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.- Chapter 2
GEOENGINEERING

0 Introduction

.1 HMechanical properties of rock units--intact rock

2 Mechanical properties of rock units--discontinuities
3 Mechanfcal properties of rock units--large-scale

4 Thermal and thermomechanical properties--intact rock
5 Thermal and thermomechanical properties--large-scale
.6 Existing stress regime

7 Special geoengineering properties

8 Excavation characteristics of basalt

9 Summary

.10 References

2.0 INTRODUCTION

Geoengineer1ng is a sc1ent1f1c discipline that dea1s w1th the response of -
rock and rock masses to the force fields of their physical environment.
Understanding of geoengineering properties of host rock is of fundamental
importance for repository construction feasibiiity study since the host rock
provides a structural barrier to the migration of radionuclides. The shafts,
access drifts, emplacement rooms, and emplacement holes should be designed and
excavated in such a way that they remain stable during the repository life.

To assure adequate performance of the repository in the preclosure and
postclosure stages, rock properties and the underground conditions surrounding
the repository should be understood thoroughly. Advanced knowledge of
underground conditions and rock characteristics has aided design of
underground structures significantly; although it is difficult to obtain
adequate knowledge when the underground is accessible only through small-
diameter boreholes. .

This chapter presents a summary of current understanding of
geoengineering properties of the repository host rock and underground
conditions affecting construction, operation, and decommissioning of the
repository being considered at the Hanford Site. They include (1) mechanical
and thermal properties of intact basalt and rock mass, (2) in situ stress
- condition, (3) underground excavation characteristics, and (4) other special
- geoengineering characteristics. The information presented in the chapter has -
- been used as a guideline for developing strategies for resolving techn1ca1
{ssues discussed in Section 8.2. \
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2.0.1 PURPOSE -AND OBJECTIVE

The overall purpose of the gecengineering program is to establish a
geotechnical data base for the design and evaluation of & repository system.
The geoengineering program also provides input to and interacts with the
geologists to develop the site characterization, gechydrology, and backfill
and sealing programs. In addition, the geoengineering program provides
parameters needed in performance assessment.

The repository system design process includes selection of the
underground layout, emplacement room shapes, emplacement configuration, and
ground support requirements. The conceptual interaction of components of the
overall program leading to a licensable repository design are shown in
Figure 2.0- The first component, data collection, 1s an evolutionary
process which continues throughout site characterization, site se1ect10n. and
repository construction. ,

Geoengineering data will be collected from boreholes, outcrops, and the
Exploratory Shaft Faciiity. Data collection will be guided by the issue
resolution strategy as discussed in Chapter 8, and will be constantly modified
by the results of data analysis and integration activities, and the evolution
of test methodologies. The data will then be used to support site selection,
gecengineering numerical modeling, and repository design activities required -
for performance assessment and 1icense application. The process will continue
until a1l issues have been resolved and a l1icensable repository design has
been produced.

The geoengineering program has played and will continue to play an active
role in each stage. Geoengineering numerical modeling provides input to sfte
selection and to the design of emplacement room shape, ground support
requirements, and waste emplacement densities. As the design matures from
site characterization conceptual design to advanced conceptual design and
1icense application design, more detailed and defensible site-specific design
parameters will be required. The geoengineering program will define and
provide the geotechnical parameters as the design evolves through its various
stages.

The major objectives of this chapter are as follow:
¢ To provide a compilation of geoengineering data available to date.

o To present conceptual rock mass models supported by current data and
numerical predictive models that have been used to 1nterpret 1n situ
test results.

o To define uncertainties in current geoengineering -data and areas
where further information may be required.
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2.0.2 SOURCES -OF AVAILABLE INFORMATION

The Basalt Waste Isolation Project (BWIP) gecengineering program has
evolved since 1977 to provide the data needed to evaluate the feasibility of
constructing a nuclear waste repository in the basalt of the Columbia Plateau.
Geoengineering data available to date are from the following sources:

o Surface core hole tests.
o Outcrop mapping.
0 Field tests at the Near-Surface Test Facility.
o Case studies on similar rocks (literature).
Data obtained after January 1986 are not included in this report.

The core-hole data consist of downhole tests (hydraulic fracturing), core

fnspection (logging for joint frequency and fracture infillings), and core

test;ng (1aboratory thermal and mechanical properties of intact and Jointed
rock

Outcrop mapping provides data on Joint continuity, joint spacings, Jjoint
roughness, and number of Jjoint sets. This section references sections of
Chapter 1 when appropriate._

The Near-Surface Test Facility is 1ocated in the northern side of Gab1e
Mountain, a basalt outcrop in the. north-central part of the Hanford Site. The
facility consists of three tunnels and three rooms as shown in Figure 2.0-2.
These tunnels are located in the entablature of the Pomona flow and are
approximately 47.5 m (150 ft) below the surface. Therefore, the conditions of
stress, water, temperature, and rock mass behavior at the Near-Surface Test
Facility are not representative of conditions expected at depth. The geology,
construction experience, and preliminary characterization tests involived with
the faci11ty were described by Moak and Wintczak (1980).

The Near-Surface Test Facility provided a location to conduct tests in
basalt. It was intended to gain & general understanding of basalt rock mass
behavior under thermal loading conditions expected in the repository and to
develop and demonstrate experimental technology for large-scale rock property
measurement. Geoengineering tests that have been completed at the Near-
Surface Test Facility include:

o Full-Scale Heater Test 1.

o Full-Scale Heater Test 2.

0 The jointed block test.

0 Stress measurement technique evaluation/development tests.-

The first three tests involved both mechanical and thermomechanical

" components and are discussed in Sections 2.3 and 2.5. The stress measurement

development tests are presented in Section 2.6. Additional field and
Taboratory tests were carried out in support of these tests in the Near-
Surface Test Facility. The Near-Surface Test Facility test results are not
directly applicable to repository design. However, the Near-Surface Test
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Facility investigations have provided rock mass thermal and mechanical
characteristics of basalt and have been useful in evaluating design concepts.

Literature studies and visits to underground excavations in similar rock
provide valuable information on the expected response of basalt to excavation
and thermal loading. No existing excavation is located in basalt under
similar stress conditions, but quantification of existing excavation
experience under high in situ stress fields and 1n jointed crystaliine rock
similar to basalt provides valuable information for planning and comparing
design alternatives.

2.0.3 PLANS FOR OBTAINING ADDITIONAL INFORMATION

The gecengineering program {s ongoing and not complete, as evidenced by
Section 8.3.3.2. At present, data from the candidate repository horizon are
1imited, and plans have been made to obtain additional information from core
testing and from in situ tests in the Exploratory Shaft Facility.

The Exploratory Shaft Test Program will include geologic characterization
and in situ measurements of mechanical and thermal properties and observation
of rock mass performance behavior at the repository horizon. These are-
presented in Sectfon 8.3.2.2. .

2.0.4 INFORMATION USE

The current geoengineering program is directed to support repository
design, to characterize the site, and to provide data required for performance
assessment. The geoengineering data and information will be used to resolve
the technical issues identified in Section 8.2.

The data presented in this chapter provided input to the Site
Characterization Plan (SCP) conceptual design (KE/PB, 1986) and was used to
develop the site characterization program described in Section 8.3.2.2.

Geoengineering information will also be used to support the development
of the future performance confirmation program, which is required in
10 CFR 60, Subpart F (NRC, 1985). The performance confirmation program will
begin at site characterization and continue until permanent closure. The
program will provide data to verify that the subsurface conditions at the
repository horizon are within the 1imits assumed in the 1icensing review and
to confirm that the repository will function as intended or anticipated. The.
geoengineering program that will be used to support performance confirmation
includes such activities as in situ monitoring and laboratory and in situ
testing. The data presented in this chapter will be used in part to develop A
the baseline conditions in the performance confirmation program. <
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2.0.5 CONCEPTUAL MODELS SUPPORTED BY INFORMATION

A rock mass is composed of blocks of intact rock separated by
discontinuities. The transition from {intact rock material to a large, heavily
Jointed rock mass occurs at an increasing scale as illustrated in
Figure 2.0-3. A1l three stages of this transition are related to different
aspects of repository design. (1) Intact rock material has a strong influence
on the drilling, boring, and blasting operations. (2) The strength of
discontinuities is related to excavation stability and support requirements.
(3) The stability of the repository depends on the behavior of the entire rock
mass surrounding the repository.

A proper conceptual model must, therefore, contain two vital elements:
(1) It must be capable of incorporating the complex interaction between intact
rock and discontinuities in the behavior of the rock mass; (2) It must be
formulated to reflect the scale of concern. Incorporating the first element
means that different conceptual models may have to be developed for the
deformation, strength, and thermal properties of the rock mass because the
degree of interaction between the intact rock material and discontinuities may
not be identical in different processes. Incorporating the second element
requires that the conceptual models be developed according to the field of
application for which these models were intended. For instance, a conceptual
model for the rock mass strength used in assessing the stability of repository
openings may differ from one that is used for the stability of emplacement
holes because different scales are involved. Therefore, there is no universal
model that can be used in all geoengineering aspects of repository design, and
a2 number of models have been developed. These models are described in
Sections 2.3.3 and 2.3.5.

Two different approaches have been taken in developing rock mass
conceptual models for the BWIP geoengineering program. The first approach
used empirical methods to correlate the observed rock mass behavior with
measured properties of the intact rock material, discontinuities, and fracture
characteristics of the rock mass. The second approach developed numerically
based constitutive models from first principles. Both approaches will be
described in this chapter as there is insufficient data to select one against
the other at present. Most of these models, however, were partially supported
by the information currently available.

A number of numerical predictive models have been developed to support
field testing at the Near-Surface Test Facility and repository design.
Discrete element and finite element models were used to study the mechanical
response of the basalt rock mass. Thermomechanical response of the basalt

- . rock mass was modeled by boundary element and finite element models. These

models were able to predict measured quantities and in many cases correlate
reasonably well with measured response. At present, however, there are
1nsuff1c1§nt data to establish the validity of the models (Sections 2.3.3
and 2.5.3). :

2.0-5



CONTROLLED DRAFT O
NOVEMBER 24, 1986

2.0.6 DATA ADEQUACY

As stated in Section 2.0.4, the data presented in this chapter were
intended to provide input to the SCP conceptual design and to the development
of the site characterization program. These data are judged to be adequate
for these purposes. The data are, however, not adequate for the next stage of
design activities because of uncertainties associated with the data base. The
majgr‘§ources of data uncertainties in the current data base can be summarized
as follows

0 Current knowledge of the variation of rock quality both laterally
and vertically within the Cohassett flow 1s not sufficient.

o Many of the test methods used in the present study were in &
prototype stage of development.

o Test results were obtained from a 1imited number of samples and
large-scale site-specific tests were not performed.

0 Quality assurance procedurés meeting present standards were not in
place due to the preliminary nature of the investigation.

o Some data were obtained under conditions of stress, water, and
temperature not representative of conditions expected at depth.

These uncertainties may not be resolved until access to the repository
horizon becomes available. This is because reliable information regarding
detailed geological conditions and large-scale rock mass properties cannot be
obtained without sufficient exposure of the at-depth rock conditions. The
1imitations of the existing data are, therefore, primarily due to the lack of
access to the repository horizon.

This limitation is more significant for basalt than for other potential
host media, because of the jointed nature of the basalt rock mass and because
no similar mining or civil excavation in basalt exists from which a meaningful
comparison can be made. Further information will be obtained when the
Exploratory Shaft 1s constructed and the development and in situ testing at
the proposed repasitory horizon is complete (Section 8.3.3.2).

2.0.7 PRESENTATION OF TOPICS

The development of the geoengineering program in the BWIP follows a :-
rationale approach starting from an understanding of the behavior of the
components of the rock mass to an investigation of the behavior of the rock
mass, the in situ stress regime, and the excavation characteristics of basalt.
The various topics that will be discussed in this chapter follow.

Mechanical properties of basalt include the strength and deformation
properties. These are discussed in Section 2.1 through Section 2.3 and are
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used to assess-the stability of the repository. Section 2.1 describes the
strength, elastic modulus, and porosity of the intact basalt of the Cohassett
flow dense interior, flow top, and vesicular zones cbtained from laboratory
testing of core samples from the reference repository location. Section 2.2
discusses the physical characteristics, strength, and stiffness of basalt
Jjoints from the Hanford Site. Specific data from the basalt joints of the
Cohassett flow were not available, although the data indicate a 1ikely range
of values. Large-scale mechanical properties are discussed in Section 2.3.
This section is based on the results of in situ tests carried out at the Near-
Surface Test Facility in the Pomona flow. Section 2.3 also contains & general
discussion of the conceptual models that have been developed.

Thermal and thermomechanical properties including thermal conductivity,
heat capacity, and ceefficient of thermal expansion of basalt are discussed in
Sections 2.4 and 2.5. These properties are used to estimate the temperature,
heat flow, and thermally induced stresses in the repository. The thermal and
thermomechanical properties of intact basalt from the Cohassett flow are
presented in Section 2.4. large-scale thermal and thermomechanical properties
based on the results of in situ tests in the Near-Surface Test Facility are
discussed in Section 2.5. These test results suggest that the large-scale
thermal and thermomechanical properties of the Pomona flow are reasonably
close to those of the intact rock and that basalt can sustain the high-
temperature conditions similar to that expected in the repository. - ..

The in situ stress regime as determined from a number of different
approaches is presented in Section 2.6. This is an important parameter in the
design of repository layout and room shapes and in assessing the tectonic
stability of the repository. Directions and the magnitudes of the in situ
stresses were determined from hydraulic fracturing tests conducted in deep
boreholes within the reference repository location. The results of the stress
orientations from the hydraulic fracturing tests are in general agreement with
those obtained from other indirect methods.

Special geoengineering properties as discussed in Section 2.7 include the
potential for rock bursting, thermal degradation, and dehydration or -
saturation of joints between blocks of intact basalt. These properties impact
construction, waste isolation, and retrievability.

Section 2.8 presents the excavation characteristics of basalt. These are
characteristics that may affect the cost of construction and the safety of
workers during the construction of an underground repository. Key
characteristics are jointing, water inflow, rock temperature. and potential
gas inflow during construction. -
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2.1 MECHANICAL PROPERTIES OF ROCK UNITS--INTACT ROCK

2.1 Mechanical Properties of Rock Units--Intact Rock
2.1.0 Introduction
2.1.1 Mechanical properties of other rocks--intact rock
2.1.2 Mechanical properties of rocks at the Hanford Site
2.1.2.1 Results from the Hanford Site outside the
reference repository location
2 Results from the reference repository
location core
3 Temperature effects
4 Creep properties
.5 Moisture effects
6 Anisotropic properties
7 Discussion of results

2.1.0 INTRODUCTION

An understanding of the mechanical properties of intact rock and how they
vary with temperature and moisture 1s the first step toward gaining an
understanding of rock mass behavior that is essential for a successful
repository design. The two most important properties of intact rock in
relation to repository design are the compressive strength and elastic
modulus. These are used to assess the constructibility, borability, and other
excavation characteristics of the basalt. These are also used as part of the
input values for estimating preliminary rock mass properties.

The objective of BWIP mechanical property testing performed to date has
been to obtain the average values and ranges of mechanical properties of
intact basalt within the reference repository location. Laboratory tests have
been performed on intact core samples taken from 14 boreholes drilled from the
surface on the Hanford Site. These tests were performed to support in situ
testing at the Near-Surface Test Facility and the initial site and horizon
selection studies. The completed laboratory studies are listed in
Table 2.1-1. Procedures used in the tests performed by the BWIP are contained
in BWIP operating procedures. The flow diagram giving the order in which
testing is conducted is shown in Figure 2.1-1.

This section summarizes the mechanical properties of intact basalt in
general, followed by that of the basalt at the Hanford Site and, specifically,
the basalt from the Cohassett flow. Test results of basalt samples from the
Hanford Site presented in this section were presented in Sublette (1983,
pp. 27-35) and Schmidt et al. (1980, pp. 2-9). The compressive strength,
tensfle strength, and elastic modulus values presented in this section form
the basis for the development of rock mass properties (Section 2.3.3.3) which =
were used in the SCP Conceptual Design.

2.1-1
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The -effects of heating and fluid pressure on the mechanical properties
and the anisotropic behavior are important considerations in the design
analysis and performance assessment of the repository. However, the candidate
host rock was changed from the Umtanum flow to the Cohassett flow in
August 1984, and these effects have not been studied on intact basalt samples
from the Cohassett flow. Thus, the discussion of the effects of heating and
fluid pressure will be based on the flows that have been studied for an
indication of the possible effects on the Cohassett flow. '

2.1.1 HMECHANICAL PROPERTIES OF OTHER ROCKS--INTACT ROCK

A 1ist of mechanical property ranges for several basalts is presented for
compar{ison in Table 2.1-2. The term "basalt® refers to a fine-grained,
glassy, igneous rock resulting from the rapid cooling of an erupted lava flow.
A typical basalt flow can be divided into the following intraflow structures:
flow top, flow interior, and flow base. Typical intraflow structures of the
Cohassett flow within the reference repository location are shown 1in
Chapter 1, Figure 1.2-35. The flow- top is usually vesicular and brecciated.
The flow interdior comprises an entablature and colonnade, which are referred
to collectively as the dense interior. Vesicular zones may occasionally occur
within the flow interior.. The flow base usually exists in the form of &8
glassy, chilled margin or a thin vesicular to brecciated zone. Depending on
jts location within the flow, the mechanical properties of intact basalt may
vary over a wide range. For example, data on the strength of Dresser dense-
interior basalt, shown in Table 2.1-2, show that Dresser basalt has the
highest mean strength of the eight rock types tested by Krech et. al. (1974).
On the other hand, samples containing weathered and flow-top materials may
exhibit relatively low strength such as the test resuits for the Bacon Siphon
Tunnel 1isted in Agapito et al. (1977, pp. 34-35). The strength of intact
basalt from the dense flow interior is comparable to dolerites and diorite,
and is, in general, stronger than granites and other larger grain, intrusive
igneous rocks.

The tensile strength and elastic modulus of intact basalt showed a
variation simflar to compressive strength. A.wide variation of strength and
elastic modulus has been reported for the basalts from the Bacon Siphon Tunnel
in Washington State, the Ahmeek Copper Mine, in Michigan, and Miocene-time
basalt in Oregon. The present data base does not contain sufficient detail
for an assessment of the uncertainties and possible ranges of variation of
mechanical properties of intact basalt.

Relatively few values of Poisson's ratio for intact basalt have been .
reported in the literature. Those shown in Table 2.1-2 fall within the range
of 0.1 to 0.3. o
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2.1.2 MECHANICAL PROPERTIES OF ROCKS AT THE HANFORD SITE

The mechanical properties of intact basalt from the Hanford Site have
been tested extensively for & number of basalt flows both within and outside
the reference repository location. Results from samples taken ocutside-the
reference repository location are summarized, followed by results from samples
taken from the Cohassett flow within the reference repository location.
Finally, anisotropic behavior and the effects of temperature and moisture are
discussed with reference to the data available from the Hanford Site.

2.1.2.1 Results from other flows within the Hanford Site

The mechanical property data for intact samples from the entablature of
the Pomona flow at the Near-Surface Test Facility and other flows within the
Hanford Site are 1isted in Table 2.1-3. These data are presented in more
detail by Sublette (1983, Table 9, pp. 47-48).

As can be seen in Table 2.1-3, the mechanical properties of intact
entablature samples from the Umtanum flow showed & wider variation than
samples from the Pomona flow. While part of the difference in the range of
variation may be accounted for by the apparent differences in the bulk density
and apparent porosity of the samples from each flow, the complete cause has
not been established.

Data on intact colonnade samples are limited, and the available results
suggest that their mechanical properties are probably similar to those of the
intact entablature sample. Samples from the flow tops generally exhibit a
much lower strength and elastic modulus than those from the dense flow
interior. The strength and elastic modulus of samples from the vesicular
zones within the flow interior are generally intermediate between those of the
flow top and the dense interior.

2.1.2.2 Results from the Cohassett flow within the
reference repository location

The results of testing core samples taken from the Cohassett flow within
the reference repository location and the procedures used are presented in
this section. The test results are shown in Figures 2.1-2 through 2.1-4. As
can be seen from these figures, the mechanical properties of intact basalt

. vary depending on the location of the basalt within the flow. - The mechanical
- properties of samples from the flow top, entablature, colonnade, and vesicular

zones will be discussed separately. .
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2.1.2.2.1 Procedures

The selection of samples and sequence of tests were shown in
Figure 2.1-1. 1In general, the tests were performed in accordance with
established BWIP operating procedures. The tests results are summarized in
Sublette (1983, p. 47).

The number of cores available for testing were insufficient, therefore,
cores from the dense flow interiors were recored to produce 25-mm- (1-in.-)
dia. specimens to increase the number of samples. This procedure satisfied
the American Society for Testing and Materials Specification D2938 (ASTM,
1986) requirement for a length-to-diameter ratio of 2.0 to 2.5 and the
requirement that the minimum specimen size be at least 10 times the size of
the largest mineral grain. However, the requirement that the specimen
diameter be not less than NX wireline core size, 48 mm (1.9 in.), was not met.

The coring and sample preparation procedure has had the following effects
on the test results.

o .Thbse parts of the core damaged during dril1ing and handling or
disked during drilling could not be tested. This introduced a bias
in the test results.

o The axis of the sample must coincide w1th the direction of cor1ng
because the diameter of the core was too small to be recored in a
direction perpendicular to 1ts axis. Thus, anisotropic behavior
could not be studied with the core samples available.

o The use of 25-mm- (1-in.-) dia. samples resulted in higher strengths
than would have been determined from that of 50-mm- (2-in.-) dia.
samples. Hulstrom and Hanson (1982a, p. 13) performed a linear
regression analysis on the data and derfved an equation relating
compressive strength to nominal sample diameters. Using this
equation 1t can be established that thg differsnce in strength is
approximately 6% or 15.5 MPa (2.2 x 10° 1bf/in¢). This agreed, in
general, with earlier test results reported by Koifman (1963,

p. 113). No adjustment to account for size effect has been made to
the test results presented in this section.

The combined effect of these procedures is that the test results
presented in this section are 1ikely to be biased to a degree that cannot yet
be ascertained. These effects will be further studied in future testing of
cores extracted from the Exploratory Shaft Facility (Section 8.3.2.2).

2.1.2.2.2 Strength and deformation properties
A comparison of the uniaxial compressive strengths for flow top,

entablature, colonnade, and vesicular zones of the Cohassett flow 1s shown in -
Figure 2.1-5. The figure was prepared by averaging the values from the
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appropriate interflow zones in boreholes RRL-2, -6, and -14. The data
indicate that the f1ow-tng zones have a mean unixial compressive strength of
68 WPa (9,86 x 103 1bf/4in2) with a standard deviation of 16 MPa

(2.3 x 103 1bf/in2) and that the dense fnterior has a mean unixial compressive
strengt gf 292 MPa (42.3 x 103 1bf/in2) with a standard deviation of 55 MPa
(1.9 xtto 1bf/in2 ). Vesicular and vuggy colonnade zones have intermediate
strength. :

Intact rock failure envelopes were developed from the uniaxial and
triaxial compression and Brazilian tensile strength test data by Sublette
(1983, p. 38) for the Cohassett flow using the failure criterion of Hoek and
Brown (1980, pp. 137-139). This criterion has the following form:

g, = a4 +-‘,MUC g + SUC’ - (2.1-1)

where
. = major principal stress at failure
= minor principal stress at fa11ure _ }
a uniaxiaI compressive strength of 1ntact rock

m = empirical curve fitting parameter, reflecting the curvature of the
failure envelope, sensitive to the degree of interlocking of grains
in the specimen

s = empirical curve fitting parameter, related to the tensile strength
of the rock matrix, reduced as the fracture frequency increases
(s = 1 for intact rock).

The scatter diagram and the best-fit failure envelopes for intact basalt
samples from the dense interior of the Cohassett flow are shown in
Figure 2.1-6. The m values for the entablature and colonnade are 21.7 and
21.4, respectively. The m values for samples from the flow tops and the
vesicular zones within the flow interior have not been determined because data
are insufficient. According to this criterion, the strength of intact basalt
increases rapidly with increasing confining stress as was actually observed in
the test results. This failure envelope for the intact basalt samples was
used as the starting point to develop an estimate of the rock mass strength
failure envelope. This 1s discussed 1n greater detail in Section 2.3.3.

i.. . Typical stress-strain curves for intact basalt from the Cohassett flow
are shown in Figure 2.1-7. Both curves exhibit a predominantly 1inear

response throughout the loading range, similar to the response observed in

granite and diabase (Wawersik and Brace, 1971). In the upper curve of

Figure 2.1-7, the sample began to dilate as 1t approached faflure. The .

dilation is commonly associated with the generation of microcracks within the

sample. The dilation was absent in samples with stress-strain curve similar
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to the lower part of Figure 2.1-7. Disregarding this slight difference, both
types of curves are typical of brittle rock of which elastic behavior has
commonly been accepted.

Laboratory values of elastic modulus for flow top, entablature, colon-
nade, and vesicular intraflow structures of the Cohassett flow are shown in
Figure 2.1-8. These values were calculated from the tangent of the stress-
strain curve at a stress level corresponding to 50% of the failure stress.
The dense interior exhibits the highest mean elastic modulus values, 70 to
82 ePa (10,150 to 11,890 kip/in?); f10w top mean modulus values range from
14 to 32 GPa (2,000 to 4,600 kip/in); and thg vesicular zone has a mean
modulus of approximately 51 EPa (7,400 kip/in<)

For the dense interior, the mean Poisson's ratio ranges from 0.24 to
0.28, which is typical for these types of rocks. The flow tops have lower
Poisson's ratios (in the range of 0.11 to Q. 27). based on 1imited samples
tested.

Post-failure behavior of basalt under uniaxial and triaxial testing has
not been studied. As this may be required in future studies of the stab{ilfity
of repository openings, future tests will be planned (Section 8.3.2.2).

2.1.2.2.3 Bulk density and porosity

The following values of bulk density and porosity have been taken from
South (1985, pp. 452-501) and Hulstrom (1985, pp. 66-73). The bulk density of
the dense interior of the Cohassett flow ranges from 2.79 to 2.87 g/cm3
(174.1 to_179.0 b/ft3 ). The f1gw tops have lower bulk densities, 2.14 to
2.40 g/cm3 (133.5 to 149.7 1b/ft3), and the vesicular and vuggy zones have
intermediate densities, 2.51 to 2.73 g/cm3 (156.6 to 170.3 1b/ft3)

Measured apparent porosities in the dense interior (entablatures and
colonnades) are between 0.8% and 3%. Total porosities calculated from grain
density measurements ranged from 2.0% to 5.3% in the dense interior
(entablatures and colonnades).

Flow tops have apparent porosities that range from 10.5% to 17.7% and
total porosities ranging from 18.1% to 28.5%. The higher porosities refiect
the breccjated nature of the flow tops.

The mean apparent porosity of the vesicular zone of the Cohassett flow is
4.9%, and the mean total porosity is 12.0%. The high total porosity as ,
compared with the apparent porosity reflects the lack of - connect1v1ty between

the vesicles.
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2.1.2.3 Temperature effects

The results from two series of tests form the basis of discussion in this
section. The first series involves testing core samples at elevated
temperature. The second series involves testing core samples obtained from
different locations In Full-Scale Heater Test 2 at the Near-Surface Test
Facitity. Each sample in the second series was subjected to a different past
maximum temperature during the heater test.

2.1.2.3.1 Elevated.temperature tests

One group of basalt samples from ths Umtanum flow was tested under a
confining pressure of 0.3 MPa (50 1bf/in<) and at temperatures of 20, 150,
300, and 500 °C (Miller, 1979a, 1979b; Miller and Bishop, 1979). The strength
plotted against test temperature for samples taken from the flow interior is
shown in Figure 2.1-9. The results of linear regression analysis, with a
correlation coefficient of 0.18 (South, 1985, p. 432), is not significant
enough to indicate a trend.

_ The apparent reduction in strength with increasing test temperature has
also been observed in the test results of & group of basalt samples taken from
the Pomona flow at the Near-Surface Test Facilftyé These samples were tested
under & confining pressure of 0.7 MPa (100 1bf/in<) and at 150 and 300 °C
(FSI, 1980a, p. 6-4; 1980b, p. 6-4; 1981b2 . 6-7). The average strength

eases from 349 MPa 550.6 x 10 1bf/1n ) at 150 °C to 285 MPa (41.3 x

1bf/in¢) at 300 °C (South, 1985, p. 432). As a comparison, the average
strength of 20 samples tested in unconf}ned compression at room temperature
(22 C) 1s 355.8 MPa (57.4 x 103 1bf/in2) (FSI, 1981b, Table 6.3.1,-p. 6-5}.
The corresponding strength at a confining pressure of 0.7 MPa (100 1bf/in
using the Hoek-Brown cr1t5r10n with an m value of 20 would be of the order of
363 MPa (52.7 x 1031bf/in€). This is only 4% higher than the mean strength
measured at 150 *C and suggests that, within the temperature range of 22 to
150 *C, there is perhaps 1ittle strength reduction. The results also suggest
that, at temperatures above 150 °C, there may be a significant strength
reduction with increasing temperature. However, because of the uncertainties
inherent in comparing test results obtained from different samples, these
conclusions can only be regarded as preliminary, and additional studies will
be required to further clarify this effect (Section 8.3.3.2).

2.1.2.3.2 Post-test characterization, Near-Surface Test
Facility Full-Scale Heater Test 2

This series of tests consisted of 54 unfaxfal compression tests,
34 Brazilian tensile tests, and associated density, porosity, static, and
dynamic elastic modulus measurements performed at room temperature (Hulstrom, -
1984; Mitchell, 1984c). The core samples were taken from three vertical and
three horizontal boreholes drilled in the location of Full-Scale Heater Test 2
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after the completioﬁ of thé heater test. The maximum temperature that each
samplie experienced during the heater test was estimated from a numerical
modiling‘:nalysis in which the results of thermocouple measurements were used
as input data.

The elastic modulus and intact compressive strength of these samples are
plotted against the maximum exposure temperature in Figures 2.1-10 and 2.1-11.
The best-fit 1ine and the correlation coceficient are also shown in each
figure. The data in Figure 2.1-11 indicate that samples which experienced a
higher past temperature history may have a lower strength. However, the
correlatfon coefficients form the linear regression analysis for both the
elastic modulus and the compressive strength were too low for the results to
have any statistical significance.

In summary, the results from these two series of tests indicate that both
the test temperature and past temperature history may affect the strength of
the sample. The effect cannot be quantified from the present data base, which
does not contain a sufficient amount of data. Additional testing will be
required to confirm and quantify these initial results (Section 8.3.3.2). .

2.1.2.4 Créeg' properties P -, B

Since basalt {is a strong, brittle rock that has not been known to exhibit
time-dependent characteristics in mining and tunneling, activities designed to
quantify the creep properties of basalt have not been extensive. The Colorado
School of Mines (Miller, 1979a, 1979b; Miller and Bishop, 1979) conducted
tests to study the effects of strain rate on compressive strength.

Schmidt et al. (1980, pp. 5-19) summarized the Colorado School of Mines test
data for various strain rates and concluded that variations in strain rate
from 10 ye/min to 200 ue/min had Tittle effect on strength but that, at a
strain rate of 1 uc/min, strengths may be measurably lower. The conclusions
of Schmidt et al. (1980) need to be verified because of the small number of
tests and the inclusion of the flow top and partially jointed samples in the
test data. It has been assumed that joints and joint infilling materials are
11kely to have a greater impact on the time-dependent behavior of the rock
mass than the creep properties of intact basalt. Therefore, tests to
determine the creep properties of intact basalt are less important than the
in situ testing that is planned to evaluate properties and characteristics of
the rock mass.

2.1.2.5 Moisture effects

The effect of moisture on the mechanical properties of basalt was studied
in an early testing program by Colorado School of Mines (see Miller, 1979a,
1979bs Miller and Bishop, 1979). Tests consisted of uniaxial compression
strength tests on Umtanum fiew core from boreholes DC-4, -6, and -8 conducted
at room temperature under saturated and oven-dried conditions. In general, .

et —— e A 4y ol & on - een
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the data showed & reduction of strength on saturation. The quoted magnitude
of reduction varies from 45% (Schmidt et. al., 1980, pp. 5-19), when samples
from all parts of the flow were combined, to 13% (South, 1985, p. 432) when
only samples from the dense flow interior were used for the comparison. The
actual magnitude of reduction could not be ascertained because the sample
description did not contain sufficient detail regarding the degree of jointing
in order to separate the influence of jointing from that of moisture.

2.1.2.6 Anisotropic properties

Anisotropic properties of the intact basalt from the Cohassett flow were
not studied because of limitations in coring and sample preparation
procedures. . The only available data on intact basalt taken from drill holes
showed {sotropic mechanical behavior (Miller, 19792, 1979b; Miller and Bishop,
1979). Based on this, the assumption of isotropic properties is recommended
for the design analysis. This will have to be confirmed by further testing
(Section 8.3.3.2).

A 2.1.2.7 Biscussian of results

The results presented in this section showed that the mechanical
properties of intact basalt samples from the Cohassett flow vary depending on
location within the flow. The strength of intact basalt samples from the
dense interior of the Cohassett flow is within the range obtained for other
basalts shown in Table 2.1-2.

A number of problems have been identified during the early stages of the
testing program. These problems include the 1imited number of samples
available for testing due to the highly jointed nature of the basalt, the
presence of healed joints that may become the failure plane in &n otherwise
apparently intact sample, and disking that limits the amount of intact core
available. Furthermore, the process of coring and sample preparation would
favor the selection of stronger samples. The combfned effect of these factors
is that the actual in situ variability of the mechanical properties of intact
basalt is unknown &and may not be reflected in the present data base.
Addftional tests will be required to establish the range of variation
(Section 8.3.3.2).

2.1.3 SUMMARY

Laboratory tests of dry samples at room temperature indicate that intact
basalt from the dense interior of the Cohassett flow i{s a strong, brittle rock
that deforms in & linear-elastic manner throughout most of {ts pre-peak- “
strength range. Unfaxfal compressive strengths_for the_dense interior range
from approximately 237 to 247 MPa (34 to 50 x103 1bf/in2) with an elastic
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modulus fn the-range of 70 to 82 GPa (10,150 to 11,890 kip/in?) and a
Poisson's ratio in the range of approximately 0.24 to 0.29. Failure strength
increases rapidly with confining stress. Measured apparent porosities range
from 0.8% to 3.0%, whereas total porosities range from 2.0% to 5.3%,
reflecting that the vesicles preseng are not 1nte5connected. Mean bulk
density is approximately 2,830 g/cm® (176.6 1b/ft3).

Flow tops are quite variable in both intact material properties and
structural characteristics. The uniaxial strength of sgmples taken from flow
tops ranges from 52 to 84 MPa (7.5 to 12.2 x 105 Tbf/in¢). The stress-strain
behavior of intact flow-top specimens is 1inear elastic throughout most of the
pre-peak-strsngth range, elastic modulus ranges from 14 to 32 €Pa (2,000 to
4,600 kip/in€), and Poisson's ratio ranges from 0.11 to 0.27. Measured
apparent porosities range from 10.5% to 17.7%; total porositieg Egggesfrom

.5 to
144.1 1b/ftS). The laboratory strength and porosities of samples from the
vesfcular zones are intermediate between those from the dense interior and
flow-top zones.

The results presented in this section were obtained from & 1imited number
of core samples and therefore may not reflect the in situ variability of the
mechanical properties of intact basalt. Furthermore, the test results may be
biased due to the process of coring and sample preparation. Because of the
limited number of samples available for testing, studies of anisotropy, creep,
and the effects of temperature and moisture were limited. The information
needs related to the mechanical properties of intact basalt are identified in
Section 2.9.3.2 based on an assessment of the deficiency of the present data,
and plans for further testing are discussed in Section 8.3.3.2.
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2.2. MECHANICAL-PRDPERTIES OF ROCK UNITS--DISCONTINUITIES

2.2 Mechanical Properties of Rock Units--Discontinuities
2.2.0 Introduction
2.2.1 Hechanical properties of joints in other rock
2.2.1.1 Shear strength of joints of similar rocks
2.2.1.2 Joint stiffness of similar rocks
2.2.2 Mechanical properties of joints in rocks at the Hanford Site

2.2.2.1 Physical characteristics of joints
2.2.2.2 Strength of joints in basalt
2.2.2.3 Stiffness of joints in basalt
2.2.2.4 Effect of various parameters on joint properties
2.2.2.5 Discussion of results
2.2.3 Summary

2.2.0 [INTRODUCTION

Discontinuities are natural breaks within a rock mass that generally
appear &s planar features ranging from clean fractures to faults with zones of
highly fractured or crushed infi11 material. Understanding the mechanical
properties of discontinuities ifn basalt is important because of their
potential influence on repository safety and performance design limits. Among
the wide range of discontinuities described above, the most frequently
occurring discontinuities within a basalt rock mass are joints resulting from
cooling. Cooling joints are expected to be abundant within the Cohassett flow
where the proposed repository is to be located and will fundamentally alter
the strength and deformation properties of the rock mass relative to the
intact rock properties.

The mechanical properties and the physical characteristics of the joints
are summarized in this section. The mechanical properties studied include the
shear strength and shear stiffness along the joint and the normal stiffness
across the joint. The study of the mechanical properties of joints served two
purposes for the BWIP: (1) to provide a rational basis on which the
_mechanical properties of the rock mass can be developed, and (2) to identify

potential problem areas within the assumptions and 1imitations of treating the
rock mass as 2 continuum in the design analysis. The data. presented in this
section has not been directly used in the SCP conceptual design (KE/PB, 1986).

The data base on the mechanical properties of discontinuities consists of"

"-: only a small number of laboratory tests made in core samples. The physical

characteristics of fractures were obtained from outcrop mapping and core
drilling in deep boreholes at the reference repository location. Data
collected from these sources requires considerable interpretation because

(1) joints in outcrop have been subjected to destressing and weathering that
significantly affect their properties and (2) vertical boreholes sample Kt
predominantly horizontal and inclined joints, resulting in a bias in the data
base derived from core testing.
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The -data -discussed in this section were obtained from direct shear tests
and triaxial tests. The direct shear tests were performed on basalt samples
from the Pomona flow as part of the rock mass characterization for the jointed
block test (Mitchell, 1984a). The triaxial tests were conducted on jointed
core samples from the Grande Ronde and the Pomona flows. Specific tests and
corresponding references are 1isted in Table 2.2-1. The present data base is
insufficient to study the effects of time, temperature, pore pressiure, and
scale on the mechanical properties of joints within the basalt rock mass at
the Hanford Site. As a result, the discussion of these effects as presented
in Section 2.2.2.4 will be based on previous studies of other rocks.

2.2.1 MECHANICAL PROPERTIES OF JOINTS IN OTHER ROCK
2.2.1.1 Shear strength of‘joints of similar rocks

The shear strength of joints has been the subject of many laboratory and
field studies (e.g., Coulson, 1971; Byerlee, 1978; Bandis et al., 1981; and
Barton, 1971), although specific tests on basalt joints are rare. The results
of laboratory testing of natural and artificial joints in basalt and rocks
similar to basalt are shown in Table 2.2-2. These results were obtained from
different testing machines with samples of different sizes. The shear
strength of joints 1s presented in terms of friction angle in Table 2.2-2.

The friction angle is defined as the arc tangent of the ratio of shear
strength to normal stress applied to the Joint surface in the absence of
cohesion. This 1s used as & convenient measure of the shear strength of
joints to reflect the commonly observed phenomenon that the shear strength
will increase in near proportion with increasing normal stress. Under this
definition, a joint surface with a higher friction angle will develop & higher
shear resistance under a given normal stress. The first two groups in

Table 2.2-2 are data from saw-cut, polished surfaces; the friction angle

. measured in these surfaces is called basic friction angle because it

represents the friction of the surface in the absence of the roughness
component. The basic friction angle for most surfaces falls within a narrow
range of 25° to 30°. At large shear displacements, some surface damage will
occur. This will increase the roughness and area of contact of these surfaces
and will result in a higher friction angle in the range of 30° to 38°
(Coulson, 1971, p. 101). Friction angles for natural joint surfaces reported
by Barton (1973, p. 296) and Duncan (1969, p. 88) are also listed in

Table 2.2-2. The peak friction angle for the natural rough joints ranges from
38¢ to 59*. Artificial extension fractures have an even higher peak friction
angle (56 to 72°) because of their rough and tightly interlocked surfaces.

Nieble et al. (1974, pp. 296-297) reported large-scale_joint shear tests
performeg on basalt blocks with a base area of 0.7 to 6.0 m2 (7.54 to
64.56 ft¢) and with 0.2- to l-m- (0.66- to 3.28-ft-) thick infillings that
contain basalt fragments, sands, and clayey materials. Friction angles ranged
from 22¢ to 35* (Nieble et al., 1974, p. 300). K
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2.2.1.2 -Joint.stiffness of similar rocks

Data on joint shear and normal stiffness are relatively scarce and have
been summarized by Barton (1982, pp. 23-28, 49-63) and Bandis et al. (1983).
The range of shear stiffness quoted in Barton (1982, g. 26) sganned 4 orders
of magnitude from 0.01 to 100 MPa/mm (0.4 to 370 x 103 1bf/in¢). This
variation is caused by differences in normal stress, mechanical properties of
the intact rock materfal, physical characteristics of the joint surfaces, and
test scale. Under constant shear stress, the normal stiffness 1s a function
of normal stress. This function has been empirically described by a hyper-
bolic equation (Goodman, 1976, p. 171; and Bandis et al., 1983, pp. 257-258)
that correctly models the behavior that, at high-normal stresses, the joint is
tightly closed and the slope of the stress-closure curve of the specimen
approaches that of the intact rock. The constants required to define the
hyperbolic equation have been correlated empirically with aperture, roughness,
wall rock strength, and maximum joint closure (Barton, 1982, pp. 52-56).

2.2.2 MECHANICAL PROPERTIES OF JOINTS IN ROCKS AT
THE HANFORD SITE

The mechanical properties and the physical characteristics of the
discontinufties at the Hanford Site are described in this section. The
mechanical properties of joints were obtained from two series of laboratory
testing programs: the first program involved testing of jointed samples from
the dense interior of the Pomona and Umtanum flows; the second program
involved testing of jointed samples from the dense interior of
undifferentiated Grande Ronde flow. The physical characteristics of
discontinuities discussed in this section are based on observations of the
Rocky Coulee, Cohassett, McCoy Canyon, and Umtanum flows.

2.2.2.1 Physical characteristics of joints

A short summary of the physical characteristics of discontinuities such
as frequency, pattern, roughness, and infilling is provided in this section.
The discussion will be focused on engineering aspects relevant to the effect
of discontinuities on shear strength and deformability. A complete geologic
description along with references is provided in Section 1.2.2.1.

2.2.2.1.1 Joint physical characteristics

Most fractures in the Brande Ronde Basalt flows are cooling joints. The
dominant ccoling jJoints range from those that define well-formed, regular,
polygonal solids to those that form irregular, elongate-to-equant blocks. The
dominant, column-defining joints in the colonnade are generally near vertical
with no preferred strike. Cooling joints are more frequent and less regular
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in the entablature than in the colonnade. An entire spectrum exists from
regular, well-formed columns to irregular (hackly) blocks. Both columns and
blocks range widely in size, 0.2 to 2.5 m (0.7 to 7.5 ft) for columns and

0.1 to 0.7 m (0.3 to 2.3 ft) for the more equant blocks (Long and WCC, 1984,
pp. 1.44-1.45). In the colonnade, the fractures are arranged as four-, five-,
or six-sided polygons. Single cooling fractures cannot be traced through the
entire entablature in the outcrops.

Virtually a1l columns or blocks are subdivided into smaller blocks by
cross fractures. These cross fractures occurred in a wide range of orienta-
tions, were formed mainly after the primary column-defining fractures, and
typically were terminated by the column-forming joints.

Outcrop observations suggest a fracture frequency of 1 to 37 fractures
per meter (less than 1 to 11 fractures per foot) (Long and WCC, 1984,
p. 1.416). The borehole results were biased to &n unknown extent because of
the difficulty in sampling near-vertical joints in vertical boreholes. ‘

Measurements of the widths (apertures) of fractures 1n the Rocky Coulee,
Cohassett, McCoy Canyon, and Umtanum flows have been taken from cores
extracted from 4 boreholes (RRL-2, -6, -14, and DC-16) within the reference
repository location. The results indicate that the distribution of fracture
widths follows a log-normal distribution, the mean value of all fractures in
the 4 flows 1s 0.226 mm (0,009 in.). The mean fracture width of the Cohassett
flow varies from borehole to borehole between 0.132 and 0.246 mm (0.005 and
0.01 in.) {Lindberg, 1986). No large-scale, in situ measurements of joint
profile have been made to determine the roughness of joint surfaces.

2.2.2.1.2 Joint inf111ing materials

The vast majority of natural fractures observed in core contains
infi11ings of secondary minerals with clay being the most abundant. The
proportion of clay in the inf111ing averaged 89% for joints in the Cohassett
flow (Lindberg, 1986, p. 46). The clay is tentatively identified as
montmorillonite, generally associated with a Jow coefficient of friction and a
high swelling potential. Other infillings include zeolite, silica, and
pyrite. Normally, infilling materials would completely fi11 the space within
the fractures. In the Cohassett flow, these fractures are generally very
thin, with a mean value in the range of 0.132 and 0.246 mm (0.005 and
0.01 in.). Accordingly, most of the infillings are also very thin.

2.2.2.2 Strenath of joints in basalt

Both direct shear testing and triaxial shear testing have been conducted
on basalt joints to develop a data base on jJoint properties. The results of -
direct shear tests and triaxial tests on jointed samples from the Pomona flow
will be described in Section 2.2.2.2.1. The results of triaxial tests on
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Jointed samples from the undifferentiated Grande Ronde flow are presented in
Section 2.2.2.2.2. The shear strength of the joints in the Cohassett flow
could not be studied separately from those of the undifferentiated Grande
Ronde flow for lack of data. A summary of the test results and a discussion
of the uncertainties associated with these results are provided in

Section 2.2.2.2.3.

2.2.2.2.1 Pomona flow

Both direct shear tests and triaxial tests have been conducted on jointed
core samples from the Pomona flow. The peak and residual strengths measured
during these tests are discussed below. The series of triaxial tests included
displacement measurements along and across the test joint. This information -
was used to calculate the stiffness of joints (Section 2.2.2.3).

The series of direct shear tests included 14 tests (Mitchell, 1984a).
The test results show that many joint samples would first develop a peak
strength at a small displacement. Then, as the sample underwent further
shearing there was a gradual decrease in resistance toward & residual value.
Dilation of the jJoint sample, particularly when the peak resistance was -
developed, was also observed 1n most tests. Most of the shear displacements
were not recovered upon unloading of the sample. Similar behavior was also
observed in the triaxial tests of jointed samples.

The existence of a residual strength was not always apparent, and in some
tests the sample even developed a resistance higher than the peak value at
large shear displacement. This was possibly due to an increase in surface
roughness and contact area &s a result of surface damage. Thus, considerable
uncertainties were involved in the determination of residual strength and the
values reported (Mitchell, 1984a) actually correspond to those measured at
large shear displacement, some of which may not strictly be the actual
residual strength. Peak and residual strength of jointed samples are shown in
Figure 2.2-1. The peak strength obtained from these tests is characterized by
an apparent cohesion of 0.8 MPa and a corresonding friction angle of 29.2¢
(Mitchell, 1984a). There 1s a very large scatter in the test results and the
correlation coefficient of the best fit 1ine is only 0.55. Within the bound
of testing error, experience suggests that such a wide scatter may be the
result of differences in the aperture, roughness, and infilling
characteristics among the jointed samples tested. However, neither sufficient
details of the sample exist nor is there a sufficient number of samples
available to permit the use of statistical technique to separate the effect of
the joint characteristics from the test results. tLacking such evidences, it
1s not possible to assess the uncertainties of the test results. The residual
strength, determined at large shear d1sp1ac§ment. is characterized by an
apparent cohesion of 1.32 MPa (191.4 1bf/in€) and a corresponding friction
angle of 24.7¢. There is less scatter in the results in comparison with those
of the peak strength. Again, it is not possible to assess the uncertainties -
of these results for the same reason presented above for the peak strength.
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Twenty basalt core samples, each containing a single inclined joint, were
obtained in the Near-Surface Test Facility and tested in a special triaxial
setup as described 1n Section 2.2.2.3 (Brechtel, 1985). The sample diameters
ranged between 25.4 and 52.6 mm (1.0 and 2.1 in.), with joint angles ranging
between 17.9° and 56.8¢ from the core axis. Three different groups of samples
were tested under different loading conditions:

o Cyclic loading under constant confining pressure.

o Cyclic 10ad1ng under constant confining pressure with conf1n1n
pressure increased in increments of 3.5 MPa (0.5 x 103 1bf/ind ? at
the beg;nning °£ each test stage to a maximum of 13.8 MPa
(2 x 103 1bf/in¢)

o0 Cyclic loading under constant confining pressure with cgnfinin
pressure in each test stage decreagsed 3.5 MPa (0.5 x 103 1bf/in2)
from & naximum of 13.8 MPa (2 x 103 1bf/in?) to a minimum of 3.5 MPa
(500 1bf/in2).

At each confining pressure, the axial load was applied in several cycles for
:hefdﬁgermination of shear and normal stiffness before the sample was loaded
o failure. . s

The joints 1n the sampIes were re1at1ve1y smooth. The Joint roughness
coefficient (Barton and Choubey, 1977, p. 19) varies between 5 and 15 out of a
-possible 20 with an average value of 7 7. Joint apertures varied from less
than 0.025 to 0.152 mm (0.001 to 0.006 in.). Infillings had been described
prev;og§1y as a yellow-brown and blue-green clay (Moak and Wintczak, 1980,
PP. 3-3).

Peak shear strength and residual shear strength plots for the tests are
shown in Figure 2.2-2. The shear strength obtained from these tests shows
considerable scatter and was slightly greater than those obtained from direct
shear tests. The range of normal stress used in the triaxial tests was,
however, well above that used in the direct shear tests.

'2.2.2.2.2 Grande Ronde Formation

Multiple-stage triaxial tests were conducted on core samples 54 or 48 mm
(2.1 or 1.9 in.) in diameter and transected by a single joint. Samples were
tested to peak shear stress under different confining pressure at each stage.
More than 100 jointed triaxial tests were performed, in 26 of these tests,
faflure occurred along the joint surface (Mitchell, 1984b). Of these
26 samples, 7 were tested at elevated temperatures. The results of the
remaining 19 tests form the basis of this discussion. The infil1ling and
roughness of joint surfaces tested were not recorded.

Jointed triaxial test results are shown in Figure 2.2-3., The plot of
peak or initial strength indicates an apparent cohesion and angle of friction
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of 4.1 MPa (0.592 x 103 1bf/in2) and 45.7°, respectively; the apparent
cohesion ang fricti n angle at the residual strength are 1.4 MPa

(0.203 x 10 lbflin ) and 42.7°, respectively. These values are higher than

the peak and residual values from the direct shear tests of Pomona flow
samples, whjch were 0.8 MPa (116 1bf/inc) and 29° and 1.3 MPa

(0.191 x 103 1bf/4n2) and 25°, respectively. The results are also higher than

those presented by Byerlee (1978, pp. 619 and 620), which indicate a friction

angle of 40.4° at higher normal stress levels.

Uncertainties are inherent in the measurement of residual strength
because 1t 1s difficult to distinguish between the effects of increased normal
;t;ess ?nd accumulated surface damage caused by repeated shearing on the same

oint plane.

2.2.2.2.3 Discussion and summary

The results from the three series of tests all exhibit a large scatter.
The scatter is caused by differences in physical characteristics, which
include roughness, aperture, and infi1ling. A methodology to quantify the
physical characteristics has not been developed. Furthermore, the amount of
test data 1s insufficfent for a statistical analysis to be conducted to
isolate the effect of each parameter. The present data provide the possible
range of variation of the shear strength of basalt joints at the Hanford Site;
thgist;ength of Joints with specific physical characteristics cannot yet be
defined.

Uncertainty in the determination of the residual strength arises mainly
from the action of continuous shearing, which will cause an accumulated
surface damage to the sample. At present there is insufficient information to
determine whether the same surface damage exist under field conditions.
Because of this, the measured shear resistance at large shear displacement may
not be the same as the residual resistance that may exist under field
conditions. Further study will be required to properly define the residual
shear strength from the test resuits (Section 8.3.3.2).

It should be noted that these results were obtained from Jointed samples
of relatively small scale in comparison with what may be encountered in the
repository. The effect of changing scale is not well understood
(Section 2.2.2.4), and this represents a major uncertainty in the data. Joint
shear strength is known (Barton, 1971) to be dependent on the normal stress
applied to the Joint, however, this cannot be studied based on current data.

2.2.2.3 Stiffness of joints in basalt

Joint stiffnesses were not measured dufing the direct shear tests on
Jointed samples from the Pomona flow or the triaxial tests on jointed samples
from the undifferentiated Grande Ronde flow because this would have required
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accurate measurements of the displacements along and across the joint surface
using special equipment which was not available (Mitchell, 1984a, 1984b). The
series of triaxial tests on jointed samples from the Pomona flow used a
triaxial cell with a special setup to measure the displacements along and
across the joint as shown in Figure 2.2-4. The special setup consisted of a
pair of cantilevers oriented to measure displacement parallel and
perpendicular to the joint. The displacements along and across the joint were
obtained by subtracting the displacements corresponding to the intact rock
from those measured in the cantilevers (Brechtel, 1985). The stiffness
measurements were not made under constant normal or shear stress conditions as
the application of axial loading to the specimen during the test would cause
an increase in both the normal and shear stresses on the joint. Thus, the
stiffness values reported in this section were obtained under conditions of
changing normal and shear stresses. The effects of normal and shear stresses
coul? not be separated, and this constitutes a major uncertainty in the test
results.

2.2.2.3.1 MNormal stiffness

Two types of normal stress versus normal displacement curves that have
been obtained from the tests are shown in Figure 2.2-5. The majority (84%) of
the tests showed a regular increase of joint normal stress with joint closure
(Fig. 2.2-5a). However, some (16%) of the tests showed most of the joint
closure occurring at small initial increments of normal stress (Fig. 2.2-5b)
(Brechtel, 1986). This difference in the two types of behavior could not be
correlated with the surface characteristics of the joint such as mineral
infi1ling, joint roughness, or aperture.

The joint normal stiffness (Kp) 1s defined as the change in joint normal
stress (o) per unit change of joint normal displacement (V). As can be seen
from the stress-displacement curves shown in Figure 2.2-5(2), the stiffness
increases rapidly with increasing normal stress. In order to compare the
results with data from other rocks, three stiffness values were calculated
from the curve: the first at the beginning of the curve where the normal
stress is close to 2ero, the second at half of the total applied load, and the
third at the full load level. These three values, therefore, establish the
range of variation of normal stiffness. The results from the hydrostatic
loading were shown in Table 2.2-3. [t 1§ seen that the gt1ffness values vary
between 0.01 and 3.12 GPa/mm (0.038 x 10° and 11.49 x 10° kip/in.), similar to
those reported for other rocks (Bandis et al., 1983, pp. 254, 258, and 262).

2.2.2.3.2 Shear stiffness

Shear stiffness (kg) is defined as the change in joint shear stress per
unit increment of joint shear displacement. The magnitude of shear stiffness -
will vary with both the shear stress and normal stress. Calculation of the
stiffness values 1s similar to that of normal stiffness. Three values, one at
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the beginning -of test, one at half the load, and one at full- (peak-) load
level were calculated from the shear stress-shear displacement curve. The
results obtained from the first cycle of axial load tests are shown in

Table 2.2-3. The shear stiffness at the beginning of the test 1s typically
low, which is possibly due to the mismatching of joint surfaces. At the full-
load level, the sample {is approaching failure, and there 1s a reduction in
shear stiffness from the half-load level. .

Note that during the test there also will be a corresponding increase in
normal stress, the magnitude of which varies with the inclinatton of the
tested joint in the sample and the applied load. Because of this, the
difference in the values given in Table 2.2-3 is due, at least partly, to the
fact that different normal stress may be involved. At present, there is no
satisfactory way to decouple the effect of normal stress from that of shear
stress. However, the stiffness values shown in Table 2.2-3 provide a useful
;n?ication of the 1ikely range of variation in the shear stiffness of basalt

oints.

2.2.2.4 Effect of various parameters on joint properties

Thé results presented in the preceding section were obtained from tests

'Cbnducted over & relatively short period of time under ambient temperature and

dry conditions. These conditions are not representative of the conditions
expected at the repository horizon where the rock is saturated and at elevated
temperature, where the discontinuities exist at a much larger scale than that
of the laboratory sample, the loading will be applied over a very long period
of time, and the infilling material may possess different characteristics.
Thus, in order to apply the results to the design and performance assessment
of the repository it is important that the effects of moisture, scale,
Infi11ing material, temperature and time on the mechanical properties of
discontinufties be assessed. Since the data base for Hanford Site basalt
joints is presently very limited, the discussion of these effects is based on
information from the 1iterature. The following discussion therefore serves to
indicate the trend that may be expected under the repository condition.

2.2.2.4.1 Effect of water

The most important structural effect of water on rock joints is the
reduction in effective stress (due to pore water pressure), which will result
in a decrease in shear strength. Additionally, the strength of a wet joint
surface is sometimes found to be different from that of a dry joint surface.
Conflicting evidence has been reported in the 1iterature regarding the effect
of wetting the joint surface on shear strength, although the magnitude is
usually {nsignificant (Coulson, 1971, pp. 96, 98, 101-103; Barton, 1973,

p. 324; Duncan, 1969, p. 95).
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No data are available on the effect of water on joints in basalt from the
Hanford Site. The few saturated, jointed triaxial tests performed by Miller
(197%a, pp. 37-41; 1979, pp. 34-37) and Miller and Bishop (1979, pp. 37-41)
could not be used because jJoint fafilure did not control sample strength :
(Mitchell, 1984b).

2.2.2.4.2 Effect of infilling

The effect of infilling on shear strength becomes more pronounced with
increasing infi11ing thickness. For joints with thick infillings (thicker
than the asperity height), failure can occur entirely through the filling
material. With thinner infillings, failure occurs partly through the
inf111ing material and partly through asperities on the joint surface.

, At present, there are insufficient data from the testing program to study
the effect of infilling on the strength of basalt joints in the Hanford Site.
However, l1imited data from direct shear tests on jJoints from the Pomona flow
seem to indicate that joints with thick Infil1lings will have a lower strength
5"1tche11. 1984a). The thickness of more than 90% of the infillings in the
oints of the Cohassett flow within the reference repository location is less
than 0.37 mm (0.014 in.) (Fig. 1.2-41, Section 1.2.3.1), and thus, the
presence of infil1lings may not significantly affect the shear strength of most
joints in the Cohassett flow.

2.2.2.4.3 Effect of scale

Bandis et al. (1981) concluded that the peak shear strength of rock
Joints 1s a strongly scale-dependent property with an inverse relationship
between strength and joint length; i.e., the shear strength decreases
gradually toward a final value as the joint area increases. The magnitude of
these scale effects depends on the type of Joint roughness. Maximum scale
effects are associated with rough, undulating joints; whereas smooth and
planar joint types show 1ittle scale effect. At present no measurement of the
basalt joint profile has been undertaken at the Hanford Site for an assessment
of possible effect of scale to be made.

Large-scale shear tests of joints in quartz diorite (Pratt et al., 1974,
p. 308) and & comprehensive series of tests performed by Bandis et al. (1981)
indicate that larger shear displacements are required to attain peak strength

. as the length of the joint is increased. As displacement {s increased, the

larger and less steeply inclined asperities in the surface tend to control
peak strength. o

Large-scale shear tests on basalt joints at the Hanford Site have not
been conducted. The large-scale tests reported on basalt from Brazil by
Nieble et al. (1974) showed friction angles between 22° and 35°, similar to
that for smaller samples. This absence of scale effect is probably due to the
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fact that joint strength in this case was controlled by the thick infilling
materials. Thus, the conclusion from this test may not be applicable to the
basalt joints at the Hanford Site.

2.2.2.4.4 Creep properties

The effect of time on discontinuity strength is dependent on the presence
and properties of infilling (Barton, 1982, p. 84; Dietrich, 1972). For .
powdered rock debris filling, friction increases with the time that adjacent
surfaces are in contact. Other infillings, such as clay, exhibit creep
deformations. Fault gouge infilling, if present, would be subject to time-
dependent effects.

Friction for clean joints has been found to vary 1ittle over a wide range
of strain rates (Barton, 1982, p. 84). The studies conducted by Engineers
International (1982) in developing a test method for measuring the creep
properties of basalt (Section 2.1.1.4) included a small number of tests on
jointed samples. Although the results indicated 1{ittle creep of the samples
over the period of test, they cannot be used to support & general conclusion
bgcause of the small number of samples tested and the developmental nature of
these tests. . e e :

2.2.2.4.5 Effect of temperature

The high temperatures of a repository environment could have an adverse
effect on discontinuity strength of basalt, particularly for joints filled
with clay or zeolite at temperatures greater than 100 °C. Potential chemical
and (or) phase changes can occur in these minerals at high temperature.
Laboratory tests on fractures in granite (a rock similar in strength but of
different crystal structure and mineralogy compared to basalt) at temperatures
up to 600 °C (Barton, 1982, p. 79) indicated only & few percent reduction in
shear strength over a temperature range of 25 to 300 °C. Significant
Eeductions in shear strength were not seen until temperatures reached 500 to -

00 °C. .

A series of jointed triaxial tests at elevated temperatures on joints
from the Umtanum flow have been performed (Miller, 1979a, pp. 37-41, and
1979, pp. 34-36; Miller and Bishop, 1979, pp. 37-41; Mitchell, 1984b). The
results indicated a reduction of friction angle at elevated temperature.
However, because only a small number of samples were tested, it is not known
whether this indicated the genuine trend or whether the results were biased by
the presence of different infi11ing materials, surface roughness, and possible
polishing effect under continuous shearing.
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2.2.2.4.6 Effect of shear displacement

During repository excavation some shear displacements may occur along the
Joints around the openings as & result of blasting and stress redistribution.
Depending on the magnitude of shear displacement, the joint surfaces may
become mismatched. This mismatch could alter the stiffness and hydrological
properties of the joint. Currently, there is insufficient information to
assess this effect and future studies will be required (Section 8.1.1).

2.2.2.5 Discussion of results

The present series of tests revealed the complex nature of the shearing
behavior of basalt joint. The range of phenomena observed in the tests
include the following (Fig. 2.2-6):

¢ The Joint surface will develop a peak strength at small displacement
and there will be & gradual reduction in the resistance toward a
residual value.

~ 0 Permanent displacement upon unloading/reloading cycles.
¢ Joint dilation during shear failure.

A continuously yielding joint model has been developed by Hart et al. (1985,
pp. 10-14) and the results from preliminary &nalysis showed some aspects of
the observed behavior of real basalt joints. This model has been used to help
interpret the observed behavior of the rock mass during the jointed block test
(Section 2.3.2.2) and develop & constitutive model for basalt.

Most of the data generated to date was used for preliminary studies and
in the development of test procedures. The uncertainties in the data arise
from the following factors:

o Alteration of properties of the discontinuities of the core samples
due to the drilling process.

0 Hiﬁe variations in joint and infilling properties, such as
roughness, thickness, continuity, and frequency in a small data
base.

o Insufficient number of samples of predominantly vertica] Jo1nts to
perform statistical analyses.

o Difficulty of characterizing joint patterns at depth from borehole
data.

0 Results obtained on a laboratory scale; insufficient information

regarding the joint surface profile to extrapolate the results to
fleld scale.
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Application of the present data is restricted because of the scatter
among the results and the 1imited number of tests. Most of the problems
encountered in determining shear strength also apply to the determination of
stiffness. However, since stiffness 1s more sensitive to surface damage,
additional studies will be required to understand the effect on measured
stiffness values.

2.2.3 SUMMARY

Specific information regarding the strength and stiffnesses of joints in
the Cohassett flow 1s not avajlable at present. However, the results of
direct shear tests and triaxial tests on joint samples from the Pomona flow
and the undifferentiated Grande Ronde flow have provided an indication of the
range of values 11kely to be obtained in joints from the Cohassett flow.
These results show that, at room temperature and under dry conditions with a
normal stress up to the order of 100 MPa (1,450 1bf/in2), the friction and
apparent cohesion of natural basalt joint surfaces at the Hanford Site are
probably :}thin the range of 30° to 45° and 0.8 to 4.0 MPa (115 to
600 1bf/inc), respectively. Considerable scatter has been observed in all
results; however, the complete cause of the scatter has not been established.

Measurements of joint normal and shear stiffness were made on Pomona flow
samples in a series of tridxial tests on jointed core samples. The results
indicate that both normal and shear stiffness are dependent on the magnitude
of normal and shear stresses. The stiffness values increase rapidly with
increasing normal stress. The values shown in this section vary over more
than two orders of magnitude and exhibit large scatter even under the same
loading conditions. The results also show that under high normal stresses,
such as the condition anticipated in the repository horizon, both the normal
and shear stiffness can attain a high value.

The potential effects of moisture, infilling material, test scale,
temperature, and time on the joint properties were discussed in general terms
in this section because relfable information specific to basalt joints at the
Hanford Site is lacking. Based on tests of other rock types, the effects of
moisture, temperature, and time on basalt joint properties are expected to be
minor. The effect of the test scale could not be assessed because no profile
measurements of the joint surfaces were available. The presence of infilling
material is not expected to have a significant effect on the shear strength of
basalt joints at the Hanford Site because the infillings are generally very
thin. The significance of the mechanical properties of joints and impact of
these effects on the design and performance of repository will be assessed
(Section 8.1.1) and further test programs will be planned (Section 8.3.2).
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2.3 MECHANICAL PROPERTIES OF ROCK UNITS--LARGE-SCALE

2.3.0 Introduction
2.3.1 Large-scale mechanical properties of other rocks
2.3.1.1 Llarge-scale deformation properties of other rocks
2.3.1.2 Large-scale strength properties of other rocks
2.3.2 large-scale mechanical properties of rocks at the Hanford Site
2.3.2.1 Borehole jJacking tests
2.3.2.2 Jointed block test
2.3.2.3 Cross-hole seismic studies
2.3.2.4 Discussion of results :
Relationship between intact rock, discontinuities, and large-scale
ck properties

2.3.3

3

«3.3.1 Introduction
.3.3.2 Development of a model for the mechanical response of a
basaltic rock mass
.3.3.3 Rock mass properties for design
ary

N N

2.3.4

2.3.0 INTRODUCTION

Rock mass mechanical properties are required in repository design to
assess initial opening stability, estimate the canister placement layout, and
predict the long-term response of openings subjected to thermally induced
stresses as discussed in Section 6.2.6.1. The two properties of most interest
in repository design are the rock mass deformability and strength. Data
regarding these properties are commonly obtained either by direct measurement
in large-scale field testing or by empirical methods that provide correlation
between rock mass properties and some easily measurable rock mass
characteristics. Available data on large-scale field testing are scarce and
often contain a large degree of uncertainty. This 1s due to the difficulties
involved in setting up a test and because neither the procedure nor the
equipment have been standardized. The data are summarized in Section 2.3.1.
Because of the present uncertainties, the BWIP has directed a significant
effort toward identifying those factors that will have significant effects on
the mechanical properties of a basalt rock mass and methods suitable for field
measurement of these properties.

The tests conducted by BWIP up to January 31, 1986, incliude borehole
Jacking tests, large flat-jack test, a jointed block test, and cross-hole
sefsmic studies. Only the deformation properties of the rock mass were
measured in these tests; the strength of the rock mass has not been

" . investigated. Test plans and operating procedures are cited in Table 2.3-1.

These tests were conducted in the Pomona flow at the Near-Surface Test
Factlity. The tests were developmental in nature, aiming at establishing a
suitable procedure to be used in future field testing of the repository
horizon in the Exploratory Shaft Facility described in Section 8.3.2. The
test results summarized in Section 2.3.2 provide the initial information on
the mechanical responses of & Jointed basalt rock mass and were used to
develop preliminary design parameters in Section 2.3.3.3.
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Rock mass-mechanical response is the result of & complex process of
interaction between the intact rock and discontinuities. This process is not
completely understood, and part of the BWIP effort has been to develop rock
mass models in which the mechanical properties of the intact rock and
discontinuities at the Hanford Site can be integrated. The results are still
preliminary in nature and will be described in Section 2.3.3. An
understanding of this process is crucial toward {dentifying the parameters
that will have a significant effect on the observed mechanical properties and
toward generalizing the test results for the design repository.

2.3.1 LARGE-SCALE MECHANICAL PROPERTIES OF
OTHER ROCKS :

2.3.1.1 Large-scale deformation properties

of other rocks

The large-scale deformation properties of rock masses are commonly -
expressed in terms of deformability modulus, E. The deformabiiity modulus is
defined from the stress-strain curve obtained from large-scale field testing
in a similar manner as that of the intact rock. Because of the presence of
discontinuities in a rock mass, the deformability modulus of & rock mass is
invariably lower than the elastic modulus of intact rock. A study by Heuze
(1980) on a large number of different types of rocks showed that, in average,
the deformaability modulus of a rock mass is approximately one third (0.38 to
0.39) of the elastic modulus of intact rock. Various empirical correlations
exist that relate the deformability modulus to measurable rock mass
characteristics; some examples are the use of the rock quality designation
(Deere et al., 1969) as shown in Figure 2.3-1 and the rock mass rating
(Bieniawski, 1978) as shown in Figure 2.3-2. The data base on which the
correlations were based typically show wide scatter with a correlation
coefficient of 0.665 (see Fig. 2.3-1 and 2.3-2). The scatter can be
attributed to many factors, including the use of different testing methods,
scale of testing, and natural variability within the rock mass. The studies
of Deere et al. (1969) and Bieniawski (1978) showed that the deformability
modulus {is, perhaps, more closely related to the degree of jointing within the
rock mass than to the elastic modulus of the intact rock material. It is, in
general, not possible to provide a value, or even a range of values, of

‘deformabi1ity modulus for a given type of rock. Because of the wide scatter

and the large uncertainty in the data base, the determination of deformability
modulus of rock mass must resort to actual measurement by field testing.

Conventional methods of measuring large-scale deformation characteristics
of rock masses include plate bearing tests (Stagg, 1968; Dodds, 1974;, tunnel
pressurization tests, and radial jacking tests (Wallace et al., 1968).

A typical stress-deformation curve for a plate loading test in jointed rock is
shown in Figure 2.3-3; the response is nonlinear with significant permanent
deformation developed with each loading cycle. A varfation of the
conventional test methods is the block test in which a prism of rock is
isolated in situ by 1ine drilling or slot cutting and loaded via pressurized

2-3-2




CONTROLLED DRAFT O
NOVEMBER 24, 1986

flat jacks (Pratt et al., 1977; Hardin et al., 1982; Logsters and Voort,
1974). This test was designed to provide better control of the applied
stresses 'to a known volume of rock as compared to the conventional tests.

2.3.1.2 Large-scale strength properties of
.octher rocks

The composite strength of Jointed rock is not well understood at present.
Fleld results are scarce, and a satisfactory model that can incorporate the
properties of intact rock, discontinuities, and the kinematic restraint caused
by the jJointing system has rot been established. The results of in situ,
uniaxial compression tests and laboratory small-scale model triaxial
compression tests are summarized below.

2.3.1.2.1 Uniaxial compression

A summary of the results of large-scale uniaxial compression tests is
provided in Table 2.3-2. The first seven tests in this table were discussed
by 8ienfawsk{ and Van Heerden (1975). The granite sample reported by -
Sundaram et al. (1983, pp. 654-656) included only one throughgoing fracture
(sub-horizontal) with & few other discontinuous and healed fractures, whereas
the sample tested by Thorpe et al. (1980) was pervasively fractured. In all
cases reported, the uniaxial compressive strength of the rock mass is
considerably lower than the intact rock material.

In situ uniaxial compressive strengths have also been inferred from the
observation of pillar failures in large-scale underground structures. Salamon
and Munro (1967) prepared a strength formula for South African coal pillars
based on the statistical evaluation of 125 stable and unstable coal pillars.
Others (Agapito, 1974; Brady, 1977; Coates et al., 1973; Petersen, 1978) have
interpreted rock mass strength by the interpretation of in situ
jnstrumentation and back analysis. The results of these investigations and
those of Russell et al. (1984) are summarized in Table 2.3-3.

2.3.1.2.2 Triaxial compression

Rosengren and Jaeger (1968) completed laboratory tests on a marble that
had been thermally fractured to induce an interlocking fractured material that
Hoek and Brown (1980, p. 168) suggest might be considered as a small-scale
analogue of a heavily jointed rock mass. In Figure 2.3-4, the strength enve-
lope for the intact marble is compared to that of the thermally fractured
marble. At low confining stress, the strength of the fractured marble sample
-{s considerably lower than that of the intact marble. In contrast, the K

. difference- 1n- strength was minimal at high confining stress. Rosengren and

Jaeger (1968) observed that this effect was due to the degree of interlock of
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the grains; and concluded that, with moderate confining pressure, closely
Jointed rock may retain considerable strength. Also, the slope of the
strength envelope of the fractured-marble sample is steep at low confining
stress, ‘fmplying that the fractured-marble sample has a very high internal
friction coefficient. Similar behavior has been reported in the results of
model tests using plaster blocks at low-confining stress (Brown, 1970,
p. 19463 Einstein et al., 1970, p. 98).

2.3.2 LARGE-SCALE MECHANICAL PROPERTIES OF
ROCKS AT THE HANFORD SITE

Up to January 31, 1986, the fo1low1ﬁg field tests were conducted in the
Pomona flow at the Near-Surface Test Facility.

o Borehole jacking tests (Section 2.3.2.1)--tests performed to measure
the deformabiiity modulus of & small volume of rock away from the
surface disturbance. The purpose of these tests was to provide
input for the predictive analyses of Full-Scale Heater Tests 1 and 2
'(Shuri et u1., 19803 de 1a Cruz et al., 1982).

o Jointed block test (Section 2.3.2.2)--a field test designed to allow
control of the triaxial stress state and temperature ina 2mby 2 m
by 2m (6.6 ft by 6.6 ft by 6.6 ft) block of basalt (Cramer and Kim,
1985). This test provided direct measurements of the deformational
response of a large block of jointed basalt.

o Cross-hole seismic tests (Section 2.3.2.3)--tests performed to
evaluate the dynamic modulus and the extent of damaged rock zone .
caused by blasting (Myer et al., 1983).

Note that the purpose of these tests was to obtain preliminary data for
the conceptual design and to develop testing procedures. The results provided
an indication of the magnitude and range of the deformability modulus of the
basalt in the Cohassett flow.

2.3.2.1 Borehole jacking tests . I

The borehole jJacking tests were conducted in the Pomona flow at the Near-
Surface Test Facility using both the Goodman Jack and the modified Goodman
Jack. The Goodman jack tests were conducted in six boreholes, located in the

walls or floor of the Near-Surface Test Facility tunnel in the vicinity of the

full-scale heater tests. The tests were conducted within the entablature of
the Pomona flow at depths ranging from 1.5 to 7.6 m (5 to 25 ft). The test
results are 1isted in Table 2.3-4.

The modified Goodman jack tests were conducted in vertical holes at the
Near-Surface Test Facility (de la Cruz et al., 1982; Voss, 1981). Test depths

.
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ranged from 2.4 to 9.1 m (8 to 30 ft), primarily in the Pomona flow colonnade.
The results of the modified Goodman jJack tests are shown in Table 2.3-5. The
deformabi11ty modulus had been calculated from both the tangential strain and
the diametrical deformation measurements. The deformability modulus
calculated from the tangential strain measurements is significantly higher
than that from the diametrical deformation measurements, which is the general
observation in this type of test. Possible explanations are that the contact
deformation between the rock and the platen may increase the measured value of
diametrical deformation, or that the presence of fractures may change the
stress distribution around the borehole used to calculate modulus values from
tangentfal strain measurements, or gage s1ip may have occurred during the
test. The values calculated from the two measurements may provide the upper
and lower bounds of the in situ deformability modulus of the rock mass

(de la Cruz et al., 1982, p. 5).

2.3.2.2 Jointed block test

The jointed block test was located in the west wall of the west access
tunnel of the Near-Surface Test Facility (see Fig. 2.0-2). The test block was
2uby 2m (6.6 ft by 6.6 ft) square in cross section and 4.5 m (15 ft) deep
into the tunnel wall as shown in Figure 2.3-5. The sides of the block (i.e.,
those in the vertical and north-south (horizontal) direction) were loaded by
flat jacks over a 2-m by 2-m (6.6-ft by 6.6-ft) area. Eight hydraulic rams
located on the face of the block provided the load in the axial direction
through cables anchored beyond the back of the block.

Twenty-six boreholes were drilled within the test block to accommodate
the measuring instruments. These holes varried in diameter from 38 to 99 mm
(1.50 to 3.90 in.) and were all drilled by coring. The cores were analyzed
for joint characterization and were tested in the laboratory for physical and
mechanical properties. The rock quality designation values varried between
16% and 47% from borehole to borehole with an average value of 32% (Cramer and
Kim, 1985, p. 142). These values are too low to properly correlate between
the rock quality designation and the deformability modulus of rock mass as
shown in Figure 2.3-1. The values of Q based on the Norwegian Geotechnical
Institute Q system (Barton et al., 1974) also show a variation as do the rock
quality designation values and have an average value of 8.7. The rock mass
rating based on the geomechanics classification system by Bienjawski (1979)
was determined for each borehole. The majority of the boreholes have a rating
value of 63, while the rating of the remaining boreholes is 58. The average
value of all the boreholes is 62, which is very close to values obtained from
other locations of the Near-Surface Test Facility (Moak and Wintczak, 1980,
pp. 4-58). From the values of the rock mass rating of the test block, the
empirical correlation between the deformability modulus and-the rock mass
rating as shown in Figure 2.3-2 gives a deformab111t¥ modulus within the range
of approximately 15 to 30 GPa (2,175 to 4,350 kip/in¢).

Development and testing of the block was carried dut in three steps.
Step 1 involved construction and testing of the first slot, which also

Y
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included ‘a heater test for a preliminary study of temperature effects. .

Steps 2 and 3 involved ambient temperature and elevated temperature testing of
the block. The important results are presented in the following subsections.
Detailed descriptions of construction and test procedures, instrumentation and
data acquisition systems, and results and analyses have been presented
elsewhere (Black and Cramer, 1983; Cramer et al., 1985; Cramer and Kim, 1985).

2.3.2.2.1 Step 1: slot testing

The slot test was made in the slot that forms the lower horizontal
boundary of the test block and was conducted prior to the cutting of the other
three slots. The test slot was excavated, as were 211 other slots, by 1ine
drilling followed immediately by grouting two flat jacks within this slot.

The relative location of the slot and 1ts associated instrumentation are shown
in Figure 2.3-6. The locations of the 15 heaters around the slot are also
shown in this figure.

The first stage of the slot test was conducted under ambient temperature
by pressurizing the flat jacks. The deformation of the slot was measured by
deformation meters installed within the flat jack, and the deformation of the
surrounding rock mass was measured by U.S. Bureau of Mines borehole - '
deformation gages installed in the boreholes within the test block. The
deformability modulus determined from the deformation of the slot is 40 GPa
(5,800 kip/in?), and the deformability mgdu1us determined from the borehole
deformation gage is 44 GPa (6,380 kip/in¢) (Cramer et al., 1985, p. 19). The
modulus obtained from the borehole deformation measurement is slightly higher
than that obtained from the slot deformation measurement. One possible
explanation is that, because the scale of the borehole is very small in
comparison with the joint spacing in the entablature, the readings from the
borehole deformation gage may reflect more of the properties of intact rock
than those of the rock mass. Note that the deformability modulus determined
in this test {is considerably higher than that determined from the Goodman Jjack
tests shown in Table 2.3-4.

Subsequent stages of the slot test were conducted by energizing the
heaters to study the effect of temperature on the deformability modulus.
However, since only one borehole deformation gage survived to the 100 C
temperature level, a conclusion regarding the influence of temperature on rock
mass deformation could not properly be made.

2.3.2.2.2 Step 2: ambient temperature tests

The second step of the jointed block test consisted of completing the
three slots to form the block, installing the confining cable anchor system,
completing the 1nstrumentat10n, and loading the block under ambient . -
temperatures. While the cutting of the slots was carried out in a carefully
controlled sequence to minimize any possible relaxation of the test block, the
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deformatfon of -the block during cutting was not monitored for an assessment of
the extent of relaxation.

Deformation in a11 three directions within the test block was measured by
the basalt deformation measurement system and three multiple-point borehole
extensometers. The basalt deformation measurement system is an electro-
optical instrument that remotely mgnitored the deformation of the test block
with a rsso1ution of 1 um (4 x 10-9 in.) and a precision of 115 um
{6 x 10-% in,) at a depth of 2.5 m (8.2 ft) from the surface (Cramer and Kim,
1985). The instrumentation plan is shown in Figure 2.3-7. The effect of the.
presence of 26 instrument holes in the block has been calculated to have a
maximum effect of 9% on the displacements as compared to & block without
instrumentation holes (Cramer and Kim, 1985, p. 70).

A total of 26 ambient temperature loading tests were conducted during
step 2. During each test, a constant confining stress was applied in two of
the principal directions while the deviatoric load was cycled between
predetermined maximum and minimum levels in the third direction. nfining
stress levels varied from 1.5 to 9.0 MPa (0.217 x 103 to 1.305 x 103 1bf/in2),
while deviatoric stresses went to a maximum of 12.5 MPa (1.812 x 103 1bf/in2).
These were selected to minimize gross block deformation through Joint slippage
or tensile failure (Brady and Hart, 1981). Eleven loading cycles were
performed with the deviatoric stress in the horizontal direction, seven in the
vertical direction, and six in the axfal direction. Two additional tests were
run with equal loading in all three directions. A number of cycles were
conducted under identical loading conditions to verify the reproducibility of
the results. The stress levels attained during the step 2 loading cycles are
summarized in Table 2.3-6.

Several examples of the load-deformation curves from the step 2 loading
cycles (Cramer et al., 1985) are presented in Figures 2.3-8 (horizontal
loading), 2.3-9 (vertical loading), and 2.3-10 (axial loading). Several
features of the basalt response are readily apparent from these curves. The
most noticeable is the high degree of linearity of the loading portion of the
curves. Regression analyses of the loading section demonstrates Tinearity
with a2 correlation coefficient greater than 0.995 for almost every cycle
(Cramer et al., 1985, p. 27). The unloading portions of the curves are
generally nonlinear, and the results of many tests showed bilinear response
with permanent deformation. Brady et al. (1984) proposed that the slope of
the initial unloading region may represent the purely elastic response of the
block. Hysteresis is apparent in most of the loading cycles, especially those
from loading in the horizontal direction.

The test results also showed a nonuniform deformation pattern within the
test block, which had not been anticipated. In particular, 1t was found that
the front portion of the block underwent a larger deformation than the rear
portion of the block under the application of axial loading and that the axial
deformation was very small when the block was loaded in the horizontal
direction. Several numerical models including two- and-three-dimensional
finite-element analyses (Hardy and Mitchell, 1985) and two-dimensional
distinct-element analyses (Cramer and Kim, 1985; Cundall and Hart, 1985) have
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been used to model the actual test condition. These studies showed that the
particular joint pattern of the basalt rock mass was a major cause of the
nonuniform deformation response within the test block. -

The finite-element analysis used the ANSYS three-dimensional code with
the rock mass assumed to be linearly elastic and orthotropic (Hardy and
Mitchell, 1985). The analysis showed the following.

o The horizontal and vertical stresses 1n the center of the block were
significantly less than the applied flat-jack pressure, chiefly as a
goniequence of the Timited area of the block that was loaded by the

acks.

o0 A1l stress components were less than that applied by the f1at Jacks
and tendons due to both the friction &along the flat jacks and the
rock interface and shear stiffness of the flat Jacks.

o The axial stress was reduced sign1f1cant1y from the front to the
rear portion of the block due to the friction -and shear stiffness of
the flat jJacks. o

.- Based on these findings, the values of deformation modulus were - -
calculated from the average stress cbtained from the finite-element analyses.
The rock mass deformation modulus in the horizontal and vertical directions
are shown in Table 2.3-7 (Cramer and Kim, 1985). The deformation moduli from
axial loading are presented in Table 2.3-8 (Cramer and Kim, 1985, p. 324).

The moduli values calculated in the axial directfon are not as reliable as
those of other directions because of greater uncertainties in stress state.

A series of discontinuum analyses using the distinct-element code UDEC
(Cundall, 1980) successfully reproduced the hysteresis behavior where the
un10ad1ng portion of the curve does not follow that of the loading portion and
shows a permanent deformation. This behavior was not produced in the finite-
element analysis. The observed nonuniform deformation pattern was also
explained by the rotation of an individual block. While the discontinuum
model showed promise in being able to reproduce actual rock mass behavior more
accurately than the equivalent continuum approach, the results are qualitative
and further field testing and associated modeling will be required to
establish the necessity of discontinuum modeling.

The results from this stage indicate that the deformation of jointed
basalt is anisotropic. The axial and vertical moduli are almost twice those
~ measured in the horizontal direction. Poisson's ratio values were generally

- scattered and did not show directional dependence. Within the range of
confining stresses applied during the test, up to 9 MPa (1.30 x 10 1bf/in )s
the deformability modulus was found to Increase with increasing confining
stress., The moduli values are plotted against the confining stress in
Figure 2.3-11. Cramer and Kim (1985, p. 344) fit linear relationships to the
experimental deformation modulus as a function of conf1n1ng stress. :
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) EXX“ 2038 P + 6050
Eyy = 2.39 P + 13.5
Ezz = 1.11 P + 20

where P is the confining stress in MPa and the modulus is in units of GPa. It
should be noted that the anticipated confining stress level around the
repository openings 1s much higher than the test range and that 1t is not
possible to extrapolate the test results to & higher confining stress level
since the 1inear relationships represent only a simplified picture of the true
behavior of the block.

2.3.2.2.3 Step 3: elevated temperature tests

The final step of the block test was conducted.at elevated temperatures
of 100 and 200 °C, with six test runs performed at each temperature
(Cramer et al., 1985). Each of the two testing series was identical and based
on the pattern of the first six ambient temperature loading cycles. The
deformability modul! were evaluated from the test data in the same manner as
was used with the ambient temperature results (Cramer and Kim, 1985). The.
data showed that the deformability modulus at elevated temperature to be
higher than those under ambient temperature, which may indicate the locking up
of the joint system by the thermally induced stress.

2.3.2.2.4 Preliminary conclusions
The triaxial loading test conducted during the Near-Surface Test Facility
block test (Cramer and Kim, 1985, pp. 462-463) generated several basic

observations regarding the rock mass deformational response, including the
following:

¢ Anisotropy in the deformational response measured in the three
orthogonal loading directions.

o Increase in modulus value with increasing confining stress.

0 Lineaf stress-strain fesponse during loading and the presence of
permanent deformation after unloading of the test block.

o Pronounced hysteresis 1n‘the stress-strain response to loading,
which 1s not significantly reduced after recycling.

o Column rotation under horizontal loading, resulting in small axial
deformation. - : S o
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These observations were made under relatively low confining stress
conditions during the block test and may not represent the actual response of
the basalt rock mass in the repository horizon. The potentfal of the jointed
block test as a method for measuring the deformation modulus of jJointed basalt
has been supported by the present work. Additional study will be required to
improve the present data-interpretation method (Section 8.3.3.2).

2.3.2.3 Cross-hole seismic studies

Cross-hole seismic studies have been conducted at the Near-Surface Test
Facility at two locations. The first series of tests was associated with
pretest and post-test characterization at the full-scale heater test area,
while the second series of tests was performed on a series of holes located 1in
close proximity to the jJointed block test. The numerical results of the tests
from the pretest characterization, cross-hole seismic data for the full-scale
heater tests and results from the jointed block area are presented in this
section. Post-test cross-hole seismic data from the full-scale heater tests
are presented in Section 2.5. Detailed test procedures and full results are
described by Myer et al. (1983). _ o

- The velocities and dynamic elastic properties obtained in the second
series of tests in the block test area are plotted &s a function of distance
from the tunnel wall surface in Figures 2.3-12 and 2.3-13. The blast-damaged
zone 1s within the zone with lower velocities near the borehole collar, which
is generally of the order of 1 to 1.5 m (3.3 to 4.9 ft) in the tunnel sections
studied near the block test site (Myer et al., 1983, p. 30). Both the
compressional- and shear-wave velocities in the vertical direction were up to
approximately 30% greater than those in the horizontal direction away from the
blast-damaged zone (Myer et al., 1983, p. 30). This 1s probably a reflection
of the columnar nature of the rock mass jointing. The dynamic modulus
calculated from the measured velocities is plotted in Figure 2.3-13. Modulus
values in the horizontal direction were approximately 60% of those of the
:er§1cal g;;ection away from the blast-damaged zone (Myer et al.,

983, p. .

The dynamic modulus values in the blast-damaged zone were considerably
Jower than those at distance from the tunnel wall. The dynamic modulus of the
rock mass within the undisturbed zone 1s very close to the static modulus
determined from intact samples in the laboratory (Myer et al., 1983, p. 33).
In comparison, the dynamic modulus is up to four times the value determined
from the jointed block test. This agrees with the general experience that the
dynamic modulus is higher than the static value. SR

2.3.2.4 Discussion of results ;

 Three different methods were used to measure the rock mass &eformation
modulus of the Pomona flow in the Near-Surface Test Facility. Among these,
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the borehole jacking test and the cross-hole seismic test have been widely
used in site characterization of underground excavations in rock. The jointed
block test was specifically designed to measure the deformational response of
the basalt rock mass. The advantages of the jJointed block test are (1) the
test is made on & rock volume appropriate to the size of repository openings;
and, (2) deformation within the test block can be determined by direct
measurement during the test. :

The results are compared in Table 2.3-9, which shows that the modul{
values measured in the Jointed block test are lower than those obtained from
other methods. One explanation is that the test block had been disturbed by
the process that created a blast-damaged zone that covered the front portion
of the block. Furthermore, the preparation of the test block, where slots
were made by 1ine drilling, may have caused relaxation of the rock mass toward
the slots. The combination of these effects could cause the measured moduld
values to be lower than the actual values. Therefore, the results of the
Jointed block test are 1ikely to represent a lower bound estimate of the
actual deformation moduli. The dynamic moduli obtained from the cross-hole
seismic tests provide an upper bound estimate, and the actual deformation
moduli may take values between these bounds. The effect of creep and
temperature on deformational response of the rock mass have not been studied.

Temperature effects will be important to the repository performance
because the repository host rock will experience a temperature cycle during
operation of the repository. Ouring the heating phase of the temperature
cycle, the rock mass around the repository openings may expand toward the free
face. This expansion may result in the opening up of Joints around the
openings. While it can be reasonably expected that reclosure of joints will
occur during the cool-down phase, the possibility that incomplete joint
closure, as observed in the post-test inspection of Full-Scale Heater Test 2
(Section 2.5.2.1), cannot be ruled out without further investigation. If this
occurs it may affect the mechanical, thermomechanical, and hydrological
properties of the rock mass, which may affect the performance of the
repository. Thus, further studies are planned, and these studies are
described in Section 8.3.2.2.

2.3.3 RELATIONSHIP BETWEEN INTACT ROCK, DISCONTINUITIES,
AND LARGE-SCALE ROCK PROPERTIES

2.3.3.1 Introduction

Understanding the relationship between intact rock, discontinuities, and
Targe-scale property is of critical importance in site characterization in
basalt because of (1) & need to provide a framework for interpreting the test
results; (2) a need to provide a framework to extrapolate the test results
throughout the repository: and, (3) the abundance of the cooling joints and
their discontinuous nature. This relationship can be used to develop some
form of equivalent continuum approach incorporating both joint and intact
properties for repository-room-scale design where the rock mass under
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consideration-contains a sufficient number of discontinuities. It can also be
used to develop discontinuous models for the interpretation of intermedfate-
scale tests (such as the Jointed block test) and for end analyses of
conditions around the emplacement borehole.

The relationship may be deve1oped by either analytical or empirical
approaches. The analytical approach will begin by development of conceptual
models for the rock mass and by using these conceptual models as a basis to
develop quantitative constitutive models (Section 2.3.3.2). The empirical
approach uses some form of rock mass classificatfon system as a basis for
correlating empirically the mechanical properties of rock mass with those of
the intact rock and discontinuities. Existing rock mass classification
systems that had been considered by the BWIP are outlined in Section 2.3.3.3.
;he :ockzmgsg groperties used in the SCP conceptual -design are summarized in

ection .

2.3.3.2 'Develoggent of analytical models for the

mechanical response of basalt rock mass
. * The development of an ana]ytica1 model for the mechanica] response of a
basaltic rock mass consists of twe key stepss:~-- - - , ,

o Development of a conceptual model of the basalt rock mass
(Section 2.3.3.2.1).

o Development of constitutive equations that describe the mechanical
response of a basalt rock mass (Section 2.3.3.2.2).

The conceptual model consists of a qualitative description of the
behavior of the rock mass, one that accounts for the contribution of both the
intact rock and the discontinuities. This then defines the framework for the
development of constitutive equations governing the behavior of the rock mass.
These models will eventually be incorporated in geotechnical numerical
modeling to support repository design and license application. The computer
codes for the numerical modeling that have been developed for the BWIP were
described in St. John and Williams (1980), a number of these codes have
already been used in the planning and interpretation of the results of ffield
tests in the Near-Surface Test Facility.

2.3.3.2.1 Conceptual models for the basalt
rock mass

~ A number of different two-dimensional conceptual models for a fractured
rock mass are {l1lustrated in Figure 2.3-14(a) through (g). These figures
represent possible 1dealizations where Figure 2.3-14(a) may be appropriate -
when evaluating the behavior of a very large, massive basalt, while
Figure 2.3-14(e) or (g) may be appropriate in the entablature and colonnade of
the basalt flows where columnar character can be very evident.
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Once an fdealizatfon has been selected, the next step is to determine
whether 1t is possible to ascribe to the rock mass volume average properties
that incorporate the properties of the intaét rock and fractures or whether
explicit representation of rock and fractures is required. Two alternatives
exist: the equivalent continuum and the discontinuum. The fundamental
assumptions of the equivalent continuum model, are that it fs possible to
develop average stress-strain relationships for the rock mass including both
intact rock and discontinuities, such that the precise location of the
discontinuities is unimportant at the scale of concern. In the discontinuum
approach, the rock mass is modeled as an assemblage of blocks; the interaction
between the blocks is governed by the mechanical properties of both the intact
rock and discontinuities. The construction of such a model requires detailed
information regarding the geometry of the jointing system, the stiffnesses and
strength of joints, and the mechanical properties of the intact rock material.
Because of these reasons, the discontinuum approach will not be discussed
further in this section and will be considered in future studies
(Section 8.3.2). The continuum model will be discussed in the remaining part
of this section. . .

2.3.3.2.2 Constitutive models for the deformation L ,;vv ,“*f;';-;m- o
Coxon st of basalt rock mass o e et e

Four different equivalent continuum models that have been considered by
the BWIP are illustrated in Figure 2.3-15(a) through (d). The first model is
the simplest case as shown in Figure 2.3-15(&). The material {s characterized
as linearly elastic and isotropic. Such a simplified approach has been
adopted for many scoping and parametric investigations of the Near-Surface
Test Facility and in support of the development of repository design concepts.
It is & reasonable approximation providing that the fracturing can be
considered as intense and random at the scale of concern. If there are
relatively few fractures, the deformational response of a rock mass may still
be 1inearly elastic. However, both the deformability and strength of a rock
mass can be strongly dependent on the direction of loading.

Based on the results of laboratory tests of intact basalt, the approxi-
mation of linear elastic behavior is probably reasonable for the intact
material. In contrast, the fractures in basalt exhibit markedly nonlinear
behavior under both normal and shear loads. This can be incorporated in the
second (nonlinear) model, such as i1lustrated in Figure 2.3-15(b), in which
the joint response dominates at low stress while the intact rock response
dominates at higher stresses. This can be further simplified to the third
(bilinear) model f1lustrated in Figure 2.3-15(c), which has been used for some
of the predictive analyses performed for the Near-Surface Test Facility
. .experiments (Hocking et al., 1980). The conceptual basis for the bilinear
model 1s that the joints "lock-up® once & certain threshold stress is reached,
and thereafter, the intact rock properties dominate. >

The fourth model {s the hysteretic model 11lustrated in Figure 2.3-15(d).
g?is model incorporated the hysteresis behavior observed during the Jointed.
“block test. _ .
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These four models have been applied to the analyses of the field tests
conducted at the Near-Surface Test Facility. Possible approaches that can be
used to derive the parameters that define the constitutive equations of these
models based on the mechanical properties of the intact rock material and the
discontinuities and the geometry of the discontinuity system were outlined by
Hi11 (1963), Singh (1973?. and Gerrard (1982). Example calculations had been
given by Cramer and Kim (1985) and Amadei and Goodman (1981). Othér models
- for equivalent continuum behavior are possible and may eventually prove
preferable. For example, the compliant joint model developed by Thomas
(1982), in which rock mass response {s decomposed into portions for the intact
rock and the discontinuities, also may prove to be applicable to the rock
mass; however, the current data are insufficient to justify the selection of
one model versus another or an adoption of new models.

2.3.3.2.3 Constitutive models for the strength
of & basaltic rock mass

. The strength of a jointed rock mass is related to the strength of intact
rock, strength of discontinuities, and fracture frequency &nd orientation
(Hoek, 1984). This is best demonstrated by the relationship between the
strength and size of & rock mass shown in Figure 2.3-16. The data in this
figure suggest that rock mass strength decreases with increasing sample size
until the sample contains sufficient joints to be representative of the rock
mass, hence the term “representative volume.® This term is relatively simple
to understand but difficult to apply 1n assessing rock support and allowable
waste container placement densities because the dimension of the
representative volume depends on both the fracture spacing and the scale of
the problem analyzed. Therefore, more fundamental approaches to estimating
the rock mass strength have been the subject of evaluation by the BWIP. In
the following discussions, hydrologic effects such as pore pressure have not
been included. These effects are not well understood at present and will
require further study (Section 8.1.1).

The simplest theoretical model is an isotropic, Mohr-Coulomb model with
the strength of rock mass completely defined by the uniaxial compressive
strength and the internal friction angle. The assumption of isotropy may be
valid if fracturing is either absent or so pervading that there is no
preferred orientation of fracture. The Mohr-Coulomb model assumes that the
intermediate principal stress has only negligible effect. At present, there
is insufficient actual testing data to substantiate or disqualify this
assumption. Further studies on the yleld criteria will be required
(sect1°n 8.1.1). . -

A more common situation {s that the presence of one or-more sets of
‘discontinuities introduces anisotropy in both the strength and deformability
of the rock mass. An unfavorable combination of loading direction and
discontinuity orientation may initiate s1ip along the discontinuities and
cause failure to the rock mass. Under such circumstances, the strength of
rock will depend on the loading direction, the shear strength along
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discontinuity-surfaces, and the persistence of discontinuities. However, even
with 2 simple model containing only one system of Joints, a large number of
parameters will be required to estimate the mass strength. An accurate
determination of these parameters cannot be made in the current stage. The
validation and application of theoretical models must, therefore, await until
a need is Justified and further data can be obtained.

2.3.3.3 Empirical models for the mechanical response
of basait rock mass

The two rock mass classification systems that were used by the BWIP are
the South African Council for Scientific and Industrial Research (CSIR)
Geomechanics Classificatfon system proposed by Bienfawski (1974, 1976) and the
Norwegian Geotechnical Institute (NGI) Tunneling Quality Index proposed by
Barton et al. (1974). -Both systems incorporate the mechanical properties of
the intact rock material and the discontinuities and physical characteristics
of the discontinuities in the classification of the rock mass. The
application of both systems will result in a numerical value that reflects the
overall rating of the rock mass, in the South African Council for Scientific
and Industria) Research Geomechanics Classification system this 1s called the

o rock mass rating, which varies from 0 to 100; and in the Norweglan.- -

Geotechnical Institute Tunneling Quality Index system, this index Q can vary
over several orders of magnitude. The ratings from the two systems have been
empirically correlated (Bienfawski, 1976). The South African Council for
Scientific and Industrial Research Geomechanics Classification system will be
the basis of the empirical models described in this section.

2.3.3.3.1 Empirical models for the deformation of
basalt rock mass

The empirical correlation between the rock mass rating values and the
deformabi1ity modulus of the rock mass was discussed in Section 2.3.1.1 with
the results shown in Figure 2.3-2. This model shows an increase in
deformability modulus in proportion to the rock mass rating value and is
applicable only to rock masses with rock mass rating values greater than 50.

In the jointed block test area, the rock mass rating value falls within
the range of 58 to 63. According to the empirical model as shown in
Figure 2.3-2, the deformability moﬁg]us of the rock mass is in the range of
10 to 35 G6Pa (1,450 to 5,076 kip/in¢). This compares with the actual valueg
being measured, which is in the range of 6.5 to 47 GPa (942 to 6,816 kip/inc)
as shown in Table 2.3-9, and appears to indicate that this empirical model
will be applicable to the basalt rock mass at the Hanford Site.
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2.3.3.3.2 Empirical models for the strength of
’ basalt rock mass

- The -majority of empirical models for estimatfon of rock mass strength
applicable to deep underground conditions are based on back analysis of room
. and pilInr_geometr1es of coal mines (Bieniawski and Van Heerden, 1975; Salamon
- and Munro, 1967). Among the methods applicable to heavily jointed hard rock,
the method proposed by Hoek and Brown (1980, p. 166) received a wider
acceptance. This method is essentially an extension of the Hoek and Brown
“faillure criterion of intact rock to rock mass strength in which a careful
consideration of the choice of the values of empirical constants m and s are
required. They extended the method further to correlate the rock mass quality
-and the constants m and s (Hoek and Brown, 1980, p. 174). The authors have
found recently that the initial correlation between rock mass quality, and the
-constants m and s, are grossly conservative when applied to interlocking rock
‘masses in deep underground (St. John and Kim, 1985, p. 20). ‘

- Considering the scarcity of applicable rock mass data to the underground
condition at the Hanford Site, the BWIP developed a failure criterion which
takes 1nto account the presence of interlocking joint system in basalt: The
failure criterion is based on intact basalt strength data that have been
adjusted to reflect the presence of joint system 1n basalt. The degree of
weakening due to the Joint system is estimated based on the findings of - . -
- Rosengren and Jaeger (1968) who studied the effect of strength reduction due
"to the loss of cohesion 1n grain boundaries in a marble after heating.. The
findings allow & comparison of the strength of granulated and {ntact marble

specimens under identical confining pressures and provide strength reduction
factors. The *reduced" strength data obtained by this method are taken as a
‘reasonable representation of the basalt rock mass, from which the m and s
values are calculated. These values are presented in Section 2.3.3.4.

Tests on granulated marble conducted by Gerogiannopoulos (1979) suggest
that the strength reduction factors obtained by Rosengren and Jaeger (1968)
are likely to be conservative. The validity of the present BWIP approach
- hinges on the assumption that the granulated marble possesses similar
structure to that of the basalt rock mass at the candidate repository horizon.
This will be investigated in future studies when access to the repository
horizon 1s made available through the Exploratory Shaft Facility.

2.3.3.4 Rock mass properties for design

The rock mass properties required for design of the underground
excavation for a repository reflect, to a considerable extent, the design
methodology used. As discussed in Section 6.1.3, the methodology used in the
SCP conceptual design of the repository excavation uses simple linear elastic
models. . It is anticipated that these simple analytical tools will continue to
be used but that design verification will be provided by performing detailed -
analysis based on the best available data on site characteristics and rock
mass properties. o e e
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- Little information 1s available regarding the mechanical properties of
the basalt rock mass in the Cohassett flow. Other than the mechanical
properties of the intact rock based on the results of laboratory testing of
cores extracted from a few borecholes, the strength, stiffness, and physical
characteristics of the joints in the Cohassett flow are generally not
available. Thus, the rock mass properties used for the SCP conceptual design
¥e;e est;mated by combining engineering judgment with the following sources of

nformation: ‘ )

o Results of in situ testing performed in the Pomona flow at the Near-
Surface Test Fac111ty.

0 Results of laboratory testing of core samples from the dense
- {nterior of the Cohassett flow.

o Empirical models using rock mass classification based on the
expected geological condition of the Cohassett flow. '

The rock mass rating values from the geomechanics classification of the
Cohassett flow in the repository horizon were estimated to be in the range of
45 to 67 (Section 2.8.2.2). The upper end of this range is comparable to that
of the rock mass in the jointed block test site at the Near-Surface Test

.. Facility. However, because the jJoints within the Cohassett flow will have a

much higher stiffness &s & result of high in situ stresses, the deformation
modulus of the rock mass in the repository horizon is 1ikely to be closer to
the high end of the range obtained from the rock mass in the Pomona flow at
the Near-Surface Test Facility. The following are values that were used in

~ the SCP conceptual design (KE/PB, 1986, pp. 7-11):

Unconfined compressive strength 19.8 MPa (2.87 x 103 1bf/in2)
Deformation modulus 38 GPa (5.51 x 103 kip/in2)
Poisson's ratio 0.25

Tﬁe empirical strength criteria developed by Hoek and Brown (1980)

oy = 03 +[Mag o + S 2 (2.3-1)
is used for the strength of the rock mass in which

o, = intact rock unfaxial strength (305 MPa (44.24 x 103 1bf/1n2))
m = 22.34 -
. § =0.00421.

203‘17



CONTROLLED DRAFT O
NOVEMBER 24, 1986

These parameters were obtained by fitting the Hoek and Brown equation to the
results of the triaxial testing of intact samples from the Cohassett flow,
then reducing the intact strength to that of a fractured rock mass according
to the data presented by Rosengren and Jaeger (1968).

Application of the Hoek &nd Brown criteria in the SCP conceptual design
{nvolves calculating a volume average stress at selected points around the
excavation or waste emplacement hole. Following the concept developed by
Hardy and Hocking (1980), the dimensions of this characteristic volume are
defined from the maximum dimensions of the excavation. The stress (o1)
computed in this manner is then compared to the strength calculated from
Equation 2.3-1 and to the computed average confining stress (¢3). This
process, which aims to account for scale effects in a logical manner, is based
largely on engineering Judgment and has yet to be validated by field testing.

2.3.4 SUMMARY

Rock mass properties, while critical to the design and 1icensing of a
repository, are difficult to measure or calculate. The complex interaction of
the intact rock ‘and the discontinuities that compose the rock mass necessitate
the use of large-scale tests. Such tests must be performed on volumes of rock -
sufficiently large to be representative of the rock mass; so the tests are
relatively expensive and time consuming.

. The large-scale properties of basalt have been investigated through field
tests at the Near-Surface Test Facility in the Pomona flow outcrop and through
assoctiated numerical modeling. Testing to date has measured the deformability
of the basalt rock mass; measurements of rock mass strength have not been
made. :

The basalt rock mass moduli measured at the Near-Surfgce Test_Facility
fall within the range of 10.2 to 47 GPa (0.94 to 6.82 x 10 kip/inz). The
deformability modulus of the rock mass of the Cohassett flow in the repository
horizon s likely to be near the upper end of this range because of higher
joint stiffness at depth caused by higher in situ stresses.

The rock mass strength of basalt is currently represented by the Hoek and-
Brown formula for estimating strength. The parameters used in this equation
are estimated from laboratory data, and correlations are developed for
fractured rock. . }

' Numerical modeling has been used extensively to aid in the interpretation
of field tests. The jointed block test has provided a comprehensive set of
deformational response data, but because 1t 1s located at the Near-Surface
Test Facility in an outcropping of the Pomona flow where the rock is
unsaturated and subjected to low in situ stress, it does not represent the
conditions at depth. Further tests are planned to be conducted at depth in -
the Exploratory Shaft Facility. These are described in Section 8.3.2..
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2.4. THERMAL AND THERMOMECHANICAL PROPERTIES--INTACT ROCK

2.4 Thermal and Thermomechanical Properties--Intact Rock
2.4.0 Introduction
2.4.1 Thermal and thermomechanical properties of other rocks
2.4.2 Thermal and thermomechanical properties of rocks at the
-Hanford Site
2.4.2.1 Pomona and Umtanum flows
.2 Cohassett flow
3 Effect of various parameters on thermal and
thermomechanical properties
.4 Discussion of results
Y ‘

2.4.0 INTRODUCTION

Knowledge of the thermal properties of & nuclear waste repository host
rock 1s necessary to predict the temperature around the repository openings
with time. This 1s used in a number of ways 1n the design and performance
assessment of the repository. The temperature in the host rock caused by the
emplacement of containers will be approximately 219 *C (KE/PB, 1986, . . .
pp. 6-27), and the confinement around.the openings that prevents free thermal
expansion of the rock will result in thermally induced stress‘'in the rock
mass. The thermally induced stress and its associated displacements
significantly influence repository layout and design (Section 6.2.6). -
temperature increase will increase the thermal buoyancy of the groundwater and
modify the hydraulic conductivity around the storage rooms, both of which will
affect the hydrologic calculations describing repository performance.

The thermal and thermomechanical properties of basalt were first
estimated from existing literature (Agapito et al., 1977); these were later
augmented by site-specific test data from the Umtanum, Pomona, and other
Grande Ronde basalt flows. Schmidt et al. (1980) summarized the data
available when the conceptual design studies were initiated. Laboratory
testing of core from the Full-Scale Heater Tests 1 and 2 locations (FSI,
1980a, 1980b) was completed before test startup and was used in predictive
analysis of the tests. )

A summary of laboratory testing of core samples to determine thermal and
thermomechanical properties of several basalts is given in Table 2.4-1. The
test procedure and the correspond1n$ references are listed in Table 2.4-2.
Sublette (1983) presents a compilation of the test data from the Cohassett,
gnzagum, and Pomona flows. These data are reproduced in Tables 2.4-3 through

2.4-1 -
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2.4.1 THERMAL-AND THERMOMECHANICAL PROPERTIES OF
OTHER ROCKS

The thermal conductivities for basalt in general and similar rocks
compiled by Clark (1966) are shown in Table 2.4-6. A histogram of thermal
conductivity of Columbfa River basalt compiled by Roy et al. (1981) 1s shown
in Figure 2.4-1. The temperature at which these measurements were made 1s not
indicated. The results range from 1.12 to 2.38 W/m-°C, with most values
between 1.3 and 2.0 W/m-*C. The range of variation of thermal conductivity
for basalt as a function of temperature, compiled from a review of 32 sources
by Roy et al. (1981), is plotted in Figure 2.4-2, which shows a 25% reduction
in thermal conductivity over the expected temperature change for basalt in the
repository environment, 40 to 300 °C.

The thermal expansion of basalt and similar rock, as summarized by Clark
(1966), 1s listed in Table 2.4-7. Thirumalai (1970) reported the thermal
expansion coefficient for Dresser basalt ranging from 2.9 pe/°C &t 24 °C to
11.6 ue/°C at 533 *C.

The héatvcapacity of basalt, compiled by Roy et al. (1981, p. 436), is
shown in Figure 2.4-3 as a function of temperature. The trend shows
:pprosigatgog aczo% increase in the specific heat as the temperature changes

2.4.2 THERMAL AND THERMOMECHANICAL PROPERTIES OF ROCKS
AT THE HANFORD SITE

2.4.2.1 Pomona and Umtanum flows

Most of the thermomechanical testing on the Pomona flow was completed
prior to Full-Scale Heater Tests 1 and 2 at the Near-Surface Test Facility to

- provide site-specific data for predictive analysis of the tests. The mean

values and standard deviations of thermal conductivity, heat capacity, and
thermal expansion coefficient are l1isted in Table 2.4-3. Generally, tests
were conducted over & temperature range of 20 to 200 *C. Within this
temperature range, heat capacity shows an increase with temperature, while
both the thermal conductivity and thermal expansion coefficient appear to be
independent of temperature (Sublette, 1983, p. 53). Tests on both the thermal
conductivity and thermal expansion coefficient made on samples from vertical
and horizontal boreholes indicate no significant difference due to '
orientation. Similarly, no significant difference was found between the
thermal expansion values for samples obtained from Full-Scale Heater Tests 1
and 2: however, half of the thermal conductivity values for Heater Test 2
samples were considerably less than the remaining samples from Heater Test 2
and those from Heater Test 1 (FSI, 1980b, pp. 3-7, 11-7, 14-1),

Results from the thermal and thermomechanical testing of core samples .:

from the Umtanum flow are summarized in Table 2.4-4. Generally, these tests
were conducted over a temperature range of 20 to 200 *C.. The data on other.
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Columbia River-basalt compiled by Roy et al., (1981) (see Fig. 2.4-1 through
2.4-3) are in general agreement with those otained from the Pomona flow and
Untanum flow. The trends of decreasing thermal conductivity and increasin
thermal expansion with increasing temperature reported by Roy et al. (1981? do
not agree with the present Hanford Site data which do not appear to be
affected by temperature within the range of temperature tested for both Pomona
and Umtanum flow samples. ' ’

2.4.2.2 Cohassett flow

Results of the thermal and thermomechanical testing of the Cohassett flow
are summarized in Table 2.4-5. Generally, these tests were conducted over a
temperature range of 20 to 200 *C. Within the range of temperature of these
tests, the thermal conductivity and the thermal expansion coefficient do not
appear to vary with temperature. These results are comparable to those
obtained from the Pomona and Umtanum flow samples. Discussion of the test
Ees:}ts ;ng ;h: uncertainties associated with these is provided in
ECOH'....

and thermomechanical properties

The effects of porosity and moisture on the thermal and thermomechanical
properties are discussed in this section. Because there are insufficient data
froz the Hanford Site, some of the discussions will be on other types of
rocks. )

In general, for the same types of rock in & dry or unsaturated state, the
thermal conductivity will be related to its porosity in that those rocks with
& higher porosity will possess a lower thermal conductivity. Saturation of
the rock will cause an increase in 1ts thermal conductivity and the magnitude
of increase will depend on the porosity of the rock (Woodside and Messmer,
1961, p. 1705; Robertson and Peck, 1974, p. 4878). The effects of porosity
and mofsture on the thermal conductivity of intact rock are therefore
interrelated. As an example, using an analytical approach Chan and Jeffrey
(1983, p. 296) estimated that the thermal conductivity of saturated, low-
porosity (2%) granite is 5% lower than that of solid granite, while drying out
the pores will change this figure to 10¥. The reduction of thermal
conductivity as a function of porosity of a saturated, porous rock is shown in
Table 2.4-8. These data are derived from equations presented by Roy et al.
(1981, pp. 417 and 418). It can be seen from this table that for a rock whose
porosity 1s already low, the effect of changing moisture conditions on thermal
conductivity is very small.

The above discussion suggests that varying porosity and moisture R

conditions in the basalt dense interior may have 1ittle effect on the thermal
conductfvity because the porosity is already 10w 1n the dense 1ntgrior. The
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reduction in thermal conductivity is 1ikely to be significant in the more
porous flow tops and vesfcular zones. Experimental evidence to verify the
above statement has not been obtained at thé Hanford Site. However, density
measurements that may reflect the variation in porosity were gathered on
samples tested for thermal conductivity. The result of correlating density
with the thermal conductivity of €rande Ronde Basalt samples indicates lower
thermal conductivity for lower density. The results are fnconclusive because
of the small number of samples and the correlation between density and
porosity. The thermal conductivities of flow-top samples are generally lower
than those of the dense interior samples (Schmidt et al., 1980, pp. 6-19).

2.4.2.4 Discussion of results

The data presented in this section for basalt from the Hanford Site are
in general agreement with that of the Columbia River basalt. However, the
temperature dependence of the thermal and thermomechanical properties and the
effects of various parameters, such as moisture and jointing, could not be
established from the present data base because of insufficient data available
and the large scatter exhibited 1n the data.

% The present data base is restricted in that the total number of samples

:'ffom within the reference repository location consists of only 10 samples from

the Umtanum flow and 11 samples from the Cohassett flow (Myer, 1982, pp. 8

and 9). Furthermore, all these samples are from the same borehole. Thus, the
variability of the thermal and thermomechanical properties either laterally
within the same flow or between flows cannot be assessed from the present data
base.

Part of the reason for the large scatter in the test results may be
caused by combining the test results from different laboratories. At one
instance, identical samples were tested separately by Foundation Sciences,
inc. and the Lawrence Berkeley Laboratory, and the results from these two
laboratories were in poor agreement. It 1is not possible to quantify the
degree of uncertainty associated with this. However, future thermal property .
testing done by the BWIP will rely on common equipment, calibration, and
testing and quality assurance procedures to avoid the problem associated with
using different laboratories (Section 8.3.2.2).

In addition to the thermal and thermomechanical properties of the intact
basalt, the thermal and thermomechanical properties of the infilling material
may also have significant effects on the performance of the repository. These
are not available at present and future studies will be planned
(Section 8.3.3.2). .
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2.4.3 SUMMARY-

Tests performed to date have included samples from the Pomona, Umtanum,
and Cohassett flows. The thermal conductivity and thermal expansion
coefficient appear to be independent of temperature, whereas the heat capacity
increases by approximately 20% with an increase in temperature of 300 °C
(Fig. 2.4-3). The results are in general agreement with those reported in the
Titerature for basalt. For samples from the Cohassett flow the following
estimates are currently in use, the mean thermal conductivity is 1.51 W/m-°K,
the mean thermal expansion coefficient is 6.02 pc¢/°C, and the mean heat
capacity increases from 782 J/kg-*K at 20 °C to 929 J/kg-°K at 200 °C.

The major uncertainty associated with the present data is the effect the
test procedure has on the results. This uncertainty is evidenced by the lack
of agreement between the results obtained by the laboratories that performed
thermal conductivity measurements on identical basalt samples. Future thermal
property testing by the BWIP will rely on common equipment, calibration, and
testing procedures to avoid the problem caused by using different laboratories
(Section 8.3.3.2).

2.4.5 ‘
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-2.5- THERMAL AND THERMOMECHANICAL PROPERTIES--LARGE SCALE

2.5 Thermal and Thermomechanical Properties--Large Scale

2.5.0 Introduction

2.5.1 large-scale thermal and thermomechanical properties
of other rocks

2.5.2 large-scale thermal and thermomechanical properties of
rocks at the Hanford Site
2.5.2.1 Full-scale heater tests
2.5.2.2 Heated jointed block test
2.5.2.3 Discussion of results

2.5.3 Relationship between intact rock, discontinuities, and
large-scale rock properties
2.5.3.1 Conceptual models for a basalt rock mass
2.5.3.2 Constitutive equations for a basalt rock mass
2.5.3.3 Thermomechanical properties in design

2.5.4 Summary

2.5.0 tmouumon Ll e LT ey

Large-sca1e thermal and thermomechanical properties are required to
calculate the temperature and thermally induced stress in the rock mass
surrounding the repository openings (Section 6.1.3) and to assess the
potential of thermal fracturing of the rock mass. The thermal and
thermomechanical properties of rock mass are affected by the thermal and
thermomechanical properties of the intact rock material, the presence of
joints, the inhomogenuities within the rock mass, and the in situ moisture
condition. At present the potential influence of joints, inhomogenuities, and
moisture is generally not understood.

The tests conducted by the BWIP include both Full-Scale Heater Tests 1
and 2 and a single heater test associated with the jointed block test at the
Near-Surface Test Facility. The test procedure document for each of these
tests 1s 1isted in Table 2.5-1.

It should be noted that the full-scale heater tests were designed to
demonstrate that the basalt rock mass could withstand high temperature and
thermally induced stresses, and the primary purpose of the heater test in the
jointed block test was to study the effect of temperature on the mechanical
properties of a basalt rock mass. As & result of this, the thermal and
thermomechanical properties reported 1n this section were not directly
measured values but were values interpreted from the response of the basalt
rock mass during the tests.

. In this section, the available data on the.1argepsca1e thermal and i

thermomechanical properties of other rock types (Section 2.5.1) and basalt
(Section 2.5.2) are presented. This includes a brief presentation of
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representatfve-results for the Near-Surface Test Facility thermomechantcal
tests. Next, the relationship between intact and large-scale thermomechanical
models s addressed, emphasizing constitutive models that may be applicable
when describing the behavior of a basalt rock mass. Since the constitutive
ziodels for thermomechanical behavior are substantially the same as the
mechanical models discussed in Section 2.3, these are discussed briefly with
emphasis on the thermal expansion and thermal dependence of material
properties. Finally, values of thermal and thermomechanical properties that
were used in the conceptual design are summarized.

2.5.1 LARGE-SCALE THERMAL AND THERMOMECHANICAL PROPERTIES OF OTHER ROCKS

Several large-scale thermal tests have been performed in support of waste
repository studies conducted elsewhere. The specific tests, test layouts, and
references are listed in Table 2.5-2. These tests consisted of line heaters
in rock, with thermocouples used to determine the temperature change with time
and distance from the heater. The large-scale thermal properties measured
from these tests are shown in Table 2.5-2. L S

-0 Jeffrey et al. (1979) reported that the large-scale thermal conductivity
and thermal diffusivity at the Stripa mine were slightly higher than the -
laboratory values. For example, the large-scale thermal conductivity 1s 5%

“) higher than the laboratory value. ,

The block test reported by Hardin et al. (1982) was conducted on & highly
Jointed block of granite gneiss. The measured thermal conductivity was in the
range of 3.72 to 3.9 W/me*C, as compared to the average laboratory value of

3.2 W/me*C for granite. The large-scale thermal expansion coefficient
interpreted from the strain measurements varied from 6.07 to 9.86 ue/°C when
the temperature of the test block was increased from 20 to 80 *C. This is
a1so compatible with the values obtained from laboratory tests for granite.

In summary, available evidence indicates that the large-scale thermal and
thermomechanical properties of granite and granite gneiss are very close to
those determined in the laboratory from small samples. This will be discussed
further in Section 2.5.3.1.

2.5.2 LARGE-SCALE THERMAL AND THERMOMECHANICAL PROPERTIES OF ROCKS AT THE
HANFORD SITE N - |

2.5.2.1 Full-scale heater tests

Both Full-Scale Heater Tests 1 and 2 used electric heaters placed
vertically in the floor of the test room of the Near-Surface Test Facility.
The electric heater was dimensioned to simulate a container of high-level -
nuclear waste as these tests were intended to demonstrate that the basalt rock
mass could withstand high temperatures and thermally induced stresses. The
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tests were performed prior to the completion of the preliminary conceptual
repository design and followed the configuration of the Stripa tests '
(Witherspoon and Degerman, 1978).

Full-Scale Heater Test 1 consisted of & single, 2-kW full-scale electric
heater surrounded by 8 smaller 1-kW peripheral heaters that will produce a
thermal loading of 50 W/m? (0.032 W/in2) (Williams et al., 1981, p. 11). The
actual heater power levels and duration of Full-Scale Heater Test 1 are shown
in Figure 2.5-1. The test was held with a1l the heaters powered on for 436 d
(step 4) and was monitored for 219 d (step 5) during cooldown. The monitoring
system consists of thermocouples, strain monitoring devices, and extensometers
installed in vertical holes in the floor of the test room and in horizontal
holes from the extensometer room as shown in the layout plan in Figure 2.5-2.

Full-Scale Heater Test 2 used a single, central heater of the same
physical dimension as that used in Full-Scale Heater Test 1. The power level
to the heater is shown in Figure 2.5-3. After 527 d (steps 1 through 3) of
heating, the power was turned off, and the borehole was inspected. Following
the cooldown and inspection period (step 4), the heater was reinserted and the
power level increased to 9 kW for 21 d (steps § through 7) (AMI, 1986, p. 20).
The instrumentation layout shown in Figure 2.5-4 was similar to that of the
Full-Scale Heater Test 1 with additional instruments to monftor the extent of
decrepitation, Joint movement, and fracturing in the basalt. The test area
was studied thoroughly after completing the test. The post-test
character{zation studies included coring in the vicinity of the heater hole,
laboratory tests on the core, and cross-hole seismic studies.

Predictive and post-test analyses using the computer codes DAMSKWEL
(Hocking et al., 1980; AMI, 1986) and ANSYS (AMI, 1983; Hardy and Mitchell,
1985) were used to model the temperature and displacement in the rock mass in
Full-Scale Heater Test 2. The purpose of this modeling was to interpret and
verify the rock mass thermal and thermomechanical properties from field
measurements by comparing these with the calculated results. The results of
Full-Scale Heater Test 1 have not been analyzed to the same extent as those of
- Full-Scale Heater Test 2. In the remaining part of this section, only the
results from Full-Scale Heater Test 2 will be discussed.

~ 2.5.2.1.1 Thermal results

Temperature measurements were made in approximately 220 locations around
- Full-Scale Heater Tests 1 and 2. Typical temperature responses measured by
the thermocouple during each test are shown in Figures 2.5-5 and 2.5-6. In
general, the temperature measurements were considered relfable. The maximum
temperatures at the borehole wall reached 429 *C in Full-Scale Heater Test 1
and 679 °C in Full-Scale Heater Test 2 (Kasza, 1985, p. 42).

Ouring the first phdse of heating at.Fu11;Sca1e Reater Test 2, which -

lasted 90 d, the heater power level was held constant so the thermal
properties of the basalt could be interpreted from the test results by fitting
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the theoretical curve to the measured value. From these analyses, Ames (1986,
p. 9) concluded that the best estimate for the conductivity is .

1.71 + 0.10 W/m *C, with a heat capacity of 845 :+ 85 j/kg *C, both very close
to those obtained from laboratory tests (Section 2.4.2.1) (Ames, 1986, p. 51).

These values were then used to calculate the temperature history in
subsequent steps of the heater tests. As shown in Figures 2.5-5 and 2.5-6,
the calculated temperature in the near-field region around the test heaters
gggsyithin 6.6% of those measured throughout the 900 d of the tests (see AMI,

2.5.2.1.2 Thermomechanical results

Displacements within the rock mass were measured in Full-Scale Heater
Tests 1 and 2 using approximately 25 multiple-position borehole extensometers
in each test (AMI, 1986, pp. 17-18). Three- and four-anchor extensometers
were used to measure the relative displacement between the anchor point and
the extensometer head. Vertical extensometers measured the relative displace-
ment points below, at, and above the midheight level of the heater, relative

to the floor of the test room. Horizontal extensometers were installed in. = .
boreholes from a lower extensometer room adjacent to the test room. Most of -~ -

the horizontal extensometers were installed perpendicular to the axis of the
test room. The deepest anchor of &11 horizontal extensometers was located
beyond the plane of the heater.

Typical responses of vertical displacement measured during each test are
shown in Figures 2.5-7 and 2.5-8. Both predictive analysis (Hocking et al.,
1980) and post-test analysis (AMI, 1986) were performed to model the
deformation around the heater. In the post-test analysis, the basalt rock
mass was modeled as thermally homogeneous and mechanically transversely
isotropic with confining-stress-dependent moduli. The deformation modulus and
Poisson's ratio were taken from the results of jointed block test. The
thermal expansion coefficient used was 6.4 uc/°C (see Table 2.4-5).

Comparisons of the post-test analyses with the field results show that
there is a general agreement between the calculated and measured vertical
displacements-(see Fig. 2.5-7 and 2.5-8). The discrepancy between the
calculated and measured horizontal displacements may have been caused by
several factors: the magnitude of the displacement was too small to be
measured accurately by the instruments; the mechanical properties of the rock
mass used in the analysis may not have been appropriate; and the computer code

" may be fnadequate for simulating the three-dimensional nature of the test.

Further study is needed to isolate and eliminate the problem -
(Section 8.3.2.2). e
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2.5.2.1.3 Post-test characterization

Post-test charaeterization of the full-scale heater test area has
consisted of the visual inspection of empty heater holes, the coring and core
analysis of six holes in the heater test area, and the completion of cross-
hole seismic surveys.

After the heater tests, six holes were drilled by coring in the test
area. The cores were tested in the laboratory to determine tensile strength,
uniaxial compressive strength, compressional- and shear-wave velocities, and
static and dynamic elastic moduli. These tests were conducted to study
whether past temperature history has any effect on the mechanical properties
of intact basalt. However, there was considerable scatter in the test
results, which could not be used to support any conclusion (Section 2.1.2.3).

Al11 post-test character{zation studies have been focused on Full-Scale
Heater Test 2, where the central heater had a maximum power output of 9 kW,
which produced temperatures at the heater container wall of 679 *C with no
noticeable spalling or degradation of the heater wall. The post-test
inspection showed some fracture opening or enhancement associated with
preexisting fractures but no visually identifiable deterioration of the basalt

host rock Kasza. 1986, pp. 42-43) ,

The cross-ho]e seism1c survey completed at FulI-Sca1e Heater Test 2 and
described by Myer et al. (1983) produced significantly differeft sonic
velocities and dynamic moduli than the pretest survey. A possible explanation
involves the opening or dehydration of preexisting fractures during the
thermal cycle. The displacement data show a residual upward displacement of
up to 1.5 mm (0.1 in.), indicating that, during cooldown, not all thermal
expansion was recovered. This and the observed fracture opening in the heater
hole suggest that the fracture opening, at least in the vertical sense, may be
pervasive and may have contributed to the low seismic velocities.

2.5.2.2 Heated jointed block test

The overall concept of the block test is presented in Section 2.0, and
the mechanical test results are presented in Section 2.3.2.2. Thermal
properties of the rock mass were measured during step 1, the single-slot phase
of the test.

During step 1, a single heater was activated, and temperature changes
surrounding the heater were monitored. From these data, the thermal con-
ductivity of the basalt was calculated (Brechtel, 1985, p. 18). The heater
was located in instrumentation hole 5HO1 (see Section 2.3.2.3) with
thermocouples located in instrumentation holes 5F01 and 5F02 approximately

0.3 m (1 ft) below and beside the heater hole. The heater was activated at
1 kW for 210 h. The average horizontal and vertical thermal conductivity 3
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interpreted frem the thermocouple data over the temperature range is
1.57 W/m °C (Brechtel, 1985, p. 47). This value compares well with the - -
1.85 W/m °C measured for Pomona flow laboratory samples (see Table 2.4-5).

2.5.2.3 Discussion of results

The thermal properties presented in this section were not directly
measured but were interpreted from the measured response of the rock mass
under controlled heating conditions. Essentially, the interpretation process
involved finding the set of properties that would produce the best fit between
the theoretical curve and the measured response. The theoretical curve is
based on the assumptions that the rock mass 1s homogeneous and isotropic and
that the thermal conductivity and heat capacity are constant and independent
of temperature. - Currently, there is no evidence to suggest the existence and
extent of the inhomogenuity and anisotropy.of the rock mass in the test area,
nor 1s there any evidence to suggest that the thermal conductivity and heat
capacity may be temperature dependent. Because of this, anisotropy and the
variation of thermal properties with temperature could not be studied.
Nevertheless, the observation that the interpreted values compared well with
the laboratory results is in agreement with the trend observed in other large-
scale thermal tests conducted in other types of rocks.: The thermal- . - .
conductivity interpreted from the heated jointed block test is very close to
that interpreted from the first phase of Full-Scale Heater Test 2 (1.57 W/m-°C

versus 1.71 W/m-*C) (Ames, 1986, p. 51).

In the heated jointed block test, the thermocouples located horizontally
and vertically had registered slightly different temperatures during the test.
This may be indicative of & small, thermal anisotropy or the inability to
measure the exact location of the thermocouples with sufficient accuracy.
Further studies will be required (Section 8.3.2.2).

The data developed to date on large-scale thermal and thermomechanical
properties are site-specific to the Pomona flow where stress, jointing, and
moisture conditions may be different from the Cohassett fiow. Observation of
Jointing and moisture conditions at depth, as well as in situ testing in the
Cohassett flow, should be conducted to obtain data specific to the Cohassett
flow, to provide an understanding of the influence of different rock mass
structure on its thermal and thermomechanical properties, and to further study
the potential of thermal fracturing. The study of thermal fracturing requires
& fracture mechanics model that will be developed in future studies
(Section 8.1.1). -
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2.5.3 RELATIONSHIP BETHEEN INTACT ROCK, DISCONTINUITIES, AND LARGE-SCALE
ROCK PROPERTIES

The first two steps in developing large-scale rock properties for
repository design and 1icensing application include the following:

o Deve1opment of & conceptual model of a basalt rock mass
(Section 2.5.3.1).

o Development of general constitutive equations that describe the
response of & basalt rock mass (Section 2.5.3.2).

Understanding the relatfonship between intact rock, discontinuities, and
Jarge-scale rock properties is important in establishing the conceptual models
and the constitutive equations. This is because an essential feature of the
- models 1ies in the ability to reproduce the complex interaction of the various
components within a rock mass. The conceptual model and constitutive
equations are discussed in Sections 2.5.3.1 and 2.5.3.2, respectively. The
rock mass thermal and thermomechanical properties used in the SCP conceptual
design are summar{zed in Section 2.5.3.3.

"2;5.§;ifrC65¢éﬁtﬁ;1.ﬁbdéfslfdf a basalt rock mas§ T

In describing the conceptual models for the mechanical response of a
basalt rock mass in Section 2.3.3.1, the possibility of modeling the rock mass
as a discontinuum or a continuum material was discussed. The fundamental
difference between a discontinuum and a continuum is that in a discontinuum
model the properties of the intact rock and discontinuities can be
incorporated in the response of the rock mass in an explicit manner whereas in
& continuum model 1t s assumed that 1t will be sufficient to consider only
the apparent mass properties, the properties of the intact rock material and
the discontinuities are incorporated in an implicit manner. Only the
continuum model has been considered for the thermal and thermomechanical
properties of rock mass because (1) a continuum model is considered acceptable
for many cases of practical interest, and (2) the effect of the presence of
discontinuities on the thermal and thermomechanical properties is not known at
present. These models should be capable of accounting for material anisotropy
and possible temperature and stress dependency of the pertinent thermal
properties (i.e., heat capacity and thermal conductivity). The possibility of
temperature and stress dependence of the mechanical and thermomechanical
properties, including the coefficient of thermal expansion. a1so needs to be
included in the models. , ,

2.5-7




~—

" CONTROLLED DRAFT 0
NOVEMBER 24, 1986

nkel,

2.5.3.2 Constitutive equations for a basalt rock mass

Because temperature s a scalar quantity, the thermal conductfvity for a
material with axes of thermal symmetry (1, J, k) can be defined by three
parameters, k4, k4, &nd kg, which are the thermal conductivities measured in
directions parallel to the three axes. For an isotropic materfal, the three
parameters ki, kJ, and kk are identical. For & transversely enisotropic
material, two of the three parameters will have identical values.

For rock masses, the thermal conductivities ky, kqy, and kg should reflect
the properties of any discontinuities and discontinuity infillings, as well as
the intact rock. For the cases of orthogonal jointing, these properties can
be derived by linear summation of the properties of the components. In both
the Full-Scale Heater Test 2.and the heated jointed block test, it was found
that the thermal conductivity and the heat capacity of a rock mass have values
similar to those determined in the laboratory from intact core samples
(Section 2.5.2.3). This suggests that the presence of discontinuities within
a rock mass would have only an insignificant effect on the thermal behavior of

2 rock mass. One possible explanation for the absence of a scale effect fn

heat capacity is that the volume of intact rock within a rock mass is many
orders of magnitude larger than those occupied by the discontinuities, and
thus, the heat capacity of the intact rock would dominate that of the rock
mass. The absence of & scale effect in thermal conductivity suggests that the
transfer of heat across a discontinuity does not require any greater effort
than that through the intact rock material. It is not possible to
substantiate this statement because the process of heat conduction across &
discontinuity is not well understood at present.

The logic presented above for heat capacity is equally pertinent to the
coefficient of linear thermal expansion. The expansion coefficient of an
unconstrained rock mass should be approximately equal to the value of the
intact material because the presence of discontinuity will have-no effect on
the thermal expansion of the intact material and, 1f the rock mass were
allowed to expand freely, its overall thermal expansion must be very close to
the sum of the intact blocks. If the rock mass is constrained from expansfion,
the thermally induced stress may not correspond to that of the intact rock
material because the presence of discontinuities will allow a small amount of
expansion of the adjacent intact rock. Because of this, the thermally induced
stress in the rock mass will be smaller than that of the intact rock.
Furthermore, the increase of stress may be a2 nonlinear function of temperature
because the deformation across a discontinuity is generally a nonlinear ’
function of stress. Thus, although the thermally induced stress in a
constrafned rock mass may appear to be a nonlinear function of temperature,
the observed nonlinearity should be accounted by using the proper
deformational behavior of the rock mass and not by assuming & nonlinear
thermal coefficient of expansion. The conclusion is that in-analyzing the
thermomechanical response of & constrained rock mass, there is no reason to
use a thermal expansion coefficient different from that of an unconstrained
rock mass, which should be very close to that of the intact rock. Again, K
these assessments are consistent with the results from the full-scale heater
tests. Observed expansion in the vertical, unconstrained direction agreed
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closely with numerical simulations based on the use of the laboratory value
for the coefficient of thermal expansion (AMI, 1986, pp. 83-92). Much greater
difficulty has been experienced when trying to match the displacements in
directions where the rock mass 1s confined (see Section 2.5.2.1.2).

2.5.3.3 Thermomechanical properties in design

Large-scale thermal or thermomechanical tests have not been performed at.
the repository horizon; therefore, preliminary design analyses must use
estimates of at-depth properties based on laboratory-derived core-hole test
data and inferred at-depth conditions. The rock mass in the Cohassett flow is
under considerably higher stress than that in the Pomona flow, which may
produce tighter joints in the Cohassett flow and further reduce the effect of
Jjointing on the thermal conductivity of the rock mass. Present estimates used
in design have been based on the the laboratory core test values for the dense
interior of the Cohassett flow (Sublette. 1983. p. 57).

The thermal conductivity and thermal expansion coefficient of b1ast-
damaged or destressed rock around the repository could be reduced if
sufficient joint dilation occurred. This effect is considered small, and the .
quantification is uncertain so that no change has been {incorporated into the
design analysis for this stage.

The large-scale thermal and thermomechanical properties of flow tops are
not well known at this time. Estimates of flow-top properties are needed for
repository design, regional thermal studies, and regional performance
assessment studies. It 1s expected that thermal and thermomechanical
properties of the flow tops can be measured in the laboratory. The thermal
conductivities for flow-top material tested by the Colorado School of Mines
and summarized by Schmidt et al. (1980, pp. 19-24) was between 65% and 80% of
that for the dense interfor flow material.

‘The thermal and thermomechanical properties for the dense interior of the
Cohassett flow as used in the SCP conceptual design are listed in Table 2.5-3.

2.5.4 SUMMARY

The large-scale thermomechanical tests completed to date have been
primarily demonstration tests or tests to identify the significant
phencmenology involved in heating a basait rock mass. The fol1ow1ng
observations were made:

o The presence of discontinuities does not appear to affect the
thermal properties of the rock mass in the Pomona flow entablature
as evidenced by the agreement between laboratory and field resu1ts -t
(Huyakorn and Thomas. 1981, p. 70)
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o The-vertical thermal expansion coefficient of the Pomona flow basalt
inferred from the heater tests 1s similar to the laboratory- -
determined value. Measured horizontal displacements do not agree
with predicted values (AMI, 1986, pp. 79-97).

o The cross-hole seismic tests in post-test characterization showed
that the seismic velocity was lower in regions adjacent to the .
heater hole. However, examination of the heater hole after the test
did not reveal any new fractures in the wall of the hole, and the
cause for reduction in seismic velocity has not been established.

The results from these tests suggest that laboratory-determined values
may provide an approximation of the large-scale thermal and thermomechanical
properties. Therefore, the design values of large-scale thermal and
thermomechanical properties were taken from the laboratory test results of
samples from the Cohassett flow. However, since the above conclusion was
established on & data base that contained only the Pomona flow, questions
relating to the transferability of data from one test area to another (which
may result from changes of basalt mineralogy, fracture inf111ing thickness,
fracture frequency, moisture, porosity, and in situ stresses) should be
resolved. This can be done by conducting additional tests at the Near-Surface

Test Facility and testing at the Exploratory Sh;f;ngcijjty (§g¢t19q_a.3.2). o
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T 2.6 EXISTING STRESS REGIME

2.6 Existing stress regime
2.6.0 Introduction
2.6.1 Regional stress regime
2.6.1.1 Tectonic setting
2.6.1.2 Regional in situ stress regime
2.6.2 Local stress regime
2.6.2.1 Stress indicators observed at the Hanford Site
2.6.2.2 Hydraulic fracturing stress determinations at depth
2.6.2.3 Stress regime for repository design
2.6.3 Stress measurements at the Near-Surface Test Fac{lity
2.6.4 Summary

2.6.0 INTRODUCTION

: Knowledge of the state of in situ stress 1s of fundamental importance in
the design of stable underground openings and the prediction of rock mass
behavior under static and dynamic loading conditions. The in situ regime at a
particular location is a function of the mechanical properties of the rock . -
mass, geologic structure, and tectonic history. Principal stress magn1tudes
and directions are essential engineering parameters required in the repository
design process for evaluation of constructibility and opening stability for
calculation of tunnel support requirements and for estimation of the areal
density of waste emplacement. Measurement of in situ stress prior to
excavation has gained acceptance as an important component in geotechnical
investigations for major underground excavations. Early knowledge of the

in situ stress regime can result in substantial cost savings in the design and
construction of an underground facility.

The orientation of the existing in situ stress field for the Pasco Basin
has been assessed through evaluation of geologic structures, geodetic surveys,
and focal mechanism solutions for microseismics (Sectfons 1.3.2.4 and
1.4.1.2). These data, together with the regional tectonic setting, provide a
basis for estimating stress orientation but contribute 1ittle to a
quantitative estimate of stress magnitude. These are summarized in
Section 2.6.1. The results of hydraulic fracturing tests conducted in deep
boreholes in and around the reference repository location to determine the
orientation and magnitude of the in situ stresses in the Cohassett flow are
summarized in Sectien 2.6.2. The results showed high in situ stress

conditions and were supported by observations of other stress indicators, such :
as core disking and borehole wall spalling. , .

The applicability of stress determination methods in basalt with closely
spaced joints has been the subject of extensive study at the Near-Surface Test
Facility. These studies included the development of testing methods and i
comparing the results from hydraulic fracturing and overcoring tests.
Preliminary results from these studies are summarized in Section 2.6.3.
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2.6.1 REGIONAL STRESS REGIME

*

This section presents an overview of the tectonic setting and regional
stresses. Details of the structural geology and tectonics of the reference
repository location and the Hanford Site are presented in Chapter 1.

2.6.1.1 Tectonic setting

Information on past and current tectonic influences in the region and at
the reference repository location has been presented by Myers and Price et al.
§1?79) and Caggiano and Duncan (1983). This information is briefly summarized

elow,

The Hanford Site 1ies within the Columbia Plateau. This 1s an extensive
area underlain by Miocene flood basalts erupted from north-northwest trending
1inear vents in southeastern Washington State, northeastern Oregon, and west-
- central Idaho. These lavas were very fluid and spread great distances from
their source vents, generally flowing westward along gentle slopes into a
basin between the ancestral Cascade and Rocky Mountain Ranges between
approximately 16.5 and 6 m.y.B.P. The basalts could reach a thickness of .

- greater than 3 km (1.8 mi) in the Pasco Basin. -~ . = aowiie oo

The Columbia Plateau 1s located on the western margin of the North
American plate in the Cordilleran orogen. The western margin of the Columbia
Plateau is approximately 250 km (155 mi) east of the consumptive boundary
between the North American plate and the Juan de Fuca plate. The Juan de Fuca
plate 1s a relic of the larger Farallon plate, which was subducted under the
-overriding North American plate during the Mesozoic and Cenozoic Eras. To the
west, the Columbia Plateau is bounded by the north-south trending Cascade
Range, which 1s & volcanic-arc system related to partial melting of the
subducting crust of the Juan de Fuca plate. On the north, the Columbia
Plateau 1s bounded by the Okanogan Highlands. The plateau {is bounded by the
northern Rocky Mountains and the Idaho batholith to the east. On the south,
the adjoining tectonic provinces are the High Lava Plains in southeastern
Oregon and the Snake River Plain of southwestern Idaho.

The Columbia Plateau can be subdivided on the basis of style of
deformation into three subprovinces. These &re the Yakima Fold Belt, the Blue
Mountains, and the Palouse subprovinces. The Yakima Fold Belt is
characterized by east-west trending asymmetric anticlines with intervening,
broad sediment-filled synclinal basins.. The Blue Mountains subprovince is a
broad, east-northeast trending anticlinal uplift affected by northwest
trending folds and dip-slip faults. The Palouse subprovince is characterized
by a gentle westward slope on which long wavelength, low amplitude north-
northwest to northwest trending folds have been superposed.
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The reference repository location has been sited in the western part of
the Cold Creek syncline, one of several synclinal structures within the Pasco
Basin, which is a sediment-filled basin bounded on the north, west, and south
by asymmetrical anticlinal structures of the Yakima Fold Belt subprovince.

Regional and local tectonic models are being developed and evaluated to
assess the tectonic stability of the Hanford Site. Ideally, a tectonic model
should explain existing geologic features, seismicity, and other phenomena
related to crustal deformation and tectonic activity, as well as predict

- future tectonic activity. Such models are somewhat complex and depend heavily

on assumptions as to deep subsurface conditions and crustal plate
interactions. These aspects of the models are difficult or impossible to
verify. Regional and local tectonic models under consideration are summarized
in Chapter 7 of Caggianc and Duncan (1983). A common feature of these models
§s compression along & north-south axis.

2.6.1.2 Regional in situ stress

In situ stress data for the United States have been compiled on a
regional basis by Lindner and Halpern (1978) and by Zoback and Zoback (1980).
These publications provide a basis for subdivision of the United States into
stress provinces, taking into account geologic structure, plate tectonics,
seismicity, and avaflable in situ stress determinations. Stress provinces in
the United States are shown on & generalized map (Fig. 2.6-1) as prepared by
Zoback and Zoback (1980). The Hanford Site is located in the Pacific
Northwest stress province. Although somewhat limited, their data indicate a
horizontal, north-south compression within this region. It appears that the
maximum stress in this region is in the horizontal direction trending north-
south, the intermediate stress is in the horizontal east-west direction, and
the minfmum stress 1s in the vertical direction.

The regional in situ stress regime for the Pasco Basin can be determined
from evaluation of geologic structures, analysis of crustal deformation based
on geodetic surveys, and focal mechanism solutfons for instrumentally detected
earthquakes. However, the magnitude of the stresses cannot be assessed from
geologic and seismologic evidence. These data are summarized in Sections 1.3
and 1.4 and in Chapter 6 of Cagglano and Duncan (1983).

The east-west trending anticlines and subparallel thrust and reverse
faults suggest that deformation has occurred under a regime of nearly
horizontal compression along & north-south axis. The presence of folds and
thrust faults suggests that axis of the least compressive stress is vertical.
Geologicsevidence also suggests that this stress regime has existed for the.
past 4. ReYe N -

Geodetic surveys across the Pasco Basin show measured strain rates in the
same range as instrumental error.. However, the data favor crustal compression’
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Focal mechanism solutfons indicate a general north-south orientation of
the maximum principal stress and a near-vertical minimum principal stress.
gegggledld:sgr;ptions of regional seismologic investigations can be found in
EOTI.... -

Sefsmic monftoring of events in the Pasco Basin tends to corrcoborate the
north-south orientation of tectonic stresses suggested by geologic evidence
(Caggianc and Duncan 1983, p. iv). Shallow, low-magnitude earthquake swarms
at depths of less than or equal to 6 km (3.7 mi) are common to the Columbia
Plateau, with occasional events at greater depths. Focal mechanism solutions .
for both shallow and deep events indicate that they are typically associated

. with reverse or thrust faulting (Malone et al., 1975). The events apparently

occur on existing high-angle faults dipping in a northerly or southerly direc-
tion (Arnett et al., 1980). These existing faults parallel the east-west
orientation of the Yakima folds and are associated with the anticlinal
structures of these folds. The sefsmic activity indicates that a north-south
strain relfef, assoclated with the tectonic stresses, 1s a continuing process
in the Pasco Basin.

On the basis of the above data, Caggiano and Duncan (1983) concluded that
the present in situ stress regime consists of maximum principal compressive
stress along & generally north-south axis, and minimum principal compressive
stress along a vertical axis. It was concluded that this stress regime has-
been relatively unchanged for at least 14 m.y. '

2.6.2 LOCAL STRESS REGIME

This section contains discussions of stress indicators at the Hanford
Site and & discussion of the results of hydraulic fracturing stress
determinations 1n and around the reference repository location. The locations
of the boreholes where hydrautic fracturing tests have been conducted are
shown in Figure 2.6-2.

2.6.2.1 Stress indicators observed it the Hanford Site

Core disking and borehole spalling observed in exploratory boreholes
drilled within the Hanford Site indicate that the state of in situy stress is
relatively high. Core disking, an example of which is shown in Figure 2.6-3,
is a phenomenon wherein the drill core fractures into thin disks during the
drilling process and is known to be an indicator of high stress (Obert and
Stephenson, 1965; Jaeger and Cook, 1963). The disking phenomenon 1s dependent
on numerous factors, including in situ stress, rock properties, drill bit
pressure, and geometry (Lehnhoff et al., 1982). Core disking at the Hanford
Site has been described by Myers and Price (1981) and DOE (1982). The degree
of core disking experienced in typical Hanford Site boreholes 1s indicated in-
Table 2.6-1. In this table, core disking in boreholes RRL-2, -6, and -14 1is
given as a percentage of the dense {interior thickness for each horizon (Long
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Spalling -in deep boreholes on the Hanford Site has been observed by
downhole television surveys, impression packer test results (Rundle and Kim,
1983), and acoustic televiewer techniques (Paillet, 1985). The televiewer is
an ultrasonic device that produces a photographic image of the pattern of
acoustic reflectivity off the borehole wall. Detailed descriptions of the
televiewer logging system and & discussion of imaging techniques loyed in
the processing of televiewer logs are given by Zemanek et al. (1969). Paillet
(1985) has obtained acoustic televiewer logs in boreholes DC-4, DC-12, DC-7,
RRL-2, and RRL-6 and concludes that borehole spalling or borehole wall
breakouts have a consistent east-west orientation at the Hanford Site.
Examples of acoustic televiewer intervals with borehole spalling in
borehole RRL-6 and a representation of a horizontal section with spalling are
- shown 1n Figure 2.6-4(a) and (b).

, The borehole spalling phenomenon is an indication of high deviatoric
stresses in the plane perpendicular to the hole. Gough and Bell (1981) first
suggested that borehole spalling or breakouts occur in the direction of least
horizontal compression as & result of shear failure of the rock in the region
where the tangential (compressive) stress adjacent to the borehole 1is
concentrated. Zoback et al. (1985) extended the theoretical analysis of the
mechanism 1in order to better explain the observed breakout shapes. The
consistent east-west orientation of borehole spalling at the Hanford Site
indicates that the maximum horjzontal stress {is generally north-south.

Paillet (1985) compared the extent of borehole breakouts or spalling to
the extent of core disking in boreholes DC-4, DC-12, and RRL-6. This
comparison, presented graphically in Figure 2.6-5, shows relatively good
correlation between core disking and borehole spalling and that both are
primarily confined to the interior of individual flows.

The frequency of core disking and borehole spalling and the correlation
between these phenomena support the premise that the in situ stress
distribution at the Hanford Sfte is not 1ithostatic. Core disking is
generally an indicator of high stress, and borehole spalling {s generally an
indicator of high horizontal deviatoric stress. Few boreholes exhibited a
very low percentage of spalling and diskings the cause of this will be
investigated in the study plan discussed in Section 8.3.2.

2.6.2.2 Hydraulic fracturing stress determinations at deoth

This section provides & summary of in situ stress determinations by
" hydraulic fracturing within repository horizons studied at the Hanford Site.

The hydraulic fracturing method is presently the most widely used means
for direct determination of in situ stress magnitudes at depth. Other stress
determination methods such as overcoring, are generally limited by operational
. constraints to depths of less than 100 m (300 ft). Hence, hydraulic -
fracturing has been used exclusively to determine the in situ stress regime
for the reference repository location. Overcoring techniques will aiso be -
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used for ‘In sttu stress determination once the Exploratory Shaft Facility is
available to provide access to the repository horizon. The locations of-key
boreholes used in the BWIP studies are shown in Figure 2.6-2. Hydraulic
fracturing tests have been conducted in boreholes D8-15, DC-12, RRL-2, RRL-6,
and DC-4. Boreholes DC-12 and DB-15 are located outside the reference
repository location, and the tests were conducted within the Umtanum and Rosa
flows, respectively. The results from the tests in these two borelioles were
su:g:rized by Kim and Haimson (1982) and will not be discussed in this
section.

Boreholes RRL-2, RRL-6, and DC-4 are located within the reference
repository location. Hydraulic fracturing tests have been conducted in these

. boreholes 1n the Cohassett, Grande Ronde 7, McCoy Canyon, and Umtanum flows at

depths to 1,195 m (3,900 ft). The results of these tests will be discussed in
this section. . .

2.6.2.2.1 Test description
The hydraulic fracturing method, which has been in use for over 20 yr to

» determine in situ stress from boreholes, has been described by many authors

(Hubbert and Willis, 1957; Fairhurst, 1964; Hailmson, 1968; Bredehoeft et al.,
1976; Zoback and Haimson, 1982).

The tests were conducted following a consistent procedure in which a
0.61-m (2-ft) section of the borehole was isolated by inflatable packers on
both ends and pressurized by injecting water into the test section. As the
pressure 1n the test section was gradually increased, the tangential stress
around the borehole decrezsed and eventually became tensile. Fractures were
initiated in the wall of the borehole as soon as the tensile (rupture)
strength of the rock was overcome by the induced tensile stress in the
tangential direction, the point at which this occurs is generally reflected by
2 sharp change in the pressure buildup rate, generally referred to as the
“hreakdown.® After breakdown the test section was closed and the pressure
within this section was monitored. The pressure within the section dropped
rapidly until it became less than the In situ stress normal to the induced
fractures. At this point the fractures were closed by the in situ stress, and
2 change in the rate of pressure decline resulted. This was followed by
subsequent repressurizing cycles to reopen the fractures. A typical pressure
and flow rate history during one of the tests 1s shown in Figure 2.6-6.

‘After the hydraulic fracturing tests were completed, the orjentation of
the fractures was determined using an impression packer. An example of traces
of the fracture impression from one of the tests 1s shown in Figure 2.6-7.

The orientation of the fracture was used to determine the orientation of the
§n situ stresses as it has been demonstrated that the orientation of the
fracture is in & directfon normal to the least principal stress in the plane
perpendicutar to the borehole axts (Hubbert and Willis, 1957). A detailed

. description of the test procedure used at the Hanford Site {s provided by

Kim et al. (1986).
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The 'overall character of the pressure-time record and the résuIts of the

. post-test fracture impression were used &s the primary means of determining
..~ the acceptability of the test data for each interval. The pressure-time
. record was examined for evidence of clearly defined breakdown pressures and

for consistent values of the fracture reopening and shut-in pressures. The
{mpression was examined to ensure that hydraulic fractures were generated

-during the test and that 1ittle or no borehole spalling existed within the

test interval. Test intervals that exhibited 1ittle or no spalling were
Judged to be successful tests, and those with significant spalling were not
analyzed because the data analysis method has not been estabiished.

2.6.2.2.2 Data analysis methods

- Hydraulic fracturing data for the Hanford Site has been reported and
analyzed by Kim and Haimson (1982) and Kim et al. (1986). Under the
assumption of plane strain, the Kirsch solution (Kirsch, 1898) for the stress
distribution about & circular hole in an infinite plate subjected to biaxial
stress is superposed on the stress distribution for an internally pressurized,
thick-walled cylinder of infinite outer radius to determine the tangential

- stress distribution about the borehole. This approach makes the assumption

that the borechole is parallel to one of the principal stress axes and that the
rock 1s 1inearly elastic, homogeneous, and isotropic. While these assumptions
are not strictly valid for any rock, avajlable data suggest that intact

basalts at the Hanford Site conform reasonably well to these assumptions. An
important criteria in the selection of test intervals for hydraulic fracturing

- 1s the avoidance of preexisting discontinuities. Test intervals were selected

to avoid existing discontinuities if possible.

"The miniomum horizontal stress is directly measured by the shut-in pres-
sure, which is the pressure in the system immediately after pumping ceases and
the system is sealed or “"shut-in.* In jointed or porous media, a constant
shut-in pressure is usually not achieved (Zoback and Haimson, .1982).

Estimates of the shut-in pressure are based on changes in the shape of the

.. pressure versus time curve, normally at a point of inflection or change in

slope of the pressure-time record. The instantaneous shut-in pressure for the
Hanford Site hydraulic fracturing tests has been determined by use of the
inflection-point method (Gronseth and Kry, 1983). The inflection point is
defined as the point at which the pressure curve diverges from its tangent
immediately after the cessation of pumping. :

The maximum horizontal stress magnitude can be calculated from the break-

.down and shut-in pressures (Haimson, 1968). However, this procedure requires

' - knowledge of the in situ rupture strength, which is usually determined by

‘Jaboratory testing of cores obtafned from the test interval.: The significance
of the in situ rupture strength on future evaluation of hydraulic fracturing
test results will be assessed in Section 8.0. An alternative procedure.
(Bredehoeft et al., 1976) uses the second and subsequent pressurization cycles

- -t0 determine fracture reopening pressures. Fracture reopening pressure is

O

defined as the pressure required to open the induced hydraulic fracture.
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without resistance due to the borehole rupture strength. The fracture
reopening pressure is taken to be the point on the repressurization curve(s)
at which the slope deviates from 1inearity under constant flow rates (Hickman
and Zoback, 1983). An expanded plot of interval pressure versus time for a
typical repressurization cycle demonstrating the method of determining
fracture reopening and shut-in pressures is shown in Figure 2.6-8. .

The equations used to determine in situ stress magnitudes are well
documented (see Hickman and Zoback, 1983). The pore pressure enters into
calculation of the maximum principal stress, and uncertainty arises when
estimating the magnitude of the pore pressure and its influence on stress
determination. One extreme assumes, that in crystalline rocks, pore pressure
at the test interval should be zero (Runmel et al., 1983). The other extreme
is to assume a value of pore pressure equal to the hydrostatic head generated
by the static water level in the borehole. The actual pore pressure is
unknown and is probably somewhere between these two extremes. When using
fracture reopening pressures to determine the maximum stress, it is considered
appropriate to use pore pressures equal to the static hydraulic head because
the tests were conducted in saturated rock below the groundwater table, and
because once the fracture is created and depressurized, the fracture likely
retains some fluid. The results used to establish the stress regime for ‘
repository design have been calculated using pore pressure values equivalent
to the static water level in the borehole. Lo e

The two horizontal principal stresses at depth are assumed to be equal to
the stresses determined from hydraulic fracturing data. The vertical stress
is calculated from the density and thickness of the overlying strata.

2.6.2.2.3 Test results

The results of hydraulic fracturing tests in boreholes RRL-2, -6, and
DC-4 within the reference repcsitory location are summarized in Table 2.6-2.
Results presented in Table 2.6-2 are based on the mean values of measured
shut-in and fracture reopening pressures. Stress direction information from
tests that were considered unagceptable for determination of stress magnitude
but]acgegfab1e for determination of stress direction is also contained in
Table 2.6-2. y

Mean values and standard deviations for in situ stresses calculated from
hydraulic fracturing tests are summarized in Tables 2.6-3 and 2.6-4 by
borehole and by formation, respectively. The stress magnitudes as a function
of depth are shown in Figure 2.6-9. .

The mean ratio of average horizontal stress [(oy + op)/2)] to the
vertical stress (oy) can be calculated from the data in Table 2.6-2 to be
approximately 1.77 :0.20. The measured range of stress ratio is compared with
the range of values that had been determined at numerous other locattons )
worldwide in Figure 2.6-10. These were compiled from the results of many
different in -situ stress measurement techniques by Hoek and Brown (1980,
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p. 100). It shows that the horizontal stress conditfon in the basalt flow at
the Hanford Site is close to the higher end of known stress conditions at -
comparable depths in other locations of the world.

Orientations of induced hydraulic fractures and, hence, direction of the
maximum horizontal stress are shown in Figure 2.6-11(a) for boreholes within
the reference repository location. A plot of hydraulic fracture orientation
frequency for the boreholes in the reference repository location is shown in
Figure 2.6-11(b). The mean hydraulic fracture orientation in these boreholes
is N. 02¢ E. 217¢, based on 21 fracture impressions. The general north-south
orientation of the hydraulically induced fractures, and thus the direction of
the maximum horizontal stress, is consistent with east-west borehole spalling
as reported by the U.S. Geological Survey (Paillet, 1985).

A direct comparison of mean stress magnitudes and orientations for each
borehole and each basalt flow is shown in Tables 2.6-3 and 2.6-4. :
A comparison between measurements in the Umtanum flow inside and outside the
reference repository location is shown in Table 2.6-5. A statistical
comparison of the mean values given in these tables (using Student's t test
statistic distribution) indicates that principal stress magnitudes and
orientations in the various boreholes, flows, and locations are not
significantly different at the 95% confidence level.

2.6.2.2.4 Discussion of results

The test results presented in this section demonstrate the applicability
of the hydraulic fracturing technique in measuring the in situ stress of a
closely jointed basalt rock mass. The uncertainties and possible sources of
error associated with the measurement are discussed in this section.

Hydraulic fracturing results indicate that both the maximum and minimum
horizontal stresses are greater than the computed vertical stress (based on
density and thickness of overlying strata). When the vertical stress is the
least principal stress, 1t is conceivable that horizontal fractures may open
at the borehole wall or that vertical fractures initiated at the borehole wall
may *roll over® into the horizontal plane with continued fracture propagation.
Fracture impressions generally indicated vertical fractures with some degree
of branching forming a feather-1ike appearance. Results from test intervals
for which the impression showed evidence of horizontal fractures that
jntersected the entire circumference of the borehole wall were rejected
because the shut-in and reopen pressure may also be affected by the vertical
stress, and the effects due to vertical and horizontal stresses cannot be
separated by the present data interpretation method. :

Fracture rollover at distance from the borehole has been inferred when a
significant decrease in shut-in pressure occurs during repressurization cycles
(Zoback and Pollard, 1978; Zoback and Haimson, 1982). The occurrence of A
fracture rollover will result in lower values of horizontal stresses being
calculated. The Hanford Site hydraulic fracturing tests did not show a
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significant decrease in shut-in pressure but did show a slight decreazse in
shut-in pressure during most of the repressurization cycles. This result is
consistent with observations at other locations (Hickman and Zoback, 1983) and
does not independently demonstrate that the fractures have rolled over into
the horizontal plane. The induced fractures rolling over into the horizontal
plane in the tests performed at the Hanford Site {s a possibflity that
presently cannot be ruled out. )

The hydraulic fracturing method has been used by numerous investigators
to determine in situ stresses in shallow and deep boreholes and has been
studied extensively under controlled conditions in the laboratory. However,
uncertainties regarding the accuracy of hydraulic fracturing stress
determinations sti1l exist. Comparisons between stress determinations from
hydraulic fracturing and from other methods have been made (Haimson, 1983)."
However, the degree of confidence in deep-borehole hydraulic fracturing stress
determinations remains uncertain. Continuing development of the hydraulic
fracturing technique and the development of alternative means of stress
measurement in jJointed rock are required to reduce the level of uncertainty.

PotentialAséurces of error in hydraulic fracturing stress determinations
include the following:. ) o _ ‘ o
o' Estimation of the exact pore pressure and the influence of pore
pressure on the fracturing process.

o Difficulty of determining exact breakdown, shut-in, and fracture
reopening pressures from the pressure-time curves.

o Assumption that the test borehole {is parallel to one of the three
principal stresses.

¢ Assumption that the rock deforms in & 1inearly elastic manner.

o0 Uncertainties regarding the influence of the preexisting cooling
Joints 1n basalt. :

o Accumulation of measurement errors from calculating the maximum
stress.

Roegiers and Mclennan (1983) and McLennan and Roeglers (1983) have
jdentified additional factors that can influence the test data, interpre-
tation, and results of hydraulic fracturing stress determinations. These

- .include the effect of preexisting fractures, fluid viscosity, pumping rate,
- packer type and configuration, packer bypass, pressure loss by permeations,

inclined fracturing, fracture reorientation, and incomplete fracture closure.

The hydraulic fracturing test prbcedUres at the Hanford Site attempted to
minimize the uncertainties associated with the above-mentioned factors.
However, the degree of influence of these factors on the test results is

unknown. . This emphasizes the fact that hydraulic fracturing stress
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determinations .produce estfmates of the conditions at depth and that these
estimates should be used with engineering Jjudgment until the results are.
confirmed or until additional information becomes available (Sectfon 8.3.2.2).

2.6.2.2.5 In situ stress regime for repository design

Geologic structure, seismicity, core disking, and borehole spalling all
indicate relatively high horizontal compressional stresses, with the maximum
principal stress oriented approximately north-south, the intermediate
principal stress oriented approximately east-west, and the minimum principal
stress oriented vertically. Hydraulic fracturing tests in selected boreholes
have confirmed these general stress relationships and have provided numerical
estimates for the magnitudes of the horizontal stresses. Vertical stresses
can be estimated from the thickness and density of overlying strata. Within
the reference repository location, the stress regime at the proposed
repository (i.e., Cohassett flow) level 1s calculated to be as follows:

of = S = 61.5 +5.7 MPa (8,922 :827 1bf/in2) at N. 06° E. :17¢
0T op =S = 32.8 £2.2 HPa (4,758 £323 1bf/in2) at N. 84° . :17°
" g3 = Sy = 24.2 :1.1 MPa (3,514 :159 1bf/in2) vertical.

The values of horizontal stresses stated above are obtained from
hydraulic fracturing tests using a pore pressure equivalent to the static
hydraulic head in the borehole. The other extreme of using zero pore pressure
in the calculation, which will result in higher horizontal stresses being
calculated, has not been adopted because the test sections are within
saturated rock below the groundwater table. These values may be modified as
additional data become available.

It should be noted that the in situ stress regime presented in this
section did not incorporate possible local variations of in situ stresses
within a flow because of the limited number of tests conducted. Local
varfations in the stress regime are 1ikely to be related to rock propert{es

. such as strength and modulus and fracture frequency in different parts of the

flow. Attempts will be made to develop a model correlating these parameters
with the variation of local stresses. The development of such & model
requires an understanding of the causes of borehole spalling and core disking,
which are not known with certainty at present. Future studies will be
conducted to correlate the occurrence of borehole spalling and core disking
with in situ stresses, drilling conditions, and rock properties

(Section 8.3.2.2). .

The poténtial for regional long-term tectonic instability depends on & =

number of factors. Among these factors the most important ones are the
occurrence of favorably oriented through-going or local, penny-shaped faults,
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the magnitude-and direction of the in situ stresses, and the shear strength
along the faults. While none of these can be assessed reliably at present,
using the stress regime presented above it can be shown that the only possible
siip 1s & reverse displacement along a through-going fault striking east-west
and dipping approximately 60° to 65° with an effective frictfon angle of 33¢
or less along the fault plane. At present there is no indicatfon that such a
fault exists within the reference repository location and available data on
the shear strength along possible faults based on Byerlee (1978) and the test
results on basalt joints as presented in Section 2.2 all exceed the value
required to prevent the occurrence of such a slip (Kim et al., 1986, p. 58). -
There is therefore no indication from the present data that potential tectonic
instabi1ity may exist. Further considerations, however, must be given to the
effect due to possible stress change resulting from the heat generated after
waste emplacement. At present there are insufficient data to address this
problem and further studies will be required (Section 8.3.2.2).

-

2.6.3 STRESS MEASUREMENTS AT THE NEAR-SURFACE TEST FACILITY

Stress measurements were conducted at the Near-Surface Test Facility
(NSTF) to develop techniques suitable for jJointed rock mass and to provide
input parameters for the predictive analysis of heater tests and the jointed
block test. The first series of measurements consisted of & hydraulic
fracturing tests conducted in borehole DC-11 prior to construction (Haimson,
1979) and 16 overcoring tests using the U.S. Bureau of Mines borehole
deformation gage after construction in two boreholes (Rockwell, 1980,
pp. v-26). Only 4 out of the 16 overcoring tests were partially successful,
while the rest yielded unacceptable results mainly because of the jointed
nature of the basalt. At corresponding depth, the stress orientations
obtained from these two methods were in reasonable agreement, but the stress
magnitudes differed by a factor of two. This revealed & significant problem
in the determination of the absolute magnitude of stresses in Jointed rock.

Since completion of the first series of measurements &t the Near-Surface
Test Facility, research and development in stress measuring techniques have
continued on several fronts. The first has been to improve techniques for
monitoring stress changes in the basalt rock mass as part of the in situ
testing program (Gregory et al., 1983a), and the second i{s to evaluate methods
of absolute stress measurement by overcoring (Gregory et al., 1983b).
Activities to improve the hydraulic fracturing technique for stress
measurement at depth have alsc been ongoing (Kim and Haimson, 1982;

Kim et al., 1986; Dischler and Kim, 1985). Vertical stress measurements were

made at the Near-Surface Test Facility using flat Jacks in the early stages of
jointed block test. The results are in general agreement with that calculated
from depth and rock density. . L ne
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As discussed in Gregory et al. (1983b), the following five overcoring
techniques have been tested in the process of evaluating methods of absolute
stress measurements

o U.S. Bureau of Mines borehole deformation gage (Hooker and
Bickel, 1974).

o Commonwealth Scientific and Industrial Research Organization hollow
inclusion stress cell (Worotnick{i and Walton, 197r§

o Lulea triaxial gage (Leijon and Stillborg, 1986);

¢ Council of Scientific and Industrial Researches doorstopper (Leeman
and Hayes, 1966).

o Epoxy inclusion of Riley (Riley et al., 1977).

Each gage was tested in vertical boreholes in the floor of the Near-
Surface Test Facility at depths ranging from 4.3 to 23.0 m (14.1 to 75.5 ft).
From a total of 44 tests, 33 were successful. The results did, however, show
a wide scatter. It was concluded that fundamental problems associated with
the influence of joints sti11 exist and the methods of dealing with this - -
influence are unresolved. A continuing effort to resolve this situation is -
befng made through laboratory testing, characterization, and field testing at
the Near-Surface Test Facility.

2.6.4 SUMMARY

Geological evidence and focal mechanism solutions of microseismic
activities that have occurred in the Columbia Plateau suggest a general north-
south orientation of the maximum principal stress and a near-vertical minimum
stress. Core-disking and borehole spalling that had been observed in
boreholes in and around the reference repository location indicate the
existence of high in situ stresses at the Hanford Site. These were confirmed
by in situ measurements using the hydraulic fracturing technique, which showed
a maximum principal stress in the general north-south direction and an
intermediate principal stress in the east-west direction. The mean ratio of
average horizontal stress to vertical stress in the Cohassett flow within the
reference repository location is estimated at 1.96 from the results of
hydraulic fracturing tests. The measured in situ stress data have been used
in estimating the support requirement for the repository openings -

gect:on g.?.g and as input for various analyses in the SCP conceptual design
ecton ede Y LT
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2. SFECIAL GEOENGINEERING PROPERTIES

2.7 Special Geoengineering Properties
2.7.0 Introduction
2.7.1 Potential for rock burst
2.7.1.1 Rock burst potential in similar rock
2.7.1.2 Rock burst potential at the Hanford Site
2.7.2 Potential for thermal degradation
2.7.3 Swelling and shrinkage of fracture infilling materials
2.7.4 Coupled effects
2.7.5 Summary

2.7.0 INTRODUCTION

There are a number of special geoengineering properties pertinent to
basalt, which are important to the construction and performance of the
repository and which have not been addressed in the preceeding sections.
These include (1) the potential for rock burst at the repository horizon,
(2) the potential for thermal degradation of the host medium, (3) the impact
of dewatering/rehydration of the Joint infi11ing material on the rock mass
response, and (4) the coupled effects between mechanical, thermal, hydro-
logical, and chemical effects. These properties will be discussed in this
section. The discussion will be conducted in general terms because direct
measurements or direct observations are not available for most of the
properties discussed.

2.7.1 POTENTIAL FOR ROCK BURST

The combination of high in situ stresses and strong, brittle rock in an
underground opening may lead to overstressing of the rock and result in a
phenomena commonly known as rock burst. The observed occurrence of core
disking and borehole wall spalling indicates that rock bursts may occur in the
repository shafts and other excavations. The potential of rock bursts needs
to be studfed because such phenomena could significantly affect rock support
requirements, underground safety, and repository performance.

2.7.1.1 Rock burst potential in similar rock

The term "rock burst® describes a sudden rock failure associated with the
release of strain energy fn the rock mass. Such failures range in size from
minor events that cause no damage and cannot be detected or heard beyond the
immediate vicinity of the event, to large bursts that can collapse sections of:
excavations with a seismic shock wave equivalent to a small-size earthquake.
Small-scale rock bursts, generally known as spalling, popping, or spitting,
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usually occur .as small pleces of rock flying off the face of a drift. In some
publications, the term rock burst is used interchangeably for both large.and
small events. Blake (1984, p. 15) reports that in South Africa the term rock
burst 1s applied only to events that do measurable damage and usually have a
Richter magnitude greater than 0.5, which has a major impact on the selection
of excavatjon and support methods. *Spalling® is 1imited to failures
1nvolv1n§ no significant rock fallout or failure volumes less than 1 m3

(35.3 ft3) and a Richter magnitude of less than 0.5. For these relatively
small failures, seismic energy 1s 1imited; no air blast or shock wave 1s
created; and, effects on construction are very minor. The definitions of
Blake (1984, p. 15) will be used in the present discussion.

Blake (1984, p. 4) states that rock bursts are generally associated with
sites that possess all or most of a particular set of rock characteristics and
site conditions. These characteristics and conditions are 1isted below; the
first four items are considered present at the Hanford Site.

1. Great depth.

2. High in situ stresses.

3. Narrow and tabular excavation geometry.

4, Strong and brittle rock.

5. Massive rock.

" 6. High extraction ratio, extensive mined-out area with wide spans.

7. Geologic structural discontinuities.

8. Complex geolegic structure.

9. The maximum principal stress essentially perpendicular to the
tabular dimension.

The absence of massive rock and high extraction ratio usually results in
spalling rather than rock burst.

According to Blake (1984, pp. 22-25), the magnitude of & rock burst will
be influenced by the types of excavation activities, which are discussed below
in three categories: (1) development openings, (2) multiple mining openings,
and (3) extensive mined-out areas. More detailed discussion is given to
development openings due to the relevance to repository excavation activities.
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2.7.1.1.1 Rock burst poteﬁtial in development openings

Single openings in rock such as shafts and tunnels are surrounded by a
small volume of highly stressed rock, which results in an accumulation of
strain energy at or near the face. The popping and spitting that is commonly
encountered in brittle rock is a result of the release of small amounts of
stored strain energy. When single openings intersect geologic structures such
as faults and dikes, & larger volume of highly stressed rock may result, and
the rock burst hazard 1s usually at or very close to the face with a Richter
magnitude less than 0.5 (Blake, 1984, p. 22) and 1s classified as spalling.

Spalling problems in tunnels have been reported by many authors including
Saito et al. (1983), Bergman and Stille (1983), Elfman (1969), and Bai et al.
(1983). In addition, Lee (1978) summarized stress-induced instabilities in
tunnels, many of which included spalling-type phenomena. Curtis (1981)
reviewed rock burst phenomena in the gold mines of the Witwatersrand in South
Africa and discussed examples of rock bursts in tunnels both influenced by and
isolated from mining.

The tunnel and shaft conditions under which spalling/rock bursting has
been reported are summarized in Table 2.7-1. Saito et al. (1983) report that
spalling of the face occurred in the Kan-Etsu Tunnel when the overburden was
greater than 750 m (2,460 ft). It was found that areas of core disking
corresponded to those of spalling and that the mechanism of spalling appeared
similar to core disking. Bolting of the face was successful in preventing
these events. In Sweden, Bergman and Stille (1983) reported spalling in the
roof of large tunnels excavated for oil storage. The failures were described
as follows: "spalling of thin rock slices and (or) shotcrete occurred
occasionally, usually most frequent in the region 20 to 50 m (70 to 160 ft)
behind the headings.* High horizontal in situ stresses, the brittle nature of
the granite, and the possibility of residual stresses were postulated as the
cause of the rock spalling by Bergman and Stille (1983).

The last four examples in Table 2.7-1 involve shaft sinking. Vasey
(1983) describes the construction of an underground crusher 1,613 m (5,300 ft)
below ground surface in granite with the maximum horizontal stress of twice
the vertical stress. The spalling during shaft sinking was overcome by the
early installation of a shaft liner. Some failures were anticipated during
the construction of the crusher and associated tunnels, but adequate planning
allowed successful completion of the project.

Rock bursts have been reported during shaft sinking operations in the
Caladay Shaft near_ Osburn, Idaho gBIake, 1984, p. 35). The burst produced an
estimated 2 to 3 w3 (70 to 110 ft3) of broken rock when the shaft intersected
a massive quartzite bed at a depth of 1,400 m (4,600 ft). At the Thierry
Shaft in Ontario, Canada, sudden spalling and spitting occurred at depths
between 360 and 500 m (1,200 and 1,600 ft) in a massive granite (Blake, 1984,
p. 38). In both cases, destress blasting was used to reduce or eliminate the
bursting. Spalling and spitting were also reported in the Silver Shaft near .
Mullen, ldsho, in massive quartzite (Blake, 1984, p. 38). ,
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Rock bursts can occur in underground mine developments where tunnels are
excavated in advance of mining. Typical examples are in the Coeur d'Alere
district of northern Idaho, and South Africa (Curtis, 1981; Hoek and
Brown, 1980). However, apart from the examples 1isted by Hoek and Brown
(1980), specific data are not available. In the Coeur d'Alene district, if
bursting becomes a problem during development, preblasting (detonating a blast
in a long hole ahead of the face) has sometimes relieved the stresses and
reduced the brittleness of the rock mass. This concept of rock softening to
reduce the frequency and magnitude of rock bursts {is used in the mining
industry (Roux et al., 1957; Blake, 1982).

Excavation techniques also affect the potential for rock bursting.
Machine boring (Nishida, 1982) or smooth wall blasting techniques leave the
walls in a relatively undamaged state, which under high initial stresses, can
allow accumulation of strain energy near the roof and wall. Alternatively,
conventional blasting can loosen the rock mass, cause stress relief
jmmediately around the opening, and decrease the potential for rock bursts.

2.7.1.1.2 Rock burst potentfal in multiple mining openings

HMultiple excavations from mining can create highly stressed regions
between and around these openings, which can involve a large volume of rock.
Pillar bursting assocfated with narrow vefn or seam mining is an example of -
this type of rock bursting. When & highly stressed, relatively isolated
pillar fails, a large amount of strain energy 1s released both from the actual
pillar failure and from the closure of the roof and floor. Pillar bursting
occurs most commonly when the extraction ratio is greater than 80% (i.e., when
a small pillar is left supporting a large, mined-out area) (Blake, 1984,

p. 22). Pillar bursts produce seismic activity generally in the Richter
magnitude of 1.0 to 3.5 and present a serious hazard to underground personnel.

2.7.1.1.3 Rock burst potential in extensive mined-out areas

As mlned-out areas become very extensive (greater than 1 kme

(0.386 mic)), stress transfer due to mining can cause displacements on nearby
to distant faults (Blake, 1984, p. 25). The energy release associated with
such fault s1ip can be very large, with Richter magnitudes greater than 5.0.
These events can cause damage to surface structures but often do 1ittle or no
damage underground. Such failures can occur in soft- and hard-rock mines.
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2.7.1.1.4 Dealing with rock bursts

Measures have been developed over the years to minimize both the
occurrence and the effects of bursts. These methods include (1) modification
of the excavation sequence, (2) installation of an appropriate support systenm,
and (3) modification of the excavation method to include the use of
preconditioning blasting. "

In the mining industry, modification of the extraction sequence to avoid

‘the creation of pillar remnants and to produce stress transfer to the

abutments in & gradual manner is often used to decrease the incidence of rock
bursting. Burst-prone areas are sometimes mined at a slower rate than normal
production rates to allow more time for fracturing and natural destressing.

Spalling in tunneling or shaft sinking has been successfully controlled
by the application of rock supports (e.g., bolts and wire mesh) or by
softening the rock mass by preblasting. Blake (1984, p. 33) reports that
fully grouted untensioned rebar and threadbar with wire mesh and (or) steel
fiber-reinforced shotcrete are effective techniques for minimizing spalling.
This may be supplemented by cable lacing for more extreme problems. Barton
(1984, pp. 81, 82, 84, 85) suggests rock bolting with increased-size bearing
plates and notes that the use of fiber-reinforced shotcrete to replace steel
mesh has resulted in satisfactory support in Norwegian tunnels driven through
burst-prone rock.

Hoek and Brown (1980, pp. 307-311) describe the use of extensive support,
including steel sets and concrete, in the deep underground tunnels in South
Africa where potentials of massive rock bursts are high. Ortlepp (1970, 1983)
emphasizes the use of ylelding rock bolts and mesh in South Africa to resist
the dynamic loads imposed by rock bursts.

- 2.7.1.2 Rock burst potential at the Hanford Site

Rock bursts are not expected in the repository excavations. This is
based on the guidelines published by Hoek and Brown (1980, p. 218) and the
analysis performed by Blake (1984, pp. 71-76) as discussed in the following
paragraphs. However, historical evidence of localized rock spalling in
underground excavations with low extraction ratios and wide excavation span
that are highly stressed and in strong, brittle rock suggests that similar
phenomena may be expected during repository construction in basalt. This
spalling can be expected to occur shortly after excavation. The potential of
spalling caused by the surcharge of thermally induced stress after waste
emplacement requires further study because it 1s not known {if the rock mass
around the openings will be capable of adjusting to the new-stress condition
over & perifod of time and thus reduce the potential of spalling.

Hoek and Brown (1980, p. 218) compiled 21 case histories of deep tunnels-:

in massive quartzite in South Africa and correlated rock failure in these
tunnels with the in situ vertical stress, whichris the max{imum principal
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stress in the cases considered, and the uniaxial compressive strength of the
intact rock. The correlation, which is reproduced in Figure 2.7-1, shows that
spalling occurred in tunnels where the ratio of vertical stress to the
uniaxial compressive strength exceeds about 0.2. Hoek and Brown (1980,
p. 218) indicate rock burst 1s unlikely unless this ratio exceeds 0.5. Also
plotted in this figure 1s the range of uniaxial compressive strength of the
basalt in the entablature of the Cohassett fiow versus that of the maximum
principal stress, which acts in the horizontal direction. Within the bounds
of uncertainties of these data (which include the strength of intact rock and
in situ stresses in the Cohassett flow and other case histories) it 1s seen
that rock burst will be an unlikely event in the repository openings and that
only spalling may be expected. It should be noted that a comparison between
these tunnels and the repository openings 1s not strictly valid, and the
results will be conservative because these cases are square tunnels in massive
quartzite which have a higher potential for rock burst spalling than the
arched-shape repository openings in closely jJointed basalts. o
Several of the conditions Blake (1984, p. 4) cites as being conducive to
bursting are present at the candidate horizon at the Hanford Site. The condi-
tions of great depth, high in situ stress, and brittle and strong rock are
present; although the brittleness of the rock will be decreased by the high
degree of jJointing. The repository extraction ratio will be approximately
10%, much less than the 80% which s favorable to bursting (Blake, 1984,
p. 22). The 10% repository extraction ratio will preclude any stress
interaction between excavations except at intersections. There 1s not an
extensive area of mined-out ground or wide spans necessary to produce & low-
stiffness loading systém. The geology of the Cohassett flow dense interior is
relatively uniform, lacking with a low potential for encountering frequent
faults and dikes that could act to concentrate stresses. The maximum stress
is parallel rather than perpendicular to the tabular dimension of the
repository.

It 1s expected that the closely spaced and interlocking nature of the
basalt joints will tend to dissipate strain energy around the openings through
deformation in a nonviolent fashion, reducing the 1ikelthood of rock bursts.
Barton (1984, p. 69) suggests that rock bursts are less likely in the
entablature than in the colonnade because of the increased fracture density.
Blake (1984, p. 73) indicates that construction of repository tunnels by
drill-and-blast methods will tend to destress the surrounding rock and further
reduce the potential for spalling.

The presence of high stress and strong, brittle rock are conducive to
spalling in shafts. Blake (1984, p. 72) calculates that tangentia} stresses
in the shaft wall at repository depth could reach 145 MPa (21 x 103 1bf/in<)
or 0.44 of the compressive strength. The use of heavy mud as a drilling
medium would reduce the tangential stress and the potential .for spalling.
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2.7.2 POTENTIAL FOR THERMAL DEGRADATION

Thermal degradation describes changes in the chemistry or physical
structure of the geologic medium with changes in rock temperature. Changes 1in
physical structure could be crack formation and spalling caused by thermally
induced stress gradients along the mineral grain boundaries. Chemical changes
could be caused by secondary mineral dehydration or primary mineral
alteration. Neither of these processes are presently considered a real
concern at the Hanford Site.

Thermal spalling is observed when heating some rock types. In general,
granular rocks with minerals having different coefficients of thermal
expansion 1ike quartz and feldspar are susceptible to thermal fracturing and
spalling. The potential for rock materials, including basalt, to degrade by
thermal fracture, spalling, and slabbing has been tested (Thirumalai, 1975;
Thirumalaf, 1970). The results show a low potential for thermal degradation
of basalt in the laboratory. The slabbing phenomenon at depth is a coupled
effe:t of material weakening by heating and prevailing stresses around the
opening. o _ . _ : o

Information on thermal degradation for the Pomona flow was generated
during tests at the Near-Surface Test Facility. Full-Scale Heater Test 2,
which was described in Section 2.5, subjected the Pomona flow to temperatures
greater than 500 *C at the borehole wall. No spalling or slabbing was
observed in visual inspections before and after heating. However, enhancement
of existing small fractures was observed (Kasza, 1986, p. 43). If the
operations phase of the repository does not raise the rock wall temperature to
levels greater than those observed in Full-Scale Heater Test 2, then such
phenomena should be limited to the high-temperature areas in the immediate
vicinity of the waste emplacement holes. However, if new, thermally induced
fractures occur, they will have & significant impact on the performance of the
repository and therefore, further study in the Cohassett flow will be required
(Section 8.3.2.2). Post-test characterization studies involving laboratory
testing of core taken from boreholes drilled adjacent to the heater holes have
shown only a small change 1n mechanical properties; however, preliminary
cross-hole seismic studies show a significant decrease in velocity close to
the heater (Myer et al., 1983).

2.7.3 SWELLING AND SHRINKAGE OF FRACTURE INFILLING MATERIALS

The possibi1ity of dehydration and the resultant volume reduction of
clays and zeolites in fractures during the thermal phase of the repository is
of interest because this could affect the water inflow and opening stability.
Fractures identified in core from the dense interior of flows at the reference
repository location are virtually always filled with secondary minerals (Long
and WCC, 1984). The secondary minerals are predominantly clays, zeolites, and
silica polymorphs (see Sections 1.2.3.1 and 2.2) with the percentage of clay :
inf111ing amounts to 89% in the Cohassett flow. X-ray diffraction studies of
infi11ing material from fractures in the Cohassett flow indicated that a

2,747



CONTROLLED DRAFT 0
NOVEMBER 24, 1986

smectite -clay;-tentatively identified as montmorilionite, was the dominant
phase. The smectite clays possess favorable geochemical aspects with regard
to radicnuclide retardation (see Section 4.1.3.7) Hhile the smectite clay
group possesses unfavorable thermomechanical characteristics because of its
tendency to swell or shrink depending on the hydrologic conditions, it is not
expected to have significant impact on the repository design because the
amount of smectite clay within the basalt flows at the Hanford Site is only 1n
the range of 0.27% to 0.32% (Section 4.1).

The infi11ings in jJoints observed in core are generally very thin
(typically 0.13 +0.13 mm (0.005 +0.005 in.) thick); therefore, testing of
inf111 properties has been limited. Infilling testing has included x-ray
diffraction studies performed for mineral identification (Benson and Teague, -
1979; Kaster van Groos, 1981), differential thermal analyses to identify the
effect of pressure on the loss of interlayer water (Koster van Groos, 1981),
and shear strength tests performed on Jointed basalt core samples containing
inf{11 coatings on the Joint (see Section 2.2). The differential thermal

~ analysfs studies have been reported by DOE (1982, p. 6.1-20) and by Long and

WCC (1984, p. 1-219).

The differential thermal analysis shows that the loss of interlayer water
is unlikely under saturated conditions during postclosure. In regions where
temperatures are expected to exceed 130 °C prior to closure, shrinkage
associated with the loss of interlayer water can be expected. Although the
interaction of the thermal expansion of the basalt and the shrinkage of the
joint infi111ng has not been analyzed, one possible interaction could act to
reduc?ihigh-stress concentrations around the openings and possibly enhance
stability.

The potential for change in moisture condition in the infilling material
after constructfon should be considered. If the clay were distressed and
allowed to absorb water, either because of changes in permeability induced by
mining or from water introduced for dust control or environmental control, the
clay could swell and lose strength. On the other hand, 1f the clay were
aliowed to dehydrate it might shrink and lose its binding properties. The
clays are 1ikely to desorb rather than absorb water because (1) the water is
at a temperature of about 51 *C and therefore will tend to evaporate; and
(2) the ventilation air will be at a lower temperature and unsaturated with
water when 1t enters the repository and therefore will tend to absorb water.

~ The need to do additional joint testing to evaluate the potential
shrinkage, swelling, and (or) change in joint strength as a-function of
changing moisture conditions 1s dependent on the potential abundance of
fracture inf111ings of measurable thickness. Most joints are filled with a
very fine coating of inf111 material and, thus, may not have a major impact ow
the joint mechanical properties. However, some thicker infilled joints may be
encountered during construction. Further studies will be made on :
thermal/mechanical and hydrological interaction of joint properties

(Section 8.3.2).
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2.7.4 COUPLED-EFFECTS

The coupled effects between thermal, mechanical, hydrological, and
chemical processes need to be assessed in determining the long-term
(postclosure) waste isolation potential of the repository location.
Preliminary aspects of the effects of temperature on deformability and
strength were discussed in Sections 2.1 through 2.5. The coupled thermal and
mechanical effects on hydraulic conductivity and porosity of basalt is not
well understood and will be studied further (Section 8.3.2.2).

Coupling between mechanical and hydrological phenomena in a jointed
medium 1s most noticeable in the effect of stress on joint permeability.
Coupling between mechanical and hydrological phenomena is discussed partially
in Section 2.8 where changes in geoengineering properties due to excavation
are presented. Further studies are planned.(Section 8.3.2.2).

Couplings between thermal and hydrological phenomena are treated in
hydrological/groundwater travel time studies by accounting for the density
change in groundwater with temperature. The change in density with
temperature introduces a buoyancy force, or upward flow of the groundwater,
after waste emplacement. )

<740 Mechanical-chemical/thermal-hydrological coupling 1s potentially impor-
tant in the basalts because of the occurrence of clays in the basalt joints

that (1) can shrink and (or) swell depending on the moisture and temperature
conditions and (2) can change in chemical composition as a result of thermal
loads. Any change in volume of the clay or clay mechanical properties can
affect the mechanical and hydrologic properties of the basalt rock mass. The
impact of gewatering/rehydration of the joint infi111 material was discussed in
Section 2.7.3.

2.7.5 SUMMARY

Catastrophic rock bursts are not expected in the repository excavation
because of the high degree of natural fracturing present in the basalt, the
low extraction ratio, and the relatively uniform geology within the repository
construction area. The presence of high stress and strong, brittle rock may
result in spalling in the repository openings during excavation, and as the
repository heats up and stress increases. However, if spaliing proves to be a
problem it could be controlled by modifying the excavation methods and support
system currently planned.

Available laboratory results suggest that basalt has a low potential for
thermal degradation in general. This is supported by full-scale heater tests
at the Near-Surface Test Facility where the Pomona flow was subjected to
temperature in excess of 500 °C for 21 d with no observable spalling or
slabbing. However, the basalts at this location are not under high in situ
stress, and the results are indicative of the effects of temperature alone.
Thus, further studies of the potential of thermal degradation of basalt in the
Cohassett flow are required (Section 8.3.2.2).
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The -fracture infilling material in the Cohassett flow contains a high
percentage of smectite clay, which 1s susceptible to swelling and shrinkage.
Under elevated temperature during repository operation, the clay may desorb
water and shrink. However, this may not have a major impact in mechanical
properties of the joints encountered as the infil1ing is very thin. Further
studies on thermal/mechanical and hydrological interaction of joint properties
are planned (Section 8.3.2.2). A number of coupled effects betweer thermal,
mechanical, hydrological, and chemical processes have been discussed. Most of
these effects are not well understood at present and will require further
studfes (Section 8.3.2.2).
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.. 2.8 EXCAVATION CHARACTERISTICS OF BASALT
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2.8.0 INTRODUCTION

The purpose of this section is to present (1) a summary of excavation
experiences relevant to the excavation of the BWIP repository (Section 2.8.1),
(2) a discussion of anticipated conditions during repository excavation and an
estimate of the support required (Section 2.8.2), and (3) a discussion of the
changes in geoengineering properties during excavation (Section 2.8.3). The
discussions include only the excavation of repository . openings; shaft
excavation and emplacement hole drilling will be discussed in Chapter 6.

The expected conditions at the candidate repository horizon include the
following:

o High horizontal stress and high stress ratfo.
o High rock temperatures.

o High fracture frequency.

] High‘1ntact rock strengths.

o Low water inflow.

2.8-1
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These conditions are not dﬁpIicated in any one existing excavation. However,
case histories that duplicate one or several of the expected conditions do
exist and will be reviewed in this section.

2.8.1 EXCAVATION CHARACTERISTICS OF SIMILAR ROCK

. The excavation characteristics of similar rocks are presented in the
following subsections. Previcus experiences of various methods used in
underground excavations under conditions similar to the repository are
summarized in Section 2.8.1.1. The various rock support systems that had been
successfully applied to underground openings under highly stressed conditions
and under conditions of changing stress are described in Section 2.8.1.2.

A general discussion of methods used to control water inflow in underground
excavation is provided in Section 2.8.1.3. The problem associated with gas 1in
underground excavation 1s briefly outlined in Section 2.8.1.4.

'2.8.1,1 Excavation experience

o This subsection contains a discussion of excavation experience in basalt
and rocks similar to basalt under conditions comparable to the repository
environment using both drill-and-blast methods and mechanical boring machines.
“Many examples of excavation and construction are available in the literature,
although none are representative of all expected repository conditions.
Experience in basalt {s generally from near-surface excavations where stress
- conditions are not representative of the candidate repository horizon. These
studies indicate that avajlable excavation techniques are adequate in dealing
with conditions in the proposed repository excavations.

2.8.1.1.1 Drill-and-blast exéavations

Four mining projects (one in basalt) under conditions of high stress and
high intact rock strength, similar to conditions expected at the repository
horizon, are discussed below. Experience with excavations in basalt- is also
summarized. '

South African gold mines

Gold is mined in South Africa from flat-lying, thin (approximately l-m
(3.28-ft)) depasits to depths of 3,500 m (11,000 ft) (Dedongh and Klokow,
1983, p. D1). The ore and surrounding rock are massive, strong quartzites.
Ths averags intact rock unfaxial compressive strength is 262 MPa (38.0 x

1bf/in ; (Hoek and Brown, 1980, p. 217), compared to 290 MPa (42.0 x
103 1bf/in2) for intact Cohassett basalt (see Section 2.3). Unlike the
Cohassett basalt, jointing is infrequent in the South African quartzite
(Ortlepp, 1978, p. 2), &lthough fractures develop during seismic events. The
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stress in the .South African gold mines 1s of similar magnitude to that in the
Cohassett flow, although the direction of maximum principal stress and the
stress ratfo are generally different. The tunnels were successfully excavated
by the drill-and-blast method. The support system used in these tunnels will
be discussed in Section 2.8.1.2.

Kolar gold fields

€o1d was mined in the Kolar fields of south-central India from vertical
quartz veins in metamorphic rock to depths of 3,000 m (10,000 ft) (Taylor,
1961, pp. 575 & 177). The surrounding rock was metamorphosed igneous rocks,
mainly basalts and dolerites (Caw, 1956, p. 259). The horizontal in situ
stresses at Kolar are reported to be higher than the vertical stress -
(Krishnamurthy, 1969, p. 100), suggesting a stress state comparable to that
measured at the Hanford Site. Joint frequencies, though unreported, are
probably lower than those expected in Cohassett flow. Rock bursts were common
in the Kolar gold fields, although distinction between "development bursts and
bursts in the solid® (Caw, 1956, p. 263) is often obscured.

Coeur d'Alene mining district

- From mines in the Coeur d'Alene district of northern ldaho, stlver, lead,.
and zinc are extracted to a depth of 2,400 m (8,000 ft) from near-vertical
veins. Rock bursts, often associated with highly stressed pillar remnants,
are common in the district (Blake and Leighton, 1968, p. 441; Blake, 1982,

p. 1537) where the extraction ratio is typically of the order of 75%. Some of
the drifts and shafts in these mines experienced excessive closure and must be
rehabitated. Rock is quartzite and argillite with intact strengths on the
order of 125 MPa (18 x 103 1bf/1n) (Beus and Chan, 1980, p. 782). Fracturing
is heavy along the main fault (ore-bearing) structures and less heavy away
from the faults (Miner, 1982, p. 549). In situ stress megsuremen s indicate
high horizontal stresses ranging up to 100 MPa (14.5 x 10° 1bf/in<).

Michigan copper mining

Copper was mined through basalt in upper Michigan to depths of 1,830 m
(6,000 ft) (Crane, 1929a, 1929b; Mendelsohn, 1931; Vivian, 1931). These mines
were excavated and operated prior to the widespread use of rock-bolt and
shotcrete and had experienced severe ground control problems at deeper levels.
Rock bursts, which mainly occurred in the stronger basalt, had been reported,
although the occurrence of -gradual, nonviolent failure and large closures were
more frequently observed 15 these gines. Intact basalt strengths in these
mines are 290 MPa (42 x 10° 1bf/in¢) (Windes, 1949, 1950, p. 10),” =~ =
approximately equal to that of the Cohassett flow. The ore occurred in
interbeds, and possibly flow tops, that were somewhat weazker. Information on
Jointing or rock structure is not available, although photographs presented by
Crane (19293, 1929b) suggest that fracture frequency is not as high as
expected at the repository horizon and that typical colonnade and entablature
structures were not encountered in these mines. The in situ stresses were not:
measured; however because of greater depth, it is likely that in situ stresses
were higher than those anticipated in the Cohassett flow.
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Excavations in.basalt at shallow depth

Many road, rail, and hydroelectric plant tumnels have been excavated in
basalt in Washington, Oregon, and other locations around the world using
drill-and-blast methods. Pertinent data for many of these excavations are
presented in Table 2.8-1 (Hardy and Hocking, 1979). Rock conditions were
generally excellent for these excavations. Many of these excavations were
constructed without temporary support, some have no final support, and most
are sti1l in operation with & minimum of maintenance. Rock conditions during
excavation of the Near-Surface Test Facility in the entablature zone were also
satisfactory (see Section 2.8.2.1). In comparison with the conditions
expected in the repository, the rock mass may have a similar degree of
1012%1?9. and there is & significant difference in the in situ stress
condition.

2.8.1.1.2 Mechahica11y mined excavations

, Expérfence with tunnel boring'machines under conditioﬁs sihilar to‘those
expected in the repository horizon 1s from Eerman coal mines, South African .
gold mines, and & tunnel in England. Several examples pf the mechanical =

.. mining of basalt are also discussed.:. -

German coal mines

Since 1971, more than 74 km (46 mi) of 5.4- to 6.5-m- (18- to 21-ft-)
dia. haulage tunnels have been excavated in the Ruhr area (Loehr, 1983).
Openings are between 600 and 1,200 m (2,100 and 4,000 ft) deep in highly
stressed, hard-coal-bearing strata (sandgtone, siltstone, and shale), with
strengths up to 150 MPa (22 x 103 1bf/in¢) (Boldt and Henneke, 1981).

Progress of the tunnel boring machine was adversely effected by difficult
ground conditions mostly associated with stress-induced spalling, weaker or
highly fractured strata, and faults. Efforts to improve machine performance
were primarily concentrated on cutter head design (Loehr, 1983). Rock
structure (e.g., Jointing and fracture zones) expected in the repository
horizon in basalt are likely to be more favorable than those experienced at
the deep coal mines of Germany. :

South African go1d'm1nes

Tunnel boring machines have been used in South Africa at depths of
2,100 m (7,000 ft) (Graham, 1976) in highly stressed, massive, and strong
quartzite. Although the rock in the South African mines is more competent
than that encountered in the German coal mines, the problems. related to
overstressed rock and the solutions employed were very similar. Stress-
induced slabbing of the brittle wall rock resulted in sidewall overbreak along

*

208'4




CONTROLLED DRAFT 0
NOVEMBER 24, 1985

the tunnel boring machine and up to the face. This was largely corrected by
installing support tmmediately behind the cutter heads and by making miner
machine modifications (Graham, 1976). Short cutter life, related to the hard
and abrasive nature of the rock, also had a detrimental effect on tunnel
boring progress. In comparison with the expected conditfons at the repository
hoz;zon. these tunnels were excavated under higher §n situ stresses and harder
rock. ' ’

Kielder water tunnels

The Kielder project in England consisted of a 3.5-m- (11.5-ft-) dia.
tunnel that intersected 350 m (1,180 ft) of massfve and strong dolerite, &
rock simjlar to basalt (Korbin, 1979). The average rock strength was 350 MPa
(50 x 105 1bf/in¢), and the depth was 360 m (1,180 ft). This section was
therefore excavated in & stronger rock and under lower in situ stresses than
those of the repository horizon. Tunnel boring machine performance was poor,
with penetration rates of only 0.4 m/h (1.3 ft/h). Sections of both
relatively massive and highly fractured rock were encountered. Penetration
rates increased by a factor of three in the jointed areas as compared to the
massive sections. Stability problems within the fractured regions were minor
due to the rough, closed, and partly healed character of the joints.

" Mechanical mining of basalt

Experience in the mechanical mining of basalt 1s extremely limited. The
Baltimore tunnel in Scotland was bored through approximately 4.8 km (3 mi) of
basalt (Hardy and Hocking, 1979). Depth and rock strength were not specified.
The tunnel boring machine performed well in zones of competent basalt but had
to be withdrawn and replaced by drill-and-blast excavation when the tunnel
passed through a flow-top breccia.

A 2.3-m (90-1in.) hole was drilled vertically through various igneous and
sedimentary rock types (including some basalt) on Amchitka Island, Alaska, for
the U.S. Atomic Energy Commission. Total basalt thickness drilled was
approximately 100 m (330 ft), with an additional 170 m (560 ft) of basaltic
pillow lava (Morris, 1968, Fig. 1). Information on jointing is not available.
Unfaxial cgmpressi;e strengths of the basa]t and p}11ow lava averaged 122 MPa
- (17.7 x 103 1bf/inc) and 80 MPa (11.6 x 109 1bf/in<), respectively (Lee,
1969a, Table 13). Drilling through the basalt and pillow lava was rated as
excelient, with no mining problems (Lee, 1969b).

2.8.1.1.3 Excavations mined by other methods

Other methods of excavation such as the use of hydraulic water jet and
large saws or cutter bars are availlable. However, these are generally not
suitable in rock as hard and strong as basalt and were not considered in the
SCP conceptual design as described in Section 6.2.
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2.8.1.2 Rock .support

Tunneling, construction, and mining operations employ a variety of
ground-support systems depending on various geomechanical, economic, and
longevity considerations associated with an underground structure. Support
system components can include rock bolts, cable bolts (wire rope), metal
straps or plates between bolts, wire mesh (held in place by bolts), shotcrete:
(or gunite), mesh or fiber reinforced shotcrete, steel or timber sets with
mesh and (or) lagging, cast concrete, and backfill. Often, two or more types

- of support are combined into an integrated rock support system.

This subsection describes several support systems that have been used
successfully in excavations associated with either high-stress environments or
subjected to significant stress increases. These examples are presented
because they represent a relatively new type of support that might find
application to the particular conditions expected in the repository. None of
these systems described, however, had been used under elevated temperature
conditions similar to that expected in the repository, and further studies
will be required (Section 8.3.2). - : : ,

2.8.1.2.1 Deep hard-rock iuh&eis 1n §outh Afficai3}{5;‘,i@{ij;fc}?;ljffz

The rock reinforcing system of tunnel suppart used in the South African
gold mining industry (Ortlepp, 1983) is often referred to as *wire mesh
support.® The essential components of this system are rock reinforcement
tendons, lacing, and wire mesh, and these were designed to withstand the high
and changing stress conditions encountered in the gold mines. The rationale
of the support design is that the support must preserve the integrity of the
fractured rock surrounding the tunnel while accommodating the inevitable bulk
movement of the fractured mass. '

Rock reinforcement tendons are invariably anchored by *full-column*
grouting using cement slurry, resin, or cementitious cartridges. Tendons
generally range from 12 to 20 mm (approximately 0.5 to 0.75 in.) in diameter,
and their length and spacing tend to be based on broad, empirical guidelines.
Support tendons are provided with pigtails or looped ends to accommodate
support lacing. :

The type and size of wire rope used for lacing is determined largely by
practical considerations and avaflability rather than by design. Most mines
use single strands of discarded scraper (slusher) rope as lacing. Thus, the
diameter of rope or strand used for lacing ranges from 9 to 16 mm (0.35 to
0.63 1n.). The lacing method 1s determined by the density and position of
support tendons. ‘ e

With few exceptions, diamond mesh (chain 1ink) is used in tunnels, and
weld mesh {s used in larger chambers. Diamond mesh used for support {is 4
usually made of 3.2- to 4.0-mm (0.13- to 0.16-1in.) wire, with apertures
ranging from 50 to 100 mm (2 to 4 in.). The stiffness of weld mesh makes it

<«
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somewhat -difficult to mold to rough surfaces. However, the apertures of
welded mesh are larger than those of diamond mesh. Thus, if shotcrete is
required, welded mesh allows better shotcreting than does diamond mesh.

2.8.1.2.2 Experimental tunnel at the East Rand
Property Mines :

Over a 5-yr period starting in 1976, the Chamber of Mines of South Africa
developed and monitored an experimental research tunnel (Fig. 2.8-1) at the
East Rand Property Mines (Ortlepp and Gay, 1984). This tunnel, 170 m (557 ft)
Tong and approximately 3,075 m (10,080 ft) below the ground surface, was
driven across a strong, massive quartzite in the hanging wall. The tunnel was
developed from a Tow-stress, undermined area into & highly stressed abutment
zone. Subsequently, the southern portion of the tunnel was undermined,
leaving it straddling a 55-m- (180-ft-) wide stabilizing pillar some 50 m
(160 ft) vertically below. The experience with this tunnel under both high
initial stress and high-stress change conditions might provide some
similarities to repository conditions at the Hanford Site where additional
thermally induced stress changes are applied to the support system.

The Jointing in the rock mass consisted of groups of closely spaced -
(0.1- to l-m (0.3- to 3-ft)) joints, orthogonal near-vertical joints, and
ninor quartz veins. The mean gniax1a1 compressive strength of the quartzite
{s 350 MPa (50.75 x 10° 1bf/in¢). The magnitude of stresses in the destressed
portion and the central stressed portion of the_tunnel gas estimated by the
computer pgogram MINSIM to be 50 MPa (7.25 x 103 1bf/in) and 140 MPa

(20.3 x 10° 1bf/in¢), respectively.

Permanent tunnel support consisted of cement-grouted steel tendons (on
1-m (3-ft) spacing in rows 0.5 m (1.5 ft) apart), wire mesh, and wire-rope
lacing. Over the 4-yr period following completion of the tunnel, stoping and
the establishment of the stabilizing pillar below the tunnel created signif-
icant stress changes. By 1981, it was estimated that the stress in the
central portion of the tunnel had increased by 62% to & value of 225 MPa
(32.6 x 10 ‘1bf/1n2). During this time and after undermining was completed,
no further deterioration of the tunnel occurred, and the investigators
concluded that "the relatively weak constraint provided by the cladding of
lacing and mesh was sufficient to prevent further degradation of the stable
shape," and that *in a regime dominated by strong, massive rock and 1imited
depth of fracturing, 1s clear that a tunnel can be designed in terms of shape
and support to resist very large quasi-static stress changes® (Ortlepp and
Gay, 1984, pp. 345 and 345). - -
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2.8.1.2.3 Blyvooruftzicht Gold Mine and the
Vaal Reefs Gold Mining Complex ) .

Dempster et al. (1983) describe the use of rock bolt and grouted lcop in
the Blyvooruitzicht Gold Mine and at the Vaal Reefs Gold Mining Complex in
highly stressed ground and in areas of changing stress. At the
Blyvooruitzicht Mine, the Carbon Leader Reef is extracted at depths up to
2,380 m (7,810 ft) below ground surface. In the Klerksdrop Gold Field, the
Vaal Reefs Exploration and Mining Company is mining at depths up to 2,500 m
(8,200 ft). These mines are in a geologically disturbed area, with much of °
the seismic activity occurring along fault planes. The depth of mining
indicates that in situ stresses are high. The mining methods that often leave
abutment or remnant areas produced significant mining-induced stress changes
in the vicinity of the development entries. Magnitudes of in situ stresses
~ and stress changes induced by mining are not reported.

Support systems for tunnels in these mines have evolved from passive
timber or steel set supports to active rock bolt and grouted tendon supports.
Dempster et al. (1983) note that support must be installed before induced
stresses endanger the stability of the excavation. The combination of these
support elements with wire mesh and lacing ropes between the support tendons
has resulted in an integrated support system that 1s capable of controlling
most rock burst damage and quasi-static load changes. PR

2.8.1.3 MNater inflow

Occurrence of water in deep excavations can create problems ranging from
minor to extremely difficult and can have an important effect on the cost and
progress of an excavation. Prediction of water inflow can be based on rain-
fall, topography, drainage, 11thology, and structure. The reliability of the
inflow predictions 1s not high.

Sources of water include the sea, surface lakes, rivers, swamps,
rainfall, snow and ice, unconfined near-surface aquifers, confined aquifers,
isolated subsurface pockets or caverns, &nd magmatic waters. Conduits through
which water reaches underground workings may be simple (a single fault plane
or permeable layer) or complex (several- joint sets), natural (fliow along
Joints or through porous rock) or induced (leakage around shafts or tunnels).
The permeabilities of fractures and fissures are generally orders of magnitude
greater than the permeabilities of intact rock. Intersection of a shaft or
tunnel with an aquifer 1s the most 1ikely cause of water inflow. An agquifer
may owe its water conducting property to primary (connected pore space) or
secondary (Joints and other discontinuities) permeability. Water inflow may
be increased by blasting and other mining procedures. e

Many techniques have been developed to minimize the effect of groundwater

inflow on excavation operations. These techniques can be classified as K
detection, isclation, and removal. Detection by pilot-hole probing or seismic
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techniﬁues can.permit bettér isolation by means of grouting, or adequate

preparation to handle the water via & collection and pumping system. Removal
re;e:s to pumping in order to predrain the area where groundwater {s known to
exist. ) '

Several examples of water inflows recorded during tunneling and mining
operations are listed in Table 2.8-2. Also listed in the table 1s the
recovery method used. Though some exceptionally high-peak inflows have been
encountered, recovery techniques were available to handle the inflow. Zones
of significant water inflow requiring engineered water control measures
usually occur along relatively small, anomolous zones (Baker, 1985, p. 10).

2.8.1.4 Gas

Flammable gases encountered underground include methane, hydrogen, and
hydrogen sulfide, with methane occurrence being most common in coal and other
sediments having some organic content. Methane in smaller quantities, usually
occurring in solution with the groundwater, can also be present in hard-rock
mines (1.e., igneous and metamorphic rocks). The presence of inflammable gas
in large quantity is a major safety concern and may affect the progress of
excavatfon.. The Mineral Resources Code of Federal Regulation 30 CFR 57,
Subpart T, Gassy Mines (MSHA, 1985), provides the guidelines for the
identification of gassy mines.

The danger associated with gassy mines can be averted by appropriate
mining practice and by proper ventilation systems that provide fresh air to
working areas. Ventilation air dilutes and sweeps away dangerous gases if
present. The coal mining industry has demonstrated that ventilation systems
and mining practices can be devised to mitigate the hazards in gassy condi-
tions. General excavation experiences in similar rock indicate that harmful
gases have not been a significant problem in basalt or similar rocks.

2.8.1.5 Summary of excavation characteristics of similar rock

The case histories described in this section showed that present
excavation technology and support systems were successful in underground
excavations at great depth under high-stress conditions. Support systems had
been successfully developed to cope with changing stress conditions in .
underground excavations. Methods dealing with water inflow and the presence
of inflammable gas were alsc avaflable. These include the use of advance
detection techniques, dewatering by pumping, sealing, and ventilation.
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2.8.2 EXCAVATION CHARACTE#ISTICS AT THE HANFORD SITE

Based on experiences obtained from excavations in similar rocks as
sunmarized in the preceding section and the estimated characteristics of the
basalt rock mass in the repository horizon, this section attempts to describe
the excavation characteristics that may be anticipated in the repository
excavation and the support system that may be used. The problem of water
inflow and gas will be addressed. Finally, the monitoring system that may be
used during excavation and the method for analyzing the results will be
briefly discussed.

2.8.2.1 Excavation experience

The only underground excavation experience in basalt at the Hanford Site
{s from the excavation of the Near-Surface Test Facility. The Near-Surface
Test Facility was excavated by drill-and-blast, without controlled blasting
techniques such as presplitting or smooth-wall blasting. Inconsistently
drilled and loaded rounds resulted in overblasting and rock damage in some

_ areas (Moak and Hintczak, 1980, P. 3-20)

Shotcrete with or without rock bolts was generaIly used for support 1n
the dense interior of the Pomona flow. Steel sets were used at the portals.
Two small rock falls occurred near one of the portals when support was lagging
behind the excavation face by as much as 8.5 m (28 ft) (Moak and Wintczak,
1980, p. 3-23). This experience is consistent with other construction
experience; most major problems of ground control occur at the portals where
rock is weathered and destressed.

The conditions that may be anticipated during the excavation of the
repository were addressed in Section 2.7.1.2. It was concluded that rock
burst will be an unlikely event, and some spalling may be expected during
repository excavation.

2.8.2.2 Rock support

The rock support system at the Hanford Site will be required to maintain
stabi1ity in the underground openings during the operation of the repository.
The support system must prevent major roof falls or stress-induced problems in
the ribs and must minimize minor rock falls that could endanger personne1 or
waste emplacement operations.

The repository will be built, operated, and decommissioned in phases over
a period of approximately 90 yr as described in Section 6.2.2.4. Excavation ,
dimensions will have a large influence on required support. The dimensions of .
the main excavations proposed in the SCP conceptual design (KE/PB. 1686) are -
shown in Table 2 8-3. ,
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Ideally, -the rock support system installed during construction should
remafn functional for the 1ife of repository; this, however, may not be fea-
sible or cost effective. It 1s possible that the support system will be
rep:i;ed or reapplied at one or more stages during the repository operating
period.

The following subsections discuss the BWIP repository support recom-
mendations based on rock mass classification systems.

2.8.2.2.1 Rock mass classification

This section provides an assessment of the range of rock mass quality
1ikely to be encountered in the repository horizon in the Cohassett flow using
the Norwegian Geotechnical Institute-Q system. An assessment of the support
required based on the rock mass quality was made. This 1s essentially an
empirical method. The basis of the Norwegian Geotechnical Institute-Q system
and 1ts application in support design for underground apenings are described
in Barton et al. (1974)

i Barton (1984. p. 73) determined the rock mass quality rating in the '

repository under two different conditions: those during the repository
excavation and those after the waste emplacement where thermal Toading to the
rock mass will be considered. The ratings corresponding to both conditions
are shown in Table 2.8.4. Under the condition of repository excavation, the
rock mass quality ratings for the Cohassett flow are “very poor to fair rock"
(rock mass quality = 0.4 to 8.3) for the entablature and *very poor to poor
rock* (rock mass quality = 0.5 to 1.9) for the colonnade. To account for the
long-term effect of thermal loading, Barton (1984, p. 72) adjusted the rock
mass quality ratings by increasing the stress reduction factor parameter to
sinulate the stress increase due to temperature changes. The rock mass
q:a}:g{ rgt;ngs calculated for the thermal case are also shown at the bottom
or e L. ‘4.

2.8.2.2.2 Support recommendation

The ranges of span/excavation support ratio and rock mass rating values.
for the repository excavations are plotted on the rock mass quality support
chart in Figure 2.8-2. The design ranges of -rock mass quality ratings for
thermally loaded conditions are shown by the shaded areas; extreme ratings are
shown also. Several support categories with somewhat different support are:
indicated in the figure. Barton (1984, p. 85) simplified the support
re?ommendations and his recommendations for the vrock support system are as
follows: .

o Emplacement rooms, panel entries, and main entries in the -

colonnade--bolts on 0.8-m (2.5-ft) spacing w1th 5 cm (2 in.) of
fiber-reinforced shotcrete.
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0 - Emplacement rooms. panel entries, and main entries in the
~entablature--5 em (2 1n.) of fiber-reinforced shotcrete. .

o0 Confinement returns, panel crosscuts, and backreaming drifts in the
colonnade--bolts on 1.0-m (3-ft) spacing with 2.5 em (1 in.) of-
fiber-reinforced shotcrete.

o0 Confinement returns, panel crosscuts, and backreaming drifts in the
entablature--2.5 em (1 in.) of fiber-reinforced shotcrete.

0 Intersections--boIts on 0.8-m (2.5-ft) spacing with 5 em (2 in.) of
fiber-reinforced shotcrete.

Barton (1984, p. 65) also suggested that stress-related ground control
problems such as spalling will be more difficult to control in the colonnade
than in the entablature. When these occur, heavier support systems than those
suggested may have to be used.

Finally, it should be noted that the combination of conditions 1ikely to
be encountered in the repository have. l1ittle or no precedence in terms of
underground construction and rock mechanics. These include variable rock

- conditions, high horizontal stresses, great depth, development of high

temperature due to heat generation from the decay of radioactive waste, and
changing groundwater conditions. Consequently, the repository excavations are
beyond the data bases from which the empirical support design method was
developed and heavier support may be necessary due to one or a combination of
these conditions.

2.8.2.3 Mater inflow

Large inflows sufficient to produce flooding are not expected, although
some water inflow into the repository excavations {is anticipated. Hydrologic
studies suggest that water inflow into the repository excavations will be Tow
due to the very low permeability of the basalt dense interior. The
possibility of any significant water inflow into the repository from the
surface flood or the upper aquifers will be minimized by the installation of
ninimized surface protection structures and shaft seals. However, the pos-
sible existence of localized water-bearing zones dictates that precautions
{(1.e., excess pumping capacity) be taken to provide the capability of removing
large quant1t1es of water,

Under normal conditions, the permeability of thexdense interior 1s
sufficiently low that most water entering the repository will be from drilled
holes and from the small quantities of water passing the shaft seals. The
measured permeabilities for repository intraflow zones are shown in
Table 2.8-5. The inflow values used in previous repository designs are shown
in Table 2.8-6. Preliminary calculations indicate that the seepage into the
repository located in the Cohassett flow will be only 5.8 L/s (91 gal/min)
(Baker, 1985, Figure 3), compares to the 19.58 L/s (310 gai/m1n) calculated
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for the Conceptual System Design Description (RKE/PB, 1983) as shown in
Table 2.8-6. The flow rates under abnormal conditions result from .
intersecting a fracture that connects directly to the flow top or breaching
~the flow top directly. Uncertainties in the calculation of these maximum
inflows are large. It is 1ikely that these high inflow rates will drop off
sfgnificantly with time due to the 1imited storage in the flow top aquifer;
maximum probable peak inflow of 219 L/s (3,400 gal/min) has been calculated,
which will decay to 130 L/s (2,000 gal/min) after 1 h (Baker, 1985).
Currently there is a large uncertainty in the estimates of water inflow.

Several measures will be taken to ensure that the repository is not
inundated with water (Section 6.2.6.2). Exploration programs such as drilling
in advance of mining, geophysical exploration to detect anomalous zones of
rock, and pilot drifts around large development areas are measures designed to
detect water-bearing zones. If a water-bearing zone 1s detected or -
fntersected, it will be grouted and (or) the direction or elevation of the
drift will be altered to avoid the potential water-bearing zone. Adequate
backup or reserve pump, sump, piping, and power capacity will be installed to
handle any larger-than-normal inflows (Section 6.2.6.2). Ample techniques
exist to detect and seal water-bearing zones and to pump larger quantities of
"~ water than indicated above to prevent flooding of the repository.

2'802.4 _G_ls_

Precautions will be taken to ensure that the presence of gas will not
create hazardous conditions. The occurrence of significant quantities of
methane and other harmful gases are not expected in the repository
excavations. Groundwater from the Grande Ronde basalt in the reference
repository location 1s approximately 50% saturated with methane gas at
formation conditions. Methane would enter the repository in solution in the .
groundwater, and its quantity is directly related to the amount of groundwater
inflow. The precautfons which will be taken include controlling groundwater
inflow, dilution with ventilation air, and monitoring of ventilation air for
the concentration of methane. Preliminary calculations indicate that
ventilation required for cooling will provide many times the air volume
necessary to dilute the expected methane inflow to safe concentrations. It
should be noted that because the quantity of methane inflow was estimated on
the basis of estimated water inflow into the repository, this estimate is
subjected to large uncertainty as that of the water inflow.

2.8.2.5 Monitoring and analysis

The repository excavation will be monitored to assess stability. Back
analysis of excavation behavior will be performed to estimate or verify rock
mass properties in conformance with the performance confirmation requirements -
gf 1? CFg goi gubpart F (NRC, 1985). These are described in detail in

ect Qn L] L ] ® ® ’
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. Precise measurements of rock movements via convergence statfons and (or)
borehole extensometers will be used to evaluate excavation stabi1ity and-the
adequacy of empirical models. Instrumentation should be installed in all
critical areas (1.e., major intersections, loading pockets) as well as at
r:ng??igrift sections and intersections throughout the repository to monitor
stal Ye , , ~ .

A microseismic system may be used to detect any zones of stress buildup
as indicated by microseismic activity. Such activity can be a precursor to,
or accompany, rock bursting or spalling and could indicate where additional
support or destressing techniques would be appropriate.

Back analyses of repository excavations under a variety of conditions
will be used to estimate or verify rock mass properties through the comparison
of measured and predicted behavior. The use of rock mass properties verified
by such back analysis can allow model validation as well as more confident
predictive analyses. o _

2.8.3 CHANGES IN GEOENGINEERING PROPERTIES DUE TO EXCAVATION

The excavation of repository openings will cause disturbance to the
surrounding rock that may affect the excavation stability and the permeability
around the excavation. This disturbance consists of a blast-damaged zone
immediately adjacent to the opening and stress redistribution zone beyond the
blast-damaged zone. The effect on the rock from blasting is caused by the
dissipation of energy imparted to the rock mass. The effect on the rock due
to stress redistribution is dependent on the size of the opening, the in situ
stress, and the rock mass strength. .

There are large uncertainties in the parameters that control the extent
and properties of the blast-damaged and stress redistribution zones. The
theoretical basis for predicting changes in rock properties due to excavation
is poorly developed, and there 1s very little experimental data on which to
base projections. Cross-hole seismic data from the Near-Surface Test Facility
and information in the literature provide some data on the extent of the
disturbed zone and the change in mechanical properties due to excavation. The
extent of the blast-damaged and stress redistribution zones is dfiscussed
below; the effects of the disturbance on rock properties are discussed in the
following subsections. :

The effects of the stress redistribution caused by an excavation can be
considered as (1) the plastic zone surrounding the damaged rock zone of the

opening, and (2) the zone of changed stresses caused by the excavation locally =

disrupting the in situ stress field. The plastic zone is where the strength
of rock 1§ fully mobi1ized. The thickness of the plastic zone in basalt under
repository conditions has been estimated to be from 51 mm (2 in.) (for a 12-ft
dia. shaft in the Cohassett dense interior, Cottam, 1983, p. 16) to -
- approximately 1 tunnel or shaft radius (Kelsall et al., 1982, p. 30). On the
other hand, Ortlepp (1983, p. 0181) states that stress-fnduced wall faflure 1is
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o typically in the range of 0.4 to 0.7 times the height of the sidewall. Beyond

the plastic zone, the changed stress zone extends out to several excavation
radi{, although the most significant stress changes are confined to within
2 radi{ of the excavation wall. In & jointed rock mass, the stress change may
::use ogening or closing of the aperture and thus change the permeah111ty of

e rock mass.

Several studies available in the literature quantify the extent blasting
may affect the surrounding rock. Case history data presented by Kelsall
et al. (1982, p. 49-75) and Cottam (1983, p. 103) indicate that blast damage
resulting from conventional blasting in hard rock such as granite would extend
1.0 to 1.5 m (3.3 to 4.9 ft% into the rock. For controlled blasting such as
smooth wall, the damage would be 1imited to & region within 0.5 m (1.6 ft) of
the excavat1on surface. Cross-hole seismic data from the Near-Surface Test
Facility indicate lower seismic velocities, due presumably to blast damage,
for a distance of 1 to 2 m (3.3 to 6.6 ft) (see Section 2.3.2.4).

.8 3. 1 ﬂechanical;prgperties

B Information on changes in mechanical properties due to excavation can be
derived from literature sources and from cross-hole seismic measurements at
the Near-Surface Test Facility. Theoretically, the strength of rock within
the plastic zone would be reduced to residual or postfailure values with a
corresponding decrease in deformation modulus. The ultimate mechanical
properties of rock in the disturbed zone cannot be predicted until physica1
and chemical changes are quantified.

2.8.3.1.1 Strength

Limited data are available on the residual strength of rock m&ssés. Most
data {n the literature are for coal pillars, which are not relevant to

. excavations in basalt. Hoek and Brown (1980, p. 283 and 176) propose guide-

1ines on residual strength that depend on the quality of the undamaged rock
mass as well as on the amount of damage inflicted on the rock by the excava-
tion method. These guidelines indicate a reduction in uniaxial strength on
the order of & factor of three or more. The reduction in strength from {intact
to residual is less at higher confining stresses.

2.8.3.1.2 Deformation

Information on the reduction in deformation modulus around an excavation
in basalt can be obtained from the cross-hole seismic studies performed at the
Near-Surface Test Facility. As discussed in Section 2.3.2.4, these tests
measured the sefsmic velocity as & function of depth into the tunnel wall,

The dynamic elastic moduli calculated from the measured seismic velocities are
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shown in Figure 2.3-13. The modulus in the vertical direction is very low

- near the excavation wall and rises quickly to asymptotically approach the
undisturbed value approximately 2.5 m (8.2 ft) into the rock.  The modulus in
the horizontal direction rises less rapidly to reach its premining value
approximately 2.5 m (8.2 ft) into the rock. Extrapolation of these data to
the conditions around the proposed repository excavations is difficult due to
the different stress state, geologic conditions, and excavation techniques at
the repository horizon.

. 2.8.3.2 Thermal and thermomechanical properties

The rock thermal properties in the disturbed zone will probably be
similar to those of both the intact rock mass and laboratory samples, although
there are no data on the effect of rock damage on thermal and thermomechanical
properties of basalt. Analysis of the full-scale heater tests has shown that
the rock mass thermal properties are comparable to the laboratory-determined
values (see Section 2.5), indicating the effect of jointing on these proper-
ties fs probably minor. Because joint conditions (i.e., intact or in various
states of failure) are the major differences betwesen the disturbed zone and
the intact rock mass and because jointing doces not significantly affect
thermal properties, the disturbed zone should have thermal properties of -~
comparable magnitudes to both the rock mass and laboratory-determined values.
Data on thermomechanical behavior (thermal expansion coefficient) in the
disturbed rock are lacking.

2.8.3.3 Hydraulic properties

Changes in hydraulic conductivity due to excavation can result from three
mechanisms: (1) the creation of new fractures by blasting and (or) rock
fatlure immediately around the excavation, (2) the change in the conductivity
due to stress changes across existing joints induced by the excavation, and
(3) dislocation along the jJoints. The first mechanism causes an increase in
conductivity, whereas the second and the third can cause either an increase or
a decrease in conductivity, depending on the sign of the stress change.

There have been very few measurements of hydraulic properties close to
the excavation in other rocks and none in basalt. Tests at both Idaho Springs
(Montazer et al., 1982) and Stripa (Nelson and Wilson, 1980) in granite
indicated a reduction in radial permeability of 1 to 2 orders of magnitude due
to the increase in tangential stress caused by the opening and an increase of
several orders of magnitude 1n axial permeability close to the tunnel walls
(Kelsall et al., 1984, p. 130). Both tests were in relatively competent
granite; at greater depths, the rock mass may exhibit a plastic zone close to
the excavation wall. T o _ .

%3
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Preliminacy scoping stud1es performed to estimate the effect of the
disturbed zone on hydraulic conductivity at the Hanford Site indicate that
significant disturbance (permeability increased by a least an order of
magnitude) may be contained within 1 excavation radii (Cottam, 1983, p. 112).
This includes the effect of both stress redistribution and blast damage.

2.8.3.4 Methods of investigating damage

Several of the techniques mentioned below could be used to investigate
the extent and properties of the disturbed rock zone. A more complete
description of the methods 1s contained in Kelsall et al. (1982, p. 93-109)
Tests available to investigate the disturbed rock zone include:

o Hydraulic tests such as packer tests in boreholes, tracer tests
~ between bdreholes, and macropermeability tests that would measure
radial permeability a1eng an ent1re tunnel cross section.

“ofieeo1ogic tests such as detailed geolog1c mapping and core and
- borehole 10gg1ng.

- dfleeophysical tests such as seismic refraction. mfcro-seismic. cross-
ho;e seismic, borehole geophysical logging, and ground probing
radar.

o0 Mechanical tests such as borehole jacking, flat-jack tests, plate
loading tests, and extensometer measurements.

Among these tests, the hydraulic tests which measure permeability

directly appear to be the most useful, since the permeability of the disturbed
Zone {is the characteristic of 1nterest to repository design and sealing.

2.8.3.5 Impact on repogsitory design

Damage to the rock mass due to the excavation has two main effects on
repository design and performance:s (1) the damaged rock may require
additional support to maintain stability, and (2) the increased permeability
of the damaged rock could act as a preferential pathway to groundwater flow
and affect the postclosure performance of the repository.

~ The damaged rock 1s not a serious obstacle to support design and
excavation stability because the effect of the damaged rock 1s implicitly
included in the empirical support design methods (Section 2.8.2.2.1). In
addition, fnstrumentation will be used to monitor excavation stability, and
additional support could be installed if considered appropriate based on
instrumentation measurements. Several years after waste emplacement, the
thermally induced stress may cause additional disturbance to the rock. The
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combination of .damaged roci with thermally induced stress‘may have {mpact on
the stability of the opening and the retrievability of the canisters if the
support design does not take this into account.

The damaged rock will be a potential pathway for groundwater flow along

“the shafts and tunnels. The permeability increase in the damaged rock may be

mitigated by a combination of careful excavation and properly constructed
cutoffs (Section 6.2.3.2). Grouting may not be sufficient to reduce the
permeability because of the low permeability of dense interfor basalt even in
the damaged zone. Natural or induced precipitation of secondary minerals in
fre:h fractures may in geologic time decrease the permeability of the host
rocke.

Information related to the excavation characteristics of basalt required
to address preclosure safety in the repository 1s not known with certainty at
present. These include the performance of support system under elevated
temperature conditions, the availability of suitable analytical tools to
predict the interaction of rock mass and the support system, and the geology
of the Cohassett flow at the repository horizon. The last ftem includes rock
mass quality data taking into account the presence of healed fractures and
core disking, identification of "weak" zones within the Cohassett flow which
may create unfavorable conditions for excavation and potential anomalous
geologic conditions which may connect to flow top or bottom aquifers and
result in large water inflow during excavation. These are 1ikely to have a
significant impact on the excavation of repository and need to be studied
(Section 8.1.1). Information related to the excavation.characteristics of
basalt which may affect the post-closure performance of the repository include
the thickness of the disturbed zone and the characteristics of the damaged
rock. Further studies will be planned to obtain this information
(Section 8.3.3.2).

2.8.4 SUMMARY

The expected conditions in the repository excavations are not duplicated
in any one existing excavation. However, case histories from deep mines and
from engineering projects provide an indicatfon of the situation that may
occur under one or several of the conditions expected at the repository
horizon. Engineering and construction techniques have been developed in deep
mining and tunneling to deal with high stresses of the same magnitude as those
expected at the repository horizon. Other conditions, such as elevated
temperatures, will require additional study.

The Norwegian Geotechnical Institute Q system was used to estimate the
support requirement for the proposed repository excavations.: The present

- recommendation consists of pattern bolts with shotcrete.

A 2one adjacent to the openings consisting of damaged rock 1s created by -
a combination of blasting operations and stress redistribution. In this zone
the mechanical, thermomechanical, and hydrological properties will be changed
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from those existing prior fo the opening. New surfaces will be created, and
joint s1ip and some rotation of blocks can be expected in this zone, '
Quantification of these changes for engineering design is difficult.

Two consequences of the rock damage caused by excavation are potentially
fmportant: (1) the effect on the support system and (2) the influence on the
hydraulic conductivity. The empirical method of rock support selection
{mplicitly includes a portion of the effect of the disturbed zone on support
requirements. The additional disturbance caused by the stress changes induced
by thermal load after waste emplacement has been evaluated by comparison with
other mining examples where stress changes are induced on a supported exca-
vatfon by mining in an adjoining area. For the analytical schemes of
evaluation of rock support requirement, a knowledge of the mechanical
properties of the damaged rock is required. This can be met partly by seismic
methods, but the effect on the strength characteristics will have to be
determined from back analysis of monitored excavations in basalt at the
candidate repository horizon (Cohassett flow). Plans to obtain this
information will be addressed in Section 8.3.2. '
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2.9 SUMMARY OF CHAPTER 2

2.9 Summary of Chapter 2
2.9 1 Summary of Significant Results
2.9.1.1 Mechanical properties of rock units--intact rock

2.9.1.2 Mechanical properties of rock units--discontinuities
2.9.1.3 Mechanical properties of rock units--large scale
2.9.1.4 Thermal and thermomechanical properties--intact rock
2.9.1.5 Thermal and thermomechanical properties--large sca1e
2.9.1.6 Stress regime
2.9.1.7 Special geoengineering properties
- 2.9.1.8 Excavation characteristics

2.9.2 Relatfon to Design

2.9.3 Identification of Information Needs
2.9.3.1 Eeneral
2.9.3.2 Mechanical properties of rock units--intact rock
2.9.3.3 Mechanical properties of rock units--discontinuities
2.9.3.4 'Mechanical properties of rock units--large scale
2.9.3.5 Thermal and thermomechanical properties--intact rock
2.9.3.6 Thermal and thermomechanical properties--large scale
2.9.3.8 Special geoengineer1ng properties
2.9.3.9 Excavation characteristics

2.9.4 Relation to Regulatory Guide 4.17 -

The geoengineering program is developing a data base on the mechanical,
thermal, and thermomechanical properties and the excavation characteristics of
Columbia Plateau basalt, in general, and the Cohassett flow, in particular.
This process involves reviewing literature sources for characteristics and
phenomena evident in similar rocks, laboratory testing of core from the
goh?§sett and surrounding flows, and f1e1d testing in the Near-Surface Test

acility.

The geoengineering program is concerned with understanding and predicting
the in situ mechanical and thermomechanical responses of the rock mass to
changes imposed by excavation and waste emplacement. These are essential for
the design and performance assessment of the repository. The more significant
results from the gecengineering program completed before January 31, 1986, as
well as its relation to the repository design, are presented in this section.
Cur;ently available data suggest that a repository can be buflt with existing
technology.

It §s not yet possible to predict with certainty the properties of basalt
rock mass at the repository horizon because of the jointed nature of the
basalt, insufficient exposure of the basalt rock mass at depth, and limited
quantities of samples available for testing. Further information are required
to remove some of the uncertainties and to support future design and *
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bérformance assessment activities of the repository. The information needs
are identified in Section 2.9.3. These will be used in Section 8.1.1 to
develop plans for future tests and anmalyses (Section 8.3.2.2).

2.9.1 SUMMARY OF SIGNIFICANT RESULTS

2.9.1.1 Mechanical properties of rock units—-intact rock

- Intact basalt from the dense interior of the Cohassett flow is a hard,

brittle Sock with a mean uniaxial compressive strength of 280 MPa

42 x 103 1bf/ind) and mean elastic modulus within the range of 70 to €0 GPa

10 to 12 kip/in2). The uniaxial compressive stgength os samples from the
flow top is generally less than 100 MPa (15 x 10° 1bf/in } with mean elastic
modulus within the range of 14 to 32 GPa (2 to 4.6 kip/in¢). In the vesicular
zones, the uniax;al compressive strength is generally of the order of 162 MPa
23 x 103 %f/1 ) and the mean elastic modulus is approximately 51 GPa

7.4 kip/inc). The 1imited amount of test results showed 1ittle lateral
za;;gt:on in the mechanical propert1es measured in samp1es from different
oreholes. . . _

2.9.1.2 Mechanical properties of rock units--discontinuities

Site-specific testing of Joints from the Cohassett flow has not been
completed. Joints are generally characterized as tight, with a thin coating
of clay minerals which does not appear to dominate the shear strength.
Presently available evidence suggests that the discontinuous cooling joints
will be the most abundant in the dense interior of the Cohassett flow. The
friction angle of laboratory-scale basalt joints at the Hanford Sfte is
probably within the range of 30 to 45 with some apparegt cohes on within the
range of normal stress of 0 to 100 MPa (0 to 14.5 x 103 1bf/in¢). Normal and
shear stiffness tests on cores from the jointed block test area at the Near-
Surface Test Facility showed large variation in stiffness over the range of
stress level used in the test. The results indicate that very high stiffness
values can be expected in the joints at the repository horizon.

2.9.1.3 Mechanical properties of rock units--large scale

The large-scale mechanical deformation properties of basalt have been
assessed in the Pomona flow at the Near-Surface Test Fac111ty. No 1arge-sca1e
rock mass strength determinations have been made.

Modulus values determined at the Near-Surface Test Facility using
borehole jacking, cross-hole seismic tests, and jointed block tests, differed -
significantly. The jointed block test has produced the most complete set of
data on the directional and stress dependence of the modulus in the Pomona
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flow basalt. -The results indicate a modulus of 8% to 56% of the intact
laboratory value, depending on direction and confining stress level. The Hoek
and Brown formula is used to describe the strength of basalt rock mass 1n the
Cohassett flow. The parameters required to define the strength are estimated
from the fracture characteristics and intact properties of the dense interior
of the Cohassett f10w.

2.9.1.4 Thermal and thermomechanical properties--intact rock

- Intact basalt from the dense interior of the Cohassett flow has a low
thermal conductivity of 1.51 W/m<K and thermal expansion coefficient of
6.02 ye/°C. Variations in temperature within the test range appear to have
Tittle effect on the measured thermal conductivity and thermal expansion
coefficient. The heat capacity of intact basalt increases from 782 J/kg°K at
20 °C to 929 J/kgeK at 200 ¢C. The variability of thermal and -
thermomechanical properties, either within the flow or laterally, has not been
assessed. The thermal properties are expected to be influenced by porosity
and mofisture conditions and will vary in the flaw top and vesicular zones from
that of the dense 1nteriors. L ,

2.9.1.5 Thermal and thermomechanical properties-~large scale

Large-scale thermal and thermomechanical properties have been interpreted
from the results of the full-scale heater tests in the Pomona flow. The
thermal and thermomechanical properties inferred from these tests are very
close to those measured in the laboratory. No apparent thermal anisotropy was
observed in the tests. Based on these findings, the thermal and
thermomechanical properties of the basalt rock mass in the Cohassett flow were
estimated from those measured in the intact basalt samples.

2.9.1.6 Stress regime

Stress measurements by hydraulic fracturing in three boreholes within the
reference repository location in the Cohassett, Grande Ronde 7, McCoy Canyon
and Umtanum flows have produced a consistent pattern of in situ stresses. The
horizontal stresses do not show any significant trend with depth within the
flows or between the four flows tested. In the Cohassett flow within the
reference repository ocationé the maximum horizontal stress is estimated to
be 61.5 MPa (8.9 x 10° 1bf/in¢), the intermediate (horizontal) stress is
32.8 MPa 54 .8 x 12 1bf/1n¢) with a minimum (vertical) stress of 24.2 MPa
(3.5 x 105 1bf/inc). The maximum principal stress is generally north-south;
the intermediate stress {is east-west (both in the horizontal plane); and the
minfmum stress is vertical. The stress levels are high and consistent with -
observed borehole spalling, core disking, and seismic activity in the area.
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2.9.1.7 -Special geoengineering properties

The basalt host rock 1s generally chemically stable over the temperature
ranges anticipated during the thermal phase of waste storage. The secondary
minerals found as infi11 material in joints are not as chemically stable as
~the basait and could be dehydrated, or modified mineralogically at repository
temperatures, thereby influencing the rock mass properties. Thermal
degradation was not seen in the full-scale heater tests at the Near-Surface
Test Facility.

Rock bursting is a function of the in situ stress state, the mechanical
properties of the rock mass, opening dimensfons, and stress change caused by
heating. Previous experiences in underground and tunnel excavations in
simflar rock suggest that the low extraction ratio and the jJointed nature of
basalt may mitigate the potential for rock bursts since the Jointed nature of
the basalt will relieve the high stress concentrations around openings, rock
spalling is the only 11kely event during excavation.

B

2.9.1.8 Excavation éhariéiefistics :ﬁ“ o

The excavation characteristics of basalt have been assessed by comparison
to underground mining and tunneling experience in similar rocks under similar
stress conditions. Examples of mining under high stress conditions at depth
tn similar rock (hard, brittle rock) are common. These examples include the
gold mines of South Africa, the Kolar gold fields in India, the Coeur d'Alene
mining district of Idaho, and the copper mines of upper Michigan. A1l of
these projects experienced rock spalling and rock bursting, but the rock
bursting is generally associated with high-stress concentrations caused by
extensive mining. Rock spalling in tunnels, under similar conditions expected
in a repository layout, is generally minor in extent and mitigated by
application of rock supports such as bolts and shotcrete.

Existing empirical methods of estimating the rock support requirements
using the Norwegian Geotechnical Institute Q system for a repository in the
dense interfor flows have 1ndicated that shotcrete and bolts should be
sufficient. The data base for the Norwegian Geotechnical Institute Q system
does not include a case with conditions similar to that of the repository.
However, the resulting support requirements even under conservative estimates
of rock mass qualities, rock strengths, stress field, and stability
requirements are well within the range of conventional underground
construction experience. Confirmation of the suitability of the empirical .
meth?d for the conditions at the Hanford Site at depth must await at-depth
testing.

209‘4
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2.9.2 RELATION TO DESIEN

The geoengineering properties provide a significant input to the design
characteristics presented in Chapters 6 and 7. The properties used in the SCP
conceptual design (KE/PB, 1986) are summarized in Table 2.9-1. '

The mechanical and thermomechanical properties are used extensively in
establishing the waste emplacement layout, emplacement density, and rock
support systems, while providing important mechanical boundary conditions for
assessment of long-term stability and performance assessment. The mechanical,
thermal, and thermomechanical properties are used directly in the layout and
waste emplacement design studies. The empirical design methods for rock
support system selection use laboratory mechanical strength data, joint
frequencies, orfentations, roughness and moisture conditions, and the in situ
stress data. Thermal properties are used in regional postclosure performance
assessment studies. In Sections 2.3, 2.5, and 2.6, properties on data used in
design are presented with the rationale for selection as appropriate. In scme
cases, the mean of measured values 1s used, while in others such as the
in situ rock mass strength, the estimated value is based on intact properties

~ and known fracture characteristics of the rock mass. Not a1l the data

presented in Chapter 2 are intended to be used in design but are used to
develop positions for 1icensing the data for performance assessment.

2.9.3 [IDENTIFICATION OF INFORMATION NEEDS

2.9.3.1 General

A brief summary of the geoengineering data available to date on basalt
and similar rock types on which repository design has been based 1s presented
in Chapter 2. Although most data were not obtafned from the site-specific
candidate repository horizon, they provided a basis for estimation of
properties or ranges of properties that were used in the conceptual and
preliminary designs developed to date. Additional data are needed to define
and confirm the estimates based on nonsite-specific data. Some of these data
can be developed from core extracted from the repository horizon but most,
especially rock mass properties, can only be developed once access is
available to the repository horizon via the Exploratory Shaft.

Specific information, which is required but is not known to sufficient detail
for resolving issues and satisfying system requirements, is presented in this
section. This information is identified by synthesizing the data presented in
Sectfons 2.1 through 2.8, and the issue resolution strategy is discussed in
Section 8.2.1. The information needs are presented following the major:
subheadings of this chapter for ease of referencing and are listed in order of
preliminary priorities. The information needs and prioritization will be
discussed again 1n Section 8.1.1 and Section 8.1.2, which will then be fully
coordinated with and cross referenced to specific elements of the overall .

project plan.
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2.9.3.2 -Mechanical properiies of rock units--intact rock

The data base on mechanical properties of basalt from the Hanford Site is
near sufficient for such properties as the uniaxial compressive strength of
dense interfor flow basalt, but the extent to which the strength will be
affected by various factors needs to be defined further. Additional
;aggragory testing of core 1s planned to identify or further define the

ollowing.

o Lateral and vertical variation in strength and elastic properties.

o Effect of sample size and orientation on the strength and deforma-
tion of intact, partially jointed, and multiple-Jointed samples.

o Effect of temperature, porosity, and moisture on the strength of
intact basait. - _

o Creep characteristics of basalt under elevated temperature
conditions. '

] Postfeilure cheracteristics under compressive stresses and confining
stress. . - _ . ,

2.5.3.3 Mechanical properties of rock units--discontinuities

. Currently there &re no specific data on the mechanical properties of
basalt joints from the Cohassett flow at the repository horizon. The effects
of various parameters such &s moisture, temperature, and test scale on the
mechanical properties of joints are also not well understood. Since these are
required for the development of rock mass models, additional site-specific
testing of the basalt joints in the Cohassett flow is needed.

Information needs are identified in the following areas.
o Physical characteristics of joints in the Cohassett flow.

o Strength and deformational response of Joints from the Cohassett
flow.

o Effect of moisture and temperature on mechanical properties of
Joints with infi11 materials typical of repository conditions.

o Effect of joint size on mechanical properties. - -

o Creep ofijaints.
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Effect of shear displacement on mechanical properties to evaluate
;h? ﬁffect of disturbance due to excnvat1on and (or) blasting on
oints.

¢ Continued development of & joint deformation—-etrength models.

2.9.3.4 Mechanical properties of rock units--large scale

: The large-scale mechanical properties of the basalt rock mass in the -
Cohassett flow have not been measured. The accuracy of constitutive models
based on intact and joint mechanical properties are inadequate for repository

design,

Since the rock mass strength and deformabilfity have a sufficient

fmpact on the interpretation of constructibility and repository layout, a
significant effort will be devoted to this information need.

Infcrmation needs are 1dent1f1ed in the following areas.

Deformational properties of 1n situ basalt rock mass 1n the ‘
Cohassett f1ow.;gae, T :

Deformational propert1es of the disturbed basalt rock mass 1n the V
Cohassett flow. '

Yield criteria of rock mass. o
Effect of temperature on the mechanical properties of the rock mass.
Hydrologic effects on the strength of the rock mass.

Development of a rock mass constitutive model based on joint and
intact mechanical properties and core hole or mapping data.

Development of a fracture mechanics mode! of rock mass.

Coupling between rock mass properties, stress, and hydraulic
conductivity.

Creep of rock mass.

 2.9.3.5 Thermal and thermomechanical properties--intact rock

Information needs for thermal and thermomechanical properties of intact
rock include the following:

Site-specific data from Cohassett flow to demonstrate lateral and -
vertical variation within flows and flow tops.
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o- Thermal and therﬁomechanical properties of secondary minerals,
specifically jJoint infill materials.

o Correlation of thermal and thermomechanical properties with mineral
content.

o Effect of moisture on properties.

2.9.3.6 Thermal and thermomechanical properties--large scale

Large-scale thermal and thermomechanical properties of the rock mass are
required for repository design and performance assessment studies such as
emplacement density of waste canisters, temperature profile of the repository,
and thermal fracturing of rock. Tests conducted at the Near-Surface Test
Facility on the Pomona flow indicate that these properties are reasonably
close to the values determined from 1aboratony core samples. Further
. 1nformation needs are as follows. _
) o_ Thermal nnd thermomechanical properties of rock mass of the
oL g?hassett dense 1nter1or, flow top. vesicuIar 2zone. and surround1ng

o Anistropy effect.

o Influence of different rock mass structure on thermal and
thermomechanical properties of rock mass.

o Potential of thermally induced fracture in the rock mass of the
Cohassett flow.

2.9.3.7 Stress regime

The existing stress regime has been estimated by hydraulic fracturing-
tests from surface core holes. Because of the importance of the in situ
stress conditions on the stability of the repository openings, continuing
development of the hydraulic fracturing technique will be required and the
results from these tests need to be confirmed by alternate borehole overcoring
techniques. When subsurface access is available, specific information needs
include the following.

o Validate lateral and vertical variations in stress both in the dense
1nt$r1or. flow tops, and vesicular zones of potential repository
horizons.

o Study further the causes of borehole spalling and core disking and -

relate these occurrences to in situ stress, dr1l11ng conditions, and
intact rock strengths.
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- Develop & model to incorporate the variation of site-specific

vertical and lateral variation of rock quality and jJoint frequency
in the variation of local stress.

Develop alternate means of stress measurement in Jointed rock at
depth from core holes including either the hydraulic fracturing,
crack reopening, modified fracturing fluids, or alternate schemes to
provide a redundant method to measure stress throughout the
reference repository location prior to extensive subsurface
exploration and development.

Continue development and testing to validate the hydraulic frac-
turing technique under similar conditions to that of the Hanford
Site to further quantify the uncertainties related toc the pore

pressure effect, shut-in pressure, and crack reopening pressure.

2.9.3.8 Special geoengineering properties

Special geoengiﬁeefing‘properties that have been discussed include

~ stress-induced failure of openings, thermal degradation, potential for

shrinkage and swelling of joint infi11ing materials, and coupled effects.
Information needs are identified as follows:

o

c

Potential of thermal fracturing of basalt in the Cohassett flow.

Potential for shrinkage and swelling of joint infilling materials
due to pressure, elevated temperature, or change in mineralogy.

Mechanicu/hydrp{ogica‘l coupling.
Mechanical-chemical/thermal-hydrological coupling.

Coupled thermal/mechanical effects on conductivity and porosity of

Potential of rock spalling and rock bursts in the repository
openings and shafts.
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2.9.3.9 -Excavation characfer1st1cs

Excavation characteristics are important to the design of the repository.
Most information needs in this area relate directly to design needs and the
selected design methodology. For both empirical and analytical design
methods, the following information needs are identified:

o Rock'mass quality dﬁta from fresh core from the horizons studied and
surrounding strata, incorporating rational method of accounting for
core disking and healed (intact) fractures.

0 Further definition of potential "weak" zones where fracture fre-
quencies are high or joint orientations or conditions unfavorable.

o Resqonse of excavation support systems to heat and temperature
cycles. , T

o Development of analytical tools to model the interaction of the rock

- mass and the rock support system and demonstration that these tools

_ are adequate by comparison of support loads with prediction in the .
Exploratory Shaft Facility. : T

o Further quantification of potential anomalous geologic conditions
that could cause hydrologic connection with the flow top or bottom
agquifers and cause high water inflow during construction. '

0 Boundary of disturbed zone.

¢ Thickness of damaged zone, its porosity, diffusion coefficient,
hydraulic conductivity, and sorption coefficient.

2.9.4 RELATION TO REGULATORY GUIDE 4.17

The content of this chapter follows the annotated outline developed by
the DOE from the Regulatory Guide 4.17 (NRC, 1983). Changes from Regulatory
Guide 4.17 involve minor changes {n nomenclature and changes in order of
¥re§en§agjgn to aid the development of the data package as shown in.

&be [ 2 d 11
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. Figure 2.0-1. The conceptual interaction of cbmponents.
cf the overall program leading to licensable
repository design. PS84-2042-2.0-1 '
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Figure 2.0-2. Plan view of
near-surface test facility.
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Figure 2.0-3. Idealfized diagram of the transition from intact rock to 2
hea\lr;;,w)/ Jointed rock mass with increasing sample size (Hoek and Brown, 1980,
P. o. . ) . _ : .
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Figure 2.1-1. Flow diagram of conducting
laboratory tests by the Basalt Waste
Isolation Project Rock Mechanics Laboratory..
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Figure 2.1-2, Laboratory test results on intact samples s
from the Cohassett flow in borehole RRL-2. e
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Figure 2.1-3. Laboratory test results on intact samples
from the Cohassett flow in borehole RRL-6.
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Figure 2.1-4. Laboratory test results on intact samples
from the Cohassett flow in borehole RRL-14,

. PS8407-122
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Figure 2.1-5. Uniaxial compressive strength of flow top,
entablature, colonnade, and vesicular zones of
Cohassett flow in boreholes RRL-2, -6,
and -14 (South, 1985, pp. 329-376;
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Figure 2.1-6. Faflure envelopes for intact basalt
from dense interior of the Cohassett flow
(South, ‘1985. PP. 377:402).
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Figure 2.1-7. Typical stress-strain curves
for intrafiow zones of the Cohassett flow
(South, 1985, pp. 403-430).
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Figure 2.1-8. Young's modulus of flow top, entablature,
colonnade, and vesicular zones of Cohassett fliow
in boreholes RRL-2, -6, and -14
(South, 1985, pp. 329-3763 Hulstrom, 1985, pp. 57-65).
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Figure 2.1-9. Faflure strength of intact Umtanum flow
basalt as a function of temperature (after Miller
and Bishop, 1979; Miller, 1979b; (graph from

South, 1985, pp. 431
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Figure 2.1-10. Scatter diagram and best-fit line
of static elastic modulus versus maximum temperature
during exposed Full-Scale Heater Test 2
(after Mitchell, 1984c, p. 34).
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Figure 2.2-1. Peak and residual strength
of joint samples from Pomona flow by
direct shear test (Mitchell,

1984&, po 34). ’
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Figure 2.2-2. Peak and residual shear strength of
. Joint samples from Pomona flow by triaxial
tests (Brechtel, 1985, pp. 39-41).
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Figure 2.2-3. Peak and residual shear strength
of joint samples from undifferentiated
EGrande Ronde flow by triaxial tests
.- (Mitchell, 1984b, pp. 21-22).
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Figure 2.2-4, Schematic of the trbiax‘la'l testing
system {llustrating the measurement of joint
displacement (Brechtel, 1985, p.10). -
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Figure 2.2-5. Range of joint normal displacement versus joint
normal stress for hydrostatic compression in basalt
cores. (a) Test curves showing gradual closure
of a joint under increasing normal stress.

(b) Test curves showing rapid initial closure
} of joint at early stage of load1ng
(Brechte1 1985. p. 35)
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)
Figure 2.2-6. Idealized stress-displacement curves
11lustrating complex mechanical response of rock joints.
“ PS8508-35-
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Figure 2. 3-1. Comparison in in situ deformabﬂity modu1us and rock qua‘lity
designation (after Deere et a1.. 1969. P. 171).~
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Figure 2.3;-2. Relationship between in situ deformability nodulus and
geomechanics classification rock mass rating (after Bienfawski, 1978, p. 245).

F.2-22




N SITU DEFORMABILITY MODIRUS, E (GPa)

[
o

5

E=2RMR~100

N DINORWIC SCHEME

@ DRAKENSBERG SCHEME
O | O ELANDSBERG SCHEME —14
¥ GORDON SCHEME

20 O LE ROUX DAM
& ORANGE-FISH TUNNEL -,
4 WITBANK COALFIELD
a
40 0 €0 70 80 90 100
GEOMECHANICS ROCK-MASS RATING (RMR) PSE40T-14EA

i
a .
. IN SITU) DEFORMABILITY MODULUS, E (10 Mp/in®)

.t

te e v - e ——



CONTROLLED DRAFT 0
NOVEMBER 24, 1986

PS8407-142

Figure 2.3-3. Typical stress-deformation curve from plate bearing tests in
fractured rock including cyclic loading (Schneider, 1967).
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Figure 2 3-4. The triaxia‘l strength of Hombeyan narbIe (after Rosengren and -
Jaeger. 1968. P. 321) , . A o
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Figure 2. 3-5. Schematic of the Jointed test block, flat jack and grouting
boxes 1n the Hear—Surface Test Facility, after Cramer and Kim (1985)
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Figure 2.3-6. Jointed block test step 1 heater and instrumentation (after
Cramer, 1984, p. 12). _
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Figure 2.3-7. Jointed block test instrument layout and borehole desfgnation
(after Cramer, 1984, p. 15)
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Figure 2.3-8. Deformational response of the test block during horfzontal
loading cycles at ambfent temperature (Cramer et al., 1985, p. 24)

- pssao7-1s4.

F.2-28



vgi-L0vesd e
- {y-01) NIVHLS
L T ot Loole 9 v T .
° ---d-J.---—Jquudqd—----—----—--\-dq—-Jd-ﬁdq
0sZ
008
mw 0SL
2%
Na
Ox
33
Wﬁeco.-
ms
c
X
m...
wm
...ern«—
009's
[
. ost's

{DNISS3HLS TVINOZIHOH)
(94} JUNSSTH HOVI LV

.t



SR o CONTROLLED DRAFT 0
o | HOVEMBER 24, 1986

Figure 2.3-9. Deformational response of the block test during vertical
Toading cycles &t ambient temperature (Cramer et al., 1985, p. 24). = -
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Figure 2.3-10. Deformational response of the test block during axial
loading cycles at ambient temperature (Cramer et al., 1985, p. 28).
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- . Figure 2.3-11. Deforiuation modulf versus confining stress of the block test
during ambfent temperature testing (after Cramer and Kim, 1985, p. 345). -
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Figure 2.3-12. Compressiona"l-wave velocity (Vp) and shear-wave velocity (V)
as a function of distance from the tunnel wall surface in vertical and
horizontal directions (Myer et al., 1983, p. 28). .
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Figure 2.3-13. Dynamic elastic properties as a function of distance from the
tunnel wall surface in vertical and horizontal directions (Myer et aI_.. 1983,

Cp.38).
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- Figure 2.3-14(a) through (g). Conceptual models for a basaltic rock mass.

1
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* Figure 2. 3-15(&) through (d).

deformation.~ .
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Equivalent continuum models for rock mass
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Figure 2.3-16. Relationship between the strength and size of a rock specimen ‘f.

. as observed from large-scale compress1on tests (from B1en1&wsk1 and
o Van Heerden, 1975, p. 104). : o S . O
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Figure 2. 4-1. Histogram of the thermal conductivity of basalt (Co1umbia River

. Plateau. Nashington' Roy et a1.. 1981).
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Figure 2.4-2. Rangé of probable thermal conductivity values for basalt - o

(Roy et al., 1981).
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Ilfggge 2.4-3. Range of probable heat capacity values for basalt (Roy et al.,
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Figure 2.5.1. Heater power levels for Full-Scale
Heater Test 1 (Williams et.al., 1981, pp. 11-12).
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Figufe 2.5-2. Instrumentation layout for Full-Scale— T T

Heater Test 1 (AMI, 1986, p. 17).
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Figure 2.5-3. Heater power levels for Full-Scale .
Heater Test 2 (Williams et al., 1981, pp. 13-15).

©PSB407-115

F.2-42



POWER W)

10

1
_‘f,"ﬁ ~STEP 2—tome ster s - ms--""“s?"‘f." 7
a s
R CENTRAL HEATER
4 —
K 21d
INSPECTION| MAXIMUM
) PERIOD POWER ,
— 1
0 | Y | 1 | y |
200 400 600 800
TIME (d)
JULY 1, 1880 £S8407-118



Figure 2.5-4. Instrumentation layout for Full-Scale

Heater Test 2 (AMI, 1986, p. 18).
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Figure 2.5-5. Full-Scale Heater Test 1 measured and
predicted temperatures for themocouple 1T01T03
(AMI. 1986. p. 69)
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Figure 2.5-6. Full-Scale Heater Test 2 measured and
predicted temperatures for themocoup‘le 2701703
(AMI. 1988. p. 70).
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Figure 2.5-7. Time history vertical displacement response and
predicted displacement for a locatfon at a radius 0.95 m (3.12 ft)
from the center of the main heater for Full-Scale Heater Test 1

- (AMI, 1986, pp. 84-85).
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Figure 2.5-8. Time history vertical displacement response and
predicted displacement for a location at a radius 0.9 m (2.95 ft)
from the center of the main heater for Full-Scale Heater Test 2
(AMI, 1986, p. 87).
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Figure 2.6-1. Generalized stress map of the conterminous United States,
arrowheads indicate the direction of maximum in situ stresses (after

- Zobick end Zobak, 1980, Fig. €)..
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Figm'e 206‘2.

Location map of key boreholes used in e .
Basalt Waste Isolation Project studies. :

~ RCPB108-145E
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Figure 2.6-3. Examples of core disking.
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Figure 2.6-4{a). Examples of acoustic televiewer intervals
with borehole spalling in borehole RRL-6 (Paillet, 1985).
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Figure 2.6-4(b). Representation of horizontal section with'bdreho1'evsﬁall1n§”.‘ -
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Figure 2.6-5. Correlation between core disking and borehole
spalling in boreholes BC-4, RRL-6, and DC-12 -
(Paillet, 1985; Cross, 1985). - _
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_ Figure 2.6-6. Typfca'l interval pressure and flow rate histofy | . "
' from the hydraulic fracturing tests at borehole RRL-2, e -
- test depth 928 m (3,044 ft) (Rundle and Kim, 1983). T
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" Figure 2.6-7. Typical fi'actui'e fmpression from the hydraulic fracturing tests
at the Hanford Site. . ' , :
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Figure 2.6-8. Expanded plot of interval pressure versus time for a — -————
... typical repressurization cycle at borehole RRL-6 (test =~ -~
L depth 1.008 L] (3.306 .ft)),‘ N AR
opssaoraz0. o mm T =
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Stress magnitudes as a function of depth in the

. -. reference repcsitony location.
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PS8407-203

Figuré 2.6-10. The ratio of average horizontal to vertical stress with depth
(after Hoek and Brown, 1980, p. 100).
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S Figure 2. 6-11(&) and (b). Orientation of induced fractures
- . from hydraulic fracturing tests within the .
- o reference repository ‘Iocation.
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Figure 2.7-1. Stability of tunnel in relation
to vertical stress and unfaxial compressive

igggggth of intact rock (after Hoek and Brown,

PSB8609-341
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Figure 2.8-1. Experimental tunnel (Ortlep
R © psesos-s2
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p and Gay, 1984). .
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Figure 2.8-2. Rock mass quality chart with ranges of span/excavation
support ratio and rock mass qualfity values for the Cohassett flow -
(after Barton, 1984).
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. . the Hanford Site (after South, 1985, p. 439)
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Table 2.1-1. Summary.of laboratory studies on basalt
.from the Hanford Site (after South, 1985, p. 439)

Borehole . o
number Flows tested Tests performed Referencg taboratory
0C2 ' | Umtanum,Cohassett UNX, BZ, TRX, MR, TRXJ,E. v, P, | Rockwell{1978b) (1))
S0 P 0. K
0C-2 Umtanum UNX, BZ, TRX, HTRX, MR, E, v. P, | FSI (19812) . Fsi
S. 1, Py Po- & K. G difE
oc4 Umtanum HUNX, HTRX, ¢, K, C,.. creep, Miller (1979b) M
‘ rock hardness, ., 7, $
bC-6 Umtanym HUNX. KTRX. a,K, C,. ereep, Miller and Bishop (1979) (et}
rock hardness, G, P,
oc8 | umtanum HUNX, HTRX, a,K. G, creep, | Miller (15792) csM
sock hardness, G, P, S
0GC-10 Pomona : UNX, BZ, TR MR, E, v, P, S, py, | Duvall etsl. (1978) M
e KG ' ~
DGt ’bmonq | unx, 82, R, MR.TRJU E.v. P, | Rockwell(1978) M
ST B T P I O PRI s"l«?b-‘o‘ B MR .
DH-4 Umtanum; Grande Ronde } UNX, BZ, TRX, MR. TRXS, E. v.P, |Rockwell(1§78) - - CSM .
SoT. 0 ]11.13,20,21,24,and 32 S.pp.6.K . o .
- DRSS . }Umtanum,Grande Ronde € | UNX, BX, TRX, MR, TRXJ, E, v, P, | Rockwell{1978) oM
. e ) am”&t‘ EER B -
DH-§ Umtanum oK GCpp Martinez-Baez and Amick LeL
. : _ {1978)
DOH-3 FrenchmanSprings1, | UNX, BZ, TRX, MR, TRXJE,v.P, | Rockwell (1978) M
Umtanum, Grande Ronde }S.3, pp @K ‘
13and 14 ' .
NSTF Fomona UNX, TRX, KTRX, 8Z, MR, py.. pg. | FS! (1980a, 1580b, and FS
- : E v, P, S, K C, . diff 1981b)
RRL-2 Rocky Coulee, Cohassett, | UNX, TRX,BZ,E,v.P. 5, pu, 0, pg, | Hulstrom and Hanson swip
McCoy Canyon, Umtanum | MR (1982b)
RRL-6 Cohassett, Umtanum UNX, TRX,BZ,E. v, P.S. py, 1. pg :l't;lg:{n and Hanson swip
RRL-14 | Cohassett, Umtanum UNX, TRX,82,E, v, P, S, py.. 3. pg zgl;go)m andHanson BWIP
: 2
Jest abbreviations

= S-wave velocity

= Triaxial compressive strength

= Triaxial jointed compressive strength
= Uniaxial compressive strength

= Thermal expansion

82 = Brazilian tensile

G = Specific heat

diff = Thermaldiffusivity

3 = Young's modulus

HTRX = Heated triaxial compressive strength

'.9? 45#%%3“

HUNX = Heated uniaxial compressive strength = Porosity

K = Thermal conductivity = Pgisson’s ratio
MR = Modulus of rupture = Bulk density
NSTF = Near-Surface Test Facility = Graindensity

P « P-wave velocity

taboratories )
BWIP - Basalt Waste Isolaticn Project
CSM - Colarado School of Mines
FS1 - Foundation Sciences, Inc.
LBL - Lawrence Berkeley Laboratory
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Table 2.1-2. Comparison of the mechanical prbbe;iiés of
_ intact samples of similar rock types .. . _._ . _ _ _

(FULL PAGE —- 6085 TABLE) - - -
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Table 2.1-2, Comparison of the mechanical properties of intact

samples of similar rock types

Uniaxial Elastic Poisson’ Tersil tength . o
compressive isson’s ensile st

Rock type strength m&d;:alrs ratio T (MPa) Comments Reference
‘ (MPa) f :
Basalt 413a.479 82.1-88.5 0.26-0.27b 17.6-24.0 | Dense unfractured Krech et al. (1974,
(Dresser, Wisconsin) intact samples p.11)
Basailt 81-293 22-80 0.09-0.31 - Includes flow top Agapito et al. (1977,
(Bacon Siphon, ‘ : and dense interior pp. 34-35)
Washington)
Basalt 148 - - 13.9¢ Goodman (1980,
(Nevada Test Site) p. 58)
Basalt a5s " 14.5¢ Goodman (1980,
(John Day Dam, . p. 58)
Oregon) '
Basalt 169 26.2d Handin (1966, p. 273)
(Miocene, Oregon) 219 ‘
Basalt - 230 61.5 26.24° Windes (1949, p. 9)
(Champion Copper Lo
Mine, Michigan ’
Basalt 258-358 703 e Windes (1949, p. 10)
(Ahmeek Copper .
Mine, Michigan)

NOTE: To convert MPa to Ibf/in2, multiply by 145,
To convert GPa to kip/in2, multiply by 145,

aMean of 10 samples, range of mean from 3 groups.

bDynamic Poisson’s ratio.
From point load test.

dRupture strength.

eNo tensile rupture strength reported
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Table 2.1-3. Physical and mechanical properties of intact entablature
basalts from outside the reference repository location but
. within the Hanford Site o

Landseaped 860 Table
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Table 2.1-3. Physical and mechanical properties of intact entablature basalts from
outside the reference repository locgtion but within the Hanford Site

Grande Ronde Basalt

" Excluding Ut Pogogg :low"
Ch RXCIUWaIng anum entabiature
Property Units Untanum flow only - flow |
- Standard - Standard Standard
Mean  geviation  MEAM  geviation  ME2  deviation
Brazilian tensile MPA 11.9 . 69 . 17.2 5.1 19.4 3.8
strength (kip/1n2) 1.7y  (.0) - (2.5  (0.7) (2.8)  (0.5)
Untaxial compressive MPA 212 106 0 - - 356 42
strength (kip/1n2) (30.7) (15.4) (51.6) (6.1)
Static elastic modulus GPa C71.0 20,0 - 64.8 16.0 .  83.4 8.3
(103 kip/in2)  (10.3)  (2.9) - (9.4) (2.3) (12.1) (1.2)
Static Poisson's ratio 0.27 0.05  0.24 0.04 0.25 0.02
Bulk density kg/m3 2,780.0 50.0 - 2,780.0  50.0 2,860.0  30.0
(1b/£t3) (173.5) (3.12) . (173.5) (3.12) (177.8) (1.87)
Apparent porosity % 1.1 0.4 3.4 1.3 0.7 0.4

NOTE: After Sublette (1983, Table 9, pp. 47-48).
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 Table 2.2-1. Testing of basait discontinuities for the Basalt
‘ Waste Isolation Project ,
Flow ]'est . Reference
Pomona flow Direct shear testing Mitchell (1984a)
_ Jointed triaxfial testing Brechtel (1985)
Untanum fliow Jointed triaxial with and Hiller (1979a, 1979b).

Grande Ronde Basalt
undifferentiated

Pomona fiow ,

- with and without temperatufe .

without temperature
variations

Jointed triaxial

Intact, jointed, end miti-
fractured unfaxial tests

- varfations .

Hiller and Bishop
51979). Mitchell

1984b) -

CSM (1978), MitcheIl
(1984b)

FSI (1980a, 1980b,
1980c)

T.2-4
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Tabie 2.2-2. i’eak friction angle for various éurface
, - conditions in rocks similar to basalt

St (FULL PAGE -- 6085 TABLE)
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Table 2.2-2. Peak fricﬁtion angle for various" surface conditions
in rocks similar to basalt

Normal stress Peak angle of L
Rock type et .+ Comments Source

MPa  (btinz | TionO) | oo T
Lower Granite Basalt* 0.08 (12) 346 . |Sawed surface, lapped Coulson (1971,

0.84 (122) . 376 with #600 grit, ovendry | p. 101)

3 (488) 37.2 R

8.02 {1,163) 38.3 o > :
Fine-grained 0.08 (12) 28.8 Sawed surface, lapped Coulson (1971,
Grand Coulee Granite® 0.86 (124) 34.2 with #600 grit, ovendry | p. 101)
Fine-grained 0.1 (15) 436 Natural, undulating, Barton (1973, p. 296)
Grand Coulee Granite 0.70 (102) 38.0 smooth, calcite and

zeolite present

Coarse-grained 0.1 (16) 58.7 Natural, undulating, iron | Barton (1973, p. 296)
Grand Coulee Granite 0.69 (100) 456  |staining, calcite and '

2.07 (300) 50.8 |epidote present
Blackstone Granite 1.23 (178) 64.1 | Rough, undulating, Barton (1973, p. 296)

1.40 (203) 69.0 . |artificial extension :

1.72 (249) 7.7 fractures
Granite 0.14 (21) 71.6 | Rough, undulating, Barton (1973, p. 296)

‘ 0.34 {50) 69.2 antificial extension .
0.64 {92) 70.6 - fractures
. 1.37 (199) 56.3 o ,

Gabbro 47.0 Natural joint, dry Duncan (1969, p. 88)
Dolerite . 52.0 | Natural joint, dry Duncan (1969_, p. 88)
Basalt " 47.0 Natu(a| joint, dry Duncan (1969, p. 88)
Granite 38.0 Artificial surface Duncan (1969, p. 88)

*peak angle of friction is the residual friction angle after large shear displacements for these cases.



'Sheaf stiffness iét

- 50% load . . 0.017
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- . Table 2.2-3. Shear uhd normal stiffness values derived
from the first loading cycle of triaxial tests on
Joint samples from the Pomona Flow

Stiffness &Pa/mm (x 103 kip/in2/4n.) -

Minimum Average - Maximum
Normal stiffness
hydrostatic loading * )
- Beginning 0.01 (0.038) 0.096 (0.353 0.415 {1.527
§0% load 0.119 (0.439 0.578 (2.129 3.080 (11.379

axial loading

_ Beginning ... . 0.009 zo.oaaz‘ 0.130 go.aao . 0.414 gl.szsi._

0.064) 0.373 (1.373) = 1.825 (6.722

- 100% loed " " 0.005 (0.020) .= 0.113 (0.416). . 0.427 (1.£73

 NOTE: From Brechtel (1985, pp. 30-33). . --:- - S L

TQZ‘G"
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“Table 2.3-1. Test plins and operating procedures

Test plan or

R _ test description

Reference

e Borehole jacking tests

Goodman jack tests
S Modified Goodman jack
tests

Jointed block test
Step 1: single siot test
under abmient
temperature
Step 2: ambient temperature
test
Step 3: elevated temperature
. test

" Crosshole seismic testing o |

Shuri et al. (1980)
de 1a Cruz
et al. (1982)

Cramer (1984)

"iquoak and Wintezek

1980), -

T.2-7

Hyer et al. (1983)—-“-— S



CONTROLLED DRAFT .0
NOVEMBER 24, 1986

. Table 2.3-2. Summary of large-scale compression tests

" Landscaped 860 Table
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Table 2.3-2. Summary of large-scale compression tests

s - Laboratory Large-scale
Source Rock type Sample dimensions. Strength. strﬁggth.
Y (k1p/in2)  (kip/1n2)
NHose (1964)* Granite 1.4mx1.8mx2.8m 23-48 12-15
: ' (4.6 ft x 5.9 ft x 9.2 ft) (3.4-7.0) (1.7-2.2)
Jahns (1966)* Iron ore Imximxim 117 49
o (3.3ft x3.3ftx3.3f) (17.0) (7.1)
Gimm et al. Iron ore l4dmx1l.4mx1.6m
(1966)* (4.6 ft x 4.6 ft x 5.0 ft)
De Reeper (1966)* Iron ore | 50
' . (7.3)
Richter (1968)*  Iron ore 1.25mx 1.5 mx 1.5 m 360 20
(4.1 ft x 5.0 ft x 5.0 ft) (52.2) (2.9)
Georgi et al. Granite Imx1lmx1l.2m 13
(1970)* (3.3 £t x 3.3 ft x 3.9 ft) (1.9)
Chaoui et al. Marble 0.7-m (2.3-ft) dia. x 1 m 10.5 3
(1970)* ‘,(3.3 ft) (1.5) (0.4)
Pratt et al. Diorite Up to 2.75 m per side 29 8
(1972) (9.0 ft) 4.2) (1.2)
Grano- Up to 2.75 m per side 44.8 25.0
diorite (9.0 ft) - (21.0) (3.6)
~ Sundaram et al.  Granite 0.76-m (2.5-ft) dia. - 129-265 27.5
(1983) 1.5 m (5.0 ft) high (19-38) (4.0)
Thorp et al. Granite 1-m (3.5-ft) dla. ~ ° 157-208 7.5
(1983) 2m (6.6 ft) high " (22.8-30.2) - (1.1)

*Discussed Tn Bienfawski and Van Ileerden_(l§75).




: , Laboratory In situ
- Source - Rack type P{1lar geometry - st::fﬁ;;’ ;s:reag:h-
o e | O (kipfnd) (cIp/ind)
Agapito (1974) 011 shale Bmx18mx18m 90 22
Brady (1977)  Tuffaceous 10 mx 10 m x long 170 90
N shales (33 ft x 33 ft) (24.7)  (13.1)
Coates et al. Granodiorite 3nx30mx3m 200 100
- (1973) (10 ft x 100 £t x 10 ft) (29.0)  (14.5)
Petersen = St. Peter 6mx6mxlong 3.5 3.5
(1978) sandstone (20 ft x 20 ft) (0.5) (0.5) -
o Rnsééllbéflil;.”Hetamofphoéed f 10 m x 151h0k>16ng' 180._i ' -
- ..: (1984) . . arenaceous (3ftx50ft)  (26.1)°

CONTROLLED DRAFT O

NOVEMBER

24, 1986

Table 2.3-3. 'Evaiuatién of rock mass strength from pillar observations

v sediments - ... -

B

-
- -

T L] 2‘.9
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Table.2.3-4. In sftu deformability modulus cbtained by Goodman

"- 7 Jack tests in the entablature zone of the Pomona flow at the

Near-Surface Test Facility

' o " In situ deformabiiity Standard
Borehole ~Depth, m - T Tpodutes, 6Pa deviation, GPa’
- orientation (ft) (Ibfliﬁz) . (lhfliné)
~ (5-45) (2.72 x 106) (0.27 x 105)
Vertical 1.5-3 6.9 0.69
(5-10) (1.0 x 106) (0.10 x 105)_
6.1-7.6 131 : 1.93

(20-25) = (1.9 x 106) (0.28 x 106)

NOTE: After Shuri et al. (1980, p. 11).

T.2-10
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| " NOVEMBER 24, 1986
- Table 2.3-5. In situ deformability modulus (obtained by
nonlinear regression analysis) from modified Goodman
Jack tests in the colonnade zone of the Pomona
SIS - flow at the Near-Surface Test Faci¥fty - - .. — - e
In situ
Standard
Number of deformability
Testing method data points  modulus, ; dgvzﬁ;ﬁazﬁ?a o e
6Pa (1bf/in?) |
HX-borehole Goodman 251 23 (3.4 x 106) 1.2 (0.17 x 106)
- Jack, diametrical
deformation _
Wodified Goodman jack, 103 47 (6.8 x 106) 12 (1.73 x 105)
tangential strain :
KOTE: From de 1a Cruz et al. (1982, p. §). * : -

T.Z-ll ‘
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Pressure cycle summany for

T&b‘& 203‘6,
step 2 of the Jointed block test
. - Cycle Horizontal Yoad Vertical toad Axial load
e T : (oxx). MPad (oyy). HP2 (czz), MPa
1 1.00-3.75 1.50 1.50
2 1.00-6.50 2.50 2.50
3b 2.00-12.0 5.00 5.00
— e = 3R 2.00-12.5 5.00 §.00
4 1050 1.00-3075 1050
.5 2.50 1.00-6.50 2.50
6 5000 2.00"1205 5.00
7 §.00 2.00-9.00 5.00
- 8 2.00-9.00 5.00 5.00
9 2.00-9.00 5.00 §.00
= 10 §.00 2.00-9.00 5,00 _____ _
11 2.50 2,50 1,25-5.00
* 12 - 8,00 - 5.00 1.25-5.00
13 9.00 9.00 . 2.00-5.00
| 14 1.00-5.00 - 1.00-5.00  1.00-5.00
S 15 2.80- v 2,800 7 1.25-8.000 o
o v 16 1.00‘50%‘ . 1.00-5.00 - o 1,00-5.00] ._ T me
”\\ 18 1.00-6.50 2,50 2.50
’ 19 1.00"3.75 1.50 1-50
- 20 5.00 2.00-9.00 5.00
21 1.50 1.00-3.75 1.50
22 0.50 0.50 0.50-5.00
2.00 5.00 5.00
2000‘9.00 5000 5.00
23 5.00 5000 1.00-5000
5.00-0.50 5.00-0.50 5.00
0.50-9.00 0.50-5.00 5.00
24 Q.OO ‘ 9000 1.00-5.00
9.00-0.50 $.00-0.50 5.00
0050"9.00 0050‘9.% 5.00
25 0.50 0.50 0.50~5.00
2.00 5.00 5.00
2.00-9.00 £.00 5.00

o e ————— . —————— - ——

l01).,

From Cramer and Kim (1985, pp. 100 and

870 convert MPa to 1bf/in?, multiply by 145.
Equipment problem prevented attainmegt of the

desired pressure of 12.5 MPa (1,812 1bf/in
therefore rerun as Test 3R.

T.2-12
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- Table 2.3-7. Summary of modulus and Poisson's ratfo values
from horizontal and vertical loading

Nominal .
g e SEEN G G v oot o
| (MPa)d |
1 - Oxx 1.50 9.40  -- - 013 019 -
2 Oxx 2.50 11.5 - - 0.15 0.28 -
3 Oxx 5.00 15.4 - — 0.04 0.29 --
R axx 5.00 15.4 - - 004 0.33 --
a oyy 1.50 —- 169 010 - - 0.20
5 oy 250 . - 19;5 ”_‘o.zs_ﬁ,.f-.u —- o2
6 oyy s~ ?5?4ﬁi., - - o 24f'7}-i*: 2
8 ox 5.0 203 —  — 011 0.30 -
9 oxx  5.00 19.4 - - 0.14 0.30 --
10 oyy 5.00 - 26.1 0.0 -- -- 0.19
17 axx 5.00 17.5 - - 0.12 0.30 -
18 Oxx 2.50 4.4 - -  0.69 0.31 -
19 oxx 1.50 10.9 -- -~ 0.68 0.28 -
20 oyy 5.00 - 2.5 0.4 -- -- 0.19
21 oyy 1.50 - 13 02 - - 016
——— OTE: From Cramer and K13 (1985, p. 315). ' e _'_m.

o convert MPa to 1bf/in<, multiply by 145.
bTo convert GPa to kip/ing, multiply by 145,

CStrain in z-direction from MPBX anchor interval E02-E04. B

T.2-13
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-Table 2.3-8. Summary of modu1usvand Poisson's ratio
results from axial Ioading of the jointed block test

. Poisson's
toading  CONEINING  perormantisty ratio
cycle HPa)a modulusb, GPac

( a) : vxz Vy'z
11 2.50 24.5 0.05 0.06
12 5.00 24.2 0.28 0.07
15 2.50 22.3 0.48 0.13

22 0.50 1907 hannd . -
23 ’ £.00 - 27.0 0.18 0.09

o 16 hydro- . 41,7 | - -

- C static , '

- ; NOTE: After Cramer and Kim (1985, p. 324). - -~
.. 810 convert HPa to 1bf/inc, multiply by 145.
| - . bealculated using stress. distribution cbtained from.
B SO modeling.u o
L= S CTO cnnvert GPa to kiplin2 multiply by 145..._:

T02-14
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-- Table 2.3-9. Basalt rock mass modulus measured
by different in situ tests

: Method R
- Goodman jackd - ’
R Horizontal 18,79 - o
Vertical 13.1
Modified Goodman jackb
From diametrial deformation - 23
From tangental strain _ 47
Jointed block test
Single slot at ambient temperature€ .
From borehole deformation gages 44
T *  From flat Jack deformeter a4 - T T
Block at amhignt temperature and o e
conf {nement'
x-direction (horizontal) 1.5 HPa L e
confinement: : -.“=:,§ff- 10420 T T Tt
y-direction (vertical) 1. 5 MPa ’ o ‘ '
confinement 17.1
z-direction (horizontal) 0.5 MPa
confinement 19.7
Cross-hole seismic (dynamic moduH)e
Vertical 80
Horizontal ) 50
NOTE: (1) To convert GPa to kipliaé, multiply

by 14S.
(2) The modulus estimated by the empirical

correlation of Equation 2.3-1 1s 24 GPa.

ashuri et al. (1980, p. 11).

bde 1a Cruz et al. (1982, p. 5).

CCramer et al. (1985, p. 19).

dCramer et al. (1985, pp. 27-28).

€Myer et al. (1983, p. 34).

T.2-15
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Table 2.4-1, Summary of laboratory testing comp'leted on
' thermaI and thermomechanical prupert*les

(FULL FAGE -- 6085 TABLE)
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Table 2.4-1. Summary of laboratory testing completed on thermal and thermomechanical properties

ey .

e 1
Lo
s

Stratigraphic unit ~ Core source “:::"32’;;:2’,‘;’:}:5’ ¥ amg’;yb Reference
Pomona fllow D8-5 2K,1C | L Martinez-Baez and Amick (1978)
DC-10 3K,3C, 3a . C5M Duvall et al. (1978)
DC-11 K T CSM CSM (1978) .
DB-S, DB-15 2K,2C,2a PNL Erickson and Krupka (1980) )
NSTF 20K, 20C, 20a s FSI FS1(1980a, 1980b, 1981b)
NSTF 6K,3C,2a - LBL Myer ( 1982)
Umtanum flow DH-S 2K, 2C LBL Martinez-Baez and Amick (1978)
DC-2, DDH-3, DH-4, DH-S 6K, 6a - CS™M CSM (1978)
DC-4 6a . i CSM Miller (1979a)
DC-2 aK,4C, 40 FSt Fsi(1981a)
RRL-2 5K,3C,2a 7 LBL Myer (1982)
Cohassett flow DC-2 K,3a .- M csMm(1978)
RRL-2 6K, 3C, 2a ' LBL Myer (1982)
Grande Ronde DDH-3, DH-4, DH-S 17K, 19a - . M CSM (1978) '
Basalt, other flows DB-5 2K, 1€ = L8L Martinez-Baez and Amick (1978)
DC-6 6a <M Miller and Bishop (1979)
DC-8 9 M Miller (1979b)
Total numbers of tests:
Pomona flow 35K, 29C, 27a
Umtanum flow 17X, 9C, 18a
Cohassett flow 9, 3C, Sa
Other Grande Ronde Basalt flows 19, 1C, 34a
Total - 80K, 42C, 84a
aType of test

K = thermal conductivity
C = heatcapacity
a = coefficient of thermal expansion

£l

bTesting laboratory
LBL = Lawrence Berkeley Laboratory
CSM = Colorado School of Mines
PNL = Pacific Northwest Laboratory
FSI = Foundation Sciences, Inc.




CONTROLLED DRAFT 0
* NOVEMBER 24, 1986

-- Table 2.4-2. Thermal property test methods

Thermal

property Test method Reference -
Thermal . Transient comparator CSM (1978)
conductivity _
Steady-state comparator Martinez-Baez and Amfck

(1978), Duval et al. (1978), .
Erikson and Krupka (1980),
FSI (1980a, 1980b, 198la,
1981b), Myer (1982)

Heat Copper-bleck drop calorimeter Erikson and Krupka (1980)

capacity

. Adiabatic heating calorimeter

Thermal
expansion

Adiabatic fluid calorimeter

- Oxide analysis calculations

Dilatometer

Strain gage

FSI (1980a, 1980b, 198la,  °

1981b)

Duvall et al. (1978)

Martinez-Baez and Amfek - T
o iig78;; Erikson and Krupka--: . oo oo

80), Myer (1982)

Duvall et al. (1978), CSM
1978), Miller and Bishop

1979), Hiller (1979,

1979b), Erikson and Krupka

(1980

FSI (1980a, 1980b, 1981a,

T.2-17

1981b), Myer (1982)
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" Table 2.4-3. Pomona flow thermomechanical test results

Number of Standard

Property . “camples Mean . deviation
Thermal conductivity 30 1.85 0.38
("/mox)a . N
Thermal expansion 33 6.40 1.16

coefficient (ue/°C)

. Heat capacity 26 C = 845 + 0.519T -

(3/kgeK; T s in *C)b

NOTE: From Sublette, 1983.
&To convert W/m-K to cal/cmese°C, divide by 418.4.
bTo convert J/kgeK to cal/geC, divide by 4,184.

Table 2.4-4. Umtanum flow thermomechanical test results

Number of Standard
Property samples Mean deviation
Thermal conductivity 11 1.71 0.48
(W/m-K)& .
Thermal expansion 9 6.51 Y 1 T O —

coefficient (ue/°C)

Heat capacity 9 C= ééz + 0.586T -
(I/kg=K; T 45 in *C)b

NOTE: From Sublette (1983). :

8To convert W/m-K to cal/cmes-*C, divide by 418.4.

bTo convert J/kg-K to cal/g*C, divide by 4,184.

Toz-ls .

- — o e
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-Table 2.4-5, Cohassett flow thermomechanicﬁal test results

Humber of Standard
Property samples Hean deviation
Therma] conductivity 6 1.51- Teas T T
(W/m-K)2 : :
Thermal expansion 2 ' 6.02 0.42
coefficient (ue/*C)
Heat capacity 3 C = 766 + 0.816T -

(3/kg-K; T is in <C)b
NOTE: After Sublette, 1983. : e
870 convert W/meK to cal/cmese*C, divide by 418.4. o ‘
Bto convert d/kgek to cal/geC, divide by 4,184,

Teble 2.4-6. Thermal conductivity of similar rock =
| Thermal conductivity )

Rock MWmeK)* _
Number Mean Range
Karoo dolerite 9 2.0 1.7-2.3
(Orange Free State, South Africa)
Ventersdorp lava 9 3.1 2.6-3.6
(Orange Free State, South Africa) -
Ventersdorp lava 15 3.0 2.7-3.3

(Transvall, South Africa)

| Portage Lake lava
(Calumet, Michigan)

Anygdoloidal tops - 10 2.7 2.3-3.8
Porphyrite and diabase 21 3.0 2.6-3.4

(6rass Valley, California)

NOTE: From Clark (1966).
*To convert W/m-K to cal/cmes-*C, divide by 418.4.

T.2-19
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-« Table 2.4-7. Thermal expansion coefficient
of similar rock

e Thermal expansion S
' coefficient (ue/°C)

Rock Mean and

Number standard
deviation

Granites and rhyolites 21 8:3

Andesites and diorites 4 72

Basalts, gabbros, and diabase 10 5.4+ 1

e it o s — e

NOTE:s From Clark (1966).

e Table 2.4-8. The effect of saturated
YT porosity on thermal conductivity

_Ratfo of conductivities of
I P°€:§1ty saturated, porous rock
e - to dry, nonporous rock

1.0

0.99
0.97
0.95

NOTE: From Roy et al. (1981,
pp. 417-418) and computational brief
No. .

8- O

L e e -

————— . e A i 4 e e ——
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Table 2.5-1. Procedures documents for
thermal and thermomechanical tests

Test name

Test plan document

Fuil-Scale Heater
Test 1

Ful1-Scale Heater

Test 2

Jointed block
test

Rockwell (1980a)
Rockwell (1980a)

Cramer (1984)

————— e <t e e s

e and

T.2-21
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Table 2.5-2. Llarge-scale thermal and thermochemical

properties of similar rocks
" (oversized table)

T.2-22




_Table 2.5-2, large-scale thermal and thermomechanical properties of similar vocks

I " Thermal
: Thermal ~ ° Heat
: Test expansion :
Rock type Location conductivity  capacity Reference

A configuration (W/m *C) i (3/kg *C) c?ggf 71g?t ‘

Granite Stripa ~ 5-kW full-scale 3.2-3.69  771-831 11.1 Jeffrey et al. (1979)
heater experiment B : Chan et al. (1980, p. 18)
Granite Nevada Test Single line heatef 3.6 - -- Ramspott et. al (1982)
(Climax Stock) and spent fuel o , Tammemagi and

- test ’ , Chieslar (1985, p. 61)

Granitic Gneiss Idaho Springs Block test, line 3.8 - 6.07-9.86 Hardin et al. (1982,

(block test) of heaters to sim- ‘ pp. 81 and 99)
_ ulate a planar
heat source




CONTROLLED ORAFT O
NOVEMBER 24, 1986

Table 2.5-3. Thermal and thermo-
mechanical properties
used in design

Design value,
Property dense interior
Cohassett flow

Thermal conductivity

W/m *C 1.51
Heat capacity .
kj/kg C 0.929 at 200 C |
Density o
kg/:l¥ 2.80
Thermal expansion
coefficient ue/°C 6.02

~NOTE: From Sublette (1983).

T.2-23
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Table 2.6-1. Core disking percentages for the dense interiors of
horizons studied in boreholes RRL-2, RRL-6, and RRL-14

(FULL PAGE -- 6085 TABLE) .
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Table 2.6-1. Core disking percentages for the dense 1hter10rs of repository studied horizons
in boreholes RRL-2, RRL-6, and RRL-14

. Rocky Coulee flow Cohassett flow ~ McCoy Canyon flow Umtanum flow
FBorehole Dense . Dense Dense Dense '
Disked | Disked Disked, | Disked Disked, | Disked Disked, | Disked
it | @ | e |ensn ] m’ | ) |Mdin | me” | s [Mieaon | mi)” | (%)
RRL-2 46.6 9.1 19.5 a45.1 10.3 228 3t4 14.7 46.8 25.3 174 68.9
. . (152.9) | (29.9) (148.0) | (33.8) "03.0) (48.2) (83.0) (57.1)
RRL-6 46.2 385 83.3 43.3 38 a8 30.5 8.1 26.6 41.8 231 55.3
(151.6) | (126.3) (142.1) | (12.9) {100.1) | (26.6) (137.1) | (75.8)
RRL-14 30.5 20.8 68.2 35.7 228 639 33.2 12.7 533 39.0 369 94.6
‘ (100.1) (68.2) (117.1) {74.8) (‘08.9)‘ (58.1) (128.0) | (121.1)
Total 123.3 68.4 124.1 36.9 95.1 40.5 106.1 7.4
(404.5) | (224.4) (402.2) | (121.1) (312.0) | (132.9) (348.1) | (253.9)
Average 55.5 - 29.7 226 730
percent
disked .

Note: From Long and WCC (1984, p. |-231).
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Teble 2.6-2. Calculated in situ stress, boreholes DB-1§ and DC-12
(FULL PAGE -- 6085 TABLE)
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Table 2.6-2.

v

Calculated 1n situ stress within the reference repository

location, boreholes RRL-2, RRL-6, and DC-4

Test p, | Maximum mi"i'i";‘r‘:{;" " Vertical | Fracture | Stressratios
Borehole d(etf')‘;h (MPa) t;(::aezsgn;al stress, on, . st(r&s;é;;, or{f:nta«
 OH (MPa) - op/oy, | onloy
RRL-2 ' ;
Cohassett 924 83 52.6 303 23.0 N.19°W. | 1.73 { 2.28
flow ' 928 8.4 63.4 35.7° " 23.2 N.OA°E. 1.78 | 2.73
945a . . - e | N17UE . .
947a - - - - M. 03°E. - -
9672 - . - - N.19°W. - -
970a - - - - N. 16°E. - -
991a - - - - N.23°W, - -
grar(\’de_’ 1,058 9.7 58.1 33.6 26.5 N.08°W.| 1.73 | 2.19
onde
Umtanum 1,147a - - - - .03°E. - -
flow 1,160 10.7 65.3 375 29.2 N.08°E, 1.74 | 2.24
1,166 10.7 63.9 355 294 100°W. | 180 | 2.17
RRL-6 o
Cohassett 1,008 9.2 64.4 339 - 25.2" N.28°E. | 1.90 | 2.56
flow 1,017 9.3 67.4 334 25.4 N. 15°E. 2.01 2.66
' 10180 | - - - - N.15°E. | - .
McCoy 1,105 10.1 66.6 368 - 22.7 N.O08°E. 1.81 2.41
Canyon flow 1,109 10.1 56.9 284 . 27.8 N.30°W. | 2.00 | 2.05
1,131 10.4 64.3 34.0_ - 28.3 N.22°E. 1.89 | 2.27
Umtanum 1,189 10.9 57.9 332 299 N.21°W. | 1.74 | 1.94
flow 1,195 11.0 53.6 3!.0.; :30.0 b 1.73 1.78
DC4 S
Cohassett 921a - - Ce - N. 18°E. - -
flow 9669 - - - - N.23°E. - -
976 86 59.9 308 24.4 N._OS‘W. 195 | 245

NOTE: After Kim et al. (1986).
To convert meters to {eet, multiply by 3, 28
To convert MPa to Ibf/in2, multiply by 145,

aFracture orientation recorded; no stress magnitude. - e
bNo fracture impression taken.
static hydraulic head in the borehole

«Calculated assuming Po
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Table 2.6-3. Calculated in situ stress within the reference reposftor,y‘
Tocation, boreholes RRL-2, RRL-6, and DC-4 _

(FULL PAGE -- 6085 TABLE) . . .-
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Table 2.6-3.

Summary of mean stress values plus or minus standard deviation for each

borehole within the reference repos1tory location

. Mean Metg:'stress
Number | Meandepth Mean, oy, Mean, 1. Mean fracture ratios

Borehole | ‘of tests mtt) MPa(ibind | MPa(ibtand | MPa(biing | orlenta.
SR | tion  lowfon  owloy
DCA 1 976 59.9 308 24.4 N.12°Ea| 195 245

(3,201.3) (8,685.5) (4,466) - (3,538) 116°
RRL-6 7 1,174174 61.615.4 330124 27.8%1.9 N.O5*E. | 1.87 224
(3,850.7£242.7) | (8,930%782) (4,7852:348)_ ] (4,0312£275.5) 22* [20.11 20.33
RRL-2 5 1,047£119 60.615.3 345127 26.313.1 N.O3°WDb| 1.76 232
(3,4361_390) (8,7921766) (5,006£394) . _ -. {3,8081448) $14* [$0.03 20.23
Al RRLc 13 1,074396 61.1£4.9 334827 26.912.5 N.02°Ed| 183 229
ho'els:i od (3,522.71314.9) | (8,8571713) | (4,843%362.5) | (3,900.5£362.5) 17 |0.11 2028
combin :

NOTE: After Kim et al. (1986)
sBased on 3 impression tests.
bBased on 11 impression tests.
¢RRL = reference repository location.
_dBased on 21 impression tests. ’
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Table 2.644.' Summary of mean stress values plus or minus standard A
deviation for each flow within the reference repository location - Z

© o (FULL PAGE -- 6085 TABLE) - ~ = oo e

=
-
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Table 2.6-4.

each flow within the reference repository location.

Summary of mean stress values p‘lus"or minus standard deviation for

) . Mean | Meanstress
Borehote | Number | Meandepth | Mean, oy, Mean,on, { Mean,o,, | fracture ratios
ore of tests m (f1) MPa(lbf/in2) MPa(IbfnnI) MPa(lbfiin2) | orienta- ,
| ton  leyon onloy
Cohassett 5 970£44 61.525.7 32.642.2 242411 [N.06°E*| 1.87 254
ﬂm ) (3,182¢144) | (8,9181827) | (43,7563 19) (3,509£160) | %17 |[20.12 20.18
RRL-6
DC-4
Grande 1 1,058 58.1 33.6 26.6 N.os*W.| 1.73  2.19
Ronde? (3,470) (8,425) (4872) (3,857)
RRL-2 T
McCoy 3 1115814 | - 626851 | 331243 | 27.9%03 |N.00°E. | 190 224
ﬁanyon (3,657¢46) | (9,077£740) | (4,8001624) | (4,046£42) | 227* [10.10 20.18
RRL-6 C
|umtanum a .| 1,178212.1 60.245.4 343228 | 296404 |N.OS°W.| 1.75 2.03
ﬂonL ) (3,863156) | (8,722£788) | (3,9772407) | (4,295860) | +13° |£0.03 20.21
RRL- . : . o :
RRL-6 '

NOTE: After Kim et al. (1986)
*Based on 13 tests.
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Table 2.6-5;‘ Couiharison of hydraulic fracturing results in 'the Umtanum
flow from inside and outside the reference repository location o
o (FULL PAGE -- 6085 TABLE) -~ - A e e
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Table 2.6-5.

Comparison of hydraulic fracturing results in the Umtanum flow
from inside and outside the reference repository location

Mean stress
Location of Number | Mean test Mean oy, Mean oy, Meano,, Mean fracture ratios
boreholes oftest | depthm(ft) | MPa (Ib:;rn!) MPa ‘lbfﬁﬂz, MPa (lbflinl) orientation

: onlon  oyloy
Outside the RRL* 6 1,024 215 ' 61.226.8 34827 26.2204 N.23°E. £21* | 1.76+0.08
DC-12 (3,351 £49) (8,874 £986) | (5,0462392) | (3,799158) 2.33+£0.24
Inside the RRL 4 1,177 16 60.2t54 343228 29604 N.05°W.+13* ] 1.7520.03
RRL-2, RRL-6 {3,863 £56) (8,722 £ 788) (4,295 £ 60) 2.03+0.21

(4,977 £ 407)

NOTE: After Kim et al. (1986)
*RRL = reference repository location.
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Summary of tunnel and shaft conditions where
spalling or rock burst occurred ‘
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Table 2.7-1. Examples of tunnel and shaft conditions where spalling or rock burst occurred

mpresive | Depth, | swem, | insite
. compress s q
Site Reference Rock type Geologic structure stre nF‘h. ‘mity | mea stress, Falture Rodxwppon
MPalkipAin?)] - (kipAn?) | strength .
Kan Etsu Tunnel, Saltaetal. Quartz diorite | severaijointsets 230 ' 960 229 0.10 Rock burst Face botts of
Japan Tunnel (1993) 33.4) 3.150) | O3) tunnel face ;
Brofjorden Tunnel, | Beraman and Granite three joint sets, two 200 60 15 0075 | Roofspall Bolts and mesh
Sweden Stilte (1983) vertical, one (29.0) (197) 2.2 cave-in
horizontal ' L .
Vietas Tunnel, Elfman (1969) Sittistoneand | onejointset - ? 250 k] ? Horizontal Rock boltsand
Sweden gneiss (820) G.1) compression net
. faiture
South Africa Hoek and Brown | Massive NA® 240 69 029 Steel girderson
Developments (1980) quanzite 34.8) (10.0) concrete walls
1183 1. ] 048 Steel arches
(26.5) 128 Steel arches
Ertan Hydr Baletal. (1983) | Basalt, syenite | NA NA . Upto Upto ? Core disking, NA
Station, China Shiwie and 200 64 rock bursts in
Guangyu (1982) (650) 9.3) testgatieries
- | South Africa Shaft Vasey {1983) Granite Onejointset10m 237 1613 90 038 | Splittingand Lining installed
Station spacing (32.8f1) (34.8) (5.290) | (13.1) bursting at close
. : o toshaft bottom
Caladay Shaft, idaho | Blake (1984) Quartzite - ~185 .| 1,400 NA NA Smatirock burst | NA - Destress
. ' (26.8) (a,060) 2-am?) blasting used to
. S slfeviate
. ’ problems
Thierry Shaft, Blake (1984) Granite 260 Upto NA NA Spaﬂln? NA - Destress
Ontario 7.1 500 (<imi) blasting
: {1.640) :
SiverShaft,idaho | Blake (1984) Quartzite 200 upto | mNA NA - Spalfing Splitset-mesh
(435) ‘;.388’ .

INA = Not available.
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Table 2.8-1. Excavations in basa‘lt using drill-and-b'last method
: : (sheet 1 of 2)
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Table 2.8-1. Excavations in basalt using drill-and-blast method (sheet 1 of 2)

Rock suppert of bessly

Neme Stsuctura type Oponing shre, spon Locstion Ovarburden depth .
Racon Tunnel, d | Herseshooshaped 0.69-m (20.51-01) finkshed Covdoa Cty, WA | Attunmeicrown 88.77 m Stoel sat with timber backing, wall | Entire tunne) fully lined,
wnly tunnel dismeter (165.01), meuimum 73.95 m with A (12-f1) reck belts concrete 55-79 em (1909

awetty - - - wall plete, bolted 89 %%
S | necessary and shotarsted
ftack Butte Dom, Cleevine tunnel soction | 7-m (72.97-41) finished Ortand, CA . SR Steel ooy, .9-0.5-m (0.90-1.97) Conarete fined?
Burlingtentorthorn | Tunnet Smirsa Proco, WA tprezsmemaeaty e Twe aniined, 19 fully concrete-
Rafirsad tunnels . R ‘ fined
CovgorDammetn | Homerhoosheped | Sasmimantinwidex | Witlamettatostn, | - o mechne -
diversion tunnel tunnel S.10m (20.81 ft) high on e
CouparDamwh | Horseshoeshoped | 240mmn s, WittsmetteBesin, | - S | nene None
Couger Dom, Penstock | Tunnet ASImUAI ) wides © | Willamettafiaen, | - B - Rock belts, 1.5 {192 9
Tuanel AT m {140 ) high on REEIN ] patiern radisting scrom craven
Cougae Pam outiet | Clretar tunnet secion | S03-m {1601 dla, WitiamettaBesin, | - i e 1.0 (1.91-41) rock botta with
Foster Dam, diversh L heoe-sheped L7 m 1.9 ) highn South Santiom River,| 15.95-91.20m (3448 - . : 18-3.0m (3.919.04-1) reck
tunnel tonnel .75 M (31.99 1) wide onR mne -~ belts
Groon Peter Dam, Horseshon-thaped 8.9-m29.3-) dia. Middle Santiam 205408 m 8228448 11) Nera Mone
Highwoy e, 14, Ushoped | 1s1mosmwidenstom [ vencowwr,wa | 21smmsstsrasm . * | rutty Bnedwith conerete
tunnels 1-§ oot t)high
Highway Ne, 14, U-shaped 1.3 m 5 Mwide x 8.90m | Voncouver, WA N4 m58.0-157.090 - Reckbeltson tBm B399 1Y
tunnel 6 (20.88 ) high : v mmmn‘:&-
MHighwey Ne. 14, U-sheped 1.62m S Miwiden 6.90m | Voncouver, WA 2948 m (60.9-1574910) . - ) o Fully ined with timber RS
twanel 7 (2.0 fr) Mgh R and legging suppery
Krafia geotharnel Undergrowndpowet | 1Sm@t9.221) highu 30 m | Keatie, lentend samprsdast) - | dene Nene
powes plast - plant cavern (9043 M) leng u 1O M (32.8% . : o .
) wide -
Koweonswen copper | Opon advancing - y— Madowndsom. |- -
mines stopes Poninouts, MY 82005100 T .
Lovt Crok Lake, . Horsoshoe-shoped 6.86-m (2.5 dla. Modierd, OR aSmirsen " | Stoctrite where needed, 24. and Concretedined
1.5-m (492 1) contors threughewt
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Excavations in basalt using drﬂl-and-blast method
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Table 2.8-1. Excavations in basalt using drill-and-blast method (sheet 2 of 2)

.. Rock support of bosalt
Mome Structure type Openingsive, epen Lecation Overburden depth
' Tompovary [
Lost Croek Lake, autiet | Clrewlor tunnel ER L T Y ST 8 Medford, OR Maximum 760 (245.38 () | Reckbolt Incrown Concrate-ined
tunnel . nmuuw
Lucky Posk Dam, sutiet | Clrculer tumnel 2mQLT) e, Belse River, 1D b LYo 1)) d None in messive, eolumnes, jointed | Concretefined
IS besait; circular stoel ribatn seft
o weathered besalt
Mahi Hydel hydre- power BmNHSMam Pescaniuein, India | SOm{18483 M) ' - -
olectric plant plant covern 49221 533 m P8I M) ' . : .
Noar-Surfoce Tent Tent facliiny ITmMMiniIa(IM Hanford Shte, WA Reckbetrs Concrete and stool portsl sets
Facliiey AsmietiuBSminnty ""‘n'.“-n"’ Shetcrete .
Posting undergreund | Headrace tunnel S8 m{1-da ContraiTasmonla | - None incompetontirack stesisets | o
powet station direviae on £.2m (1.94-ft) contors In
westhered reck
River Sog hydveolectric | Clrowlorintako tunnel | 472 (15.4%-t) dla. Reyhjovic, keland | o - . Piste steel and concrete-Sined
River Horsashou-shoped S18-m 0.0 dls. coland - - Concrete-lined
Sog hydrestectric Reykjovie,
River Sog hydrestectric | s2achine hatt Hmpanstdings tim | feybjovic kolend | - I Fully concrata-ined
01937 widen t9m :
(35906 t1) high
River Sog hydrelectric | Talvace surge ImINS M hghusdbm | Reybjovig kstand | oo - Fully concreteSined
develepmont chamber (15.09 ft) wide o
Snoqualmie Fatts Unlt 1 surbine S1m(200.94 th long u 12 m | Smequaimie, WA N2mp.0NM) o Mere Mene
tydractectricprojoct | chamber 097 ) widen S m ERE :
(9.53 H)Ngh T
Snaquatmie Fally Unit § tatiracotunnel | 2.6Em{12.01 Miwidex Snoquaimie, WA SImOsa0a ) Nome flong
hydvasiecrric 0.2 m {27 1) high .
Snogqueimie Fatly Unit 2 bosdrace tunnel | .66-m (20-0) s, Snoquatinle, WA amieseafy) Hone Fully fined with concrate for
M Iypdraviic purpeses, rather
Y . then structural suppart
“’"""""?"" Hatt-cleculer section 15-m (42.2000) dia. Portiand, OR - ‘ - $900l ribs on varisbie specing
fuet Cylindrical tanks F0.5-m{100.07-4) dia., 75-m | Red W, 1 S0Sm100.0711) - Heavily coneretete
terege tonks, Peard QRes-f) da, L “ﬁmmdm
Eston hydropower Main powet howse 63 m{106.7#) high n 27.3 m | Lower Yalang River, | Upte 500m [1,620.3 1Y) - -
823 Miwidsn 240 m DR - .
(1744 K leng ;
Kon Esty tunnel Exprosewsay tunnel ssmipsisnd) Tonigowafangs, | >1.800mp2n1 M) m&nmwhcmmpm -

xe
.
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Taﬁle 2.8-2. Example of water 1nf16ws recorded during tuﬁneling'and mihing
(sheet 1 of 2)
L (Oversized table) ' |
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Table 2.8-2. Examples of water inflows recorded during tunneling and mining (sheet 1 of 2)
Location Condition encountered Recovery method . Reference
No. 4 main 87.2 m3/min of steady ° Dratnage ' Mochida .(1979)
tunnel Tappi groundwater inflow Grouting -~
section of [P
Seikan Tunnel,
Japan
No. 5 main 20.7 m3/min of steady Drainage Mochida (1979) :
tunnel Yoshioka groundwater inflow Grouting - -
section of S

Seikan Tunnel,
Japan

Yoshioka section
of Seikan
Tunnel, Japan

Enasan Tunnel,
| Japan

Shimo-Arai
section of
Haruna Tunnel,
Japan

Linkoping,
Sweden

)
D

18,800 gal/min of instan-
teous groundwater inflow

Pressures up to 5 MPa,
total quantity of water
that flowed was 50 miilion
tons

Average volume of water
inflow for the wells
ranges from 0.2-0.3 m3/m1n
to 1.0-1.5 m3/min

Water leak of 20 m3/h

L 1
.

Divert to tunnel with
larger cross section, high-
power pump brought in to
increase drain capacity,
bulkhead erected, bypath
tunnel excavated, recovery
to face - . - o

Pilot tunnel advanced ahead
of main tunnel to full
len?th. cross-sectional
design changes such that
height-bredth ratio was
smaller, drainage drill

- holes, breasting and tim-

bering of debris

Deep wells"to Tower ground-
water level and to reduce
volume of water inflow

Pilot tunnel follawed by
two side stopes, grout from
pilot tunnel, shotcrete and
post-grouting -

Yano et al. (1979)

Yokoyama (1979)

Jansson (1979)
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Table 2.8-2. Examples of water inflows recorded during tunneling and mining (sheet 2 of 2) - =

Location

Condition encountered

Recovery method

Reference L

Lavera, France

Vexin, France

Spirit Lake
DPrainage Tunnel,
Washington

Orange-Fish
Tunnel, South
Africa

Hest Dreifoﬁte1n.
Transvaal, South
Africa

Leaks after blasting

Inflow through cavern
floor

Water leakage of 25 m3/h
Inflow of 300 m3/h

Leakage of 130 m3/h

Leakage of 30 m3/h
Inflow of 470 m3/h

Peak {nrush of

5 7 md/min falling to
2 m3/min in 1 h and

04m3/m1n1n2d ~

Peak {nrush of
333 md9/min

Peak inflow of 267 m3/min
at 874 m depth

Shotcrete and post-grouting

Shielding curtain of -
vertical grout holes =

Grouting

Pumping
Grouting -

Shield of vertical holes
drilled and grouted ;

Sludge suction lorry

Increase pump capacity,

grout shield erected, water

redirected

Exploratory drilling,
grouting from surface,

dewatering pilot boreholes

Emergency plugs. bulkhead
doors, and grout1ng S

Jansson (1979)

Jansson (1979) '

Patricio (1985)
Keyser and Krige (1978)

Wolmarans and Gu1se-Brown
(1978)
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Table 2.8-3. Repository drift

dimensions (excavated)

Height Width
Orift m (ft)  m (ft)
Emplacement room 4.0 7.5
Phase [ (13.2) (24.5)
Phase II
Panel entry, 3.3 4.5
Panel crosscuts (10.7) (14.7)
Main entry 3.9 5.1

NOTE: After KE/PB (1986).

To 2'34

NOVEMBER 24, 1986
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Rock mass quality c1assification of repository

excavation $n the Cohassett flow

(Oversfzed tabje),-,. o
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Table 2,8-4. Rock mass quality classification of repositony excavation in the
Cohassett flow
| Parameter value - - Parameter rating
Parameter — Entablature Colonnade
Entablature Colonnade Worst Best  Worst Best
Rock quality designation  30-50 70-90 30 50 70 '90
Joint set number 3 joint sets to 3 2 joint sets plus 12 9 9 6
’ Joint plus random random to.3 joint
sets - |
Joint roughness number smooth to rough, slickensided to 2 3 1.5 2
undulating smooth, undulating
Joint alteration mmber softening or low friction clay mineral 4 4 4 4

Joint water reduction

Stress reduction factor

Stress reduction factor
(with thermal loading)

Rock mass quality
rating (ambient)

Rock mass quality
rating (thermal)

Class (ambient)

coatings, small quantities of swelling clay
- minor inflow

minor to medium
inflow or pressure

high stress, tight
tight structure
(ac/oy = A.6)

mild rock burst

(oc/oy = 4.7)

© -

0.66 1.0 1.0 1.0

1 ( o.?) 6 4
roo
2 1
(walls)
2 1 8 6
(roof)
3 2
- (walls)
0.8 8.3 0.5 1.9
(roof)
0.4 4,2
~ 0 (walls)
0.4 4.1 - 0.4 1.2
; (roof)
0.3 2.1
(walls) .
Very poor to Very poor to
fair rock poor rock

NOTE: From Barton (1984), design ranges shown; Earton (1§§“) also. states extreme values.
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- Table 2.8-6. Hydraulic conductivity of repdéitony'

intrafiow zones

Zone Conductivity Reference
Dense interfor <10-11 m/s (10-6 ft/d) DOE 1985, p. 3-85
Flow top 10-5 - 10-9 m/s DOE 1985, p. 3-88 .

(100 - 10-4 ft/d)

e . *
Pt
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Table 2.8-6. Qixantity of water inflow adoped in design

. _ .. Conditions Source Amount Reference
— ieem i Normal Seepage into tunnels 5.8 L/s (91 gal/min) 2 S
' 20 L/s (310 gal/min 1
-DOri1ling water 32 L/s (500 gal/min 1
Leakage around shaft 26 L/s (410 gal/min 1

Abnormal Intersection of drift 188 L/s (2,500 ga'l/min; 1
with fracture connected 219 L/s (3,400 gal/min
to aquifer

NOTE: 1 = RKE/PB {1983. Sec. 8.11.3).
2 = Baker (1985, Fig. 7).

S I
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-Jable 2.9-1. Summary of rock mass property data used

LT T for Site Characterization Conceptual Design

After KE/PB 1986

) Ref
Parameter eugxggce Value | Range
Mechanical properties
Strength WPa oc = 305 A
. me= 22,34
_ s = 0.00421 L o 7
Modulus, GPa 38 20-55
Pofsson's ratfo @ -- 0.25 0.20-0.35

Thermal and thermomechanical properties °

Thermal conductivity Wm <k -~ 1.5 o 1.32-1.74
Heat capacity ~  kd/kg K 0.92 083101
Coefficient of
thermal expansion  x 10-6/°K 6.02 §.72-6.31
Bulk density g/cn3 2,800.0 2,600.0-
2,900.0
In situ conditions
Vertical stress MPa 24.2 NA*
Maximum horizontal MPa 61.5 50.1-72.9
- stress
Minimm horizontal  MPa 32.8 28.4-37.2
stress

*NA = not applicable.

T.2-38
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Correlation of Chapter 2 of Regulatory Guide 4.17 with the

Annotated Qutline

e = viees e wamee ... Regulatory Guide 4.17

Annotated Outline for SCP

- 2. GEOENGINEERING

" "2.1 Hechanfcal Properties of Rock
e e e e . Units-=Continua
2.2 Mechanical Properties of Rock
Units--Large Scale

" 2.3 Mechanical Properties of Units-

Discontinua
-u-,."f2.4,Therma1‘and Thermomechanical

P e re—_ .

Properties—-Laboratory ResuIts »

zssuasmad RN

, 2.6 Speciai Geoengineering
. *;v o Properties - =

ST 2.7 Excavation Characteristics of
{ 1". N RDCk M&SS

2. GEOENGINEERING

- 2.1 Mechanical Propertfes of
.Rock--Intact Rock .

. 2.2 Mechanical Properties of
Rock Units--Dicontinuities

2.3 Mechanical Properties of
Rock Unfts--large-scale

2.4 Thermal and Thermomechanical
Properties--tntact Rock

2.6 £x1st1ng Stress Regime

o s —— t——

et

2.7 Special Geoengineer1ng
Properties -

2.8 Excavation Characteristics
of Rock Mass

Additional Sections Added to the S
notated Qutline - .

2.0 Introduction

e e e s e ee———— e n S S— ———

2.5 Thermal and Thermomechanical
Properties--Large Scale

2;9 Summary
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