuates the reel
nator.

A water-level -sensing prabe is attached to

a cable that passes the recorder pulley to a
powered reel. Inside the probe a small float
is linked to a mercury switch which closes the
circuit tp drive the reel.

A pressure transducer installed below the lowest
water level expected can be used to determine
the changes in hydrostatic head above the trans-
ducer. The electrical output, after processing
through mpdulator, demodulator, and amplifier,
can be used to drive the recorder. Various
designs of pressure transducers are marketed
{has future potential, but present cost of
installation is high).

ITRepmsitl:ry Development Stage: A = Site Selection, B = Constructien Authorization, € = Emplacement Authorization, D = Decomnissioning Authorization.
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HYDROGEOLOGIC MEASUREMENT TECHNIQUE

Parameter Measurement Techniques Purpose Staqeil Remarks
Flow Parameters: Determine fluid
hydraul ¢ con- migration rate
ductivity, .
transmissivity
Laboratory Fethods
[] Constant Head Permeameter -0 Percolate water through sample under constant
pressure. Measure pressure and flow rate. Sample
not Vikely to be representative of in-situ rock.
(Wenzel 1942; Gloyna and Reynolds, 1961;
Morris and Johnson 1967}
[ Transient Flow Apparatus - b Accurate for lowepermeability materials (Lin, 1978).
Sample not representative of permeability of
fractured rocks.
Field Methods
L) Constant Head Injection Tests -0 Field test using onc well. Limited area tested;
{Water Pressure Tests) low confidence in extrapolation. Low to moderate
reliability. (Mansur, 1971; Ziegler, 1976}
- Open-End Tests {USBR, 1974, p. 573-576
- Packer Tests {USBR, 1974, p. 576-578
- Lugeon Test {Hoek and Londe, 1974)
- Well Permeameter Tests (USBR, 1974, p. 578-593)
L) Variable Head Injection Tests - D Field test using one well. Limited area tested;

low confidence in extrapalatian. Low to
roderate reliability (Mansur, 1971}. Ilmproved
reliability in recently tested techniques by
Bredehoeft and Papadoupulos (in press), Wang
and others (i977). Widely used in petroleum
engineering (Matthews and Russell, 1976;
Earlougher, 1976). Methods need to be refined
and tested for application to ground water.

LY Repository Development Stage: A = Site Selection, B = Construction Authprization, C = Enmplacerent Authorization, D = Decomnissioning Authorization.
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TABLE 4-2
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HYDROGEOLOGIC MEASUREMENT TECHNIQUE

Parameter Measyrement Techniques Purpose Stagel/ Remarks

Flow Parameters Field Methods (Cont'd.)
{tont*d.)

¢ Step Drawdown Test A -D Field test using one weli. Analysis may be
questionable (Mogg, 1969)- State-of-the-art
limited to formations much more permeable than
bedded salt. {Rorabaugh, 1953; Lennox, 1966)

¢ Slug Injection Tests A =D Field test using open well, limfted area tested
with Jow confidence in extrapolation. Low to
moderate reliability. (Ferris and Knowlas, 1963;
Papadoupulos and others, 1576}

s Bailer Tests A-D Field tests using one well. Limited area tested
with Tow confidence in extrapolation. Low relja-
bility. {Skibitzke, 1963}

e Specific Capacity A -D Field test using one well. Approximate method
: restricted to permeable aquifers. {(Bentall, 1963,
p. 331-338; Logan, 1964)

[ Pumping Test with Gbservation Holes A=D Field test using muitiple wells. State-of-the-
art 1imited to formations much more permeable
than bedded salt. ({Wenzel, 19582; Bruin and
Hudson, 1955; Ferris and others, 1962, Halton,
1962; Lohman, 1972)

Respanse of Wells tp Natural Phenomena A-D Field test using observation wells. Water-level
response to cyclic phenomena. Not expected
to be useful for deep aquifers. (Bentall, 1963,
p. 305-330)

Model Calibration A-D Reliability limited by accuracy of measurements
or estimates of ground-water system parameters.
{Marino and Yeh, 1973; Weeks and others, 1974}

Leaky Aquifer Test in QOverlying A-D Appears to be applicable {f tests are prolonged.
or Underlying Aquifers (Hantush, 1961; Neuman and Witherspoon, 1972)

LY Repository Development Stage: A = Site Selection, B = Construction Authorization, C = Emplacement Authorization, D = Decommissioning Authorization.
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HYDROGEQLOGIC MEASUREMENT TECHMIQUE

Parameter Measurement (echniques Purpase Stagel/ Remarks
Perneability Geologic Mapping of Strata and A, B Qualitative appraisal of permeability is possible,
Continuity Fracture Systems (Refer to but better interpretation is needed.
{Horogeneity) Table 2-1}
Correlation of Borehole Logs A, B Applicable fcr iQEnyiFying aquifers. Not
(Rafer to Table 2-1) proven for identifying fracture permeability

paths, but may be possible.

Broadway Effects in Pumping Tests A, B Pumping tests in which water level in observation
wells is monitored during pumping. ({(Ferris
and others, 1962)

Mine Drainage Tests cC, D Hater balance is estimated for a mine in which
all water pumped out of the mine is monitored
against measured quantities entering the
mine over time. (0'Brien et al., 1978)

Computer Modeling of Variability A-D State-of-the-art questionabie at present.

of Fracture Permeability (0'Brien et al., 1978)
Directional Geologic Mapping of Strata and A, B Appears applicable. QuaTitative appraisal
Permeability Fracture Systems to determine permeability conditions.
{Isotropy) (0'Brien et al., 197B; Louis and Pernot, 1972)

Oriented Cores A, B Appears applicable. Oualitative appraisal

to determine permeapility conditions.
{O'Brien et al., 1978)

Borehole Camera A, B Apprars applicable. Qualitative appraisal
to determine permeability conditfons.
{0'Brien et al., 1978

MultipTe Hole Injection Test B Test wells in field. Requires rwore drilling
than is desirable. Method used only once,
not on bedded salt. (O‘'Brien et al., 1978)

Increasing Packer Spacing in ] Purmping tests in drilled Soreholes.
Orthogonal Boreholes Not a proven mzthod as yet. (0'Brien
et al., 1978)

i/ Repository Development Stage: A = Site Selection, B = Nonstruction Authorization, C = £mplacement Authorization, D = Decommissioning Authorization.



http://Er.pl

Paraneter

Directional
Permeabtlity
{Cont‘d.)

Effact of
Stress on
Permeability

Pressure
Gradiant

Pressure
Gradient
Changes

Porosity

Measurement Technigues

TABLE 4-2
Sheet 7 of B

HYDROGE GLOGIC MEASUREMENT TECHNIQUE

Purpose

Model1ing

Labaratory Fracture Tests

Ms1tiple Water-Level Measurements
in Several Holes and/or Several
Zones in the Same Hole

Repetitive Watar Level Changes

Continuous Water-Level Changes

Laboratory Methods

Core Analysis

Measure changes

in flow parameters

Monitor flow
direction
and rate

Monitor changes
in hydrologic
boundaries and
properties

Identify
changes 1n
hydrologic
boundaries

and properties

Fluid velocity,
porosity,
effective
porosity

Fluid velocity
porostity,
effective
porosity

stagel/

8

B-D
A-D
A-D
A-D
A-D
A-D

Remarks

Results of experiments in crystalline rock perfarmed
by Gale and Witherspoon (1978) appear to be appli-
cable to bedded salt.

Requires research and development in
state-of-the-art. (Snow, 196B8; D'Arien
et al., 1978)

Field monttoring of water levels in wells.
Many appl{cable subtechniques available for
aquifers. Requires advances in state-of-thea-
art for low permeability materials.

{0'Brien et al., 1978)

Field monitoring of water levels in wells.
Many applicable subtechniques avaitable for
aquifers, Requires advance in state-of-the-
art for low permeability materfals.

{0'Brien et al., 1978}

Field monitoring of water levels in wells.
Many applicable subtechniques avaitable for
aquifers. Requires advance in state-of-the-
art for low-permeability materials.

{0'Brien et al., 1978)

Laboratory tests to determine total porosity
and amount of fissure porosity, noninter-
connected porasity and effective porosity.
Sample rot 1ikely to be representative of
rock. (Meinzer, 1923; Stearns, 1928;

“orris and Johnsen, 1967}

Qualitative assessement of porosity.
Samplte not likely to be representative
of rock. (Snow, 1968}

by Aepository Development Stage: A = Site Selection, B » Construction Authorization, € = Emplacement Authorization, D = Decommissioning Authorization.
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HYDROGEOLOGIC MEASUREMENT TECHMNIQUE

Parameter Measurement Techniques Purpose Stagel/

Remarks

Velocity Tracers Velocity B -D
of contami-
nant movement

i/ Repository Development Stage: A = Site Selection, B = Construction Authorization, ¢ = Emplacement Authorization, D = Decommissioning Authorization.

Field or laboratory tests to determine
paths of flow by injecting tracer mate-
rials into flow system. MNo assurance
tracer and contaminant will have same
velocity unless contaminant is used for
the tracer. (Wenzel and Fishel, 1942)



Mzter Sampling Technigues

sarpling cups in unsaturated reglons:

Suction cup

Suction cup assembly {Parizek
and Lane, 1970)

Parous cup assembly

sampling devices in saturated regions:

Bailer
Thief sampler
Inlet and outflow 1ine assembly

Fiberglass probes

Pump
Lysimeter

3-1{ter Kemmerer or Van Dorn
style water sampler

TABLE 4-3
WATER QUALITY MEASUREMENTS: WATER SAMPLING TECHNIQUES

Remarks

Operates at pressures greater than about ~1.0 atmosphere.

Cup inhibits inflow of suspended solids and bacteria, making test for bicchemical
oxygen demand (BOD) on collected samples inaccurate.

Excessive vacuum application may influence soil water movement in the vicinity
of the cup. (Everett et al., 1976):

Uses vacuum withdrawal. Requires good contact between soil and cup. (Everett et al., 1978)

Permits installation of mare than one unit ir a hole. Does nat require intimate contact
between cup and soil. Precludes clogaing of cup by collotdal material. Provides sampiing

at greater depth than suction cup (above). Solutions may be forced back into the soil during
the release of vacuum and application of pre_sure. Sampling depths range to 15 meters.
(Everett et al., 1976}

Only one unit is installed per hole. Mo back flaw into soil during release of vacuum
and zpplication of pressure. Sampling depths range to 36 muters. ?Everett et al., 1976;
Wood, 1673)

Not capable of sampling at selected depth. WNormally samples surface partian. (EPA, 1976,
Everett et al., 1976)

Water collected at selected depths below water table. (EPA. 1976; Everett et al., 1976)

No need to remove sampler from well between samplings at dffferent depths below water table.
?;; ;ntroduced into sample may interfere with subsequent chemical analyses. {Fverett et al,
&

Samptes through putflow line via vacuum pump; 2allows discrete simultanenys sampling at several
depths t?g?;?1M1ze interference with natural flow within the sampling regton. (Hansen and
Harris,

?ggah {ggg;va] to be sampled 1s segregated by sealing-off the rest of the well and pumping.

Pan sampler at different depths collects Teachate; relatively expensive construction
involved. (Parizex and Lane, 1570}

Can pe used for surface-water sampling and ground-water collection in wells. (Langford
et atl., 1977)
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TABLE 4-3
Sheet 1 of 5

WATER QUALITY MEASUREMENTS: CHEMICAL PARAH’ETERSLI

Lhemical Paremeters Measurement Technigques Units Remarks
Alkalinity Titration rmethod mg/1 Determine total alkalinfity. (Langford et al., 1977)
Biochemical Oxygen BOD test (5 days, 20°C) Dissolved oxygen in the BOD test may be determined by either the Modi-
Demand (BOD) fied Winkler with Full-Bottle Technique or the Probe Method.
{Ballinger et al., 1974}
Chenical Oxygen COD test Traces of organic material may interfere. (Ballinger et al., 1974)
Demand (COD)
Dissolved Dxygen Modified Winkler with Full- Hitrate jon, ferrous iron and organic matter interfere. {Ballinger
Bottle Technigue et al., 1974}
Probe method Most of the common interferences found in the Modified Winkler

Method may be agvercame. (Ballinger et al., 1974}

Hardness Titration method Iron, copper, aluminum, cobalt and nickel interfere.
{Langford et al., 1977; Hach Chemical Co., 1977)

drggen lon Con- Electrode method pH values 011 and greases may coat the electrode and interfere. Pracisian:

g

centration {pH) for surface water sample at an average pH of 7.7, the standard
devwat1on was + 0.1. (Ballinger et al., 1974; Hach Chemical

Co., 197
Oxidation-reduc- Redox measuring device Redox poten- Application range: -700 to +700 mV. (Langford et al.. 1977)
tion Potential tial
Sailinity salinity sensor In-situ measurement relating salt concentration to specific con-

ductivity of soil solution. Temperature depenrdent. Not used at
soil-water pressure iess than -2 atmospheres. (Everett et al., 1976)

Commgn _lons: Optimum concentration range (Ballinger et al., 1974}

Calcium Atomiec absorption mathpds mg/1 0.02 - 2 mg/1

Magnesium 0.02 - 2

Portassium 0.0 - 2

Sodium 0.03 -1

Bicarbonate Electrometric titration - Precision: Standard deviation = 1 2 mg/1 at concentration of
glass electrode 34.7 mg/1. (Langford et al., 1977)

17 RApplicable to Construction Authorization (8), Emplacement (C), and Decommissioning (D) Stages.
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WATER QUALITY MEASUREMENTS: CHEMICAL pARAMETERSY

Chemical Parameters Measurement Technigues Units Remarks
Common_Ions: Electrometric Titration - Glass mg/1
d Electrode {(Cont‘d.)
Carbonate Application vange: 0 to 200 mg/l. (Langford et al., 1977)
Chloride Automated method Sulphites #nterfere. Applicable range: 1 - 250 mg/l.
(Ballinger et al., 1574)
Chiorine, free DPD {N,N-diethyl -p-phenyTene- Bromine, 1odine, ozone and oxidized forms Of manganese may
residual diamine) {ndicator interfere. (Hach Chemfcal Co., 1977; Langford et al., 1977)
Chlorine, total Amperomatyic titration Rot for samples containing above 5 mg/T tota! residual chlorine.
resfdual Significant amounts of organic matter may interfere.
{Ballinger et al., 1974}
KNutrients:
Nitrate Colorimetric with brucine-sulphuric Strong oxidizing or reducing agents and high content of arganic matter
acid interfere. (ASTM, 1978}
Phosphate Colorimetric method Application range: 0.0l tc 0.5 mg/l. Precisian: Standard deviation

= 0.02 mg/1 at concentration of 0.38 mg/Y. (Langford et al., 1977}

Jrace Elements:

Cadnium Atomic absorption Optimum concentration range: 0.05-2 mg/1.
(Ballinger et al., 1973)
Copper Atomic absarption Optimum concentration Orange: 0.2~10 mg/1.
{Ballinger et al., 1974)
Colorimetric: nep-cuproine Applicab.e to ocean water and brines. {Langford et al., 1977)
Iron Atomic absprptian Optimum congantration range: G.3-10 mg/1. (Ballinger et al.,

1974); Subject to silica interference. {ASTM, 1978

1/ Applicable to Construction Authorization (B}, Emplacement (C), and Decommissioning (D} Stages.



Chemical Parameters

Trace tlements:

Lead

Manganese

Mercury

Molybdenum

Selenium

Silver

Zinc

Jotal organic carbon
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TABLE 4-4
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WATER QUALITY MEASUREMENTS: CHEMICAL PARAMETERSLI

Measurcment Techniques

Units Remarks

Colorimetric: bipyridine

Atomic absorption

Colorimetric: Dithizone method

Atomic absorpticn
Colorimetric: Persulfate
Atomic absorption

(cold vapor technigue)
Atomic ahsorption

Atomic absorption (gaseous
hydride method}

Colorimetric: Diaminobenzidine
extraction method

Atomic absorption
Atomic absorption

Colorimetric with Zincon

Combustion infrared

1/ Appiiceble to Construction Authorization (B),

ng/1

Application range: 10 to 4000 ug/1. Precision: Standard
deviation = 19 ug/1 at concentration of 397 ug/1.
(Langford et al., 1977)

Optimum concentration range: 1-20 mg/l1. (Ballinger et al., 1974}

Application range: 1C to 400 ug/l. Precision: Relative
standard deviation = 42.1% at concentration of 70 wg/1
(Langford et al., 1977

Optimum concentration range: 0.1-1C0 mg/1.
(Baltlinger ot al., 1974)

Application range: 25 to 15,000 ug/l.
(Langfurd et al., 1977)

Dptimum concentration range: 0.0002-0.01 mg/l.
(Ballinger et al., 1974)

Dptimum concentration range: 0.5-20 mg/1. (Ballinger et al., 1974)

Optimum concentration range: 0.002-0.02 mg/1.
(BalTinger et al., 1973)

Application range: 1 to 100 ug/l. {Langford et al., 1977)

Optimum concentration vange: 0.1-4 mg/T. ({Ballinger et al., }974)

Optimum concentration range: 0.05-2 mg/1. (Ballinger et al.., 1974)

Cadmium, aluminum, manganese, cobalt, nickel and copper may
interfere. (AST™4, 1978)

Application range: 2 to 200 mg/l. (Langford et al., 1577)

Emplacement (C), and Decormissioning (D) Stages.




WATER QUALITY MEASUREMENTS:

TABLE 4-4

Sheet 4 of 5

CHEMICAL PARAMETERSL/

Chenical Parameters Measurenent Technigues Units Reparks
Dissolved Gases: wg/1
Arrmonia lon selective electrode Application range: 0.03 to 1400 mg/1. (Langford et al., 1977}
Carbon diowide, Precise evolution method Concentratian between 1 and 50 mg/1 determined on a2 200-ml sample
total with precision of 0.25 mg/1 and in concentrations above 50 mg/1
with precisian of 0.5 mg/1. {ASTM, 1978)
Hydrogen sulphide Methylene blue method Sulphite, thiosulphate and hydrosulphite interfere.
{APHA, 1975)
Methane Gas chromatqgraphy Applicable to fresh ana brackish water. (Langford et al., 1977)
Nitrogen Gas chromatography with therma) Application range: 1 tu 33 mg/l; higher concentrations by instru-
conductivity detector ment attenuation. {Langfard et al., 1977)
Radiochemicatl
Parameters:
ATpha activity, Evaporation; counting with propor- aCifl Betection Yimit: 30 pCi far 60-min. count {3 pCi/1). Precisian: 25%
gross tional or scintillation detector at 20 pCi/T. (ASTM, 1978; Langford et al., 1977}
Beta activity, Evaporation; counting with low back- Detection 1imit: 10 pCi/1 100-m] sample, 60-min. count. Precision:
grosy ground, thin window beta detector Approximately 25% at 50 pCi/t. (ASTM, 1978; Langford et al., 1977}
Cesium-137 Carrier-free batch type jon exchange: Jetection 1imit: 10 pCi using thin window flowing gas proportional
filter, mount and beta tount counter with counts approximately equal to 2 c¢pm above background
{1 pCi/l}). Precision: Estimated *» 75% at 10 pCifl. (Langford
et al,, 1977; Thatcher et al., 1977)
Gamma activity, Gross gamma counting Detection limit: 1 nCi/1, Y0-min. count on 3" x 3" Hal(T1) wel)
gross crystal. Pracisfon: + 3% at 40 nCi/7. (ASTM, 1978; Langford et al.,

1977}

17 Applicable to Construction Authorization (B}, fmplacement (C), and Decommissioning (D} Stages.
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Chemical Parameters

Radiochenical
arameters:

{Continued)

Lead-210

Radiun-226,
by Radon

Strontium-50

Tharium

Tritium

Uranium

WATER QUALITY MEASUREMENTS:

Measurement Techniques

Extraction; beta counting or com-
bined alpha beta count

Coprecipitation with barium sulphate;
radon determined by alpha scintilla-
tion

Precipitation and beta counting

Barium sulphate precipitation and
fluorometry

Azeotropic distillattion and liguid
scintillation counting

Oetermine uranium by comparison of

reflected fluorescence from spiked

and unspiked residues fused with

:odium-potassium carbonate-fluoride
Tux

Coprecipitation of uranium with alumi-
num phosphate. Dry precipftate and
dissolve in magnesium-nitrate-nitric
acid solution. Extract the uranium
into ether, evaporate and fuse the
residue with sodium-potassium
carbonate-flouride as in direct
procedure

TABLE 4-4
Shaet 5 of 5

CHEMICAL PARAMETERSL/

Remarks

Detection limt: 30 pCi (3.0 pCi/Y). Pre. sion: 1.8X% at 2400 pCi
level., Relal 1ve standard deviatfon of 5.1% on quadruplicate ana-
iysts of 1ead-210 standards. (Langford et al,, 1977; Talvitie

and Garcla, 1965}

Detection limit; 0.01 pCisf1. Pr cision: + 20% at 0.1 pCi/l;
+ 10% for concentrations > 0.10 pii/1. (Langford et al., 1977-
Thatcher et al., 1977)

Detection 1imit and precision not given. (APHA, 1971;: Associatian
of Official Anal, 'cal Chemists, 1978; Langford et al., 1977)

Detection limit: J.1 ug/1 on 100-m! sample. Precision: 10% on
.1 pug, 0.5% on 5 ,.9. Langford et al., 1878; Si11 and Willis,
1962, 1964)

Detection 1imit: 200 pCi/1 for a 200-min. count {2 sigma counting
error = 100%). Precision: + 10% at 2000 pCi/T, + 200 pCi/1 below
20??)pt1/1 (1 sigma}. ({ASTM, 1978; Johns, 1975;" Langford et al.,
19

Detection Tlimit: 0.5 wg/1. Precision: + 20% at 0.5 ug/1 Tevel.
(Langford et al., 1977; Thatcher et al., 1977)

bDetection Timit: 8.0! ug/l. Precision: 1G0% at 0.01 ug/%
minimum. (Thatcher et al., 1977)

17 Applicable to Construction Authorization (B), Emplacement (), and Decommissioning (D) Stages.




TABLE 4-5
Sheet 1 of 4

WATER QUALITY MEASUREMENTS: PHYSICAL PARAMETERSS/

Physical Parameters

Color

Conductance, spocific

Odor, threshald

Resistivity
Total dissclved
solfds (TDS}
Total suspended

solids

Total volatile residue

Measurement Techniques
Platinum-Cobalt method

Spectrophotometric

Conductivity meter

Consistent Series Method

Wheatstone bridge

Cravimetric methad

Gravimetric method

Gravimetric method

Unit

Remarks

Plattnum-Cobalt
units

mhos/cm at 25°C
Threshold odor
units

Ohm-meters

mg/1

Method is pH dependent. S1ight amounts of turb1d1ty interfere.
{Ballinger et al., 1974; Langford et al., 1977}

Slight amounts of turbidity interfere. (Ballinger et al., 1974)

Samples preferably analyzed at 25°C. If not, temperature covrec-
tlun; are made and results reported at 25°C. (Ballinger e: al.,
1577

Precision: Standard deviation not to exceed 5% of measured
value. (Langford et al., 1977}

Compare results on chlorinated and dechlorinated samples to eli-

minate chlorine interference; sample stored in glass bottles or
}c;1?n -lined closures. (Ballinger et al., 19743 Langford et al.,
o077

Applicablz range: 0.0l to 10 ohm-meters; applicable for ocean
water and brine. (Langford et al., 1977)

Highly mineralized waters containing significant concentrations
of catcium, magnesium, chloride and/or sulphate requir: prolonged
drying. (Ballinger et al., 1974)

Applicable range: 10 to 20,000 mg/l. ({Langford et 21,., 1977)
Applicable range: 10 to 20,000 mg/l.

Precision: Approximately + 4 mg/] or 5%. (APHA, 1971; Langford
et at.., 1977)

Precision: Standard deviation of + 11 mg/1 at 170 mg/1 volatile
residue concentration. (Ballinger et ¢1., 1974)

Applicable range: 10 to 20,000 mg/l. ([Langford et 21,, 1977

I Applicable to Construction Authorizatian (B), Emplacement {C), and Decommissioning (D) Stages.




Physical Parameters

Measurement Techniques

WATER QUALITY MEASUREMENTS:

Specific gravity

Turbidity

Temperature

Light penetratiaon

Light transmissivity

Balance methed

Fycnometer

Hydrometer

Nephelometric

Thermometer

Mercury-in-steel
sea thermograph
Lowering a disk

Using a photocell

Transmissoneter

TABLE 4-5
Sheet 2 of 4

Unit

PHYSICAL PARAMETERSL/

Remarks

Dimensionless

Formazin turbidity
units {FTU)

°c

Secchi depth

txtinction
coefficient

Relative turbidity

Pyecision: + 0.0001. (American Petroleum Institute, 1968;
Langford et ail., 1977)

Precision: + 0.00005. (Amerfican Petrcleum Institute, 1968;
Langford e* al., 1977)

Precision: + 0.001. (American Petroleum Institute, 19€8;
Langrord et al., 1977).

Applicakie range: © to 40 FTU. (Langford et al., 1977)

For re.-rding water tenmperature at different depths in lakes,
reservoirs. {Middleton and Spilhaus, 1953)

A horizontal B-cm-diameter bTack and white disk is lawered inta
the water until 1t disappears. {lLytTe et al., 1979)

Slope of the light absorption curve is meacured by means of a
photocell lowered into the water. More detailed study than
disk lowering. {Lytle et al., 1979)

To detect the percentage of light transmitted by a source which
is received by a phaotocell. Capable of measuring at different
depths. (Lind, 1974; Lytle et al., 1979; Welch, 1948)

17 Applicable to Construction Authorization (8), Emplacement (C)}, and Decommissioning (D) Stages.




TABLE 4.5
Sheet 3 of 4

WATER QUALITY MEASUREMENTS: PHYSICAL PARAMETERSL

Physical Parameters Measurement Techniques Unit Remarks
suspended sediment Evaporation Cancentration: Method used where the sediment concentration exceeds 2,000 mg/l -
mg/1 10,000 mg/1. Requires a correction for samples having a low

concentration af sediment if the dissolved solids content is
high. (ASCE Task Committee, 1975)

Filtration method Best method for lower concentrations. The use of crucible in the
filtration method has the following advantages over the use of
the evaporating disk in the evaporation method: (1) It is lighter
in weight and consumes 1ess oven and desicecater space; {2) its
tare weight is less likely to change during weighing due to ab-
sprption of motsture from air; and (3) dissolved material passes
through the crucible and thus eliminates the need for a dis-
solved-salids corraction. (ASCE Task Committee, 1975}

Displacement methad Accuracy depends on the sensitivity of the balance ia raltation
to the total weight aof salids in the sampie as well as the accu-
racy of the estimate for specific weight of solids. Method 1lim-
ited to sampTes from Taboratory sediment experiments, especially
where it is not desirable to oven dry the sediment. (ASCE Task
Committee, 1975; Interagency Committee, 1941)

Particle-sfize analysis Particle-size Used when sediment data are used to estimate deposited volumea
distribution The wet-gieve mathod, which requires that the sample not be
dried prior to sieving, is preferred over the ury-sieve
method. (Guy, 1969)

. Sieve methad Sieving is limited to thase sizes coarser than 0.062% mam.
{Lytle et al., 1979)

17 Applicatle to Lomstruction Authorization (B), Emplacement {{}, and Decommissiontng {D), Stages.



Physical Paraneters

TABLE

Sheet 4 of 4

WATER QUALITY MEASUREMENTS:

Measurement Techniques Unit

Suspended Sediment
(Cont'd.)

Bed material

5011 temperature

4-5

PHYSICAL PARAMETERSL/

Remarks

Particle-size analysis

(Cont'd.)
[} Sedimentation Particle-size
methads distribution
Particle-size analysis
Soil thermometers °C

Concentration of the sample analyzed by these methods has a con-
siderable effect on the accuracy of analysis {Interagency Com-
mittee on Water Resources, 1943); therefore, samples should be
split or diluted as follaows:

Method Concentration in Tube {mg/1
Pipet 2,000 - 5,000
BW tube 1,000 - 19,000

VA tube Total height of accumulation

not to exceed 12 tm.

Pipet and bottomewithdrawal tube (BW tube): For material finer
than 0,062 mm.
Visual-accumulation tube (VA tube}:

For material coarser than
0.062 mm. )

{(Kisselmarn, 1974; Lytle et al., 1979

Material coarser than sand {2.00 mm) should be analyzed by the
sieve method. (A5TM, 1938). Coarse material may be analyzed by
the pho’ographic technique. (Ritter and Helley, 1969). Samples
in the nand, silt and clay ranges may be anaiyzed according to
the standard procedures described previousty for suspended sedi-
ment. (Interagency Comnmittee on Water Resources, 19¢2)

Used to measure soil temperature at different depths; thermo-
rmeters with bent stems used for depths less than one foot.
(MiddTeton and Spilhaus, 1953)

1/ Applicabie to Construction Authorization (B), fmplacerment (C), and Deconnissioning (D) Stages.



CHAPTER 5
THERMAL MEASUREMENT TECHNIQUES

5.1 INTRODUCTION

Thermal measurements are required to

Evaluate rock heat effects an ground-water flow

Evaluate rock behaviar--including rock stresses, rock strength,
rock creep properties, and long-term stability--in response to

temperature changes

Estimate underground (repository) behavior in response to a

given waste storage scheme

Analyze cooling requirements for the ventilation and other systems

Monitor rock temperatures and repository heat flows during
excavation, placement, and retrieval of waste to check design
estimates and to warn of potential problems

Monitor rock temperatures during and after decommissioning to
check heat flows and temperatures and their effects upon ground-
water flow and the surface environment.

Each canister emplaced in a repository in bedded salt will act as a
long-term heat source. Following emplacement, heat will flow from the
canister into adjacent rock with a resulting increase in rock temperature.
With time, this heat will spread into the rock surrounding the storage
area and eventually into the entire rack mass of the repesitory site.
Moreover, this heat flow will depend upon the canister storage schedule,
the thermal properties of the salt and other associated geologic strata,



the ground-water conditions, the layout of tunnels and rooms, and othzr
factors.

The flow of heat into the rocks will increase rock temperature within
the repository. A temperature as high as 300°F was estimated for rock
around a storage room in bedded salt after a twenty-five-year period.
This estimate was based upon the storage of high-level wastes contained
in closely spaced canisters in a non-ventilated room (Science Applica-
tions, Inc., 1978).

The temperatures within a repasitory will be controlled by the heat
transfer mechanisms, expressed in simplified terms by the equation

Heat-In + Heat-Stored = Heat-Qut

Heat input will consist of the heat emitted from each canister. It will
have a spatial distribution that will enlarge with time, depending upon
the storage scheme. Heat output will occur by heat flow through rock
and through ventilated openings to the earth's surface, through rock to
aquifers where convection cells may be created, and finally, possibly
through specially designed heat extraction systems.

Heat stored will be the thermal energy retained in the repository rock
and will be represented by a rise in repository temperature. As long

as heat input exceeds heat outflow, rock temperatures must rise. This
means that rock temperatures can be controlled either by limiting the
heat input or by lessening the restrictions on heat outflow. The heat
input will depend on canister power and canister distribution. However,
the heat generated in each canister will decay with time. The heat out-
flow will depend upon the thermal conductivity of the rocks, the ventila-
tion system characteristics, the position of openings, and a complex of
rock conditions imposed by the geclogic setting.



The effects of a rise in rock temperature within a repository will

result in

e a probable Towering of compressive strengths of the salt

strata

e an increase in creep rates within the salt beds and possibly
within non-salt beds

e an increase of rock stresses within the heated rock caused by

Lthermal expansion

e a possible weakening of some vrock strata due to temperature-
induced chemical changes within the strata

s a possible weakening of some rock strata due to vaporization
of pore water

e a possible disturbance of natural ground-water conditions above
or below the repository due to heat-induced conversion flows
within aguifers.

A1l of these results could adversely affect the containment capabilities
of a waste repository in bedded salt by creating structural failures in
the rock or repository seals, and by inducing ground-water currents that
could carry contaminated material to the surface. For these reasons,
capabilities to predict and monitor the thermal behavior of a repository
are imperative.

One of the fundamental problems to be encountered in the design and
operation of a repository will be the prediction and monitoring of
repository temperatures, What rock temperature restrictions must be
adopted in order ta insure apening stability and canister retrievability?
What ventilation air temperature restrictions must be adopted in order to
insure the smooth operation of equipment and the health and safety of
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workers? Can these temperatures be predicted during the exploration and
design phases? Can these temperatures be controlled by careful planning
of canister emplacement and through operation of the ventilation scheme
or other heat extraction systems? The answers to these questions depend
solely on the prediction and monitoring of heat flow within the reposi-
tory and the ability to measure the thermal parameters associated with
that heat flow. These parameters are discussed in Appendix C, prefaced
by a review of thermal behavior of materials.

5.2 MEASUREMENT TECHNIQUES

Laboratory and field measurement technigues are listed in Table 5-1.
Until the present time, field techniques have been oriented toward geo-
thermal energy and 0i1 exploration where rock and soil temperatures are
measured in surface boreholes. Additional work has been done in develop-
ing temperature and thermal conductivity prabes for geophysical

research programs investigating the earth's geothermal gradients.

The techniques available today can be used for the exploration and moni-
toring of a repository in bedded salt. However, there are many areas
where improvements can be made, especially in temperature, thermal
conductivity, and thermal capacity (specific heat) measurements in rocks
with temperatures in the range of 200%F and higher.

A.  Temperature

Temperatures to an accuracy of + 0.001°C (+ 0.0018°F) can be measured on
rock surfaces or in boreholes. These measurements are made by probes
which contain a temperature sensing element. These elements are described
in Table 5-1.
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Temperature probes may be installed permanently upon rock walls or in bore-
holes, or they may be designed to be portable. Downhole probes have been
fully developed for use in oil field and geothermal emergy exploration.
However, there are no special probe designs available for work in small
boreholes underground, or for permanent emplacement on rock walls or in
boreholes. The lang-term stability of temperature probes for operation in
high-temperature environments is not known.

Temperature measurements must be done with care if accuracy is desired.
Readings should be taken after probe temperature equalizes with rock
temperature. A probe in a borehole where water is flowing measures the
temperature of the fluid, often different from the adjacent rock tempera-
ture. Temperatures taken during drilling operations may be affected by
roc heating due to bit action and the friction of drill rods against

the wall.

Temperature measurements taken on tunnel walls reflect the cooling of

the wall by passing ventilation air. Several readings taken in boreholes
drilled out from the wall can yield a cross section of heat flow toward
the tunnel, and allow estimates of temperatures in deeper vock

B. Thermal Conductivity

In-situ measuements of thermal conductivity are made by Lorehole probes.
The idealized model is a cylindrical probe containing a heater and tem-
perature-measuring elements placed in the rock. The heater is activated
to supply a sudden, constant rate of heat to the rock. The temperature
rise at the rock-probe contact is then monitored. Using the theory of
heat transfer, one can obtain a relationship between temperature, heat
output, time, and the therma) conductivity of the rock (Jaeger, 1965).
Probes are designed to fit this model so that data anatysis is temable.

Probe data are analyzed by using graphical plots of temperature (T) vs.
the natural logarithm of time (In t). These plots show an initial non-



linear curve where the curve rises asymptotically toward a straight
line. Once this asymptote has been reached, the thermal conductivity
can be calculated. The conductivity equals the controlled heat flow
rate divided by four times the slope of the line. This technigue has
been adapted to needle probes for soils and loose sediments, and to
borehole probes for rocks (Beck, 1965).

For most rocks, the time period for the development of the asymptote is

on the order of hours. To reduce this waiting time for probe measurements,
Blackwell (1954) suggested a second method of data amalysis. In this method
the effects of the thermal resistance between the probe and rock are cal-
culated and then subtracted from the temperature-time data. This leads

to a more rapid development of the asymptote.

A third method of analyzing heat probe data has been suggested by Jaeger
(1956). This method uses a set of exact solutions to the probe heat flow
problem for various conductivity and specific heat (thermal capacity)
values (Beck, Jaeger and Newstead, 1956). The solutions are plotted as

a family of curves. The results of a probe iest are then compared with
these curves, and both thermal conductivity and specific heat can be
determined. Sass {1961) feported good results with this method when
special curve-fitting techniques were used in analyzing the data.

Two methods have been used to determine laboratory therma) conductivi-
ties: steady-state methods and transient methods. In the steady-state
method a rock disk is sandwiched between two metal rods with known con-
ductivity., One end of the system is heated at a lower temperature than
the other end. Thermocouples measure temperatures along the rod. After
steady-state heat flow is attained, measured temperatures are used to
determine the heat flow in the rods and the temperature drop across the
disk. Disk conductivity is calculated by dividing the heat flow across
the disk by the temperature drop (Beck and Beck, 1958; Beck, 1965).

Transient methods are similar to the method described for in-sit» tests.
A heat source is activated upon a sample and temperature changes are
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recorded over time. From the graph of temperature vs. time and referring
to a mathematical sotution to the transient heat transfer problem, one
can calculate conductivities. (For details, see Powell, 1957; Zierfuss,
1963; and Jaeger and Sass, 1964.) Transient methads can be performed
more quickly than the steady-state method.

€. Rock Thermal Capacity (c)

In-sity determination of thermal capacity is obtainable from Jaeger's
method of analysis of in-situ thermal conductivity probe data described
above {Jaeger, 1956). Laboratory methods of thermal capacity determina-
tion for rocks are not standardized; however, standard methods used for
other materials are applicable. (See Table 5-1 for references.) The
effects of porosity, stress, pore water, temperature, and pore configura-
tion upon specific heat have not been investigated, so that no data are
available for ine evaluation of laboratory values against in-situ values.

D. Heat Transfer Coefficient (h)

The Titerature revealed no efforts to measure heat transfer coefficients
in tunnels or mine openings, nor any techniques for measuring these coef-
ficients underground. To determine these heat transfer coefficients, the
heat flow r2ie and temperature differential across a rock-face element
must be ascertained. This determination jnvolves measuring rock and air
temperatures at the rock-air interface, and the total heat flow within
the rock toward the face. The latter can be determined from the tempera-
ture gradient within the rock adjacent to the face by using the vock
thermal conductivity, The air and vock temperatures can be determined
with temperature probes. The heat flow per unit area times the tempera-
ture differential will give a Tocal value of the heat transfer coefficient
for a given air velocity, for a given tunnel, and for a given temperature
gradient.



For rock, there exist no specifically designed laboratory methods to
measure heat transfer coefficients. However, those tests used for build-
ing materials are probably applicable to rocks (ASTM, 1979 a, 1979 b,
1979 c¢); adaptations can be developed for testing repository rocks.

E. Diffusivity

Thermal diffusivity can be calculated from known values of thermal con-
ductivity, weight density and specific heat, or it can be measured.
There exist no in-situ methods to measure diffusivity in rocks.

Laboratory measurements of diffusivity can be made by methods similar
to the standard method lTisted for carbon and graphite (ASTM, 1978 d).
In this method, a heat pulse is apptied to one side of a thin disk of
carbon or graphite, and the temperature history of the reverse side is
monitored over time. From a plot of temperature vs. time, diffusivity
can be calculated. The method can be adapted to rocks, but testi.g
techniques need to be developed.

F.  Density

Density measurement techniques are discussed in Chapter 3, Rock Mechanics
Measurement Technigues.

G. Emissivity

No in-situ technigues for measuring emissivity from rock surfaces have
been found in the 1iterature. However, twu methods have been reported for
measuring the total normal emittance from surfaces in general (Nelson,
Leudke, and Bevans, 1966; Gaumer, Hohnstreeter, and Vanderschmidt, 1963).
Both techniques employ portable meters that monitor predominantly infrared
radiation emittance from surfaces.



No standard laboratory methods for measuring rock .missivily have been
reported in the Titerature. Standard methods used for other materials
are perhaps applicahle (see Table 5-1).

H. Heat Flow

No instruments have been developed to measure and monitor heat flow in rocks.
Some instruments have been developed for use in furnace valls. It is pos-
sible to develop borehole techniques to automatically record heat flow.

Such an instrument would require multiple temperature mezsuring elements
coupled with materials of known conductivity.

1. Thermoelastic Constants

As a rock mass is heated, it will expand. In general, this expansion
will be anisotropic--that is, expansion will differ in different direc-
tions. The result will be an increase in the stresses in the repository
rock due to heat expansion effects

Thermoelastic constants can be measured in-situ using rock heaters. At
this time, only one method of measurement has been reported in the liter-
ature (Board, Pratt and Voegele, 1979). In this method, a block of rock
in the wall or floor of a tunnel is cut out on four sides, leaving siots
for accepting flat heaters. The fifth side of the block is exposed to
the tunnel opening while the sixth side is left attached to virgin rock.
Heaters are then iftroduced into the slots and.activated so that a
uniform temperature field can be imposed upon the block. By measuring
block expansion as a function of temperature, the thermoelastic constants
of the black can be determined. Other in-situ tests us ng boreholes are
possible, but research and development are needed.

Laboratory techniques all consist of measuring a s= «'s Vinear strains
resylting from uniform change in sample tempers s, Strain gages,
linear differential voltage transducers (LDVM»), and other transducers



can be used to measure these strains. Standard laboratory techniques
used for metals and ceramics are adaptable to rocks as referenced in
Table 5-1.

J.  Rock Thermochemical Properties

Chemical changes activated by temperature increases either release or
absorb heat. This process of heat generation or absorption can be

detected by an accurate menitoring of sample temperatures while a steadily

increasing, externally induced temperature rise is imposed upon the
sample. This technique of searching for temperature-sensitive heat
sources or sinks is known as differentiated thermal amalysis (DTA). No
techniques exist for employing DTA upon rocks in situ, either on rock
surfaces or within boreholes.

Standard laboratory techniques do exist and are used extensively in
ceramic engineering and metallurgy (ASTM, 1978 k). These techniques

have heen adapted to rocks and soils.

K.  Rock Thermomechanical Properties

Temperature can affect the elistic moduli, strength, yield point, creep
rates, and failure behavior of rock. For in-situ conditions, the field
tests noted in Table 3-1, Rock Mechanics Measurement Techniques, will
produce the rock properties at the existing rock temperatures at the
time of testing. For example, overcoring for measuring in-situ stresses
will sroduce a total stress composed of material overburden effects,
residual stresses, tectonic stresses, stresses due to openings, and
stresses due to thermal expansion of the rock around the repository.

Laboratory tests are norma)ly performed upon specimens at room tempera-

ture (68°F). However, thermal jackets can be made which fit over the
specimen during testing. Complete control over a wide range of tempera-
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tures is possible both for uniaxial and triaxial testing conditions.
This type of testing has been performed for many rocks, including salt
(Serdengecti and Boozer, 1961; Lomenick and Bradshaw, 1969).

A1l work reported in this area has been in the nature of research. Stan-
dard tests may have to be developed for purposes of producing data for
repository evaluation and monitoring.

5.3 SUMMARY AND CONCLUSIONS

Most experience with the measurement of rock temperature. and thermo-
physical properties is limited to the geothermal emergy industry, the
petroleum industry, and to geophysical research into the earth's geo-
thermal gradient. Additional experience exists in the mining industry,
where deep, hot mines are encountered. Most measurements, however, have
been limited to temperature and thermal conductivity determinations. As
indicated by Table 5-1, both in-situ and laberatory techniques have been
developed to measure these properties.

In most cases, in-situ measurements have been made through boreholes with
specially designed probes, Ffor temperatures below 200°F, accurate mea-
surements of temperaiure and thermal conductivity are possible with pres-
ent techniques. At higher temperatures, instrument Jesign becomes more
difficult, due to the effects of temperature upon the probes themselves.
For most high-temperature work, specialized temperature measurement
probes are designed for a specific project.

No in-situ technigues designed specifically for underground use were
found for measuring emissivity, thermal heat transfer coefficient,
thermoelastic constants, thermochemical properties, or thermomechanical
properties. Portable instruments do exist for measuring emissivity,
operating for the most part in the infrared range of wavelengths. The
measurement of all of the other parameters requires the development of
new technigues,

5-11
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Laboratory testing techniques exist for measuring all thermal param-
eters. Accurzte values of all rock properties are obtainable, including
thermal conductivity, thermal capacity, diffusivity, heat transfer
coefficients, thermoelastic constants, heats of activation, activation
tamperatures, and thermomechanical properties.

Some of the laboratory techniques listed in Table 5-1 were developed for
materials other than rocks. However, they can be adapted to rock testing
without difficulty, and should he able ta produce reliable, accurate
data. Laboratory tests for measuring the thermal properties of rocks
have not been standardized because research into the thermal behavior of
rock under mine conditions has been generally neglected. The large
amount of rock thermal data required for repository design warrants test
standardization.

Present techniques need to be improved and new techniques need to be
developed. In each case, efforts to accelerate the preparation of
samples, the testing procedure and data analysis need to be made. In
addition, the significant effects of porosity, pressure, temperature and
pore water need to be accounted for in the testing technigues.

Schedule

Thermal measurements must be taken during each stage of repository
development. In general, most rock physical characteristics will be
determined during early stages of repository exploration and development,

while, in later stages, temperature monitoring will predominate.

Site Selection (Stage A)

Thermal measurements made during the reconnaissance and exploration pro-
grams mus’, be directed at collecting data that will outline the thermal
characteristics of the site-~viz., (1) in-s"'u measurements of all the
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thermal properties of the salt and its associated strata, including
thermal conductivity (k), thermal capacity {(c), diffusivity (K), and
rock density (w); (2) measurement of rock and ground-water temperatures
in borehales to determine the basic geothermal heat flow pattern at the
site.

Laboratory measurements will require the testing of rock core samples
for all of the previously listed thermal properties, and additionally,
the thermoelastic constants, the thermochemical properties, the thermo-
mechanical properties, and the heat transfer coefficients.

A1l of these data can be used to evaluate and design underground facili-
ties.

Construction (Stage B)

During Stage B, both exploration shafts and tunnels and develapment
shafts and tunnels will be excavated. Im-situ thermal tests can be
designed and performed in tunnels and reoms during the exploration stage.
Tests designed to heat the rocks and to determine in-situ conductivities
and all the other properties can be planned and performed. These tests
can include both heater tests in rooms to determine heat flow rates in
the rocks, and ventilation tests to determine rock emissivity aarameters
and heat transfer coefficients under varying air-flow conditions.

As mine development progresses, permanent monitoring instrumentation can
be installed and tested for accuracy and reliability. Additional thermal
property data can be collected as the underground facility expands in
size. Finally, new instrumentation can be developed and tested for use
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tmplacement (Stage €)

During Stage C, waste emplacement begins, marking the initiation of heat

flow into repository rock. During this stage, rock temperatures, ground-
water temperatures, rock heat flow rates, changes in rock thermal proper-
ties, changes in rock stress, and the competency of rock around openings

should be monitored. The in-situ data collected in the rocks adjacent

to the initially stored canisters can be used to check design estimates.

As time passes and storage continues, temperature monitoring of the
repository rocks at selected locations can be used to check rock tem-
peratures against design specifications and to outline the heat flow
pattern over time. Changes in heat flow patterns can serve to warn of
future temperature rises.

Decommissioning {Stage D)

During and after decommissioning, temperature measurements can be made

both from underground stations in the repository and from surface bore-
holas. These measurements can be made both with permanently installed

instruments and with borehole probes. Physical properties will proba-

bly not need to be measured, having been previously determined. Moni-

toring ground-water temperatures will be especially important.
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TABLE 5-1
Sheet 1 of 4

THERMAL MEASUREMENT TECHNIQUES

Farameter Measurenent Techniques Purpose Stagel/ Renarks
Temperature Measuring Elements Placed in To determine tem- A, B, C, O Temperature medsurenents are used to:
Probes peratures of rocks
and fluids, tem- Oatermine existing rock ind fluid iemperatures
perature gradients Test in-situ thermal properties of rock

Monitor rock and water heating over time (Jaeger, 1965)

®  Thermistor Thermistors are excellent for normal terperature
neasurements in boreholes and underground openings.
They arc accurote anpd do not need a refere'ce
temperature. Ocwar bottle can be placed . probe
for reference temperature. {LASL, 1976;
Conaway and Beck, 1977; Omega, 1979)

- Thermotauple For high-temperature applications in testing and noni-
toring, thermocouples are more reliable. They require
a reference temperature. Dewar bortde can be placed
in probe for reference temperature. {LASL, 1976;
Orega, 1979)

' Resistance Temperature Platinum resistance thermometers (RTDs) have high
DPevice (RTD) accuracy and reliability, particularly for monitoring
applications. Llike thermistors, they do nct neecd a
reference temperature. {Cmega, 1979)

[ Maxinum Temperature Mercury thermometer equipped to measure and record
Recording Thermoneter highest temperature encountered. Fequires removal
from hole for reading.

[ ] Vibrating Wire Strain Gage Gage may be inserted unstressed into borenole.
Changes in vibration frequency of wire is
a function of temperature. {Dreyer, 1978)

¢ Carlson Meter - - Simi;ar to vibrating wire strain gage. (Terrametrics,
79

i/ Repository Development Stage: A = Site Selection, B = Constructian Authorization, £ = Coplacenent Authorization, © = Decormissioning Authorization.
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THERMAL MEASUREMENT TECHMIQUES

Renarks

In-Situ Thermal
Conductivity

Laboratory
Thermal Conduc-
tivity

Therral Con-~
dustance

Thermal Needle

Borehole Thermal fProbe

Laboratory Split Bar Apparatus

Hollow Rock Cove Mathod

Laser Pulse Method

Laboratory Plate Method

taboratory ltethods

[ ] Guarded hot plate

method

[ ] Guarded hot box
method

. Heat flow meter
nethod

17 Repository Development Stage:

Purpose Stagel/
To deterrine:
Soil conductivity A, B, C
Baorehole thermial A, B, C
canductivity moter
Rock thermal con- A, B, C
ductivity
Thermal conductivity, A, B, C
thermal capacity,
dijffusivity
Thermal conductivity. A, B, C
diffusivity
Thernal conductance A, B, C

A = Site Selection, B a Construction Authorization, C = [mplacement Autherization,

L.

fieedle pressed into soii has heat source and thermis-

tor prubes. HNeedle measures heat flux and temperatures
between points. <Can be calibrated to read thermal conducg-
tivity. {Bullard, 1954; Yon Merzen and Uyeda, 1963)

A borehole instrument for thermal conductivity has been
used in vertical boreholes. Conductivity is calcu)ated

by dividing heat flow across a disk by temperature gradient.
{Beck, 1965; Jaeger and Sass, 1964)

Laboratory methed for reasuring coefficient of thermal
conductivity. Heat flux is passed through a rock disk.
Flux rate vs. time is measured. {Birch and Clark, 1940;
Beck, 196%; Walsh and Pecker, 1966; LASL, 1976;

ASTM, 1278 a, b)

A rock cylinder with a hole drilled down the center is

used in this test. The cylinder is insulated on the ends
and a heater is placed in the central hole. By measuring
temperatures on the hole surface and outer cylinder surface,
thermal conductivity can be measured. Tests can be done

in triaxial cell. (Heard, 1979)

Laser pulse technigue pruposed to determine rock physical
properties. Ruby laser beam is pulsed against a rock
core, introducing a known quantity of heat into sample.
Temperatures oh core are rionitored over time. Resuvlts
are analyzed by copputer program. S5tatus unknown.
[Office of Waste lsolation (OWI), 1976, p. 61]

Split-bar apparatus interfaced with a computer for guick
calculations. System designed to operate with thermal
pulse and in steady-state rode. {(OWI, 1976, p. 61}

The nethods measure the therwal conductance of insulating
and building materials. Conductance i5 heat fiow acrass

a plate of material divided by the plate arca ang the tem-
perature drop. The total termperature drap includes con-
ductivity losses and surface heat transfer losses.

{ASTM, 1979a, b, c)

0 = Decommissicning Authorization.
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THERMAL MEASUREMENT TECHNIQUES

Paraceter

Measurenent Techniques Purpase Stagel/

Renarks

Heat Capaciily
Specifiec Heat

Moisture

Diffusivity

tmissivity

Laboratory Calorimeter

Baorehole Therrmal Probe

taboratory In-Situ Moisiure

Determination

Thermal Pole Method

Laboratary Spectral Analysis

Inspection-Meter Techniques

17 Repository Develeopmerni Stage: A = Site Selection,

Ta determine:

Thermal capacity
{specific heat)

In-situ specific
heat

Meating effects and
moisture changes
with terperature

Laboratory
diffusivity

Coefficient of emis-
sivity of rock sur-
face

Ay

= Construction Authorization, C =

Thertral capacity is measured on samples in the laboratory.
Values are used to cvaluate time constants associated
with rock and salt heating. (ASTM, 1978)

Same probe used to determine thermal conductivity is
used but data interpretation fgilows Jaeger.
(Jaeger, 1956)

Thermal conductivity and heat capacity strongly depend

on moisture content. Moisture must be measured to eval-
uvate the thermal propertics of the repository. After
waste emplacement, moisture can be menitored to determine
heating effects on ground-water movenments.

A thin disk is heated on one side by a lamp for an
instant. Temperature of reverse side of disk is then
monitored over time. Diffusivity is calculated

from slope of 'T’ vs. 't’ curve. (ASTM, 19784d)

Ho im-situ diffusivity tests exist at this time.
Laboratory diffusivity will be affected by moisture
and cracking.

Determine emissivity of a rock face with respect to
temperature. Coefficient of emissivity (e) equals
total emission of surface divided by black body
emission at same temperature. Emissivity can be
used to calculate heat transfer between rock and
ventilation air. (ASTM, 1978e)

Portable instruments measure emissivity from any sur-
face including rock. Instrument characteristics and
accuracy for rock are not known. (ASTM, 1978f)
Instruments available are:

Emissometer, lion Research Co., Cambridge, Mass.
{Gaumer, Hohnstreceter and Vanderschmidt, 1963)

Gier Dunkle Instrurments, Inc., Santa Barbara,
Calif. {Nelson, Leudke and Bevans, 1966)

Emplacenent Authorization, D = Decommissioning Author® ~tion.

i
!
it
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THERMAL MEASUREMENT TECHMIQUES

Paraneter Measurenent Techniques Pyrposo Stdgel/ Remarks
Heat Flow Heat Flow Meter HMonitor in-situ 3, € Heat flow through a given area can be conitored d.rectly
heat flow by using several thermal probes in conjunction with ..alc-
riels of known thermal properties all set into a unit
which can be placed within a material mass., HNo instru~
ments of this type are known for rock. They have been used
in furnace walls. (ASTM, 1978qg, h)
Thermal Expan- Laboratory Tests Determine coeffi- A, B, C Evaluation of repository heating effects. Rocks expand
sian cient ¢f thermal upon heating and, if contained, will change state of stress
expansion in the repository. Expansion is dependent upon tempera-
ture, porosity and porewater. (ASTM, 19784,j)
Therrochenical tabaoratory Vests Determine heats of A, B A rock somple is subjected to a slow, steadily increasing
Properties activation and tem- temperature source. Anomalous temperalures are moni-
. reratures of activa- tored during the test period. Anomalies result from
tion for chemical internal chemical changes caused by vaporization of
porewater, released hydrated water, oxidation processes,
etc. No known in-situ tests exist. (ASTM. 1978k)
Thernonechan- Specialized Laberatory Tests Determine effects A, B Temperaturc affects all of the rock properties. Mo
ical Properites of temperature on standard tests exist for rocks. Testing techniques
properties can be adapted from past research work and testing
performed for other materials. Parameters to consider:
. Thermal conductivity
] Specific heat
. Diffusivity
. Emissivity
» Strength
L] Elastic moduli
. Creep coefficients
[ ] Stress
. Displacement
Thermal Cracking Laboratory and In-Situ A, B, C Determine effects of heating on integrity of repository.

Measurenents

i/ Pepository Development Stage:

A = Site Selection,

In-situ heater tests are required with measurement of
resulting stress, strain, cracking, and temperature rise.
Accustical emission events and their amplitudes can be
recorded to monitor ¢cracking activity over time.

= Construction Authorization, C = Emplacement Authorization, D = Occommissioning Authorization.
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APPENDIX A
GECPHYSICAL MEASUREMENTS:
INSTRUMENTATION AND SURVEY TECHNIQUES

A 1l MAGNETIC MEASUREMENTS

A.  Instrumentation

During the last ten years, emphasis has shifted to proton precession
magnetometers and optical pump magnetometers, and away from fluxgate
magnetometers and field balances which were previously used in aero-
magnetic and ground-magnetic surveys, respectively.

1he modern magnetometers are based upon principles of quantum mechanics.
Proton precession magnetometers, probably the most widely used instru-
ments today, utilize the nuclear magnetic resonance of protons. The
resonance frequency, or frequency of proton precession, is divectly
proportional to the magnetic field surrounding the sampie. Measurement
of this freguency provides, therefore, a measure of the total iniensity
of the magnetic field.

The magnetometer first polarizes the protons in a direction normal to
the earth's field, then removes the polarizing field, allowing the
protons to precess freely in the earth's field. The protons precess
at an angular velocity w, proportional to the magnetic field strength
H, according to the relationship ul=YpH, where the constant Yp is the
gyromagnetic ratio (the ratio of the proton's magnetic moment to its
spin angular momentum). The signal from the precession of the
protons is detected by means of a coil coupled to the proton source; a
valtage is induced that varies at the precession frequency. The field
strength can, therefaore, be determined from the equation

= = /
H w/Yp 2nf YP



Since the earth's field strength is approximately 5 x 10* nT, and the
term 2u/y_ equals about 23.5 nT/Hz, the frequency measuring device
must. operate in the audio range at about 2130 Hz. The value of v_ is
known to an accuracy of 0.25 x 10'4, and it is possible to determine
Lo the same accuracy the strength of the magnetic field. Proton
magictometers have a sensitivity of approximately 1 to 0.1 nT.

Ihe measurement of total field intensity is absolute and independent
of the orientation of the sensing unit. Only the amplitude of the
signal varies with orientation and these amplitude effects can be
eliminated by using two perpendicular sensors or toroidal sensors that
are omnidirectional. The older fluxgate instruments depend on servo~
alignment of the measuring unit. They are, therefore, subject to

alignment errors

Higher sensitivity is provided by optical pump magnetometers using
Teeman effects in cesium (Cs) or rubidium (Rb) vapor. Cesium-133
yields a frequency of 3.50 Hz/nT.

OpLical pumping (similar to laser applications) amplifies the Zeeman
eftect to provide a very sensitive measurement. In addition, the
anplitude of the signal measured is independent nf the frequency so

that the sensitivity of the Cs-vapor magnetometer is independent of

the field heing measured. The amplitude, as in the proton magnetometer,
is dependent on the direction of the field.

Rubidium vapor has an even higher frequency than cesium, but it also
has an asymmetric resonance curve, so that present use favors Cs-vapor
nagnetometers. Sensitivity of these instruments ranges from 0.01 to
0.001 nT.

Even higher sensitivities can be achieved with superconducting quantum
interference device (SQUID) magnetometers using electron pair tunnel-
ing effects in Josephson junctions (Goree and Fuller, 1976). These



1 1

devices, having a senstivity of 0.0001 nT cr better and excellent
high-frequency response, would be especially advantageous for gradient
measuvements, However, additional logistical problems are introduced
by the fact that they have to be operated at cryogenic temperatuves.

B.  Survey Techniques

. Aeromagnetic Surveys - In aerial surveys, navigational errors
introduce a second source of uncertainty, in additien to time varia-
tions of the magnetic field. Aeromagnetic surveys, therefore, have to
be designed to permit elimination of both sources of ervors.

Time variations of the field can be e}iminated or attenuated by using
a base station on the ground, by a flight line pattern with loops and
tie Yines, or by computer processing and statistical analysis of line
intersections (Zurflueh, 1968; Ackerman, 1973; Yarger et al., 1978).

Navigational inaccuracies can also he treated by computer analyses or
modern high-accuracy navigation equipment may minimize such errors.

A base station monitor will, of necessity, be at a certain distance
from Lhe measurement points. It has been found that time variations
may strongly depend on jocation and, for this reason, hase station
monitors are not recommended for data corrections

For a salt repository survey, it is recommended that an accurate
navigation system be used, such as the "Flying Flagman” system by Del
Norte Technology, the Decca “Trispondér”, or the Motorola "Mini-Ranger.”
Navigational accuracy can be further improved by using radar altimeters
anda doppler radar for speed control. These systems should permit Tocating
flight Tines to an accuracy of 3 m or better. In a midlatitude position,
a 3-m latera) positioning error is associated with a difference in
magnetic intensity of up to 0.04 nT.



With good positioning, a computer processing scheme should eliminate
diurnal errors. For very high sensitivity surveys designed to investi-
gale magnetic anomalies orginating in salt and other sedimentary

rocks, a vertical gradiometer configuration is reconmended. Such a
survey could be combined with a detailed radiation survey, using
helicopters.

2. Ground Magnetic Surveys - For bedded s5alt repositories,
ground-magnetic surveys would be limited to checking specific loca-
Lions for fault indications {Aitken, 1961; Breiner, 1973). For this
purpose, magnetic readings with a sensitivity of about 1 nT would be

taken along lines perpendicular to suspected fault trends. Lines would
be located by surveying or map reference, and distances along the
lines would be established by tape measure or electronic distance meter.

Ferromagnetic materials on the person of the magnetometer operator or
on Lhe ground in the vicinity of the neasuring point could influence

data results. Diurnal variations would be accounted for by having a

second instrument in a fixed base location, or by reoccupying a base

station at half-hour intervals.
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A.2 GRAVITY MEASUREMENTS
A, Tostrumentation

The only type of instruments presently used for terrestrial gravity
surveys are gravimeters of the unstable or astatized type, mainly the
LaCoste-Romberg or the Worden gravimeters. These instruments contain
a weight held in a state of unstable equilibrium by a zero-Tength
spring, that is, a spring which would theoretically return to zero-
lJength if the force acting on it were removed. With this arrangement,
the eiongation of the spring is proportional to the increment of
gravity measured. The range of linearity is relatively small, how-
ever, 5o that these instruments are read by adjusting the weight beam
to a mull position with a calibrated screw {Dobrin, 1960).

Gravimeters are very sensitive to temperature variations, so that the
design of the instruments must incorparate means of temperature com-
pensation. Sensitivity of the Laloste-Romberg or Worden gravimeters
is 0.01 mgal. Gravimeter measurements are not absolute, they show
only variations in gravitational acceleration with respect to an
arbitrary datum. However, as in magnetic measurements, only the
anomalous field related to local geologic conditions is of interest
and, in fact, regional variations are normally vemoved before inter-
preting Lhe data.

B.  Survey Technigues

For a detailed survey of a salt repository site, gravity stations
should be located on a square grid with 500-m spacing. For a regional
survey covering wider areas of a salt basin, spacings up to 2 km can
be used. Spacings can be adjusted according to the variations of the

gravity field--i.e., a highly variable field will require closer spacing.



In some locations, one cannot strictly adhere to a square grid pat-
tern. Topography and accessibility may dictate the use of roads and
other lines. As described in Chapter 2, a conventional gravity survey
requires surveying of station positions to an accuracy of at least 100
m laterally and 30 cm vertically. These are not strict tolerances,
but they do require a certain amount of surveying. Microgravity
surveys are not required for repository sites because the added accuracy
of these surveys is useful only for investigations of near-surface
features, A conventi: a1 gravity survey is sufficient to define
gravity anomalies that may arise from density variations at the depth
of a planned repository. Such density variations would have to encom-
pass fairly large volumes of rock in order to he detectable at the
surface. This is due to an inherent limitation of gravitational

med surenents whereby anomalous rock bodies, that are much smaller in
size than their depth of burial, are difficult to distinguish from
geolagic noise caused by shallower gravity variations.

In order to correct for instrument drift and tidal variations, certain
base stations will have to be reoccupied every two or three hours.

From repeat readings, smooth drift curves can be plotted and subtracted
fron the instrument readings according to time of measurement.

For terrain and Bouguer corrections to be made in processing the
gravity data, it is essential to have a good knowledge of near-surface
densities in the area surveyed. These corrections become more signif-
icant with increasing irreqularity of the terrain. If densities are
not sufficiently well known; samples of rocks and soils can be col-
lected and densities determined in the laboratory. A gravity profile
across a topographic feature can be used for in-situ determination of
density according to Nettleton (1939).



A.3 SEISMIC REFRACTION MEASUREMENTS

A, Instrumentation

Near-surface refraction surveys are usually performed with simple
seismographs, called engineering seismographs. Instruments used for
the ensisioned purpese should have the capability of recording at
least 12 channels of seismic data and provide timing for shots and
geophone traces with an accuracy of 1 ms. A variety of such instru-
ments is available, some of them having the capacity for summing
signals obtained with repeated seismic impulses (51gnal enhancement
seismographs). The seismograph must also include a blasting circuit
with zero time mark.

Suitable cables and refraction geophones complete the equipment necessary
for refraction surveys. Geophones used for refraction should have a
relatively low frequency, usually about 8 Hz.

B.  Survey Techniques

Refraction surveys to be conducted at repository sites should define
near-surface layering oflsoils and rocks for engineering purposes and
foundation design. tach seismic refraction line consists of placing
geophones in a straight line, usually at uniform spacings. The spacing
of geophones is chosen according to the depth of layers investigated.
Shotpoints are located at both ends of each line, and lines are thereby
measured in a forward and reverse direction. This arrangement permits
definition of dipping'éubsurface layers. Sometimes a shotpoint is

also placed at the center of the 1ine to fil1l in gaps in shallow layer
information.



Topography is usually not of great concern in engineering refraction
surveys. However, if large differences in elevation (over 1 m) exist
between geophones,, these differences should pe measured and correspon-
ding corrections made on the refracti.n data.

Larger areas are to be investigated by consecutive lines. If great
detail is needed, these lines can be overlapped. It is also important
to have lines perpendicular to the main alignment used in order to

define dips correctly.

L
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A.4 SEISMIC REFLECTION MEASUREMENTS

A.  Instrumentation

Modern reflection seismographs use digital tape recording. These
instruments can accommodate a large number of input channels (over 100
in many cases) and provide sampling intervals as low as 0.25 ms. They
incorporate automatic gain ranging to provide a large dynamic range,

and amplitude information is recorded to permit full amplitude recovery.
The latter feature is important for modern processing and interpretation
pracedures which give information on lithalogy and presence of hydro-
carbons,

For bedded salt repository investigations, a reflection seismograph
with the following characteristics should be used: digital tape
recording with 0.25-ms sampling capability, and gain ranging with ful’
amplitude recovery. These characteristics are especially important
for high resolution surveys. Tka instrument should be complemented by
ain analog playback system which permits checking of record quality in
the field.

Older types of seismographs use analog tape recording or digital record-
ing without amplitude recovery and therefore are not recommended for
this study.

For standard reflection surveys, the normal reflection cables and geo-
phones can be used. For high-resolution surveys, it may be advisahble
to use geophones with a higher frequency of about 25 Hz. Some manu-
facturers have specialized equipment available for high-resolution
surveys, e.g., the "Mini-Sosie" recording system and impact source by
Input/Output, Inc.



B.  Survey Techniques

1. Standard Reflection Surveys - A line of detectors spaced at
equal intervals, usually ahout 65 m, is used to record reflected wave
arrivals. The shot point is located at the center or end of the geophone
spread. A horizontal reflecting horizon in the subsurface will produce
a hyperbolic curve of arrival times with detectors spaced at increasing
distances from the shotpoint. The curvature of the hyperbola can be
used to determine subsurface velocities. For shallow horizons, a good
hyperbola is obtained with shorter distances, whereas deep horizons
require large shot-detector spacing and/or end-on shots--that is, shot-
points at the end of the detector spread.

A variety of seismic sources is available for reflection surveys on
Tand. Nynamite is still the most widely used source, but gas guns,
weight droppers, and vibrators are also used. The non-dynamite sources
are advantageous in areas where shothole drilling and noise created by
shots are undesirable. For such applications, "Vibroseis," a method
using truck-mounted vibrators, is probably the most popular.

In most cases, however, dynamite gives superior results. With dynamite

it is important Lo determine the correct shot depth. The shot should be
located in competent beds below the low-velocity surface weathered

layer. Certain types of rock or soil ara better than others for producing
higher quality seismograms. For instance, in a sand-clay sequence, it

is better to locate the shot in clay. Size of shot and velocity of the
explosive have to be tailored for the results desired, and some experi-

mentation is required at the start of a survey.

The first probiem in veflection surveys is interference caused by slow
surface waves, called ground ~o1l. In order to attenuate such waves,
geophones are arranged in groups at discrete intervals along the geophone
cable. The number of geophones to he used per group and their spacing
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require a certain amount of experimentation in order to determine the
best attenuation characteristics for a given location.

A second problem is caused by multiple veflections--that is, by waves
that are reflected downward from the earth's surface, which has a high
reflection coefficient. After being reflected by a subsurface horizon a
second time, such waves arrive at the surface with an increased travel
time that suggests a nonexisting deeper horizon. Although multiple
reflections originating from the surface are the most common, other
multiple reflections occur between subsurface horizons,

Two means are available for eliminating or attenuating such undesirable
events. One is a field procedure called common depth point (COP) stack-
ing (Mayne, 1962; Marr and Zagst, 1967); the other is a mathematical
procedure called deconvolution (Peacock and Treitel, 1369), which is
used during processing of the data. In common depth point stacking,
seismic 1ines are overlapped so that consecutive lines cover the same
subsurface points a number of times. With appropriate length of the
detector spread, the hyperbolas for a given travel time caused by actual
reflections will have less curvature than hyperbolas caused by multiple
reflections. By summing several reflections from the same subsurface
point and with different shot-detector lengths, as is the case with
overlapping lines, the actual reflections can be amplified and multiple
reflections attenuated. A common amount of overlap used is six-fold
subsurface coverage (600 percent stack).

The decopvolution procedure used in decoding extracts from the data an
estimate of the seismic input wavelet based on the assumption that reflec-

tion coefficients in the subsurface approximate a series of random numbers.

The seismogram recorded is then convolved with an inverse wavelet which
attenuates multiple reflections.
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A third paramater requiring close attention is the variability of thick-
ness and velocity in surface Tayers, collectively referred to as the
weathered layer. Because of their low seismic velocity, these surface
layers can introduce considerable time delays into the data which make
proper correlation of traces difficult. Travel times measured from the
shotpoint at depth to a geophane near the shothole at the surface (uphole
time) are an important factor in correcting for surface variations and

are one reasoh for the good results usually obtained with dynamite.

Other information on velocity and depth of the weathered layer is obtained
from refraction calculations, either from the reflection recordings or

from separate weathering shots.

Because of these weathering corrections, elevations of shots and detec-
tors must be known to an accuracy of about 30 cm. In rough terrain this
requires surveying. Data corrections related to elevation and weathered
layer are called static corrections. After known factors have been
entered into these corrections, modern processing methods permit fine
tuning of the data via automatic static corvections. These automatic
corrections are especially important for high-reselution surveys.

2. High-Resolution Reflection Surveys - The aim of high resolution
surveys is to provide greater detail and higher accuracy for certain
subsurface strata. Geophone group spacings are therefore reduced to
ahout 15-20 m.

In addition to tighter spacings, high-resolution surveys employ higher
frequencies for sharper definition of layers and for detecting thinner
beds. According to Farr (1979}, the presence or absence of a bed in the
subsurface can gengrally be detected if the bed is as thick as one-
eighth of a seismic wavelength. The best resolution to be expected is
about one twelfth of a wavelength, whereas, in the worst case, a bed
with a thickness of one-quarter of 4 wavelength should be detectable.
Widess (1973) stipulates that the minimum thickness of a bed for which
both upper and lower houndaries can be defined is one-quarter of a

wavelength.

A-12



Fmploying higher frequencies in a high-resolution survey involves several
steps. First, the seismic source has to produce predominantly high
frequencies which, in the case of a dynamite source, means using smaller
charges, since there is an inverse relationship between charge size and
frequency content of the seismic wavelet. Frequencies generated range up

to a maximum of 1000 Hz.

If the smaller charge does not produce a strong enough signal, then a
summing procedure is employed whereby several shots in the same Jocation
are recorded and the resulting records summed in order to amplify reflec-
tions and attenuate random noise. This type of procedure is used partic-
ularly with Tow-energy sources such as gas guns or surface weight
impacts. For instance, the "Mini-Sosie" method of high-resolution
seismic reflection (Wiles 1979) relies on a great number of repeated
impacts produced by an earth tamper.

High-frequency response also requires high-frequency geophones and high-
frequenc, recording system response, which depends princiba1ly on the
sampiing rate used. Smaller geophone group spacings result in smaller
shot-detector spacings which again favor high-frequency response.

Other measures employed to emphasize high frequencies are the use of
near traces only (which further decrease shot-detector distances), ard

reduced stacking (stacking acts as a Tow-pass filter)

High-resolution surveys result not only in better definition of bed; at
depth, they can also reduce the minimum depth at which a consistent
reflaction horizon can be found. Experience shows that the shallowest
level that gives valid reflections is on the order of 100 to 150 m.
Above this level, refiections are obliterated by surface waves and
refracted waves. Further improvement in resolution of shallow horizons
could be achieved by using near traces only. Because of the reflection
method's depth limitation, refraction surveys are generally used for

shallow harizons.
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A.5 ELECTRICAL AND ELECTROMAGNETIL MEASUREMENTS

A.  Instrumentation

[quipment from several manufacturers is available far measuring currents
and potentials to desirec accuracy, and for switching currents, For deep
penetration it is essential to have a large generator with a capacity of
up to 50 kW. A summing device is recommended which permits addition of
successive signals and thereby reduces the required power capacity.

B.  Survey Techniques

A number of different surface configurations are used for the current
and potential electrodes. Both sets of electrodes are laid out along a
fine for all configurations with the current electredes usually plac:d
on the outside of the potential electrodes, Electrode spacing may be
either fixed or variable. In the first case the array is moved with
conctant separation from one place to another and apparent resistivities
are plotted at the mid-point. In the second case, the center of the
electrode spread remains fixed and the separation of electrode~ is
progressively increased until the maximum desired depth of penetration
is reached. With these increasing spacings, a profile of apparent
resistivities versus spacing can be plotted which gives information on
the variation of subsurface =esistivity with depth.

A-14



e et e Seey - mmee e ppuy O el W IO T BN e i e

.6 MICROSEISMIC MEASUREMENTS

A, Instrumentation

Microseismic ‘nstruments are self-coptained units {Westphal and Lange,
1966, 1967; Prothero and Brume, 1971; Oliver et al., 1966; Lehner and
Press, 1966) which can be left in the field for a period of time to
record seismic movements. Analog chart recorders and digital tape record-
ers are available; the instruments can be set up to record a vertical
geophone component or three components. The advantage in digital
recording is high dynamic range and tow system noise. Time marks are
provided (usual'v at 10-s intervals) on paper charts, and recording
speeds of at least 1 mm/s are available. Instruments for either rock
noise or microearthquakes are available from a variety of manufacturers.
Some universities, however, prefer to make their own specialized seismo-

graphs.

Many of the modern microseismographs operate as event recorders rather
than as continuously recording instruments. Microseismic sent recorders,
like strong motion seismographs, record only events whose amplitude exceeds
a preset threshold level. Usually, a contizuously vecording and recycling
tape is included which permits recording of Jw-Tevel events immediately
preceding the event that triggers a recording. Since microseismic events
are, by definition, low-level events, design of the trigger system is
critical. The trigger must be sensitive enongh to record all significant

events with few or no 1alse alarms,

Geophones used for microseismic measurements should have a low frequency
(approximately 1 Hz} and high sensitivity. Several designs are available
for use on the surface ar in boreholes,
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8.  Survey Techniques

1. Rock noise measurements - This type of measurement is recom-
mended for monitoring bedded salt repositories during and after construc-
tion. Geophones that pick up sound emanations should be located at
strategic locations throughout the repository and in access shafts. A
second set of geophones may be placed in shallow boreholes at the sur-
face. Groups of geophones can be connected to central recording sta-

Lions,

Ground noise recordings may identify zones of weakness and incipient
fractures. Increasing activity in a given area may precede structural
failure. During the emplacement and decommissioning phases of the reposi-
tory, thermal conditions may induce stresses in the repository that

could Tead to failure. Rock noise monitoring, therefore, is particu-
larly important during these phases for monitaring the condition of the

repository.

2. ‘Microearthquake measurements - During the repasitory siting
stage, at least three microseismographs should be located in the area of
interest. Microearthquake activity is then monitored for a period of
time from a few days to several months. If a given location shows no
activity, the instruments can be moved to a different location.

In areas where access is difficult, it is advantageous for the instru-
ments to be seif-contained and able to record for a considerable length
of time. Alternatively, microseismographs can be connected via telem-
etry links to a central recording station,

With three instruments, a preliminary determination of earthquake foci
can he made. However, if sufficient activity is recorded to necessitate
further investigation, then additional microseismographs should be
placed in the same area. With the additional instruments, earthquake
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foci can be pinpointed much more accurately. The redundant data pro-
vided by additional seismographs also make it possible to estimate the
precision with which the foci are determined.

Microearthquake measurements permit determination of epicenter locations
and depths and of focal meciianisms of small earthquakes. In addition,
studies of foreshock aud aftershock patterns and of earthquake frequency
provide insight into the mechanicai structure of and the mature of
stresses in the repository medium.

Newer signal processing and correlation techniques (Katz, 1976) have
made it possible to relate details of microseismic recordings to local
geologic structure. By emphasizing vertical'y traveling microtremors,
it has also been possible to construct seismic time sections similar to
those obtained from seismic reflection surveys (Weller, 1974).
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A.7 ELECTRICAL RESISTIVITY LOGGING

A.  Single-Electrode Method

In this method, the resistivity curve is obtained by recording the
resistance changes of a single electrode placed in the hole. As the
logging electrode moves in the hole, changes in the resistivity of the
sucrounding material cause changes in the electrode resistance, accord-
ingly changing the voltage in the logging circuit. The lateral pene-
tration, which is approximately ten times the electrode diameter, is
not as extensive as in multiple-electrode measurements (Roy and Dhar,
1971).

The single-electrode method is not recommended since it measures only
apparent resistivities; these may be considerably different from

actual values as determined by the multiple-electrode technique (men-
tioned below). Further, the single-electrode resistivity curve lgses
some detail if the drilling mud is salty, as would probably be the case
near the salt repositury.

B. Normal Arrangement

The normal arrangement is a multiple-el.ctrode technique with one
currenrt and one potential electrode located downhole on the logging
sonde and a potential and current eiectrode at the surface. The
current and potential electrodes are 16 inches apart on the downhole
sonde in the short-normal arrangement, and 64 inches apart in the long-
normal arrangement, The effective penetration into the surrounding
material is about twice the electrode spacing. The accuracy of normal
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logs decreases with an increase in the hole diameter and with a
decrease in drilling mud resistivity. Effects of adjacent beds and
porous zones of drilling mud can be reduced by the use of published
correction charts.

The short-normal spread can be used to measure porosity, since it~
gives the resistivity of the porou- zone that is invaded by .drilling
mud surraunding the borehole. g

The Tong-normal spread measures a resistivity that is intermediate to
the actual formation resistivity and the resistivity of the zone

affected by drilling fluid.

€. Lateral Arrangement

The iateral arrangement consists of two downhole potential electrodes
32 inches apart. The nearer downhole current elecirode is normaily 18
feet § inches from the center of the patential electrode arrangement.
The depth of penetration is approximately equal to the spacing between
the near current electrode and the center of the potential arrange-
ment.

For relatively thick homogeneous beds, the method yields the true for-
mation resistivity. A combination of normal and lateral electrode
arrangements allows determination of the actual formatjon resistivity
as well as the extent and resistivity of the zone invaded by the
drilling fluid (Telford et al., 1976).

D.  Microlog

The microlog arrangement consists of two downhole potential electrodes
and one downhole current electrode embedded in an insulating pad that
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can be expanded to press against the side of the borehole. Separation
of the electrodes is approximately one to two inches, and depth of
penetration is a few inches at most

The micralag is useful in obtaining qualitative information on both
porosity and Tithology. It can also be used as a caliper 1o determine
borehole diameter.

E.  Focused Current Logs

The focused current method consists of focusing the current into a
thin disk which penetrates laterally into the surrounding rock rather
than flowing up the walls of the hole as in the methods mentioned
above. This method allows determining true formation resistivity inm
very thin beds without being affected by conductive drilling fluid as
is the case with the methods mentioned above.

A wumber of different electrode arrangements have been devised using
focused currents, including the guard log or laterelog (Doll, 1951),
and the microlaterolog or trumpet log (Dol1, 1953).

Depth of investigation varies fram a few inches to several feet,
depending on the type of method used. Depth of penetration using the
guard 1og is approximately three times the length of the guard elec-
trode.

F. Induction Log

Induction logging uses the same technique as surface electromagnetic
testing. The induction log measurement is proportional to the electri-
cal conductivity of the formation.
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Depth of penetration is approximately three-fourths of the spacing
between the transmitter and receiver for unfocused systems and twice
the spacing for focused systems. Focused systems minimize the effects
of mud resistivity, hole diameter, and the zone of drilling fluid
invasion. By adjusting the response to peak at discrete distances
from the borehole, resistivity can be measured for different depths

of penetration,

Although resolution is poor if highly conductive muds are used, the
induction log may be used in dry holes where other resistivity methods
may not prove effective. The induction Tog is also more useful in
determining geologic structure and formation dips than the other
methods mentioned above. '

G. Dipmeter and Fracture Identification Logs

The dipmeter is used to determine formation dip (De Chambrier, 1953).
Although instruments in the past measured EM-response or self potential,
current instruments employ microresistivity measurements

The instrument consists of either three pads pressed against the borehole
wall at 120-degree intervals ar four pads at 90-degrees. The instrument
contains an inclinometer to measure the borehole angle and bearing, and 4
magnetometer to determine the azimuth. A caliper log is also included.

A dipmeter log consists of the retative bearing of the hole drift and
the azimuth with respect to the Number 1 electrode, the hole deviation,
the caliper log, and the resistivity log of the pads.

From differences in the depth of 1ithological boundaries around the bore-
hole and the orientation data, strike and dip of the surrounding forma-

tions can be obtained. Dipmeter measurements can also be used to locate
vertical fractures (Brown, 1979). The focused measurements made with the
dipmeter are extremely sensitive to changes in resistivity. When one of
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the pads crosses a fracture filled with mud, it records a relatively lower
resistivity than the pad- fa~ing an unfractured section of borehole.
Computational snatysis and correlation of many close spaced data points
are generally required for quantitative interpretation of the data.

An advancement in the dipmeter log to obtain more reliable Tocation and
orientation of vertical fractures is the Fracture Identification log
(Brown, 1979). The instrument consists of four dipmeter microresistivity
pars sriented at 90-degrees.

Data presentation consis's of two parts, the first shows the four dip-
meter correlation curves independently and the second shows the four
turves in a dual two-curve overlay.

Permeable beds can be disiinguished from vertical fractures with the
four-curve presentation, since permeable beds will show sharp excursions
on all curves, while vertical fractures will generally show excursions

on only one or two curves. The two pads in an overlay pair are 90-degrees
ap--t. When a vertical fracture is crossed, it will usually be observed
as an anamaly on only one pad of a pair. The anomaly will result in a
separation between the curves and indicates the possible presence of a

+ertical fracture,
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A.B ACOUSTIC LOGGING TECHNIQUES

A, Sonic Velocity tog

The sonic velocity log is used to determine sonic wave velocity. In
order to eliminate errors in arrival times, the difference of arrival
times at two receivers at different distances is measured. This pro-
cedure eliminates effects opposite the transmitters. Two transmitters
are used to eliminate effects opiesite the receivers, one located above
the receivers and the other below them.

The principal application of sonic velocity Togs is in porosity inves-
tigations. '

B.  Sonic-Amplitude Log

Although the sonic log measures only the arrival time of the first
wave, the wave amplitude is also an important parameter. Fractures
cause the acoustic amplitude to decrease markedly. Generally, the
compressional wave is more attenuated by high-angle and vertical frac-
tures, and the shear wave is attenuated by low-angle and horizontal
fractures.

Care must be taken, however, when using the amplitude change without
other corroborative evidence as an indication of fracturing. Changes
in wave amplitude may be caused by other factors, including variations
in Tithalogy, porosity, and borehole size. Furthermore, healed frac-
- tures may give the same response as the surrounding rock.
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Cycle skipping is the result of reduced amplitude of the acoustic signal.
The reduction in signal amplitude is caused by high reflection of energy
and low transmission of energy at the fracture interface. Consequently,
the first arrival of the compressional wave is not detected and travel
times are longer than those generally recorded. If travel times are
longer than the times generally recorded, cycle skipping has occurred.
This phenomenon allows the detection of fractures.

L. Variable Intensity Log

The entire wave train arrival is recorded on the variable intensity
log. Amplitude changes are indicated by variations in shading across
the film track. The darkest shades correspond to the greatest posi-
tive amplitude and lightest shades to the greatest negative ampli-
tudes.

The Tog appears systematically banded if the section is unfractured
and the Tithology and porosity relatively constant. Banding is highly

discontinuous if the log is run through a fractured section.

Care must be taken when interpreting these logs, however, since breaks
in the banding can also be caused by changes in lithology or porosity.
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A.9 NUCLEAR LOGGING TECHNIQUES

A.  Natura? Gamma Radiation Logs

The sonde used for gamma-ray logging consists of a dectector and an
amplifier (Kokesh, 1951). A scintillation counter is the best tool for
measuring the weak gamma-ray intensity in a well at the speed necessary
to obtain a log in a reasonable time. Earlier models used less effi-
cient Geiger counters or jonization chambers, Below 5000 feet, the
scintiliation counter may have to be replaced by other types of detec-
tors because of problems, resulting from high temperatures.

Gamma-ray logs can be used in cased holes, although the curve ampli-
tude is somewhat reduced. They can also be run in dry holes or hcles
containing salt water or salty mud, where electric logs are generally
poor.  Mud has two effects on the gamma-ray curve. It reduces the
log amplitede by absorbing a small percent of the radiatian. This
effect can be ignored unless the hole has a very large diameter (more
than 2 feet). Also, the shale or clay contained in the mud somewhat
increase the background radiation.

Since radicactive elements concentrate in clays and shales, the gamma-
ray log reflects mainly the shale content in sediments and can generally
be corretatad with the seif-potential log. It is more effective than
the self-potential log in highly resistive formations or where there

s 1ittle difference between the salinity of the drilling mud and the
formation water.

If beds are thin or if the logging speed is too great, the probe
leaves the bed before it can measure the full change in radivcactivity
because of the delaying action of the instrument time constant. The
Togging speed must be adjusted in relation to the instrument time
constant to avoid loss of sensitivity. The amplitude of the gamma-ray
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curve is therefore smaller in thin beds than in thick beds, all other
factors remaining constant. Initial borehole gamma-ray readings can
be used to establish a baseline for the normal background radiation
with which future measurements can be compared and anomalous areas of
radiation increase identified.

B. Density Logging (Artificial Gamma Radiation Logging)

The primary application of density logging has been the determination of
formation porosity, since density is related to porosity (Pickell and
Heacock, 1960).

Instrumentation for density logging includes a sonde with a monoener-
getic gamma ray source at the base and a detector such as a scintil-
lation counter about 18 inches above the source. The sonde is forced
against the borehole wall by a spring. The radiation path is through
the adjacent rock, since the sonde is surrounded by lead shielding
except for a window that faces the hole wall.

The gamma rays from the source interact with the surrounding rock and
the detected gamma ray intensity is a function of the roch density.
The maximum depth of penetration is approximately 6 inches and most of
the detected signal returns from within 3 inches of the hole wall.

Density logging may be used in either dry or fluid filled holes. The
logging speed must be adjusted to the instrument time constant to
avoid loss of sensitivity.

Porosity can be determined from a standard formula using the bulk den-
sity, the density of the fluid, and the density of the matrix. Methods
have been devised to cancel background radiation and measure the net
bulk density. One method requires the making of twe logs with differ-
ences in source-to-detector spacings of about 4 inches. The source
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spacing can be varied in the hole to complete both logging runs on one
trip. The difference method is used to calculate bulk density and
porosity. It essentially eliminates the effects of natural gamma
radiation.

€. Neutron logging

Neutron logs are also used to determine formation porosity. Neutrons are
emitted from a source in the logging tool, and bombard the walls of the
hole {Pontecorvo, 1941). Slowing and capture of the neutrons is propor-
tional to the abundance of hydrogen near the source. Therefore, the
activity measured by the log will be inversely proportional to the water
content of the surrounding medium. If the formation is saturated, the
activity will also be inversely proportional to the porosity.

A pumber of neutron sources have been used with varying half-Tives and
neutron yields. The sources include beryllium in combination with an

alpha source such as plutonium, radium, or poionium. Charged particle
acceleraturs are also used to produce neutrons.

Several types of detectors have been used. Some are sensitive to thermal
neutrons as well as to gamma-rays vesulting from neutron capture. Other
sources detect neutrons with energies above a certain threshold level.

In saturated, porous material the neutrons lose energy rapidly; hence,
penetration distance is short--i.e., only a few inches from the borehole.
In low-porosity material, a penetration of approximately two feet can be
achieved. Highest resolution is obtained in small-diameter boreholes so
that little energy is lost to the mud column.



The sidewall neutron Tog measures epithermal neutrons. These are high-
energy neutrons that are not affected by neutron absorbers such as
boron and chlorine. The sidewall neutron log is least affected by

the chemical composition of the rocks and fluid and, accordingly,
should provide a more accurate measurement of total porosity in satu-
rated rock. If a compensated log is used with two detectors spaced at
different distances fram the source, it is possible to correct for mud
effects and hole roughness.



A.10 INSTRUMENTATION AND FIELD TECHNIQUES FOR CROSSHOLE
SHEAR-WAVE MEASUREMENTS

In crosshole shear-wave measurements, an impulse source is placed in one
borehole, and geophones are placed at the same elevation in one or more
adjacent boreholes. For measurements at repository sites, a mechanical
impulse source, called a shear-wave hammer, is to be used. This source
represents the state-of-the-art in shear-wave measurements and yields
excellent results. Older technigues, such as the use of explosives, are
difficult to interpret and may give erroneous results.

The shear-wave hammer consists of a stationary part with hydraulic sys-
tem and pressure plates, and a moving weight attached to a tension cable.
By applying hydraulic pressure, the plates can be expanded and the shear-
wave hammer clamped to the borehole wall. The hydraulic pistons that
press the plates against the borehole wall are also used to retract the
system by reversing hydraulic pressure. After retracting the plates, the
hammer can be raised or lowered to the mext measurement level,

The moving weight assembly consists of two steel weights connected by
vertical rods which s¥ide in bearings in the stationary part. The weight
assembly can be raised or.IOWered with the tension cable to strike the
stationary part, thus creating shear waves at the contact between plates
and borehole wall. Upward and downward impacts of the weight create ver-
tically polarized shear waves with opposite phase. This phase reversal
with opposite impacts permits positive identification of shear-wave
arrivals because compressional wave polarity remains constant.

A geophone in an adjacent borehole is used to detect arrival of shear
waves generated by the hammer. Since shear waves propagate only in a
solid medium, it {s essential that the geophone is placed firmly against
the rock or soil. This contact is accomplished by clamping the geophone
to the borghole wall with a pneumatic diaphragnm.



A detector in the shear-wave hammer generates an electrical signal at
the time of weight impact. Travel time of shear waves is measured from
Lhis moment to the arrival of the wave 2t the geophone.

In order to calculate shear-wave velocities from arrival times, the
exact distance between shear-wave hammer and geophone must be known.
The distance is determined by surveying borehole locations at the sur-
face and by performing a deviation survey for each borehole used in
shear-wave measurements. From these data, the accurate distance
between boreholes at each depth level can be computed.

[t s well known that shear waves propagate with a lower velocity than
compressional waves in a given medium. Because of this fact, shear
waves were difficult to identify on records obtained with earlier shear-
wave methods, such as measurements using explosive sources. The shear-
wave hammer system has two built-in advantages that permit positive
identification of shear-wave arrivals. First, the hammer generates
vertically polarized shear waves which are detected by a vertically
recording geophone. Compressional waves generated by the hammer impact
gnd traveling to the geophone are horizontally polarized. Therefore,
shear waves recorded by the system have much greater ampiitudes than the
compressional waves. Second, the geometry of the shear-wave hammer is
such that reversal of impacts produces shear waves of opposite polarity.
Compressional wave polarity remains the same regardiess of the direction
of jmpact. This second feature permits shear-wave identification even

under noisy field conditions,

The shear-wave hammer requires a borehole of at least 4 inches in diam-
eter, whereas the geophones can be used in boreholes down to NX-size.

The distance between hammer and geophone is generally kept in the range
from 10 to 40 feet. In soft soils, bargholes can be cased without
affecting the shear-wave measurements, as long as the casings are in good
contact with the surrounding soil. This may be accomplished by proper
grouting methods.
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Cross shear-wave measurements are a technique used for accurately deter-
mining rock mechanical parameters of a limited volume of rock or soil,
The parameters measured are used in engingering design. 1f shear-wave
data of a regional nature are desired, shear-wave refraction and reflec-
tion data should be used in conjunction with microseismic and other
seismological data. Renewed interest in various modes of shear-w.ve
reflection arrivals is being shown by the oil industry for lithologic
studies. Further research in this direction is required.

Equipment presently used in crosshole shear-wave studies is Timited to

depths of about 500 feet. A self-contained system without this depth
Timitation should be developed for desp repository studies.
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APPENDIX B

ROCK MECHANICS: STRESSES,
DEFORMATION, AND THE
CREEP PHENOMENON

B.1 IN-SITU ROCK STRESS

Every element of rock in the earth is subjected to a number of different
classifications of stress. These include (Bielenstein and Barron, 1971):

e Natural overburden stresses

e Tectonic stresses caused by geologic forces outside of the
jmmediate area

o Induced stresses arising from stress concentrations around

openings
¢ Induced thermal stresses

o Residua) stresses resulting from changes in stress history.

If an opening is created for a repository in a salt bed, stress concen-
trations will be induced in the rock around the perimeter of the opening.

The magnitude of these induced concertrations will  .end upon the weight
of the overburden rock, acting vertically, together with a horizontal
stress caused by vertical compression without lateral expansion, plus
tectonic stresses if they are present, plus any active residual stresses.
In addition, if the rock stratum is Tocally heated or cooled abave or
below ambjent temperatures, thermally induced stress changes will arise
in the rocks. If the stress state is determined at any point in a rock
mass, the stress measured will include all of the above stiesses. These
values, as determined by overcoring, can be used for design because they
represent the actual stresses in the rock. The main objective of in-situ
stress determinations is to measure these stresses.
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o Natural overburden stresses are caused by the weight of the
overburden. They consist of a vertical component due to over-
burden rock weight, a harizontal component due to the elastic
confinement of the rock element, and shear components due to
differences in rock properties of the overlying strata.

o Tectonic stresses are caused by geologic processes such as
volcanic activity, global plate mevements and other deep-

seated activities,

o Induced stresses are caused by excavation. If an opening is
cut into a stressed rock, the stresses in the rock around that
tunnel adjust to the remaval of support and confinement. The
result is a pattern of increased stress around the perimeter.
The exact pattern depends on the depth of the opening, the
properties of the rock, and the original stress distribution.

¢ Induced thermal stresses are caused by the heating or coeling of
localized masses of rock above or below ambient temperatures as
determined by the regional geothermal heat flow. Heating causes
the rock to expand and thus press outward against the unheated
rock. Cooling causes the rock to contract and thus reduces the
outward stress against the surrounding uncooled rock. In both
cases, the stress patterns around the regions of temperature
changed are altered.

# Residual stresses are of two types:
- Fabric residual stresses
- Structural residual stresses.

Fabric residual stresses have been observed in many types of rock. They
are characterized by time-dependent strain recovery of unloaded freshly
cut rock samples, This recovery can be expiained as follows:




o The deep burial of a rock element causes rearrangements in com-
ponent mineral crystal lattices to reduce internal stress con-
centrations caused by differing amounts of strain in each crys-
tal. When the burial pressure is reduced, the compressed crys-
tals expand, again by different amounts, resulting in the devel-
opment of intergranular stress concentrations. With time, micro-
fracturing or plastic flow on the microscopic scale results in
strain relaxation, and the stress concentrations dissipate.

Structural residual stresses also arise out of differences in rock prop-

erties; however, the restraints upon strain are due to geologic structure
and not rock fabric configurations. An example can explain the process:

o Assume that a series of salt beds is buried at depth and that
the horizontal and vertical stresses are equal. Without differ-
ential stress, the beds can remain in equilibrium without creep
indefinitely. If overburden is rapidly removed, the vertical
stresses will relax; the horizontal stresses will also tend to
relax, but by a lesser amount due to the elastic properties of
the salt. The total vertical stress can be removed, but the
total horizontal stress cannot because the reductions in stress
can never total the original horizontal stress. The result is
the creation of high horizontal stresses near the surface. High
horizontal stresses have been recorded by many investigators for
numerous mines and caverns in hard rocks (Herget, 1973).

It is expected that the cumulative effect of all the abave sources of in-
situ stress will lead to a stress distribution underground that will vary
both locally and regionally. A reasonable number of stress determinations
will lead to an understanding of the rock stress pattern in a repository
in hedded sait,



B.2 STRESS DEFORMATION BEHAVIOR PARAMETERS

Stress-deformation phenomena are classified int four basic idealized
mechanical states:

Elastic Behavior
Plastic Behavior
Creep Behavior
Post-Failure Behavior.

For each state, the deformation that results from the application of
stress is determined by a different set of rules. The parameters that
represent those rules (physical properties) vary not only by rock type,
environment, and fracture history, but also by mechanical state.

Parameters that are not dependent upon the mechanical properties or the
mechanical state as defined above are

g Stress (psi)
) Defarmation (inches) {or strain e, dimensionless)
T Temperature (OF).

Elastic behavior is characterized by a linear relationship betwsen stress
and strain, Strains are small and no internal changes in rock fabric
occur. Parameters to measure are

E Young's Modulus (psi)
G Shear Modulus (psi)
v Poisson's Ratio (dimensionless).

Plastic behavior is characterized by a change of state in the matrix of
the rock in which permanent deformations occur. Upon the release of
stress not all of the strain is recoverable; the recovered portion is



the elastic strain and the nonrecovered portion the plastic strain.
Ideally, plastic strain does not begin until a minimum stress, the
yield stress, has been reached. Parameters to measure are

a Yield Stress (psi)
G-& Curve Stress-strain curve for various stress conditions.

Creep behavior is characterized by time-dependent st-ain undei a constant
stress state. It can occur in non-yielding rocks as weli as in rocks
that have been raised above their yield point. It can also i ccur in
;ailed racks. A full discussion of creep is given in Sectiors B.3 and
B.4 of this Appendix; measurement techniques are described in Section

B-5 {1ak:-atory) and Section 3.5F (in-situ).

Post-failure behavior is characterized by a negative stress-strain rela-
tion. Most racks, under normal stress conditions found underground, are
brittle and not tic. They fail by progressive fracturing under a
relaxing applied stress. In the failed state any increase in stress
Teads to an immediate total failure of the rock. However, a decrease

in stress is accompanied by an increase in strain, and thus equilibrium
is maintained without a total collapse of the fabric. In many mines and
underground civil structures, failing but stable rock masses exist in
pillars, walls, roofs, and floors. Parameters that can be measured are

Tf Unconfined failure strength (psi)

T - & Curve Stress-strain envelope for triaxial tests under
varying confining stress

F Failure modulus--slope of stress-strain curve for
failure 'negative slope) (psi)

E¢ Elastic modulus of failed vock (psi)
Gf Shear modulus of failed rock (psi)
Yp Poisson's ratio of failed rock (dimensionless).



o —

Woed JuUEEE  MEeas WERN WSS ASEew ey e Jumni el el e Emew  BEWA ey e

R —

B.3 CREEP LAWS AND PARAMETERS

The creep strain within a rock is a function of time, the state of
applied stress, the pore-water pressure, temperature and the internal
state of the rock fabric. Normally, the follwing functional relation-
ship is assumed:

e = f (t) fy (o) f3 (N

Where € is total strain, t is time, ¢ is stress, and T is absolute
temperature. Pore pressure effects are assumed to enter into the rela-
tionship by means of the effective-stress principle in which the principal
stresses ( o) are replaced by the effective stresses ( o”), where

6" = g - p

and p is the pore prassure.

The internal state of the fabric must enter into the relationship
through the functions fl, fz, and f3. A change in these functions

indicates a change in creep mechanism within the rock fabric.

The state of stress arting upor rock elements within the earth is always .
triaxial. But our understanding of the creep phenomenon in rocks comes
from laboratory tests--either uniaxial tests or triaxial tests--in

wnich the intermediate and minor principal stresses equal the confining
pressure. The driving force for creep is *ifferential stress, or a

higher principal stress minus a Jower principal stress. For most applica-
tions, it is the maximum principal stress iess the minor principal stress
For Taboratory uniaxial creep tests, the differential stress is the axial
stress, while for triaxial tests, it is the axial stress less the confining
pressure.

In laboratory creep tests, the common testing technique is suddenly to
apply a constant differential stress to a core sample in a testing
machine and then to monitor axial deformations o;er time. Three basic
stages of creep are always recognizable:
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o Primary creep--a higher initial creep rate decreases steadily

with time toward a constant value

s Secondary creep--the creep rate remains essentially constant
up to a periad in time where it then begins to increase

¢ Tertiary creep--the creep rate, upon increasing, continues
to increase until failure occurs.

The duration of each stage depends upon the axial Toad and the rock
being tested. For most rocks, when differential stresses are above
three-quarters of the specimen s<rength at a given confining pressure,
secondary creep does not develop. Alsa, when differential stresses

are below one-quarter of the strength, Tong periods of time are normally

required before tertiary creep can develop.
Time Laws

In analyzing creep behavior, the following equation can be used. For
a sample loaded under stress o and at temperature T, strains are

fl(t) = € + ep(t) + ést (Lama and Vutukuri, 1978)

where fl (t) is total creep strain, iz is the initial elastic strain,
€p(t) is the primary creep time law, and és is the secondary creep rate.

Table B-1 shows the most commonly used primary creep time laws and to
what rocks these laws are applicable. Also listed are the parameters
that are applicable to each law. These parameters are the ones that
must be used when employing mathematical models for analyzing in-situ
creep behavior of a rock.



TABLE B-1
TIME LAWS FOR ROCK CREEP
REFERENCES

LAW DESCRIPTION CREEP PARAMETERS ROCK

Primary Creep

%(t) = AP Parabalic Law Salt Misra and Murrell,
(0 <m< 1) Limestone 1965; LeComte, 1965;
Marble Lomenick and Bradshaw,
Gabbro 1969, King, 1972; Star-
Granodiorite field and McClain, 1973;
Wawersik, 1974
%(t) = At" + Bt" Polynomial Law Numerous Misra and Murrell,
rocks at 1965
high temp.
e(t) =Alnt . . Gabbro Griggs, 1936; Lomnitz
p 'L-‘a’gg”th""c Granodiorite 1956; Price, 1964; Misra
%(t) =A1In (1 +at) Granite and Murrell, 1965; Hobbs,
Shale 1970
Mudstone
Limestone
Sandstone
s (t) = A (1 - &™) Viscoelastic { imestone Hardy, 1967
Law Sandstone
Secaondary Creep
=g(t) = (A/n) t Maxwell Limestone Griggs, 1936
Viscoelastic Talc
Law cthers

Tertiary Creep

e {t) =

AtP

Parabolic Law



For secondary creep, the strain rate 15 constant and not a function of

time:

The parameter 4 is a function only of stress level, temperature, and
the internal state of the rock fabric.

For tertiary creep, no specific time 12ws have been proposed, since few
creep experiments have been designed specifically to investigate it.

When tertiary creep begins, it denotes impending failure, so that in

most cases the wain interest of analysis is to recognize when secondary
creep ends and tertiary creep begins. A parabolic law with an exponential
term larger than unily is applicable.

Stress Laws

The stress dependence of creep has two facets: a differential stress
dependence and a confining stress dependence (Cogan, 1976). In a uni-
axial test, the axial stress dependence dominates. An increase in axial
load results in an increase in axial creep rate. In a triaxial test,

the differential stress dependence is modified by confining pressure
because, at very high confining pressures, changes in the creep mechanism
occur. Table B-2 presents stress-dependent laws and their associated
rocks. These laws are assumed to be applicable to both primary and

tertiary creep.

A detailed knowledge of haw confining pressure affects creep in many
rock types is still lacking. For salt it appears that creep is driven
by differential stress only {LeComte, 1965; Carter and Heard, 1970)--
i.e., equal amounts of axial creep can occur in a sample at dijfferent
confining pressures because only axial stress less confining stress
controls creep rates. This condition is probably true for many rocks
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TABLE B-2

COMMON STRESS-DEPENDENT RELATIONS

FOR ROCK CREEP

Lawt/ DESCRIPTION CREEP PARAMETERS
e =Ag" Parabolic Law n 2/
(1 < n<8)
. B a 2
€ = fe Exponential Law B
€ = sinh No Hyberbolic Law N
1/. d

- : 1>
€ = strain rate at

2/ If n=1, the Taw is one of viscoelasticity (Maxwell body).

ROCK REFERENCES
Salt Robertson, 1963; Obert,
Sandstone 1965; Hobbs, 1970;
Siltstone Cruden, 1971 a, b
Shale
Limestone
Marble Heard, 1963; Donath

and Fruth, 1971
Marble Griggs, 1940; Heard,
Sandstone 963
Limestone



until confining pressure values become so large that internal creep
mechanisms change.

Confining pressure strongly affects creep in weak and fractured rock
and in post-failed rocks because confining pressure tends to close
cracks. In fact, Cogan (1976) found that large confining pressures
applied to shales introduced a consolidation effect which strongly
retarded creep rates.

Temperature Laws

An increase in temperature always causes an increase in creep rate. The
total creep strain is the sum of a number of microscopic creep strains
distributed throughout the rock fabric, Past investigations have
assumed that these microscopic creep events are thermally activated, so
that an increase in temperature increases the rate of activation and
thus the strain rate (Heard, 1963; LeComte, 1965; Misra and Murrell,
1965).

A tist of temperature Jaws is shown in Table B-3. The exponential law
is the typical rate-process temperature term used in chemistry and
physics. The linear law is taken from Misra and Murrell (1965) and was
derived from Mott's theory of creep (Mott, 1952). The parabolic law

is a purely empirical relationship taken from Jaboratory experiments.
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TABLE B-3

TEMPERATURE DEPENDENCE LAWS
FOR ROCK CREEP

LANl/ DESCRIPTION CREEP PARAMETERS ROCK REFERENCES
¢ = exp [~ 2H/KkT] Activation Law AH = Activation Anhydrite Misra and Murrell
Energy Dolomite 1965; Carter and
Constant Sandstone Heard, 1970
Marble
Salt
g = AT Linear Law None Dolomite Misra and Murrell,
Sandstone 1965
Grancdiorite
& =a1" Parabolic Law n Salt Lomenick and Bradshaw,
1965 and 1969; Starfield
and McClain, 1973
1 strain rate: & =945

[=%
ot
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Pore-Water Effects

The effects of pore water upon rock creep have been minimally investigated
and therefore are not well understood. The effective-stress principle
prabably applies, but proof of this is lacking. For dry rocks humidity
has an effect upon creep; the drier the rock, the Tower the creep rates
(Wiid, 1970). Thus, the drying out of a rock due to high temperature

may lead to a decrease in creep rate which may offset the increase due

to a temperature rise. This case has been observed in concrete (Neville,
1970). No research has been reported in these areas for bedded salt.

Internal Fabric Effects

The state of the internal fabric of a rock strongly affects creep also.

The two major divisions to consider are

o Prefailed State
¢ Failed State.

In the prefailed state, the rock fabric is well cemented, and micro-
cracking s Timited in extent. Creep can occur under constant stress,
increasing stress, and decreasing stress. A1l creep laws in Tables B-1,
B-2 and B-3 have been derived for this state.

In a failed rock, creep rates will be larger than for the unfailed rock
at the same stresses. In addition, stable creep can occur only under a
decreasing stress (Cogan, 1978) because creep strains bring the rock
rapidly toward the stress-strain failure line. OCnce the failure Tine
is reached, total collapse of the sample will occur. Failed rock con-
ditions are common underground in both pillars and opening walls. In
most cases these rocks are stable for long periods of time because rock
stresses decrease as the strains increase.

B~ 13



B.4 CREEP FUNCTIONS FOR SALT

Various combinations of the functions fl(t), fz(c) and f3(T) have
been used to define creep in salt beds. These relationships between
strain, time, stress, and temperature are

R (Lomenick and Bradshaw, 1969;
Starfield and McClain, 1973)

. =B ol exp (- BH/AKT) t  (Carter and Heard, 1970)
Equation (B-1) describes primary creep only and was derived from labora-
tory stress-strain tests upon model pillars made of salt. Equation (B-2)

describes secondary creep only and was derived from laboratory tests en
numerous samples tested at a variety of stresses and temperatures.
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B.5 CREEP LABORATORY TESTING

Laboratory testing includes uniaxial testing and triaxial testing with
heating. Uniaxial tests can produce only the time-temperature dependence
of strain for the uniaxial stress conditions. Triaxial tests can yield
the full time-temperature-confining stress dependence.

To determine all the parameters--such as those in Equations (B-1) and (B-2)--
required to describe rock creep, extensive testing is required. A series
of constant-temperature-and-confining-stress creep tests can be performed
in 3 triaxia) testing machine. For each test, a series of constant axial
‘vads 15 applied to a rock core initially placed under constant tempera-
ture and constant confining pressure acting radially upon the sample.

The resulting strain-time curves can be used to derive the time law. For
Equation (B-1), a plot of In e vs. In t yields a straight line, the slope
of which is the parameter c, the intercept 1n A. From this series of
tests, a second plot, € vs. o can be made for each axial Toad o for a
specific time period after loading. For Fquation (B-1), the slope of

the plot of Tn e vs, ino will yield the parameter a.

Next, the temperature can be changed and the grocedure repeated, thereby
obtaining new values for c, A and @, For a given confining pressure,
several runs at different temperatures will yield a relationship between
strain and temperature. In Equation (B-1), the slope of a plot of
Inevs, InT will yield the parameter b. For Equation (B-2), the siope
of a plot In € vs. 171 wiil yield =4 H/k and, since k is knowr (Planck's
Constant), the activation energy, 4H, is obtained.

Because of the time invalved to perform all of these tests described
above, it can be seen that a determination of all the creep parameters
for all the rocks at a particular repository site may not be feasible,
Testing programs designed to determine orders of magnitude of these
parameters, and the boundaries above and below which they do not occur,
can be devised to reduce testing requirements.
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For a particular repository site, laboratory testing can be used to
identify the best functional relations suitable for developing a full-
scale equation describing primary and secondary creep behavior of the
salt and its associated rocks. This testing should take into account
the environment that will exist at all locations within a particular
repository. The physical parameters to be measured will be

For Eq. (B-1): A, a, b, and ¢

For Eq. (B-2): B, d, and AH.
For an actual rock, the stress dependence may be the same for primary
and secondary creep, and in that case, a = d. Similarly, for linited

temperature ranges, the oxp (- &4H/KT) term may ie replaced by a
term Tb. the same temperature dependence term as in Eq. (B-~1).



APPENDIX C
THERMAL PHENOMENA
AND PARAMETERS

C.1 THERMAL PHENOMENA

Heat Transfer

The three generally accepted mechanisms of heat transfer are conduction,
convection, and radiation. Each mechanism can act independently or in
combination to produce a flow of thermal energy between one part of a
medium and another, or across the surfaces of contact between two media.
Heat flow occurs from regions of higher temperature to ones of lower
temperature.

Heat flow by thermal conduction occurs between neighboring regions which
have different temperatures. Since molecular activity is a function of

temperature, molecular vibrations are more intense in the hotter than in
the cooler regions. Through a process of collision between molecules as
in a gas, or between free electrons as in a metai, emergy is transferred
to the cooler regions.

The flow of energy by conduction is expressed by the following law of
heat flow

4. dL (C-1)

where dq/dA is the heat flow rate acrass a unit area dA (Btu/ftz-hr‘,

dT/dx is the thermal gradient between two points on either side of the
area through which the heat is flowing (F/ft), and k is the thermal
conductivity (Btu/hr-ft-O),
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Heat flow by thermal convection is the iransfer of thermal energy by the
actual physical movement of heat from one Tocation to another by an inter-
mediate substance in which thermal energy is stored. For example, heat
can be removed from hot rock around a tunrel by the ventilation system.
Air at Jow temperature is forced down the tunne) and comes into centact
with the hot rock walls. By a combination of conduction processes and
radiation processes at the air-rock boundary, thermal energy is trans.
ferred to the air. The flowing air then stores that energy and removes
it from the tunnel to the outside atmosphere.

The basic equation for heat flow from the rock to the air is governed by
the relation

q = Ah (T5 - Tf) {c-2)
where q 1s the heat flow (Btufhr) across a bouncary area A (ftz) T the

solid surface boundary temperature ( F), T the ambient fluid temperature
( F) and h the heat transfer coeff1c1ent {Btu/hr-. t2- F).

The heat transfer coefficient h is composed of conduction and radiation
portions, The conduction portion includes heat flow from the rock wall
theough the fluid boundary layer, and into the turbulent flow zone. The
thermal conduction thus depends upen the viscosity and thermal conductivity
of the fluid within both the boundary zone and within the mass of flowing
fluid. It also depends upon the creation of heat by fluid friction within
the fluid itself.

Heat transfer by radiation is the transfer of energy between bodies by
electromagnetic energy. Every material emits electromagnetic waves which
can be absorbed by other materials. The emission of energy leads to a
decrease in temperature, while the absorption of energy Teads to an
increase in temperature.



A body that absorbs or emits all electromagnetic energy is called a

black body. Most solids are opaque and absorb or emit electromagnetic
radiation only upon a thin surface layer, so that heat transfer by radia-
tion witi.in the material is not significant. However, solid surfaces can
emit and absorb radiation from the air, or through the air to and from
other solid surfaces. Thus, heat transfer by radiation can occur between
hot repository walls and between these walls and the ventilation air.

The basic equation for heat transfer by radiation is

4 4

g = Fa(r" -T,) (¢

where q 1is the heat flow (Btu/hr), A is the area of one of the surfaces
(ftz), a is the Stefan-Boltzmann constant (0.171 )(10'8 Btu/hr-ft2-°R4),
T1 and T2 the absolute temperatures (°R =% 460) of the two bodies,
and F is a geometric factor dependent upon the configuration of the two

bodies.

I one of the bodies is ventilation air and the other tunnel wall rock,
then

4
q = Aey(T, ‘e T ) (C-4)

where T, is the wall rock absolute temperature, Ta the aﬁbient air
absolute temperature and € the emissivity of the rock wall.

Emissivity is the ability to emit thermal radiation. It is based upon
Stefan's law that the amount of radiant energy emitted from a body is
dependent only on the fourth power of its absolute temperature. For a
perfect emitter, the black body,

4

Eb =0T (C-s)



where E, is energy in (Btu/hr-ft*). For a real body, less emission
occurs than for g black body, and this property is measyred by the
emissivity parameter

b (C-5)

50 that E = eo0 T

where E is the rate of energy emissiocn per unit area of the real body
and t© {5 its emissivity.

Transient Heat Flow

Transient heat flow occurs when the temperatur of a region within a
solid changes with time. This change with time is governed by the
Fourier Equation, written here in one dimension:

2

k 87T 8T
w e D

where  k 1s the thermal conductivity (Btu/hr-ft-OF)
W the weight densivy of the material {Ibf/ft’)
¢ the thermal capacity (Btu/1b-°F)
T temperatare (°F)
x distance (ft)

t time (hr).

The term k/wec is called the diffusivity, K.



In any medium where temperature is a function of time as weil as location,
transient heat flow effects will occur. If a tunnel in a repository has
no air flow through it, the air temperature in the tunnel will become
equal to the rock temperature. If, after a period of time, ventilation
is reintroduced, cool air will pass down the tunnel and pick up heat
from the wall rock. The amount of heat gained will decrease with the
distance of flow because, as the air temperature rises, the temperature
difference between the air and the rock (Tw - Ta) decreases. With time,
more and moie heat will be removed from the rock, and an annulus of
cooled rock will develop around the tunne) perimeter. Eventually, a
state of equilibrium will be reached in which the heat flow into the air
will be balanced by the heat flow into the cooler annulus from warmer
rock deeper in the tunnel walls. The temperatures within the walls will
then increase from a value just above air temperature to ambient rock
temperature at some point deep in the wall rock. The rate at which the
annulus of cooled rock will develop will depend upon rock diffusivity.
The final shape of the temperature distribution within the wall rock
will depend upon rock conductivity.

Thermoelastic Phenomena

When a rod of metal is heated, the length of the rod increases, the increase
being proportional to the change in temperature:

Lo o (c-8)

where AL is the change in length (ft), b, the original length (ft),
AT the change in temperature (°F], and o the coefficient of thermal

expansian,



Yo prevent any change in length, a stress equal to

o = £ AL (¢-9)
s}
would have to be applied to the bar, where E is the elastic (Young's)
modulus (psi}. Substituting the value of as/¢ in Eq. {C-8) into
(C-9), one obtains the relationship between stress and temperature:

g = [ o & (C-10)
Thus, changes in temperature can Tead to changes in stress. Within a
repository, heat will raise the temperature of the rocks, and the rocks
will expand. Restrsints on rock movement can vetard free expansion, so

that rock stresses in a repository will increase.

Thermochemical Phenomena

As the temperature of a rock is increased, its physical state will change.
These changes will be reflected in their physical properties. Some of
these changes can be brought about by temperature-induced chemical changes
such as

Vaporization of pore water

Vaperization of water of hydration from individual minerals
Phase changes in individual mineral crystals

(xidation of chemicals within the rock

Melting of isolated minerals

Surface tension effects and the relaxation -f grain boundar
stresses.
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Since these changes can affect rack properties, especially stre .h and
creep rates, a knowledge of their existence and of the temper. re at
which they act is desirable.



Thermomechanical Phenomena

Changes in rock temperature always result in changes in rock physical
properties. [Lvery physical property is affected to a different degree.
The identification of those physical properties that change signifi-
cantly within the range of repository temperatures is desirable. Sig-
nificant changes will affect the stress distribution and heat flow pat-
tern within the repository. Impartant properties to consider are rock
strength, elastic moduli, thermal conductivity, thermal capacity, emis-
sivity, diffusivity, thermoelastic constants, plastic yield stress,
c1oep parameters, porosity, and permeability.

Some influences of temperature upon salt properties are

¢ Decrease in strength with rising temperature (Dreyer, 1977)

@ Strong decrease in thermal conductivity with rising temperature
(Birch and Clark, 1940)

# Strong increase in creep rates with increasing temperature
(Lomenick and Bradshaw, 1965).



C.2 THERMAL PARAMETERS

In order to evaluate and monitor the thermal state of a repository in
bedded salt, the thermal parameters of the associated rocks must be
known. The capabilities to measure these must exist for both in-situ
and laboratory conditions. The main thermal parameters of interast are

s Temperature (T)

o Thermal Conductivity (k)

¢ Thermal Capacity (c)

s Diffusivity (K)

o Heat Transfer Coefficient (h)

o [Emissivity ()

s Heat Flow Rate {q)

¢ Thermoelastic Constant {a)

¢ Thermochemical Properties

o Thermomechanical Properties
Temperatyre (OFZ

Temperature is a measure of the relative therral state of a body in
relationship to a standardized body called a thermometer. If a thermom-
eter is placed in contact with a body, it will either gain or lose heat
until it reaches thermal equilibrium with that body; at that point, the
temperature of the thermometer is said to equal that of the body.

Thermal Conductivity (Btu/hr-ft-Uf)

Thermal covductivity is a measure of the amount of heat that flows through
a unit of surface area per unit time given a temperature gradient at the
surface. [t is the property of the material that determines the rate of
heat flow through the material when subjected to a thermal gradient.



1f a heat-producing canister is surrounded by a rock with a Tow thermal
conductivity, the flow of heat away from the canister and into the rock
will be slower than if it were surrounded by a rock with a high thermal
conductivity. In other words, temperature rise within a canister and
surrounding rock will vary inversely with thermal conductivity. The
Tower the conductivity, the higher the temperature.

In sddition, different rocks have different thermal conductivities;

heat flow within the repository will be controlled partially by these
differences. For example, if a set of canisters is placed in a salt bed
of high thermal conductivity, which is bounded by shale beds of low con-
ductivity, a greater heat flow will tend to move radially outward into
the salt rather than vertically into the shales. This condition will
influence temperature distributions in the repository. For purpose of
reference, some thermal conductivity—values are listed below.

TYPICAL THERMAL CONDUCTIVITIES
AT 68°F (unless otherwise noted)

Thermal Conductivity

Material (Btu/hr-ft-oF)l/ Reference

Copper 223 (Geidt, 1957, p.358)
Steel (C=1%) 25 (Geidt, 1957, p.357)
Rock Salt 0.66 - 1.74 (Clark, 1966, p.464)
Rock Salt 2/ 3.56 (Heard, 1979, p. 37)
Shale 1.00 - 1.38 (Clark, 1966, p.462)
Water 0,344 (Clark, 1966, p.482)
Dry Soil 0.08 - 1.33 {Clark, 1966, p.479)
pir 0.0148 (Geidt, 1957, p.358)

Y Conversion factor: Btu/hr-ft-°F = (.004136 cal/s-cm-2¢
2/ Measured at 95°F and 1500 - 5800 psi confining pressure
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Thermal conductivity of rock is dependent upon mineral content, porosity,
the type of porosity, the type of pore fluid, the degree of saturation,
external applied stress, and temperature. In general, the thermal con-
ductivity of a rock sample will

Decrease with an increase in the degree of internal cracking
Decrease with a decrease in water content
Increase with an applied external stress

Decrease with an increase in temperature (but there are
exceptions)

¢ Decrease with a change in porosity configuration from vugular
to fractured.

The heat flow across pores within a rock is reduced by open, flat cracks,
but the application of external stresses closes these cracks and thus
increases conductivity {Walsh and Decker, 1966). The removal of water
from the pores introduces air which has a lower conductivity than water
{Clark, 1941}; thus, heat flow across the pores {or crack) is retarded
and the conductivity decreases. The worm-hole nature of vuqular pores does
not affect conductivity as much as flat cracks because the heat can flow
easily around pore openings through mineral material {Walsh and Decker,
1966}, An increase in temperature strongly decreases conductivity in
many rocks, including salt (Birch and Clark, 1940). Finaily, under high
external pressures, fractures and joints close, and the thermal conduc
tivity of a fractured rock approaches the intrinsic conductivity of the
rock matrix for both dry and saturated rocks (Walsh and Decker, 1966).

From the above discussion, it can be seen that laboratory-determined
conductivity can differ from in-situ conductivity because of different
states of stress, porosity, and water content. For the purposes of ana-
1yzing heat flows in a repository in bedded satt, in-situ conductivity
measurements are recommended,
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Thermal Capacity (Btu/1b-"F)

Thermal capacity is the amount of heat required to raise a unit of mass
of homogeneous material one degree in temperature.* Themmal capacity is
also a rock property that varies with rock type. It has an influence
upon the heating and cooling rates of rocks during transient temperature
changes as noted in the subsection entitled Diffusivity, p. C-12, Some
typical values of thermal capacity are listed below.

THERMAL CAPACITY FOR VARIOUS MATERIALS

Thermal Capacity

Material (Btu/lb-oF) Reference
Copper 0,0915 (Geidt, 1957, p.357)
Steel 0.113 {Geidt, 1957, p. 357)
Rock Salt 0.19-0.47 (Dames and Moore, 1978, p. A-13)
Coarse Earth 0.44 (Geidt, 1957, p. 357)
Water 1.00 (Geidt, 1957, p. 357)
Air (@ 70°F) 0.24 (Geidt, 1957, p. 357)

Heat Transfer Coefficient (Btu/hr-ftz-oF)

As described earlier, the heat transfer coefficient is composed of a
radiative portion and a convective portion. For heat transfer from a
rock tunnel wall to ventilation air, radiative heat transfer will domi-
nate at higher temperatures, e.g., 500°F and higher, but at lower tem-
peratures, heat transfer by conduction between the rock and air will
also ba important.

* Specific heat is the (dimensionless) ratio of a material's thermal
capacity to that of water at 59°F (15%); mumerically, specific heat
equals thermal capacity.
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Equation (C-2) could also have been written as
h=h +h = ‘A_ﬁ:g_-—T;f (c-11)

where hr is a radiative heat transfer coefficient and hc a convective
coefficient. The radiative coefficient can be derived from the radia-
tion law using known emissivities and tunnel geometry, or from measure-
meats in tunnels.

Determination of the conductive heat transfer coefficient is compli-
cated by air flow conditions. All ventilation air flow is turbulent, so
that a fluid boundary layer develops at the rock surfaces. This layer
will vary both in thickness and in configuration with the air velocity.
Since heat transfer by conduction across the layer depends upon fluid
viscosity, eddy current conditions, frictional resistance in the air and
other factors, the estimation of heat transfer coefficients is difficult.
Suitahle values can be generated, but they will vary with air velocily,
location, air and rock temperatures, rock surface conditions, and other
possible fac.ors.

Diffusivity (§t5/he)

Diffusivity (K) is defined as the thermal conductivity (k) divided by
the product of the weight density (w) and the themmal capacity (c),
or

Lk
K= ™

Diffusivity is a convenient combination of two other thermal properties,
and therefore not an independent parameter.
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Diffusivity is used in heat transfer calculations involving non-steady-
state conditions--i.e., conditions in which boundary temperatures change
with time. It is a measure of the heat storage capacity of a body
under changing temperature conditions. For any heat flow calculations
made for conditions of changing rock temperatures, the diffusivity must
be known. '

Weight Density (1bs/ft%)

Density is the mass per unit volume for a material. Weight density is
the weight per unit volume in 1bs/ft3. Some typical weight densities are

Copper 559 1bs/ft®  (6eidt, 1957, p. 357)

Steel 487 (Geidt, 1957, p. 357)
Rock Salt  130-152 (Dames and Moore, 1978, p. A-2)
Water 62.4

Imissivity (Dimensionless)

Emissivity is the ratio of the radiation emitted by a surface tc the
radiation emitted by a perfect black-body radiator at the same tem-
perature. Emissivity is a measure of the radiant heat flow that can
occur at a rock-air interface. This parameter will play a role in

the heat transfer between rock faces and the air in the ventilation
system. It will be a function of rock type and rock surface conditions.

Heat Flow Rates (Btu/ftz-hr)

lieat flow rates are the amounts of heat flow across a surface of unit
area per unit of time. They are not measured directly but must be cal-
culated from temperature measurements.
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Thernoelastic Constants (in/in-°F)

For rocks, the relative change in voiuwie with change in temperature is
normally anisotropic--i.e., the change in length will differ in different
directions. For bedded salt strata, the thermoelastic strains measured
parallel to bedding will differ from those weasured perpendicuiar to
bedding. The thermoelastic constants will vary with temperature, but
the variation should be small. 1In order to calculate thermal stresses
induced by tetperature increases, the thermoelastic constants of the
sirata are required. Some typical values are

Rock Sait - 20 to 22 x 107 in/in-F  (Dames and Moore, 1978)

6

Limestone - 14.4 x 1077 in/in-OF (Clark, 1966)

Theriochemical Properties

Thermochemical changes within a rock are identified by measuring the
release or absorption of heat associated with a change in temperature.
Far example, the evaporation of pore water will be accompanied by the
absorption of heat. For each change, @ heat of activation ( HA)
associated with the change and the temperature (TA) at which it occurs,
serve to identify the phenomenon.

If a thermochemical change adversely affects rock strength or some

other property, the activation temperature at which the change occurs can
serve as a 1imiting temperature above vhich rock temperatures should

not rise, The identification of adverse effects reyuires testing.

Thermomechanical Properties

Thermomechanical properties will be measures of the temperature effecte
upon rock properties. These can be graphs or tables showing the property
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as a function of temperature, equations that relate the property to tem-
perature, or indices that relate property changes to temperature.

In most cases data are lacking that could be used to introduce thermo-
mechanical factors into the anmalysis of instrument data. For example,
rock strengths as determined in the laboratory at room temperature can
be used to design openings at room temperature. But to this date,
there are np techniques that allow the prediction of rock strength, for
example, at 300%F without laboratory testing at 300°F.

The same situation obtains for thermal conductivity measurements made

at room temperature: heat flow calculations will not accurately predict
actual heat flow in rocks at 300°F, For salt, the conductivity decreases
strongly with temperature rise, so that heat flow rates will be Tower

and repository temperatures will be higher than predicted by room-
temparature conductivities.
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