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ABSTRACT

A comprehensive literature assessment has been conducted to determine the nature and scope
of technical information available to characterize the seismic performance of an underground
repository and associated facilities. Significant deficiencies were identified in current practices
for prediction of seismic response of underground excavations in jointed rock. Conventional
analytical methods are based on a continuum representation of the host rock mass. Field
observations and laboratory experiments indicate that, in jointed rock, the behavior of the joints
controls the overall performance of underground excavations. Further, under repetitive seismic
loading, shear displacement develops progressively at block boundaries.

Currently, there are only a few computational methods for the seismic analysis of jointed rock
masses, and the models of joint deformation incorporated in them were developed from
pseudostatic tests. The discontinuum computational analysis codes are largely untested for
dynamic analysis, and the joint static deformation models have not been demonstrated to describe
joint performance under dynamic conditions. The complexity of the dynamics of jointed rock
indicates that joint deformation models and the related computer codes need to be verified by
comparison with physical experiments on rock joints. In the context of the proposed siting of
a repository at Yucca Mountain, the requirement is to conduct well-controlied tests on joints
in tuff. The applied loads should simulate seismic load histories and spectra.

Field observations correlating seismicity and groundwater conditions have provided significant
information on hydrological response to seismic events. However, lack of a comprehensive

model of geohydrological response to seismicity has limited the transportability of conclusions
from field observations.

Based on the literature study, matters requiring further research in relation to the Yucca Mountain
repository are identified. The report focuses on understanding seismic processes in fractured

tuff, and provides a basis for work on the geohydrologic response of a seismically disturbed
rock mass. ‘
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1. INTRODUCTION

‘1.1 Overview

This document represents a state of the art review for seismic and geomechanics aspects applicable
to design considerations of the Yucca Mountain Site high level nuclear waste repository. It represents
the results of Task 1 for the Seismic Rock Mechanics Project, which is being conducted by the Center
For Nuclear Waste Regulatory Analyses (CNWRA) in support of the licensing activities of the
Nuclear Regulatory Commission (NRC).

1.1.1 Project Scope and Objectives

Literature reviewed in this document has been selected primarily to enable the CNWRA, and
therefore the NRC, to develop the technical capability and the necessary experimental data to review
the Department of Energy submittals to the NRC for seismic effects on the long-term performance
of underground repository structures. Generally this includes the following objectives:

(1) To obtain an understanding of the important parameters associated with the response of
shaft liners and underground repository structures in tuff due to seismic motion. This
objective supports the requirements of 10CFR60 for repository design, safe operations,
waste retrievability options, and integrity of the engineered barriers.

(2) To obtain an understanding of the alterations of the groundwater regime and modification
of the permeability and flow patterns by seismic events. This objective supports the waste
containment and release rate requirements of 10CFR60. Here the long-term postclosure
hydrological conditions in the vicinity of the repository and its various components are
evaluated.

(3) To develop methodologies to evaluate, validate, and reduce uncertainties in the prediction
models used in seismic assessment of tuff media. This objective is directed toward
decreasing the uncertainties in predicting the pre-closure and post-closure seismic perfor-
mance of the repository tuff medium.

1
Furthermore, specific objectives of the Seismic Rock Mechanics Project are as follows:

e To develop a good understanding of the information currently available on the seismic
effects on underground structures.

o To evaluate the extent and nature of instrumented field studies now being conducted in
tuff-type materials. ‘

e To assess critically the capabilities and limitations of analytical and numerical modeling
methods currently in use.

e To demonstrate by experimental physical model studies the degree of validity of the
analytical and numerical models used for seismic analysis in a tuff media.




o To identify and assess the key seismic-related parameters that are applicable to the Yucca
Mountain Site.

e To develop technical data for preparing licensing positions as they relate to effects of
seismic action on the underground repository in a tuff medium.

Therefore, this report presents a discussion of pertinent information which forms the basis for
subsequent tasks of the Seismic Rock Mechanics Project.

1.1.2 Underground Repository Concept

A conceptual description of the Yucca Mountain repository system is shown in Figure 1.1, which is
taken from Chapter 6 of the Site Characterization Plan, Consultation Draft (Jan. 1988). This
document describes various aspects of the overall design of the repository, and is especially useful
herein to indicate the parts of the overall design which are being addressed by the Seismic Rock
Mechanics Project. The system can be seen to contain 1) central surface facilities which are designed
to accept shipments of waste and provide maintenance capabilities; 2) underground facilities which
provide the storage area for waste material canisters; and 3) a tuff pile which consists of a surface
deposit of the material excavated to form the underground facilities and their access paths.

From the Site Characterization Plan it may be deduced that several components of the system are
subject to seismic design considerations. Shafts and boreholes are nearly-vertical holes which may
or may not be lined, and provide access to lower levels to transport materials or equipment. Tunnels,
drifts, or ramps are nearly-horizontal underground rooms or passageways that also may or may not
be lined, and form the main storage area, or provide access to and from this area. Various surface
buildings can be important to safety. Ventilation systems must provide life support and remove heat
generated by the waste material. A series of mechanical conveyors for both personnel and material
are included. Finally a variety of miscellaneous equipment is necessary for operation of the facility.

Although the seismic resistance of all of the above components must be considered in design,
generally the adequacy of supported equipment can be determined by procedures similar to those
prescribed in IEEE Standard 344 (June 1987) for electricai equipment, and in ASME Standard for
Mechanical Equipment (1986) for mechanical equipment. Furthermore, design of surface buildings
can be accomplished according to various well-known structural standards and codes. On the other
hand, seismic design of the first two categories of components which are constructed in a faulted,
jointed, and fractured rock mass and include underground structural supports, is not very well
developed and therefore is the primary subject addressed in the Seismic Rock Mechanics Project. It
is also then the primary subject of this report. Furthermore, because of their close relation with
ground shock design, response to rockburst and underground explosions is also included.

1.2 Summary of Literature Search

Aliterature search was performed on the databases enumerated in Table 1.1 using the query: “Effects
of Seismic/Tectonic Activity on Underground Structures in Rock or Tuff Media.” Out of over 800
abstracts requested and reviewed, 133 papers were ordered and perused for applicability to the Yucca
Mountain sites. Other articles came from perusal of the authors’ files or from the reference listings
of the Consultation Draft of the Site Characterization Plan, Yucca Mountain Site, Nevada Research
and Development area, Nevada (DOE/RW-0160). Additional articles of interest arose from contacts
with NRC personnel and special committees of national technical societies. Sources cited in this
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Table 1.1 Data Bases Searched for Rock Mechanics/Seismic Information

Data Bases Searched Papers w/Abstracts
NTIS 179
COMPENDEX PLUS 55
GEOARCHIVE 13
GEOREF 146
NUCLEAR SCIENCE ABST. 36
DOE ENERGY 394
ENERGY LINE
GEO BASE
GEOMECHANICS
Query:
Effects of Seismic/Tectonic activity on underground structures in
rock or tuff media.

review are listed in Section 10, while Appendix A constitutes an enumeration of additional articles
considered or perused. Critical reviews were conducted on all articles from the computer search and
entered along with all cataloguing information and abstracts into a digital computer retrieval system.

During the literature search it was found that several reviews of certain parts of the overall subject
of seismic design of underground structures had already been published. However, none of these
reviews covered the complete range of topics appropriate for this report. The emphasis for this report

will be on the state of the art, particularly on methods whereby analytical response predictions can
be validated by independent experiments.




2. DESCRIPTION OF DESIGN PROBLEM

2.1 Basic Design Principles

Current planning for isolation of high-level nuclear waste involves its emplacement in a repository
or Mined Geologic Disposal System at a site at Yucca Mountain, Nevada. The site consists of a
layered sequence of welded, non-welded and bedded tuff. The unit nominated as the waste
emplacement horizon is the welded ash-flow portion of the Topopah Spring Member of the Paintbrush
Tuff. At this horizon, the rock mass is unsaturated, with the water table 200 m to 400 m below the
emplacement horizon (U.S. DOE, 1988). In this medium, it is anticipated that conventional practices
for underground design and construction in hard-rock mining will provide stable underground
excavatons. '

Geomechanical conditions at the emplacement horizon are characterized by a competent rock
material, prominent vertical and sub-vertical jointing, and faults which transgress the site environs
(Johnson, 1986, et al., Johnstone, et al., 1984, St. John, 1987, and Thomas, 1980). These include the
Bow Ridge, Paintbrush, Ghost Dance, Midway Valley and Severe Wash faults. Detailed site
investigation during repository construction may reveal other faults and prominent structural fea-
tures. In geomechanical terms, the conditions described for the repository domain are in no way
exceptional relative to underground hard-rock mining experience.

The conceptual design for the repository resembles a room-and-pillar mine in a shailow dipping
orebody. A general isometric view of the underground facilities is shown in Fig. 1.1, and a detailed
plan view of a repository panel is shown in Fig. 2.1. Independently of whether canister emplacement
holes are oriented vertically or horizontally, by mining standards the area extraction ratio over the
repository horizon will be low, probably less than 20%.

Irrespective of the type of operation to be conducted in an underground mine or similar excavated
rock structure at depth, there are four common geomechanics objectives for the performance of the
structure (Brady and Brown, 1985):

(a) to ensure the overall stability and integrity of the complete rock structure, defined by mine
excavations, pillar support elements, and adjacent country rock;

(b) to protect the major service openings throughout their designed duty life;

(c) to provide secure access to safe working places in and around centers of operating activity;
and

(d) to preserve the integrity of and limit disruption to the host rock mass.

In the case of a mined geologic disposal system, achievement of these objectives will serve other
purposes, such as restriction of disruption to the natural environment, and inhibition of surface
subsidence over the repository domain.
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The objectives noted above are not mutually independent, and many other performance objectives
must be satisfied in terms of equipment operation, ventilation, environmental impact, drainage,
scheduling and cost, for example. However, considering the geomechanics objectives separately,
they may be realized from a comprehensive knowledge of the geotechnical conditions in the mine
area, and a capacity for analysis of the response of the rock mass to excavation activity within it.
The adequacy of these practices is affirmed by the success of mining operations under a broad range
of site conditions, mining methods, and extraction ratios.

2.2 Special Features of the Mined Geologic Disposal System

Despite the similarity between an underground mine and a mined geologic disposal system, some
substantial differences exist in design practice because of the nature of nuclear waste, the time scale
required for effective waste isolation, and the legal and regulatory environment in which waste
isolation is to be engineered and managed. Sections of Part 60 of Title 10 of the Code of Federal
Regulations (10CFR60) direct specific attention to technical criteria, performance objectives and
design criteria which impose particular requirements in repository design and performance assess-
ment. Compliance with 10CFR60 Regulations in general leads to a need for more extensive site
characterization, consideration of a wider range of factors influencing long-term behavior of the site,
and more comprehensive analysis of the performance of the site under both operating and post-clo-
sure conditions. These include geomechanics issues which arise from the regulatory environment
pertaining mainly to citations conceming performance objectives related to safety, retrievability,
system performance and performance of particular barriers after permanent closure. For example,
10CFR60.111(a) cites the need to assure protection, through permanent closure, against radiation
exposures and releases of radioactive material. Retrievability of waste is required in the citation
10CFR60.111(b). It specifies that the geologic disposal system should be designed so that any or
all of the emplaced waste could be retrieved starting at any time up to 50 years after waste
emplacement is initiated. Overall system performance after permanent closure is cited in
10CFR60.112, and required performance of particular barriers after permanent closure is cited in
10CFR60.113. Interaction between the host rock mass and the waste canisters, and long-term
geomechanical performance of the host rock mass, impinge directly on these performance objectives.
Compliance with the regulatory citations related to safety, retrievability and long-term repository
performance therefore requires analysis of the performance of the components of the system. It is
generally accepted that numerical analysis will play a major role in performance assessment studies
of the type required to demonstrate compliance.

In specifying suitable, site conditions for a repository, 10CFR60.122 specifically requires consider-
ation of natural phenomena and site conditions which could adversely affect achievement of the
prescribed performance objectives. An important phenomenon which could conceivably affect both
the short- and long-term performance of a repository is ground motion due to seismic activity.
Similarly, ground motion due to underground nuclear explosions at the Nevada Test Site needs to be
evaluated. Conceivably, ground motion from either source could cause rock displacements on the
canister-, room- and repository-scales, any or all of which could violate the established repository
performance objectives. For example, joint slip in a canister hole associated with seismically-in-
duced ground motion might prevent canister retrievability. Falls of rock in repository emplacement
rooms could result in canister damage, and increase staff exposure to radiation. Disruption of the
geologic barrier after permanent closure by fault or joint displacement could significantly increase
the gross permeability of the rock mass (Obert, 1967).




Evaluation of the effects of seismic events, both natural and explosion-induced, at the Yucca
Mountain site can best be performed by definition of the likely ground motion associated with
representative events, and by execution of analyses taking account of states of stress, rock material
strengths and rock structural conditions at the various scales of interest in repository response. It is
particularly important to account for rock structural conditions in the analyses, since the probable
mode of rock response involves slip or separation on the planes of weakness, and rigid body
translation and rotation of the rock blocks in the jointed mass.

In the analysis, computational schemes must be employed which will model the dynamic behavior
of jointed rock to a prescribed engineering tolerance. In this regard, it is notable that dynamic
soil-structure interaction schemes have been applied in the nuclear industry for some time. However,
the nature of ground motion in the subsurface is different from that on the surface, and jointed rock
exhibits constitutive behavior quite different from that of soil. Thus, experience gained in design
analysis and performance prediction for surface structures founded on soil is not highly relevant to
the problem of dynamic analysis of underground excavations in rock. Compared with the amount
of attention devoted to dynamic analysis of ground structure interaction for surface structures, effort

expended on observation and analysis of the dynamic performance of underground excavations and
rock structures has been limited.

2.3 Validation of Design Procedure

Inengineering practice, system design is based on a capacity to characterize the mechanical properties
of the system components, and analysis to predict the performance of the system under the prescribed
duty loads. Satisfactory performance in a design is associated with deflections or other modes of
response calculated to be within a previously defined range of acceptability.

Akey element of this design method is the existence of a validated analytical technique for prediction
of system performance. In this context, a validated analytical technique is one which has been shown
to predict system response to a tolerance which assures specified system performance. In most areas
of engineering, validation of a design technique has resulted from application of the technique in
retrospective analysis of documented case histories, and demonstration that the technique can predict,
a priori, the behavior of a specific engineering system. In soil mechanics practice, such validation
practice has been considered by Gibson (1974).

In rock mechanics practice, the need for validation of computational methods used in design of rock
structures has been considered by Brady and St. John (1982), Bieniawski (1984), and Brown (1985),
who observe that unvalidated codes are virtually useless. They propose that code validation by field
observations, reconciling field observations with model predictions, is complicated in rock mechan-
ics practice by poor definition of the initial conditions in a rock mass. In these circumstances,
validation may be conducted best by seeking correspondence between results of a benchmark
physical model test and numerical modeling of the test. There are now many examples of the

validation of computer codes in this way, one of which is provided by the Q.A. exercise on the code
FLAC (Itasca, 1987a).

The particular need for validation of codes for dynamic analysis of underground excavations for
nuclear waste isolation arises from the comparative novelty of the codes, the complexity of the
processes involved in deformation of block-jointed media, and prevailing questions about the
adequacy of the constitutive relations describing the dynamic behavior of rock joints and fauits.
There is also a stringent need, in geoengineering for underground isolation of waste, to ensure that




computer codes can represent physical reality tolerably, independent of any questions about a
capacity to characterize a rock mass or repository site adequately. For this reason, the main emphasis

invalidation of codes for dynamic analysis of repository design problems must be placed onexecution
of dynamic physical model tests, and related computational analysis.




3. CHARACTERIZATION OF GROUND MOTION

3.1 Source-Generated Ground Motion

In seeking to understand the dynamic behavior of underground facilities, a basic requirement is a
formal description of the transient ground motion generated by the energy sources anticipated to
affect that design. The source of dynamic loading may be natural earthquakes, conventional or
nuclear underground explosions, or induced seismicity due to mining, fluid injection or withdrawal,
or rockbursts. In the simplest treatment, energy transmission from such sources in geologic media
may be represented by a damped, elastic progressive wave (Desai and Christian, 1977), for which
the goveming principles have been described by Kolsky (1963) and Achenbach (1975). Inthe context
of seismic wave interaction with underground excavations, ground motion has been reviewed in
detail by Bolt (1978), Asmis (1984), and St. John and Zarah (1987).

For the purpose of this report, seismic disturbances within the earth will be considered for natural
earthquakes, explosions, and rockbursts. A general description of the ground motions which occur
as a result of such events is given in Figs. 3.1 and 3.2, (Gere and Shah, 1984). Energy release occurs
at the underground hypocenter, or focus. For an earthquake, the energy is released by sudden rupture
or movement of interacting surfaces which were subject to a gradual buildup of strain due to lockup
and opposing creep at a ground fault of several possible types. For a rockburst, the source is excess
sheer stress, generated by mining, acting on natural or induced planes of weakness. For an explosion,
the energy source is chemical or nuclear. In each case the magnitude (amplitude) of the resulting
disturbance depends on the amount of energy present in the source at the time of the release event.

Once energy release occurs, as shown in Fig. 3.2, seismic waves of several types emanate away from
the hypocenter, and their character changes with distance of propagation, the type of material through
which they pass, and interaction with the surface and other boundaries. Seismic waves associated
with dynamic events are of two types: body waves and surface waves. Body waves account for
energy transmission from its source in the interior of a rock mass, while surface waves are restricted
to the vicinity of the ground surface. The transmission and generation of body and surface waves
from an underground blast site are illustrated in Figs. 3.2, 3.3. It is shown that the disturbance is a
source for P-waves (also called pressure or dilatational waves), in which the direction of particle
motion is parallel to the direction of wave propagation, and S-waves (also called shear or transverse
waves), in which the direction of particle motion is transverse to the direction of wave propagation.
Along the transmission path, internal reflections and refractions due to cracks and variations in rock
material properties lead to S-wave generation from the propagating P-wave. A further property
distinguishing P-waves from S-waves is in propagation velocity: for Poisson’s ratio of 0.25, Cs =
0.58 Cp where Cp and C; are P- and S-wave propagation velocities respectively.

Surface waves originate on the ground surface, notionally at the epicenter, which is a point overlying
the dynamic source, as indicated in Fig. 3.1. Two waves, with different propagation velocities and
polarization, propagate radially from the epicenter surface source. In the Rayleigh wave, a surface
particle executes retrograde motion in a vertical plane, as indicated in Fig. 3.3. The motion is that
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due to a coupled P- and SV- (vertically-polarized shear) wave. A Love wave is generated where a
soft layer, such as soil or weathered rock, overlies a stiffer medium. Motion in the wave occurs ina
flat ellipse, corresponding to coupled P- and SH-waves, as shown in Fig. 3.3. Rayleigh and Love
waves are characterized by motion that dies out with depth, and distinguished by different propaga-
tion velocities. For the Love wave and a wavelength much less than the depth of the soft layer, Ci =

Cs, where C;s is the shear'wave velocity in the soft layer, and Cj is the Love wave velocity. For
Poisson’s ratio of 0.25, Rayleigh wave velocity is given by Cr= 0.92 Cs.

An important feature of surface waves pointed out by Asmis (1984) is that, because propagation
velocity and frequency are less than that for the subsurface body waves, conservation of energy leads
to higher amplitude motion in a soft layer. For this reason, the ground motion experienced by surface
excavations and structures is distinctly different from that experienced by subsurface facilities. This
has substantial implications for underground mines and similar facilities, since the shaft collar or

portal for an adit must be designed to tolerate more intense ground motion than subsurface
excavations.

Various texts and papers are available which describe seismology of the resulting complex earth
motions at various depths and distances from the hypocenter. Here, we will only summarize the
ground motions in terms of how they form the excitation or dynamic input to underground facilities.
That is, we will be interested in the various ways that the motion at a point can be described, so that
its effects on underground facilities can be predicted. Much of the discussion follows that previously
reported by Asmis (1984). In effect, at a given point in space within the earth, a time history of
motions is formed by a complex combination of all the waves as they pass the given point in space.
For example, an earthquake motion at the surface quite distant from the hypocenter can be of rather
long duration and comprised of three dimensional multifrequency components, as shown in Fig. 3.4.
However, several factors influence the exact nature of the motion, as will be described.

3.2 Natural Earthquakes

Quantification of ground motion due to a dynamic event such as an carthquake may be represented
by several parameters, including magnitude, velocity and acceleration history, and response spec-
trum. Housner and Jennings (1982) describe the various magnitude parameters given in Table 3.1,
the most common of which are local magnitude, Mj; surface wave magnitude Ms; body wave
magnitude Mp; and the moment magnitude Mw. Magnitude is related directly to energy released by
an earthquake, which is determined by seismic moment, itself a function of area of the slip surface,
shear stress drop, and rock mass shear modulus (Aki and Richards, 1980). Estimation of ground
motion is based on locally applicable empirical relations which take account of field attenuation
conditions. An example is provided by Seed and Idriss (1982).

An alternative presentation of the description of ground motion is provided by records of the time
history of acceleration (such as Fig. 3.4), velocity, or displacement which are measured for a particular
earthquake that occurs at a given site. Furthermore, given acceleration, the other records can be
obtained by its successive mathematical integration. Regardless of what type of fault mechanism is
involved, earthquake ground motion tends to be rather long in time duration, but the exact character
is dependent on the distance to the hypocenter. The surface ground motion depicted in the
accelerograms of Fig. 3.4 was pointed out to occur distant (i.e., 30 mi) from the hypocenter of the
earthquake. They are similar in frequency content and duration to the first three accelerograms in
Fig. 3.5, which also represent far-field earthquake surface motion (Luco, et al, 1986). Near-field
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Table 3.1 Seismic Magnitude Parameters

(Housner and Jennings, 1982)

- -
N
i
—— -

Magnitude Definition Application

Local, ML Logarithm of peak amplitude (in microns) | Used to represent size of moder-
measured on Wood-Anderson seismograph at | ate earthquake. More closely re-
distance of 100 km from source and on firm | lated to damaging ground motion
ground. In practice, corrections made to ac- | than other magnitude scales.
count for different instrument types, dis-
tances, site conditions.

Surface wave, Mg Logarithm of maximum amplitude of surface | Used to represent size of large
waves with 20-s period. earthquakes.

Body wave, My Logarithm of maximum amplitude of P- | Useful for assessing size of large,
waves with 1-s period. deep-focus earthquakes which do

not generate strong surface
waves.

Moment, Mw Based on total elastic strain-energy released | Avoids difficulty associated with
by fault rupture, which is related to seismic | inability of surface wave magni-
moment Mo (Mo = G - A - D, where G = | tudes to distinguish between two
modulus of rigidity of rock, A = area of fault | very large events of different fault
rupture surface and D = average fault dis- | lengths (saturation).
placement). '

ground motion is represented by the lower three accelerograms in this figure. Generally they are
much shorter in duration, and more pulse-like.

A third method of characterizing ground motion takes account of the frequency content of the motion,
by computation of the shock spectrum, or response spectrum (Clough and Penzien, 1975) for a
seismic event. This parameter is defined as a plot of the maximum or peak response of a single
degree of freedom, damped oscillator, as a function of its natural frequency for a given damping ratio.
Acceleration response spectra are given in Fig. 3.6 for the various time histories presented in Fig.
3.5. Primary frequency content occurs in the amplified regions of each plot. It can be seen that the
near-field ground motions tend to be higher in frequency content, although no information on duration
can be obtained from the response spectrum. Thus, as is the case for application to surface structural
design, use of the response spectrum for design of underground facilities is aiso limited to indication
of frequency content and peak acceleration (or zero period acceleration) which occurs in the ground
motion excitation. Furthermore, if the reciprocal of the basic frequency content (i.e., wavelength)
of the transient is of the same order as the dimensions of the underground facilities, then phase
information also becomes important, since the time history at one point on the structure can be
different from that at another point on the structure. In this case a power spectral density and
cross-spectral density (Bendat and Piersol, 1980) representation of the motion may be of use in a
spectral description for describing the spatial variation of the excitation field.
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Variation of ground motion with depth is another special consideration for design of underground
facilities. Although detailed measurements for an actual earthquake at a series of depths has not been
obtained, Asmis (1984) used an analytical model to predict ground motion response to a component
of the Blue Mountain Lake earthquake, whose horizontal surface component was similar to that for
Parkfield N65E, shown in Fig. 3.5. The result is shown in Fig. 3.7, where it can be seen that the
small number of pulses is attenuated in amplitude, and the duration becomes more prolonged. The
effect on amplitude is shown in Fig. 3.8, while the effect on peak acceleration is shown in Fig. 3.9.
Thus, earthquake ground motion can display a relatively broad range of amplitude, frequency, and
duration characteristics, depending on the distance from the hypocenter, the depth from the surface,
and the type of rocks in which the event occurs.

The nature of surface ground motion arising from earthquakes is recorded in archives maintained by
the various national seismological bureaus, such as the U.S. National Earthquake Information Center,
Rockville, Maryland. Most of the records are accelerograms, from which other motion variables are
readily determined. As was previously mentioned, there appears to be little data available on
subsurface motion generation from natural earthquakes. However, earthquakes (rockbursts) induced
by mining are measured routinely at mine sites, both on the surface and underground. The
characteristics of these seismic events are considered in Section 3.4.

3.3 Underground Nuclear Explosions

Similar to how they occur in air, shock waves due to underground explosions are rather short duration
pulses as shown in Fig. 3.10., so long as they are felt in a direct line relatively near the source (Vortman
1979). However, when reflections from the surface and other boundaries take place before they are
felt, they tend to be smeared out to longer duration and frequency multiplications take place. A typical
pseudo relative velocity response spectrum is shown in Fig. 3.11. Thus, amplitudes, frequency
content, and durations are all subject to the location and distance of the sensing point from the source
of energy release, as was the case for earthquakes. Therefore, the time histories tend to change from
a relatively short to a somewhat longer duration transient random excitation, although the duration
is usually less than that of earthquakes.

Ground motion from underground nuclear explosions is an important consideration in the design and
performance of a nuclear waste repository on or near the Nevada Test Site. Ground motion, both on
the surface and at depth, is important in relation to the performance of, respectively, shaft collars and
surface facilities, and the repository and its near-field rock. Thus, the reports by Vortman (1981) and

Vortman and Long (1982) are an important record of the surface and deep subsurface ground motion
induced by nuclear explosions.

For the measurement of surface and subsurface ground motion, subsurface measurement stations in
boreholes were at depth ranging from 60 m to 762 m, in a total of six observation holes. Results
from these data are shown in Fig’s 3.12 and 3.13. Here, the peak vector acceleration is defined as
the square root of the squared sum of the peaks for three orthogonal motion components (Vortman
and Long, 1982). The ratio of surface to underground peak vector value is developed as a function
of depth for many different explosive experiments. The results indicate that accelerations diminish
rapidly withdepth. Similartrends were found for peak velocity and acceleration ratios. Furthermore,

similar results were found for average pseudorelative velocity ratios (accelertaion/frequency) taken
off the same data, as shown in Fig. 3.13.
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3.4 Seismicity in Mines

Seismic events in mines (called rockbursts when they result in excavation damage) are by far the
most prolific source of information on the response of underground excavations to seismic loading.
Also, since groundwater response and its relation to seismicity are key issues in the prospective long
term performance of a nuclear waste repository, mine sites present the opportunity for understanding
seismically induced changes in groundwater conditions in an active rock mass.

According to Johnston and Einstein. (1988) and Gibowicz (1988), there are two distinct modes of
mine seismic activity. The first mode is associated with rock material rupture and the formation of
new fractures adjacent to stope faces. In the second mode, seismic activity is associated with
displacement on major natural geological features. In both cases, mine seismicity is related to local
geology and rock structure, and the interaction of the mine structure and its induced stress field with
the natural lithostatic, residual and tectonic stresses operating locally and regionally (Brady, 1988).

The first mode of mine seismicity may be considered in terms of the conceptual model of rock
instability iltustrated in Fig. 3.14, due to Cook (1965) and Salamon (1970). It is a special case of
structural instability, the principles of which are considered by Croll and Walker (1973). The
condition for instability is related to the post-peak stiffness of the rock specimen, compared with the
stiffness of the loading system represented by the spring in Fig. 3.14. The damage potential of seismic
events arising from this mode has been related to the Energy Release Rate, which is a direct function
of the strain energy density adjacent to mine excavations. The frequency of rockbursts for South
African gold mines as a function of Energy Release Rate is illustrated in Fig. 3.15. Of course, the
relation of rockburst frequency and intensity to Energy Release Rate is determined by site specific
factors such as rock mass strength and structure. The general relevance of this near-field instability
in longwall mining is indicated by Syrek and Kijko (1988).

Rockbursts arising from fault-slip instability, representing the second mode of mine seismic activity,
are mechanically identical to natural earthquakes. The conceptual model for the instability is
illustrated in Fig 3.16. In support of this model, Rorke and Roering (1984) report first motion studies
which indicate a source mechanism involving shear motion. Stiller et al. (1983) record the similarity
between many mine seismic events and natural earthquakes in terms of the seismic signatures
generated by the seismicity. Morrison (1987), in describing seismic activity at the Strathcona Mine,
Canada, suggested that damage in the mine was consistent with slip on planes of weakness. A
dominant role for unstable fault slip as the source of major rockbursts in South Africa gold mines
has been proposed by McGarr et al. (1979) and Spottiswoode (1984), and is supported by interpre-
tation reported by Ortlepp (1978) of field observations of rock mass deformation accompanying
rockbursts. Most recently, Ryder (1987) has reviewed the relation between rockbursts involving a
crushing mode of failure and those involving unstable slip on a plane of weakness.

Prediction of the potential for instability and seismic activity from fault slip is conducted in terms of
conventional principles of seismology (Aki and Richards, 1980) involving stress drop (Excess Shear
Stress) and seismic moment. In retrospective analysis of a major seismic event, Ryder (1987) reports
good agreement between computed Excess Shear Stress and field observations of the behavior of a
faulted rock mass. The position and geometry of some mine excavations relative to a major mine
fault are indicated in Fig. 3.17, together with the response of the rock mass in terms of shear
displacementon the fault. Measurements of shear displacements showed that the region of maximum
fault ride is concentrated in the zone of relatively high Excess Shear Stress.
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There are several characteristics of fault-slip rockbursts which distinguish them from crushing events.
Some of these are that they often occur at some distance from mine excavations, they are generally
related to major geological features such as faults and dikes, their time distribution is erratic, and
usually they seem to respond to stress changes on a whole-mine scale, rather than to an identified
area of mining (Gibowicz, 1988). It is notable also that no systematic differences have been observed
between these mine seismic events and natural earthquakes. Thus, most of the physical and
geomechanical principles which have been established for natural earthquakes also apply to mine
seismic events and rockbursts (McGarr, 1984). This is an extremely important observation, because
it implies that observed underground mine response to rockbursts can be applied in predicting
repository response to natural earthquakes.

3.5 Comparison of Explosive and Seismic Ground Shock

During the 1970’s various investigations were performed to determine whether underground nuclear
explosions could be used realistically to simulate earthquake events. Extensive discussions of this
subject are given by Miscellaneous Paper S-71-17 of the U.S. Army Waterways Experimental Station
(Anon, 1972), and by Pratt, Hustrulid, and Stephenson (1978). Although the results of their studies
concentrated primarily on comparisons of damage effects, they are useful to the current project in
that they demonstrate essential differences in the two types of excitation, so that simulation of one
type of event by the other is not generally practical. Amongother differences, suchas those associated
with types of wave content for a given magnitude, the frequency content tends to be different
depending on the distance of either of the events from the hypocenter, as was discussed in Section
3.2. Acomparison of acceleration response spectra for the farfield of the 1940 El Centro earthquake
and two underground nuclear events is shown in Figure 3.18, where the frequency content of the
explosions is higher than that of the earthquake. On the other hand, if the earthquake event occurs
in the nearfield, the results can be opposite, as will be shown in the next section. It is conceivable
that some situations could exist where the explosive shock and earthquake ground motions spectra
are very similar. However, the time duration of an earthquake is generally quite longer, and damage

effects from repeated cycles of stress can be much more pronounced for earthquakes at a given
magnitude level.

A comparison of ground motion produced by an earthquake and underground nuclear explosions is
provided by Vortman (1981). The comparison involves ground response to a strike slip seismic event
at a depth of about 4 km on the Nevada Test Site with body wave magnitude, Mb, of 4.3, Richter
local magnitude, M, of about 3.5, and ground motion from four underground nuciear explosions.
The depth of placement of the nuclear explosives was considerably less than the depth of the
earthquake, providing the expectation that amuch higher relative proportion of the transmitted energy
from the explosions would be expressed as surface waves.

A typical comparison between the response spectra for vertical motion for the earthquake and a
nuclear explosion is shown in Fig. 3.19 while corresponding spectra for horizontal motion are shown
inFig. 3.20. It is observed that the velocity peaks are of similar magnitude. However, acceleration
is always smaller for the nuclear explosion than for the earthquake. The period of the earthquake
signal has a broad peak from about 0.10 to 0.37 seconds, while the nuclear explosions produced a
sharper, longer peak period in the range of 0.5 to 0.9 seconds. This is consistent with the body wave
motion due to the earthquake, versus the surface wave motion due to the nuclear explosion. The
body wave magnitude, Mb, of 4.4, from the earthquake, is equivalent to an explosion yield at the
seismic source of 5 kt. Thus, Vortman (1981) proposed that, while there are differences between
earthquake and UNE-induced ground motion, comprehension of such differences would allow the
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large data bank of weapons test ground motion to be applied to earthquake engineering of structures
on the Nevada Test Site.

The results of the study by Vortman (1981) are supported by some earlier investigations (Anon, 1972)
related to a proposed study, using underground nuclear explosions, of earthquake effects on earth-
and rock-fill dams. Peak values of ground motion parameters, acceleration time histories, various
response spectra and other parameters are presented for ground motion caused by earthquakes and
underground nuclear explosions. It is proposed that underground nuclear explosions produce ground
motion that is very similar to that from earthquakes, except that in some cases the vertical motion is
larger for the explosions than for the earthquakes whose horizontal motions are at a comparable level.
However, it is notable that these conclusions do not consider the duration or time history of strong
ground motion, concentrating instead on peak values of the acceleration, velocity, or displacement.

3.6 Events at Nevada Test Site

In view of the rather significant differences that can occur in ground shock and earthquake motions,
depending on the various conditions at the site of the event, it becomes necessary to consider what
are representative motions at the Nevada Test Site. The data for ground shock by Vortman (1981)
has already been cited. However, further analyses of these data for the earthquake which occurred
at NTS has also been published by Vortman and Long (1982). Some information about this
earthquake is given in Table 3.2. Furthermore, time histories for it, given by Vortman (1982), show
it to be of the near-field type. This is also supported by the sample velocity response spectrum given
and compared with a spectrum from an underground nuclear event in Figs. 3.19, 3.20. These spectra
can be used to provide frequency content for representative ground motions at NTS, while the time
durations can be estimated from previous data given in this section. The magnitude of an appropriate
event may be estimated by the zero period accelerations of these types of spectra. Thus, whether for
analysis or experiment, synthetic ground motion time histories can be generated to match these

required characteristics. Techniques for accomplishing this have been reported in a variety of
sources, including Unruh, 1982.

3.7 Field Observation Methods

Field observations are of consequence forlong-term monitoring of the repository as well as laboratory
instrumentation techniques needed to parallel field scenarios and validate model propriety. Earth-
quakes, rockbursts and blasting have long been of interest in mining activities and attempts have
been made to correlate surface events with reactions at depth in the ground. With the advent of nuclear

technology and underground testing, capabilities for monitoring surface effects from detonations at
depth have evolved.

Collection, assessment, and comparison of data from nuclear sources and monitoring networks for
mines and mining districts needs to be pursued. To accomplish proper assimilation of these data for
comparative purposes, it is expedient to have access to personnel who have participated in instrument-
ing operations at the Nevada Test Site (NTS) and who are cognizant of limitations of the data

acquisition systems and the subsequent interpretations. Similar constraints apply for data available
from mining operations.

Data from NTS that have been declassified are reported in articles written for specialized construction
problems, but the totality of data in a functional assimilation for the range of problems to be addressed
for the proper functioning of the repository over an extended time period is not identified in the
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Table 3.2 Data for Earthquake at Nevada Test Site

(Vortman and Long, 1982)

Azimuth and Distances from Stations to Reported Epicenter

Coordinates
Nevada East Surface Azimuth Horizontal Slant Azimuth Horizontal Slant
Grid Elevation to CP-1A Distance Distance 10 CP-1H Distance Distance
{m) (m) (deg) (km) (km) (deg) (km) (km)
N240,477 1250 286.71 6.100 7.480 283.98 6.260 7.630
E212,664
N237.938 1237 299.14 8.820 9,830 297.05 8.910 9.930
E214,525
N239,406 1237 205.34 6.600 7.900 292,62 6.770 3.020
E212,791
Peak Values of Acceleration, Velocity, and Displacement
CP-1A CP-1H
R T 3-d 2-d R T 3d 2
v (288 (18 deg) Vector Vector v (288 (18 deg) Vector Vector
deg) deg)
Accel | +0.00538 | +0.0189 | +0.0260 | 0.0250 | 0.0249 | +0.00090( +0.0172 | +0.0228 | 0.0258 | 0.0258
@®) -0.0232 | —0.0134 +0.0184 | +0.0157
000732 0.00619 '
Vel +0.191 | +0.602 | +0.688 0.849 0.839 +0233 | 40529 | +0.590 0.667 0.659
(cmfs) | -0.167 | -0.542 | -0.452 0451 | -0.505
-0.182
Displ | +0.0155 | +0.0351 | +0.0345 | 0.0766 | 0.0768 |+0.0173 | +0.0325 | +0.0310 | 0.0804 | 0.0804
(em) | -0.0121 | —0.0332 | —0.0727 -0.0447 | -0.0757
0.0161
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literature. Likewise, systems are described for the monitoring of mines and regions, but a collective
assemblage of data is not identified. Mining seismicity records are of consequence since ground

motion at depth differs from the characteristic surface motions used for structural design
considerations.

3.7.1 Ground Motion Measurements

Data from ground motion may be termed static, dynamic or transient, where dynamic refers to
recurring cycles and transient to a peak with a decay. Accelerations, velocities or relative displace-
ments may be monitored to represent ground motion, with attendant differentiations or integrations
relating the parameters. In general, however, it is desirable to measure directly the parameter of

interest, since data manipulation tends to give rise to uncertainties in the correct values for boundary
conditions, constants of integrations, etc.

Measurement systems are comprised of sensing devices (transducers); signal conditioning and
transmitting equipment and circuits (amplifiers, multiplexers, cabling, etc.) and recording capabilities
(magnetic tape recorders, computers, oscillographs, etc). The quantities of interest for ground motion
studies (acceleration, velocity, displacement, force, stress) can be monitored using transducing
sensing elements as shown generically in Table 3.3 Depending on requirements of size, length of
service, hostility of environment, etc, an acceptable transducer device can be designed, calibrated
and synthesized into the domain to be monitored for the particular parameter of consequence.

Signal conditioning has two primary functions: 1) to satisfy the input requirements of the read-out
device or recorder and 2) to provide a higher degree of accuracy or sensitivity of the measurement.
Zero suppression, calibration, channel identification, etc., may be integrated into the signal condi-

tioning system. Wire sizes, cable characteristics and routing geometry are parameters to be
considered.

Recording or indication instruments may be classified as analog devices; numerical/digital devices,
cameras; magnetic tape recorders, oscillographs/oscilloscopes; printers/punches. Data handling and
processing considerations have a direct influence on the choice of recording devices, along with the
recording/scanning interval. The recording device must be compatible with the transmission system,
so that in some cases signal conditioning is required both at the transducer and again at the recorder.

For repository operations, the transducer and its installation are of primary significance. Seismic
devices must be affixed to the structure being monitored. In rock formations at depth this usually
requires that a grouting mixture with mechanical properties similar or equivalent to the host formation
be used to cement or “glue” the sensing element and its associated circuitry into place. As early as
1970, it was noted that backfill was important (Ingram, 1970) and in 1976, the prime requisite for
successful monitoring of ground shock was determined to be the interface bond between the
formation and the transducer (Balachandra, et al, 1976). A stiff, expansive grout was recommended.
In 1986, it was again reported that field installation was of prime importance for using commercially
available transducers (Groethe, et al, 1986). Specially designed “friction-coupled™ isolators were
employed to allow transducers to sense accelerations in a preferred direction. Gauge canisters were
specially constructed to house the transducers. Protection of cabling was also noted.

Instrumentation arrays are required to document directional characteristics of the incident seismic

disturbance by sensing the time of arrival (TOA). Early efforts to distinguish arrival times are
described in Forrester and Barkhurst (1969), in which the TOA signals were programmed for an
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~ Table 3.3 Sensing Elements for Ground Motion and Shock Parameters

Parameter
Sensing Element Acceleration Velocity Displace- Force Stress
ment :

Capacitive X X X X
Inductive X X X X
Magnetoelectric X X X
Magnetostrictive X X
Photoelectric _ X X

Piezoelectric X X

Piezoresistive X X X
Radioactive X X X X
Resistive X X X X X
Thermoelectric X

initial response only so that reflected waves would not trigger the sensor. Subsequent improvements
in transducers and recording/scanning equipment and techniques have allowed for the monitoring of
larger regions.

3.7.2 Field Netwaorks

As reported by Green (1988), early attempts to monitor tremors in and around mines in South Africa
began in the 1930’s with surface arrays of seismometers and mechanical recorders. Dynamic range
(ratio of signal to noise) was limited so that magnification was difficult and it was necessary to use
a magnifying glass to discern the records with any degree of propriety. It was observed, however,
that mine tremors and rock bursts were similar to natural crustal earthquakes with regard to stress
drops and relations between moment and magnitude, and particle velocity and acceleration. These
early attempts were limited to a dynamic range of 100:1 (40 dB). Today, dynamic ranges of 80-120
dB are the norm. From theoretical and experimental considerations of dynamic rock motions,
velocities may range from 102 mmy/sec (noise) to 5000 mmy/sec (extrapolated), which gives a
dynamic range of about 134 dB. It is possible to assemble a relatively inexpensive system having an
acceptable dynamic range to gather high quality data, using PC’s and digital techniques. :

The Welkom Seismological Network (WSN) covers 400 square kilometers of the OFS gold field in
S. Africa with up to 48 surface and underground seismic stations (Mendicki, et al, 1988). The system
is fully digital and has a signal-to-noise ratio of 138 dB deliverable. It is capable of a resolution of
up to 152 dB. Each seismic event can be described in terms of average background noise, arrival P,
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arrival S, initial pulse width, initial pulse amplitude, amplitude P, max amplitude S, strong ground
motion duration, tremor duration, (and reference file). (These parameters have been determined to
be of consequence for the current study.).

Most mines which have rockbursting problems have monitoring stations for seismic activity. The list
below gives some mines in North America with monitoring stations.

Mine Owner Location
Lucky Friday Hecla Mining Co. Mullan, Idaho
Star Mine Hecla Mining Co. Burke, Idaho
Galena Mine ASARCO Walllce, Idaho
Sunshine Mine - Sunshine Mining Co. Kellogg, Idaho
Strathcona Mine Falconbridge Onaping, Ontario
Fraser Mine Falconbridge Onaping, Ontario
Creighton Mine INCO Lively, Ontario
Frood-Stobie Mine INCO Sudbury, Ontario
Campbell-Red Lake Mine Campbell Red Lake Mines Balmertown, Ontario

The tectonic history and structural geology of Yucca Mountain is presented in Section 1.3 of the

Department of Energy Site Characterization Plan (SCP), December 1988, and supporting documents.
Subsections of particular interest include:

132 Tectonic History
13222 Structures and Structural History of Yucca Mountain
13253 Implications for Repository Design and Performance Assessment

Long-term regional stability with respect to tectonic and geological processes is described in Section
1.5 of the SCP.

Rockbursts in the Sudbury mining area in Canada have contributed to deaths and lost production. To
identify their sources and characteristics with better accuracy as to mitigate their effects, the
Canada-Ontario-Industry Rockburst Project was initiated (Plouffe, et al, 1988). A state-of-the-art
three-station digital seismograph network was deployed around the perimeter of the basin. The

network senses about 550 triggers per month of which about 50% are located in the basin and related
to mining activities. Of these, about 10 are confirmed by the mines.

Data are copied to the national seismological laboratory in Ottawa where they are compared with
regional earthquake data. Findings are related back to the mines. Qut-stations are linked by dedicated
phone lines to a processing facility. A vertical single-component short period Teledyne-Geotech S13
seismometer is enclosed in a surface vault at each out-station location, along with a 60-hz digitizing
package. Ground motion is detectable to 2 nm/s (equivalent to the amplitude of amagnitude 1.5 event
located at 100 km). The dynamic range is 126 dB for a frequency range of 1 to 16 Hz. All data
transmitted (by phone)to the Sudbury site for processing. These data are transferred (again by phone)
to Ottawa, where they are merged with other network and event files for earthquakes or teleseisms

as appropriate and stored on magnetic tape. A monthly activity report is compiled to show the events
attributed to mining activity.
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A system similar to the ones described for Welkom or Sudbury can be installed at Yucca Mountain
to monitor events through the mandated years. Subsurface monitoring is desirable, but if the
subsurface transducers become inoperative, sufficient relations between subsurface and surface
recordings should by then exist to allow for surface monitoring to provide a proper scenario for the
situation at depth. Under any event, it is desirable to obtain data from these monitoring operations
and compare it with readings from the Nevada Test Site. It remains to compile a data bank for use
in guiding this program.
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4. DYNAMIC PERFORMANCE OF UNDERGROUND FACILITIES

4.1 General Observations

The performance of an underground excavation in meeting its duty role is determined by the stresses
and displacements which develop around the excavation under the loads arising from the prevailing
field conditions. These conditions include rock mass strength, deformability, initial in-situ stresses,
groundwater pressure distribution, thermal stress field, and dynamic loading. Apart from dynamic
loading, these excavation performance factors are considered routinely in conventional pseudo-static
design of underground excavations. The source of the dynamic loading may be transients which
result from any of the energy sources whose ground motions were previously described. In all cases,
transient stresses and displacements are associated with the dynamic event. Prediction and controi
of excavation response to dynamic events may be considered in terms of the interaction of transient
motion with the static state arising from the prevailing field conditions.

The discussion of ground motion in Section 3 considered infinitesimal strain behavior of rock under
the influence of a propagating wave. The unusual fabric of NTS tuff, as a porous and fractured or
jointed medium, has required elucidation of its wave transmission and attenuation properties. In
analyzing dynamic processes in tuff, Blatz (1975) demonstrated how jointed tuff might be analyzed
as an equivalent continuum. The work is interesting from the point of view of the method proposed
for synthesizing the equivalent continuum properties of tuff from the material and joint properties.
However, the examination of P-wave interaction with a fault presented in this paper appears
unsatisfactory, due to invalid assumptions about the initial state of shear stress on the discontinuity.

The behavior of tuff under dynamic loading is dependent on porosity and saturation, particularly in
the near-field of a nuclear explosion. Crowley (1972) reported results of laboratory investigations
of tuff dynamic properties and concluded that peak particle velocity is directly related to peak stress,
but inversely dependent on the density and acoustic velocity of the medium. It was observed that
less porous and more saturated materials produce larger stresses, but they also have higher density

and acoustic velocity. Finally, the attenuation of a stress wave is directly related to both void ratio
and degree of unsaturation.

For the better prediction of ground motion due to nuclear and conventional explosions, Fogel, et al,
(1985) developed a material model which took account of air-void content and the strain rate
dependence of material properties. The model was exercised against laboratory-scale and large-scale
test blasts, where it performed satisfactorily. Other investigations of strain-rate and water content
dependence of material properties are reported by Froula, et al, (1988). The report emphasizes the
effect of void ratio and degree of saturation on rock dynamic performance.

Early calculations of rock response to a nuclear explosion were based on simple models of material

behavior and explosive source performance. Allen and Duff (1969) considered the rock mass as an
elastoplastic solid whose yield surface is pressure and temperature dependent. A significant conclu-
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sion from the study was that rock mass strength parameters were scale dependent, a notion now
firmly established in rock materials science.

In the transient states of stress associated with wave propagation, dilatancy is unlikely during the
loading phase. However, Butcher and Costin (1985) propose that dilatancy may occur during
dynamic loading as the rock unloads to the residual stress state. The effect is important because it
can modify predictions of residual stress states and the final radii of the explosion cavities.
Presumably, it may also modify predicted attenuation of ground motion.

The importance of wave propagation factors on both near- and far-field effects of nuclear explosives
is indicated in the paper by Terhune, et al, (1979). They reported that seismic coupling efficiency is
related to initial source radius, and is reflected in peak particle velocity and pulse duration of the
outward propagating stress wave. Appropriate representation of the properties of the transmitting
medium is also indicated in the paper by Patch, et al, (1978), which is concerned with dynamic

interactions between an underground nuclear explosion and existing chimneys caused by prior
nuclear blasts.

Early analysis of ground motion observed in underground nuclear explosions in the U.S.S.R. is
reported by Kuznetsov and Baranov (1974). Using elementary empirical formulae, data are pre-
sented on the radius of seismic danger caused by underground explosions of varying power, and the
particle velocity at various distances from the epicenter of a nuclear explosion. The authors conclude
that the formulae used for determining accelerations and velocities provide good approximation to
observed motion under full-scale nuclear explosion conditions. They also confirmed that prediction
of the performance of structures under blast-induced seismic motion cannot be based on peak ground
acceleration or velocity, but must take into account the velocity frequency composition, duration of

motion and site geology. These conclusions are consistent with those proposed in later sections of
this report.

For earthquake ground motion, it is notable that it is the complete time history of acceleration or
motion which determines damage to structures, and not merely peak acceleration. St. John and
Zahrah (1987) suggest that it is repetitive shaking with strong energy content which results in damage.
In that case, “effective peak acceleration” has been proposed by Newmark and Hall (1982) as a
parameter more representative of the damage potential of a seismic wave. Notwithstanding this, in
mining and civil engineering practice, particle velocity history, and peak particle velocity, have
become accepted as the determinants of wave damage potential (McGarr, 1983).

Extensive study of ground motion from conventional blasting has been conducted by the U.S. Bureau
of Mines. A summary of results from such studies is provided by Snodgrass and Siskind (1974). It
is found that, for both surface and underground blasts, ground motion can be related to charge weight
per delay by a square root prediction expression of the form

v=k OWAH™ @.1)

where v = peak particle velocity,
D = shotpoint-receiver distance
w = maximum charge weight per delay, and
k and n are empirical constants.

It is noted that there has been considerable argument about whether a square-root or cube-root
prediction relation is appropriate in this expression. Either may be used, provided that the empirical
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constants are determined appropriately, and, in predicting blast performance, peak velocity data are
interpolated from the established site data set.

The prediction of ground motion based on gross empirical expressions is generally inaccurate, and
improved methods have been sought through detailed investigation of wave propagation in geologic
media. Such media are characterized by elastoplastic (hardening or softening) constitutive behavior
of the rock material, and the presence of joints and other discontinuities on a macroscopic scale. In

this context, Higgins (1983) reports studies of such behavior under blast-induced near-field motion.
The main conclusions of the study are that:

(1) dimensional analysis and scaling are useful in interpreting data and developing predictive

relations, but the analysis and developed relations are more complex than reflected in the
prevailing schemes;

(2) the properties of the explosive source (not a simple pressure boundary) need to be included
in dimensional analysis;

(3) material inelasticity dominates system response, including attenuation rates and relation of
stress to particle velocity, with a marked difference between wet and dry soils; and

(4) the data from experiments suggest that different coupling relations apply for different
ground shock parameters and that, because the source decay exponent varies with depth of
charge, a simple coupling factor is not appropriate.

In a review of constitutive analysis of blast-induced wave propagation, Drumm (1985) considered
problems of design of underground structures arising from inaccurate description of the stress-time
history at the structure. It was found that wave attenuation during propagation is a function of the
inelastic performance of the soil, and this is related to the loading rate. Soil behavior may change
from hardening to softening, depending on the loading rate. Thus, description of ground motion at

a structure may be based most appropriately on a wave propagation analysis taking into account the
observed constitutive behavior of the host medium.

4.2 Underground Excavation Response

The usual range of site characteristics and excavation design variables determines the response of
an excavation to seismic loading. These include the mechanical properties, structure and ambient
state of stress in the host rock mass, the shape and dimensions of the excavation, the properties and
design of any support and reinforcement systems, and the nature of the imposed ground motion.
While considerable information has been collected on seismic damage to excavations, it is unusual
for both the ground motion and the rock mass motion to be defined sufficiently comprehensively to
allow well founded determination of conditions leading to dynamic failure of openings. This has led
to a significant margin of uncertainty in establishing relations between rock mass properties,
excavation design factors, imposed ground motion, and excavation response.

The duration of strong ground motion is intuitively a major determinant of rock response to seismic
loading, since rock and rock-like materials are subject to fatigue failure (Balachandra, et al., 1978)
and rock joints and faults accumulate damage and decrease in shear strength under cyclic loading
(Brown and Hudson, 1974). St. John and Zahrah (1987) observe that there is currently no generaily
accepted method of describing the duration of strong ground motion, and that the effects of repeated,
cyclic loading on underground excavation performance are not well known. (Indeed, these issues
are major motivation for the current project.)




Seismic effects on underground excavations have been subject to several reviews in the recent past,
due to interest in mine and tunnel stability during earthquakes, proposals for subsurface siting of
nuclear power plants, and military interest in dynamic integrity of subsurface defense installations.
Of these reviews, that conducted by Stevens (1977), concemed with earthquake effects on under-
ground mines, provides a very qualitative introduction to mine excavation response to natural
earthquakes. The main conclusions are:

(1) severe damage occurs when a mine is transgressed by a fault along which movement occurs
during an earthquake;

(2) mines in the epicentral region of a strong earthquake, but not transgressed by fault
displacement, may suffer severe damage from shaking; and

(3) mines outside the epicentral region are likely to suffer little or no damage from a strong
earthquake.

Some features of this review are that no data are presented in the report which are usable in any
analytical sense, and experience on excavation performance arising from mine earthquakes and
rockbursts is considered only superficially.

In a more recent review, Owen and Scholl (1981) considered that seismic damage to underground
excavations reflected three modes of rock response, consistent with the observations by Stevens
(1977): (1) fault slip, (2) rock mass failure, and (3) shaking.

Excavation damage due to fault slip (also called block motion in design of defense structures) is
recognized to be the most destructive mode of response, since no lining or reinforcement technique
can conceivably resist the imposed shear motion at the fault. On the other hand, rock mass failure
leading to excavation damage occurs most frequently as a diffuse mode of deformation involving

slides, subsidence or collapse, and may be controlled through appropriate siting, support and
reinforcement of excavations.

Excavation damage due to oscillatory motion or shaking appears to be the most prevalent and the
most widely studied of the response modes. Damage to an unlined excavation is expressed as
cracking and spalling of the rock mass, and rigid body displacement at joint surfaces, perhaps
involving rock falls. For lined excavations, cracking, spalling and rupture of the liner may occur.

Although explosive loading of an underground excavation results in transient loading, the resulting
state of stress may be either dynamic or pseudostatic. As noted by Labreche (1983), the type of
loading to be considered depends on the ratio (A/D) of the wavelength (A) of the stress or velocity
waveform to the excavation diameter (D). When the duration of loading is short, corresponding to
a small A/D ratio, excavation response is dynamic. A large A/D ratio corresponds to a long duration

loading, and the response is effectively static. The loading considered here relates to dynamic
conditions. '

Rock structure is a critical determinant of rock mass performance under dynamic loading. The effect
of joints is to reduce rock mass modulus and strength, and to provide planes of weakness on which
slip, separation and rigid body translation of blocks can occur preferentially. Model tests by Hendron
and Aiyer (1972) confirmed that shear deformation was concentrated on joint planes, while tests on
unlined excavations by Kennedy and Lindberg (1976) and Bureau (1972) indicated that both falling
of rock blocks and rock mass rupture could occur. Some account of the role of rock structure on
tunnel performance is reflected in the graphical relation shown in Fig. 4.1, due to Hendron and Aiyer
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(1972). However, the orientation of structural features is ignored in this strength scaling relation,
whereas it can be expected to exert substantial control on the mode of excavation response.

In reporting conditions under which damage occurred around underground excavations, Dowding
and Rozen (1978) proposed three levels of damage due to ground motion: no damage, minor damage,
and damage. A condition of no damage corresponded to development of no new cracks, spalls, or
falls of ground; that of minor damage to new cracking and minor rockfalls; that of damage to severe
cracking, major rockfalls, and closure. Since direct measurements of ground motion at the subject
sites were not available, ground motion data were estimated from empirical relations. The results of
correlating underground excavation damage with peak acceleration and peak velocity at the ground
surface are shown in Figures 4.2 and 4.3.

Evaluation of the data presented by Dowding and Rozen suggests that no damage should be sustained
if the peak surface acceleration is below 0.2g, and only minor damage in the range 0.2 gto 0.4 g.
However, McGarr, et al., (1981) and McGarr (1983) propose that damage to mining excavations
adjacent to rockbursts can be more suitably and readily correlated with peak velocity than with peak
acceleration. This is reasonable because particle velocity can be related directly to transient stress,
and the second power of velocity to strain energy in the wave. The corresponding threshold values
for minor damage and damage observed by Dowding and Rozen are 200 mmy/s and 400 mm/s. It
should be noted that these results relate motion at the ground surface with damage to subsurface
excavations. From the preceding discussions of the relation between surface and subsurface ground
motion, it is clear that the ground velocity and velocity history experienced at a subsurface site may
be substantially different from that observed at the surface. That is to say, correlation of surface
velocity with damage to an underground excavation is a procedure about which some uncertainty
should be entertained.

It has been noted that rockbursts are mechanicaily similar to natural earthquakes. Since rockbursts
occur in a restricted domain, and fairly frequently, it is not surprising that most data on earthquake
response of underground excavations has been derived from deep-level hard rock mines. In this
respect, the survey by Wagner (1984) provided in Table 4.1 is an informative view of excavation
response under extreme conditions of strong ground motion. The data are apparently consistent with

the preceding observations concerning thresholds for excavation damage obtained from earthquake
studies.

In amore recent study of excavation damage by rockbursts, Lenhardt (1988) correlated distance from
a seismic event, magnitude of the event, particle velocity and damage. The correlation is shown in
Figure 4.4. The plot indicates that the threshold for fall of loose rock is 50 mmy/s, for ground falls is
300 mm/s, and for severe damage 600 mm/s. There is clearly a measure of consistency between this

data and the damage thresholds suggested by Dowding and Rozen (1978), if not a close correspon-
.dence.

The damage threshold values proposed by Lenhardt (1988) appear to be based on those proposed by
Langfors and Kihistrom (1973) for excavation damage due to conventional blasting. They proposed

that a particle velocity of 300 mm/s induces fall of rock, and a velocity of 600 mm/s causes generation
of new fractures. ’

According to St. John and Zahrah (1987), the damage thresholds proposed above are conservative
when compared with the results of the Underground Explosion Test (UET) Program, which involved
the detonation of large charges adjacent to excavations with the purpose of establishing dynamic
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Table 4.1 Summary of Rockburst Damage to Underground Excavations

(Wagner, 1984)

Distance of
Damaged Areas
Magnitde from Source of
Mining District of Event Event (m) Nature of Damage Estimated Peak Velocity
Klerksdorp 44 200 m Faces within 100 m from source at200m,v=2 m/s
completely closed.
Extensive damage to sidewallsof | at100m,v=3.5m/s
tunnels.
Klerksdorp 5.0 upto 750 m | Faces within 250 m from source at750 m,v=09 m/s
completely closed.
Stope faces up to 750 m from at250 m,v=2.6 m/s
source showed appreciable
damage.
Klerksdorp 39 100 m Extensive sidewall damage in at100m,v=17m/s
tunnels.
Klerksdorp 27 +100 m 40 m of stope face damaged. 90m | at 100 m, v =04 m/s
from event extensive roof falls in
tunnel. atS0Om,v=1m/s
Klerksdorp 1.1 +10m Stope travelling way collapsed. atl0m,v=04 m/s
Carletonville 40 +100 m Total closure of stope for a at100 m,v=17 m/s
distance of 100 m either side of
focus of event. Follow-on tunnels | at50m,vV=3.5m/s
not affected.
East Rand 29 +50 m Stope face completely closed fora | at50m,v= 0.26 m/s
distance of 30 m and extensive
falls for another 10 m.
Cross-cut to stope collapsed but atlsmv=12m/s
- post developed footwall tunnels
undamaged.
Central Rand 20 +50m Main haulage almost completely at50 m,v=026 m/s
closed over a distance of 20 m
and showing appreciable damage

for over a total distance of 90 m.

atl0m,v=12m/s
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design criteria. Damage caused by intermittent spalling was observed at 900 mm/s, and continuous
damage at 1800 mmy/s. In other tests involving nuclear explosions, it was suggested that the threshold
for damage to unlined excavations is 1800 mmy/s. These damage threshold velocities derived from

explosion-induced loading are obviously considerably higher than those reported for earthquake
loading.

Underground excavations may be subject to repetitive episodes of seismic loading in the course of
their duty life. However, no field observations have been reported related to excavation performance
under these conditions. In a model study of repeated seismic loading of excavations in jointed rock,
Barton and Hansteen (1979) observed the progressive accumulation of joint shear deformation as
loading persisted. This suggests that a damage threshold may not be a realistic parameter for
excavation performance. Instead, fatigue failure of joints may be a more appropriate concept to
consider. Such an approach would be consistent with the observations by Brown and Hudson (1974)
of failure of models of jointed rock under cyclic loading.

4.3 Contemporary Design Criteria

The types of underground excavations involved in underground facilities include tunnels, shafts,
large chambers, storage rooms and equipment bays. Support and reinforcement of these excavations
ranges from none, through rock bolts, mesh, shotcrete, steel sets and concrete linings. In general,
the rigidity of these linings is so low that imposed ground motion induces excavation deformation
coherent with that of the free-field ground displacements.

In the case of lined excavations, a simple design procedure involves calculation of total stresses (i.e.
static plus transient) or total strains in the liner, and comparing these with the damage threshold values
for the liner (URS/Blume, 1976). In this procedure, free-field motion is calculated from the
one-dimensional wave equation, assuming all the energy is transmitted in the shear wave. Axial
strains are calculated readily from peak particle velocity and shear wave propagation velocity.
However, the interaction of a shear wave with the plane section of a cylindrical excavation has not
been solved formally. It is proposed that a dynamic stress concentration factor of 4 is suitably
conservative in estimating peak transient stresses from the peak stress in the wave form.

In assessing particle velocity induced by seismic events at underground sites, McGarr, et al., (1981)

suggest that peak particle velocity v is related to local magnitude ML of a seismic event by the
expression:

logv=3.95+0.57M - logR 4.2)
where v = velocity in cm/s, and
R = distance in cm.

This expression provides a simple method for estimating the peak particle velocity at a point as a

function of the anticipated magnitude of the seismic source event, and the distance of the underground
excavation from the source.

The preceding discussion of the response of an underground excavation to strong motion from various
sources suggested that explosives have much less damage potential than natural or mining-induced
seismic events. This is due to an essential difference between the ground motion resulting from an
earthquake and that induced by a conventional or nuclear explosion. The motion associated with an
explosion is predominantly a single compression pulse with a duration of several hundred millisec-
onds, or less. Earthquake-induced motion typically persists for several seconds, in the course of
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which an excavation is subject to several stress and displacement cycles. After numerical analysis
of the effects on excavation performance of a number of stress wave cycles, Dowding, et al., (1983)
proposed that damage accumulation in excavation peripheral rock is directly related to load cycling
during earthquake loading. This conclusion is supported by the work of Barton and Hansteen (1979)
concerning damage accumulation on joints subject to cyclic loading. Thus, because explosive
loading involves limited load cycling, excavation performance criteria established from earthquake
loading will be conservative in predicting excavation response to explosives.

The damage thresholds for earthquakes have been proposed as 200 mm/s by Dowding and Rozen
(1978) and 300 mm/s by Lenhardt (1988). Noting that the threshold proposed by Lenhardt is
apparently based on notions derived from blasting mechanics for conventional explosives, it is
prudent to adopt the damage threshold appropriate to sustained cyclic loading associated with
earthquakes. Thus, the current criterion for prevention of damage to excavations in rock is taken as
200 mm/s. It is proposed that no damage should occur around excavation boundaries if the peak
particle velocity is below this value. Also, although it has been noted that there are substantial
differences between excavation response to earthquakes and explosions, adoption of the 200 mm/s
velocity limit is probably a conservative criterion for damage prevention during explosion-induced
loading. Asunderstanding improves of the effect of cyclic loading on joint and rock material damage,
it is possible that the design criterion will be modified.

A second mode of excavation dynamic response involves local fault slip, on a fracture not seismically
active in its natural condition. The design criterion in this case is that the dynamic shear stress
operating on the plane of weakness must be less than the dynamic shear strength, by an appropriate
factor of safety. In designing against fault slip, account must be taken of the site-specific conditions
of rock structure, state of stress, and dynamic friction properties of faults. Computer codes capable
of dynamic analysis of discontinuous rock are required for application of such a design criterion.

A third mode of excavation seismic response involves instability of individual blocks in the
block-jointed host medium for an excavation. Several design procedures have been proposed for
these ground conditions. Barton (1982) suggested a modification to an existing rock mass classifi-
cation scheme, to take account of dynamic factors. Since such schemes are of limited value for
excavation design under static conditions, further development for dynamic conditions is difficult to
justify. Hendron and Fernandez (1983) proposed a technique based on estimation of the support
pressure Pj, to be exerted against the roof of an excavation, using the expression

P, =nB {{1.0 + (a/g)] 4.3)

In this expression, a is the ground acceleration, n is an empirical parameter, B is the span of the
cavemn, and yis the unit weight of the rock.

In assessing the performance of excavations in jointed rock, one design criterion is that there be no
blocks kinematically capable of displacing into the excavation. Identification of such blocks is
possible using the keyblock theory proposed by Goodman and Shi (1985) and Warburton (1985).
Definition of potentially unstable blocks is a basis for design of a rock reinforcement system.
Alternatively, computational methods such as the Distinct Element Method (Cundall, 1971, 1988)
may be used for both identification of unstable blocks and design of a rock reinforcement system.
In this case, the design criterion is that, for the ground motion conceivable at the excavation site, the
excavation peripheral rock, including any emplaced rock reinforcement, is capable of preventing
displacement into the excavation of rock blocks forming the boundary of the excavation.
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5. ROCK MASS PROPERTIES

5.1 Rock as an Engineering Medium

Analysis of the performance of rock around shafts, excavations, and other engineered structures
requires prior definition of the strength, stiffness and stability parameters for the rock mass.
Important parameters determining rock behavior are the constants relating stresses and strains in the
elastic range, the stress levels at which yield,fracturing or slip occurs within the rock mass, and the
post-peak stress-strain behavior of the fractured or ““failed” rock.

In some probiems, it may be the behavior of the intact rock material that is of concem. This will be
the case when considering the excavation of rock by drilling and blasting, or when considering the
stability of excavations in good quality, brittle rock which is subject to rockburst conditions. In other
instances, the behavior of single discontinuities, or of a small number of discontinuities, will be of
paramount importance. Examples of this class of problem include the equilibrium of blocks of rock
formed by the intersections of three or more discontinuities and the roof or wall of an excavation,
and cases in which slip on a major through-going fault must be analyzed. A different class of problem
is that in which the rock mass must be considered as an assembly of discrete blocks. The normal
and shear force-displacement relations at block face-to-face and corner-to-face contacts are of central
importance in this case. Finally, it is sometimes necessary to consider the global response of a jointed
rock mass in which the discontinuity spacing is small on the scale of the problem domain. The
behavior of caving masses of rock is an obvious example of this class of problem.

It is important to note that the presence of major discontinuities or of a number of joint sets does not
necessarily imply that the rock mass will behave as a discontinuum. In environments in which the
rock surrounding the excavations is always subject to high compressive and low shear stresses, the
surfaces may be frictionally locked, and it may be reasonable to treat a jointed rock mass as an
equivalent elastic continuum. The way in which rock material and discontinuity properties may be
combined to obtain the elastic properties of the equivalent continuum is considered later.

5.2 Rock Material Properties

For an isotropic rock material, the important mechanical properties in excavation design are the
uniaxial compressive strength, Gc, the triaxial strength, and the elastic constants, defined by the
Young’s modulus, E, and the Poisson’s ratio, v. With the exception of the triaxial strength, these
properties may all be determined in a uniaxial compression test. Standard procedures for this test
have been established by the Intemational Society for Rock Mechanics.

An example of the results of a uniaxial compression test is shown in Fig. 5.1. It is noted that the

Young’s modulus is not uniquely determined, varying throughout the loading history. Common
methods of defining the Young’s modulus are:
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(1) tangent Young’s modulus, E;, given by the slope of the stress-strain curve at 50% of peak
strength;

(2) average Young's modulus, Eav, which is the slope of the linear section of the stress-strain
curve; and

(3) secant Young’s modulus, Es, which is the slope of a straight line joining the origin to a
nominated point on the stress-strain curve.

For any value of the Young’s modulus, a value of Poisson’s ratio is determined by

= - (Ao, /A )/(Ac, /AE) .1
where a,r denote axial and radial directions.

Although the uniaxial compression test is simple in concept, factors such as specimen end effects
and specimen height-to-width ratio, specimen volume and strain rate control specimen performance.

Testing machine stiffness influences the results of the test in the post-peak strength range of specimen
performance.

In the elastic range of material performance, unloading and reloading cycles are relatively free of
hysteresis after the specimen has been “bedded-in”. However, for the post-peak range, unloading
and reloading show distinct hysteresis, as shown in Fig. 5.2.

Strength of a rock material in triaxial compression has been found to be relatively independent of
the intermediate principal stress (Brown and Gonano, 1975). The Mohr-Coulomb strength criterion
is based on a relation between the major and minor principal stresses, of the form

_ G, (1 +sin (p) + 2¢ cos @ (5.2)

1= T 1 sing 1-sing
where ¢ = the cohesion, and
¢ = the angle of internal friction

In general, however, the relation between the principal stresses at failure is non-linear. Hoek and
Brown (1980) proposed an empirical strength criterion of the form

] " 5.3)

c G. G
2=24|m=2+10
cc oC OC

where m is a function of rock type.

For rock materials in which a uniformly-oriented fabric element is expressed, such as a schistosity
or foliation, the principal stresses at failure show a pronounced dependence on the orientation of the
fabric relative to the principal stress directions. The theory proposed by Jaeger (1960) is frequently

used to estimate material strength based on assumed properties for the cohesion and angle of friction
of the planes of weakness.

5.3 Rock Mass Discontinuities

In rock mechanics problems other than those involving only fracture of intact rock, the shear behavior
of discontinuities, such as faults, joints, shear zones and bedding planes, will determine rock mass
deformation. Conditions for slip on major pervasive features such as faults or for the sliding of
individual blocks from the boundaries of excavations are governed by the shear strengths that can
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be developed by the discontinuities concemed. Furthermore, the shear and normal stiffness of
discontinuities can exert a controlling influence on the distribution of stresses and displacements
within a discontinuous rock mass.

In Section 4.0, it was noted that underground excavation failures under seismic loading most
frequently involve failures at joints. Therefore, in the analysis of excavation response to dynamic
loading, particular attention must be paid to the properties of joints under the conditions developed
in their operating setting. In this respect, there are three aspects of joint behavior to be considered
explicitly in assessing jointed rock behavior around repository excavations:

(1) the performance of joints under pseudo-static conditions of cyclic loading;
(2) the performance of joints under dynamic loading conditions; and

(3) the performance of joints under repetitive episodes of dynamic loading arising from, for
example, a series of earthquakes or a series of underground nuclear explosions.

The static properties of discontinuities are measured in a direct shear test, or a triaxial cell.
Characterization of the complete load-deformation behavior of a joint requires determination of a
normal stress-normal closure relation, a shear stress-shear deformation relation, and the relation
between shear strength and normal stress. It should be noted that, in the direct shear test, questions
related to stiffness of the test environment, and the effect of non-uniform load distribution over the
loaded surface, are still unresolved.

In a conventional shear test, a normal load is applied to a specimen, the normal closure determined,
and the shear displacement induced by a series of known applied shear stresses is determined. The
plot of shear stress versus shear displacement may show bilinear (elastic-plastic) behavior, as for a
joint or fault at a residual state of strength. More typically, the shear response shows peak-residual
behavior, as shown in Fig. 5.3. Repetition of the experiment at several applied normal stress values
permits construction of the shear strength envelopes, for peak and residual conditions, as shown in
Fig. 5.4. The notable feature of Fig. 5.4 is the marked non-lincarity of the peak strength-normal
stress curve, and the substantial difference between peak and residual strengths.

The simplest coherent model of joint deformation and strength developed from a direct shear test is
the Coulombic friction, linear deformation model. It is illustrated in Fig. 5.5. The key features are,
fornommal loading (Fig. 5.5a), elastic reversible closure up to a limiting value u’n, and joint separation
when the normal stress is less than the joint tensile strength. For shear loading (Fig. 5.5b), shear
displacement is linear and reversible up to a limiting shear stress (determined by the normal stress),
and then perfectly plastic. Shear load reversal after plastic yield is accompanied by permanent shear
displacement and hysteresis. The relation between limiting shear resistance and normal stress, shown
in Fig. 5.5c¢, is typical of Coulombic friction.

The Coulombic friction, linear deformation joint model may be appropriate for smooth discontinuit-
ies which are non-dilatant in shear, such as faults at residual strength. The value of the model is that
it is a useful reference case for joint deformation and strength.

It is observed in Fig. 5.3 that the joint shear stress-shear displacement curve shows distinct
peak-residual behavior. Such behavior is related to joint dilatancy during shear displacement, which
is itself due to joint roughness (Patton, 1966). Surface roughness also affects the normal stress-
closure response, and the limiting shear resistance of the surface. The effect of surface roughness
on joint deformation and strength has been described by Barton, et al., (1985) in terms of empirical
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relations between normal stress and closure, mobilized roughness and normalized shear displace-
ment, and a non-linear strength criterion of the form

4
1=o’ntan[JRC10g,o‘;,Q+(p’n) 64
n
where JRC is the joint roughness coefficient, and
JCS is the joint wall rock compressive strength.

Graphically, the joint deformation and strength relations are illustrated in Fig. 5.6. Joint closure is
related to normal stress through the empirical expression

= AV (5.5)
" (a—bAV)

where AVj is the joint closure at normal stress Gn, and
a and b are empirical parameters.

Differentiation of Eq. 5.5 with respect to AVj indicates that the normal stiffness is highly dependent
on normal stress. Furthermore, the maximum closure Vi is given by a/b, and the initial stiffness
(at zero normal stress) by 1/a. In some joint tests, joint compression properties are specified by the
stress required to produce one-half the maximum possible closure. Knowing Vmc, the joint com-
pressibility parameters (a and b) can be estimated readily.

The Barton-Bandis model incorporates progressive reduction of joint dilatancy with shear displace-
ment and increased normal stress, as indicated in Fig. 5.6b,c. Consequently, the model represents
erosion of roughness, or joint damage, during shear displacement. This feature, as well as the account

taken of the effects of dilatancy, distinguishes the Barton-Bandis model from the elementary joint
model discussed previously.

Some unsatisfactory features of the Barton-Bandis model are observed in Fig. 5.6b. For practical
application, the mobilization and attrition of surface roughness are represented in a piece-wise linear
graphical format rather than through a simple formal expression. Although this accounts for
reduction in mobilized friction angle and hysteresis on cyclic loading, Fig. 5.6d indicates that the
piece-wise linear representation results in a quite rough simulation of the load-displacement behavior.
Such a coarse simulation may have adverse effects on modelling many cycles of shear load reversal.

The accumulation of joint damage (by erosion of surface roughness) observed in a single monotonic
phase of shear displacement has major implications for dynamic behavior of joints, in which many
cycles of shear displacement can occur. Studies by Brown and Hudson (1974) of the strength of
jointed specimens of rock-like materials confirm that cyclic loading indeed results in pronounced
reduction of the peak strength in the peak-residual behavior of joints. These experiments showed
that catastrophic failure occurred when the accumulated deformation during the cyclic tests reached
the load-displacement curve for failure obtained in a monotonic test. The effect is explicable on the
basis of continuous damage accumulation during cyclic shear motion at joints.

Observation that damage accumulation during joint shear needs to be modeled in a formal and
consistent manner has led to the formulation of the continuous-yielding joint model (Cundall and
Lemos, 1988). This is designed to be a coherent and unified joint model, taking account of non-linear
compression, non-linearity and dilation in shear, and a non-linear limiting shear strength criterion.
The key elements of the model are that all shear displacement at a joint has a component of plastic
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(a), (b) NORMAL AND SHEAR DEFORMATION
{c) NON-LINEAR SHEAR STRENGTH ENVELOPE (FROM BRADY AND BROWN, 1985],
(d) HYSTERESIS ON CYCLIC SHEAR LOADING (FROM BARTON, 1988)
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(irreversible) displacement, and all plastic displacement results in progressive reduction in the
mobilized friction angle. Formally, the displacement relation is represented by:

Aw=(1-F)Au, (5.6)

where Au is anincrement of shear displacement,
AuE is the irreversible component of displacement, and
F is the fraction that the current shear stress constitutes of the limiting shear
stress at the prevailing normal stress.

The progressive reduction of shear strength is represented by

1 5.
A9, =% (P~ DAL e

where ¢, is the prevailing mobilized friction angle,
¢ is the basic friction angle, and
R is  aparameter with the dimension of length, related to joint roughness.

The capacity of this model to represent single episodes of shear load reversal, and the effects of cyclic

loading, in a manner consistent with that reported by Brown and Hudson (1974), is illustrated in Fig.
5.7ab.

The preceding discussion was concerned with the strength and deformation properties of joints under
conditions of pseudostatic loading. Dynamic shear tests on rough joints have been reported by
Gillette et al. (1983). They showed that the shear strength of rough joints is velocity dependent, with
the change in strength (either increase .or dec~ase) being determined by the parent rock type.

However, the results were not relzied to any .onceptual or formal model of joint deformation
mechanics. -

An interesting aspect of the work by Gillette, et al., (1983) concerns measured pore pressures during
dynamic shear of saturated joints. The measured pore pressure changes were consistent with the
notion of undrained loading (in the soil mechanics terminology). Joint strength, under dynamic
conditions, satisfied the effective stress law, provided account was taken of transient pore pressure.

The empirical models of joint deformation mechanics discussed previously may be used for analysis
of the dynamic performance of rock masses, and several examples are noted (e.g., Lemos, et al.,
1985). However, the shear stress-shear displacement relations in the models, which represent
displacement weakening behavior of a joint, may not be adequate for the complete range of
performance, particularly when a joint has reached a state of residual strength.

A particular concern with joint dynamic response under residual shear strength conditions is the
velocity dependence of the coefficient of friction. First noted by Wells (1929), the effect was
proposed as an explanation for unstable fault slip by Brace and Byerlee (1966). Since then, an
extensive literature has developed on characterization of frictional resistance to slip in terms of slip
velocity, state of transient stress, and state variables representing properties of the surface. Some
aspects of joint dynamic properties are discussed by Dieterich (1981) and Ruina (1983). The general
form of the relation between sliding velocity and shear resistance is proposed to be

T=T,+A m(—“,i}e G8)
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.V Vv (5.9
e--L[e+Bm[V ]]

where T = the shear resistance,
vV = the sliding velocity,
V. = a reference velocity, at whicht=1,

A and B are surface state parameters, and
0 a variable that describes the condition of the sliding surface.

Graphically, the relation between relative shear velocity and frictional shear resistance, and the effect
of velocity change, are illustrated in Fig. 5.8. An application of velocity dependent friction relations
in the analysis of jointed rock is described by Lorig and Hobbs (1988).

In addition to being driven impulsively in shear motion under dynamic conditions, joints are subject
in-situ to impulsive normal loading. In the vicinity of explosions or earthquakes for example, body
waves may impose a sharp increase in normal stress on a joint. The intuitive assumption that there
is an immediate increase in the shear resistance in response to an increase in normal stress is not
justified (Hobbs and Brady, 1985). The current position is confused, since some subsequent
experiments show no effect of normal stress history (Olsson 1987; Lockner and Byerlee 1986), while
others do (Olsson, 1985 and 1988; Linker and Byerlee, 1986).

In the most recent studies of dynamic normal stress changes, Hobbs (1988) reports the effect of step
changes in normal stress on a joint in gabbro subject to constant shear load point velocity. The
time-dependent evolution of the shear resistance observed in Fig. 5.8 represents a transient reduction
in the coefficient of friction below the static value. Such an effect has major implications for the
stability of excavations in jointed rock subject to sudden transient loading, which may be induced
by explosions, earthquakes and rockbursts. Some analysis of jointed block motion near underground
nuclear events reported by Hart et al. (1987) suggests transient changes in the coefficient of friction
under impulsive changes in normal stress may be significant in practice.

The third factor noted earlier, conceming dynamic response of excavations, was related to the effect
of episodes of dynamic loading from a series of earthquakes or nuclear explosions. The reason this
may be different from an equivalent amount of continuous dynamic loading arises from observations
(Dieterich, 1981) of so-called “healing” or time-dependent increase in joint strength, after completion

of an episode of slip. Although the phenomenon has been associated with joints at residual strength,
it is conceivable that the effect operates for rough joints aiso.

5.4 Behavior of Discontinuous Rock Masses

Deformability — Determination of the global deformability and strength of a large mass of discon-
tinuous rock in-situ remains one of the most critical problems in engineering rock mechanics.
Stress-strain properties are required to calculate displacements due to thermomechanical loading of

a rock mass, and gross strength properties are required to assess the extent of zones of rock mass
failure around excavations.

The deformability of a jointed rock mass is usually expressed through the elastic properties of the
equivalent continuum using a compliant joint model of the rock mass (Gerrard, 1982). In the simplest
case of a rock mass containing a single set of parallel discontinuities, a set of elastic constants for an
equivalent transversely isotropic continuum may be determined. For a set of rock layers, suppose
the rock material is isotropic with elastic constants E and v, the discontinuities have normal and shear
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stiffnesses kn and ks as defined previously, and the mean discontinuity spacing is S. By considering
the deformations resulting from the application of unit shear and normal stresses on the plane of
isotropy, it is found that the equivalent transversely isotropic elastic constants required are given by:

1.1
E ks
v (5.10)

Similar solutions for cases invblving more than one set of discontinuities are given by Amadei and
Goodman (1981) and Gerrard (1982).

It is often found in practice that the data required to apply these models are not available or that the
rock mass structure is less regular than that assumed in developing the analytical solutions. In these
cases, it is common to determine E as the modulus of deformation or slope of the force-displacement
curve obtained in an in-situ compression test. These may be uniaxial compression tests, plate-bearing
tests, jointed block tests, flatjack tests, pressure chamber tests, borehole jacking tests, and dilatometer
tests. It is notable that, in an analysis of a jointed block test on basalt, Brady, et al., (1985) showed
that the elastic properties of the medium were substantially different from the modulus of deformation
obtained from the slope of the loading curve for the block.

Strength — A first approach to determination of the gross strength of a multiply-jointed rock mass is
to apply Jaeger’s single plane of weakness theory (Section 5.2) in several parts. However, the results
are strongly dependent on the cohesion and friction values assumed for the joints.

Because of the difficulty of determining the overall strength of a rock mass by measurements,
empirical approaches are generally used. Brady (1977) found that the power law of Eq. 5.3 could
be applied to the mineralized shale at the Mount Isa Mine. An attempt to allow for the influence of
rock quality on rock mass strength was made by Bieniawski (1976), who assigned- Coulomb shear
strength parameters, ¢ and ¢, to the various rock mass classes in his geomechanics classification.

The most completely developed of these empirical approaches is that introduced by Hoek and Brown
(1980), who proposed the empirical rock mass strength criterion

L (5.11)
ols=c3+(m oco3+sof)l
where o, = major principal stress at peak strength,
O, = minor principal stress,
mands = constants that depend on the properties of the rock and the extent to which it

had been broken before being subjected to the failure stresses, and
c, = uniaxial compressive strength of the intact rock material.
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For intact rock material, s = 1.0 and, for a completely granulated specimen or a rock aggregate, s =
0. The uniaxial compressive strength of the rock mass is given by Co = cs2 and is zero when s =
0.

5.5 Conditions at a Tuff Site

The prospective location of a waste repository is the Yucca Mountain site, on the Nevada Test Site.
The relation of the site to the surrounding region is indicated in Fig. 5.9. The stratigraphy of the site
is shown in Fig. 5.10.

Following the general outline of the mechanical properties of intact rock material presented
previously, the properties of the various members of the Yucca Mountain sequence are presented in
Table 5.1. The properties of joints in the various units are presented in Table 5.2. It is noted that the
unstressed apertures for joints, and the values of half-closure stress, can be related directly to the
terms a and b in Eq. 5.5.

The deformation and strength properties of the rock mass are presented in Table 5.3. For the data in
this table, it is not clear whether the deformation moduli were determined in a way which permits
the true rock mass elastic deformation properties to be established. The strength properties of the
rock mass are based on an assumption of a linear (Mohr-Coulomb) failure criterion rather than a
non-linear (Hoek-Brown) criterion.

5.6 Thermal Effects

In assessing the possible role of thermal effects on the dynamic performance and response of a
repository, interaction between these mechanisms of rock mass loading may occur by two primary
modes. The first mode involves thermomechanical changes in the static stress field due to waste
emplacement. The second is concemed with possible temperature related changes in the mechanical
properties of the rock mass.

Thermally induced changes in the ambient state of stress are considered as a matter of course in the
performance assessment of a repository. Conceivably, thermal stresses could induce seismic activity
on rock discontinuities in the repository domain. However, assessment of the possibility of thermally
induced seismicity is beyond the scope of this review.

Changes in the mechanical properties of the rock mass with change in temperature could conceivably
alter the response of the rock mass to dynamic loading. Forthe restricted range of temperature change
which will be generated by waste emplacement, no changes in rock material properties are indicated
(DOE/RW-0160, 1988). Furthermore, no temperature effects on joint mechanical properties have
been reported, for the likely range of temperature increase around a repository. This indicates that
the dynamic performance of a repository excavation is decoupled from the thermomechanical
response, and the two phenomena may be analyzed independently.
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Table 5.1. Mechanical Properties of Intact Rock for Thermal/Mechanical Units® at Yucca
Mountain® (Page 1 0f2)
(Site Characterization Plan, Draft, DOE/RW-0160, 1988)

Young’s Modulus (GPa) Poisson’s Ratio oc (MPa)°

Thermal/ Variability Variability Variability
Mechanical | 1, ;on | Evaluation’ | pegign |  Evaluation | pegign |  Evaluation

Unit Value® Value Value
Value | Range Value | Range Value | Range

TCw 308 | 400 | +11.1 | 010 | 024 | NAf | 155 240 | +163.5
PTn 22 38 39 | 018 | 016 | NA 7 19 | 109
TSwi8 239 | 317 | +179 | 013 | 025 | +0.05 | 114 127 | +16
TSwit 152 | 155 32 | 016 | 016 | +0.03 18 16 +5
TSw2 31.1 304 63 | 022 024 | #0006 | 171 166 +65
TSw3 250 | NA NA | o NA NA 46 NA NA
CHnlv 438 7.1 +44 | 015 | 016 | NA 17 27 +12.4
CHnlz 7.1 7.1 1| 016 | 016 | 008 | 27 27 +9
CHn2z 86 | 115 #40 | 020 | 016 | NA 34 40 | +127
CHn3z 50 7.1 +44 | 017 | 016 | NA 18 27 | 110
PPw 121 | 163 +78 | 020 | 0.3 NA 51 57 | 306
CFUn 7.6 76 | #38 | 016 | 016 | NA 31 31 | 1
BFw 108 | 108 | +47 | 013 | 013 | +0.02 42 42 | +14
CFMnl 115 | 152 52 | 014 | 016 | NA 48 52 | +194
CFMn2 119 | 163 #34 | 018 | 016 | NA 50 57 | #1311
CFMn3 99 | 132 27 | 015 | 016 | NA 40 45 NA
TRw 76 | 176 +38 | 018 | 0.3 NA 72 72 | #23

*Thermal/mechanical units defined in Figure 5.10.

®See Appendix 0 of SNL (1987).

“Design values represent the basis for the Site Characterization Plan-Conceptual Design.

4Variability evaluation values represent more recent results of data analyses and establishes ranges for properties.
:oc = confined compressive strength

NA = not available.

:Nonlithophysal portions of Unit TSwl

_Lithophysal portions of Unit TSw1

'6; = angle of internal friction

72




Table 5.1. Mechanical Properties of Intact Rock for Thermal/Mechanical Units® at Yucca
Mountain® (Page 2 0f 2)
(Site Characterization Plan, Draft, DOE/RW-0160, 1988)

Cohesion ¢ (deg)! Tensile Strength (MPa)

Thermal/ Variability Variability Variability

Mecl’;:;‘t'w Design | Evaluation | pegign | Evaluation | pegign |  Evaluation
Value Value | Range Value Value | Range Value Value | Range

TCw 45 51.0 | 2026 | 29.7 440 | +020 | 176 17.9 NA
PTn 3 8.0 +4.18 6.6 85 | +0.08 1.0 1.0 NA
TSwl 35 360 | +1140 | 274 349 | £0.15 | 146 12.0 +4.6
TSwl 8 11.0 NA 14.3 12.5 NA 1.0 1.0 NA
TSw2 50 340 | £1140 | 292 235 | +0.15 | 169 152 NA
TSw3 NA NA NA NA NA NA NA NA NA
CHnlv 7 110 | 428 | 134 120 | +0.08 1.0 1.0 NA
CHnlz 10 109 +16 | 158 76 | $+2.60 1.0 1.0 NA
CHn2z 12 150 | 333 | 185 164 | 10.06 3.0 26 NA
CHn3z 7 110 | £3.74 | 13.7 120 | 007 1.0 1.0 NA
PPw 17 200 | +7.04 | 214 210 | #0.12 6.8 69 NA
CFUn 1 140 | 551 | 178 156 | 0.10 2.1 18 NA
BFw 14 200 | +821 | 216 210 | $0.14 7.0 6.9 NA
CFMn1 17 190 | #£521 | 21.0 199 | +0.09 6.3 6.0 NA
CFMn2 17 200 | 93| 213 210 | $0.05 6.7 69 NA
CFMn3 14 170 | +2.83 | 197 180 | +0.05 46 43 NA
TRw 23 270 | 911 | 48 276 | 014 | 113 11.1 NA

:ﬂmmal/mechanical units defined in Figure 5.10.
See Appendix 0 of SNL (1987).
“Design values represent the basis for the Site Characterization Plan-Conceptual Design.
dVariability evaluation values represent more recent results of data analyses and establishes ranges for properties.
°0c = confined compressive strength
NA = not available.
:Nonlithophysal portions of Unit TSw1
- Lithophysal portions of Unit TSwl
'¢; = angle of internal friction '
(e = residual friction angle
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Table 5.2. Mechanical Properties and Modeling Parameters for Fractures in Thermal/Mechanical Units® at Yucca Mountain®

Friction coefficient 1cS Y JRCH ¢.(k)
Thermal/ Variability Variability Variability Variability
mechanical | pegjon evaluation® Design evaluation Design evaluation Design evaluation

umt - value® [pe | myf [1g#| valee [ yg | rv | 1B | vale [y [rv|1B | vae |y [ v | 1B

TCw 0.80 0.8 054 | 02| NaP 406.5 | 2430 795 NA 12 9 6 NA 38.7 284 113

PTn 0.80 0.8 059 | 02 NA 6.8 17.7 28.6 NA 8 5 2 NA 38.7 30.5 11.3

TSwi 0.80 0.8 0.54 02 NA 68.5 135.1 201.7 NA 12 9 6 NA 38.7 284 11.3

TSw2 0.80 08 0.54 6.2 NA 113.0 | 1710 | 2290 NA 12 9 6 NA 38.7 284 11.3

TSw3 0.80 0.8 054 | 02 NA 13.0 46.0 79.0 NA 12 9 6 NA 38.7 28.4 113

CHnlv 0.80 0.8 059 | 02 NA 39.1 26.7 14.3 NA 8 5 2 NA 38.7 30.5 11.3

CHnlz 0.55 0.8 0.54 02 NA 36.0 27.0 18.0 NA 8 5 2 NA 38.7 284 11.3

CHn2z 0.55 0.3 0.59 0.2 NA 526 399 272 NA 5 2 NA 38.7 30.5 113

X CHn3z 0.55 0.8 0.59 02 NA 37.7 26.7 15.7 NA 5 2 NA 38.7 30.5 11.3
A PPw 0.80 0.8 0.59 0.2 NA 876 56.6 26.0 NA 12 9 6 NA 38.7 30.5 11.3
CFUn 0.55 0.8 0.64 0.2 NA 56.0 37.5 19.0 NA 8 5 2 NA 38.7 326 11.3

BFw 0.80 0.8 0.54 0.2 NA 56.0 420 28.0 NA 12 9 6 NA 38.7 30.5 11.3

CFMn1 0.55 0.8 0.64 0.2 NA 71.9 525 33.1 NA 8 5 2 NA 38.7 326 113

CFMn2 0.55 0.8 0.64 02 NA 69.7 56.6 43.5 NA 5 2 NA 38.7 326 11.3

CFMn3 0.55 0.8 064 | 0.2 NA NA 450 NA NA 5 2 NA 38.7 32,6 11.3

TRw 0.80 0.8 0.59 | 0.2 NA 96.0 720 46.0 NA 12 9 6 NA 38.7 30.5 113

*Thermal/mechanical units defined in Figure 5.10.
bSee Appendix 0 of SNL (1987).
“Variability evaluation values represent more recent results of data analyses and establishes ranges for properties.
dDesign values represent the basis for the Site Characterization Plan-Conceptual Design.
°UB = upper bound.
'RV = recommended value.
81 B = lower bound.
T'NA = not applicable.
1JCS, = joint wall compressive strength.
JJRC, = joint wall roughness coefficient.
r = residual friction angle.
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Table 5.3. Mechanical Propertics of the Rock Mass for Thermal/Mechanical Units® at Yucca Mountain®

Deformation modulus

(GPa) Poisson’s ratio oc(MPa)° Cohesion (MPa) ¢ (dg.g)f
Thermal/ Variability Variability Variability Variability Variability
mechapical Design evaluation® Design evaluation Design evaluation Design evaluation Design evaluation
unit value’ | value | range | Value | value | range | Value | value | range | Value | value | range | Value | value | range |
TCw 154 | 200 | 555 | 0.10 | 0.10 | NA® | 77.5 | 1200 | 48175 225 | 260 | 1013} 29.7 | 44.7 | $0.20
PTn 1.1 19 | £195 { 018 | 0.19 NA -{ 35 95 | 545 1.6 40 | *2.09 6.6 85 | $0.08
TSwi" 15.1 159 | #42 020 | 022 | £005 | 750 63.5 | #3330 | 22.1 180 | £5.70| 292 | 349 | H0.15
TSwi 1.6 76 | 32 016 | 016 | +0.05 | 180 160 | +500]| 7.0 55 NA 14.3 12.5 NA
TSw2 15.1 152 | +42 020 | 022 | 005 | 754 83.0 | £33.30 | 22.1 178 | 4570 | 29.2 | 235 | $0.15
TSw3 15.1 NA NA 0.20 NA NA 75.4 NA NA 221 NA NA 292 NA NA

CHnlv 24 36 | 22 0.15 0.15 NA 8.5 135 | 4620 34 55 $2.14 | 134 120 | +0.08
CHnliz 35 36 | +2.1 0.17 016 | 008 | 13.5 135 | +4.50 5.1 54 +1.08 | 15.8 7.6 | +2.60
CHn2z 35 58 | £20 0.17 0.20 NA 13.5 200 | 1635 5.1 1.5 167 158 164 | $0.06

~J
v CHn3z 35 36 | 22 0.17 0.18 NA 13.5 135 | £5.50 5.1 55 +1871 15.8 120 | 007
PPw 6.1 82 | £39 0.20 0.19 NA 25.5 285 | £15.30 8.5 10.0 352 | 211 21.0 | #0.12
CFUn 38 38 | #295 | 0.16 0.16 NA 15.5 15.5 | +9.25 5.5 70 276 | 17.8 15.6 | 10.10
BFw 54 54 | £235 [ 0.13 013 | +0.02 | 21.0 210 | +7.00 7.0 10.0 +4.10| 21.6 21.0 | 10.14

CFMnl1 54 76 | £260 | 0.15 0.14 NA 223 260 | 9.70 1.7 9.9 261 | 205 19.9 | 20.09
CFMn2 54 82 | +17 0.15 0.17 NA 223 285 | 16.55 1.7 10.0 +1.47 1 205 210 | 2005
CFMn3 54 66 | £1.35 | 0.15 0.15 NA 223 22.5 NA 7.7 89 +142 | 20.5 18.0 | +0.05
TRw 8.8 88 | +0.10 | 0.18 0.19 NA 36.0 360 | £11.50 | 11.5 13.5 +4.56 | 24.8 27.6 | 10.14

*Thermal/mechanical units defined in Figure 5.10.

®Sce Appendix 0 of SNL (1987).

Design values represent the basis for the Site Characterization Plan-Conceptual Design Report (SNL, 1987).
Variability evaluation values represent more recent results of data analyses and establish ranges for propertics.

6. = unconfined compressive strength.

f¢ = angle of internal friction.

ENA = not available.

hNonlithophysal portions of unit TSw1.

'Lithophysal portions of unit TSwl.




6. GROUNDWATER RESPONSE TO DYNAMIC EVENTS

6.1 General Observations

A well-established observation in soil and rock masses is that a change in the state of stress can cause
change in the groundwater pressure distribution and fluid flow of the medium. In soil masses, for
example, pore pressure generation, fluid flow and pore pressure dissipation are key elements of soil
mechanics loading and consolidation theory (Lambe and Whitman, 1969). It is understandable that
both tectonic activity and seismic events have a comparable effect, on a large scale, on groundwater
pressure and flow in rock masses. However, the latter topic has not been extensively researched, due
to the relative novelty of theories of plate tectonics and crustal geodynamics.

In a review of hydrological effects in mines due to earthquakes, Raney (1988) presents information
from a literature search related to the effects on underground mines and hydrology of 28 individual
earthquakes in the Western North American Intermontane Region. The time period of the search
covers earthquakes from 1852 to 1983.

The earthquakes selected for this study represent some of the larger seismic events (6.0 magnitude
or greater) that have occurred in North America. The geographic region under consideration mainly
lies between the Rocky Mountains on the east and the Cascade-Sierra Nevadas on the west, and
extends from the Canadian border on the north to the State of Sonora, Mexico, on the south. It was

observed that hydraulic effects due to earthquakes are generally ubiquitous, producing a variety of
hydrologic phenomena, including

o water-well-level fluctuations
+ flooding of mines and other subterranean chambers

e variations in flow rates of springs (temporary or permanent increases, decreases, or
cessation of flow)

increases or decreases in spring or geyser temperature

changes in water chemistry in wells, springs, geysers and streams
changes in volume or flow direction of surface waters
appearance of new springs, streams or geysers

artesian flow from previously non-flowing wells

loss of artesian flow in wells

rejuvenation of dry springs, wells, streams or geysers

sinkholes, both subareal and subaqueous




» sand boils (sand, silt or mud “geysers”, “volcanoes” or “crateriets™)
s large volumes of sédiment in springs, wells or geysers

» pronounced modifications of functional behavior of geysers

e water issuing, spouting or gushing from fissures in the ground

e other phenomena such as oil, methane and water gushing from an abandoned oil well;
spring running “blood red” due to great influx of iron oxides; and previously sweet water
wells or springs becoming salty or charged with sulfur compounds

Hydraulic events close to the epicenters (i.e. near-field effects) are reported in detail. Some of the
far-field effects relevant to the performance of a repository are considered in relation to the following
earthquakes:

1. Dixie Valley-Fairview Earthquake (Nevada, 16 December 1954)
Fluctuation in water well levels was observed in other parts of Nevada and as far away as
New York. (The Yucca Mountain test site is approximately 260 km southwest of the
Fairview Valley epicenter.)

2. Hebgen Lake Earthquake (Montana, 15 August 1959)
The effects on water wells of this earthquake were observed in 30 states, including Alaska,
Hawaii and Pennsylvania. The water level change exceeded 10 feet in Idaho, more than 1
foot in nine (9) states, and between 1/2 and 1 foot in five (5) states. There was no specific
mention of water level fluctuations in the State of Nevada.

3. Borah Peak Earthquake (Idaho, 28 October 1983)
This earthquake caused water level changes in wells
435 miles away in Montana. The effect of water level change in Nevada was not mentioned.

A variety of data is presented which describes hydrological events which occurred chronologically
near earthquake occurrences. The results demonstrate that dramatic widespread changes can occur
in water tables from even far distant earthquakes. On the other hand, the response occurs over rather
long time durations (i.e., days or months) compared to the duration of an earthquake event itself (i.e.,
seconds or minutes). Therefore, analyzing the hydrological effects appears to be amenable to
quasi-static approaches, where the medium may be considered unsaturated before, and saturated
after, an earthquake event.

Water level fluctuations in water wells produced by earthquakes at great distances from their
epicenters are discussed by Bredehoeft, et al., (1987). The main purpose of this study was to establish
the importance of water level changes in water wells as precursors of earthquakes.

Following the 1964 earthquake in Alaska, the water wells in Florida responded dramatically. The
recorded fluctuation was approximately 17 feet during passage of the Rayleigh surface wave (Fig.
6.1). Water fluctuations caused by this earthquake were also observed as far away as the Phillipines,
Africa and Australia.

The response of a water well to earthquakes is distinguished as (1) a dynamic response, and (2) a
static response. The dynamic response of wells is produced by elastic transmission of seismic waves,
especially Rayleigh waves. The Rayleigh waves cause a volume change in the rock which produces
pressure changes in the fluid in an aquifer. The fluid level in an open well will attempt to balance
pressure fluctuations in the aquifer which it penetrates. The standing water in the well behaves as a
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simple harmonic oscillator and, with the passage of a seismic wave, causes forced oscillation and
gradually decaying motion. The damping depends on the permeability of the aquifer. The dynamic
response of the well is dramatic, but it has not proven very interesting for the earth sciences.

The static response is due to the static deformations produced by an earthquake. The simplest
geophysical model of an earthquake is a displacement along a finite rupture plane in an elastic
material. This dislocation requires that the elastic material strain accommodate the displacement
along the rupture plane. A dislocation in an elastic space produces volume strain, and volume strain
in a porous fluid-filled medium creates a fluid pressure change. Both water and rock being rather
incompressible, a small volume strain produces a measurable fluid pressure change and causes a
fluctuation of water level in a water well.

A water well network has been designed to continuously monitor volume strain in the vicinity of
Parkfield, California, along the San Andreas fault. These wells clearly responded to the Kettleman
Hills, California, earthquake in August 1985 (Fig. 6.2). Drops in water level were observed in four
wells in Parkfield, which is located 35 to 40 kilometers west of the seismic event.

6.2 Soil Liquefaction

Soil liquefaction is one of the more dramatic expressions of the effect of seismic activity on
non-cohesive sediments. Local soil response may involve structural collapse due to foundation
failure. On a regional scale, more pervasive effects may be observed.

The large-scale effects of earthquake-induced soil liquefaction are exemplified by the New Madrid
great earthquake series of 1811-1812. The study of these events by Saucier (1977) describes various
phenomena related to liquefaction, including sand blows, fissuring, bank caving, and landslides, with
an area of about 4,000 square miles being affected. Features resulting from subsurface liquefaction
of sand are widespread in the alluvial valley of the New Madrid area, indicating the potential for
extensive groundwater pressure increases under seismic shaking.

The engineering interest in soil liquefaction and foundation stability is addressed in a paper by Seed,
et al., (1975). They present an analysis of pore water pressure generation and dissipation during and
following a period of seismic shaking. It is shown that, in layers of fine sand, excessive hydrostatic
pressures may persist for an hour or more after an earnthquake. However, evidence of subsurface
liquefaction may not appear at the ground surface, or may not appear until several minutes after the
shaking has stopped. The critical condition may not develop until 10 to 30 minutes after the
earthquake. This behavioris generally consistent with observed liquefaction phenomena. Moreover,
for coarse sands and gravels with no impedance of drainage, seismically generated pore pressures
are shown to dissipate so rapidly that no detrimental buildup of pore pressure can occur.

An alternative method of analysis of seismic shaking and liquefaction is described by Ghaboussi and
Dikmen (1979). It is based on modeling the three components of earthquake ground acceleration
rather than the one component of horizontal shaking considered previously. Analysis of a layered
medium, including saturated sand below the water table, indicated that the vertical component of
base motion has minimal influence on the development and pattem of liquefaction, but that
interaction between the two horizontal components of shaking significantly influences the develop-
ment and pattern of liquefaction. Moreover, increasing the amplitude of base acceleration in a
one-dimensional analysis does not completely reproduce the major effects noted in a two-dimen-
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sional analysis, with somewhat different surface response spectra between the two methods of
excitation.

6.3 Saturated Fractured Rock

Compared with the literature available on seismic effects on hydrology in granular media, there
appears to be little information available on seismic effects on saturated fractured rock. A highly
idealized study by Ramazanov (1985) is concerned with groundwater pressure and temperature
changes in relation to changes in the state of stress in the earth’s crust. It concems long wavelength
perturbations of the state of stress and their interactions with the temperature and pore pressure fields.
The usefulness of the analysis seems to be limited by the restrictive assumptions about the origin of
earthquakes.

The analytical techniques developed by Lemos (1987) are applicable to the study of the response of
saturated fractured rock masses to seismic events. Lemos studied the seismic behavior of the
foundations of gravity dams constructed on jointed rock using a two-dimensional version of the
Distinct Element Method. The studies showed that the coupled hydraulic-mechanical model ex-
pressed the key modes of response of the saturated jointed medium, from the point of view of joint
shear displacements, crack opening, and fluid flow in fissures.

6.4 Unsaturated Porous and Fractured Rock

There appears to-be a distinct dearth of information on the hydrological effects of seismic activity
for unsaturated porous and fractured rock, such as tuff.

A well-documented field observation of rock mass response to a major seismic event is provided by
the study by Wood, et al., (1985) of the hydrologic effects of the Borah Peak, Idaho, earthquake of
1983. Presumably, the medium was characterized by a typical geohydrology, with unsaturated zones
overlying saturated zones discharging to springs and streams. The regional response to the earth-
quake was dramatic, with streams drying up and then increasing in flow. At the Clayton silver mine,
50 kilometers from the epicenter, groundwater inflow exceeded the mine’s pump capacity. The
conceptual model proposed for these effects is based on elastic stress changes in the rock mass,
causing pressure changes in aquifers. Presumably the stress changes also change the hydraulic
aperture of the fissures through which flow occurs.

Analysis of changes in groundwater conditions due to seismic events is possible, in principal, using
a coupled hydraulic-mechanical version of the Distinct Element Method. As noted earlier, Lemos
(1987) has demonstrated the application of the technique for two-dimensional analysis. Itis possible
that a three-dimensional Distinct Element model, based on coupled hydraulic and mechanical
responses, would be a more comprehensive and suitable simulation of hydrologic changes in partly
saturated media than those currently proposed.

Although the concern here is with seismic effects on groundwater hydrology, Carpenter and Chung
(1985) note a concern with long-term (perhaps aseismic) tectonic activity on the hydrologic regime
at a site. Both earthquake-induced changes in hydrology and aseismic, tectonic changes may be
studied appropriately with coupled hydraulic mechanical models of rock masses.
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7. ANALYTICAL METHODS

7.1 Formal Analysis

In rock mechanics practice, modeling for excavation design and performance prediction may be
accomplished by formal mathematical analysis or by numerical modeling. The mathematical
approaches are defined as those involving closed-form solution or formal analysis and simple
numerical techniques. Computational analysis is based on well known techniques such as the Finite
Element Method, Finite Difference Method, Boundary Element Method and Distinct Element
Method. Because derivation of necessary closed-form solutions is difficult and usually involves
highly idealized problems, numerical techniques assume particular importance in practice. Numer-
ical models provide a means to incorporate the complex behavior of geologic media and the
interactions between the host medium and underground engineered structures.

In recent years, there has been substantial development in numerical modeling techniques, primarily
because of the advances in computer hardware and, particularly, in computer graphics and micro-
computers. However, formal analysis is still an essential part of geoengineering practice, and
provides closed-form solutions for idealized problems which are essential for validation of numerical
schemes. When they are available for the particular problem and conditions of interest, closed-form
solutions are the most economical method for determination of stresses and displacements around
excavations. The primary limitation of closed-form techniques is the restriction imposed by the
simplifying assumptions which must be made to derive the solutions.

There is a considerable literature on the development and application of analytical solutions to the
problem of a plane wave propagating around lined and unlined tunnels in an elastic medium. Mow
and Pao (1971) investigated the interaction of steady-state harmonic loading (P-, SV- and SH-waves)
with cylindrical cavities in cases where the propagation direction is normal to the longitudinal axis.
Miklowitz (1963) used the correspondence principle and linear elastic assumptions to study scattering
of a pulse by a circular cylindrical cavity in an infinite solid. Achenbach (1975) presented, for two
and three dimensions, closed-form solutions for a harmonic plane wave propagating through an
infinite medium containing cavities. Closed-form solutions for plastic flow behavior, useful for
preliminary analysis of circular tunnels subjected to ground shock, are presented by Newmark, et al.,
(1970) and Hendron and Aiyer (1972). These solutions idealize the problem as a static, two-dimen-
sional analysis of a circular tunnel in a hydrostatic stress field. The surrounding medium is treated
as an elastoplastic material with failure defined by a Mohr-Coulomb yield function. The Newmark
solution assumes a fully non-associated flow rule; Hendron and Aiyer assumes a fully associated
flow rule. Detourmnay (1983) provides an extension to the solution for non-hydrostatic loading by
the development of a semi-analytical technique. This approach applies for arbitrary dilatancy of the
material and, therefore, makes the solutions of Newmark and Hendron and Aiyer special cases of
the Detoumay solution.
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7.2 Constitutive Relations

Investigation and development of constitutive models for engineering materials have been the subject
of study for many years. The broad topic was recently reviewed by Desai and Siriwardane (1984).
The great diversity of engineering and natural materials has the result that different types of materials
exhibit different stress-deformation characteristics. Commonly, non-viscous materials can be de-
scribed as follows:

(1) linearly elastic;
(2) non-linearly elastic;
(3) rigid perfectly plastic; and,
(4) elastoplastic.
These elementary material models have all been applied to the continuum analysis of geologic media.

In this section, the subject of constitutive modeling for elastoplastic response of rock is considered
briefly, since it represents the most common assumption about rock deformation mechanics.

The mathematical theory of plasticity provides a theoretical description of the relation between stress
and strain for a material which exhibits a plastic response. In essence, plastic behavior is character-
ized by an irreversible straining which is not time dependent and which can only be sustained once
a certain level of stress has been reached. In order to formulate a theory which models elastoplastic
material deformation, the following three requirements have to be met (Owen and Hinton, 1980):

1. Arelation between stress and strain must be formulated to describe material behavior under
elastic conditions (i.e., before the onset of plastic deformation).

2. A yield criterion indicating the stress level at which plastic flow commences must be
postulated.

3. Arelation between stress and strain must be developed for post-yield behavior (i.e., when
the deformation is made up of both elastic and plastic components).

Linear and Non-linear Elasticity

The basic relations between stress and strain in the elastic region is assumed to be linear or non-linear.
For linear elasticity, the stress strain relation is given by Hooke’s Law. Non-linearity in the elastic
range of material deformation represents the effects of the defects (e.g., fractures) in the rock material
on its overall mechanical response. The various schemes for representing non-linear behavior in the
stress strain response use curve fitting methods, interpolation, or simple mathematical functions
(Desai and Christian, 1977). In this way, non-linear curves may be represented as a set of linear
segments leading to piece-wise linear models, or as functional relations.

Plasticity

There are several formulations of plasticity which are used to represent rock behavior. Typical
models include:

(1) rigid, perfectly plastic;

(2) elastic, perfectly plastic; and
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(3) some form of strain hardening or softening.

In each case, a yield criterion or function is used to describe the stress conditions under which plastic
flow of the material occurs. The two simplest yield functions (the Tresca and von Mises) assume
that the material is non-frictional, and are therefore more appropriate for metals. The two most
common yield criteria for rock are identified as the Mohr-Coulomb and the Drucker-Prager criteria.
For these, the material is treated as frictional and cohesive. The yield criteria described by these
models determine the limit condition. Then, strain (and displacement) of the body after yielding is
described by the appropriate flow rule. Two types of flow rules, associated and non-associated,
describe the plastic response. The associated flow rule requires analysis in terms of stress and strain
tensors, but experimental testing has shown that it over predicts dilational strain. As a result,
non-associated flow rules, in which the friction and dilation may be defined separately, are often used
in rock mechanics. The development of capped yield criteria provides a rational basis for modeling
of plastic volumetric collapse and continuously-yielding granular soils and rocks under dynamic

loads. Examples of latter applications of capped yield models are provided by DiMaggio and Sandler
(1971) and Isenberg and Baggi (1972).

7.3 Computational Dynamic Analysis of Granular Media

In reporting modeling of spall phenomena, Barton et al. (1979) discuss the difficulties commonly
encountered with finite difference codes such as the two-dimensionat code TENSOR. Three purely
numerical problems (zone size effects, continuous rezoning, and hour glass damping) and three
constitutive problems (artificial viscosity, tensile failure and void closure) are considered. The paper
gives three examples of numerically calculated spalls: a controiled blasting configuration, a
recalculation of the Sedan cratering event, and a simulation of the Baneberry event.

Swift and Burton (1984) developed a multiphase continuum model that couples non-linear deforma-
tion to porous flow and incorporated it into the explicit, finite difference code TENSOR for numerical
analysis of dynamic and quasistatic behavior. In a physical sense, the model describes a solid skeletal
material containing flaws configured either as pores or stress-induced tensile cracks. These flaws
may be filled with multiphase fluid (e.g., air and water) whose transient behavior is govemned by a
dynamic flow model. Dynamic mixture theory is used to account for coupling effects between
phases. Non-linear material behavior representing the drained response of the porous solid has been

combined with the multiphase flow model to account for the effects of pore pressure on compaction,
shear failure and tensile failure.

The effectiveness of a particular material response model for explosive ground motion in tuff is
discussed by Fogel, et al., (1985). The development of the material model is based on laboratory
static material test data gathered by Terra Tek (Fogel and Patch, 1984). The model was used to predict
medium response to small explosive tests conducted by SRI International. It was necessary to
construct a new model to achieve agreement between calculated response and the experiment. This
model was then used to analyze the high-explosive event ONETON. All laboratory measurements
and SRI experiments used tuff samples from the Sandia ONETON test site located in the G-Tunnel
at Nevada Test Site. The tuff was fairly homogeneous and the simple spherical explosion did not
pose test site complications. The ONETON test was closer in response to a nuclear event.

The authors conclude that the studies provide interesting insights into medium response. The results
from the two SRI experiments were not consistent with the ONETON experiment. Two major
questions were raised by these inconsistencies. The first involved the possible presence of substantial




rate effects in the response of this tuff, while the second involved the true in-situ air void contentof
G-Tunnel tuff. With these two questions taken as qualifications, rather good agreement was obtained
between predictions and the experiment at the ONETON scale. This agreement demonstrates that
the current models are adequate to faithfully reproduce material response provided the appropriate
constants in the models can be specified. With the exception of the air void content question, and
the need for at least a simple strain-rate dependent strength model, static test data are suitable for
modeling a field event of reasonable scale. Resolution of the remaining questions should help to
further improve the models currently in use.

7.4 Computational Dynamic Analysis of Rock Masses

There are, in general, two conceptual models of a jointed rock mass. Inone case, the rock mass may
be considered to be a discontinuum composed of individual blocks which interact with their neighbors
through elastic and plastic deformation of the intervening joints. In the second model, the rock mass
may be considered as a continuum in which the effects of discontinuities are accounted for through
the constitutive equations for the continuum. In practical terms, the former model allows yield to
occur anisotropically or along specified structures within the rock mass (e.g., sliding of a wedge into
an opening). The latter model may allow complex non-linear constitutive behavior but may not
adequately represent discontinuum response such as slip and separation of blocks of material. The
type of approach to be used is a function of the scale of the problem (i.e., relation of spacing of
discontinuities to excavation size), the intact rock and joint properties, and the field stresses.

To date, continuum modeling techniques have been the preferred design procedure for survivability
predictions for tunnels subject to dynamic loading. These techniques, which include finite difference,
finite element and boundary element methods, describe the rock mass as a continuous solid, within
which displacements and stresses are defined in terms of governing differential equations. Finite
differences and finite elements involve a discretization of the governing equations of motion for the
complete problem domain. Each element in the discretized medium is assigned a constitutive
material behavior representative of the medium. In the boundary element formulations, only the
surface of the medium (e.g., the surface of the excavation or the ground surface) is discretized. The
numerical solution is first obtained for these surfaces, and then the solution at different points within
the medium is obtained from the solution at the boundary. St. John and Zahrah (1987) give a detailed
discussion on continuum modeling and related codes currently used for investigating wave propa-
gation and rock/structure interaction.

In the analysis of discontinuous media, there are two types of discontinuum methods. The first of
these considers only kinematic conditions, and evaluates the feasibility of displacement of blocks of
rock defined by two or more joints (Shi and Goodman, 1985, Warburton, 1985). This method,
however, does not yield information on the stresses and displacements in the rock mass nor does it
permit consideration of mixed deformation behavior, such as a combination of rock material and
joint deformation.

The second type of discontinuum methods evaluates the rock mass as an assembly of separate,
mechanically-interacting rock blocks. The initial development of this type of discontinuum analysis
was conducted by Trollope (1968). Subsequently, Cundall (1971) pursued its development as the
distinct element method. The method is based on the notion that a rock mass is composed of a series
of blocks which interact across the intervening joint planes. The stiffness, friction, dilation and
cohesion properties of these planes may be represented by constitutive laws of varying complexity,
the simplest model being an elastic-plastic model with Coulombic limiting friction. In its earlier

85




implementation the blocks were considered to be rigid and infinitely strong, thereby restricting all
deformations to the joints and eliminating possible failure of intact rock material. Recent improve-
ments of the method permit deformable blocks and development of new fractures, as well as more
comprehensive description of the mechanical behavior of the joints (Cundall and Hart, 1985; Lemos,
et al.,, 1985). The resulting computer codes, the Universal Distinct Element Code (UDEC)(Itasca,
1986) for two dimensions and the 3-Dimensional Distinct Element Code (3DEC) (Itasca, 1987b),
incorporate automated statistical generation of joints, various joint constitutive laws, and internal
discretization of blocks for Finite Difference analysis of block deformation.

Application of a coupled distinct element and finite element scheme in an investigation of response
of a cavemn to vertically propagating shear waves is reported by Dowding, et al., (1983). Butkovich,
et al., (1988) demonstrated the use of discrete element modeling for analysis of cratering in jointed
rock caused by underground explosions. The analysis was performed using the DIBS (Discrete
Interacting Block System) Code (Walton, 1980), in which blocks are assumed to have arbitrary
polygonal shape and be quasi-rigid.

A two-dimensional, plane strain, non-linear analysis of underground structures subjected to stress
waves is described by Sweet (1977). The non-linear analysis of the rock medium (NTS tuff) and an
embedded structure was performed using the finite element code SWIS. The dynamic behaviors of
an unlined cavity, a reinforced concrete steel liner and a cellular concrete steel liner were studied.
Different material models were used for the various materials: a soil cap model for NTS wff; variable
modulus for reinforced concrete; a von Mises plasticity model for steel; and a crush-up model for
cellular concrete steel. The general conclusions of this analysis were as follows.

1. Thereinforced concrete design relies on the strength of the composite structure for integrity.
However, the steel liner experiences a significant strain environment in the reinforced
concrete design concept.

The use of cellular concrete between the tuff and the steel liner reduces the Imaximum strain
in the steel liner by approximately a factor of three.

The maximum cavity closure varies significantly among the three-cavity configuration,
with values in decreasing order for the unlined, reinforced composite.

The cellular concrete approach is very effective because it decouples the behavior of the
surrounding tuff medium from the liner.

The disadvantage of cellular concrete is that its effectiveness is reduced if it becomes
saturated with water.

For the dynamic analysis of underground excavations in jointed rock, Asmis (1984) developed a
central finite difference scheme for solving the equations of motion, subject to elastic rock material
behavior and fault-slip relations of the form proposed by Dieterich (1979). Analysis of excavation
performance is reported for a square excavation transgressed by a single fault. Limitations of the
finite difference code imposed the requirements for plane analysis, rectangular problem geometry
and a single plane of weakness. Thus, this analysis can be considered as an introductory study of
the dynamic performance of excavations in faulted rock.

The effect of a surface nuclear blast on a deep underground tunnel was studied by Schmitz (1982),
assuming elastoviscoplastic behavior of the rock medium. A two-dimensional finite element code
called VISCO was used for analysis of stress and displacement around a deep tunnel in rock which
was treated as continuous and isotropic. The constitutive equations are based on the Drucker-Prager




yield criterion incorporated in the Malvern flow law. Both viscoplastic and elastoplastic material
behavior were modeled using the viscoplastic theory. Quasi-static loading conditions were used for
varying nuclear weapon yield because the pressure wave from a nuclear blast was considered likely
to have significant rise time and long duration time. A triangular loading function was incorporated
for quasi-transient loading. A modified Drucker-Prager material model has been suggested in this
work because the Drucker-Prager yield criterion may predict excessive hydrostatic strain.

The finite difference code STEALTH was used by Wahi (1982) to analyze structural response of
repository openings under seismic loading. The main purpose was to predict whether such loading
might (1) cause collapse or other structural failure of these openings, or (2) create new fractures or
affect the existing joints in the rock masses surrounding a repository in such a way as to increase
permeability and, hence, groundwater circulation. The technique was intended to permit modeling
of the system for a prolonged time period for (a) very short range near-field response of openings to
earthquake loading, (b) medium-to-long range response, for quasi-dynamic thermomechanical
response during the retrievable phase, and (c) very long range for quasi-static far-field response.
Different earthquake data were utilized to excite the model of the rock mass, which was subject to
various in-situ stress ratios, joint geometry, pore pressure, and presence or absence of a shear zone.
Although STEALTH is a very versatile code and is capable of modeling complex constitutive
behavior, it is limited to modeling continuous media. Thus, the code cannot simulate block motion
and sliding of blocks. Instead, it models the jointed rock medium as an equivalent continuous rock
mass. It is therefore not an appropriate scheme for study of the response of excavations in jointed
media where block motion is a prospect, as is the case at the repository site at the NTS.

In seismic analysis of a supported cavity, Dendrou (1978) considered various excavation design
alternatives, and assessed each design on the basis of independent criteria for the components of the
rock-support system. The rock mass was assumed to be isotropic both in the physical and statistical
sense. A two-dimensional finite element analysis, using triangular solid and beam elements, was
performed to evaluate effects of (1) an underground water flow in the rock mass, (2) excavation in
the rock mass, (3) a seismic perturbation on the rock mass, and (4) the displacement of the rock mass
against the liner. An inference model linked together the statistical data obtained from site investi-
gation based on physical parameters and the analytical model based on the finite element computa-
tion.

Balachandra and Malthan (1976) analyzed a technique for installation of a velocity gauge in a
borehole, to ensure that it correctly recorded ground motion. The code used in the analysis was a
two-dimensional finite element code, based on small strain, axisymmetric geometry and non-linear
material properties. The capacity to model interfaces between subregions of different properties is
provided by logic to model slip lines. These are modeled as small-strain elements with elastoplastic
constitutive behavior based on Mohr-Coulomb plasticity. The slip elements do not permit satisfac-
tory modeling of intersecting faults, large rigid-body translation of blocks are precluded, the joint
constitutive model takes no account of joint damage due to cyclic loading, and velocity and normal
stress independence of joint residual strength is unsuitable for seismic analysis.

The effect of surface topographies on underground structures was studied by Askar, et al., (1984),
using a boundary integral equation method. The authors developed a stable explicit integration
scheme for the boundary integral equations. The iterative scheme does not necessitate matrix
inversion and was shown to be stable analytically, with very high values of wave numbers. The
frequency domain solution presented in this paper shows that, for the particular problem geometry
studied, surface topography and the tunnel influence each other quite strongly, and that their collective
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behavior is quite different from the individual response. The solution technique applied to this
wave-scaling problem is limited to an homogeneous, elastic, isotropic continuum and is not an
appropriate model of the Yucca Mountain site.

Aboundary element model for dynamic analysis is reported by Mack and Crouch (1988). Itis suitable
for analysis of the displacements and stresses caused by sudden changes in the geometry of an
underground excavation, by sudden slip on a joint or fault piane, or by sudden development of a
planar shear rupture through intact rock. A three-dimensional dynamic indirect boundary element
scheme is developed using a time marching procedure and displacement discontinuities to model
excavations and planes of weakness. The application of this scheme is currently restricted to a single
planar excavation, linear materials, and planar joints. However, it can be extended readily to handle
several joint or fault planes. This scheme has significant advantages over the finite element method
and the finite difference method because the problem domain discretization in the boundary element
method is only required along the slip lines. No discretization is necessary in the domain interior,
as is the case in other numerical methods, thereby reducing the spatial dimension of the problem.
The boundary conditions at infinity are automatically satisfied and artificial non-reflecting boundary
conditions are not required. This suggests that dynamic boundary element techniques have substan-
tial scope for application in repository analysis, particularly with respect to far-field response to
explosions and earthquakes.

7.5 Soil-Structure Interaction Analysis

Dynamic soil-structure interaction, in the present context, is concerned with the study of the behavior
of underground tunnel structures and shafts subjected to propagating stress waves. In the analysis,
the equations for wave propagation are used to determine the free field ground deformation in the
absence of the tunnel or shaft structure. With the introduction of the tunnel or shaft structure, the

liner resists the distortion imposed on it by the medium, and displacements and stresses are generated
in the liner.

A current analytical procedure for estimating strains and stresses experienced by a surface structure
that resists ground motion are based on: (a) the theory of wave propagation in an infinite,
homogeneous, isotropic, elastic medium, and (b) the theory of an elastic beam on an elastic
foundation (St. John and Zahrah, 1987). The beam theory is necessary to account for the effects of
interaction between the ground and the structure. Several investigators (Hendron and Fernandez,
1983; Peck, et al., 1972; Einstein and Schwartz, 1979) have analyzed formally the relation between
the flexibility ratio and the extent to which a liner modifies a tunnel response to either static or
dynamic loads. Several closed-form solutions are available for estimating ground-structure interac-
tion for circular tunnels. Duddeck and Erdmann (1982) have reviewed the solutions for static design.
The relevant equations for the dynamic case are given by Gamet, et al., (1966).

Closed-form analytical solutions for plane wave propagation normal or near normal to a tunnel axis
are available for circular tunnels, both lined and unlined. However, the analysis of stress and
displacement around excavations, supported or unsupported, of different geometric shapes, in two
or three dimensions, with plane waves impinging from any direction, is beyond the capacity of formal
analysis. Also, use of actual data from an earthquake or an explosion makes the problem far more

complicated than can be solved in closed-form. Numerical techniques are essential in solution of
such complex problems.
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The capacity of numerical modeling techniques has improved substantially in the recent past. The
numerical methods currently used for dynamic analysis are: (a) the finite difference method, (b) the
finite element method, and (c) the boundary element method. ’

Dynamic soil-structure interaction analysis of underground tunnels is presented by Gomez-Masso,
et al,, (1983) and Gomez and Attalla (1984). Combined P- and S- waves obtained by conventional
methods from the theory of one-dimensional wave propagation through a linearly viscoelastic layered
system defined the seismic environment. The response of the soil-structure system was analyzed by
linear viscoelastic finite elements, superimposing the free-field motion and the interaction motions.
The free-field motion was calculated using the program EQSYS and the interaction motion using
CREAM, which was developed to accept arbitrary seismic input. The interaction motions were
calculated in a plane strain geometry taking into account the influence of adjacent structures, with
an approximation for three-dimensional effects. Statistical independence of the horizontal and
vertical input motions was based on the guidelines established by the U.S. Nuclear Regulatory
Commission Regulatory Guide 1.92 (U.S. NRC, 1976). Simultaneity of the horizontal and vertical
earthquake motion was achieved directly in the analysis.

Examination of this work suggests that this approach must be used cautiously, in view of the
approximate procedure for modeling a three-dimensional problem. A regular 3-D analysis scheme
capable of dynamic analysis with seismic input would be more appropriate in this analysis.

Soil-structure interaction problems have been extensively researched, using the finite element
method, and reported by Idriss (1979), Lysmer (1978) and Johnson (1981), among many others.
Lysmer (1981), in his review of the current state of the art of the seismic soil-structure interaction
analysis, suggests that many of the studies of surface structures can be directly applied to underground
structures in soil. The author discusses the generic problem of soil-structure interaction analysis
using the finite element method and concludes the following,

1. The determination of the temporal and spatial variation of the free field motions is the most
important part of any soil-structure interaction analysis.

2. The current definitions of the soil structure interaction problem implies that superposition
must be used, directly or indirectly, in any rational method of analysis of this problem.

3. Currently, the most important part of the soil-structure interaction analysis, the free-field
problem, cannot be solved by a non-linear method. Even if such solutions are obtained,

they cannot properly be superimposed on the free-field motion to obtain the total motion
of the structure.

Both frequency and time domain techniques have been utilized in 2-D or 3-D boundary element
analysis to determine the steady state or transient response of tunnels and caverns of arbitrary shape
to seismic waves or other external loads. Both lined and unlined cavities in the infinite or half-plane
medium have been considered. The important case of a seismic wave impinging on lined tunnels is
treated as a wave diffraction problem by employing the Boundary Element Method for both the soil

and the liner, which are then coupled at their interface through enforcement of compatibility and
equilibrium conditions.

Among those works concerning the use of the Boundary Element Method in dynamic analysis of
underground structures are: for the two-dimensional frequency domain case, Niwa, et al., (1975,
1976), Kobayashi and Nishimura (1982a, 1982b, 1982c, 1983), Kobayashi (1985a, 1985b, 1987),
Tan (1976), Manolis and Beskos (1981, 1983), Kitahara, et al., (1984), Hamada, et al., (1985) and
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Vardoulakis, et al., (1987); for anti-plane motion in the frequency domain, Ohtsu and Vesugi (1984);
Niwaet al. (1980) and Manolis (1983) for two-dimensional time domain cases; Rice and Sadd (1984)
for anti-plane motion in the time domain; Rizzo, et al., (1984, 1985a, 1985b, 1985c¢), Kitihara and
Nakagawa (1985, 1986) and Banerjee, et al., (1985, 1987) for three-dimensional frequency domain
cases; and Manolis (1984), Banerjee and Ahmed (1985), and Banarjee, et al., (1987) for three-di-
mensional time domain cases.

Application of all the codes developed using the Boundary Element Method is limited to elastodyna-
mic problems. However, the Boundary Element Method can be used in a linked scheme, where the
failure or plastic zone is modeled by a finite element or finite difference technique. Linkage with
boundary elements to model the elastic region eliminates the need for non-reflecting boundaries,
which are essential for effective performance of the other two methods.

7.6 Computer Programs for Dynamic Analysis

Many publications describe the different numerical methods used to analyze wave propagation and
ground structure interaction problems. Several of these computer programs are well suited for

investigating the problems of wave propagation and soil or rock structure interaction and are
described below.

SHAKE - Developed by Schnabel, et al., (1972), this code can be used to analyze free-field response.
The soil medium comprises a system of horizontal viscoelastic layers of infinite horizontal extent,
and an equivalent linear model is used to represent the strain dependence of material properties of
each soil layer. The medium can be subjected to vertically incident shear and compression waves.
The solution is obtained in the frequency domain and then transformed to the time domain using Fast
Fourier Transform techniques.

FLUSH - This two-dimensional computer code developed by Lysmer, et al., (1975) can be used to
determine the response of a soil-structure system, with layered soil media extending infinitely in the
horizontal direction. The solution technique and soil model are similar to the SHAKE code. The soil
medium is bounded by a rigid base and by transmitting boundaries (viscous dashpots).

ADINA - This is a general purpose finite element program for two- and three-dimensional static and
dynamic analysis of structural systems. Developed by Adina Engineering (1981), this code contains
libraries of elements and constitutive schemes providing linear and non-linear material models. An
infinite medium can be approximated by transmitting boundaries, and input motion can consist of
horizontal and vertical motion from any arbitrary combination of waves. Several solution techniques
can be used, including the direct time integration (explicit and implicit), normal mode method for
linear dynamic analysis, and determination of frequencies and mode shapes.

SAPIV - This general purpose finite element code developed by Bathe, et al., (1974) offers similar
capabilities to ADINA.

ABAQUS - Developed by Hibbit ,et al., (1982), this is also a general purpose finite element code
with features similar to those of ADINA.

HONDO - Key et al., (1978) developed this finite element code to analyze two-dimensional wave
propagation and soil-structure interaction problems. The main features of this program are that (1)
linear and non-linear material behavior can be used, (2) the solution scheme is explicit, with a variable




integration timestep, (3) non-reflecting boundary conditions simulate an infinite medium, and (4)
only pressure loading can be applied.

DYNA2D - This is a finite element code developed by Hallquist (1978) and has similar capabilities
to those of HONDO. '

STEALTH - STEALTH 1D, 2D and 3D (Hoffman, 1981) are one-, two- and three-dimensional
explicit finite difference codes which numerically solve the time-dependent, non-linear partial
differential equations of continuum mechanics for thermomechanics. The numerical equations are
cast in several coordinate systems, using the Lagrange (material) frame of reference. Material models
include the ability to include equations of state (mean properties), strength (deviatoric mechanical
properties), and heat transfer (thermal properties). User-supplied constitutive models can be pro-
grammed into the code.

UDEC - This two-dimensional distinct element code (Itasca, 1986) simulates the behavior of jointed
rock media subjected to either quasi-static or dynamic conditions. In this code, the medium is
simulated as an assemblage of blocks which interact through comer-and-edge contacts, and dis-
continuities are regarded as boundary interactions between the blocks. The code utilizes an explicit
timestepping (dynamic) algorithm which allows large displacements and rotations and general
non-linear constitutive behavior for both the material and discontinuities. UDEC also simulates
variable rock deformability, complex joint structures, non-linear inelastic joint behavior, plastic
behavior of intact rock, fluid flow in joints, far-field static or dynamic boundary conditions, and
rock-structure interaction.

3DEC — Developed by Cundall (1988)and Hart and Lemos (1988), 3DEC simulates the behavior of
jointed rock media in three dimensions using the distinct element method. The numerical method is
specifically designed for simulating both quasi-static and dynamic response to the loading of rock
media containing multiple intersecting joints. In this code, the rock mass is modeled as a three-di-
mensional assemblage of rigid or deformable blocks, discontinuities are regarded as distinct bound-
ary interactions between the blocks, and continuous and discontinuous joint pattemns are generated
on a statistical basis. A joint structure can be built into the model directly from geologic mapping.
The code employs an explicit-in-time solution algorithm which accommodates both large displace-
ments and rotation and permits time domain calculations. The graphics facility permits interactive
manipulation of 3-D objects, which greatly facilitates the generation of 3-Dmodels and interpretation
of results.

SPECTROM-331 - This finite element program was developed for the CRAY1 by Key (1987). It
is capable of performing three-dimensional transient dynamic calculation and offers a wide range of
material models, including elastic-plastic, strain-hardening, strain-rate behavior, soil and crushable
foam behavior, viscoelastic behavior, and jointed rock mass behavior. A non-reflecting or transmit-
ting boundary and sliding contact between independently meshed bodies is included in the code. An
explicit linear integration method is used for transient dynamic problems. The program is well suited
for applications in which large energies and forces are present, where stress wave propagation occurs,
and where large displacements and strain dominate.

CICE - Developed by Williams, et al., (1985), CICE is a two- and three-dimensional discrete element
program for solving complex solid mechanics problems involving multiple interacting bodies
undergoing fracturing. The Distinct Element Method developed here is based on a solution achieved
by modal superposition. The intact rock material is modeled using the finite element method.
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A more extensive listing of computer codes capable of analyzing rock mechanics problems is
provided in Appendix B. This list was based on codes available in 1982 and is neither current nor

comprehensive. Many of the codes developed earlier (e.g., FLUSH, SHAKE, etc.) or more recently
(CICE, UDEC, 3DEC, SPECTROM-331, etc.) are omitted.
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8. MODEL VALIDATION

8.1 General

Validation of analytical models, such as those described in Section 7, generally involves a comparison
of results predicted by the analysis with those obtained by some independent (usually experimental)
investigation. This is especially difficult for the present case, since two different types of excitation
(ground shock and earthquake/rock burst) are involved, the physical system is very large and
unamenable to experimental control, and the results can vary significantly with the variety of
geophysical parameters that are shown in Sections 5 and 6 to define the system. In fact, it may not
be possible to account for all the parameters simultaneously, so that some kind of distorted-model
validation approach may be necessary. Even so, a perusal of the available literature indicates that
no such validation of analytical models has been previously attempted for the overall seismic
response of underground structures. However, some parts of the problem have been studied, either
by full scale or scale model experiments. The results of these investigations will be summarized
herein first, and then requirements will be described for validation of a candidate analytical model
computer code which is applicable to the overall dynamic problem.

8.2 Full Scale Studies

Dynamic response and associated damage potential for both ground shock and earthquake excitations
of underground structures have already been presented in Sections 3 and 4. However, the literature
cited dealt primarily with studies aimed at exploring the problem and identifying the significant
parameters involved. On the other hand, experimental results that are suitable for analytical model
validation must come from carefully conducted programs in which only a very few parameters are
allowed to vary in a controlled manner. Thus, essentially no such data are currently available for
earthquake response, since the state of the art is still in its infancy. Nevertheless, some available
studies which deal with ground shock may be suitable for related validation purposes.

8.2.1 Related Component Validations

Various full scale experiments have been conducted on material properties and the results compared
with analytical prediction methods. Others have also been performed for constitutive properties of
joints and faults. Literature dealing with these subjects has already been cited in Sections 4 and 5,
and therefore will not be discussed further here. However, some other related studies will be
mentioned.

Butters, et al., (1974) have reported a series of mechanical tests and compared data with analytical
predictions for mechanical properties of these different grout mixtures. The grout material is intended
as filler between rocks and tunnel liners. The mixtures are dubbed superlean, rock-matching, and
high-strength grout. Procedures and results are given for uniaxial, triaxial, punch extrusion, and
other types of standard tests. The results are then compared with an equivalent analytical, constitutive
model. Sample results for mean stress-volume strain response in superiean grout are presented in
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Fig. 8.1, which is based on hydrostatic compression test results. Similar results are presented for -
deviatoric stress from triaxial tests in Fig. 8.2. Various similar material properties validations are
required for rock material properties.

Although they do not provide data for having conducted a validation, Sues and Short (1986) provide
a detailed description of parameters and measurement procedures that are appropriate for on site
characterization of the rock mass for a validation of analysis of block motion which results from
surface explosions. This is shown conceptually in Fig. 8.3 by Blouin (1984). It can be seen that with
little change the approach is also applicable to the case of underground explosive shock. An outline
of the general investigations, procedures, measurements, and testing which is appropriate is summa-
rized in Table 8.1. Furthermore, this same reference asserts that there are important needs for

validation which cannot be met by present state-of-the-art techniques. Several of these needs are as
follows:

1. Methods for evaluating discontinuity shear strength at high normal loads. Both direct and
indirect methods have been discussed. Direct methods involve shear testing of the
discontinuity. Special procedures may be required to test at the normal loads of interest.
Testing of actual discontinuities at normal loads pertinent to block motion have not been
performed to date. Indirect methods involve the prediction of shear strength based on the
evaluation of certain parameter values. The predictive methodology may require develop-
ment for high normal loads. Comparison and correlation of discontinuity shear strength,
evaluated either directly or indirectly with actual shear strength measured or observed
during block motion must be carried out.

2. Methods for efficiently identifying discontinuities likely to undergo block motion. A
number of techniques have been described herein for locating and mapping discontinuities.
Some development is required to ensure that these methods are efficiently employed and
so that important discontinuities are not missed.

3. Methods for evaluating in-situ rock strength and stress-strain characteristics under dynamic
loading and under the high loadings pertinent to block motion. This is principally required
for ground shock estimation. DNA is currently expending effort in this area.

4. Instrumentation for measurement of tangential stresses. Such gauges are presently in
developmental stages. Accurate measurement of tangential stresses during block motion
experiments is imperative for estimating shear stresses along a discontinuity.

S. Instrumentation for measurement of pore water pressures. These instruments require
development. Withoutknowledge of pore pressures, the effective stress on the discontinuit-
ies of interest cannot be determined during block motion experiments.

6. Instrumentation for measurement of block motion. The passive methods discussed herein
and which have been used in past experiments measure residual block motion. Passive
measurement techniques that measure peak block motion and/or cost-effective active
measurement techniques need to be developed.

Overcoming these deficiencies in the current state-of-the-art site characterization methods is crucial
for increasing the reliability of block motion prediction methods.
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FIGURE 8.1
COMPARISON OF EXPERIMENTAL AND THEORETICAL RESPONSE
OF SUPER LEAN GROUT IN HYDROSTATIC COMPRESSION.
(FROM BUTTERS, et al, 1974)
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FIGURE 8.2

COMPARISON OF EXPERIMENTAL AND THEORETICAL DEVIATORIC
STRESS~STRAIN RESPONSE FOR SUPER LEAN GROUT UNDER TRIAXIAL
LOADING CONDITIONS AT CONFINING PRESSURES OF O AND 4 kbar.
(FROM BUTTERS, et al, 1974)
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Table 8.1. Summary of Investigations for Site Characterization
(From Sues and Short, 1986)

General Rock Mass Characterization

1.

Surface

—  Physical Investigation

—  Geologic Maps, Aerial Photos

—  Existing Log Records

Subsurface

—  Color Photos of Drill Core

—  Wrap and Wax Core Samples

—  Borescope and/or Videotape Drill Hole
Laboratory Testing on Selected Samples

—  Ultrasonic Velocity

—  Physical Properties

—  Unconfined Compression

—  Uniaxial Strain

—  Triaxial Compression

—  Tensile Strength (minimal effort)
In-Situ Mechanical Properties Evaluation

— Dilatometer

— Borehole Shear Swrength Test

—  Large Scale Deformability (may not be practical to apply or necessary)
—  Explosive Tests (developmental)

In-Situ Stresses
stconunmty Parameters

4.

Surface
—  Physical Investigation
—  Geologic Maps, Aerial Photos
— Existing Log Records
—  Seismic Refraction and Electrical Resistivity Explorations
Subsurface
—  Core Samples with Discontinuities
— Borescope and/or Videotape Drill Holes
—  Special Core Recovery Procedures (if necessary)
—  Evaluate General Water Condition on Discontinuity
Examination and Laboratory Testing of Specially Recovered Samples
—  Joint Wall Compressive Strength
—  Joint Roughness
— Joint Aperture
— Residual Friction Angle
—  Joint Filling Material Characteristics
Joint Shear Strength
In-Sltu Mechanical Properties Evaluation

—  Shear Strength Tests (on limited basis for dedicated block motion experiments)

Ground Shock and Block Motion Phenomenon

1.

2.

Block Motion

—  Rosettes

~—  Magnets and Magnetometers

— _ Break Wires

— High-Speed Cameras (limited basis)

Ground Shock ’

—  Free-field Stress (radial and tangential) Velocity, and Acceleration
—  Suess and Velocity on Both Sides of Discontinuities of Interest

—  Pore Pressures at Discontinuities of Interest




8.2.2 Underground Nuclear Test For Tunnels

It is known to the authors that various Defense Nuclear Agency reports are available in the subject
area, although they are classified for national security purposes. Special provisions will be required
to extract unclassified portions of information from these reports, where possible.

8.3 Scale Model Studies

A rather comprehensive scale model study of the failure modes of jointed rock masses was reported
by Rosenblad (1971). Although other studies preceded this work, Rosenblad succeeded in solving
certain problems that existed relative to development of a representative synthetic “scaled” rock
material. Although the results were not used directly to validate any existing analysis, the approach
is very related to that which will be required to provide validation data for the seismic problem.

Rosenblad (1971) developed the scaling parameters listed in Table 8.2 for plane-stress static loading
of jointed rock masses. Some of the configurations tested are shown in Figure 8.4. A variety of data
were acquired for the loading patterns defined to occur where notable changes in stress/strain ratios
occurred. This study is very important in demonstrating that a synthetic rock material can, in fact,
be designed and fabricated according to scale model laws, and can be used to predict useful
information about jointed rock mass behavior.

The most important conclusions obtained as a result of this research are as follows:

(1) The sequential failure of a jointed rock mass occurs in two stages. Stage I failure is initial
slip along joints. Stage II failure occurs after block interlock as a tensile failure that
produces vertical cracks perpendicular to the planes of the o1 and 62 stresses. Additional
supplementary failures occur that are a function of the plane stress loading system and are
not generally characteristic of a rock mass.

(2) Slip along joints in one direction causes an increase in ¢ j initial along joints in the
perpendicular direction due to block interlock. The increase in ¢ jinial is always 2 i, where
i=arc tan x/I.

(3) The variation in principal strain magnitude and direction in a jointed rock mass are much
larger and unpredictable than for an intact block under identical loading conditions.

(4) Mohr envelopes obtained from triaxial, direct shear, and model tests on intact model
material are essentially identical. Mohr envelopes from triaxial and direct shear tests on
single-jointed specimens of model material differ by less than five degrees.

Shortly after the above work a similar study was performed by Goodman, Heuze, and Bureau (1972).
For this study experiments were performed for scale model tunnels in two-dimensional sections by
means of the apparatus shown in Fig. 8.5. Here again the loading is static, and the results in this case
also were not correlated with those predicted by any analyses. However, they did demonstrate the
utility of the scale model technique as a viable means of obtaining independent data about jointed
rock mass behavior under the assumed form of load.

A more recent study which includes a scale model with dynamic loading has been reported by Bakhtar
and DiBona (1985). A 1/27-scale model was developed to simulate mnnel response to blast
overpressure in a tuff material. The nondimensional equation is formulated as follows:
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Table 8.2. Significant Variables for Jointed Rock Mass Failure under Plane Stress

(From Rosenblad, 1971)

Nondimensional Governing Equation

q,

O, c E © O a C:
= vs ’ * ’ o_ve'v_v ‘t_L
( a0 q..]

Pertinent Dimensional Variables

Unconfined compressive strength, psi

Poisson’s ratio

Major principal stress applied to a test specimen, psi
Intermediate principal stress applied to a test specimen, psi
Direct tensile strength, psi

Length of the short side of an intact block in a jointed mass, in.
Length of the long side of an intact block in a jointed mass, in.

Cohesion, intersection of Mohr envelope for intact specimens with the ordinate
axis, psi

Effective cohesion of a jointed or intact specimen, defined as the point where the

secondary or tertiary portion of a Mohr envelope intersects the ordinate axis when
extended backwards, psi

Compressive modulus of elasticity, slope of stress-strain curve at 50% of ultimate
strength, psi

Angle of internal friction of intact material, slope of Mohr envelope for intact speci-
mens at ultimate failure, degrees

Angle of friction on joint surface, slope of Mohr envelope at initial slip along joint,
degrees

= Slope of Mohr envelope at ultimate failure for jointed specimens, degrees

Angle between the major principal stress direction and the plane, surface, or joint in
question, degrees
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where some variables are the same as identified in Table 8.2, but additional ones are:

Applied force (1b)

Specimen length (in.)

Time (sec.)

Response Acceleratxon (in/sec )
Weight density (lb/m )
Response displacement (in)

(I T T I I

& Rt~

It is also stated that for the stress and elastic modulus E to have the proper relationship one must
consider the unconfined compression strength, the tensile strength, and the cohesion strength for the
prototype and model materials. The appropriate material properties for Nevada Test Site Tuff and a
1/27-scaled rock simulant are given in Table 8.3. These ranges of material parameters are also
appropriate for scale model studies of underground blast and earthquake loading as well. The tuff
rock simulant was cast from a mixture of Portland Cement, Barite, Bentonite, and AMEX 210 (an
entraining agent), and will probably also be appropriate for developing tuff simulant for the other
dynamic loadings.

Both static and dynamic tests were carried out for loading of one-yard cubes with a central hole which
represented a tunnel. The block specimens were cast in several layers to represent jointed tuff rock
mass. The dynamic test data revealed that for modeled structures in jointed materials, magnitude of
the preload plays an important role in subsequent response of the structures. All conditions being
equal, faster rise times were associated with higher initial loads, which indicates an increase in
material stiffness due to initial loading. That is, the effect of joints becomes less important. Here
again, no direct correlation of experiment with analysis was performed, although the results were of
a quality where such a correlation would have been appropriate.

The above scale model study was later supplemented by Bakhtar and Jones (1986), with an extensive
study of the behavior of tunnel intersections. A similar scale was again used to study tunnel
intersections in one cubic-yard specimens. Various new material simulant mixes were investigated.
Complete details are given for mixing procedures and material characterization tests. Again, no
correlation of the results with any analytical predictions was attempted, although the data would have
been suitable for this purpose. Even so, results presented from both studies could still be used to
compare with predictions from analytical codes applied to the specific conditions that were addressed
to represent overpressure loading of a surface burst explosive.

Two sets of studies illustrate the philosophy of experimental validation of a computational design
code. The report by de Rouvray, et al., (1971) describes experimental and numerical studies of the
static behavior of underground structures in jointed rock. Finite element methods were used in
modeling non-linear joint behavior and the static performance of underground excavations in jointed
rock. The work involved physical modeling of a highly idealized jointed rock mass with perfectly
continuous joints, orthogonally oriented and equally spaced. The code used in the analysis was
restricted to small strain for both intact material and joints. With current knowledge, the joint model
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Table 8.3 Mechanical Properties of Rock Material

Nevada Test Site Tuff:

(From Bakhtar and DiBona, 1985)
Unconfined Compressive Strength 1200 psi to 4200 psi
(YuccaMountain Tuff) ........ (4200 psi)
Material Tensile Strength . . . . . . . 14.5 psi to 360 psi
Young's Modulus . . . .. ... ... 1.17 x 10° psi 10 2.90 x 10° psi
Poisson’sRatio . ........... 0.16
Material Cohesion . . ......... 1500 psi
Angle of Intenal Friction (matrix) 15.9 deg.
Bulk Density . . ... ......... 1.60 gm/cc to 2.20 gm/cc
Joint Cohesion . . . .......... 58 psi
JointFriction . . . ........... 55 deg.
1/27-Scale Tuff Rock Simulant:
Unconfined Compressive Strength 152.5 psi
Indirect Tensile Strength . . . . . .. 35 psi
Young’sModulus . . . ........ 0.04 x 10° 10 1.17 x 10° psi
Poisson’sRatio . . .......... 0.15
Porosity . . . ... .......... 45%
BulkDensity . .. ........... 1.885 gm/cc
GrainDensity . . ........... 2.93 gm/cc
Cohesion . . .............. 50 psi

.......

15.5 deg.




was inadequate, with unsuitable representation of damage accumulation during joint shear, no
provision for hysteresis on load reversal, and stress independence of normal and shear stiffnesses.
In spite of the limitations of the numerical model, fair qualitative correspondence was demonstrated
between the results of numerical analysis and physical modeling of jointed media. This is explicable
on the basis of the simple applied load path, which is not representative of that which develops during
construction of an underground excavation. With the various reservations noted, the report is an
instructive example of a philosophy for verification of computational analysis schemes.

Analytical and numerical simulations of laboratory experiments on small-scale tunnels in jointed
rock were compared by Rosenblatt and DeAngelo (1980). The studies were based on the DIABLO
HAWK underground nuclear test in jointed tuff at the NTS. The study was performed in three stages.
In the first stage, an analytical solution was developed which defined the far-field, static load level
at which joint slip will begin around a circular tunnel. In the second stage of the study, dynamic
analysis was performed using the code WAVE-L, a Lagrangian code. The intact rock was simulated
as an elastoplastic material with a Drucker-Prager yield surface and non-associated flow rule. Slide
lines were used to simulate joint behavior. In the third stage of the study, static analyses performed
with the WAVE-L code were compared directly with results of the laboratory tests. The comparison
was reasonably good near the springline but poor at the crown-invert. Joint slip regions in laboratory
tests, indicated by deformations of a thin tunnel lining, corresponded to the region predicted by the
analytical solution performed in the study’s first stage.

It is notable that neither of these studies, one static and one dynamic, examined effects such as
repetitive cyclic loading. However, they describe a broad general philosophy supporting code
verification and qualification for geodynamic modeling, design and performance assessment studies.

8.4 Requirements For Dynamic Validation

In view of the above-described studies, it appears that no direct comparison has been made between
results obtained from scale model experiments and analytical predictions for response to underground
shock or earthquake excitation. However, it is entirely feasible that such a validation could be
attempted by use of similar studies with only slight modification. At this point it would appear that
a scale model equation similar to Eq 8.1 would be appropriate for study of responses to underground
shock. In fact use of a 1/27 scale would allow rock mass simulant like that of Bakhtar and DiBona
(1985) again to be employed. However, the exact form of loading necessary to represent that of
underground blast has yet to be developed. Furthermore a similar material can be used to develop

jointed rock-mass specimens for study under earthquake conditions. In this case, however, the
equation of response becomes:

2, o2 8.2
t"xa0 X

—0.3 =f—E.v.q>. g ,—0

pl’ !l pl [ !

where in addition to the previous variables there are:
X, = Excitation displacement (in.)
® = Excitation frequency (rad/sec)




There is also the consideration of the effect of gravity on the problem. This variable has been omitted

from the previous studies by use of a static overpressure. This approach may need to be altered for
simulation of earthquake effects.

Thus, a scale model jointed rock mass similar to that used in the previous studies could be employed,
but a scale model earthquake excitation would need to be imparted to the specimen, and the resulting

stress and strain responses observed. These responses can then be correlated with those predicted
by using techniques identified in Section 7, for validation purposes.
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9. SUMMARY

A comprehensive literature review has been conducted to establish the state of knowledge currently
accessible in the open literature relevant to dynamic performance of underground excavations and
facilities. Critical assessment of this literature identified several technical deficiencies and/or lack of
technical information on this subject, particularly with regard to dynamic performance and analysis
of jointed rock masses.

This section describes those topics which are of major concem in relation to NRC regulatory research
needs. Issues of major concern are:

(a) the adequacy for dynamic analysis of current methods for modeling joints in discontin-
uous rock masses;

(b) the lack of availability of well documented seismic/shock loading experimental data
for confirmatory evaluations of analytical techniques;

(c) long-term performance of underground facilities at a tuff site subject to repeated seis-
mic/shock loadings;

(d) the need for a validation methodology for seismic analysis for bounding conditions of
loading.

The hydrological response of an unsaturated rock mass due to far-field seismic events is relatively
slow compared with the mechanical response of the medium. Such decoupling of the hydrological
and mechanical modes of response facilitates modeling of groundwater response in a rock mass
which has been modified by seismic activity.

The following material is a concise summary of the key findings of the literature assessment task of
the Seismic Rock Mechanics Project, with particular attention to the issues of concemn noted above.

9.1 Description of Design Problem

The Yucca Mountain site proposed for construction of a high-level nuclear waste repository is located
in alayered sequence of welded, non-welded and bedded tuffs. The rock mass is jointed, faulted and
unsaturated, with the water table 200 m to 400 m below the waste emplacement horizon. Noting the
resemblance between the proposed repository layout in this host rock mass and a low-extraction
room-and-pillar mine, mining experience suggests that, for the expected rock mass conditions,
conventional practices for mine design and construction will provide stable underground excavations.

Several aspects of nuclear waste management and underground repository design impose more
stringent design requirements than established practices provide for design of an underground mine.
In particular, the time scale mandated for effective waste isolation, and the Federal regulations
addressing waste isolation, require more comprehensive and profound assessment of the prospective
performance of the host rock mass. Specific regulations establish the need to consider geomechanics
issues associated with safety, retrievability, system performance, and the performance, before and
after permanent closure, of particular barriers to waste dispersion (DOE, SCP, 1988).
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A specific feature of repository design to which attention is directed by regulatory citation
10CFR60.122 is the need to consider natural phenomena and site conditions which could adversely
affect achievement of the prescribed performance objectives. Local earthquake activity is an
important natural phenomenon which could conceivably affect both the short- and long-term
performance of a repository. Similarly, for the Yucca Mountain site, ground motion due to under-
ground nuclear explosions needs to be considered explicitly. Either source of ground motion must
be considered in relation to demonstrable compliance with regulations conceming safety, retrievabil-
ity, the disturbed zone, and performance of the various barriers to waste dispersion.

An obvious concern is that a repository near the Nevada Test Site will be subject to repetitive episodes
of dynamic loading arising from continued underground nuclear testing. Over the time scale of
post-closure performance of a repository, repetitive earthquake loading is also possible. Work by
Brown and Hudson (1974), Baron and Hansteen (1979), Dowding, et al. (1983), and St. John and
Zarah (1987) suggests that repetitive cyclic loading of jointed rock causes fatigue failure at the joints.
However, there has been only minimal investigation and analysis of such rock mass behavior.

Rock mechanics principles for design of surface and underground excavations under conditions of
static loading, and of surface excavations under dynamic loading, are now well formulated and
demonstrably successful in practice. However, design principles for seismic design of underground
excavations have not been verified by demonstration of satisfactory practical application. One reason
for this state of affairs is that underground excavations are observed to be less susceptible to a single
episode of dynamic loading than surface excavations. Another related reason is that relatively few
well-controlled, well-executed observations have been made of underground excavation response to
seismic loading, and none has been made for successive episodes of seismic loading. However, the
consequences of repetitive dynamic loading of a jointed rock mass may be implied from laboratory
testing of jointed media, in which shear displacement in joints is accumulated progressively, in
successive episodes of seismic loading. The results of these studies have yet to be unified with
analytical studies, or incorporated in principles of underground excavation design. Furthermore, there
is a total lack of an experimental basis for validation of prospective performance assessment
techniques for dynamic behavior of structures in jointed rock. For these reasons, the dynamic
performance of excavations and underground facilities involved in nuclear waste isolation needs to
be investigated in detail, and performance characteristics and design criteria established.

9.2 Ground Motions from Earthquakes and Explosions

The ground motion experienced at a site due to earthquakes and explosions is the result of body and
surface waves propagating from the source center. For subsurface facilities, the motion due to body
waves only is important. Due to the different mechanisms of wave generation in earthquakes and
explosions, and wave attenuation and dispersion during transmission, the ground motions induced
at a site, by earthquakes and explosions respectively, may be substantially different. In particular, at
comparable distances from the source, an explosion produces more pulse-like ground motion,
whereas an earthquake typically produces ground shaking persisting for several tens of seconds.
Field observations suggest that excavations respond in different ways to the ground motions with

these different characteristics, so it is important to define the ways in which ground motion can be
described.

There are three methods for specifying the ground motion induced by seismic events. In the simplest,
the peak particle velocity and acceleration at a site are defined. These parameters give no information
about the duration of the motion, or the frequency content of the ground wave. The second technique,
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based on a response spectrum, defines amplitude, velocity and acceleration as a function of the
frequency content of the ground motion experienced at asite. This technique provides no information
about the duration or temporal variation of the ground motion. The third technique involves
presentation of a digital or analogue time-based record of the acceleration (and, by derivation, the
velocity) of the ground motion.

The time histories of ground motion are the preferred method for specifying ground motions for
several reasons. First, they can be used to provide the other ground motion records, either directly
or through Fourier analysis. Second, the information is comprehensive, in that no other parameters
need to be specified to describe ground motion completely. Finally, the information in the time record

can be related directly to the dynamic performance of excavations which may be subject to the ground
motion.

In the context of the proposed Yucca Mountain repository, prospective seismic effects on the
repository are frequently discussed in terms of peak ground acceleration or velocity. While this
practice may be convenient practically, it is not a scientifically sound, valid or defensible way of
describing the likely effects of seismic ground motion. However, adequate data are available to
describe ground motion at Yucca Mountain from adjacent earthquakes and explosions. In particular,
existing ground motion data are adequate for use in predicting the likely response of underground
excavations, and in specifying model excitation for physical testing and computational analysis of
underground excavation performance.

9.3 Seismic Performance and Design of Underground Facilities

The nature of the interaction of a ground wave with an excavation depends on the wavelength A of
the motion and the span D of the excavation. For large values of A/D, the transient motion produces
pseudo-static loading of the excavation. Forsmall values of A/D, the loading is dynamic, and account
must be taken of impulsive loading of the rock mass in the excavation near-field. Both pseudo-static
and dynamic loading conditions will apply at the Yucca Mountain site.

The response of excavation near-field rock to transient ground motion is determined by the usual
range of site characteristics and excavation design variables. These include the mechanical proper-
ties, structure and ambient state of stress in the host rock mass, the shape and dimensions of the
excavation, the properties and design of any support and reinforcement systems, and the specific
nature of the imposed ground motion. Apart from excavations in the very near-field of a seismic
source, damage to excavations is primarily the result of shear displacements concentrated at rock
discontinuities, causing roof falls and wall-rock loosening in boundary rock. By inference, seismic
effects on a repository which is located in jointed rock will be the result of the dynamic response of

the joints, and the dynamic behavior of the disturbed zone, which is defined by natural or induced
cracks in the host rock mass.

Current techniques for seismic design of an underground excavation are based on likely peak particle
motion that the excavation will experience. Limiting values of both peak acceleration and peak
velocity have been specified which putatively prevent damage to excavation boundary rock.
However, experiment and analysis show that the number and extent of excursions of joint shear
motion into the plastic range of joint response determine seismic performance of excavations, not

merely peak velocity or acceleration. Thus, excavation design based on notions of peak ground
motion is inadequate.

109




Experimental study of excavations subject to repetitive episodes of seismic loading shows that failure
ultimately occurs by accumulation of shear displacement at joints. This process is analogous to
fatigue failure in continuous media. Because a repository will be subject to repetitive episodes of
seismic loading, its performance must be assessed from analysis of joint damage accumulation arising
from time histories of ground motion for individual seismic events, and from ground motion due to
a sequence of repeated events. No current design procedure takes account of either the time history
of individual events, or the effects of repetitive seismic events.

9.4 Rock Mass Properties

In analysis to predict seismic response of underground excavations, and physical modeling of
excavation performance, the deformation and strength properties of the rock mass must be consid-
ered in detail. In the current characterization of the Yucca Mountain site, the mechanical properties
of the rock material have been described adequately for both analytical and physical modeling of the
performance of the medium. Furthermore, the thermal component of the thermomechanical problem
can be effectively decoupled in the performance analysis, and rock mass properties are essentially
independent of temperature, for the conceivable temperature range involved around a repository.
Thus, thermal and mechanical material properties are adequately defined for repository performance
analysis and physical modeling.

Both the static and dynamic mechanical properties of joints are critical in determining the seismic
performance of an excavation. Further, account must be taken of whether the joints are rough
(dilatant in shear and subjected to peak-residual behavior) or smooth and infilled (non-dilatant in
shear and at residual strength). There are several possible models to describe joint response to applied
load, with different ranges of applicability.

Joint deformation mechanics are described in terms of joint limiting shear strength, and joint response
to compressive and shear deformation. The Coulombic friction, linear deformation joint model is
the simplest model, and is probably applicable to filled faults, under static loading. Its applicability
for joints subject to seismic loading is questionable, since joint friction is known to be velocity

dependent, and impulsive changes in normal stress may lead to transient changes in coefficient of
friction.

There are two current models of joint static deformation which take account of non-linear compres-
sion, surface roughness, dilatancy in shear, damage accumulation due to asperity erosion and
resulting peak-residual behavior in shear. These are the variable mobilized friction model described
by Barton, et al., (1985) and the continuous yielding joint model described by Cundall and Lemos
(1988). The Barton-Bandis model is known to be poorly behaved under certain conditions of cyclic
loading, and the piece-wise linear formulation of dilatancy results in quite coarse simulation of shear
deformation. The continuous yielding joint model represents cyclic loading and other aspects of
joint deformation adequately, but has yet to be evaluated thoroughly. The applicability of both the
Barton-Bandis and the continuous yielding joint models in dynamic analysis is uncertain, because

velocity dependent effects which have been observed experimentally are not accounted for in either
model.

These observations indicate the considerable uncertainties which currently exist concerning joint
deformation and strength under both static and dynamic conditions. It is probable that the capacity
for physical and computational modeling of dynamic performance of excavations under seismic
loading will be limited by inadequacies in formal description of joint deformation mechanics.
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9.5 Groundwater Response

There are two time scales to be considered in describing the effects of a seismic event on groundwater
hydrology in saturated rock. Immediate effects accompany the transmission of the ground motion
through the domain of interest. Any effects which succeed the passage of the wave are considered
as long-term.

Experimental studies indicate that the immediate response of jointed rock to seismic shaking is
analogous to undrained loading of soils. Changes in joint water pressure attend transient shear motion
at a joint if the joint is dilatant in shear. The effect of transient joint water pressure on shear strength
can be explained in terms of the principle of effective stress.

Field observations of immediate groundwater response to a seismic event are consistent with local
volume changes, such as compression of an aquifer, occurring during passage of the ground wave.
This causes fluid pressure changes in the aquifer, which may be observed as changes in standing
water level in wells which penetrate the aquifer. The magnitudes of the changes in well water level
are of the order of 10 m or less, but may be inferred to be related to distance from the seismic source.
However, substantial transient changes in well water level (greater than 5 m) have been recorded
several thousand kilometers from the source, as in the case of the Alaska 1964 earthquake.

The long-term hydrological response of a rock mass is generally related to changes in fault or joint
aperture caused by shear displacement on these features. Increased fissure aperture may provide
channels for enhanced groundwater flow, as illustrated dramatically by events following the Borah
Peak, Idaho, earthquake of 1983. A mine more than 50 km distant from the earthquake epicenter
was subject to increased joint flow sufficient to flood the lower workings.

A second mode of long-term hydrological response is purportedly associated with rock mass
compression associated with permanent shear displacement on major structural features. Changes
in water table and groundwater pressure may result from such effects.

While groundwater effects due to seismic events are important, equally significant long-term changes
in geohydrology may be induced by tectonic activity occurring aseismically. There has been
comparatively little study of such effects.

In the analysis of both immediate and long-term geohydrological performance of rock masses,
analytical techniques are required which can account for joint slip, dilatancy, and fluid pressure and
flow. There are several techniques which would be currently qualified for such analysis.

9.6 Analytical Methods

Itis generally assumed that numerical methods will be used extensively for analysis of the mechanical
performance of the host mass for a repository. With regard to repository response to seismic loading,
the selected analytical methods must take account of the relative scale of the problem domain and
the rock units which may be mobilized in a seismic event.

The various versions of computational methods for solid mechanics dynamic analysis, namely
boundary element, finite element and finite difference methods, are qualified in principle for analysis
of the seismic performance of a repository. However, essential features of a selected computer code
are that it can represent the free-field conditions appropriately, and that the discontinuous nature of
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the rock mass can be simulated. The latter restriction poses a substantial qualification requirement
for codes, as very few have been formulated explicitly to represent rock discontinuities such as faults
or joints. As noted previously, these structural features dominate the dynamic performance of
underground excavations. There are several codes which satisfy the essential qualifications of
capacity for dynamic analysis, suitable representation of free-field conditions and simulation of rock

discontinuities. These include boundary elements, finite elements, finite difference and distinct
element codes.

An issue which complicates the suitability of qualified computer codes is the type of joint model
implemented in the various programs. All the codes noted previously simulate the Coulombic
friction, linear deformation joint model, which is the most elementary representation of joint
deformation mechanics. For rough joints characteristic of those in tuff, the relevance of such a joint
model is arguable. The only code known to implement all three joint models (i.e., the Coulombic
friction, Barton-Bandis and continuous-yielding joint models) is the two-dimensional distinct ele-
ment code UDEC. The three-dimensional distinct element code 3DEC can simulate both the
Coulombic friction model and the continuous-yielding model, and it is possible that the Barton-
Bandis model could be introduced without excessive difficulty.

9.7 Validation of Methodology

Perhaps the most critical aspect of the application of a computational method in engineering analysis
and system performance prediction is validation of the method for the intended application. This
procedure is required in order to affirm that the computational analysis will satisfactorily indicate
performance of the real system to within a prescribed engineering tolerance. The particular need for
validation of codes for dynamic analysis of underground excavations arises from the comparative
novelty of the codes, the complexity of the processes involved in the deformation of block-jointed
media, and prevailing questions about the adequacy of the constitutive relations describing the static
and dynamic behavior of rock joints and faults.

For the case of underground seismic response, validation of a computational prediction method is
especially difficult, but nontheless highly essential. Development of a well-controlled, experimental
study whose results can be compared with analytical predictions appears to be the most feasible
approach. On the other hand, the necessity of good control dictates that a scale-model, laboratory
experimental study is necessary. This subsequently requires that material and joint deformation
properties be properly scaled. Therefore, preliminary experiments which confirm the correct mod-
eling of these aspects of the problem are further required. Hence, the code validation process will be
rather complex, and there is very limited previous experience available to help guide the approach.
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APPENDIX B. LIST OF ROCK MECHANICS COMPUTER CODES

[From “ISRM: Rock Engineering Software,” Int. J. Rock Mech.,,
Min. Sci. & Geomech. Abstr., 25(4), 297-250 (1988)]
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ANSALT 2FRG1 X X X X X X X X XTX
ESI-GEOMLIB 2FRG2 X 1 X X 8§ X X X X X X
FES 03 2FRG3 X X X 9 X X
MAUS 2FRG4 X X X X X
NONSAP-B 2FRGS X X X X X
SGG-STATAN-1S ~ 2FRG6 X X X X X
TUNNEL 2FRGT X X X X
DAMM 9 2GDR1 X X X
CAL-SDGRO 2GR1 X X
MSAV 2H1 X X
PFMT 2H2 X X X X
PANEL 211 X X
AXTRE 211 X X X
BOLT.FORT 212 X X X
cu7 213 X X X X
c12 214 X
c1z2 218 X X
130 216 X 10
CKCINT 217 X X X X
CKCREM 218 X X X X
cosMos 219 X X X
COUPLING 2710 X X
EARTH-FEM 2111 X X X X
ELASTOPLASTIC - 2112 X
ESPRIT 2113 X X X
EX2ANS 2014 X b X



Specific Capabilities

Temperature distribution/
heat conduction

Dynamic analysis

Rigid block stabitity
Evaluation of in sim
and 1est duta
Noalinear material
Large displacement
Three-dimensional

Displacement and stress
Scepage flow analysis

Constauciion/
excavation
Mining

FELAN 2115
FEM2D 2116
GATUC 2417
GEOTECHS 2718
LINEAR-VISCOELAST
NARS 2320
NATM 2121
ROCK FEM 2022
ROCKV9 213
SIGNAS 2124
STAK 2128
STEP 2126
STRESS-ANALYSIS 2J.27
NEE22 2P1
NEE.62 2.P2
COPRESS 2PL1
COVDR 2PL2
MES 1 2PL3
QUAD 2RSA.1
NOLINA 2.UK.1
ADINA 2.USA.1
BMINES 2.USA.2
CIGAP 2.USA3
GEOSYS 2.USA.4
JAC 2.USA.S
JPLAXD 2.USA.6
PLANE(NL)-2D 2.USA.7
SANCHO 2.USA.8
SPECTROM-21 2.USA.9
SPECTROM-11/
SPECTROM-311  2.USA.10
SPECTROM-31 2.USA.11
SSTIN-3D/SSTIM-2D 2.USA.12
STRESEEP-2D 2.USA.13
SUBSID 2.USA.14
CREEP 2.USSR.1
FA-110 2.USSR.2
FA-120 2.USSR3
FLAME 2.USSR.4
BE2D/BE3ID 3.AUS.1
3.AUS.2
3.AUS.3
3.AUS.4
3.AUS.S
3.AUS.6
3.CHINA.1
3.CSSR.1
3E1
3.FRG.1
3FRG2
3.FRG.3
1.FRG.4
311
32
3J3
3J4
318
3RSA.1
3RSA2
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Specific Capabilities

Pog f
] S 2 3 =
Code name Label g g 'g g ; E § g g‘
ER IR IR R ENR!
1 § £33 3312 g 3 § r
& 3% 3338 § ¢ 3 § i &3¢
NURIDE 3RSA3 X X X
X
BEMH2-SDEMHY 3.USAl X X
CAVERN/CAVIEW  3.USA2 X X
FEBE 3ISA X X X
HYDEBE 1USA4 X 17 X X
BLOCKS 4.AUS.1 X X X
DSM 4AUS2 X X X X
POLY 4.CH.1 X X
GEOPLN 4.CDN.1 X X X
GEOSTB 4.CDN.2 X X X
BLOC 4F1 X X X X X
TETRAROC 4F2 18 X X X
JLWIDER 4FRG.1 18 X X X
ROCKSS 411 X X
WEDGE 4RSA.1 18 X X X
DAYLITE 4.USA.1 19 X
JOINTSIM 4.USA2 19 X
PFIROTFA 4.USA3 X
SLOPESIM 4.USA4 19 X
SWARS 4.USAS X X
SWARS-2MC 4.USA6 X X
SWARS-2PM 4,USA.7 X X
GEOSAT 5.CDN.1 X
GEOSPG S.CDN.2 X
ECOUL2 S.Ei1 X
FISSURE 5F2 X 20 X
HYMEC/HYMECTRY/
MECHYD S.F3 X 20 X X
HYD 03 5.FRG.1 X X X
c212 5J1 X X
c-213 512 X X X
COUPE $.13 X
DIFFUSION I 514 X X
GFLOW $.J.S X
HBADM 516 X
HEAT § SI7 2 X
QUASI 518 X X
SEEP 539 X
SEEPAGE $.J.10 X
SEEPAGE 3/SEEPAGE 2 sIin X X
SEEPAGE-ANALYSIS 5.J.12 X
STOFF 5113 23
UNSAF ~ 5lle X
WAS2 5.J15 X X X
WASGR2 5116 X
QSOL SRSA1 24
FIEL2D 5.USA.l X
SEEP2(VM)-2D3D  S5.USA2 X X
SEPROC S.USA3 X X
SPECTROM-41/ '
SPECTROM-341  5.USA4 25 X X
SPECTROM-58 S.USA.S 26 X
EPDSA 6.CHINA.1 X X X
NT6PS 6CHINA2 X X
DSIM 6FRG.1 X X X
BRAST 6J.1 X 27 X X
DAYS-2 6J.2 X X X
DY2 613 X X X
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Specific Capabilities

3 g
E g > 3 =
h-] é “ K :‘ "

Code - E 25 E § g g g B,

name Label 3 3 V3 s = 2
: o< §§ 1 88: 1 [ % 1 5 is
2 33 g 3 ¢ :

Pty il idi1+7 0y
& 88 2 3% 5 £ 2 35 = 55 s

HONDO Il 6USA1 X X X X X

LAYER 6USAZ X X X

WONDY 6USA3 X X X

ORIENT 7.AUS.1 X

STRSSI 7.AUS.2 X

CELULG 7B.1 X

GEODAT 7.CDN.1 X

POLARI 7.11 X

SASM 712 X

SASMR 713 X

DBAP 711 X X

BDAP-B 712 X X

FENTE 713 X

ROCK TEST 714 X

AGRUALLLI 7P1 X

AGRUAMIN 7P2 X

DESDIAFR/DEDIFRAL/

DESODIFR 7P3 X

SOMAGRUP 7P4 X

JOINT-ANALYSIS-

SYSTEM TRSAL X

ROSE 7RSA2 X

FDND 7.USA.L 29 X

FRACTWO 7USA2 X

JANAL 7.USA3 X

ORIENTAN 7.USA4 X

PROBE 7.USA.S X

1 Coupled consolidation.

2 Can be coupled with noniinear transient thermal analysis.
3 Extension NOTEM 3.

4 Coupled consolidation or transient secpage (GEFLAP).
s1 14:',2_‘}! lagti s d ats

0

6 Two-dimensional.

7 Large displacements and large strains.

8 Large displacements, large strains and slide-lines

9 Special vemion: FEST D3.

10 Pore pressure considerod.

11 Satursted unsssurated seepage, consolidstion

12 Plane stoain, but 3-D-effects of tumel face progression being considared in 2-D-scheme.
13 Capability of coupled dynamic interaction with 3-D- oire.

14 Non-elastic crushing, sliding, and separstion on mining planes and faults can be considered.
15 Specially designed for fracture propagation problems.

16 Planned.

17 In the discrete element damain,

18 Pore pressure ss input,

19 Probabilistic approsch.

20 Can be coupled with stress analysis (iteratively).

21 Seopage, diffusion, sdsarption and absorption.

22 Heat conduction analysis.

23 Generilized computer code for analysis of solution transport with dispersion.
24 Solute transport can be considered.

25 Conductive and convective heat transfer anslysis.

26 Brns transport in rock sait,

27 Plane strain, tat 3-D-blasting effocta can be considered.

28 Program SSTN (DYN)-2-D

29 Evaluation of displacements of jointed rock mass in form of an idealized cylinder
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