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ABSTRACT

Rockbursts, spalling, and overbreak are major concerns fttre design and construction
of tunnels, mines, and any underground excavations in higgtress environments. It is nec-
essary to understand and properly characterize the crackitiation (CI) threshold of the
surrounding rock, which has a signi cant in uence on the oaarence and severity of these
phenomena. Research has shown that examining pre-failurack and damage accumulation
observed during laboratory testing can provide a more comginensive evaluation of a rock
than peak strength values alone. One approach for damage cheterization relies on the
passive monitoring of acoustic emissions (AE) associatedthvimicrocrack formation during
uniaxial compression testing. In this study, several AE-basl methods for determining ClI
in various rock types have been evaluated for a diverse andpaexsive set of data.

The current methods, when applied to large sets of data, haweeen shown to exhibit
limited reliability and repeatability. In this study, previously acquired data was used to
determine the strengths of each method and its ability to swessfully determine the CI
threshold value. For the cumulative acoustic emission hitQAEH) method, the procedure
was evaluated to determine areas of improvement. Three mapoints were identi ed to
improve the approach: the appropriate level of smoothing tthe raw data, initial point
selection, and the e cacy of applying a translational shift Based on these results and
ndings, a more universal and reliable analysis method hasebn proposed, the modi ed

cumulative AE hit (MCAEH) method.
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CHAPTER 1
INTRODUCTION

1.1 Problem Statement and Motivation

Spalling and rockbursts in underground excavations are twmajor concerns in the tun-
neling and mining industries. Shallow spalls, associatedtlvlocal tensile failure, can cause
thin pieces of rock to ake o of excavation and tunnel walls.Rockbursts, on the other hand,
are characterized by a substantial release of energy thrdugjection of rock fragments away
from the excavated surface and are often due to the boundarnyess of a tunnel or excavation
approaching the uniaxial compressive strength of the rockHpek & Martin, 2014). These
stress induced ground failure modes can be detrimental to arcavation, placing workers and
equipment at risk and jeopardizing the success of the proje&Vhile the geologic conditions
and rock found at each project site can vary drastically, opla small portion of the rock can
be cored and tested. Because stress-induced damage leadlingpalling and/or rockbursts
in hard rocks is typically associated with the formation of ¢énsile rather than shear cracks
(Diederichs, 2007), the determination of stress threshador the formation of this type of
damage is important to predicting potential geotechnicalssues. Therefore, it is desirable to

have a repeatable and cost-e ective way to determine thestess thresholds.
1.2 Research Objective and Approach

Raw data from Uniaxial Compression Strength (UCS) laboratoryests performed with
acoustic emission (AE) monitoring was obtained and analyzed his test data was primarily
collected at the Natural Resources Canada CanmetMINING Rock Mbeanics Laboratory for
various projects over the course of several years, and haWewed for a broad evaluation of
AE-based techniques to determine the crack initiation (Cl) ad crack damage (CD) threshold

values in these geomaterials. A comparison will be made speally between the Log-Log



and the cumulative acoustic emission hit (CAEH) methods and #ir ability to successfully
determine CIl. The Volumetric Strain method will also be usedor comparative purposes
when evaluating the identi cation of CD by the Log-Log methal.

This work makes a contribution to the rock mechanics commutyi by developing a stan-
dardized AE-based method for Cl determination, and compargexisting methods used to
determine CD. The raw data obtained has been analyzed accorg to the speci ed methods.
The results are used to evaluate each method's suitabilitysaa standardized approach for

application to data from a wide variety of rocks.
1.3 Structure and Organization of Thesis

The body of this thesis has been divided into ve chapters, asutlined below:

Chapter 1 provides an introduction to the thesis and its comint. The problem statement
and motivation for the research is presented, as well as thesearch objective and approach
used.

Chapter 2 presents background information and further exgins the cracking phenomena
and concepts behind the crack initiation (Cl) and crack damge (CD) thresholds. Case stud-
ies are presented that highlight the signi cance and applations of this work. The chapter
also includes a detailed review of the acoustic emission (ABata acquisition technique and
existing AE data interpretation methods.

Chapter 3 introduces the rock materials for which AE data wasltained and used in the
analysis. It includes a detailed explanation of each rock drpresents the raw data visually.
The analysis methods used in this thesis are also presentéthe analyses used to develop
appropriate modi cations to the cumulative AE hit (CAEH) method for Cl determination
are outlined as well.

Chapter 4 presents the results from an analysis of AE data tratation and formally
proposes the new Modi ed Cumulative AE Hit (MCAEH) method. The results are presented
to validate the MCAEH method and quantify its performance. Tle ability of the Volumetric

Strain method and Log-Log method to consistently and succdslly determine CD is also



discussed.
Chapter 5 provides a summary of the conclusions and the imgéitions of the results for

design and industry applications. Future research opportities are also identi ed.



CHAPTER 2
BACKGROUND AND PREVIOUS STUDIES

2.1 Background

2.1.1 Stress Characteristics of Rock

The International Society for Rock Mechanics and Rock Engaering (ISRM) has estab-
lished two key stress thresholds related to intact rock dange: the Crack Initiation threshold
(CI) and the Crack Damage threshold (CD). ClI is the lower boud of in-situ strength and
is indicative of the long-term strength of intact rock at lowcon ning pressures. While some
isolated grain scale cracks can develop below the crack iation threshold, CI represents the
stress at which these cracks begin to systematically nucteaDiederichs & Martin, 2010).
CD can be used as an approximation for the upper bound eld stngth and is indicative
of the yielding or long-term strength of the rock. CD marks tk onset of shear deformation
due to microcrack coalescence. Diederichs & Martin (2010)gaie that while historically it
has not been commonly used in rock mechanics, CD is the last texdal-speci ¢ strength
threshold, meaning failure at higher stress levels is contted by loading rate, rock volume,
and, in the case of lab testing, machine con guration. Marti (1993) found that the uncon-
ned compressive strength (UCS) of granite is dependent ondding conditions in laboratory
testing, unlike Cl and CD, and is therefore not a true materiaproperty.

It should be noted that there are a few synonymous terms usetliterature. CI represents
the lower bound strength and is sometimes referred to as thgstematic damage initiation
threshold. CD represents the upper bound strength of rock dns sometimes referred to as
the crack interaction threshold (Diederichset al., 2004).

Cl and CD can be determined using a number of methods and tesgi procedures, several
of which are based on Acoustic Emission (AE) data (Eberhardit al., 1999; Diederichst al.,

2004). Other names for AE include microseismic activity, si#iss wave emissions, elastic waves,



and subaudible rock noise (Koerneet al., 1981). The use of AE for monitoring rock mass
stability originated in the late 1930's by Obert and Duvall h the United States and Hodgson
in Canada (Koerneret al., 1981). AE signals in rock can result from a sudden release of
stored elastic strain energy that produces an elastic stiesvave that travels from the event
source to the material boundary. Initiation and propagatio of cracks and fractures through
and across mineral grains, and grain boundary movement inaloare some of the processes
that can generate AE events (Eberhardt, 1998).

For brittle failure, stress-induced fracturing must rst disrupt continuity in materials
before any feasible kinematic failure mechanism can occdrtin et al., 2001). AE activity
is strongly dependent on the stress level, in addition to thelegree of heterogeneity and
brittleness of the rock; AE activity increases markedly withan increase in the degree of
heterogeneity of the rock (Mogi, 2007).

A conceptual model, from Diederich®t al. (2004), which was adapted from Diederichs
(1999), is presented in Figure 2.1. There are four zones of kamass responses or failure
mechanism: no damage (elastic), shear failure, spallingilime, and tensile (unraveling)
failure. Spalling and unraveling type failures dominate aund underground openings. The
strength envelope can be represented as a bi-linear failugavelope for brittle rock, where
below a damage threshold of m=0 (Hoek-Brown constant; intea frictional strength), the
rock around a tunnel excavation experiences no damage.

Several di erent methods have been proposed in the literatet to determine Cl and CD
through laboratory testing. This research will evaluate tw prominent AE-based methods
using data from several rock types (limestone, granites, dmmarble) and cementitious ma-
terials (concrete and grout). While several commonalitiesxest between these methods,
their consistency, repeatability, and relative accuracy W be analyzed and compared. These
methods are either highly subjective or are intended for usm a speci ¢ AE response curve
shape geometry. The evaluation and application of these AE theds to such a large set of

data reveal some trends not apparent or clear in prior resedr. Most previous studies have
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focused largely on rock samples retrieved from a speci c pect site when only a speci ¢ set
of rock samples were tested in conjunction with a particulgsroject, such as the proposed ar-
eas for China's radioactive waste repository or the Underguod Research Laboratory (URL)

in Canada (Zhaoet al., 2013).
2.1.2 Signi cance of CI Determination

After determining CI for rock units relevant to a given projet site, a quick assessment
can be performed to predict the spalling potential. A rough @proximation of overbreak
extent, measured as a radial distance from the tunnel center can be obtained through
Equation 2.1 for nax > Cl . This empirical prediction of spall related overbreak dejt is

shown in Figure 2.2 (Diederich%t al., 2010).
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Figure 2.2: Empirical spall prediction (from Diederichset al., 2010).



The empirical spall prediction in Figure 2.2, however, was eated under the assumption
that Cl is equal to 40% of the uniaxial compressive strengtBy estimating Cl independently
of UCS, a more accurate characterization of potential oversissing issues can be obtained.To
better demonstrate the potential signi cance of determimig CI, an example scenario has been
evaluated.

A 7.6 meter diameter tunnel is being designed in rock with a UC8f 200 MPa. The
maximum tunnel stress (max) is 90 MPa. If the assumption is made that the CI value for
the rock is 0.40 times the UCS value, then Cl is 80 MPa. Based ohet empirical spall
prediction equation, the predicted depth of spallingr(a ) would be 1.06. For a tunnel with
a radius of 3.8 m, this equates to an approximate overbreak 0228 m.

However, if the Cl value for the rock is evaluated using an AE-Ised method, it is possible
that the Cl value may be actually be close to 50 MPa, or 0.25 tigs the UCS of the rock. In
this case, the predicted depth of spalling would be 1.4, whicorresponds to an overbreak
of 1.520 m, an order of magnitude higher than predicted usirgn assumed CI value of 80
MPa. This example further illustrates the importance of detrmining CI for a rock and the

signi cance it can have on the predicted overbreak and spaiy potential.
2.1.3 Case Studies

To highlight the signi cance of this work and its application to the design and construc-
tion of underground structures, two case studies focused tighly stressed excavations in

rock are discussed in this section.
2.1.3.1 Deep Geologic Repositories

A by-product of both nuclear power generation and the upkeepf @ssociated facilities
is nuclear waste, including both spent nuclear fuel and low&evel contaminated materials.
One solution for the long-term storage and containment of mlear waste is in a deep geo-

logic repository (DGR). A DGR has been proposed by Ontario Reer Generation, which is



currently in the licensing phase, beneath the Bruce nucleaite in the Municipality of Kin-
cardine, Ontario, Canada. The project designers need to ueistand how the rock mass will
behave under variable conditions well past the 100-year apé&onal design life for the facility,
and how any cracks and fractures may a ect the containment prmance (Diederichset al.,
2013). It is also necessary to assess the long-term geomaid& stability and rock mass
integrity of the proposed DGR for a time span of one million yas. By understanding the
stress levels and conditions at which cracks and fracturesrin, small-scale tensile damage
formation can be predicted and ultimately mitigated. Martn (1993) concluded that ClI in
laboratory samples occurs at around the same stress levelcaacking around underground
excavations in the eld, meaning that accurately estimatig CI for the materials in which a

DGR is excavated is critical to ensuring long-term safety.
2.1.3.2 Seymour-Capilano Water Tunnels, Canada

The Seymour-Capilano Filtration Project in Vancouver, Canda, consists of twin 3.8
meter diameter water conveyance tunnels. The tunnels werersstructed using two Robbins
tunnel boring machines (TBMs), which were both launched fra a single 180 meter deep and
11 meter diameter shaft. Reports indicated that the groundanditions for the 7.1 kilometer
tunnels would be sound granitic and metavolcanic bedrock,ubthere was much inherent
uncertainty associated with the geological conditions. Th600 meter maximum overburden
was in the central section of the tunnel drive that was locatebelow a densely forested and
protected land. The design engineers were not permitted t@ke any borings in this area
(Brox, 2017).

During construction, high in-situ stresses were encountt in the Raw Water Tunnel
drive, resulting in rockbursts and spalling. The jointed ad altered granodiorite su ered
signi cant overbreak above the TBM. These ground conditios were neither expected nor
presented as a possible risk in the geotechnical baselinpad (GBR). This became a major
issue and safety concern for the contractor, Bil nger Berge A lawsuit ensued and the

contract with Bil nger Berger was terminated. This not only extended the project timeline



by years, it nearly doubled the original anticipated cost fiothe project.

In order to determine whether rockburst and/or spalling wil be a potential concern,
it is necessary to know both the rock strength, which is cortiled by CI, and the stress
state. While it is not always possible to measure the in-situtresses prior to excavation at
depth, understanding the CI value for the geomaterial at at& can greatly impact the design
considerations. For example, if the CI value is assumed to B8% of UCS, but it is actually
closer to 30% of UCS, then this di erence can cause signi canielays and additional costs
to the project. While these projects always carry risk and uretainty, such planning and
foresight may have resulted in a vastly di erent outcome inhe case of the Seymour-Capilano

project.

2.2 Methods for Determining Damage Characteristics of Rock

2.2.1 AE Acquisition

Geomaterials commonly emit AE signals that are low-frequenpq100 Hz to 50,000 Hz)
and require sensitive transducers in order to obtain measments, which make them sus-
ceptible to recording background noise (Koernegt al., 1981). A signi cant consideration
in conducting the AE method is setting an appropriate threshd to detect fracture-related
acoustic events that limits the contamination of the data bynoise. This is particularly im-
portant when evaluating crack formation at relatively low bads (i.e. around CI), as these
initial cracks lack the intensity of cracks associated withater loading stages (Eberhardt,
1998). Options include spatial ltration and rise time discimination. When the location of
a noise source is known, spatial Itration can be used to regjewaves from outside a target
area. Rise time discrimination is based on the notion that &cture related AE signals will
have fast rise times, while background noise will not (Koeen et al., 1981).

An illustration of a typical acoustic emission signal is showin Figure 2.3. The rst
departure of the signal from the noise threshold is called¢hrst arrival. The peak amplitude

is related to the source and location of the AE event, and risénte is the time between the
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rst threshold crossing and the point at which peak amplitue is achieved (Eberhardt, 1998).
The AE count value represents the number of times the signalasses the user-de ned noise
threshold. Larger acoustic events will produce more coungnd longer event durations. It
is important to note that AE activity can be described in termsof both the number of
events and the number of counts; the correlation between theo values is dependent on the

incoming amplitude of the event and the threshold level setytthe operator (Hardy, 2005).

Rise Time
——

‘ _# AE Counts

Amplitude

Volts

b {\ Ly /\ ............. Threshold _
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V v V V \/ ™ Time

AE “Hit”

Duration

Figure 2.3: lllustration of the key components and featuresf @n acoustic emission signal.

An AE hit is a single waveform that is identi ed by an AE sensor (ths waveform may be
associated with several counts). In the ideal case, every Al hecorded would correspond
with one crack event. However, in actuality, if multiple evets occur at similar times, a single
hit can record multiple events. For each hit reading, the nuiver of AE counts is dependent
on both the number of events recorded in a hit, as well as thetémsity of each event. An
AE hit is therefore not physically signi cant on its own, and snce the actual number of
cracking events cannot easily be determined from the ressilthe cumulative number of AE
counts is most commonly analyzed (Keshtgar & Modarres, 2013rhe number of AE counts
is synonymous with the cracking intensity, as it accounts fathe severity of the combined

cracking events. It has been established that the best use AE waveform analysis is in a
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relative sense and that the laboratory-derived count valgeare only meaningful in relative
terms (Eberhardt et al., 1997). When determining Cl and CD values using AE data, the

shape of the cumulative AE count curve as a function of stress typically analyzed.
2.2.1.1 Experimental Setup and Data

As previously mentioned, the data used in this thesis was nofrdctly collected by the
author; testing notes, photos, and other information accopanying the raw data les were
used to gain a better understanding of the experimental sgiland data acquisition procedure.
The Carrara Marble, Heterogeneous Limestone, and Skarn speens were tested at the
University of Vigo in Vigo, Spain. All other specimens includedhi this research were tested
at the CANMET Rock Mechanics Laboratory of Natural Resources Geada.

For testing performed at the CANMET, an MTS Rock Mechanics Testg System, Model
815, was used, which included a servo-controlled axial loag module. Specimens were tested
at a constant axial displacement rate, usually ranging be®en 0.0066 to 0.0011 mm/sec,
depending on specimen size.

After obtaining the raw data, synchronization was required étween the AE equipment
and the stress data. The voltage values recorded by the loadllcwere correlated with the
voltages from the data acquisition system recording the AE da for each data set. This
step was programmed into the MATLAB code to process the raw dat les automatically.
An example of the raw output from the AE acquisition system is sbwn in Figure 2.4.

For every UCS test performed, the acoustic signals were reded using AE sensors on
two channels. While the sensors on these two channels are reowy the AE activity for the
same loaded specimen, the recordings may vary slightly dueethe placement of the sensors,
their sensitivity and performance, and other experimentatonditions. For the purposes of
this thesis, the readings from the two channels were treatesbs two separate data points.
This decision was made to increase the overall number of dgtaints used in the analysis

and to further test the robustness of each method.
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128 0 00:00:00.0000000 Acquisition Running

ID PARA1 CHANNEL RISE COUNT ENER DURATION AMP THR SIG STRNGTH ABS-ENERGY
1 0.0024 1 88 5 1 269 44 40 1.13E+04 7.59E+01
1 0.0027 1 0 1 1 0 40 40 1.13E+04 7.59E+01
1 0.0034 1 233 21 7 722 52 40 4.73E+04 5.82E+02
1 0.0034 1 0 1 0 0 40 40 0.00E+00 0.00E+00
1 0.0037 1 0 1 0 0 40 40 0.00E+00 0.00E+00
1 0.0043 1 150 101 26 1755 57 40 1.63E+05 3.20E+03
1 0.0043 2 0 1 0 0 40 40 1.83E+01 2.37E-01
1 0.0043 1 15 13 2 293 47 40 1.52E+04 1.30E+02
1 0.0015 1 300 13 21 867 54 40 1.34E+05 3.17E+03
1 0.0012 1 84 7 1 153 43 40 8.26E+03 6.68E+01
1 0.0031 1 1 1 0 2 42 40 3.08E+02 3.81E+00
1 0.0034 2 28 6 0 83 45 40 5.15E+03 4.66E+01
1 0.0043 1 0 1 0 12 40 40 6.65E+02 4.70E+00

Figure 2.4: An example of the raw AE data output from the data acgsition system for a
specimen of Indiana Gray Limestone.

2.2.2 Rock Damage Process

It is necessary to understand the theory and mechanics of ckainitiation and propagation
in order to study the commonly used methods for determiningl@nd CD. The Gri th theory
of brittle fracture initiation provides a simpli ed model t hat is based on the assumption that
all fractures initiate from the tips of inclined aws (Grit h, 1921). However, this theory
only covers initiation of tensile failure, and not fracturepropagation and shear failure in
compression (Hoek & Martin, 2014). Studies have since demtmased that crack initiation
in brittle rock is expressed as extensional fractures subadlel to the direction of maximum
compressive stress (e.g. Cook, 1965; Hoek & Bieniawski, 198 ceet al., 1966; Bieniawski,
1967a; Lajtai, 1974; Tapponnier & Brace, 1976; Locknet al., 1992; Amannet al., 2011).
The presence of four key points can be identi ed in a typicaliess-strain response, as shown
in Figure 2.5: crack closure, crack initiation, crack damagend peak stress.

The crack initiation threshold is the lower bound in-situ stength of rock. Systematic ran-
dom cracking begins to occur after the crack initiation threhold (Martin, 1997; Diederichs,
2003; Diederichs, 2007; Diederichs & Martin, 2010; Waltor2017). Crack initiation can be
de ned as the point where lateral and volumetric strain cures rst depart from linearity
(Braceet al., 1966; Bieniawski, 1967a; Lajtai, 1974; Eberhardit al., 1998; Eberhardtet al.,

1999). Eberhardtet al. (1999) noted, however, that the crack initiation thresholccould more
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accurately be determined through an approach that combinedlE measurements with strain

gauge data.
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Figure 2.5: Typical stress-strain plot for a specimen of Indha Gray Limestone tested in
uniaxial compression.

Ghazvinianet al. (2012b) introduced the concept of two crack initiation threhold bounds
based on uncertainty in the determination of CI: the lower boend and upper bound CI
thresholds (CLL and CI_U respectively). When the International Society for Rock Mdtanics
and Rock Engineering (ISRM) established the term \crack iniation threshold”, there was
no mention of an upper and lower bound for this threshold. Fahe purposes of this study,
the crack initiation threshold will be treated and reportedas a single value.

The crack damage threshold is de ned as the point of non-liaéty in the axial-stress
axial-strain curve (Braceet al., 1966; Martin, 1997; Diederichs, 2003; Diedericles al., 2004;
Walton et al., 2014). This transition point is di cult to identify from th e axial strain curve in
practice, but researchers found that the reversal point ohe volumetric strain curve occurs
at roughly the same stress as the point of non-linearity in @&l strain (CD) under uncon ned

loading conditions, as seen in Figure 2.5.
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2.2.3 Data Interpretation Methods

2.2.3.1 Log-Log Method

To visualize damage trends, cumulative AE counts have beenofted on a logarithmic
scale for several decades (Eberhardt al., 1999), but it was not until 2004 when both the
applied axial stress and cumulative acoustic event count veeplotted on a log-log plot to
display locally linear trends (Diederichset al., 2004). Diederichset al. (2004) presented
a plot of the applied stress versus cumulative event counthaa log-log scale, for a ne-
grained granodiorite sample from the 240m Level of the Undeoynd Research Laboratory
in Manitoba, Canada, tested in uniaxial compression. When ung this visualization, the
initial increase in acoustic activity gradually leveled o, revealing the point of systematic
crack initiation as the transition between two linear portons of the graph. CD was identi ed
by a deviation from this linear response (Diederichst al., 2004). These types of trends are
illustrated in the example AE response curve presented in Figr2.6.

For the purpose of this research, the author shall refer to th visual method for CI and
CD as the Log-Log method, as it is based on the manual intergegion of the AE response
curve of the cumulative AE counts versus the applied axial stss plotted on a log-log scale.

With regard to the Log-Log method, the method relies on the use subjective inter-
pretation of the in ection point of the AE cumulative counts and stress presented on a
logarithmic scale. It should also be noted that a similar mébd coined the \linear AE hit
line method" has recently been proposed which has the usefest the in ection point in
the AE cumulative hit versus axial stress plot (Zhacet al., 2013). This method is almost
identical to the Log-Log method proposed by Diederichs, Kser, and Eberhardt (2004), with
the key di erence that the in ection point is selected from aplot with linear axes instead of
using a log-log scale.

It is also worth noting that the application of the Log-Log méhod can produce slightly
di erent results based on the user and the scale at which theath is presented. While this

may simply be an intrinsic property of a user-driven, visu@y based interpretation method,
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Figure 2.6: Example AE response curve for a specimen of Cobourignestone with the

cumulative AE counts and axial stress plotted on a log-log skea

16



it shines a light on the unavoidable uncertainty and variabity in determining these crack
damage thresholds. In some cases, zooming-in on a particu@ea of a plot or adjusting
the scale can highlight or mask changes in the slope of the AEree, thus inadvertently
in uencing the user. This is also further complicated by thevarying levels of initial setting
(or noise) at the start of loading, which may necessitate a ghin the viewing window for
Cl and CD interpretation. Progress has been made in addresgithese concerns through a
formal call to action by the ISRM Commission on Spalling Predtion (Diederichs & Martin,
2010) and newly proposed methods, such as the Cumulative AE HEAEH) method (Zhao
et al.,, 2015a).

2.2.3.2 Cumulative AE Hit (CAEH) Method

Another approach to determine Cl is the cumulative AE hit (CAEH) method. The CAEH
method was proposed as an alternative method to determineeltrack initiation stress with
the primary goal of removing user judgment. It is based on thevaluation of the slope of
the cumulative AE count curve with respect to axial stress. Ta proposed method can be
broken into four steps, which are illustrated in Figure 2.7 (Fao et al., 2015a). First, the
cumulative AE hits are plotted as a function of axial stress upo the peak stress. Within
the rst distinct convex section of the curve, a random pointis selected to serve as the
initial point (see Figure Figure 2.7a). The second step is to tegkmine the upper bound for
Cl. The upper bound is a data point between the initial point ad peak stress that forms
the smallest angle with the origin (see Figure Figure 2.7b). Nekhe lower bound for ClI is
determined: straight lines are drawn between each data poiand the upper bound, starting
from the initial point; the data point corresponding to the ine with the smallest slope is the
lower bound. With the upper and lower bounds located, the cr&adnitiation stress can be
identi ed. A reference line is drawn to connect the upper andower bound points (Figure
Figure 2.7c). The dierence between the reference line and asured AE cumulative hit
number at each stress level is called the AE hit di erence. Thenagnitude of stress that

corresponds to the greatest AE hit di erence is taken to be CIHigure Figure 2.7d). The
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CAEH method can be easily implemented in mathematical softwatools such as MATLAB.
A full example of the implementation of the CAEH method for a spcimen of Indiana Gray

Limestone has been provided in Appendix Section A.1 for refeiee.
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Figure 2.7: The four steps to determine ClI using the CAEH methothdapted from Zhaoet
al. 2015a, using a specimen of Indiana Gray Limestone from thigidy).

The results obtained from the CAEH method and more convential strain-based meth-
ods, speci cally the Lateral Strain Response (LSR) methodyere found to be comparable
(Zhao et al., 2015a,b). The lack of subjectivity in the CAEH method, howesr, may have
the potential to make the method less robust when analyzingath which does not match
the ideal trends displayed in the data used to develop the nfetd. The method was de-

veloped using rock specimens obtained from seven sub-vatiboreholes at di erent depths
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in the Beishan, Tianhu, and Yamansu areas in China (Zhaet al., 2015a,b). In this study,
the performance of the method will be assessed for other ragkes, such as limestone and
cementitious materials and e orts have been made to revisen@ improve the method for

application to a broader range of rock types.
2.2.3.2.1 Hits versus Counts

Although the method is called the cumulative AE hit method, it gpears that the term
hit was implied to meancount by the author. This suggestion was interpreted based on the
trends in the available data, and performing the CAEH method sing both hits and counts,
according to their de nitions as presented in Section 2.2.1A comparison is provided for
a specimen of Westerly Granite. The CAEH method was performedsing the cumulative
number of AE hits (Figure 2.8) and the cumulative number of AE conts (Figure 2.9).

A number of distinct di erences can be seen between these tptots. The count curve is
much closer in shape to the curve presented by Zhat al. (2015b), reproduced for reference
in Figure 2.10. The total relative number of cumulative courg at peak was approximately
an order of magnitude greater than the cumulative hits. Thewmulative number of counts
at peak (Figure 2.9) was in close proximity to the \AE hit numbet at peak shown in
Figure 2.10.

A notable di erence can also be seen in the shape of the AE hitrme (Figure 2.8) versus
the AE count curve (Figure 2.9). In general, the AE count curve &s a more de ned shape,
particularly towards the peak axial stress. Nakamura (197 foints out that the cumulative
number of ringdown counts (or counts) is essentially weigtl by the duration of each signal
(or hit) (Nakamura, 1977; Eberhardtet al., 1997). In other words, a greater number of
counts recorded for a single hit can be indicative of a largeracking event. The shape of the
reference plot (Figure 2.10) is closer to that of the AE count cue than the AE hit curve.

It is important for the reader to note that the CAEH method actually relies on the
use ofcounts instead of hits, as it is understandable that the use of these terms, common

in the English vernacular, may lead to some confusion. It wadecided that the MCAEH

19



L4 Plot of AE counts vs Stress for WG-19 Channel 1
S A L EE A R

P T T R

S

)
T
P

=
(=3}
L

=
s
T

Cumulative AE Hits (104)

I T T TN W '

0.2 |- 0 =72.39 MPa

0'...|...|...|...|...|...|...|...|...
0 20 40 60 80 100 120 140 160 180

Axial Stress (MPa)

Figure 2.8: Example output plot from the CAEH method when cumutive \hits" are used
(based on the de nition of a hit) for a specimen of Westerly Ganite.
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Figure 2.9: Example output plot from the CAEH method when cumutive \counts" are
used (based on a de nition of a count) for the same specimen\Mesterly Granite.
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Figure 2.10: The stress-strain relationship and associatedmulative AE hit number curve
for the specimen of Beshian granite (BS06-01) presented biad et al. (2015b) in a paper
proposing the CAEH method.
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method should not be named the modi ed cumulative AEeount (MCAEC) method in order

to maintain consistency with the CAEH method.
2.2.3.3 Volumetric Strain Method

This study used volumetric strain reversal as an indicatorof CD, as all tests were
conducted under uniaxial compression conditions. In casesere the CD values derived
from AE data do not match for porous rocks, however, this may rect the fact that the
volumetric strain reversal point does not always correspdrio CD for these types of rocks.
For the purposes of this research, the determination of thelCthreshold manually based on

the volumetric strain reversal point is referred to as the Mametric Strain method.
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CHAPTER 3
MATERIALS AND METHODS

An emphasis has been intentionally placed on the evaluatiori the response and results
from standard uniaxial compression testing. While the dataame from a number of di erent
testing programs, all tests were performed to comply with M (1999) or ASTM (2008) or
guidelines (ASTM, 2008; Fairhurst & Hudson, 1999). The CANMET (@nada Centre for
Mineral and Energy Technology) laboratory, for example, isSO/IEC 17025 accredited. All
UCS testing at this facility was performed according to the sgi cations outlined in ASTM
D7012-10, which covers the uncon ned, uniaxial strength $¢ing method for intact rock core

specimens.
3.1 Rock Materials

It is important to understand the materials that were testedin the data obtained for
this research. While the following analysis often groups datsets together under broader
categories, each individual type of rock and geomaterial explained below for consistency
and completeness. This will provide context to the resultsral explain the components of
each group presented in Chapter 4. A summarized list of the spmens, grouped according
to data set and material type, is presented in Table 3.1.

An interesting generalized observation can be made on the tgpl AE response curves
of the specimens analyzed. Mogi (1962) noted a speci c typé AE signature, presented in
the form of cumulative counts versus the imposed stress Iéwe Figure 3.1. This signature
can be correlated with the heuristic concepts of the brittleock fracture process studied
by Bieniawski (1967b), shown in Figure 6b. Boycet al. (1981b) investigated the acoustic
signature of rocks tested in uniaxial compression. They conded that a single consistent

AE response curve did not exist, but instead suggested fourpigal AE signatures. The four
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typical AE curves are presented in Figure 3.2. The labels on éa&E curve, numbered 1

through 4, correspond with the regions identi ed in Figure 3.1

Rupture
e I ‘2')] " ”
Region “4” ! o ; Unstable Fi qcfme
T - alure | Propagation
/s 1
A Critical
o / Region “3" Energy Release
= . P S — Stable Fracture
é I Propagation
0 e .
9 P Region “2" Fracture Initiation |
é A ol e S T ] Linear Elastic
é Rl Deformation
************* - Crack Closure
__________________________ s "R_e?_on_l‘_'l"""""" Closing of Cracks
Axial Stress Stress Application
(a) Mogi Type AE Signature (b) Bieniawski’s Brittle Fracture Process

Figure 3.1: The (a) AE signature identi ed by Mogi and (b) its caoinection to the brittle
fracture process identi ed by Bieniawski (Bieniawski, 1980; Boyceet al., 1981a,b; Mogi,
1962)

A region of linear elastic deformation, labeled \2" on eachucve, was present in all four
signatures. These signatures and descriptions are helpfuhen viewing the AE response

curves for each of the geomaterials for which data was obtath
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Figure 3.2: Four types of acoustic emission signatures foufat rocks tested in uncon ned
compression (Boyceet al., 1981a,b)
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Table 3.1: Summarized list of geomaterials, grouped accorg to data set and material type
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3.1.1 Limestone

Test results from Indiana, Cobourg, and Heterogeneous Lintese were evaluated. These
three types of limestone have distinct features that are elgned in greater detail below. The
UCS test data for both types of limestone was collected by theABIMET Rock Mechanics
Laboratory in Ottawa, Ontario Canada, as part of several sgpate studies. In the study
conducted by Boyceet al. (1981b), the AE response for limestone specimens was clasgi
as \dense unstable" (Figure 3.2d). This signature generalliypatches the AE curves obtained

for all of the limestone data obtained for this research.
3.1.1.1 Indiana Limestone

Indiana Limestone can be considered a monomineralic rock ager 97% of the rock
is comprised of calcite CaCQs). Geologically, Indiana Limestone is known as the Salem
Limestone and dates back to the Mississippian era (323-347aM Based on Dunham's
classi cation, Indiana Limestone can be classi ed as a grastone (Dunham, 1962; Hill, 2013;
Walton et al., 2014; Waltonet al., 2017). This limestone has one of the highest porosities of
the materials evaluated, generally ranging from 12 to 20 p=ant (Vajdova et al., 2004).

Historically, Indiana Limestone has been commonly used as ailding material due to
its durability, consistency, and availability. Indiana Limestone can either be bu or gray in
color. When viewed at the grain scale, a di erence can be notdmetween Bu and Gray
Indiana Limestone. Bu limestone is found above gray limesne in-situ, as groundwater

oxidation has caused the bu limestone to be lighter than gralimestone (ILIA, 2007).
3.1.1.1.1 Indiana Bu Limestone

The Indiana Bu Limestone specimens discussed in this seati were tested for two sepa-
rate projects. The rst was conducted from 2013 to early 2014t the CANMET laboratory
in Canada, and the second was performed at the same lab in laiemmer months of 2014.
A notable di erence between the data sets was the diameter tie specimens tested. The

rst data set included specimens that were 54 mm in diametegyhile the second project in
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the summer of 2014 included specimens 50 mm and 80.9 mm in déen. A photograph
depicting the testing setup for one of the Indiana Bu Limesbne specimens is shown in

Figure 3.3.

Figure 3.3: A photograph showing an example loading setup ftite Indiana Bu Limestone
specimens (photo courtesy of Denis Labrie).

The AE curves for the eight specimens of Indiana Bu Limestongested in the summer
of 2014 were normalized for comparison. The cumulative AE aats for each specimen was
divided by the corresponding cumulative counts at peak stss, and the applied axial stress
divided by the corresponding peak stress §). The eight AE curves could then be plotted
on the same graph for ease of visualization. For referencketuniaxial compressive strength
(UCS) of each tested specimen, recorded as the peak axial strevalue, is labelled as,
in these graphs. When comparing the AE curves for all eight speeens, as presented in
Figure 3.4, some trends become apparent. IBL-104, 105, and b not have the \S-shaped
curve" that is necessary for the CAEH method of Cl determinatin to work properly, and
their overall shape is much steeper than the AE curves for IBLO1, 102, and 103. It was

therefore predicted that the CAEH method may struggle to detenine the CI value for the
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steeper curves; the signi cant levels of initial noise forhie rst three specimens may also
have the potential to be problematic.

The specimens from the rst and second data set were preparadd tested in May of
2013 and February to March of 2014, respectively. These twelspecimens had an average
diameter of 54.13 mm. Their AE response curves were normatizend plotted in Figure 3.5
for comparison. These curves were much more consistent thizne ones from the specimens
tested in the summer of 2014. As seen in Figure 3.4, the di erem the AE response curves
between IBL-101, 102, and 103 and the other specimens is ljkdue to the quantity of AE
counts recorded prior to the crack initiation stress. The arage Poisson's Ratio of these
three specimens was 0.335 with a standard deviation of 0.01pecimens IBL-104, 105, and
106, which displayed no initial convex section, had an avega Poisson's Ratio of only 0.227

with a standard deviation of 0.030.
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Figure 3.4: Normalized AE response curves for all eight Indiarglu Limestone specimens
tested in the summer of 2014.
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Figure 3.5: Normalized AE response curves for all 12 Indiana Bluimestone specimens
tested in 2013, with an average specimen diameter of appnmétely 54 mm.

3.1.1.1.2 Indiana Gray Limestone

The Indiana Gray Limestone specimens discussed in this deat were tested in 2014
at the CANMET Rock Mechanics Laboratory. For the tests perforrad on Indiana Gray
Limestone, two separate types of AE sensors were used: R-1Bsses and Pico sensors.
R-15 AE sensors are typically referred to as general purposgrrow-band AE sensors with
an operating frequency range of 50-400 kHz. Pico AE sensors higher frequency, with an
operating frequency range of 200-750 kHz. The data from eachtlbese two sensor types
were analyzed separately.

Ten specimens of Indiana Gray Limestone were tested usingtivéico and R-15 sensors
(Physical Acoustics Corporation) to record AE activity. Five pecimens were cored from
one block of limestone (Block 1), while the other ve were ced from a second block. An
image of the coring process from one of the blocks is shown imglie 3.6. The average
diameter of the ten specimens was 54.16 mm, with an averagedth of 118.26 mm. There

were no signi cant or notable recorded di erences betweemé specimens prepared from the
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two separate blocks. Records indicate that all specimenspexienced a general shear failure

with vertical splitting.

Figure 3.6: Photo showing specimen preparation from a block mdiana Grey Limestone
(photo courtesy of Denis Labrie).

The normalized AE curves for each Indiana Gray Limestone spe®n, as recorded using
Pico sensors, are presented in Figure 3.7. One general trehditis apparent in this combined
plot is that the curves for many of the specimens lack a welleched initial convex section, and
have variable levels of noise at low stresses. This is showrFigure 3.8, which presents the
same data on linear scales. The recordings include a limitadmber of data points (AE hits)
which results in lower-resolution curves. This makes intpretations and the determination
of CI di cult regardless of the method used, and signi cantly decreases con dence in the
associated results.

Uncon ned compression tests were also performed on an addital three specimens using
R-15 sensors. These specimens (IL-3-A-U, IL-4-A-U, and IL-5-A-WM)ere cored from separate
blocks of Indiana Gray Limestone. The average diameter oféhithree specimens was 53.98
mm, and the average length was 117.81 mm. The normalized AE wees for all specimens

tested with R-15 sensors are presented in Figure 3.9.
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Figure 3.7: Normalized AE response curves for the Indiana Grayinhestone specimens,
recorded with Pico sensors.
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Figure 3.8: Normalized AE response curves, shown on a linear lsgdor Indiana Gray
Limestone specimens, recorded with Pico sensors.
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The AE curves for the R-15 readings have a higher resolutiony greater number of
AE hits, than those from the Pico sensors. However, as seen in lig 3.9, there are a
few specimens that have a di erent curve shape than the othapecimens in this data set.
For example, IL-1-C-U shows a distinct decrease in AE activit producing a concave down
section on its AE curve, before increasing towards the peakeass. Specimen IL-5-A-U shows
a signi cant level of AE activity during the initial loading stages, while IL-1-E-U shows no
signi cant initial activity, but instead steadily increases at a near-constant rate as the applied

stress approaches the peak.

g ——1L-1-A-U
1| ——IL-1-B-U
IL-1-C-U
| ——IL-1.-D-U
| = === IL-I-EU
| IL-2-A-U
1| ——IL-2-B-U
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———IL-2-D-U
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i[ === IL-3-A-U
IL-4-A-U
IL-5-A-U

Cumulative AE Counts / Peak AE

107 10" Applied Axial Stress / a (MPa) 10°

Figure 3.9: Normalized AE response curves for the Indiana Grayinhestone specimens,
recorded with R-15 sensors.

3.1.1.2 Indiana Limestone Data Set (#2)

Data was obtained and analyzed from the Nuclear Waste Managent Organization
(NWMO) of Canada and Queen's University interlaboratory testng program on the physical
and mechanical properties of Indiana Limestone. Six di erg# specimens were tested. Two
specimens were prepared from three di erent limestone bks; for each pair of specimens,

one was dry and one was saturated (with the identifying labg\-D" and \-S", respectively).
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The specimens were weighed after preparation and their déres recorded. The average
natural state density of all 12 specimens was 2.28=cn¥. Next, all specimens were oven-
dried at 50 C for 48 hours, after which the dry state density of each specen could be
determined and recorded. The recorded average dry state dép was 2.27g=cn? for all
specimens.

The twelve test specimens were then separated into two graip The rst group of
specimens was kept dry under vacuum conditions, while thecesd group was saturated by
immersion in a container of ltered water under vacuum condiions for 48 hours. They were
then kept in water at ambient temperature and pressure prioto testing. The saturated
specimens were weighed at a total of three times, once eve#dy [Rours during saturation
and right before testing. ASTM D2216-10 was referenced in saating these specimens and
completing associated calculations. The average saturdtéensity of these specimens was
2.41g=cn?, with an average porosity of 14.5%.

The normalized AE curves recorded using Pico sensors for batty and saturated speci-
mens are presented in Figure 3.10. The curves for the dry sprens are solid lines, while the
curves for the saturated specimens are dotted in Figure 3.1The most obvious di erence
between the groups of specimens is that the Pico sensors reed signi cantly less AE counts
for the saturated specimens. This means that applying any ABased method to determine
Cl will be di cult for the saturated specimens when recordedusing Pico sensors. Even when
a potential interpretation can be made, the low number of AE h$ (low resolution of the AE
curves) means that the interpretation will be associated wi a low degree of con dence.

The normalized AE curves for the specimens recorded using B-4ensors are presented
in Figure 3.11. These curves show a much better de ned initi@lonvex section than the AE
curves for the same specimens recorded using the Pico sesstiris therefore predicted that
the CAEH method will be able to be applied with greater consistey on the AE curves
from the R-15 sensors than the Pico sensors. There are no amgwa or obvious di erences

observed between the AE curves of the dry and saturated speens prepared from samples
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Figure 3.10: Normalized AE response curves for both the dry andtarated Indiana Lime-
stone Data Set (#2) specimens, recorded with Pico sensors.
18 and 24, as recorded using R-15 sensors.

As seen in Figure 3.7, Figure 3.8, and Figure 3.10, the AE responseves collected and
obtained using Pico sensors were notably low-resolutiorr fihese data sets when compared
to the data from the R-15 sensors (Figure 3.9). For example,rfone specimen of Indiana
Limestone the Pico sensor data contained only 13% of the tdtaumber of hits recorded in the
R-15 data. While some AE response curves based on Pico sensoa dae still interpretable
by either the Log-Log or CAEH methods, it is recommended thanifuture testing of similar
materials R-15 AE should be used. Given the increased reliityi and consistency of the
data from the R-15 sensors, it was decided that all data cotieed using Pico sensors would

not be included in the remainder of the analyses presented tims thesis.

3.1.1.3 Cobourg Limestone

The Cobourg Limestone, Middle to Upper Ordovician in age, cabe found in the Ap-
palachian Sedimentary Basin as part of the Trenton Group in tario, Canada. The Al-

gonquin Arch separates the Appalachian and Michigan Sedimemy Basins. The Lindsay
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Combined Plot for Indiana Limestone Data Set (#2) - Dry and Saturated Specimens
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Figure 3.11: Normalized AE response curves for both the dry andtarated Indiana Lime-
stone Data Set (#2) specimens, recorded with R-15 sensors.

Formation, which is similar to the Cobourg Formation, is foad in the Simcoe Group in the
Michigan Basin and on the crest of the Algonquin Arch (Mazurek2004). The rock is a
mottled light to dark grey, very ne to coarse-grained, veryhard fossiliferous argillaceous
limestone (INTERA, 2011; NWMO, 2011). Bioturbated layers of anjjaceous material form
intermittent planes of potential weakness (Diederichet al., 2013). It has previously been
reported that the heterogeneity of Cobourg Limestone is due the random arrangement of
calcitic nodules and darker thin weak planes. The anisotragpbehavior of the limestone be-
comes particularly apparent when the thinly laminated wealplanes are at an angle between
30 and 45 to the primary direction of loading (Nasseriet al., 2013).

The dominant matrix of Cobourg Limestone is comprised mainlof illite, as well as
kaolinite, chlorite, sheet silicates, and other very ne at porous clay minerals. Micro-
fractures have been observed as being con ned within the glmineral, which is more porous
and less sti than the rest of the rock and thus becomes prefamtial paths for fracture

propagation (Nasseriet al., 2013).
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Raw data from UCS testing performed on Cobourg Limestone frotwo di erent projects
was obtained and analyzed. The rst data set was collected gsart of a study in 2013
that addressed the dependency of the mechanical propertiesCobourg Limestone on the
orientation of the rock fabric (Ghazvinianet al., 2013). For the study, large diameter cores
were obtained from a quarry in Bowmanville, Ontario, and dtied in ve di erent orientations
with respect to the apparent bedding: 0, 30, 45, 60, and 90 degs. A photograph of the
coring process is presented in Figure 3.12 for reference. Thgering and heterogeneity of
Cobourg Limestone that exists within each test specimen carause any data collected by
strain gauges to be highly biased to the activity and materlammediately adjacent to each
gauge. Due to the use of strain gauges, Ghazviniat al. (2013) recommended that CI be

obtained using AE data rather than a strain-based method.

Figure 3.12: A photograph showing the coring process for thés-dlegree specimens of
Cobourg Limestone (photo courtesy of Denis Labrie).

For each of the ve orientations, six specimens were preparéor UCS testing in accor-
dance with ISRM (1999) and ASTM guidelines (Fairhurst & Hudson1999; ASTM, 2008;
ASTM, 2014). Two Physical Acoustics Corporation (PAC) R-15 AEsensors were used for
each specimen. For each of the ve bedding orientations, tigal AE response curves collected

from the R-15 sensors are presented in Figures 3.13-3.17.
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The combined plot of the normalized AE curves for the 0-degrespecimens is presented
in Figure 3.13. Most of the curves exhibit a signi cant increse in AE activity just prior to
failure, with the exception of specimen C1-0-2, which shovesgradual deceleration. Inter-
estingly, similarities can be seen with the curves from theD9egree specimens, as shown in
Figure 3.17. The curves in Figure 3.17, however, are much morensistent and possess a
higher resolution (greater number of AE hits).

The normalized AE response curves for the 30-degree specimare shown in Figure 3.14.
The curves were very similar in overall shape to those of thes4legree specimens (Fig-
ure 3.15), which in turn are lower in resolution when compadeto the AE response curves
from the 60-degree specimens (Figure 3.16). When viewed in agression from 30to 90 ,
it appears that the AE curves become more consistent, have agher level of resolution,
and exhibit a more gradual convex shape. Regardless of thethw used, the 60 and 90
specimens of Cobourg Limestone should be expected to proeluore consistent results for

Cl than the 30 and 45 specimens.

Combined Plot for Cobourg Limestone (2013) - 0 Degree Specimens - R-15 Sensors
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Figure 3.13: Normalized AE response curves for the st specimens of Cobourg Limestone,
recorded with R-15 sensors.
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Combined Plot for Cobourg Limestone (2013) - 30 Degree Specimens - R-15 Sensors
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Figure 3.14: Normalized AE response curves for the 3fest specimens of Cobourg Lime-
stone, recorded with R-15 sensors.
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Figure 3.15: Normalized AE response curves for the 4test specimens of Cobourg Lime-
stone, recorded with R-15 sensors.
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Figure 3.16: Normalized AE response curves for the 6fest specimens of Cobourg Lime-
stone, recorded with R-15 sensors.
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Figure 3.17: Normalized AE response curves for the 9test specimens of Cobourg Lime-
stone, recorded with R-15 sensors.
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The second set of Cobourg Limestone test data was collectent & study conducted in
the summer of 2014. Specimens were taken from two separatedis of Cobourg Limestone,
identi ed as Block D2 and Block D22. All of the specimens from Bck D2 were prepared
the same way, and no orientation was speci ed. The specimepsepared from Block D22,
however, were cored either horizontal or vertically relate to the original in-situ orientation.
The resulting AE response curves from the horizontal and vectl specimens were similar, as
in the case of the rst set of tests above (where the Gand 90 orientations produced similar
data). Subsequently, the test results from the second dat@tsof Cobourg Limestone were
thus divided based on the two source blocks but not based onetlorientation along which
the specimens were cored.

The normalized AE curves for Blocks D2 and D22 of Cobourg Lintesie are presented
in Figures 3.18 and 3.19, respectively. For Block D2, two of ¢hspecimens, CL-26-U and
CL-27-U, show a constant increase in the log AE rate approaclgrhe peak stress. However,
the other three specimens from Block D2 (Figure 3.18) show aash increase in AE activity
close to the peak stress. For the specimens prepared from &dd>22 (Figure 3.19), the AE
curves for horizontal specimens are dashed to aid in visudledentiation from those of the
vertical specimens, which are solid. There is no notable obwous di erence between the
vertical and horizontal specimen curves from Block D22. A dirence can be seen between
the AE response curves from the two blocks in that the curvesdim Block D22 (Figure 3.19)

show a much more de ned and gradual initial convex section.
3.1.1.4 Heterogeneous Limestone (Toral de Los Vados Limestone)

Five specimens of Heterogeneous Limestone were prepared aggted in June of 2013
at the University of Vigo in the city of Vigo in the Galician province of Pontevedra, Spain.
The specimens came from the Vegadeo Limestone Formationgspcally from the Toral de
Los Vados region, which can be found in the western part of tHerovince of Leon, Spain.
This formation consists of dolomites and limestone. Fossibf Early-Lower Cambrian fauna

can be found in the transitional beds of the underlying Canae Group, while trilobite-rich
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Middle Cambrian fauna are present in the overlying beds of éhformation. This dates the
Vegadeo Formation as approximately Lower Cambrian in ageubthe upper parts may be
Middle Cambrian in age (Perez Estauret al., 1990). The specimens had an observed average
grain size of 0.01 mm, and contained local rusty bands and patns. A study by Walton

et al. (2014) included a chemical analysis of the rock, which shaidveot only calcite, the
principal mineral, but that the tested rock samples also cdained between 15-25% dolomite
and small quantities of quartz and silicates, approximatgl5-10%.

The normalized AE curves for the ve specimens of Heterogenenuimestone are pre-
sented in Figure 3.20. This gure shows the distinctive stailike or stepped shape of the AE
response curves characteristic of this rock type. The hetggeneous nature of the rock means
there are various strengths of material and localized area$ weakness in each specimen. It
is thought that the jumps at intermediate levels of stress arindicative of cracks propagating
or coalescing along the weaker planes or features within theterogeneous specimen. These
bond failures occur between di ering materials due to stresconcentrations at the material
or grain boundaries (Hampton, 2014). It is not enough to compmise the integrity of the
entire specimen, however, and once the cracks have coaldséde activity is minimal until

the next major cracking event.
3.1.2 Granite

Data from four di erent types of granite were obtained and ealuated. Only a small
number of data points from Laurentian and Pinawa Pink Graniés were obtained, but their
inclusion in this study was deemed important in order to full consider the widest possible

range of AE behaviors for granitic rock.
3.1.2.1 Stanstead Granite

Stanstead Granite comes from the Beebe region of the Eastefawnships, in Quebec
Canada. This granite is Devonian in age and can vary in colaoin white and pale to a darker

grey depending on the mica content. The mineral compositios approximately 65% feldspar,
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Figure 3.20: Normalized AE response curves for all ve Heterogsous (Toral de Los Vados)
Limestone specimens tested.

25% quartz, and 9% biotite. The average mineral grain sizegrfthese components are 1.4
mm, 1.25 mm, and 0.6 mm respectively (Nasseri & Mohanty, 2008)Overall, Stanstead
granite has grain sizes ranging from 0.2 mm to 5.0 mm, with arverage of 1.08 mm, as
demonstrated in earlier studies (Nassegt al., 2002; Igbal & Mohanty, 2006).

In the present study, a total of 32 specimens of Stanstead Giige were tested. The tests
were performed at two separate times; one data set was cadiéetin the fall of 2014 while the
other was collected in the fall of 2015. There were ve groups Stanstead Granite specimens
tested, each group with a di erent specimen diameter. The dmeters tested were, in order
of increasing size: 43 mm, 63 mm, 75 mm, 81 mm, 99 mm, 101 mm,.I26Gm, and 143
mm. It is likely that the specimen diameter is not the most imprtant distinction between
the results, but rather the length to diameter (L:D) ratio. For example, some of the 81 mm
diameter specimens had a length of 155.15 mm (L:D ratio of 1)9 while others were 180
mm long (L:D ratio of 2.22). This di erence in the L:D ratio may have some in uence on

the resulting damage threshold values, however it is expect to be small. Walton (2017)
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concluded that Cl and CD for specimens of Stanstead graniteeve independent from the
specimen diameter and thus una ected by size and shape e s¢chote that the previous study
determined CI and CD using strain-based techniques and dicdbthconsider the associated
AE data.

The combined AE response curves of the 63 mm and 81 mm diametpesmens are
presented in Figure 3.21 and 3.22, respectively. Note that thmbined AE curves for the
63 mm diameter Stanstead Granite specimens do not show a dam$ acceleration of the
AE count rate; instead, the AE curve decreases slightly befojemping up signi cantly at
the peak stress. This behavior of 81 mm specimens, seen in Fg8.22, is more pronounced
than the 63 mm specimens. Instead of a gradual increase in tA& rate, a larger, more

abrupt rate increase is seen in the 81 mm specimens.

0 Combined Plot for Stanstead Granite (63mm @) - Channel 1
10° T s pa e e O ‘
: SG-19
SG-20
I SG-21
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Figure 3.21: Normalized AE response curves for 63 mm diameterespnens of Stanstead
Granite.

The combined AE response curves for the 99 mm, 101 mm, 126.7 mnd a43 mm
diameter specimens are presented in Figure 3.23. The overtiapes of the AE curves are

very similar for all four diameter sizes. Note that a higher kel of initial noise was observed
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Figure 3.22: Normalized AE response curves for 81 mm diameterespnens of Stanstead
Granite.

in the 99 mm and 101 mm diameter specimens.

3.1.2.2 Westerly Granite

Westerly Granite is a Late Pennsylvanian to post-Pennsylvaan granitic intrusive rock.
It can mainly be found in the Westerly area of the US state of Ride Island, speci cally
in the Ashaway, Watch Hill, Carolina, and Quonochontaug quadmngles. Most of the rock
can be found in east-trending dikes that dip south, and the gk is highly uniform within
each dike. The rock is mostly gray to light gray in color, withan equigranular texture and a
mostly massive structure. Its relatively uniform and ne gran size distribution has not only
lent its use to statuary and monument construction in the stoe industry, but has also caused
Westerly Granite to be widely studied in scienti ¢ investi@tions (Braceet al., 1966; Quinn,
1971; Thompsonet al., 2006; Ghazvinian, 2015). Meredith & Atkinson (1985) perfmed
a modal analysis on Westerly Granite and reported a composih of 36% microcline, 30%
plagioclase, 27% quartz, 6% phyllosilicates, and 1% othernmarals by volume. They also

reported a mean grain size of 0.75 mm for this granite, with agposity of approximately 1%.
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Figure 3.23: Normalized AE response curves for 99 mm, 101 mm, 26im, and 143 mm
diameter specimens of Stanstead Granite.
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Four specimens of Westerly Granite were tested, with an awge diameter of 50.5 mm
and an average specimen length of 125.1 mm. The normalized A&rves were plotted
on the same graph, presented in Figure 3.24. It is clear that ¢hAE curves for all four
specimens were consistent and possess the characteridti@pe expected of such a uniform

rock type; the curves are primarily distinguished by varyig levels of initial noise, which is

not characteristic of the rock itself.
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Figure 3.24: Normalized AE response curves for the Westerly Giite specimens.

3.1.2.3 Laurentian Granite

Laurentian Granite is from the Laurentian region of the Grenille province of the Pre-
cambrian Canadian Shield. This is located north of the St. lvarence River and northwest
of Quebec City, Canada. The main mineral constituents are ltispar (60%), quartz (33%),
and biotite (3-5%) (Chenet al., 2009; Yin et al., 2012). The average mineral grain sizes
are 0.4 mm for feldspar, 0.5 mm for quartz, and approximatel9.3 mm for biotite. Lauren-
tian Granite is ne-grained and is characterized by a narroer grain size distribution than

Stanstead Granite (Nasseri & Mohanty, 2008). Overall, its giin size ranges from 0.2 mm
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to 2.0 mm, with an average grain size of 0.59 mm (Nasset al., 2002; Igbal & Mohanty,
2006).

3.1.2.4 Pinawa Pink Granite

Pinawa Pink Granite, also known as Lac du Bonnet Granite, islassi ed as a medium-
to-coarse grained, with an average grain size of about 3-4 mihhas a mineral composition
of approximately 30% potassium feldspar, 30% plagioclasg)% quartz, and 10% mac
minerals, mainly as biotite (Martin & Chandler, 1994).

The normalized AE curves for the Laurentian and Pinawa Pink Ganite specimens tested
were relatively consistent and thus are presented together Figure 3.25. All four specimens
exhibit a gradual decrease in AE activity at higher axial stres levels, approaching the peak
stress, which produces a concave-down shape in the AE curvear@e of the specimens (all
but LG-16) show an abrupt increase or jump in AE counts just befe or at the peak stress
level. It is worth noting that the Laurentian and Pinawa Pink Granite specimens had the
highest tested UCS strength values of the data obtained, bed&n approximately 246 to 266
MPa.

3.1.3 Skarn

While Skarn has been recognized in the scienti c community aes distinct class of min-
eral deposit, Burt (1982) points out that geologists dispw terminology and the processes
under which it is formed. As such, most authors have adopted ¢hsuggestion made by
Einaudi et al. (1981) to use skarn or skarn deposits as a descriptive termitiout genetic
implications, based on the minerals they contain. The majdy of skarn deposits are spa-
tially and genetically related to igneous rocks, but they aaalso form in shallow geothermal
systems and at lower crustal depths in deep metamorphic tames (Meinert, 1993). These
coarsely-crystalline metamorphic rocks are composed ofasdlicate minerals that form by the
replacement of main carbonate-bearing rocks during contaar regional metamorphism and

metasomatism (Hammarstrom, 2002). Skarns can contain miras of signi cant economic
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Combined Plot for Laurentian (LG) and Pinawa Pink (PG) Granite Specimens (Ch1)
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Figure 3.25: Normalized AE response curves for Laurentian Grigaand Pinawa Pink Gran-
ite specimens.

value, such as copper, iron, gold, zinc, and molybdenum.

Fifteen specimens of Skarn were tested as part of a prior intigation. The specimens
were prepared from samples associated with a copper depasiNortheastern Arizona. Un-
fortunately, the specimens were loaded cyclically, which akes determination of the crack
initiation and crack damage thresholds using acoustic ersisn data di cult. Therefore the
data from the Skarn specimens were not included in the subseat analysis.

This loading pattern provides clear examples, however, di¢ Kaiser e ect and Felicity
e ect, two phenomena that are often used to determine if majestructural defects are present
in a sample. The Kaiser e ect explains the phenomenon that vile AE activity increases as
applied stress increases, if unloaded and reloaded, the AHiwity is very low or non-existent
until the previous maximum stress level is reached (Kaisef,953; Mogi, 2007; Hampton,
2014). As the applied stress increases, however, the Kaise&ceno longer fully applies. At
higher stress levels, AE activity will often begin prior to tle previous maximum stress level

being reached, a phenomenon known as the Felicity e ect. Kmtedge of these phenomena
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can also be used as an aid in identifying the crack initiatioand/or crack damage thresholds
through manual interpretation methods on specimens subjed to cycling loading during
uniaxial compressive tests. This will be discussed in greatdetail in Chapter 5.

Figure 3.26 presents a clear illustration both the Kaiser anéelicity e ects. The AE
curve shows a period of unloading, moving horizontally fromgmnt B to C, followed by a
period of reloading, returning from point C back to point B; te lack of any increase in
cumulative AE counts is the Kaiser e ect. An AE response curve &¢m one of the tested
Skarn specimens which shows this phenomenon is presentedrigure 3.27a. The Kaiser
e ect is highlighted in a red dashed circle. When the appliedtiess is decreased, the AE
activity does not resume until the previous stress level iached.

In Figure 3.26, the Felicity e ect, which typically occurs athigher stress levels, is repre-
sented by points D, E, and F. In this case, the specimen is unlied (point D to E), but when
the specimen is reloaded and the applied load reaches pointAE activity begins to increase.
Although the applied load at point F is less than the previous eximum load, point D, the
load is still high enough to cause an increase in emissionshéelFelicity e ect was much more
often observed in the Skarn specimens than the true Kaiserext. An AE response curve
from the Skarn specimen (Figure 3.27b) also shows the Felycié ect, highlighted with a
solid green circle on the plot.

The nal feature noted in Figure 3.26 is the last portion of the arve, from points G to
H. In this section, while the load does not increase the AE actty continues at a high rate.
This indicates substantial defects or failure in the rock, tich often coincides with the peak

stress during UCS testing.
3.1.4 Carrara Marble

Carrara Marble, or Marmor Lunensis as it was known by the Ronms, is from the Apuane
Alps of northern Italy, approximately 32 miles northwest of Bsa. The Apuane Alps are
part of the North Apennines, which contain nappe structures ewisting of ophiolites, shelf-

carbonates, and ysch. Highly prized and valued, the marbleds been quarried for at least 22
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Figure 3.26: lllustration of the Kaiser e ect (BCB), and Felcity e ect (DEF) on a typical
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centuries and was used to create famous statuary and arcluteral masterpieces. The stone
is Lower Jurassic (Hettangian) in age (Herz & Dean, 1986). The @ara Marble specimens
tested were white in color, and composed of 100% crystallinalcite (Howarth & Rowlands,
1987). Average grain sizes of 0.3 mm (Howarth & Rowlands, 1980)23 mm (Fredrichet al.,
1990), and 0.1 mm (Edmond & Paterson, 1972) for Carrara Mamblhave been reported in
literature. Fredrich et al. (1990) optically measured the mean grain boundaries per tni
length on thin sections of Carrara Marble, with a reported Vae of 6.7 1.1 mm . The
grains have been described as equiaxed or spherical in shapal are generally intertwined
with serrate boundaries. The rock has very low porosity, raying from 0.7% (Fredrichet al.,
1990) to 1.1% (Edmond & Paterson, 1972).

The specimens tested had a recorded mean density of 2g&#n? with a standard devi-
ation of 0.01g=cn?®. The normalized AE response curves for ve of the six specimetested
are presented in one graph in Figure 3.28. Specimen CM6 was mutluded in this graph
as the specimen was tested using cyclic loading. Carrara N3 has been found to deform
in a stable, ductile manner (Fredrichet al., 1990; Waltonet al., 2014). Ductile deformation
mechanisms can initiate in crystalline calcite at relatiiy low temperatures and pressures
(Turner et al., 1954; Griggset al., 1960; Waltonet al., 2014).

As shown in Figure 3.28, specimen CM1 (represented in blue) fetonly curve that shows
a clear second point of increased AE count rate. Specimens Cli3d CM5, the yellow and
green curves respectively, show a much more linear AE countedin the log-log plot space)
after the initial acceleration. This means that while Cl maybe easy to identify, the crack

damage (CD) threshold is likely not.

3.1.5 Cementitious materials

Test data was obtained for two types of cementitious materist concrete and grout. Since
little information on the preparation and composition of the tested specimens was available,
the concrete and grout specimens were grouped together aigrianalysis and evaluated to

gain further insight into the robustness of the two AE-based ethods for crack threshold
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Figure 3.28: Normalized AE response curves for the Carrara Magbspecimens.

determination.
3.1.5.1 Concrete

Data from uniaxial compressive tests performed on nine carte cylinders were obtained
and analyzed. The combined normalized AE response curves foe tested concrete speci-
mens are presented in Figure 3.29. The concrete cylinders hagen cored from the lining
of an underground tunnel located in Canada. While further deils regarding the tested
cylinders, such as the water-cement ratio of the concreteha aggregates used, and the lo-
cation and condition of the tunnel lining were not known, thedata was still used as a point
of comparison and to enhance the robustness of the analysidncrete is a heavily studied
and commonly used material for tunneling and infrastructug projects. For example, a past
study was conducted examining the e ect the water-cement (i) ratio has on the uniaxial
compressive strength of 28-day samples of hydrated (hardet) cement paste (Hyettet al.,
1992). They reported that as the w/c ratio decreases, espally below 0.35, the increase in

scatter of the UCS values overshadows any trends due to incdete compaction.
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Figure 3.29: Normalized AE response curves for the Concrete sipeens.

3.1.5.2 Grout

This data set was comprised of di erent cementitious groutmecimens prepared from
three separate cement grout batches. The rst number of thepgcimen ID indicates the
cement batch it was prepared from. For example, SAG-1-1, SA%1, and SAG-3-1 were
prepared from batches 1, 2, and 3 respectively. Cement GroBatches 1 and 2 were cast
on December 17, 2014, and December 29, 2014, respectivelg the specimens from both
were tested on January 12, 2015. Cement Grout Batch 3 was cast éanuary 7, 2015, and
the specimens were tested on January 13th. Based on this infation, it is estimated that
the specimens from the Batches 1, 2, and 3 were allowed to cdoe 26, 14, and 6 days
respectively prior to UCS testing. Information on the mixes sed was not available.

An average uniaxial compressive strength of 38.6 MPa was reded for all six grout spec-
imens, with a standard deviation of 2.5 MPa. The specimens thaan average diameter of
76.8 mm, with an average length of 141.3 mm. The normalized dicombined AE response
curves for the grout specimens are displayed in Figure 3.30. tRdhat three of the speci-

mens, SAG-1-1, SAG-3-1, and SAG-3-2, do not exhibit a welkdhed point of accelerated or
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increased AE activity. This suggests that it will be di cult t o determine the CI threshold
for these three specimens. For the other three specimensweweer, an increase in the AE

count rate can be seen, typically around a stress to peak stgeratio of 0.40.

10 Combined Plot for Grout Specimens (Channel 1)
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Figure 3.30: Normalized AE response curves for the Grout spe@ns.

3.2 Analysis Methods

For this thesis, two methods were evaluated to determine Cind two to determine CD.
Two acoustic emission based methods were evaluated: the CAEBt¢thod to determine Cl
and the Log-Log method to determine both Cl and CD. CD was alstetermined using the
Volumetric Strain method. Based on the analysis, a modi edumulative AE hit (MCAEH)

method has been developed for the determination of CI.
3.2.1 Cumulative AE Hit (CAEH) Method

Code was developed in MATLAB to implement the CAEH method for ezh specimen,
as presented by Zhacet al. (2015a). After a given data set was loaded into MATLAB, it
was truncated to include only the data below the peak stressale. Following this setup,

there were three modi cations that were explored in order tamprove the performance of the
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CAEH method for non-ideal data sets: initial smoothing of theaw data, standardization
of the initial point selection, and accounting for the inital noise in the data at low stress
levels. The three potential modi cations were analyzed indidually: smoothing the raw
data, standardizing the initial point selection, and applyng a translational shift to the data.

These modi cations are explained in greater detail in the ftowing subsections.
3.2.1.1 Initial Data Smoothing for the CAEH Method

When Zhaoet al. (2015a) rst presented the CAEH method, an ideal data set wassed
as an example. After applying the method exactly as propose tvarious data sets as
part of this research, it was noted that intrinsic noise and mor variations in AE data
can signi cantly a ect the CI value estimated using the CAEH nethod. It was therefore
determined that some degree of smoothing would be necessaryprder to apply the CAEH
method reliably. A moving average was taken using MATLAB's hilt in convolution function
to smooth the raw data. An analysis was performed to determinie appropriate span,n,
which is the number of data points over which the moving avege is taken.

The main attribute in the raw AE response data that dictates he appropriate spann
is the total number of data points recorded for a specimen dag testing. Each data point
represents an AE hit, or any time the AE signal passes above theréshold level including
any associated subsequent peaks that remain above the threkl value. A single AE hit
can consist of any number of counts, which is indicative of éhintensity of the hit recorded.
For example, two specimens may have the same number of re@atdits, but each hit may
consist of 2 to 10 counts for the rst specimen and 250 to 400ws for the second. These
two specimens would still use the same spanto smooth the data.

The appropriate span was selected based on the number of dataints within the data set
below 60 percent of the peak stress. The stress level of 60ge@it of the peak was selected as
there is often a signi cant increase in AE activity past this wint (i.e. after CD); the larger
data volume beyond this stress level could result in over-smothing of data at lower stresses

in some cases, where data is relatively sparse and thereforere sensitive to noise.
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A function was written in MATLAB to determine the CI value using the CAEH method
when the data was smoothed using a span n that varied from one half the number of data
points at 60 percent of the peak stress. The maximum span wasnited to this value as it
was deemed the upper limit for an acceptable level of smoatlyi if a span of half the number
of data points is used, then a half of the data points are remed in the smoothing process.
Only odd values ofn were tested, and a total of 14 representative cases were aahtd.
These 14 cases were speci cally selected as the CI value ddog interpreted with a high
degree of con dence using the Log-Log method. Furthermortihe percent di erence between
the CI values determined via the original CAEH and Log-Log méibds was also generally
low (within 10% in most cases).

The CI values were plotted versus the span ratio (the spam divided by the number of
data points at 60 percent of the peak stress for each speciniesn example of one of these
plots is shown in Figure 3.31. Both the average CI value from ¢hsmoothed data and the

Cl value derived by the Log-Log method interpretation are ioluded on the plot.

Figure 3.31: An example plot of a Cobourg Limestone specimenavh the appropriate span
ratio was approximated to be between 0.8 to 0.20.

The results are summarized graphically in Figure 3.32. The pppximate range of span
ratios selected for each case produced relatively stable @lues that were also close to

the average CI value and associated Log-Log method interpagon. For example, for the
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limestone specimen in Figure 3.31, the span ratio range waspagximated to be 0.15 to
0.46. In cases where the average CI value may have been in ced by uctuations and
signi cantly high or low values, the Log-Log method interpetation was considered for ref-
erence. The lowest possible span that fell within the approximated span ratio ranges for
the 14 specimens, displayed as bars in Figure 3.32, was deenhedappropriate span to use.
The lowest value was chosen to minimize the number of data pts lost in the smoothing
process, and maintain as high-resolution AE curve as possiblBased on these results and
the aforementioned criteria, an appropriate span n of 0.16mes the number of data points
at 60 percent of the peak stress was selected for smoothindpiat is highlighted via a blue

line in Figure 3.32.

Figure 3.32: Bar Chart showing the approximate ratio rangesti{ie span to the number
of data points at 60% of the peak stress) selected for each cpgen, where the blue line
highlights the selected ratio of 0.16.

To visually observe the impact of smoothing on the CAEH methqd plot can be created

to display the cumulative AE counts versus the axial stress,sashown in Figure 3.33. The
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red curve is the raw data for a specimen of Indiana Limestonand the blue is the result
of smoothing the data with a span ratio of 0.16 times the numbef data points at 60% of
the peak stress. The open circle, outlined in red, indicatése location of the initial point,
while the closed green triangles represent the upper and kembounds used to determine ClI
for the smoothed case. For the unsmoothed case, the triangleere not shaded due to their
close proximity. CI is displayed as a blue shaded circle foheé smoothed case, and a red

shaded circle for the raw/unsmoothed case.

Figure 3.33: Plot of cumulative AE counts versus axial stres®if a specimen of Indiana
Limestone produced when applying the CAEH method to show impaof smoothing.

The close proximity of the upper and lower bounds for the rawala (red curve) is in-
dicative of the method being adversely a ected by the jaggedature of the unsmoothed
data. Consequently, the method's ability to determine CI isigni cantly impacted. For ref-
erence, the Cl interpretation from the Log-Log method for th same specimen is presented in

Figure 3.34, which is in closer agreement with the smoothedtdgblue curve) in Figure 3.33.
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Figure 3.34: Plot of cumulative AE counts versus axial stres®if the same specimen of
Indiana Limestone presented in Figure 3.33, with the Log-Lomethod applied and interpre-
tations shown.

3.2.1.2 Standardizing the Initial Point Selection

According to the CAEH method, the initial point should be randanly selected within
the distinct convex section associated with the initial loding stage on the AE curve (Zhao
et al.,, 2015a,b). The MATLAB implementation of the method was origially written to ask
the user to select the upper and lower bounds of the rst digict convex section of the AE
curve. The code then randomly selected an initial point be®en these bounds. However, this
method for determining a random initial point proved to be time intensive and as such, a way
to standardize the selection was subsequently investigdtelt was also noted that requiring
the user to select the upper and lower bounds to determine an@dom initial point introduces
subjectivity to the method. Since the CAEH method was develaa and proposed as a
means for the objective determination of the crack initiabn stress, standardizing the initial

point selection would represent further progress toward$is goal (Zhaoet al., 2015a,b).
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During an initial evaluation of the available data, it becane apparent that in several
cases, a single clear initial convex section was not alwaysdent, limiting the potential for
an automated selection of the initial convex section. Threexample cases where an initial
convex section is not present or easily identi able are prested in Figures 3.35-3.37. The
data in these examples was intentionally left unsmoothed iorder to demonstrate that the
smoothing process had no impact on the presence of an inittalinvex section, or lack thereof,
for these specimens.

Figure 3.35 shows a case where no convex section is preserstesd, the AE response
curve exhibits an initial period of little to no acoustic acltvity. The second case (Figure 3.36)
presents the opposite scenario. Here there is a roughly stgdével of acoustic activity
throughout the initial loading stages, which never decreas or levels o to create a distinct
convex section. The third and last scenario encountered isanked by an episodic or stepped
AE curve, which is a typical response to the heterogeneity of material (e.g. localized
fracturing due to the presence of material defects). The aashown in Figure 3.37 has two
distinct convex sections, the second being much more cleardadistinct than the rst. If
a random initial point is selected on a di erent one of theseanvex sections, the CAEH
method does not produce the same CI value.

Four initial values based on the coordinates correspondirtig the applied axial stress at
10, 15, 20, and 25 percent of the peak stress were evaluatette3e four values were selected
as they were far enough above the origin to minimize the in uee of any initial AE urry,
but also lower than the expected CI range of 30-50% of the pealtess (Ghazvinianet al.,
2012a; Lajtai & Dzik, 1996; Pestman & Munster, 1996). The CAEHnethod was run in
MATLAB with the initial point set at each of these four stress kvels for a total of 149 data
sets corresponding to Cobourg Limestone, Indiana Gray Lirst®ne, cementitious material,
and granites. In all cases, the raw data was smoothed with acfar of 0.16 times the number
of data points at 60% of the peak stress, as determined in theepious subsection. The

resulting Cl value was recorded when each of the four initigdoints was used for every
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Figure 3.35: Example plot created for the CAEH method for an Indna Bu Limestone
specimen that lacks a distinct initial convex section, withlittle to no AE activity at the
initial loading stages.

Figure 3.36: A second example case that lacks a distinct irdticonvex section, speci cally
for a sample of Cobourg Limestone, where AE activity occurs at constant rate during the
initial loading stages.
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Figure 3.37: The third scenario of an AE curve lacking a singledtinct convex section is
exhibited in this case, which is from a specimen of Indiana &y Limestone.

specimen evaluated for this analysis.

For 63% of the total 149 data points analyzed, the CI value reaned the same for all
four initial point values. In other words, the initial point (between the four stress values:
10, 15, 20, and 25% of the peak stress) did not in uence the Calue determined using the
CAEH method 63% of the time. The ratio of the determined CI vala to peak stress for the
four rock groups is presented as a box-and-whisker plot in Fige 3.38. A blue dotted line
has been drawn to represent the lowest feasible Cl value oP2®f the peak stress. When an
initial point of 10% of the peak stress was used, a Cl to peaktia value determined using
the CAEH method went below 0.20 for some specimens. This indied that an initial point
set to 10% of the peak stress was too low.

The original CAEH method as proposed speci es that the initiapoint is a random point
at the convex section; in this de nition, random suggests that the initial point shall not
in uence or impact the Cl determination. When standardizingthe initial point selection, it

is vital to maintain this aspect of the method. Therefore, itwas determined that the lowest
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Figure 3.38: Plot of the ratio of ClI to peak stress determinedybthe CAEH method, using
10, 15, 20, and 25% of the peak stress as the initial point.

acceptable initial point value that still produces feasild CI values should be used.

Based on the de nition and implementation of the CAEH methodthe Cl value must be
higher than the initial point. Therefore, when an initial pant of 25% of the peak stress is
used, the determination of Cl using CAEH is directly impactedy the initial point. This
can be seen in Figure 3.38, where the Cl values are signi cgntligher when the initial point
was set to 25% of the peak stress.

The CI ratios (proportion of UCS) determined using initial pants set at 15% and 20% of
peak stress were similar, as shown in Figure 3.38. Since thevdst acceptable initial point
was desirable, a scatter plot was constructed to visually egpare the CI ratios determined
when an initial point at 10% versus 15% of UCS was used for the CAEnethod, presented in
Figure 3.39, where the orange and blue bands represent amiatied CI ratio ranges. Setting
the initial point at 15% of UCS improved several of the ClI ratis which fell below 0.2, and

no cases where the ratio was 0.3 or higher was in uenced by tbleanging the initial point.
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Figure 3.39: Scatterplot comparing the CI (proportion of UCS3letermined using the CAEH
method when the initial point was set to 10% versus 15% of UCS.
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A similar comparison is presented in Figure 3.40, where the @tios determined using
an initial point at 10% UCS is plotted versus 20%. A notable imease can be seen in the
Cl ratio for several specimens, including two points, ciretl in red, where the CI ratio was
already at 0.3 or higher when an initial point of 10% was usedonsidering both Figure 3.39
and 3.40, it was concluded that the initial point should be stndardized to be the coordinate

on the AE curve corresponding to 15% of the peak stress.

Figure 3.40: Scatterplot comparing the CI (proportion of UCSHletermined using the CAEH
method when the initial point was set to 15% versus 20% of UCS.

3.2.1.3 Initial Noise for the CAEH Method

In the CAEH method, the origin, or zero stress coordinate, isat selected as the initial
point in order to remove the e ect of any initial noise or AE urry that can result from
specimen seating or loading adjustments (Zhaa al., 2015a,b). But the method still uses the

origin as a reference point to determine the upper bound pajrwhich ultimately in uences
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the determination of the CI value estimated using the methadthis means that the initial
noise at low stress levels still has the potential to in uerethe nal Cl estimate.

The CAEH method was developed using specimens that displayad \S-shaped" AE
response curve; one of the key characteristics of these @gvs a distinct initial convex
section. When conducting the UCS test on rock specimens, theitial loading produces
signi cant AE activity, which is likely a combination of noise, crack closure, random isolated
cracking, and specimen seating. During testing, as the ajgd load increases, the AE activity
begins to decrease and few additional cumulative AE counts @g until ClI, leading to a
convex shape. After Cl is reached, new cracks begin to form instable and systematic
manner, leading to an increase in AE activity (Zhaceet al., 2015a,b).

Zhao et al. (2015b) use this initial AE activity, which produces a conveshape, as a key
component of the CAEH method. A simple test was performed to te'mine what in uence
the amount of noise recorded at the start of testing had on th€l value determined by
the CAEH method. Data from a specimen of Indiana Gray Limestawas used, with the
standardized smoothing applied and an initial point of 15%fahe peak stress used in the
calculation. The resulting plot of cumulative AE counts vergs the applied axial stress
created when performing the CAEH method is presented in Figu®41.

For this specimen of Indiana Limestone, a total of 17,470 cwiative AE counts were
recorded at the peak stress. Starting from 0 and increasing 10% intervals, the AE curve
was translated vertically by up to 160% of the original numbreof cumulative AE counts at
peak stress. This translation represents an increase intial AE activity, e ectively shifting
the curve up by a uniform number of AE counts. The resulting Cl alues, determined using
the CAEH method, were recorded and the results are displayedaghically in Figure 3.42. It
is clear that an increase in initial AE activity recorded at the start of testing can signi cantly
impact the CI value determined by the CAEH method.

The CAEH output plots created when shifting the AE curve by 20% rad 40% of the total

cumulative counts at peak stress, or 3,494 and 6,988 counespectively, are presented in
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Figure 3.41: An output plot from the CAEH method for a specimen ondiana Limestone,
where the data has been smoothed and the initial point set tdb% of the peak stress.

Figure 3.42: ClI values versus the number of AE counts by whichéhAE curve is vertically
translated for an Indiana Gray Limestone Specimen (IL-1-A-U)
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Figure 3.43. This side-by-side comparison highlights thasanitial AE activity increases, the

upper bound coordinate travels up the AE curve. In the methoda reference line is drawn
between the upper and lower bound coordinates, shown as adalashed line in Figure 3.43.
Since the Cl value is located at the maximum distance betwed¢he AE curve and reference

line, a higher upper bound will result in a higher CI value detrmination.

Figure 3.43: The CAEH plots created for the same Indiana Limeste specimen (IL-1-A-U)
when the AE curves were vertically translated by (a) 20% of théotal cumulative counts
and by (b) 40% of the cumulative counts.

It should be noted that simply shifting the AE response curveyoa constant number
of AE counts is not an appropriate mean to address this limitan of the original method,
as the pre-existing noise within each data set may be di erenSeveral factors can impact
the number of AE counts recorded by the sensors, as well as thember of data points
(or hits) recorded during testing. These factors include #type of sensor used, the degree
of coupling achieved between the specimen and transduceasd the gain and detection
threshold settings set by the lab operator (Eberhardet al., 1999).

Instead, a reference curve, based on the example AE responseve used by Zhacet al.
(2015a) to propose and illustrate the CAEH method, was used thithe goal of identifying
AE count ratios between values at low stress (i.e. in uencedrimarily by noise) and higher

stress (i.e. inuenced by actual damage trends) that capter the \ideal" shape of the AE
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curve for the purposes of an accurate Cl determination. Thexample AE curve was based
on rock specimen BS06-01, a quartz monzodiorite collectadrh the Beishan area in the
Gansu Province of north-western China (Zhaet al., 2015b). This curve is presented in

Figure 3.44, and has been termed the reference curve or ideadi curve moving forward.

Figure 3.44: Reference curve developed from the example prasd in proposed CAEH
method.

The shape of the reference curve was used as the basis to detee the number of AE
counts by which a specimen’'s AE response curve is verticallsahslated in order to ensure
the success of the method. The region of the curve roughly beten 10% and 75% of the
peak stress, and its location with respect to the origin, ishe most important aspect of the
\S-shape" of the AE response curve for which the CAEH method wasiginally developed.
Since the cumulative number of counts recorded for each speen can vary signi cantly, it
is necessary to rst de ne this region of the curve in a relatig sense as a ratio. This can be
achieved by dividing the cumulative number of AE counts at a paot at start of this region by
the number of counts at the end of this region. This ratio candcalculated for any specimen

curve and compared to the ideal or target ratio derived fromhte reference curve. The target
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ratio (Rn.m) is then calculated using Equation 3.1. To simplify analysi the cumulative AE

counts are recorded at the coordinate on the AE curve closest tlesired stress value.

An
Run = 20 (3.1)
where:
A2 = cumulative number of AE counts atn% of the peak stress for
the idealized/reference curve
A% = cumulative number of AE counts atm% of the peak stress for

the idealized/reference curve
Rn.m = target ratio, based on the idealized/reference curve, rowded to

the nearest hundredth

n = percent of peak stress typically 10-15%, or after specimen
seating and loading adjustments and before the crack initiation
threshold

m = percent of peak stress typically 50-75%, or before the
before the characteristic rapid increase in acoustic activity
before peak

Four comparison points, or combinations of n and m, were chasto evaluate the target
ratios (Rn.m). The approximate stress and corresponding cumulative AE ot values were
recorded for the peak stress, and well as at 10, 15, 50, and #rgent of the peak stress.
Four comparison points were tested based on the type curvetdathe cumulative AE counts
at 10% of peak stress divided by the AE counts at 50% and 75% ofafestress, and the
cumulative AE counts at 15% of peak stress divided by the cunatlve counts recorded
at 50% and 75% of the peak stress. These comparison points evegsted as they are not
in uenced by any signi cant AE activity at either the start of testing or close to the peak.
In order to determine the nal target ratio (R,.m) value to be used for all specimens, a range
of 0.10 of eachR,., was evaluated, speci cally in increments of 0.01.

A total of 202 data sets were used to test each of the four rarggefR,.,,. These data sets

represent four di erent rock material groups: Cobourg Limstone, Indiana Gray Limestone,
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cementitious material, and granite. A data set refers to th&E response curve obtained for
a specimen using a particular transducer channel. The foubmparison points, their four
correspondingR,.,, values from the reference curve, and the subsequent rangestéd in this

analysis are included in Table 3.2 for reference.

Table 3.2: Target ratios evaluated for translation analysi

The cumulative number of AE counts recorded at 10% of the peakrass divided by the
number of AE counts at 50% of the peak stress, rounded to the meat hundredth, was
recorded as the rst target ratio R;o.50 to be evaluated. The counts at 10% and 50% of peak
stress were chosen as the starting point for this analysis #ese two values were well below
the anticipated Cl and CD values, respectively.

For this analysis, a translation to the smoothed AE data was pgrmed using the shift
constant, B, calculated using Equation 3.2. Applying this shift to raw d#&a ensures that
the translated data will have the desired target ratio, whik is an indicator of the AE curve

shape.
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Bn;m — (An (Am Rn;m )) (32)

where:

Bn.m = shift constant; calculated count value by which the AE respose
curve for the specimen being analyzed is vertically transéd;
reported with two subscripts,n and m, as de ned in Equation 3.1.

A, = cumulative number of AE counts atn% of the peak stress
for the specimen data being evaluated

An = cumulative number of AE counts at m% of the peak stress
for the specimen data being evaluated

Rn.m = target ratio, based on the idealized/reference curve

Each data point on the AE response curve for the specimen beiagalyzed was increased
or altered by this shift constant. The CAEH method was then pdormed, using 15% of
the peak stress as the rst reference point, and the resulnCl values were recorded and
tabulated. The performance of the tested target ratiosK., ) were evaluated and compared
based on the parameters outlined in Chapter 4, where the rdsuare also presented and
discussed.

This shift constant, B,.,,, can be applied to the AE response curve because the counts
are only being used in a relative sense for the MCAEH method. Naformation is being lost
since, as mentioned earlier, laboratory-derived count wasds are only signi cant in relative
terms (Eberhardtet al., 1997). In other words, if the data from specimen A has 400 cuha-
tive counts recorded at peak, and specimen B has 450 countssinot appropriate to make
any direct comparison between the number of counts recordeld is the shape and geometry
of the AE response curve that is being used to determine Cl in¢hMCAEH method. An
example of the impact of the applied shift constant, calculad using Equation 3.2, is shown
in the side-by-side plots in Figure 3.45. The dashed lines megent the straight lines used to

determine the upper bound coordinate.

74



Figure 3.45: Side-by-side plot for the same specimen of Ind&aBu Limestone when the
data is (a) smoothed and (b) smoothed and shifted using Equah 3.2.
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CHAPTER 4
RESULTS AND DISCUSSION

Two AE-based methods for Cl and CD estimation were evaluatea ithis study. The
Cumulative AE Hit method (CAEH) and the modi ed version (MCAEH) were evaluated
as objective AE-based methods to determine CI. The Log-Log thed relies on the manual
interpretation of ClI and CD using the AE response curve obtagd from UCS testing. Ad-
ditionally, the Volumetric Strain method was used to obtainindependent estimates of CD

values for comparison with those obtained using the Log-Logethod.
4.1 Parameters Used to Evaluate Results

The methods were evaluated based on their ability to consesttly identify Cl and CD
values that fall within the expected ranges for these pararters (as a proportion of UCS).
Hoek & Martin (2014) explain that at 40-60% of the uniaxial comressive strength (UCS) of
a sample, tensile fractures begin to form at low con ning pssures. Diederichgt al. (2004)
reported that for granitoid rocks, the ratio of systematic @mage initiation is approximately
0.35-0.5. The most widely reported CI range is 30-50% of theak stress (Ghazviniaret al.,
2012a; Lajtai & Dzik, 1996; Pestman & Munster, 1996). ClI vaks less than 30% of the UCS
have been reported however, as was found for Indiana Limeséospecimens in a study by
Walton et al. (2017). Diederichset al. (2010) found that CD determined through uniaxial
compression tests are typically 70-90% of the peak stressr fhis study, a range of 60-100%
of the peak stress was used when evaluating CD values. Thegpidal ranges were taken
into consideration when evaluating each method's abilityat determine Cl and CD.

The CI range suggested in literature of 30-50% of the peak ssis was expanded by
10%. When this range of 20-60% was determined to be too broad $o cient comparison
of target ratios (Rn.m ), the midpoint between the two ranges, 25-55% was used as thext

point of comparison. For the translation analysis, the targt ratios (R,.n) were evaluated
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based on the number of calculated CI values that fell betweenrange of 20-60% the peak

stress and between a range of 25-55% of the peak stress foheaaterial group.
4.2 Translation Analysis for the CAEH Method

An improvement to the CAEH method is recommend based on the awais performed [see
Section 3.2.1.3] to apply a shift to the AE response data for @aspecimen. For this analysis,
the rst two modi cations to the method were applied: smoothng and the standardization
of the initial point. The convolution function in MATLAB was u sed to take a moving average
of the data, with a spann of 0.16 times the number of data points at 60 percent of the plea
stress, as outlined in Section 3.2.1.1. A standardized iidt point set to 15% of the peak
stress was used, in accordance with Section 3.2.1.2.

It has been demonstrated in Section 3.2.1.3 that success ofAEH method is highly
dependent on the presence of some initial noise or AE urry. Ti& noise creates the \S-
shape" in the data that is required by the method to function poperly. As outlined in
Section 3.2.1.3, an analysis was performed to determine threal target ratio ( R,.,,) used
to calculate the constant shift 8., ) to apply to the raw data for each specimen, using
Equation 3.2. As identi ed in Table 3.2, 84R,., values in total were evaluated, based on
four comparison points n and m, as de ned in Equation 3.1.

The number of times that the CAEH method produced a CI value beteen 20-60% of
the peak stress for each dR,.,, value was initially used as the metric of evaluation. This
range was too broad for su cient comparison, however, so theext parameter used was
the number of CI values that fell within 25-55% of the peak séiss. The number of data
points where CI, determined using the CAEH method after the gpied shift, fell between
these three ranges was tabulated and grouped according tetbomparison point, om and
m value, being evaluated (for example, the cumulative numbef AE counts at 10% of the
peak stress, normalized to 50% of the peak stress, and so on).

The results for the tested ratios of the cumulative number ofounts at 10% of UCS to

50% of the peak stress are presented in Table 4.1. The full tdated results for all four
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comparison points are presented in Appendix A for referenceee Table B.1, Table B.2,
Table B.3, and Table B.4). The selection of the target value & narrowed down to either
0.54 or 0.55 for this comparison point, as these R, values both resulted in 137 data
points where CI was between 25-55% of the peak stress. For tiveee other comparison
points (the counts at 15% UCS normalized to the counts at 50%0% normalized to 75%,
and 15% to 75%), the next highest number of data points withirthis optimal range was
133. AnRyg:50 Value of 0.54 was ultimately selected, with the number of cas where Cl was
between 30-50% of UCS serving as the deciding factor betwees40and 0.55.
Based on this outcome, Equation 3.2 has been updated and sihgal accordingly. Equa-

tion 4.1 accounts for the target ratio Rio50) of 0.54 and is recommended for use in the

MCAEH method.

0:54(A A
Bioso = ( 05'04)6 10 (4.1)

where:

Bioso = shift constant; calculated count value by which the AE respose
curve for the specimen being analyzed is vertically transéd;
calculated for the counts at 10% of the peak stress normalize
to 50% of the peak stress

Ao = cumulative number of AE counts at 10% of the peak stress
for the specimen data being evaluated

Aso = cumulative number of AE counts at 50% of the peak stress
for the specimen data being evaluated

Equation 4.1 was incorporated into the MATLAB code to shift the smoothed data using
an Ri50 value of 0.54. A full comparison between the original and modd CAEH methods

will be presented in the next section.
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Table 4.1: The results of the translation analysis, specially for the target values for the number of AE counts at 10% of US
divided by the number of counts at 50% of the peak stress.
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4.3 The Modi ed Cumulative AE Hit (MCAEH) Method

Considering the prior analysis, a new method built upon thepproach of the CAEH
method is proposed. The modi ed cumulative AE hit (MCAEH) methal incorporates the
ndings of the analyses performed pertaining to data transtion, raw data smoothing, and
the standardization of the initial point. In order to perform the translation analysis to
determine the best target value, it was necessary to smoothd raw data and standardize the
initial point. While these three operations are fully indepedent, an order is recommended
to ease user implementation. In the MCAEH method, the raw datahall be smoothed and
then shifted according to Equation 4.1. The initial point isdetermined as the nal step.

A point of clari cation has also been added to the MCAEH method For the lower bound
determination, the original CAEH method prescribed: The data points between the initial
point and the upper bound point on the AE curve are connected to the upper bound point using
straight lines [...] the point that corresponds to the minimum slope is chosen as the lower
bound point' (Zhao et al., 2015a,b). The modi ed method shall specify that the minimm
positive slope shall be chosen. While perhaps implied, thisnall point of clari cation is
intended to address cases such as the one presented in Figue During UCS testing, it
is possible for the applied load to decrease slightly priootthe peak stress due to localized
failure in the specimen, strain softening, or other phenoma. Without this clari cation, it
is possible for the lower bound coordinate to have a higherroulative AE count value than
the upper bound, as displayed in Figure 4.1. This leads to theethod failing to perform as
designed.

While the CAEH method was only intended for \S-shaped" curvessuch as the Mogi
type shown in Figure 3.1, the MCAEH method can be used on a widearrge of materials
and AE curves to determine ClI, including all four AE signaturests®own in Figure 3.2. This
does not mean, however, that the MCAEH method can be used on AE signatures. Any
heterogeneous material or AE response curves that show disti jumps are not suitable

for the MCAEH method. Additionally, the method shall only be ugd on specimens tested
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Figure 4.1: An example output plot for a specimen of Cobourg Liestone from the original
CAEH method, where the axial stress decreases towards higlséress levels.

monotonically in uniaxial compression. The method may not d applied to any specimen
that has been cyclically loaded. A full example of the impleentation of the MCAEH method

for a specimen of Indiana Gray Limestone has been provided Appendix Section A.2 for
reference.

For clarity, the steps performed for the MCAEH method are premted as follows:

1. Process the raw data le. The peak stress is recorded andethlata truncated to

the peak stress value.

2. Smooth the raw data by performing a moving average. The spahall be set to

0.16 times the number of data points at 60% of the peak stress.

3. The cumulative number of AE counts at 10% and 50% of the peakress are
recorded and used in Equation 4.1 to determine the shift ca@asit, Bigs0, t0 be

applied to each data point on the AE curve, as shown in Figure 4.2
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4. The initial point is set to 15% of peak stress. The initial pint is used to locate
the upper bound coordinate. The upper bound is the data poirdn the AE curve
between the initial point and peak stress that forms the smkst angle with the

origin. [Figure 4.3(a)].

5. Next, the lower bound coordinate is determined by drawingraight lines between
the upper bound and initial point coordinate. The data pointon the AE curve

that corresponds to the smallest positiveslope is the lower bound. [Figure 4.3(b)]

6. A straight reference line is drawn between the upper andwer bound coordinates.
The di erence in cumulative AE counts at each stress value beeen the reference

line and AE curve is calculated. [Figure 4.3(c)]

7. The stress level corresponding to the largest AE count dirence is the CI value.

[Figure 4.3(d)]

4.3.1 Validation of the MCAEH Method

The MCAEH method was run on all of the raw data obtained for thishesis, and the
results were compared against the CI values determined ugithe Log-Log and original
CAEH methods. The CI values were normalized to the peak stregs each specimen, and
the number of times that the CI ratios fell within the three sgeci ed ranges (between 20-60%,

25-55%, and 30-50% of UCS) was recorded and has been preseintd@ble 4.2.
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Figure 4.2: Steps 1 and 2 of the MCAEH method, where the AE resp@esurve is smoothed
and the translational shift applied. (The data shown is froma specimen of Indiana Gray
Limestone from this study).
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Figure 4.3: Steps 4 through 7 of the MCAEH method, which is an agtation of the CAEH
method. The curve shown is from a specimen of Indiana Gray Lestone from this study
(adapted from Zhaoet al. (2015a)).
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Table 4.2: The number of data points where the CI values, as téemined using each
method, was within the speci ed range. The ranges are with spect to the peak stress for
each specimen.

Another way to visualize the di erence between the CAEH and MCAH methods is
to plot the CI ratios determined for each specimen for both nieods on the same scatter
plot, as presented in Figure 4.4. For these specimens of Inaga Cobourg, and cementitious
materials, the MCAEH method improved the CI determination bybringing the CI ratios
closer to the expected range. The range of 0.25 to 0.55 timée fpeak stress is highlighted for
both methods. By inspection, 41 data points are within the @5 to 0.55 range for the CAEH
method, but that number increases to 57 points for the MCAEH nteod. This equates to
63% versus 88% of the data points are within the expected ramdor the original CAEH

method versus MCAEH method, respectively.
4.3.2 Comparison with Log-Log Method

It is di cult to make a true side-by-side comparison of the Clthreshold values obtained
from the Log-Log and MCAEH methods due to the di erences in thieimplementation. One
might expect a higher success rate of the Log-Log method asistperformed manually by
the user. If the user is well-versed and experienced in deteéning Cl and CD based on AE
data recorded during uniaxial testing, then they are likelyo be consistent in interpreting the

curves and more prepared to deal with non-ideal data than a ed algorithm. This method
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Figure 4.4. Scatter plot comparing the CI ratios determinedofr specimens using the CAEH
and MCAEH methods.

is much more time and labor intensive, however, and the resalg threshold values can vary
signi cantly based on the subjective user judgement. The CAH method, and its modi ed

version as presented in this study, was developed as a morgeahive and standardized way
to determine CI. It can easily be programmed into MATLAB or otter mathematic software
tools, and provides rapid results. As can be seen in Table 4tBe MCAEH method produces
Cl values with the expected range of 30-50% of UCS a greater noen of times than the
Log-Log method.

It is also worth noting the di erence in the total \working" n umber of data points for
each method, or the number of times each method was able to guze a result for Cl. As
the Log-Log method is dependent on user interpretation, theser may decide the CI value
cannot be determined with a su cient level of accuracy for a iyen AE response curve. The
original CAEH method also involves an element of user input idetermining the random

initial point. In non-ideal cases where a single distinct ewex section in the initial loading
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stages was not present, the method was terminated and a Cl walnot produced. This is why
the working number of data points, as seen in Table 4.2, is thewest of the three AE-based
methods. The MCAEH method, on the other hand, standardizes ¢hinitial point selection
and provides an objective and mathematically based apprdato determine CI, producing

consistent results for the highest number of cases.
4.4 \Volumetric Strain Method

The CD thresholds values determined using the AE-based Lo@d method and the Vol-
umetric Strain method were compared, using the relativelylgective and more robust Vol-
umetric Strain method as the baseline for comparison. Two peesentative examples of the
volumetric strain graphs for Indiana Bu Limestone and Staistead Granite specimens are

presented in Figure 4.5 and Figure 4.6, respectively.

Figure 4.5: A representative plot used for the Volumetric S&in method for a specimen of
Indiana Bu Limestone.

In order to evaluate the level of disagreement between thetmethods for CD estimation,
a box-and-whisker plot, Figure 4.7, was created to visualizee percent di erence between

the two values. Since the strain-based approach is more otijge than the AE-based Log-
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Figure 4.6: A representative plot used for the Volumetric S&in method for a specimen of
Stanstead Granite.

Log method, the percent di erence was calculated with respeto CD as determined by
the Volumetric Strain method. The points are shown on the plato provide context to the
number of data points used for each geomaterial.

As seen in Figure 4.7, the percent di erence between the CD vals determined for each
specimen using the two methods is widely di erent between ela geomaterial group. One
potential explanation may lie in the experimental setup uskwhen the UCS testing was
performed and data collected. For example, in the raw data rfGtanstead Granite the ax-
ial and circumferential strains were measured with electristrain gauges during uniaxial
compression tests. As noted in prior research, these straiauges may be recording local
grain-boundary interactions and intergranular crackingmmediately adjacent to the gages,
rather than measuring the overall deformation of the speciem (Ghazvinianet al., 2012b;
Ghazvinian, 2015). When the grout specimens were tested, rewer, the axial and circum-
ferential displacements were measured using mechanicaljgs, a Linear Variable Di erential
Transducer, LVDT, and MTS (Material Testing System) Chain-&tensometer, during UCS

testing. As seen in Figure 4.7, the percent di erence betweehe granite CD threshold val-
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Figure 4.7: The proportional di erence between the CD valuedetermined using the AE
and Strain-based methods for each geomaterial, displayesl @ box-and-whisker plot.
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ues was much greater than that of the grout specimen group. i possible that two di erent
setups may explain this di erence.

A comparison of the CD results obtained from the two di erentmethods is presented in
Tables 4.3 and 4.4. The mean, median, and standard deviatidor each geomaterial group
is listed. The CD threshold values are presented in Table 4.@&hile the CD to peak ratios
are presented in Table 4.4. Note that for Table 4.4, the CD to @ ratio for each specimen
was calculated independently. The mean, median, and standadeviation of the specimen
values and ratios for each geomaterial group was calculatadd recorded in Table 4.3 and
Table 4.4 respectively.

The data has been presented both as stress values and as sato provide a complete
representation of the results. As mentioned earlier, the pkatress value measured in UCS
testing is highly dependent on experimental setup and macté con guration, unlike CD
which is the last material-speci c strength threshold (Diderichs & Martin, 2010). However,
the peak stress value can be indicative of the rock compoeiti and properties. It is for this
reason that while both tables are presented, a greater emgigin this instance is placed on
the CD stress value measured when comparing these two metkpdable 4.3, instead of as

a function of the UCS.

Table 4.3: Summarized results comparing all of the CD valu¢biPa) determined for each
geomaterial for the two methods
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Table 4.4: Summarized results comparing all of the CD ratiadetermined for each geoma-
terial for the two methods

4.5 CI Determination Results from Rock Groups

The CI threshold value is often reported as a ratio or perceage with respect to UCS.
As Ghazvinian (2015) notes, although CI is material propertgnd UCS may vary depending
on small variations in testing conditions, these two valuetend to be roughly correlated. A
rock with a higher UCS, therefore, will tend to have a higher Cland vice versa (Ghazvinian,
2015). A box-and-whisker plot of the CI/UCS ratios, determied using the Log-Log, CAEH,
and MCAEH methods, is presented in Figure 4.8. The anticipatetange for ClI, typically
0.3 to 0.5 of UCS, is shaded, with an expanded range of 0.2 t0.0.6

A few general trends are displayed in this gure. The ClI ratie from the Log-Log method
tend to be more tightly clustered than those determined withthe CAEH method, which
is most likely partially attributable to the “manual’ nature of the method. When using
this method, there is the potential for interpretations mae& from the rst few specimens
to bias the user towards similar values when examining lat&E response curves. Another
observation that can be made from Figure 4.8 is the wide rangé tested Cl values for the
Cobourg Limestone group, which is likely due to the varyingebrees of anisotropy tested for
these specimens. In cases where the CAEH shows extreme ressiich as the data point(s)
representing Cl ratios of around 0.9 for Cobourg Limestonéhe original CAEH method is

likely picking CD as the CI value. However, these values woultever be selected when using
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Figure 4.8: Summarized box-and-whisker plot for the CI rat® (Cl over the peak stress)
determined using the three AE-based methods.

the Log-Log method, as the user would decide that either Cl naot be determined with a
su cient degree of certainty, or a more appropriate value sbuld be selected. Additionally,
the CAEH and MCAEH method take signi cantly less time and are mch less subjective,
so the pros and cons of each method should be taken into comsation when determining
which approach to use. However, it is possible for a combinati of the MCAEH and Log-
Log methods to be used. The MCAEH output graphs can be automatlly generated, and
presented on a logarithmic scale. This would enable the ugerquickly check the graphs for
any obvious errors.

It is important to reiterate the signi cance of the shape of he AE response curve recorded
during UCS testing to the CAEH and MCAEH methods. Zhao et al. (208) developed the
CAEH method based on the typical \S-shaped" AE curve, as desbed earlier. Regardless of
the method used, there are some AE response curves for whick ttamage threshold values
are di cult to interpret. For example, some of the Cl estimates were not improved when
the shift prescribed by the MCAEH method is applied. An exampl&E response curve of a

specimen of Cobourg Limestone exhibiting this type of respse is displayed in Figure 4.9.
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The resulting AE curve and CI value from the application of theoriginal CAEH method is
shown in green, while the MCAEH curve and result is in blue. ThAE signature for this
specimen is characterized by a long region of stable craclogth, followed by a rapid and
dramatic increase in the AE activity towards the peak stressThis is not an example of the
typical \S-shaped" curve that the CAEH method was intended fg and an initial convex

section is neither distinct nor clearly identi able.

Figure 4.9: An example AE response curve for a Cobourg Limestospecimen with the
CAEH method (green curve) and the MCAEH method (blue curve) apgped. This is an
example where the MCAEH method did not improve the results.

The AE response curve for the same specimen shown in Figure 4 ®iesented in Fig-
ure 4.10 on a log-log scale. The Log-Log method has been usedstimate Cl and CD. When
the AE curve is visualized on a log-log scale, certain small cuations and features become
more pronounced, particularly at lower stress levels. Whildis may, at times, signi cantly

aid in the manual interpretation, caution should be taken toavoid confusion with noise.
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In the case of the Cobourg Limestone specimen displayed in &ig 4.10, an interpretation
of Cl was made as identi ed on the plot. Understandably, the jmp in cumulative counts
(highlighted in a blue circle) and few recorded AE hits make #interpretation both di cult

and highly subjective.

Figure 4.10: The AE response curve for the same Cobourg Limastospecimen displayed in
Figure 4.9, with the Log-Log method applied.

These results are not atypical of Cobourg Limestone. Ghaman et al. (2012a) found
that the Lindsey Cobourg Limestone specimens they tested reerelatively acoustically quiet

up to and sometimes past the CI threshold.
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CHAPTER 5
SUMMARY AND CONCLUSIONS

Two methods were evaluated in this study to determine the cci initiation (Cl) threshold
value: the Log-Log and CAEH methods. A new approach has beenrfally proposed to
determined CI based on AE data { the MCAEH method. Two separatenethods were also
applied to the data to compare the crack damage (CD) threstlvalues determined using

the AE-based Log-Log method and the strain-based Volumetrfgtrain method.
5.1 Determination of Cl using Acoustic Emission Data

The most signi cant di erence between the two AE-based methds for determining the
crack initiation value is the manner in which they are perfaned: manually versus automat-
ically via a xed algorithm. The cumulative AE hit method (CAEH) was initially developed
as an objective way to determine CI using AE response data aadted during uniaxial com-
pression testing. The method, however, is heavily dependem the initial AE urry noise
that is recorded at the start of UCS testing, typically due to cack closure and specimen seat-
ing. Additionally, the method requires the user to identify @ad randomly select an initial
point, and makes no recommendations on appropriate data sotbing, despite the sensitivity
of the method to small-scale noise uctuations in the AE curve

After standardizing both the initial point selection and smathing of the raw data, an
investigation was performed to determine the e cacy of appling a translational shift to
the data prior to running the CAEH method. The analysis resukd in the recommendation
of the modi ed cumulative AE hit (MCAEH) method. In the MCAEH meth od, the raw
data is rst smoothed using a moving average with a span of GXimes the number of data
points at 60% of the peak stress. The initial point was standdized at the coordinate on the
AE response curve corresponding to 15% of the peak stress. Hppropriate shift constant

(B1o:50) Is calculated using the cumulative number of AE counts at 10%nd 50% of the peak
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stress. The AE response curve is vertically translated by theonstant shift (B1o.50) to match
the target ratio (Rip:50) of 0.54. This MCAEH method is more robust, requires less user
input, and produces results more consistently than the onigal CAEH method.

The Log-Log method relies heavily on user interpretation ofhe AE response curve.
While this method can produce accurate results, non-ideal @acan still pose challenges with
respect to the successful application of the method. The nietd also requires signi cantly
more time than the MCAEH to determine ClI values, especially fdarge data sets.

Given the di erences between the two methods, it is recommdad the MCAEH method
be used as preliminary means for determination of Cl valuesrfa large number of data sets.
This method can be applied with little training, and as suchcan be used and implemented
with minimal impacts on cost or time. The Log-Log method canubsequently be used to
estimate CI for a select number of specimens, and used as anpoif comparison, especially
for specimens with relatively extreme CI values as identie by the MCAEH method. This
combined approach allows for a cross-validation of the obiteed CI results and does not rely
solely on user interpretation. In instances where a high lelof ground characterization and
design is necessary, such as the containment and storage wflear waste in a DGR, the use

of both the Log-Log and MCAEH methods to determine ClI is recomanded.
5.2 Determination of CD Threshold Values

Two methods of determining CD were evaluated in this study: he Log-Log method
and the Volumetric Strain method. Both methods are easy to iplement, as the CD value
is typically well-de ned in both cases. Given the recommeradions on the use of the AE-
based methods for determining CI, the Log-Log method is reomended as it enables the
determination of both the CI and CD values simultaneously.

Based on the analysis performed, the assumption that the CDale can be reliably
determined using volumetric strain, including under uniaval conditions, may not be valid
for all rock types. The volumetric strain reversal point haveen shown to occur at a higher

stress than CD for con ned conditions (Diederichs, 2003; Bderichs & Martin, 2010; Martin,
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1997; Waltonet al., 2017). As shown in Figure 4.7, the CD values determined usiniget AE-
based Log-Log method were typically lower than CD determindeusing the Volumetric Strain
method for Indiana and Cobourg Limestone. The Volumetric $in method was established
for non-porous crystalline rocks testing under uniaxial cwlitions. Unlike in low-porosity
rocks, Walton et al. (2017) concluded that the total volumetric strain reversaktress was

higher than CD for Indiana Limestone specimens.
5.3 Implications for Design and Industry Application

Upon determining ClI, as illustrated in Section 2.1.2, the appximate overbreak extent
can be calculated using the empirical spall prediction egtian developed by Diederich&t al.
(2010). The potential for spalling and overbreak should becaounted for in the design of a
tunnel or underground excavation, and the risks adequatelgonveyed to the contractor in
the GBR.

Brox (2017) suggests the use of an overstress charactelizatassessment to predict and
determine the potential for spalling, rockbursts, and higilisk areas of a project that can
impact the excavation methodologies recommended in the dgs If a signi cant length of a
proposed deep tunnel is predicted to experience a high degjd overstressing, then perhaps
a high-speed drill and blast excavation method may be prefdii@ over the use of hard rock
TBM (Brox, 2017).

While the ease of implementation was not evaluated, it is imp@nt to note that Brox
de nes the crack initiation strength simply as 40% of the UCSRrox, 2017). Given the
outcomes of this research, and given that samples from a peoj site are already being
tested in uniaxial compression, it is recommended that thectual Cl be determined using
the AE-based Log-Log method and/or the MCAEH method. This is alear example of
where these AE-based methods can provide a signi cant imprement to approaches and

methods that can be directly applied in industry to tunnelirg projects.
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5.4 Tangential Findings

While in-situ stresses in rock are often determined throughvercoring or hydraulic frac-
turing, these established techniques can be costly and tineensuming to perform. An
acoustic emission based technique may actually be a suitakdlternative for in-situ stress
determination, using the "Kaiser E ect' or "Stress-Memorypamage' (Kentet al., 2002). The
AE Kaiser E ect test has been studied on rock specimens testad uniaxial compression,
with several studies demonstrating its potential to deternime the in-situ stress conditions
(e.g. Barr, 1993; Boyceet al., 1981b; Kanagaweet al., 1977; Kentet al., 2002; Momayez &
Hassuni, 1992). The test is performed on oriented core in orde attempt to determine the
normal stress acting in various directions from UCS testing.

Kent et al. (2002) found that stress values determined from the Kaiser &t on oriented
core and from overcore measurements from the same site weragreement, but the Kaiser
E ect was not evident in all cases. Having a rough idea of the ss magnitudes, which
they obtained from overcore measurements, enabled them tctis on a particular view or
window of the cumulative AE counts and more easily interprethie AE results. The Kaiser
E ect is a ected by lithology and stress magnitude, and thei ndings suggest detection at
very shallow and deep environments to be more challenging €t et al., 2002). This work
was performed with underground mines in mind, however the dings and continued studies
have de nite implications for any underground constructio.

The ongoing work and research on the use of Acoustic Emissiom detect the Kaiser
E ect and determine the in-situ stresses of the rock found a project site can also further
advance the industry. Future work and research should expthe possibility and success of
identifying both the damage thresholds of rock from a site @hthe in-situ stresses present.
The ability to determine both will provide greatly improve overall ground characterization,
better identifying potential risks and subsequent mitigabn measures that may be necessary.
This would result in safer conditions for workers, fewer pject delays, lower costs, and the

overall advancement of the underground construction induy.
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5.5 HRuture Research

One area for future work is the investigation of taking the dw#vative of the smoothed
AE response curve. This would aid in the identi cation of any m ection point of the AE
curve, which typically coincides with the crack damage thshold. In order to e ectively take
the derivative of the data, however, the curve must be su ciatly smoothed and perhaps a
localized trend t to the data points.

Given the relative lack of published work on the cracking belviors of highly heteroge-
neous rock, this appears to be a promising area for future easch. Unfortunately, insu cient
data for highly heterogeneous rock types was available to@N detailed study as part of this
study. In future studies, it is recommended that a number of icerent heterogeneous ma-
terials be tested, carefully documenting the compositionf @ach specimen, with the testing
procedure carefully designed and documented to minimizeyaaxternal in uences.

It would also be bene cial to perform uniaxial compressionests on specimens that
combine the use of active and passive seismic-based methotlse active use of ultrasonic
methods, for example, can be used to evaluate cracking in tepecimen, and the MCAEH
method can be performed on the raw data collected using pa&siAE sensors.

It was noted that a potential application exists for the MCAEH method without testing
a specimen to failure. For a specimen of concrete, for exampthe expected UCS value is
typically known. The specimen can, therefore, be loaded tosress level of 65-75% of the
expected peak stress, and the MCAEH method run as designed. #idimentary analysis was
performed on one or two specimens to verify the potential us¢ the method in this manner,
and the results were in agreement with the MCAEH method perfared on data collected to
failure. While further research and an in-depth investigatin would need to be undertaken,
the MCAEH method has the potential for use in eld applicatiors evaluating concrete tunnel
linings or other concrete structures, as well cases invatg rock with a known UCS value.

Lastly, it is possible to present the MCAEH output plot on a loglog scale to enable

validation with the approach from the Log-Log method. The ptpose of a logarithmic scale
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is to highlight smaller uctuations in the lower stress and ount levels on the AE response
curve, which is the basis behind the Log-Log method. This typof graphical output would
enable the user to evaluate the success of the MCAEH method bdson the same concepts
behind the Log-Log method. This would not be a major change tthe MCAEH method
itself, but may help the method gain traction and use. Preséng the data in this manner
would enable the user to visually con rm the CI determined usg the MCAEH method, as
a way to essentially spot-check the result. For engineers wiprefer manual interpretation,

this can provide a comprise and enable both methods to be usadultaneously.
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APPENDIX A
EXAMPLE IMPLEMENTATION OF CAEH AND MCAEH METHODS

A.1 Example of CAEH Method

The following is a detailed example of the CAEH method, using gpecimen of Indiana

Gray Limestone from this study.

1. First, if necessary, the raw output le from the AE data acqusition system (Fig-
ure A.1) and raw stress data from the load cell (Figure A.2) are omlated and the

data processed.

Figure A.1: An example of the raw AE output data le from the data aquisition system for
a specimen of Indiana Gray Limestone.

2. Next, the cumulative AE counts are plotted as a function of tha axial stress up to
the peak stress value (as shown in Figure A.3).

3. A random point at the distinct initial convex section is skected to determine the
upper bound coordinate. Each data point on the AE curve betweehe initial point

and the peak stress is connected to the origin by a straighnk. The coordinate
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Figure A.2: An example of the raw output strain data collected fsm the load cell for the
same specimen of Indiana Gray Limestone.

Figure A.3: The raw output data for a specimen of Indiana Gray lmhestone.
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corresponding with the line with the minimum slope is seleet as the upper bound

coordinate, as shown in Figure A.4.

Figure A.4: Determination of the upper bound for the CAEH method

. Next, the lower bound coordinate is determined. The data jpas on the AE curve
between the initial point and upper bound are connected to #gnupper bound with
straight lines. The point that corresponds with the line wih the minimum positive

slope is the lower bound coordinate. Figure A.5 shows this step

. A reference line is drawn to connect the upper and lower bod. The di erence
between the reference line and AE response curve, the cumidatAE count dif-

ference, is then calculated. (Figure A.6)

. The crack initiation stress, Cl, is the point correspondig to the maximum cumu-

lative AE count di erence, as shown in Figure A.7.
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Figure A.5: Determination of the lower bound for the CAEH method

Figure A.6: Reference line used to calculate the cumulative ABgnt di erence between the
upper and lower bound coordinates.
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Figure A.7: Resulting CI value ( ¢ ) interpretation for the specimen of Indiana Gray Lime-
stone from the CAEH method.

A.2 Example of MCAEH Method

The following is a detailed example of the MCAEH method, usinthe same specimen of

Indiana Gray Limestone from this study used for the CAEH methd example.

1. Process the raw data les. The raw data has been plotted in ¢riire A.8.

2. Smooth the raw data by performing a moving average. The spahall be set to
0.16 times the cumulative number of AE counts at 60% of the pkastress. The
result of smoothing is displayed in Figure A.9, with a zoomediiview shown in

Figure A.10 to show the impact of smoothing at a higher resolutn.

3. The cumulative number of AE counts at 10% and 50% of the pealress are
recorded and used in Equation A-1 to determine the shift corett, Big.s0. For
this specimen of Indiana Gray Limestone, after smoothinghé cumulative number

of AE counts at 10% and 50% of the peak stress was 1371 and 185peetively.
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Figure A.8: The raw, unsmoothed output data for a specimen of tliana Gray Limestone.

Figure A.9: The smoothed output data for the specimen of IndianGray Limestone.
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Figure A.10: A zoomed-in view of the smoothed output data to siothe e ect of data
smoothing.

0:54(As0) Ay 0:54(1853) 1371

Bioso = 046 0.6 805 (A.1)

where:

Bioso = shift constant; calculated count value by which the AE

response curve for the specimen being analyzed is

vertically translated; calculated for the counts at 10%

of the peak stress normalized to 50% of the peak stress

cumulative number of AE counts at 10% of the peak stress

for the specimen data being evaluated

Aso = cumulative number of AE counts at 50% of the peak stress
for the specimen data being evaluated

Ao

The shift constant B1050  -805) is then applied to each data point on the AE

curve. The resulting plot is shown in Figure A.11.
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Figure A.11: The smoothed and vertically translated AE respoescurve.

. The initial point selection is set to 15% of peak stress, ahown in Figure A.12.
The initial point is used to locate the upper bound coordina. The upper bound
is the data point on the AE curve between the initial point and gak stress that

forms the smallest angle with the origin (Figure A.13).

. Next, the lower bound coordinate is determined by drawingrsight lines between
the upper bound and initial point coordinate. The data pointon the AE curve cor-

responding that forms the smallest positivelope is the lower bound. [Figure A.14]

. A straight reference line is drawn between the upper andwer bound coordinates.
The di erence in cumulative AE counts at each stress value beten the reference

line and AE curve is calculated. [Figure A.15]

. The stress level corresponding to the largest AE count dirence is the CI value,

as identi ed in Figure A.16.
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Figure A.12: Identifying the initial point, set to 15% of the pek stress on the smoothed and
vertically translated AE response curve.

Figure A.13: Determination of the upper bound coordinate.
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Figure A.14: Determination of the lower bound coordinate.

Figure A.15: Reference line used to calculate the cumulative Agunt di erence between
the upper and lower bound coordinates.
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Figure A.16: Reference line used to calculate the cumulative A€ount di erence between
the upper and lower bound coordinates.
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APPENDIX B
TABULATED RESULTS FROM TRANSLATION ANALYSIS

Table B.1: The results of the translation analysis, specially for the target values for the number of AE counts at 10% of US
divided by the number of counts at 50% of the peak stress.
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Table B.2: The results of the translation analysis, specially for the target values for the number of AE counts at 10% of US
divided by the number of counts at 75% of the peak stress.
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Table B.3: The results of the translation analysis, specially for the target values for the number of AE counts at 15% of US
divided by the number of counts at 50% of the peak stress.
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Table B.4: The results of the translation analysis, specially for the target values for the number of AE counts at 15% of US
divided by the number of counts at 75% of the peak stress.
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