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Abstract

In concepts for the underground storage of nuclear fuel waste, the primary rock mechanics
concern is the development of damage around excavations. By controlling the extent of
the excavation damage zone, the potential for transport of radionuclides, either by diffusion
or by groundwater flow within this zone, can be controlled. To this end, it is first neces-
sary to demonstrate that the fundamental behaviour of the rock mass around underground
openings is understood. The measurement and interpretation of excavation-induced dis-
placements around openings plays a key role in this respect. For example, in the absence of
appreciable excavation-induced damage, displacements have been used extensively to back
calculate in situ stresses. In rock damaged during excavation, displacement measurements,
in combination with numerical models and in situ characterization, are also important as a
means of determining the extent and characteristics of the damaged zone, and the processes
responsible for its development. These two applications tend to be mutually exclusive.
Using AECL’s Mine-by Experiment as the field study, this thesis considers the problems
associated with analysis and interpretation of displacement measurements taken during ex-
cavation of a cylindrical tunnel in a massive, highly stressed, brittle rock mass. A technique
using the radial displacement response from within one diameter of the tunnel face is de-
veloped to back analyze the in situ stress tensor in conditions where extensive excavation
damage is evident in parts of the tunnel. The estimated stress tensor is, in turn, used in con-
junction with observations and results from field characterization, and numerical modeling,

to determine the extent and characteristics of excavation damage around the tunnel. The

ii



relationship between displacement, stress and excavation damage is also explored through
comparison of results from numerical modeling and field characterization.

The main contributions represented by this thesis are:

o Amn in situ stress back analysis technique based on radial displacement measurements

taken within one tunnel diameter of the face.

o General approximating functions to describe the relationship between radial displace-
ment and tunnel face position (i.e., the spliced logistic function), and between radial

displacement and radial distance for positions within one diameter of the tunnel face.

o Parametric functions describing the characteristic radial displacement surfaces asso-

ciated with components of a partitioned unit stress tensor.

o An interpretative methodology for displacement measurements in highly stressed brit-
tle rock, including a correction methodology for face curvature and stepped longitu-

dinal tunnel geometry.

o An assessment of the limitations of posterior-type displacement monitoring instru-
ments, such as convergence arrays, and the assumptions inherent in interpreting re-

sults from them.

o An estimate of in situ stress conditions and material properties at the 420 Level of

AECL’s Underground Research Laboratory.

o An interpretation of the extent and characteristics of the damaged zone around the

Mine-by Experiment test tunnel, and the processes responsible for its development.

il
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Chapter 1

Introduction

Excavation-induced displacements in a rock mass figure prominently in many current rock
mechanics problems, ranging from practical tunneling issues, such as support design, to more
research-oriented topics, such as the design of effective sealing systems for a nuclear fuel
waste disposal vault. The level of knowledge required about the displacement field around
an excavation is dependent largely on the proposed application for the underground opening.
For instance, the resolution of displacement measurements in a mining situation may only
be required to a few centimetres to establish the safety of an opening, whereas displacements
in the order of micrometres may be of interest in a vault sealing application to assess the
potential for groundwater migration. Regardless of the end use of the excavation, the
displacement field around an underground opening is influenced by many factors, including

tunnel shape, in situ stresses, material properties of the rock mass, and progressive failure.

1.1 Problem Statement

Correct interpretation of an excavation-induced mechanical response has important impli-
cations in terms of nuclear fuel waste disposal. As described by Read and Martin [157], the
specific rock mechanics issues associated with the underground disposal of nuclear wastes
are related primarily to the complex coupling of groundwater flow with thermal, mechani-

cal, and geochemical effects. Stress redistribution around the opening and the subsequent
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heating due to the waste emplacement, for instance, can alter the porosity and hydraulic
conductivity around an excavation, both through the creation of new fractures and through
opening or closing of existing fractures. By controlling the extent of the excavation damage
zone, the potential for transport of radionuclides, either by diffusion or by groundwater
flow within this zone, can be controlled. Interpretation of the extent and characteristics of
this zone by means of displacement measurements is therefore of primary concern in vault
design. The reliability of such an interpretation is, however, dependent on an understanding
of the in situ stress conditions.

In linear elastic ground, standard techniques for interpreting tunnel wall displacements
can be used to estimate the far-field in situ stress tensor from the measured rock mass
response [117, 74]. These types of approaches are generally acceptable in low to moderate
stress regimes in granite or other brittle rocks, where excavation-induced damage is not an
issue. However, in high stress regimes where stress concentrations are sufficient to damage
the rock immediately around the underground opening, the interpretation of these types of
displacement measurements using linear elasticity may result in unrealistic estimates of in
situ stresses. Consequently, for openings with appreciable damage zone development, it is
necessary to recognize departure from linear elastic material behaviour in order to properly
assess in situ stress conditions. |

Routine measurements of tunnel convergence or closure typify large-scale displacement
monitoring programs in many mines and tunneling operations. Convergence arrays are
commonly used for this purpose because of the relatively low cost of the instrumentation
and the ease and speed with which measurements can be taken. Multi-anchor extensometers
are also used to determine the radial displacement profile away from an opening, but these
are more costly than convergence arrays, and are only used where detailed information is
required. The interpretation of the mechanical response measured by these instruments
is complicated by the fact that, with the exception of specific mining applications like

that detailed by Atkins and Keen [2], or rock mechanics research experiments such as that
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described by Heuzé [73], displacement monitoring generally involves installing instruments
some distance behind the advancing tunnel face (Figure 1.1). Consequently, only a portion
of the total displacement response is typically measured.

To account for the posterior nature of the installation of these instruments, i.e., in-
stallation behind the advancing face, general rules of thumb are usually applied to the
interpretation of radial displacement data. For example, Panet and Guenot [147] have re-
ported that, in the case of a cylindrical flat-faced tunnel under hydrostatic stress conditions,
approximately 27% of the total displacement at the tunnel wall occurs ahead of the tunnel
face, and is therefore not picked up by posterior-type instruments. However, because of
large displacement gradients near the tunnel face, and dependence of the response on more
factors than just the distance of the measurement point from the advancing face, indis-

criminate application of such general rules to displacement measurements can lead to large

A

... . Posterior - - - - - - - - - Anterior - -

Figure 1.1: Definition of the posterior and anterior domains for an idealized cylindrical
tunnel. The positions of arrows represent typical locations of instruments in each domain,
and the direction of the arrow indicates the typical direction of installation: for the posterior
domain, from the tunnel outwards; and for the anterior domain, from an external opening

inwards.
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interpretative errors.

The posterior installation of instruments is just one of the problems faced when inter-
preting measured displacements. In a more general sense, interpretation of displacement
measurements suffers in most instances from a lack of characterization data about the rock
mass around the tunnel, and poorly defined boundary conditions, such as the in situ stress
state, and material properties. Many authors have suggested that the effort required to de-
velop a refined interpretative methodology for posterior displacement measurements is not
warranted given the large degree of uncertainty associated with selecting appropriate values
of parameters describing the rock mass and its mechanical behaviour. To date, there is
little or no experience with controlled in situ experiments, incorporating both posterior and
anterior instruments, in a well-characterized rock mass with known boundary conditions.

The difficulties associated with the interpretation of displacement measurements have
relegated their use to only a handful of rudimentary cases where elasticity theory can be ap-
plied. The work undertaken in this thesis attempts to extend the use of such measurements
to cases involving the development of an excavation damage zone in a non-hydrostatic stress
field. Simply stated, the working hypothesis for this thesis is that, in unjointed, highly
stressed, brittle rock that has sustained signiﬁcant damage through excavation-induced
stress redistribution, displacements measured near the face of a cylindrical tunnel can be
used to interpret both the far-field in situ stress tensor, and the extent and characteristics
of the excavation-induced damage zone around the tunnel as long as the rock mass, prior

to excavation, can be considered a homogeneous, isotropic continuum.

1.2 Scope of Work

AECL’s Underground Research Laboratory (URL), located approximately 120 km north-
east of Winnipeg, Manitoba in the Lac du Bonnet granite batholith (Figure 1.2), provided
the field study location for this thesis. The URL constitutes a well-characterized in situ en-

vironment in a previously undisturbed volume of rock for experiments that address issues of
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importance in assessing the Canadian disposal concept, and/or that demonstrate elements
of the proposed disposal technology. In particular, the Mine-by Experiment [155] at the
420 Level of the URL, designed to investigate the excavation-induced rock mass response
around underground openings, incorporated both anterior-type instruments (multi-anchor
extensometers, triaxial strain cells, and an acoustic emission/microseismic system), and
posterior-type instruments (convergence arrays and miniaturized multi-anchor extensome-
ters) to measure the excavation-induced rock mass response, and consequently presents a
unique opportunity to assess the factors that influence the measurement of displacements.

The author’s involvement in the Mine-by Experiment as Principal Investigator included
design, project management, numerical modeling and analysis. The work described in

this thesis is an extension of that involvement to subjects that would not otherwise be

130 Level

j 240 Level

Uy 300 Level

420 Level

Figure 1.2: Location and arrangement of AECL’s Underground Research Laboratory show-
ing the main working levels.
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considered in depth in the course of analyzing the experimental data. Results from AECL’s
Mine-by Experiment are used to identify and quantify the factors influencing the measured
displacement field; to compare anterior- and posterior-type displacement measurements;
and in combination with numerical modeling, to test the working hypothesis for this thesis.

As part of the Mine-by Experiment, the philosophy adopted for numerical modeling was
that a staged approach, ranging from the use of closed-form solutions to three-dimensional
damage mechanics models, was necessary to assess the level of complexity required to accu-
rately simulate the in situ rock mass behaviour. It was demonstrated that relatively simple
models incorporating linear elasticity were illustrative of many aspects of the observed be-
haviour [154, 125]. The numerical modeling undertaken in this thesis uses both two- and
three-dimensional numerical codes, and focuses on elastic material behaviour.

The thesis is arranged in seven chapters. Chapter 1 introduces the topic of displace-
ment interpretation and establishes the working hypothesis and framework for the thesis.
Chapter 2 is a review of literature concerning the relationship between excavation-induced
displacements around tunnels, far-field in situ stresses and the nature of the damage zone,
focusing particularly on cylindrical tunnels in brittle rock. Chapter 3 provides background
of the field study area, and summarizes the pre-excavation characterization results upon
which initial predictions of the in situ stress tensor and the excavation-induced displace-
ment response were made. Chapter 4 describes the development of a technique to back
analyze in situ stresses from radial displacements measured within one diameter of the face
of a cylindrical tunnel, and summarizes a series of numerical modeling studies conducted
to investigate the effects of face shape and stepped longitudinal geometry on the measured
radial displacement response. An interpretative methodology is developed and applied to
displacement measurements from the field study in Chapter 5. In this chapter, results
from anterior- and posterior-type displacement monitoring instruments are compared, and
the in situ stress tensor is estimated through incremental analysis of radial displacement

measurements from both instrument types. Chapter 6 explores the relationship between
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displacement, stress and excavation damage, and presents results of post-excavation charac-
terization of the Mine-by Experiment test tunnel emphasizing the shape and extent of the
visible damage zone around the tunnel. Incorporating the visible damage into a numerical
model, different material behaviour in the posterior domain is investigated to account for
the difference between the predicted linear elastic displacement response and that measured.
Finally, Chapter 7 summarizes the interpretation of excavation-induced displacement mea-
surements in terms of the back analysis of in situ stresses and characterization of excavation
damage in highly stressed brittle rock masses, with specific reference to results from the
field study.

Several appendices are included to accommodate data and figures from numerical mod-
eling, mathematical derivations, and results from field monitoring. Only figures and tables
required to illustrate pertinent concepts or to support conclusions are included in the body

of the thesis. Additional tabular data for some figures are not included but are available

from the author.



Chapter 2

Literature

Under low to moderate stress conditions, brittle crystalline rocks such as granite are gen-
erally assumed to behave like the ideal linear elastic material in their intact, unweathered
states. However, under highly stressed conditions in which damage can develop around
an underground opening, the interpretation of displacement measurements in terms of in
situ stresses and material behaviour in the damage zone can be complex. With particular
emphasis on cylindrical tunnels in highly stressed brittle rock masses, the literature was
reviewed for studies that considered the relationship between excavation-induced displace-

ments around tunnels, far-field in situ stresses and nature of the damage zone.

2.1 Displacements around an Idealized Cylindrical Tunnel

2.1.1 Elastic cases without excavation damage

Only a few closed-form solutions exist for displacements and stresses around underground
openings in linear elastic, isotropic media. Kirsch [99] first published the solution for stresses
around a circular hole in an infinite plate subjected to a uniaxial stress. Mindlin [131] pre-
sented an elegant treatment of stresses around a horizontal cylindrical hole in a semi-infinite
elastic solid under the action of gravity. Terzaghi and Richart [181] considered stresses
around openings of different shape including spheroidal cavities, and summarized the ma-

jor contributions on stress redistribution around discontinuities in stressed elastic media.
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Of the more recent rock mechanics publications, Goodman [59] provides the equations for
stresses and displacements around a circular opening in a useful form, whereas those pre-
sented in the first edition of Brady and Brown [8] are incorrect. Based on the general
solutions, Leeman [117], Hiramatsu and Oka [74] and others developed techniques to back
calculate far-field in situ stresses from tunnel (or borehole) wall displacements induced by
stress relief methods. When applied to single tunnels, these techniques provide an estimate
of the stress components in the plane orthogonal to the tunnel axis. The maximum and
minimum stresses in this plane correspond to principal stresses only if the tunnel axis is
parallel to a principal stress direction.

The analytical solutions for the circular tunnel relating excavation-induced displace-
ments and far-field in situ stresses implicitly assume plane strain conditions at the mea-
surement point both before and after stress relief. In practice, displacement measurements

taken from within tunnels violate this assumption. Heuzé [72] wrote:

The fact is that all deformations measured inside rock masses are residual in
nature. No matter how close to the openings or how soon the instrument or
station was emplaced, some deformation has already taken place that could not
be measured. If absolute deformations as well as absolute stresses are needed
to compare model predictions to prototype reactions, one will have to infer the

absolute deformations from the residual ones measured.

Field studies designed to measure the total excavation-induced displacement response [40,
119, 42, 100, 78], including that portion occurring ahead of the advancing face, have gener-
ally been inconclusive owing to inhomogeneity of the rock mass.

To further complicate the interpretation of measured displacements, deviations from
linear elasticity can result in stress and displacement patterns significantly different from
those predicted by isotropic elasticity. Kawamoto [94], for example, considered the state

of stress and deformation around a tunnel in orthotropic elastic ground. He found that
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orthotropy resulting from stratification, structure, mineral differences, or discontinuities,
had a marked effect on displacement patterns, illustrating that characterization of the rock
mass is an important precursor to interpretation of displacement measurements. The effect
of non-linearity was considered by Santarelli et al. [169] and Santarelli and Brown [168], who
explained anomalously high strength around boreholes in hydrostatically loaded sandstone
samples using a radial-stress-dependent elastic modulus. Ewy and Cook [48, 49] showed that
an analytical solution with the elastic modulus dependent on radial distance gave a better
representation of observed non-linear behaviour. Several other authors [37, 162, 31] have
developed equations describing non-linear stress-strain relationships which can be extended
to cover the case of a pressure- or mean stress-dependent modulus. In each of these cases,
the effect of non-linearity is to reduce the elastic modulus near the opening, resulting in a
decrease in stress concentrations, and an increase in radial displacement, at the tunnel (or
borehole) wall.

Recognizing the limitations of analytical solutions for infinitely long circular tunnels, and
the fact that a closed-form solution for stresses and displacements near the face of a cylin-
drical tunnel does not exist, attention focused on relating residual or posterior displacement
and strain measurements to in situ stresses through physical and numerical model studies.
Galle and Wilhoit [56] used a photoelastic technique to measure stresses around a borehole,
and showed that, through superposition of results from various loading configurations, any
combination of geostatic stresses could be considered. Hoskins [79] conducted full-scale
laboratory tests using doorstopper stress measurements. Stress concentration factors at
various points on the tunnel face were also investigated using numerical models {19, 76]. In
an attempt to improve the doorstopper technique, Hoskins [80] and later van Heerden [185]
conducted tests with flat and hemispherically-ended boreholes to determine if a non-planar
face was effective in reducing stress concentrations and potential fracture zones near mea-
surement gauges. Sugawara and Obara [175] and Kobayashi et al. [101] also considered the

hemispherically-ended borehole. The borehole deepening method of stress measurement,
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studied by de la Cruz and Goodman [30], used the finite element method to relate the
residual deformation close to the bottom of the borehole to the initial stresses and elastic
constants. These techniques have proven satisfactory in conditions where the rock mass
around the tunnel or borehole can be considered an isotropic, linear elastic continuum,
but are susceptible to misinterpretation if stresses are high enough to cause non-elastic
behaviour near the measurement gauges.

Other numerical modeling studies were conducted to determine the effects of various
factors on the excavation-induced displacement response. Kulhawy [103, 104, 105] used a
two-dimensional finite element model to look at the effects of E, v, gravity, initial stress
magnitude and orientation, opening shape, and non-linear stress-dependent material prop-
erties in continuous and discontinuous media. His studies highlighted the fact that, even
under ideal conditions, the displacement response can be complicated by tunnel geometry
and material properties. Niwa et al. [135] used the integral equation method to examine the
effects of individual unit stress components on the displacement field around a cylindrical
tunnel. However, the use of quarter symmetry in the three-dimensional model misrepre-
sented the effects of antiplane components of the stress tensor. The study did, however,
demonstrate that the relationship between far-field in situ stresses and displacements can

be complex near the tunnel face.
2.1.2 Cases involving plastic zone development

In conjunction with the observational approach, e.g., Rabcewicz [153], prediction of tunnel
convergence is an integral part of the characteristic line method described originally by
Fenner [52], and later improved by such workers as Morrison and Coates [132]. Although
the focus of this thesis is not tunnel supports per se, the many efforts to predict conver-
gence for support design are relevant because they consider the effects of different material
behaviour near the tunnel wall on the radial displacement response. A detailed review of

the characteristic line method is given in Hoek and Brown [78].
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As described by Brown et al. [12], the stresses and displacements in the rock surrounding
a tunnel and in the tunnel support system depend on the rock mass properties, the in situ
stresses, the type and stiffness of the support system, and the timing of its installation. The
interaction of these various elements can be represented on a ground-support interaction
diagram (Figure 2.1) by a characteristic line and a support reaction line. The characteris-
tic line represents the relationship between tunnel convergence and support pressure. The
choice of rock mass failure criteria, stress-strain model, and treatment of plastic volumetric
strains markedly affects the extent and dilational characteristics of the plastic zone, and,
consequently, the characteristic line and maximum radial displacement. According to Dud-
deck [36], prediction of the characteristic line analytically is restricted to one-dimension, i.e.,
the axisymmetric case (Figure 2.1). This limitation implies a circular cross section; plane
strain; hydrostatic in situ stresses; a homogeneous, isotropic continuum; uniform radial
support pressure; and a uniformly thick plastic zone. Derivation of the equations describing
the characteristic line for a typical axisymmetric case, assuming an elastic-perfectly plas-
tic material governed by the Hoek-Brown failure criterion, is demonstrated in Hoek and
Brown [78]. Brown et al. [12] summarized other solutions up to 1983 (Appendix A).

Most solutions to the axisymmetric tunnel problem have used the Mohr-Coulomb fail-
ure criterion. However, uses of Fairhurst’s non-linear criterion based on Griffith crack
theory [107], Mohr-Coulomb based on long-term strength parameters [107], piece-wise lin-
ear approximations to non-linear Mohr envelopes [98, 102], and the Hoek-Brown failure
_criterion [12] have also been documented. More recently, Panet and Guenot [147] used a
von Mises and a Drucker criterion for different materials. Likewise, the use of elastic-plastic
or elastic-brittle-plastic stress-strain relationships was prevalent in most studies, although
strain-softening behaviour of the rock mass, represented by a trilinear stress-strain law, has
also been considered [39, 40, 134, 144].

Plastic volumetric strains have been represented in a number of ways. Most of the



CHAPTER 2. LITERATURE REVIEW 13

earlier solutions assumed that the rock in the plastic zone would deform at a constant vol-
ume [52, 93, 132, 9]. The concept of an average plastic dilation in the rock mass, introduced
by Labasse [106], was used by several other authors [28, 1, 121, 122], but Ladanyi [107]
showed that plastic dilation varies with radius and location within the plastic zone. Pa-
rameters defining the post-peak volumetric strain have been determined directly for intact
rock material [25, 38, 108], but other authors have used the associated flow rule to estimate
them [167, 107, 54, 78]. Schwartz and Einstein [170] used a non-associated flow rule to
simulate zero total volume change in the yielded zone.

Characteristics of the plastic zone have also been treated differently by various authors.
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Figure 2.1: Typical ground-support interaction diagram showing the characteristic line for
an axisymmetric tunnel in an elastic-perfectly plastic medium governed by the Hoek-Brown
failure criterion. Reference points on the characteristic line are: (A) far-field hydrostatic
stress, (B) transition from elastic to plastic response, (C) equilibrium state, and (D) maxi-
mum convergence for the unsupported case. The axisymmetric tunnel problem is illustrated
in the upper right diagram.
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Lombardi [122] showed that variations in cohesion and friction angle within the plastic
zone could be represented by annular regions with different characteristic lines. Florence
and Schwer [54] demonstrated that three different plastic zones could develop around a
tunnel under axisymmetric load depending on the values of Poisson’s ratio and the friction
angle. Other authors [67, 75, 84] have postulated solutions based on different values of
the elastic constants in the elastic and plastic zones. Kaiser [83] concluded that tunnel
wall displacements were affected by the history-dependent post-peak behaviour of the rock
mass, and that the extent and shape of the plastic zone were rate-dependent and could vary
within a wide range.

There have also been many recent publications concerning the visco-elastic axisymmetric
tunnel problem. Sulem et al. [176], for example. developed an analytical solution assuming
a linear creep law, constant volume creep, a Mohr-Coulomb failure criterion, and constant
volume plastic strain. Others [172, 141] have formulated the visco-elastic equations for
various rheological models from Laplace transformation of the elastic plane strain solution
for displacements around a circular tunnel.

While the large number of solutions to the axisymmetric tunnel problem is impressive,
the basic assumption of a hydrostatic stress field limits the usefulness of these solutions for
most in situ conditions. In addition, because in situ material behaviour may differ from that
observed in laboratory samples, the determination of failure criteria and post-peak material
behaviour is not straightforward. In most cases, it is possible to use several different models
to match an observed displacement response. However, unless the model reflects the actual
physics of the observed behaviour around the tunnel, it is of limited use in characterizing
the behaviour in the plastic zone. In emphasizing this point, Gesta et al. [57] stated that in
situ measurements could only be satisfactorily interpreted within the framework of a correct

mechanical model.



CHAPTER 2. LITERATURE REVIEW 15

To overcome the limitation of hydrostatic stress conditions in the axisymmetric tun-
nel problem, Detournay and Fairhurst [32] considered non-hydrostatic loading using a lin-
ear elastic, perfectly plastic isotropic material characterized by a cohesive-frictional yield
strength and by dilatant behaviour during yield. The yield function and non-associated
plastic potential were represented by Mohr-Coulomb criteria, and excavation was simulated
by monotonically decreasing the internal pressure in the tunnel. The authors found that
the obliquity m, defined as the ratio of the far-field stress deviator to the yield limit, was
important in defining deviation from hydrostatic conditions, and in particular, controlled
the shape of the failed zone, the ellipticity of the cavity caused by non-uniform closure,
and static determinacy. Based on this work, Detournay and St. John [33] developed de-
sign charts to predict the size and shape of the failed rock regions and induced closure
for cases of non-uniform in situ stress fields. In related work, Pan and Chen [143] con-
sidered displacement behaviour and plastic-zone development around tunnels of different
cross-section under plane strain conditions, and developed families of characteristic lines for
various non-hydrostatic in situ stress conditions.

Although solutions to the axisymmetric tunnel problem predict radial displacement at
the tunnel wall under different internal radial pressures, Lombardi [122] and Eisenstein et
al. [41] pointed out that the two-dimensional nature of the solutions precludes consideration
of the complex stress redistribution associated with the advancing face of the tunnel. To
overcome this limitation, several extensions to the plane strain solution were proposed. Pan
and Hudson [140] applied a correction function to results from the plane strain analysis
to approximate the three-dimensional case. Gesta et al. [57] cited examples that used a
fictitious radial support pressure to account for the support provided by the face. Using this
approach, Panet and Guellec [146] found that results from locations further than one-half
the tunnel radius from the face compared favourably with those from a three-dimensional
analysis. Schwartz and Einstein [170] demonstrated the “core modulus reduction” scheme

to account for the face effects in a similar manner. Amberg and Lombardi [1] used body
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forces directed outwards into the rock mass. The use of a fictitious radial support pressure,
or other “internal” boundary condition, however, improperly represents in situ conditions
because, although the deviatoric stresses near the tunnel wall are preserved, the confining
stresses at which they act are not. Consequently, the ability to predict material instability
at the tunnel wall with any of the accepted failure criteria is adversely affected.

Perhaps the most significant advancement to the characteristic line method was made by
Panet and Guenot [147], who developed equations relating wall convergence to the position
of the advancing tunnel face. Based on finite element model studies for different materials
and earlier work by Panet [145], the tunnel convergence function was given by

Ci(2) = Co |1 - (-L—) (2.1)

_z
1+ 0.847,

where C (z) is the convergence at distance z from the tunnel face, C, is the convergence
far from the face, and 7, is the plastic radius.

Equation 2.1 agreed well with the modeling results in the region further than one-half
radius from the tunnel face. For non-viscous ground, the authors showed that measurement
of convergence or convergence rate at two points was sufficient to determine the plastic
radius and the final convergence. In ground with time-dependent properties, the authors
suggested that the equation for convergence is a function of both distance from the face and
time. Using the Fréjus and Las-Planas tunnels as case studies, Guenot et al. [61] further

modified the equation describing convergence to

C (z,1) = C (:c){1+m[1- (z%“ﬂ} (2.2)

where C; (z) is given by Equation 2.1, and T is the relaxation time of the rheological model.
The curve-fit parameters m and n were found to be independent of the tunnel lining stiffness.
Application of the method was described in more detail in Sulem et al. [177].

The analytical solution presented in Equation 2.2 is appealing in that the relationship

between displacement and support pressure is implicit in the plastic radius parameter in
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the denominator, the relationship is independent of material type, and the equation param-
eters have physical meaning and therefore can be verified in situ. However, the underlying
assumptions in applying the equation, i.e., that the tunnel is of circular cross-section (not
true of the Iréjus or Las Planas tunnels) and that the initial stresses in the ground are
hydrostatic, limit the applicability of the approach. In addition, the relatively poor fit be-
tween measured and predicted data within one-half radius of the face brings into question
the choice of function used to represent the time—independenf displacement response.
Barlow [4] and Barlow and Kaiser [5] extended the solution to account for the effects of
support/ground interaction, and for tunnel excavation sequence (e.g., heading and bench)
by describing the anterior and posterior domains with different displacement functions. The

tunnel convergence in the anterior domain was given as

1.2

1
Clz,t)=Qq | ———— Croo o .
@0=01 |- (=) (oo + ACs (1) (2.3)

0.847,

where ()1 is the proportion of the total stress change associated with excavation that occurs
ahead of the face, z; is the value of z at the tunnel face, r, is the plastic radius, Cyo is
the ultimate time-independent tunnel convergence, A is the ultimate time-dependent con-
vergence, and C; (t) is the time-dependent convergence distribution given by Equation 2.2.

For the posterior domain, the convergence function was given as
C(z,t) =[Q1+ Q201 (2)][Creo + AC2 (2)] (2.4)

where ()5 is the proportion of the total stress change associated with excavation that occurs
after the face, and Cj () is given by Equation 2.1. This work suggests that construction
methods/sequences and tunnel support could influence the measured convergence, particu-
larly if the ground response has a large time-dependent component. It also shows that the
convergence response is best described by a piece-wise continuous function.

Extensive numerical model studies have been conducted to consider factors related to

rheological behaviour, and their impact on the excavation-induced displacement response.
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Many authors [58, 164, 142] have found that the advance rate of the tunnel and the timing
of the lining installation are important factors in squeezing or swelling ground where time-
dependent behaviour is a concern. Panet [145] developed an empirical relationship for time-
dependent tunnel convergence to account for these and other effects. Based on published
data, Kaiser and Morgenstern [87] developed a phenomenological three component model
to explain their observation that the strength of rock consists of a time-dependent and time-
independent resistance to deformation. Field studies where rheological models have been
applied have generally involved weak or fractured rock, e.g., [121, 138, 61, 189], and have
been largely phenomenological in nature. Lombardi [121] stressed that the actual cause
of the rheologic behaviour in the rock mass, e.g., true viscous behaviour or progressive
failure, was of subordinate importance in support design. However, in characterizing the
excavation-induced damage zone, the cause of the observed behaviour is the important issue,
and therefore phenomenological models are of limited use in this regard.

Findings from other three-dimensional parametric studies of stresses and displacements
around underground openings are also applicable to displacement interpretation in hard
brittle rock. Hanafy and Emery [64, 65] evaluated the effects of stress ratios on tunnel wall
convergence in squeezing ground using a rheological axisymmetric finite element model with
non-axisymmetric loading represented by Fourier series. Results of the study showed that
radial displacement increased with increasing longitudinal stress ratio (i.e., ratio of axial
to vertical stress), decreased in the crown and increased at the springline with increasing
transverse stress ratio (i.e., ratio of lateral to vertical stress), decreased with increasing
advancement rate, and increased with increasing time delays.

Pelli [148] and Pelli et al. [149] used a three-dimensional finite element model, with non-
associated flow plasticity and incremental excavation, to investigate the effects of the virgin
stress field (for stress ratios K < 2), zero reading delay, rock mass anisotropy, non-linear
ground behaviour, and tunnel support on convergence and extensometer readings. They

found that zero reading delay significantly impacted the amount of displacement missed
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by posterior-type instruments, and that high values of the axial stress component, i.e.,
the normal antiplane component of the stress tensor, affected the displacement patterns
significantly. They further showed that plots of radial displacement versus radial distance
and versus excavation advance could be used to estimate the elastic modulus near the tunnel,
and identify zones of non-linearity. Application of the findings to the Donkin-Morien tunnel
in Nova Scotia [150] illustrated the problems introduced in displacement interpretation by a

poorly-defined stress state, heterogeneity of the rock mass and inadequate instrumentation.
2.1.3 Cases involving brittle failure

Numerous laboratory studies have been conducted to simulate the behaviour observed
around tunnels, and have generally used materials with pre-drilled holes to represent typical
underground openings [125]. Kaiser and Morgenstern [88, 89, 90] performed a particularly
illustrative study of displacements using continuously datalogged extensometers and con-
vergence arrays to examine the deformation of small tunnels in weak or jointed, brittle rock
represented by a large block of coal. They found that local geological features affected the
final pattern of convergence, and that global or local softening near the opening, rather
than strain weakening behaviour, could account for displacements in excess of linear elastic
predictions. Results from this study also showed that, for orthotropic compressible mate-
rial like coal, convergence measurements reflect the global response of the rock mass and
the general stress redistribution caused by the development of local yield or fracture zones,
whereas extensometer measurements provide a much more detailed local record of deforma-
tion. Similar conclusions were reported for a tunnel in fractured dolerite [195]. Kaiser et
al. [86] concluded that analytical solutions cannot be used to predict behaviour if rupture
occurs.

Many numerical modeling studies of damage zone development have been conducted,
but have generally not been related to displacement interpretation. Barla [3] used an

iterative two-dimensional finite element approach to analyze stresses in brittle rock. Kelsall
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et al. [97] developed an equivalent porous medium based on stress-hydraulic conductivity
relationships obtained in the laboratory to study damage development. Zheng et al. [196]
used an iterative elastic two-dimensional finite element model to demonstrate that, by
simulating progressive failure through element removal, the final stable shape of a borehole
breakout could be determined. Borehole breakouts and their formation were also considered
by other authors, e.g., [63, 197, 139]. Most of these studies, while claiming the ability to
predict the final breakout geometry, do not attempt to match observed processes involved in
the development of progressive failure. Kaiser [83] emphasized that deformation processes
in model predictions must be compared with in situ processes to validate numerical models.
Recent work by Read [154] and Martin [125] suggests that, in order to properly capture the
development of progressive failure, the three-dimensional effects caused by the advancing

face of the tunnel must be taken into consideration.

2.2 Field Studies of Excavation-Induced Displacements

2.2.1 Deep hard rock mining experience in South Africa

The control of displacements to limit instability was a prevalent theme in many of the
early publications regarding South African mining practices, and the problems faced in
brittle quartzite at great depth. In considering rockbursts, Cook [20] and others [22, 165]
concluded that behaviour around underground excavations in hard rock is largely elastic,
except near the opening where the rock is generally fractured. Using an elastic analysis
technique based on Muskhelishvili [133], Ortlepp and Cook [137] predicted displacements
around longwall excavations by measuring £ and v from small laboratory samples, and
by assuming a lithostatic vertical stress component and horizontal to vertical stress ratio
between 1 and 1. Hoek and Brown [78] pointed out that this was a common assumption in
the 1950’s and early 1960’s. In situ monitoring was carried out using stainless steel links,
and crude wire extensometers, and it was concluded that two-dimensional elastic models

were adequate to predict displacements around deep hard rock excavations, albeit, at some
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distance from the tunnel wall. Ryder and Officer [163], using an extension of the theory for
an inclined excavation [166], reached the same conclusion.

Even in hard brittle rock, displacements were found to be fairly complex in nature.
Field work by Walsh [188, 187] showed that deformation around deep hard rock excava-
tions occurs in two parts, the first immediately after blasting, and the second gradually
within a day. It was also noted that convergence near the working face was generally larger
than predicted due to cracking where shear stresses were sufficiently high to cause slip.
Atkins and Keen [2] described displacements about excavations in a typical South African
gold mine as a complicated interaction of elastic deformation, sliding on parting and shear
planes, extensional movement due to bed separation, and displacement due to dilation asso-
ciated with extensive fracturing ahead of the advancing face. They measured displacements
normal to the direction of mining ahead of the advancing face by installing extensometers
from an adjacent opening, and found that much of the deformation occurred coseismically.
They further noted that discontinuities could effect excessive “ride” displacement, and that
in situ and laboratory-derived material properties for fractured rock masses could differ
significantly.

Pierce and Ryder [151] described a two-dimensional plane strain boundary element tech-
nique capable of incorporating inelastic behaviour to account for the skin of fractured ma-
terial surrounding deep-level excavations. They modeled a case history of fracture devel-
opment around a square opening, and showed that the resulting fracture zone significantly
exceeded that predicted by simple linear elastic theory, in keeping with field observations.

The South African hard rock mining experience is significant with regards to this thesis
in several ways. First, in highly stressed brittle rock, the rock mass was shown to behave
essentially in a linear elastic fashion, with the exception of zones close to the excavation
which were fractured as a result of stress concentration. Second, the experience with in-
strumentation and analytical tools has shown that, with a prudent choice of instruments,

installation locations and numerical modeling techniques, the understanding of material
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behaviour can be improved. Third, problems in determining the in situ stress tensor and
representative material properties increase the uncertainty in the interpretation of near-field
behaviour. Stress conditions, particularly at depth in hard rock, are generally not hydro-
static [11, 68, 69, 71], and can vary significantly from the assumed condition of a horizontal
to vertical stress ratio between % and —% Finally, in an environment with a lithostatic
stress of 70 MPa, the tabular shape of openings in South African mines can create stress
concentrations in confined areas near the face in the order of 900 MPa [20]. These stress

magnitudes are well beyond the realm of those in rock considered highly stressed in this

thesis, and, consequently, the South African experience must be considered in this light.

2.2.2 Climax Spent Fuel test

Heuzé et al. [73] described an excavation response experiment conducted at 420-m depth in
the Climax granite pluton in Nevada. The experiment comprised two parallel drifts from
which two arrays of extensometers and vibrating wire stressmeters were installed. A central
horse-shoe-shaped drift was excavated between, and parallel to, the instrumentation drifts in
heading-and-bench fashion using a drill-and-blast method. The rock mass comprised quartz
monzonite and granodiorite, with a number of shear zones intersecting the tunnels, and three
near orthogonal joint sets. Results from finite element modeling of the excavation sequence,
using a laboratory-determined elastic modulus and ignoring the discontinuities, showed
poor agreement with the measured response. Consequently, a detailed site characterization
program was undertaken to establish better estimates of material properties and in situ
stresses. Assuming that the rock mass was initially unstressed, calculation of Poisson’s
ratio was based on the relative magnitudes of the vertical and horizontal stresses. Results
from a second finite element simulation, using a Mohr-Coulomb failure criterion based on
published data for the strength of granite, and incorporating joint elements to represent
discontinuities, showed better agreement with measured results.

The Climax experiment has many similarities to AECL’s Mine-by Experiment. Both
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experiments are in granitic plutons at 420-m depth, similar instrumentation was used, and
the experiment arrangements are similar. The main difference between the experiments is
the complexity of the rock mass and the resulting difficulties in characterization, monitoring,
and back analysis. The Climax test demonstrated that discontinuities and a relatively
poorly characterized rock mass comp]icafe the back analysis of material behaviour. It also
showed that it is difficult to characterize a fractured rock mass, and that numerical models
must include key elements, e.g., discontinuities, blast damage, or strain-softening, that
govern the rock mass behaviour. However, the level of complexity in the numerical model

in this case outweighed the level of understanding of the rock mass characteristics.
2.2.3 Colorado School of Mines test

The Colorado School of Mines (CSM) test was conducted approximately 100 m below
surface in fractured granitic gneiss near Idaho Springs, Colorado, to study the development,
and means of characterizing, excavation-induced damage. As part of the instrumentation,
posterior extensometers were installed to monitor displacements as the tunnel was advanced
using a carefully-designed drill-and-blast technique. Following excavation, characterization
of the damage zone, created by a combination of stress redistribution and blasting effects,
was conducted using a variety of techniques. The excavation damage zone was found to
extend between 0.5 and 1.0 m into the rock mass. An important finding from this study was
that the posterior extensometers provided very little information because the majority of

the rock mass response occurred ahead of the face, prior to installation of the instruments.
2.2.4 Geomechanics studies at the URL

During the construction phase of the URL, a series of multi-anchor extensometers and con-
vergence arrays were installed to monitor the excavation-induced displacement response
in the URL shaft, and at the 240 and 420-m Levels. In each of these studies, displace-

ments measured by the extensometers and convergence arrays were posterior in nature, and
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therefore subject to the same problem as other posterior-type measurements. A detailed
summary of the studies is given in Read and Martin [157].

Instrument arrays were installed during excavation of the rectangular (upper) shaft
at 15-, 62-, 185-, and 218-m depth in fractured granite containing three near-orthogonal
joint sets [116]. The results of this initial study showed that the mechanical response of
the rock near the shaft wall was quite variable and was controlled to a large extent by
subvertical joints [171]. Numerical models based on linear elastic continuum behaviour did
not predict the mechanical response very well near the excavation boundary, but showed
better agreement 1.5 m and further from the shaft wall. A discontinuum approach was more
successful in modeling the fractured rock mass response [171], although the rectangular
geometry of the shaft complicated the analysis. Chan et al. [15] showed that, in order to
match the measured response in the 15-m Array, an elastic modulus increasing linearly from
about 10 to 40 GPa over 1.5 m near the opening was required.

An excavation response experiment was conducted in Room 209 at the 240 Level in
1986 [115]). This experiment was designed around a 3.5-m-wide horseshoe-shaped tun-
nel excavated through a near-vertical water-bearing fracture oriented almost perpendicular
to the tunnel axis. Three different groups performed numerical model predictions of the
excavation-induced response. Kaiser et al. [85] found that predicted displacements and
stress changes agreed reasonably well with the measured response using an elastic modulus
of 50 GPa for the rock mass. However, better agreement was achieved in the back analysis
if the damage around the excavation was simulated by zones of different moduli. Chan et
al. [14] showed that the modulus next to the opening could be as low as 10 GPa, but that
one diameter from the opening it was about 60 GPa, similar to that obtained on intact
laboratory samples.

Instrument arrays were installed at 324-, and 384-m depth in the circular (lower) shaft
in massive, unjointed granite [128, 130]. Displacement results generally showed that the

rock mass behaves as a linear elastic, isotropic continuum except for a small region near
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the shaft wall (Figure 2.2). Convergence measurements were also carried out at twenty-six
instrumented arrays in the lower shaft during excavation [128] using an ISETH distome-
ter [183]. It was assumed, based on results from one anterior extensometer in the Room 209
experiment, that only 40% of the total displacement response was recorded by the posterior
convergence measurements. Back analysis of in situ stresses from measured displacements
gave consistently higher results than from other methods, suggesting that the various fac-
tors affecting near-field displacements around the shaft were not properly considered in the
initial interpretation and back analysis. In particular, the face shape deviated significantly
from the assumed planar condition.

The rock mass response was monitored during the excavation of the 420 Level station
and access tunnels using seven convergence arrays. Results from preliminary analysis of
three of these arrays demonstrated that an analytical approach was not appropriate for a

non-circular tunnel with a damage zone in an anisotropic stress field. Given the lack of an
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that the measured response exceeds the predicted response near the shaft wall.



CHAPTER 2. LITERATURE REVIEW 26

alternative approach, no further analysis was attempted for these arrays.

2.3 Summary

The review of the literature considered the relationship between excavation-induced dis-
placements, in situ stresses and the nature of the damage zone, and identified several defi-
cient areas that are addressed by this thesis.

In purely elastic conditions, techniques to back analyze in situ stresses from displacement
measurements rely on the plane strain solution for an infinitely long circular tunnel. This
solution, however, requires an estimate of absolute displacements from the residual ones
measured, and produces an estimate of only the stresses acting in the plane orthogonal to
the tunnel axis. The determination of absolute displacements is complicated by zero reading
delay in posterior instruments, and the effect of the axial stress component on the radial
displacement response. In conditions where rupture occurs, closed form solutions cannot
be used to back calculate in situ stresses. Methods that use measured strains to calculate
stresses through relationships based on linear elasticity are also susceptible to problems
associated with anisotropy, non-linearity and non-elastic behaviour near the measurement
gauges. This thesis describes the development and implementation of a technique to back
analyze the complete in situ stress tensor from a single arbitrarily-oriented cylindrical tunnel
using the radial displacement response measured within one diameter of the tunnel face.
The technique is particularly useful in ground showing excavation damage in the posterior
domain.

By far the most work with regards to material behaviour around underground openings
has focused on the axisymmetric tunnel problem, primarily for the purpose of tunnel support
design. However, the underlying assumption of a hydrostatic stress field, and the two-
dimensional nature of the problem, preclude the application of the analytical solutions
under most in situ conditions. The work by Detournay and Fairhurst [32] in the case

of non-hydrostatic loading, and Panet and Guenot [147] in accounting for the effect of
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the tunnel face, represent important advances in the applicability of such solutions to real
situations. Nevertheless, both of these solutions are subject to one or more of the limitations
of the axisymmetric tunnel problem. A functional relationship between face position and the
radial displacement response for the case of non-hydrostatic stress conditions has not been
reported in the literature, and, with the exception of hemispherically-shaped tunnel faces,
the effect of a non-planar tunnel face on the displacement response has not been considered.
This thesis presents general approximating functions to describe the relationship between
radial displacement and tunnel face position (i.e., the spliced logistic function), and between
radial displacement and radial distance from the tunnel centre. These relationships are, in
turn, used to develop parametric functions describing the characteristic radial displacement
surfaces associated with components of a partitioned unit stress tensor.

Numerical modeling studies related to excavation-induced displacements have been, for
the most part, phenomenological in nature, and incorporate a large number of parameters.
Simple linear elastic models have been more successful in illustrating important aspects
related to the development of excavation damage. In addition, previous parametric studies
have considered the effects of material properties, constitutive behaviour, tunnel geometry
and stress ratios up to K = 2 for tunnels oriented parallel to a principal stress direction,
i.e., no antiplane shear stresses [53]. The effect of antiplane shear stresses on displacements
around underground openings has not been widely considered. This thesis uses relatively
simple two- and three-dimensional numerical models to assess the relationship between
components of a partitioned unit stress tensor, including the antiplane stress components,
and the displacement response around a cylindrical tunnel. The material behaviour around
a tunnel in highly stressed rock is also investigated, and the effects of face shape and
longitudinal geometry are considered up to stress ratios of K = 4.

The laboratory studies by Kaiser and Morgenstern [88, 89, 90] suggest that displacement
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measurements can be used to determine the nature of excavation damage, and that conver-
gence arrays and extensometers compliment one another in this regard. However, an under-
standing of the characteristics and boundary conditions of the rock mass is an essential pre-
cursor to the interpretation of material behaviour. Many case studies of excavation-induced
displacements around tunnels have considered weak or fractured rock, where displacements
are large, and the failure zone around the tunnel is extensive. In these conditions, char-
acteristics of the rock mass and boundary conditions are often poorly understood. Other
field studies in highly stressed brittle rock have shown that the rock mass behaves essen-
tially elastically, except for zones near the opening which show non-linear or non-elastic
behaviour. In addition, in situ monitoring around tunnels often suffers from inadequate
instrumentation and, with the exception of a few studies conducted with extensometers
installed ahead of the advancing face, most studies have used posterior-type measurements.
This thesis considers a well-characterized, homogeneous, unjointed granitic rock mass, with
well-defined material properties, in which displacements are small, and large-scale failure
around the tunnel is limited to localized areas of high stress concentrations. The field study
incorporates state-of-the-art anterior- and posterior-type instruments around a cylindrical
tunnel excavated using a non-explosive technique, thus permitting direct comparison of the
results from the two instrument types without the added complication of blast-induced

damage.



Chapter 3

xeotechnical Aspects of the Field
Study

The Mine-by Experiment arrangement was based, in part, on in situ characterization of
the URL shaft and 420 Level station conducted prior to extensive development of the 420
Level. The geotechnical aspects of the field investigation and subsequent laboratory testing
include geology, in situ stress conditions and rock properties. As background for the field
study, the results from the initial characterization phase, and a synopsis of the experiment
arrangement including elements of construction, instrumentation and monitoring associated

with the Mine-by Experiment, are summarized.

3.1 AECL’s Underground Research Laboratory

3.1.1 Excavation sequence

The underground workings at the URL consist of a shaft, ventilation raise, small shaft
stations at 130- and 300-m depth, and major developments at the 240 and 420 Levels. The
URL shaft was constructed in two stages. The upper shaft (Stage 1) was excavated from
the surface to a depth of 255 m between March 1983 and April 1985 as a nominal 2.8-
by 4.9-m-rectangular shaft by the traditional drill-and-blast benching method. Benches
were drilled 1.5 m, giving an average 0.75 m advance for each blast. Timber sets spaced

2.5 m were installed to within 15 m of the face during sinking. Development of the 240

29
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Level, using several drill-and-blast variations, followed completion of the upper shaft. The
lower shaft (Stage 2) was excavated as a 4.6-m-diameter circular shaft between July 1987
and November 1988 using a full-face drill-and-blast technique. Each blast round used a
specially-designed blast pattern with a central burn cut to minimize shaft wall damage.
The rounds ranged from 1.0 to 3.4 m in length. Following completion of the lower shaft,
the 420 Level was developed for use in several Operating Phase experiments [173], including

the Mine-by Experiment.
3.1.2 Geology

The URL is located in the Lac du Bonnet batholith, which is considered to be typical of
many granitic intrusions of the Precambrian Canadian Shield [29]. The batholith is an
elongated body about 75 by 25 km in surface area and about 10 km in depth, and has an
ENE-WSW trend. It lies in the Winnipeg River plutonic complex of the western Superior
Province, and has been dated as Late Kenoran in age (2680 £+ 81 Ma).

The geology of the URL has been characterized from detailed logging of drill-core from
boreholes, and geological mapping of surface and subsurface exposures. From these in-
vestigations, it has been concluded that, near the URL, the batholith is made up of five
main rock units: the pink (altered) or grey (unaltered) granite groundmass of the batholith,
xenolithic inclusions of various compositions, leucocratic granitic segregations, and subver-
tical granodiorite and pegmatite dykes. This classification scheme is based primarily on age
relationships between the various rock units [43].

During excavation of the URL shaft, two major thrust faults (Fracture Zones 3 and 2)
and their associated splays (Fracture Zones 2.5 and 1.9) were intersected (Figure 3.1). These
faults dip to the southeast at between 20 and 30° and typically contain low-dipping fractures,
secondary alteration products such as clay, hematite and chlorite, zones of cataclasite, gouge
and rubble, and regions of moderate-to-high groundwater flows.

Above Fracture Zone 2.5, the rock mass comprises mainly pink granite. In this region,
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two subvertical joint sets have been identified: a prominent set striking about 020 to 040° ,
and a less prominent, intermittent set striking about 150 to 180°. Below Fracture Zone 2.5,
the rock mass is essentially unfractured, with the exception of Fracture Zone 2 and its
associated splays 1.9 and 1.5.

According to Everitt et al. [47], the rock mass at the 420 Level is composed of three major
litho-structural domains: a gneissic grey granite, a leucocratic granite, and a xenolithic-
leucocratic granite. A major subvertical granodiorite dyke swarm, approximately 100 m
thick and striking NNW, crosscuts these domains and is present throughout the 420 Level.

From earlier work by Brown et al. [10] at the other levels at the URL, the granodiorite
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Figure 3.1: General geological setting of the Underground Research Laboratory showing
the major Fracture Zones and stress domains (after Everitt et al. [44]).
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is poorer in alkali feldspar and richer in plagioclase than the grey granite, although the
transition between the two units is diffuse (Figure 3.2). Thin pegmatite dykes crosscut
all other rock types, but are mostly confined to the larger granodiorite dykes at this level.
Detailed petrographic analysis was not conducted on rock types from the 420 Level prior
to the Mine-by Experiment because of wide mineralogic variations within each unit.

A few minor closed fractures, associated with the granodiorite dyke swarm to the west

of the station, were identified in drill core from exploratory boreholes for the Mine-by
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Figure 3.2: Ternary diagram showing the composition of granite and granodiorite for the
URL (after Brown et al. [10]). Note that in this classification no distinction was made
between the granite and granodiorite, the latter being grouped with biotite-rich granite.
The inverted triangles represent xenolith compositions.
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Experiment. However, because these fractures were not detected in the tunnel wall following
room excavation, their areal extent is small. This appears to be the only fracture type in
the immediate vicinity of the 420 Level. In the absence of fracturing, the in situ hydraulic

conductivity of the rock mass is very low (10712 m/s).
3.1.3 In situ stress

In 1982, AECL Research carried out the first in situ stress measurements at the proposed
site for the URL. These hydraulic fracturing measurements were taken between the 12- and
540-m depth in the general area of the proposed access shaft to the URL. During the nine
years following, seven different classes of in situ stress measurement methods were used: five
methods of overcore testing, the Bock borehole slotter method, under-excavation (i.e., large-
scale undercoring), hydraulic fracturing, source location of microseismic events, convergence
measurements and observations. Martin et al. [127] concluded from these investigations that
large-scale techniques, such as convergence measurements, are less sensitive to the effects of
processes like microcracking, and that the use of a larger rock volume in the measurement
tends to reduce the inherent variability associated with small-scale measurement techniques.

An extensive in situ stress research program, started in 1985 after completion of the
rectangular shaft, was conducted to characterize the in situ stress state around the URL
access shaft and the main development levels. This work continued with the extension of the
shaft, completed in 1988. The existence of major thrust faults and subvertical joint sets in
the upper 275 m of the URL complicated the interpretation of in sifu stress measurements
and observations. Martin [124] concluded that the stress conditions at the URL can best
be described as a series of stress domains separated by the major thrust faults, Fracture
Zones 2.5 and 2 (Figure 3.1).

Stress Domain I, above Fracture Zone 2.5, is a region of relatively low stresses due to
stress relief associated with the extensional joint sets. The orientation of the maximum

horizontal stress in this region is 040°, parallel to the major extensional joint set. In
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comparison to stress measurements at other sites in the Canadian Shield [71], this direction
differs by about 90° from the average NW-SE direction. Martin [124] suggested that,
because the mass of rock above Fracture Zone 2 has undergone reverse thrusting of about
7.3 m, the upper portion of the rock mass is analogous to a brittle beam in bending,
resulting in extensional cracking perpendicular to the direction of thrusting and stress relief
perpendicular to the extensional joints. As a result of this process, the stress component
parallel to the extensional joints is now the maximum horizontal stress. In terms of stress
magnitude, Stress Domain I is considered “normal” for the Canadian Shield. The minimum
stress is vertical and very close to lithostatic; the maximum horizontal stress increases from
about 8 to 15 MPa with depth; and the horizontal stress ratio increases from about 1.6
to 2.4.

Stress Domain II, between Fracture Zones 2.5 and 2, is a transitional zone with moderate
stresses. The stress orientations within this domain are the same as in Domain I, primarily
because of the existence of the same subvertical joints. The stress magnitudes, however, are
quite different. The vertical stress shows a large perturbation near Fracture Zone 2 related
to local high contact stresses between the upper and lower surfaces of the shear zone [124],
increasing from about 12 to 26 MPa with depth. The maximum horizontal stress shows a
similar jump in values, increasing from 24 to 32 MPa with depth. The horizontal stress ratio
in this region shows a corresponding increase from 1.2 to 2.0. Extensive stress measurements
were carried out at the 240 Level excavated in this stress domain.

Stress Domain III, below Fracture Zone 2, is a highly stressed region where the rock
mass is unfractured with the exception of Fracture Zones 1.9 (a splay of Fracture Zone 2)
and 1.5, a relatively narrow zone of shallow-dipping fractures. The maximum horizontal
stress direction in this region, estimated at azimuth 135°, is very similar to the average NW-
SE trend measured elsewhere in the Canadian Shield. However, because of the absence of
fracturing, the in situ stress magnitudes are higher than those measured at similar depths

in other parts of the Shield [71]. The vertical stress is perturbed in the vicinity of Fracture
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Zone 2, reaching 25 MPa, but approaches the calculated lithostatic stress near 420 m depth.
The estimated maximum horizontal stress is between 50 and 60 MPa. Estimates of the
horizontal stress ratio range from 1.05 to 1.25.

The highly stressed condition of this domain posed a problem for stress measurements
at the 420 Level. A variety of techniques were tried during level development, with limited
success. Overcoring provided unreliable results because of exaggerated axial straining (in-
cipient discing). Hydraulic fracturing produced subhorizontal fractures in horizontal and
vertical boreholes, from which the vertical stress was estimated [35]. A large-scale under-
coring (under-excavation) test in the 420 to 240 Level vent raise using triaxial strain cells
provided estimates of both the magnitude and orientation of the maximum and interme-
diate stresses, but produced unrealistic results for the minimum principal stress [92, 190].
Results from an acoustic emission/microseismic array installed in four inclined boreholes
around the URL shaft [179] provided estimates of the maximum and minimum horizontal
stress directions, which were supported by observations of breakouts in the shaft, but pro-
vided no estimates of magnitudes. Doorstopper tests performed in boreholes drilled for the
Mine-by Experiment at the 420 Level [23] produced an estimate of the stress tensor for the
area, but the results for stress magnitudes did not correlate with results from other tests or
observed behaviour around excavations at the 420 Level. A composite stress tensor for the
420 Level (Table 3.1) was compiled from the best evidence for principal stress magnitudes
and directions from the various testing methods, and from observations of breakouts in the
shaft and in tunnels at the 420 Level. The composite nature of the tensor, however, pre-
cluded the use of rigorous statistical methods in determining the mean value and confidence
intervals of each of the stress components, and their respective orientations. Nevertheless,

this composite tensor was sufficient for designing the Mine-by Experiment arrangement.
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Table 3.1: Estimated in situ stresses and 90% confidence intervals for the 420 Level (af-
ter Read and Martin [155]).

Stress Components o1 09 o3
Magnitude (MPa)  55+5 48 £5 14+1
Trend (°) 135410 044410 290425
Plunge (°) 10+5 05+ 5 7945

Stress Ratios o1/02 o1/03 o2/ o3

1.154+0.1 3.93x0.5 3.43%£0.5

3.1.4 Geotechnical properties

The geotechnical properties of the Lac du Bonnet granite have been determined from
extensive laboratory testing, e.g., Lajtai [112, 113], Lajtai and Bielus [109], Lajtai and
Schmidtke [111], Jackson et al. [81], Stimpson and Chen [174]. However, extrapolation of
these results to the in situ material properties of the rock mass is not straightforward, even
in situations where the rock mass has no joints to account for in situ strength reduction.
The difficulty lies in the fact that the boundary conditions and stress history of a sample
of rock differ from the field to the laboratory, i.e., a laboratory specimen must go through
a complete unloading cycle prior to being tested. If the stresses relieved during drilling are
high, the resulting laboratory sample may contain significant damage that is not present
in the field. Conversely, if samples are selected from a low stress regime, the amount of
sample disturbance is reduced, and results are more representative of the in situ rock mass
properties. Martin [125] illustrated the importance in recognizing sample disturbance when
interpreting the results of laboratory testing on Lac du Bonnet granite.

The geotechnical properties of rock in the field study area (Table 3.2) were estimated
from laboratory tests performed by the Canada Centre for Mineral and Energy Technology
(CANMET) on representative rock samples from the 420 Level, and on samples of granite
from the upper 275 m of the batholith. Results from samples taken from the high stress

domain at the 420 Level showed a marked decrease in peak strength from those taken at
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Table 3.2: Estimated geotechnical properties for granite and granodiorite in the field study
area (after Read and Martin [157]).

Rock Type Granite Granodiorite
Density (kg/m?) 2630 £ 10 2660 =+ 20
Uniaxial Compressive Strength (MPa) 213 + 20 228 4+ 20
Tangent Young’s Modulus (GPa) 65+ 5 66 £ 5
Poisson’s Ratio 0.25+0.05 0.25£0.05

the 240 Level and above, suggesting a substantial amount of sample disturbance caused
by induced microfracturing. Read and Martin [157] concluded that results from samples
of granite from lower stress domains nearer surface were likely most representative of the
undamaged in situ rock mass properties at the 420 Level. Martin [125] also showed that
samples of Lac du Bonnet granite taken from Cold Spring Quarry, near Seven Sisters,
Manitoba, had similar properties to those taken from the upper 275 m of the batholith at
the URL.

Triaxial compression tests were conducted on samples from the 420 Level, and from the
upper 275 m of the batholith to determine a Hoek-Brown failure envelope representative of

the in situ rock strength. The Hoek-Brown failure criterion [78] is given by

oy = 03 + \/mo.0o3 + 50,2 (3.1)

where o1 and o3 are the maximum and minimum principal stresses, respectively, o, is the
uniaxial compressive strength of an intact laboratory sample, m is a shape parameter, and
s is a scaling factor to account for the presence of joints or discontinuities in situ. The

tensile strength associated with the Hoek-Brown criterion is given by
1
or = %C- [m — (m? + 4s) 2] (3.2)

By definition, Equation 3.1 is a peak strength criterion, and in the unconfined case,

reduces to

o1 = \/.;O'C (33)
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In cases where s is equal to 1, i.e., no in situ joints or discontinuities , Equation 3.3 implies
that the uniaxial stress required to cause failure in situ is equivalent to the laboratory-
derived uniaxial compressive strength of a cylindrical sample. Martin [125], however, showed
that the peak strength measured in the laboratory is influenced by a number of factors,
including sample size, loading rate and stress history of the sample, and can therefore
not be considered a true material property. Consequently, three key stress levels [6, 113],
corresponding to: 1) the start of crack initiation o, 2) the start of unstable crack growth
Ocd, and 3) the short-term peak strength o, were determined from the triaxial tests. The
Hoek-Brown envelopes associated with each of these stress levels for grey and pink granite,
and granodiorite, are shown in Figure 3.3.

Numerical modeling simulations were conducted for two orthogonal excavations at the
420 Level [126] using the average stresses given in Table 3.1. Employing the Hoek-Brown
envelopes defined by the peak strength results for the three rock types, the stresses at no
point around either opening exceeded the rock strength, even when o, from the damaged 420
Level samples was used. These findings were at odds with observations of breakout notch
development in the roof of Room 405, excavated orthogonal to the o; — o3 plane (Figure 3.4).
Because there are no natural fractures in the rock mass at this level to account for an in
situ strength reduction, i.e., s = 1, Martin and Read [126] concluded that traditional peak
strength results from laboratory samples overestimate the in situ rock strength, especially
near the tunnel boundary. This observation is consistent with experience elsewhere [70, 150].

Implementation of the other Hoek-Brown envelopes shown in Figure 3.3 into the bound-
ary element model of orthogonal rooms at the 420 Level showed that the best agreement
with observed behaviour was achieved when the envelope representing crack initiation for
pink granite was used in the analysis. However, Martin [125] and Read [154] showed that
the use of such an envelope underestimates the strength of the rock mass away from the
opening, and that a more complex failure envelope is required to properly represent both

confined and unconfined conditions. Studies on very small tunnels in laboratory tests have
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nodiorite. The Hoek-Brown failure envelopes are based on: 1) crack initiation stress o
(upper), 2) unstable crack growth initiation stress o,y (middle), and 3) short-term peak
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shown that the strength of the rock at the tunnel wall can exceed the uniaxial compressive
strength [168, 48], but that the effect diminishes with increasing tunnel dimensions. The
initial modeling results from the 420 Level of the URL suggest that failure at the periph-
ery of a 3.5-m-diameter tunnel occurs at less than 50% of the laboratory-measured uniaxial
compressive strength of the rock [125]. Consequently, in situ rock strength can be a complex
issue even in situations where the rock mass contains no joints or discontinuities.

Mapping of excavation-induced damage during construction of the 300 Level suggested
that damage zone development was more pronounced in granite than in granodiorite [45].
During development of access tunnels at the 420 Level, similar observations were made near
discrete granodiorite dykes. However, the difference in excavation-induced damage between
the massive granite and the outer margin of a large granodiorite dyke was less pronounced
in a drill-and-blast excavation (Room 405) driven orthogonal to the oy — o3 plane. Although

laboratory testing suggests that the mechanical properties of the two rock types are similar,

Room 413 Room 405

Design profile

Figure 3.4: Comparison of breakout notch development in two orthogonal rooms at the
420 Level illustrating the effect of orientation relative to the plane of maximum deviatoric
stress on the development of excavation-induced damage. Room 405 is aligned with o3, and
Room 413 is aligned with oy.
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the field observations imply that there are differences in their fracturing characteristics, i.e.,
the growth and interaction of cracks. This difference is noticeable upon stress relief during

sampling.
3.2 The Mine-by Experiment

The premise for the Mine-by Experiment was to locate a volume of rock typical in terms of
geology and stress conditions of potential disposal sites elsewhere in the Canadian Shield, to
characterize the rock mass volume and instrument it with state-of-the-art instrumentation,
then to excavate a test tunnel through the instrumented volume to measure the excavation-
induced response. As discovered during the characterization of the URL, it seemed possible
to meet the experiment’s objectives by locating the Mine-by Experiment at the 420 Level
in Stress Domain III, where the stress conditions are similar to those at a depth of about
1000 m in other parts of the Shield. A complete description of the final detailed design of

the Mine-by Experiment is given in Read and Martin [155].
3.2.1 Experiment arrangement

The arrangement of the Mine-by Experiment (Figure 3.5) was the result of an optimization
process drawing upon a variety of technical proposals for instrumentation layouts and mon-
itoring methods, evaluation of the practicality and safety of the operations associated with
implementation, and evaluation of the most effective use of available resources in conjunc-
tion with the overall URL experimental program. The azimuth of the test tunnel (225°)
was chosen so as to maximize the stress ratio in the plane orthogonal to the tunnel axis in
order to promote excavation-induced damage development.

Access for instrumentation installation was provided by a series of drill-and-blast ex-
cavations. An incline and a decline were excavated at 20% grade on tangent, and 10%
grade through the curves to develop an upper and lower instrument gallery, Rooms 409

and 413 respectively, orthogonal to the planned test tunnel. A vertical raise (Room 004)
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was excavated to connect the upper and lower galleries for ventilation purposes, and a drill
station (Room 416) was excavated at mid-height in the raise for instrumentation borehole
drilling. A third instrument gallery (Room 405), parallel to the proposed test tunnel, was
extended off the existing 420 Level for additional drilling access. All access tunnels were
initially 3.4 m wide by 2.9 m high and horseshoe-shaped, but the first 30 m of Room 405
was slashed to 5.0 m wide by 3.5 m high to accommodate additional testing. The vent raise
drill station (Room 416) was excavated as a 3.5 m wide by 2.7 m high opening.

Following excavation of the access tunnels and installation of the instrumentation for
the experiment, the 3.5-m-diameter circular test tunnel (Room 415) was excavated at 0.5%
grade to 46 m in length from an assembly chamber (Room 414). The wall-to-wall spacing

between the instrument galleries and the test tunnel was approximately 18.5 m.

420 Vent Raise
URL Shaft

Incline

Instrument Galleries

416 @\
Vent Raise

and Drill Station

411
Test Tunnel

413 412 Decline

Figure 3.5: Arrangement of the Mine-by Experiment at the 420 Level of the URL.
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3.2.2 Excavation technique and equipment

From previous experience in Room 209 and the URL shaft with the drill-and-blast exca-
vation method, the damage zone near the tunnel wall results from a combination of stress
redistribution and blast effects. Similar observations in granite have been reported by Pusch
and Stanfors [152]. Because the intent of the Mine-by Experiment was to study the damage
resulting from stress redistribution, the test tunnel was designed as a full-face machine-
excavated opening to avoid the undesirable percussive effects of blasting. Initially, a tunnel
boring machine (TBM) was considered the best technical option [156], but the costs asso-
ciated with excavating such a short section of tunnel, including equipment preparation and
mobilization, were prohibitive. Consequently, an alternative method was devised.

The excavation method (Figure 3.6) involved line-drilling and reaming a series of 1-
m-deep perimeter holes around the design diameter of the tunnel, and then progressively
breaking out the interior of the round using hydraulic rock splitters in a series of production
holes [95, 136]. Although the test tunnel was initially designed as a 3.5-m-diameter cylin-
drical opening with a flat face, the excavation method necessitated a stepped longitudinal

profile to accommodate drilling of each round, with a maximum diameter of 3.5 m in each

Test section for
rock breaker

/
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¢ Room 409/413
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» >l >l >l >
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Figure 3.6: Excavation method and sequence used for the Mine-by Experiment.
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round. Based on previous excavations at the URL, some deviation from planarity was also
expected in the shape of the face.

The excavation sequence for the test tunnel incorporated several rounds of careful drill-
and-blast for the first 10 m of the tunnel, followed by 36 m excavated by line-drilling and
rock breaking in 1-m rounds. The first 34 m of Room 415 were excavated as full-face rounds,
and the final 12 m of the test tunnel used a pilot-and-slash sequence. In total, 50 excavation

rounds were required to complete the test tunnel.
3.2.3 Enthalpy control

Enthalpy control (i.e., the control of temperature and humidity) was considered important
in terms of limiting the number of variables in the interpretation of the measured responses.
A 75 kW capacity system comprising an air handling unit, a blast cooler, and two com-
pressor/condensor units was installed at the 420 Level to maintain as close as possible the
ambient rock conditions, i.e., 10.5° C, > 90% RH, in the test tunnel as excavation pro-
ceeded. Although some short-term spikes were recorded in the air temperature during peak
excavation activities, the overall rock temperature was maintained within about 1.5° C of

ambient temperature. Relative humidity was consistently above 90%.
3.2.4 Instrumentation

The Mine-by Experiment incorporated two tiers of instruments. The first was selected on
the basis of previous excavation response tests at the URL, and included extensometers
and convergence arrays to measure displacements, triaxial strain cells to measure induced
strains, and thermistors to measure temperature. A second tier of instrumentation based
on acoustic emission/microseismic (AE/MS) technology was used to study the development
of the damage zone around the Mine-by Experiment test tunnel [178]. In keeping with
the scope of this thesis, only the results from the convergence arrays and the twelve radial

extensometers are considered in detail. Results from the other instruments are used in a
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qualitative fashion for the interpretation of in situ behaviour. Monitoring data from the

instruments are discussed later in this thesis.

Extensometers

Borehole fracture extensometers (Bof-exs) have been used successfully in other major exper-
iments at the URL to monitor very small displacements [182], and formed the majority of
the displacement-monitoring system for the Mine-by Experiment (Figure 3.7). The Bof-ex is
an incremental-type extensometer, i.e., it measures relative displacement between anchors.
Each extensometer string incorporated ten direct current linear variable differential trans-
former (DC-LVDT) displacement transducers, eleven mechanical screw-type anchors, Invar
or stainless-steel rods, and centralizers. The repeatability of each transducer is £0.6um,
and the range is 6 mm. Seven thermistors were also included in each extensometer string.

The radial Bof-ex strings were installed in 75.7-mm-diameter (NQ-3 size) boreholes.

Connecting tubing

Spring loaded LVDT

Centralizer

Spring activated
mechanical anchor

Figure 3.7: Arrangement of Bof-ex boreholes for the Mine-by Experiment and details of a
typical extensometer installation.
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These holes penetrated the design section of the test tunnel by 200 mm so that the ends
of the boreholes could be located once Room 415 was excavated. Accurate collar surveys
and downhole laser surveys were conducted for each borehole to determine the exact collar
location and alignment deviation [158]. The deviation in alignment was less than 0.5°, which
introduced negligible error in the measured radial displacements. Anchors were spaced as
close as 340 mm near the tunnel wall in the boreholes, and less closely further from the
tunnel. The innermost anchor was approximately 100 mm outside the design perimeter of
the test tunnel in each string.

A total of 12 radial Bof-ex strings were installed for the Mine-by Experiment in two
instrument arrays at chainages 20400 and 22450 in Room 415. The first array comprised
two vertical and two horizontal extensometers, and the second array contained two vertical,
two horizontal, and four extensometers inclined at +45° from horizontal. The boreholes for
the instruments in these arrays were drilled from the instrument galleries (Rooms 405, 409,
413, and 416) towards the planned location of the test tunnel. Because they were installed
prior to the start of excavation, the response measured by the extensometers represents the
total displacement induced by the excavation of Room 415 within the radial coverage area

of the extensometers. These extensometers are typical of anterior-type instruments.

Convergence arrays

Convergence arrays were installed in Room 415 at eight locations between chainages 10420
and 31496 (Table 3.3). Details of a typical convergence array installation are given in
Figure 3.8.  Convergence arrays in the field study comprised 12 pins installed as close
to the tunnel face as possible in a vertical measuring plane orthogonal to the tunnel axis.
Specially cut lengths of Invar wire were used in combination with a Kern distometer [128].
to measure the distance between opposing pins along six diametral measurement lines.
Changes in tunnel diameter were recorded following each excavation round, providing a

record of tunnel wall convergence versus excavation advance. Additional readings were also
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Table 3.3: Location of convergence arrays in the Mine-by Experiment.

Array Chainage (m) Excavation Round

415-1 10.204 5
415-2 12.531 7
415-3 15.380 10
415-4 18.485 13
415-5 22.565 17
415-6 26.062 22
415-7 28.924 25
415-8 31.964 28

a) Kern distometer

\ Release ring
Wire coupling adaptor Displacement gauge Tension gauge

~—~ Drillhole
. (32-mm diameter)

~ Resin grout

- 300" min, ————

— Steel reinforcing bar
", (19-mm diameter)

~ Stainless steel setting
- bolt (15-mm diameter,
" MB threaded hole)

b) Typical convergence array c) Typical convergence pin

Figure 3.8: Details of the instruments and arrangement of a typical convergence array from
the Mine-by Experiment.
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taken within each round to determine the tunnel convergence with respect to time. A
summary of the convergence data from the Mine-by Experiment is presented in Read et al.
[159].

Previous experience with the Kern distometer at the URL has shown a repeatability
of £0.1 mm [128]. Careful calibration of the instrument and Invar wires was performed
underground before and after each use with a standard calibration apparatus. In this way,
corrections for temperature were incorporated automatically into each reading. The same
operator was also used as much as possible to reduce operator bias in the measurements.
A standardized reading procedure, repeating each measurement four times, was followed
during the Mine-by Experiment.

The convergence pins consisted of 19-mm-diameter steel rebar, 200 mm long, with a 100-
mm-long stainless steel setting bolt welded to the end to attach the distometer connector.
The convergence pins in each array were installed in 32-mm-diameter percussion drill holes,
300 mm deep, an average of 80 mm from the tunnel face. There was, however, some
variation in chainage across the face, as shown in face contours for each round [161]. The
floor pins were set in slightly deeper holes, countersunk about 50 mm to protect them from
construction equipment. All pins were fixed in place with resin grout. Each array, with
the exception of array 415-5, was designed to have convergence pins at 0, 20, 60, 90, 120,
160, 180, 200, 240, 270, 300, and 340° counterclockwise from a NW horizontal line. Array
415-5 had two measurement lines rotated 10° clockwise to avoid interfering with previously

installed extensometers.

Other instruments

In addition to the Bof-exs, a series of eight excavation damage extensometers (Ed-exs)
were installed at approximately chainage 22+50. These instruments are a miniaturized
version of the Bof-ex, approximately 1 m in length, comprising ten ACDT transducers and

eleven anchors. The Ed-exs were installed radially outward behind the advancing face in a
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posterior fashion to provide detailed displacement measurements within 1 m of the tunnel
wall. A complete description of the instrument and an example of its application is given
in Thompson et al. [184]. Results from the Ed-exs are used qualitatively in this thesis.

The CSIRO Hollow Inclusion (HI) triaxial strain cell [193] has been used almost exclu-
sively at the URL to measure incremental strains due to excavation. Information gained
from these instruments has been used to calculate changes in the in situ stress field and to
validate results from computer modeling [190, 191, 192]. A total of twelve CSIRO HI cells
were installed in two arrays for the Mine-by Experiment at chainages 18+25 and 24+25.
Results are summarized in Read et al. [160].

The results from an AE/MS system, installed to monitor excavation-induced seismicity
in the rock mass during extension of the URL shaft, were used to design a more elaborate
system for the Mine-by Experiment to evaluate the physics of fracturing associated with
development of a damage zone around the test tunnel [178]. Two of the objectives of
this design were to improve the accuracy of source location determinations and to develop
more rigorous source mechanism analysis procedures. The AE/MS system comprised 16
three-component accelerometers coupled to the rock with grout. The pattern of 16 sensors
optimized the measured response; in the centre of the array source location accuracy was
better than 0.25 m. This number of sensors also allowed the use of a moment tensor inversion
scheme to perform source mechanism analysis [51]. A summary of AE/MS results for the
Mine-by Experiment is given in Martino et al. [129].

Ultrasonic tomography and acoustic emission (AE) data obtained during laboratory
hydraulic fracturing tests on two 600-mm-diameter samples of URL granite [18] showed that
the development of microcracks could be monitored with high-frequency sensors acoustically
coupled to the rock surface, and that source locations and mechanisms could be determined
on a small scale. This approach was applied to the in situ rock mass in the NW sidewall of
the test tunnel in conjunction with the Ed-exs to determine the level of activity at various

distances away from the tunnel wall. From these data, the distribution of acoustic emissions



CHAPTER 3. GEOTECHNICAL ASPECTS OF THE FIELD STUDY 50

with location and orientation relative to the excavation were determined [13].

Information on the P and S wave velocities in the rock mass was obtained through
several tomographic surveys carried out with AECL’s miniCHARTS system between the
various excavated openings prior to excavation of the test tunnel (Hayles, pers. comm.).
This study required two 40- and twenty 1.5-m-long vertical boreholes in the floor of Room
409 and roof of Room 413. Other cross-hole tomographic studies were conducted in the
Bof-ex instrument boreholes before and after excavation of the test tunnel to detect changes

in the rock mass resulting from excavation-induced damage [66].

3.3 Summary

The initial characterization of the field study area was conducted prior to the large-scale
development of the 420 Level, and excavations related to the Mine-by Experiment. However,
the information gained from the various investigations was sufficient to design the Mine-by
Experiment arrangement, and to conduct preliminary numerical modeling related to failure
around some of the underground openings at the 420 Level.

Based on the initial characterization of the 420 Level, the geology in the field study area
was expected to be a mixture of granite and granodiorite. From laboratory studies, the effect
of lithological variations within the field study area was assumed to be negligible because
of the similarity in the elastic properties of the two rock types. However, field observations
suggested that the failure characteristics of the two rock types were different. Nevertheless,
in comparison with granitic rock masses in other excavation response experiments [73], the
rock mass in the field study area was considered homogeneous and isotropic, and contained
no significant discontinuities.

A number of different stress determination techniques were tried at the 420 Level, but
none of them produced a satisfactory estimate of the complete in situ stress tensor. Con-

sequently, individual components of the tensor were estimated by different means. Because
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of the composite nature of the estimated tensor, it was not possible to apply rigorous sta-
tistical methods to determine the mean value and confidence intervals of each of the stress
components. The estimate was, however, considered sufficient to lay out the excavations for
the Mine-by Experiment and to perform preliminary numerical modeling. The maximum
principal stress component was estimated to plunge at about 10° to the SE, and the inter-
mediate principal stress was thought to be near-horizontal. The test tunnel was designed
to be parallel to the o9 direction.

The properties of Lac du Bonnet granite have been well-characterized in a variety of
laboratory testing programs. Based on the results of uniaxial and triaxial tests on undam-
aged samples of Lac du Bonnet granite, the rock mass at the 420 Level was expected to
behave in a linear elastic fashion. However, progressive failure, resulting in pronounced
breakout notches in some of the excavations, was noted at this level. Numerical modeling
undertaken to explain these observations of in situ failure suggested that a Hoek-Brown
failure criterion based on the crack initiation stress, rather than the peak strength, from
laboratory tests was a better indicator of rock strength at the tunnel wall. From numerical
model studies, the rock at the tunnel wall was estimated to have a strength less than 50%
of the unconfined compressive strength obtained from intact laboratory samples.

The test tunnel was initially designed to be cylindrical with a diameter of 3.5 m and a
flat face. The excavation method, however, necessitated a stepped longitudinal profile to
accommodate drilling of each round, with a maximum diameter of 3.5 m in each round.
Based on previous excavations at the URL, some deviation from planarity was also expected
in the shape of the face. Precise survey control was maintained during the excavation,
drilling and instrument installation activities to ensure the exact location of the instruments
relative to the test tunnel was known.

Twelve radial extensometers and eight convergence arrays were installed as part of
the monitoring instrumentation for the Mine-by Experiment. The innermost extensometer

anchor was placed within 100 mm of the design perimeter of the test tunnel. Other types
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of instruments were also installed for the experiment, but results from them are considered
only qualitatively in this thesis. In particular, an AE/MS system and a series of tomographic
surveys were included to assess damage induced by the excavation of Room 415. Results

from the instrumentation and monitoring studies are discussed in later parts of this thesis.



Chapter 4

arametric Study of Linear
Elastic Displacements

As shown in Chapters 2 and 3, most stress determination techniques are limited to conditions
of low to moderate in situ stresses. To develop a technique applicable to highly stressed
rock masses, where excavation damage may develop within the tunnel, parametric studies
of displacements around a cylindrical tunnel in a continuous, homogeneous, isotropic, linear
elastic medium were conducted. The studies assessed the effects of stress components,
face shape and tunnel perimeter geometry on the measured displacement response using

two-dimensional, axisymmetric and three-dimensional numerical models.

4.1 Description of Numerical Codes and Conventions

A comparison of displacement results from different codes for a cylindrical tunnel in a
linear elastic medium under hydrostatic stress conditions illustrated that FLAC [26] and
EXAMINESD [27] gave results within 2% of the closed-form plane strain solution far from
the tunnel face. Near the face, the displacement responses produced by the two codes were
comparable. Based on these findings, FLAC was used on a 486-50 MHz personal computer
for two-dimensional and axisymmetric analysis, and EXAMINE3P was used on a Silicon
Graphics Personal Iris computer for three-dimensional analysis.

During the course of the parametric study, a number of different coordinate systems,

53
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involving both rectangular and cylindrical conventions, were used to illustrate different
aspects of the work. The conventions are described within each section. Unless otherwise
specified, the material properties used in the analyses were Young’s modulus (65 GPa) and

Poisson’s ratio (0.25). In all cases, standard SI units were adopted.
4.1.1 Two-dimensional and axisymmetric studies

FLAC is a two-dimensional explicit finite difference code, with axisymmetric capabilities,
primarily intended for geotechnical engineering applications. Its finite difference formulation
differs from the finite element method in that it uses a mixed discretization scheme [123], full
dynamic equations of motion, and an explicit solution scheme capable of handling arbitrary
non-linear stress-strain laws. The resulting matrix equations are identical to those for the
finite element method using constant strain triangles. Code verification and validation have
been extensively documented [26].

The conventions used in FLAC follow traditional mechanical engineering practice. Ten-
sile stresses are considered positive, and forces and displacements are positive if directed
in the positive coordinate direction in the two-dimensional case, or radially outward in the
axisymmetric case. To be consistent with geotechnical engineering conventions, results from
FLAC were converted to follow the convention of compressive stress and inward radial dis-
placement positive. In this way, convergence is defined as positive displacement of the rock
mass directed towards the tunnel centre, while divergence is negative displacement directed
away from the tunnel centre.

Results from the numerical models for locations far from the face were compared to
the analytical plane strain solution [59]. The radial and tangential displacements around a
circular hole in an infinite medium are given, respectively, by

a2
T iGr

and

U, {(01 + 02) + (01 — 02) [4 (1-v)- Z—z] cos 29} (4.1)
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a?

Vo= "1cr

{ (01 — o3) [2 (1-20)+ ‘;_z} sin 29} (4.2)

where ¢ is the tunnel radius, G is the shear modulus, 7 is the radial distance from the tunnel
centre, oy and oy are the principal stresses in the plane orthogonal to the tunnel axis, v is
Poisson’s ratio, and € is the rotation angle measured counterclockwise from the oy direction
(after Goodman [59]).

Plots of radial displacement versus face position were generated using dimensionless
coordinate variables. Normalized face position X/D was used as the abscissa, where X is

the difference in axial location of the tunnel face and instrument given by

X = Tface — Tinstrument (43)

and D is the tunnel diameter. Normalized radial displacement U, /U, was used as the

max

ordinate.

For the axisymmetric case, U, is the maximum radial displacement induced by a field

mazxr

stress of 1 MPa, and is given by

a

U = — 4.4
Tmaz 2G ( )
For a general axisymmetric plane strain case with field stress o, the tangential displacement

around the tunnel is zero, and the normalized radial displacement is given by

Ur _oa (4.5)

T

U

Tmaz

Stress ratios for the axisymmetric studies are presented as the maximum plane, axial,
and minimum plane stresses normalized to the minimum plane stress, e.g., K = 1,2,1
means that the ratios of maximum plane and axial stress to the minimum plane stress are
1:1 and 2:1, respectively. The individual normalized stress ratios are referred to as K4z,
Kyziqr and K. For the condition of axial symmetry, the maximum to minimum plane

stress ratio is always unity.
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4.1.2 Three-dimensional studies

EXAMINESP and its companion programs are designed for modeling and visualizing three-
dimensional geometry and data, and for analyzing stresses and displacements. The codes
are based on the boundary element method, and incorporate, among other features, au-
tomatic mesh generation and a mixed integration scheme to accurately calculate stresses
and displacements at field points. Validation of the code, conducted in part by comparing
results to those from ANSYS, a commercial finite element code, showed negligible difference
between results from the boundary element and the finite element codes for a cylindrical
tunnel under non-axisymmetric loading [60].

In EXAMINESP, compressive stresses are considered positive. The convention for pos-
itive normal and shear stresses is illustrated in Figure 4.1 for a general z,y, 2z coordinate
system. The same definitions for convergence and divergence used for the axisymmetric
cases also apply to these studies. For special cases where one of the principal stress direc-

tions coincides with the tunnel axis, the definitions of stress ratios also apply.

+z

Figure 4.1: Convention for positive stresses in EXAMINESP,
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Results from the studies are presented as characteristic radial displacement surfaces, an
adaptation of the characteristic line concept. The z, y and 2 axes correspond to normalized
face position X/D, rotation angle § and normalized radial displacement U, /U,, .., respec-
tively. Looking towards the tunnel face, rotation angle is measured counter-clockwise from
a point on the right sidewall at the height of the centreline. A constant normalizing factor
Urmas» in this case equivalent to the maximum radial displacement induced by applying a
uniaxial far-field stress of 1 MPa orthogonal to the tunnel axis, was used to avoid depen-
dence of the results on the shear modulus G and tunnel radius a. For the three-dimensional
studies, U,,,,. is given by

U _a(l-v)

Tmazr ~ G (4'6)

and the normalized radial and tangential displacements far from the face are given respec-

tively by
U, a a?
i = i) (014 02) + (01 — 02) 4(1——1/)—;—2- cos 26 (4.7)
and
U@ . a a2 .
A sp— {(01 =) [2(1 - 20)+ ﬁ] sin 29} (4.8)

The three-dimensional characteristic radial displacement surfaces can be represented in
two-dimensions by considering the radial displacement response versus either face position
for a fixed rotation angle, or rotation angle for a fixed face position. The studies also
considered, in a qualitative manner, the tangential and axial components of displacement.
Positive normalized axial displacement is interpreted as movement of a point at the tunnel
perimeter towards the start of the tunnel, and positive normalized tangential movement is

clockwise looking towards the tunnel face.



CHAPTER 4. PARAMETRIC STUDY OF LINEAR ELASTIC DISPLACEMENTS 58

4.2 Effect of Stress Components on Displacements

The relationship between stresses and displacements can be complex depending on the ge-
ometry of the problem under consideration. In linear elasticity, stresses are related directly
to strains, which are, in turn, related to the partial derivatives of displacement, i.e., the dis-
placement gradient. Displacements are therefore described by an integral function of stress
or strain. For simple geometries, such as a circular hole in an infinitely thick plate, the solu-
tion for stresses within the plate may be obtained by introducing an Airy’s stress function,
then solving the biharmonic equation for a given set of boundary conditions [55]. For more
complex three-dimensional geometries, there is generally no analytical solution describing
the stress distribution. In the absence of a closed-form solution, a three-dimensional bound-
ary element modeling study was conducted to investigate the effect of stress components

on the displacement response at the wall of a cylindrical tunnel.
4.2.1 Model description

The model used in the three-dimensional study is shown in Figure 4.2. The closed cylinder

Figure 4.2: Model geometry used in EXAMINESP to analyze effects of stress components
on tunnel wall displacements. Grid lines are located at § = 0, 20, 45, 60, 90, 120, 135, and
160° and extend five tunnel diameters either side of the face.
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representing the tunnel is 3.5 m in diameter, with a length to diameter ratio of ten to
minimize end effects. Rather than simulating the complete displacement response at a
fixed instrument location by iteratively advancing the tunnel face, a gradual face advance
of ten tunnel diameters was simulated in one step by using a series of field grid points,
representing different relative distances between the instrument and face locations, arranged
in eight axial lines. The grid lines extend five tunnel diameters either side of the face with
field points spaced 10 mm within 1 m of the face, and 100 mm outside this region. Field
grid points were located 5 mm outside the design perimeter of the tunnel, i.e., 1.755 m from
the tunnel centreline. The boundary element mesh on the cylinder surface is not shown in
Figure 4.2, but contained 3772 linear elements. A total of 4284 field grid points were used,
531 points per gridline.

The method of simulation, i.e., maintaining a fixed face position and considering instru-
ments at various axial locations, is at odds with the field condition where the instruments
are fixed and the face position changes. To reconcile the two approaches, a cartesian coor-
dinate system was chosen for the model such that the tunnel axis was coincident with the z
axis. In this way, the definition of face position X is consistent with the field definition given
by Equation 4.3. The region where X > 0 represents the posterior domain and the area
where X < 0 is the anterior domain. To maintain a right-handed convention, the positive
y direction is horizontal to the left looking in the positive z direction, and the positive z

direction is up.
4.2.2 The partitioned stress tensor

Most previous studies involving displacements around a cylindrical tunnel have considered
special stress states involving axial symmetry or zero antiplane shear stresses [12, 148], i.e,
the tunnel axis coincides with a principal stress direction. To assess a general elastic case
where the far-field stress components are unequal, and the tunnel axis does not coincide with

any of the principal stress directions, the principle of superposition can be used to partition
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a unit stress tensor into a set of three normal stress and three shear stress tensors [135],

i.e.,
1 11 [1 0 0] [0 0 0] T0 0 07
111 = 000 |4+]0 1T O0]|+]00 0]+
111 000] [000O0] |00 1]
o o131 ag22 g33
F0 1 0] "0 0 0] [0 0 17
100 |+|[001[+|000 (4.9)
00 0] [010] [10 0]
012 723 a13

By applying scalar multipliers to the six partitioned tensors, any general stress tensor can
be described. Hence, by describing the displacement responses for the six base cases, the
response for any combination of the six tensors can be found by adding the individual
displacement responses. Of the six partitioned tensors, 011, o33 and o013 represent plane
components of stress, i.e, oriented in the cross-sectional plane orthogonal to the tunnel
axis, while 099, 012 and o33 are antiplane components [53]. In terms of the coordinate
system used for the model (Figure 4.2), o1 is coincident with the y-axis, o9, with the

z-axis, and o33 with the z-axis.
4.2.3 Displacements related to plane components of stress

The plane components of the partitioned stress tensor are illustrated in Figure 4.3. The
displacement responses produced by the oy; tensor are shown in Figure 4.4 versus face
position, and are characteristic of the harmonic responses associated with these components,
i.e., sinusoidal in terms of displacement versus rotation angle. The difference between the
displacement responses related to the various plane components is characterized by a phase
shift in the harmonic response. As shown in the plots of displacement response versus
rotation angle (Appendix B; Figures B.1 to B.6), the responses for the radial, axial and
tangential displacement components have a periodicity of 180° for all three of the plane
tensor components, but differ in the positions and magnitudes of their respective maxima

and minima.
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The radial displacement response produced by ¢y; has a sigmoidal shape in the axial
direction, and shows convergence for the quadrants where —60° < § < 60° and 120° < 8§ <
240°, and divergence for the quadrants where 60° < 8 < 120° and 240° < 6 < 300°. The
response is, therefore, asymmetric with respect to zero displacement, with the transition
between convergence and divergence occurring at § = 60, 120, 240 and 300° for X/D = +co.
Near the face, the rotation angle at which this transition occurs varies slightly, as shown in
the plot of displacement versus face position. The maximum normalized radial displacement
is 1 and occurs at § = 0 and 180° for X/D = 4+c0. The minimum is —0.333 and occurs at
6 = 90 and 270° for X/D = 4c0. The proportion of the radial displacement occurring in
the anterior domain, i.e., the amount missed by posterior-type instruments, was consistently
31% of the plane strain solution for displacement at the tunnel wall given by Equation 4.2.

The axial displacement response versus face position for 17 has a complicated asym-
metric shape. The displacement near X/D = 0 is directed in the positive axial direction
into the rock mass ahead of the tunnel, resulting in axial compression of the rock in the
anterior domain, and extension in the posterior domain. Some variation in the response
with rotation angle was noted near X/D = 0, and two crossover points were apparent in the

posterior domain at X/D = 0.086 and 0.486. The maximum normalized axial displacement

— O o] O e

Figure 4.3: Plane components of the partitioned stress tensor. All stress components have
a magnitude of 1 MPa.
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is 0 and occurs at X/D = oo for all §. The minimum has two peaks, —0.106 and —0.107,
at X/D = 0.174 for § = 0 and 180°, and X/D = —0.060 for § = 90 and 270°, respectively.

The tangential displacement response associated with oy; is sigmoidal in the axial direc-
tion, and symmetric about Uy/U,, .., = 0. The maximum displacement is 0.667 and occurs
at X/D = +oco for § = 135 and 315°. The minimum is -0.667 and occurs at X/D = 40
for 6 = 45 and 225°. The transition between positive and negative tangential displacement
occurs at 8 = 0, 90, 180 and 270°.

The displacement responses produced by the o33 tensor are identical to those for the
011 tensor, with the exception of a phase shift of 90° in the rotation angle. Consequently,
the various maxima, minima and transition points are located 90° clockwise from those for
the 017 tensor, with the maximum radial displacement occurring at § = 90 and 270°.

The o013 tensor represents pure plane shear. Through simple transformation, the same
stress state can be produced by combining a unit compressive normal stress component ori-
ented at § = 45/225° and a unit tensile normal stress component oriented at § = 135/315°.
Therefore, the displacement responses can be determined by subtracting the o33 response
from the o1 response, and adding a phase shift of 45°. The resulting displacement responses
have a periodicity of 180° and are all symmetric about U/U,__.. = 0 in the axial direction.

The radial and tangential displacement responses for 073 are both sigmoidal in the axial
direction, with maximum and minimum normalized displacement of +1.333, respectively,
at X/D = +oo. For the radial response, the maximum displacement occurs at § = 45
and 225°, the minimum is at § = 135 and 315°, and the transition from convergence to
divergence occurs at § = 0, 90, 180 and 270°. For the tangential response, the maximum
displacement occurs at § = 0 and 180°, the minimum is at § = 90 and 270°, and the
transition occurs at 8 = 45, 135, 225 and 315°.

The axial displacement response associated with oy3 is relatively complex, although the
maximum absolute magnitude is only 0.045 at X/D = —0.174. A smaller peak is also

evident at X/D = 0.174. As in the case of oy;, the axial displacement response has two
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neutral points in the posterior domain: one at X/D = 0.086, the other at X/D = 0.486.
Positive axial displacement is associated with zones of radial convergence, while negative
axial displacement is related to zones of radial divergence. The axial displacement far from

X/D = 0 in both the anterior and posterior domains is zero for all rotation angles.
4.2.4 Displacements related to antiplane components of stress

The antiplane components of the partitioned stress tensor are illustrated in Figure 4.5. As
shown in Appendix B (Figures B.7 to B.11), the displacement responses produced by the
antiplane stress components are more complex than those for the plane components, particu-
larly near the tunnel face. The antiplane shear components produce harmonic displacement
responses, while the antiplane normal component produces an axisymmetric response, as
shown in Figure 4.6.

The radial displacement response produced by the g tensor rises in the axial direction
for all § from zero at X/D = —oo to a peak of 0.049 at X/D = —0.343, then declines
through a neutral point at X/D = —0.063, dropping to —0.050 at X/D = 0. In the
posterior domain, the response shows a sharp transition, rising towards zero at X/D = +oo0.
Likewise, the axial displacement response rises from zero at X/D = —oo to a peak of 0.309
at X/D = —0.066, then gradually declines to zero again at X/D = +oc0. Because of the
axisymmetric nature of the response, there is no tangential displacement produced by the
axial stress component.

The o019 and 093 tensors produce displacement responses with a periodicity of 360°.
Consequently, near the tunnel face, the displacement pattern produced by the antiplane
shear components is antisymmetric with respect to the tunnel axis. The displacement
responses versus face position associated with o1, are shown in Figure 4.7. As illustrated
in Appendix B (Figure B.9), the displacement response for ca3 is 90° out of phase with the
019 Tesponse.

In the axial direction, the radial displacement response rises from zero at X/D = —o0



