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Abstract

The main objective of this work is to investigateaak propagation and damage evolution
using acoustic emission (AE) to predict failure@tk during loading. In this research we recorded
AE parameters in granite and gabbro rocks undesstrto establish a pattern of AE variation
before failure that can be used in earthquake gtiedi In order to investigate the effect of thekma
and stress induced damages on AE parameters, @deswvere also conducted using pre-damaged
specimens. AE monitoring, mechanical tests, elastice velocity measurements and microscopic
investigations were used for these purposes. larda compare the AE records in pure uniaxial
compression (UC) and indirect tensile tests, a Brazilian tests were carried out using AE
monitoring. Plotting of the accumulated hits and #tcumulated energy AE parameters versus
time shows that the AE energy parameter is a mifeetare way to monitor crack propagation and
to predict the failure of specimens than the cotigeal AE hits. According to AE records from
granite and gabbro under UC test, three sharp sfegisamatic AE activity were distinguishable.
The first one occurred at about 25 % and the seooedat 60% of stress. The last step occurred
when the stress level reached 90 to 95% of thenaté strength of the rock. These steps are
comparable to crack initiationof), crack damageo(q) thresholds and uniaxial compression
strength §..9 in the stress-strain diagram presented by M&ii®93). The same steps were
detectable during the Brazilian tests.

Comparing the acoustic emissions data for intadt #dwermally treated samples showed a
considerable difference in the number and stepacotleration of AE activity. It appears that
microcrack evolution due to thermal damage plalgsyarole in the reduction of the number of AE
hits during uniaxial tests on pre-heated specimé&hs.AE records of intact and thermally treated
specimens of gabbro below 600°C are comparable.eMery there is a significant difference
between the records of specimens heated to more @0@°C and unheated gabbro. A drastic
decrease in the uniaxial strength and elastic wal@city was also evident in specimens that had
been heated to above 600°C. Based on all the igaéstl parameters, we found that 600°C is a
critical temperature that causes physical and nrechh (strength and elasticity modulus)
degradation to the gabbro rock subjected to thetreatment. On the other hand, it was observed
that the damage due to ultra high stresses washiasghat due to thermal effects, especially & th
mechanical parameters. However, AE parameters wene affected by stress damage than

thermal heating.

Keywords: Uniaxial loading, crystalline rocks, acoustic emission, infrared radiation, damage
evolution, thermal treating






Contribution a I'étude expérimentale de 'endommageent mécanique et

thermique de roches cristallines.

Résumeé

Le principal objectif de ce travail est I'étude lBnxdommagement et de la propagation
de la fissuration dans des roches pour prédire depture en utilisant les paramétres
d’émission acoustiqgue (EA). Nous avons étudié Ilenchagement mécanique et
thermique sur des roches de type gabbro et graatemnises a des contraintes uniaxiales,
afin d’identifier un modele de variation de 'EAawt rupture qui pourrait étre corrélé aux
mesures faites avant un tremblement de terre. ddicomparer l'effet de la température et
I'effet d’'un chargement mécanique sur les paramedee'EA, des essais de compression
simple ont été réalisés sur des échantillons endaydmthermiquement et des échantillons
endommagés meécaniquement sous fort confinemens Amns effectué lors de ces essais
des mesures d’'EA, des mesures de vitesse des éladégues et une étude microscopique
post mortem sur les éprouvettes. Par ailleurs,ddioomparer les parameétres de I'EA sous
chargement de compression uniaxiale et sous chargede traction indirecte, quelques
essais breésiliens ont été effectués. L'analyse atabme d’évenements acoustiques et de
I'accumulation d'énergie en fonction du temps, meqgtie le paramétre d'énergie est plus
efficace pour caractériser la propagation des fessat pour prédire la rupture. Sur la base
du parametre d'énergie, au moins trois étapesrtiedotivité acoustique sont distinguées :
la premiére se situe a environ 25% de la contraim@imum admissible et la seconde
apparait a 60 %. La derniére étape apparait vétsd@bla contrainte maximum. Les étapes
observées sont analogues aux seuils de contrafeatation présentés par Martin
(1993) a savoir: l'initiation de la fissuration(), la propagation d’endommagemeatq
et la contrainte maximum dans la rocleg.d. Durant un essai Brésilien trois étapes sont
aussi clairement enregistrées.

La comparaison des données sur les émissions apmsstentre des échantillons
intacts et des échantillons endommagés en temp&ratmontre une différence
considérable du nombre des événements acoustigeesésultats d’EA des échantillons

intacts et traités thermiquement en dessous de68@¥it comparables. Par contre, il existe



une différence significative entre les mesures'ga faites sur les échantillons chauffés a
plus de 600°C et celles faites sur un échantillon ohauffé. Sur la base de tous les
parametres que nous avons étudiés, nous avonsabgste 600°C est une température
critigue qui engendre des dégradations physiquesiésaniques (résistance et module
d’élasticité), dues au chargement thermique, sutype de gabbro. Enfin, nous avons
observé que I'endommagement di a un chargememiatrisous fortes contraintes de
confinement (650 MPa) avait moins d’effet que l'eminagement induit par un

chargement thermique.

Mots clés:Chargement uniaxial, roches cristallines, émissionustique, rayon infra rouge,
évolution d’endommagement, traitement thermique.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 General introduction

In recent years, the process of rock failure hasime especially urgent with reference
to predicting earthquakes and to various dynamak noressure manifestations in rock
masses (Pellet et al, 2007). In rock mechanicsturag of rock has long been studied to
help understand the behavior of a particular rockssnwhen under stress. In general,
loading of rock samples will cause some changd¢earmechanical and physical behavior
that can be measured in the laboratory. In mosts;cdsefore a rock mass failure, some
measurable changes in the rock parameters have tepeEmted, including acoustic
emissions, elastic wave velocity, temperature amfdared radiation, as well as low
frequency electromagnetic emissions (Friedeman@3;2Quzounov et al., 2004). These
parameters could be used for long-term evaluatibrthe stability of underground
excavations or fault rupture and, as a result,ccdnd used for earthquake prediction. In
particular, this might help to understand how micacks in a rock sample, under an
applied stress, combine to ultimately produce nmsmmpic failure. Such understanding is
also of an engineering interest, particularly howcks are formed under in situ stress
around an underground excavation such as a tunnkbr@hole. The use of ultrasonic
techniques has provided the ability to remotely] aondestructively, examine the interior
of rock masses. Previous studies, (e.g. Falls, 1988ing ultrasonic propagation
techniques, have examined existing microcracks, lzae used acoustic emissions to
locate the fracturing whilst it occurs. Such invgations have shown these techniques to
be extremely effective.

In this thesis, acoustic emissions (AE) monitorimgrared radiation (IR) and elastic
wave velocity changes during loading of rock haeerbused to study damage evolution
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and prediction of rock failure. This work is paftaoproject submitted to the International
Institute of Earthquake Engineering and Seismol@yES) to study the feasibility of

earthquake prediction by monitoring precursors fistness-induced rock. The aim of this
thesis is to show the advantages of using AE intgoation with other techniques to study
rock damage evolution. This thesis takes AE studistep further by investigating intact
and pre-stressed damaged and heat-treated bottle specimens, following the crack

evolution and failure predictions on a laboratocals. Since the higher frequency AE
events are more similar to earthquake motion,rdgearch also investigates the feasibility

of earthquake prediction by measurement of precsiiscstressed rocks.

1.2 Research motivations and objectives

The main motivation of this study is to use acaustnissions to monitor the crack
propagation and to predict catastrophic failurerarfk under stress. In this research we
recorded AE parameters in two types of brittle soakder stress to establish a pattern of
AE variation before failure that could be used antlequake prediction. Crystalline granite
and gabbro rocks were used for this purpose. Siraplexial compression tests were
carried out on intact, stress pre-damaged and #ibritneated specimens. By monitoring
the AE events and measuring the micro-deformatiorulsaneously in a few tests, the
efficiency of this technique was compared with camional AE monitoring methods. In
order to compare the AE records in pure uniaxiahgeession and indirect tensile tests, a
few Brazilian tests were carried out using AE maiitg.

Since damage cracks are known the main source oévdats, the survey of a pre-
damaged specimen could give a good insight intcergtdnding the physical relationship
between damage and AE events during loading ofstotkerefore, some additional tests
were performed on thermal- and stress pre-damagbbrg rock using AE monitoring
technigues and by measuring the mechanical andgahyhanges that take place due to
these damages. For the first time, to the autkadsvledge, fresh gabbro has been used for
thermal and mechanical damage experiments to igadsttwo types of damage by AE
monitoring and to compare the results with thedntack. The probable mechanisms of
alterations in the samples and interpretation efrésults will be discussed in this thesis.

The following main tasks were performed to achiineeproposed research objectives:
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1. Monitoring the variation of acoustic emission infact Lavasan granite and North
African gabbro under uniaxial compression tests;

2. Comparing the effectiveness of AE’s energy &itdrate parameters to predict rock
failure;

3. Studying crack propagation and failure mechasisfirgabbro rock under Brazilian tests
using AE monitoring and comparing the results witiaxial compression tests;

4. Studying ultra high triaxial stress pre-damaged thermally treated gabbro specimens
by AE monitoring to investigate the effects of thmeluced damage on physical and
mechanical characteristics of hard rock as wethasffects on the AE parameters;

5. Calibrating the Hoek and Brown criteria and kehr Coulomb fit of African gabbro
under ultra high compression triaxial tests;

6. Investigating the mineralogical effect of thefrraatment and stress damage of gabbro
rock at the microscopic scale;

7. Investigating the feasibility of using a comldneethod of AE and infrared radiation
study to use in earthquake prediction in the fiebbed on the laboratory results and a

literature survey.

1.3 Thesis outline

In chapter 2 we will present the basic concepthefAE, IR and elastic wave methods
in rock engineering studies, as well as the adgmstand disadvantages of these methods.
Investigations over the last four decades and mgwoaches to the above mentioned fields
are discussed in chapter 3. Laboratory experimentselected granite and gabbro rocks
are outlined in chapter 4, and conventional AE rnwoimg of intact specimens under
simple unixial compression and indirect tensiletdegre discussed in chapter 5. The
laboratory test procedures and AE monitoring tegphes are also described in these two
chapters. In chapter 6, special investigations gusftE monitoring of pre-damaged
specimens are presented. The effects of stresthandal damage on AE records and the
physical and mechanical parameters of hard roclklacediscussed in this chapter. Chapter
7 draws the main conclusions together and desctiescontributions of this thesis to
understanding the role of AEs in failure predictainntact and damaged rock.
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Chapter 2

General concepts of acoustic emission

and Infrared techniques

2. 1. Introduction

In this chapter, basic concepts, terminology antiroon equipment setup associated
with the acoustic emission, as it applies to batiotatory and field studies in geotechnical
area, are described. Consideration is also givéhetwecent applications of this technique.
Since the earthquake prediction feasibility is ohéhe main aims of this research, infrared
technique has also been discussed in this chaptena of the new developed method in
rock engineering and earthquake prediction science.

It is generally accepted that most solids, wheess&d, emit sub-audible noises or
low-level seismic signals (Hardy, 2003). There arevariety of terms to describe the
phenomenon, including acoustic emission (AE), megsmic (MS) activity, seismo-
acoustic activity, rock noise, stress wave analigitinique (SWAT), elastic shocks, and
elastic radiation. However, in this thesis, thisspbmenon will be referred as acoustic
emission. In rock like materials, the origin of asbc emission is not very clearly
understood, but it appears to be related to theggsoof deformation and failure which are
accompanied by a sudden release of strain energgdyti1981). In geologic materials,
which are mainly polycrystalline in nature, AE mayginate at the micro-level as a result
of dislocations or at the macro-level by twinniggain boundary movement, or initiation
and propagation of fractures through and betweemerai grains (Hardy, 2003). It is
assumed that the sudden release of stored elassim £nergy accompanying these
processes generates an elastic stress wave, wénetstfrom the point of origin within the

material, to a boundary where it is observed as AE.
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In recent years, the application of AE techniquesgeotechnical engineering has
rapidly increased. This technique has been usedsfability monitoring in mines,
petroleum and natural gas caverns, radioactive evaspositories, and geothermal
reservoirs. AE techniques are increasingly beirgdua laboratory-scale studies of both,
basic and applied nature. Hardy (2003) has provaldetailed review of a wide range of
geotechnical AE applications, AE concept, monitgriachniques, and the Kaiser effect.

We have used it to prepare the next sections.

2. 2. Acoustic Emission (AE)

Acoustic emissions (AEs) are the stress waves pertlby the sudden internal stress
redistribution of the materials caused by the clkanig the internal structure. Possible
causes of the internal-structure changes are ci@tiiation and crack growth, crack
opening and crack closure, dislocation movementrwg, and phase transformation in
monolithic materials and fiber breakage and fibatim debonding in composites (Huang
et al., 1998). Most of the sources of AEs are dawatpted; thus, the detection and
monitoring of these emissions are commonly usepréalict material failure. Monitoring
of acoustic emissions produced in the failure pgec&f rocks has been shown to be very
useful in assessing the stages of failure, thetimt® of active deformation and
characterization of modes of rupture.

Based on source of pulses, there are two typescadistic methods. A schematic
drawing of the two different acoustic measuremeethods is presented in figure 2. 1. The
first is the sonic technique it utilizes two transdrs; one a transmitter, generates a
mechanical signal within the material, the othemiseceiver, monitors the transmitted
signals and any modifications resulting from strelsanges. In contrast the AE technique
utilizes only a receiving transducer (one or sdyewvehich monitors self-generated
(passive) acoustic signals occurring within theemat (Hardy, 2003).

By using three or more transducers it is possibldotalize the source of events.
Mostly the numbers of events per time unit or thenher of counts per time unit are
recorded. Each event is formed by a number of epumhich are the peaks above the
background noise threshold of the recorded evethmerparameters of the signal (e.g. the
frequency content, the energy, the duration of eagphal) are sometimes also obtained and

analyzed.
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Figure 2.1: Two acoustic techniques utilized to evaluate the behaviour of geologic
structures. a. sonic technique and b. AE/MS technique (Hardy, 2003).

One limitation of the method is that performingeattis rather complicated procedure
with relatively sophisticated instruments (Hardy)02). The basic equipment for AE
monitoring is relatively simple; a transducer whidften is an accelerometer, an
amplification system and a recording equipmentil#&rf system is also included to take
away the background noise.

The fundamental frequency character of an obseAEdsignal depends on the
characteristics of the sources and the distanceelest the source and the monitoring
transducers. Frequencies below 1 Hz have beenw&usat large scale field sites, whereas
in laboratory studies AE/MS signals have often bebéserved to contain frequencies
greater than 500 kHz (Fig. 2.2).

The method has been successfully applied both bor#ory tests and for in-situ
monitoring. Besides the applications of AE in reéskaendeavors, AE has been widely
used in industries, including for the detectiorfanflts or leakage in pressure vessels, tanks,
and piping systems. AE is also used to monitomtkeling and corrosion progress.

The difference between the AE technique and otbardestructive evaluation (NDE)
methods is that AE detects the activities inside riiaterials, while other NDE methods
attempt to examine the internal structures of tlagenmls (Hardy, 1992). Furthermore, AE
only needs the input of one or more relatively $re@hsors on the surface of the structure
or specimen being examined so that the structuspecimen can be subjected to the in-
service or laboratory operation while the AE systamtinuously monitors the progressive
damage. Other NDE methods, such as ultrasound aag, have to access the whole
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structure or specimen, and therefore, the structurespecimen often needs to be
disassembled and taken to the laboratory to be ieveam
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Figure 2.2: Frequency ranges over which AE and other associated studies have been
conducted (Hardy, 2003).

2.2.1. AE parameters

An AE “event” generates a mechanical wave pulsemFa single AE “event” various
signal wave trains (“hits”) may result in the detec system, due to propagation
phenomena, such as reflections, and sensor chastcse In order to discriminate the first
“hit” of an AE “event” from spurious signals andughreduce uncertainty in the location of
an AE source, the detection system used incorpotae parameters to be adjusted by the
system operator. Figure 2.3 shows the main chaistits of an AE “hit”. One should be
aware that, by the term “energy”, used in the d&tecystem, is meant the area under the
envelope of the rectified time signal wave train.

A variety of parameters are used to describe ABadsgobserved during laboratory
and field AE studies. In most of the laboratory sddies, the AE signals themselves are
not recorded, rather, these signals are processéideousing analog or digital techniques
to provide various parameters like, event ratenargy rate. Figure 2.4 illustrates a typical
section of AE data and an expanded AE event.
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Figure 2.3: Main parameters of an acoustic emission hit (Huang et al, 1998)
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Figure 2.4: Typical sections of AE Data and an Expanded AE Event (Hardy, 1992).

According to Hardy (1994 and 2003) in the time domsuch data is commonly
described in terms of the following parameters:
e Accumulated activity (N): The total number of events observed during a &peci

period of time.

* Accumulated Energy (XE): The sum of the energy emitted by all events observe
during a specific period of time.
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* Amplification Factor (Q): The amount of mechanical gain of a structure when
excited at a resonant frequency. The ratio of thpldéude of the steady state
solution (amplitude at resonance) to the statitedgbn for the same force F. The
amplification factor is a function of the systemmgang. For a damping ratig=0
(no damping) the amplification factor is infinifey ¢=1 (critically damped) there is
no amplification.

* Amplitude (A): The instantaneous magnitude of an oscillating tityasuch as
sound pressure. The peak amplitude is the maximaloeyv Acoustic amplitude is
measured and expressed in three ways: displacew@otity and acceleration.
Amplitude is also the y-axis of the vibration timaveform and spectrum; it helps
define the severity of the vibration.

» Background Amplitude: The signal level presents in the absence of weflhdd
events.Background noise: Noise from all sources unrelated to a particutamsl
that is the object of interest. Background noisey nmzlude airborne, structure
borne, and instrument noise.

e Signal + Noise-to-Noise Ratio (SNR): The ratio of the event plus background
amplitude to the background amplitude.

» Bandpass filter: A filter that attenuates signals both below andvabthe desired
passband.

* Dynamic range: The range between the loudest and the softestisdbat are in a
piece of music, or that can be reproduced by aeptdcaudio equipment without
distortion (a ratio expressed in decibels). In spheéhe range rarely exceeds 40 dB;
in music, is greatest in orchestral works, wheeertinge may be as much as 75 dB.

* Peak-to-Peak Amplitude (Ap-p) is the amplitude measured between the maximum
positive and negative peaks of the event.

* Event Rate (NR): The number of evental) observed per unit time().

* Energy (E): The square of the event amplitude.

* Energy Rate(ER): The sum of the energy emitted by all events olexkper unit
time (AT).

* Event Duration (to): The total time of occurrence for an individual etve

* Fast Fourier Transform (FFT): The FFT is an algorithm, or digital calculation
routine, that efficiently calculates the discretaufter transform from the sampled

10
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time waveform. In other words it converts, or "gsBorms" a signal from the time
domain into the frequency domain.

* Freefield: An environment in which a sound wave may propagatdl directions
without obstructions or reflections. Anechoic roomsan produce such an
environment under controlled conditions.

 Frequency: The measure of the rapidity of alterations of aiquic signal,
expressed in cycles per second or Hz. Average Foedi@al Frequency (f) is the
reciprocal of the average period computed overchesyof the event.

* Frequency response: The changes in the sensitivity of a circuit, deyior room
with frequency.

» Peak: The maximum positive or negative dynamic excurgrom zero (for an AC
coupled signal) or from the offset level (for a BGupled) of any time waveform.
Sometimes referred to as "true peak” or "wavefoeak})

* Peak-to-peak: The amplitude difference between the most posiawel most
negative value in the time waveform.

» Signal + Noise-to-Noise Ratio (SNR): The ratio of the event plus background
amplitude to the background amplitude.

* Period: A signal that repeats the same pattern over tinwalied periodic, and the
period is defined as the length of time encompabgezhe cycle, or repetition. The
period of a periodic waveform is the inverse offulsdamental frequency.

* Phase Phase is the measure of progression of a peneahe. Phase identifies the
position at any instant which a periodic wave ocgesipn its cycle. It can also be
described as the time relationship between twaoadsgn

» Signal-to-noise (SN) Ratio: The range or distance between the noise floor (the
noise level of the equipment itself) and the mssynal.

* Time-between-Event (At): The time between successive events, i.e., the time
between the beginning of one event and the beginrfithe next.

 Waveength: The distance that sound wave travels to complete aycle. The
distance between one peak or crest of a sine wavéh@& next corresponding peak
or crest. The wavelength of any frequency may hmdoby dividing the speed of

sound by the frequency.

11
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2.2.2. What information can AE studies provide?

Acoustic monitoring can tell us a lot of about thehavior of a volume of rock or
concrete over time. In particular, these metho@sideal for the delineation and for the
characterization of damage. Such damage may osdinearesult of stress field changes or
material degradation. In many early investigatioAg, studies were used in laboratory
rock mechanical experiments, and the number of A¥ents’ was used as a simple
measure of damage within the sample. More recéindélge techniques have become more
sophisticated and considerable information can hewbtained in both laboratory and in
situ studies. Acoustic methods can be used to:

» Indicate where damage is taking place: Using theartimes of the seismic
phases, the AE/MS events can be located withimdtle with great accuracy.

» Assess the extent of the damage: The location efitevand the event rate can
be used to assess the areas within a material winese damage is occurring.
The velocity of seismic waves within the materiderfved from passive
seismic tomography) can also be used to assess @réamage as in general,
regions of high damage will show lower velocitieben compared to those
from intact material.

» Determine information on the damage mechanism:shiagpe of the waveforms
recorded at each sensor is a function of the sommeehanism and the path
effects experienced by the acoustic energy aswets from the source to the
receiver. From these data it is therefore posstbterive information about the
orientation and mechanism (e.g. shear, isotrogit)efailure.

» Derive information relating to the stress field:udies have indicated a
relationship between zones with high velocity ankiesaand regions of higher
stress and, therefore, increased damage potentiake may be identified by
passive tomographic imaging and used in conjunctioth stress models
derived from numerical modeling and/or in situ megaments. In addition, the
orientation of the principal stresses acting atdherce of the acoustic activity
can be interpreted from waveform processing ofXBEMS activity.

» Determine material properties of the volume: Asrgnéravels through rock,

concrete or other materials the frequency and anadi are affected by the

12
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material properties. Measurements of seismic vslocanisotropy and
attenuation are therefore sensitive to changdseiset material properties.

* Assess the time-dependent behavior of the materi@sponse to engineering
activities.

* The response of the material may vary with timeeisponse to excavation or
other engineering activities: The ability of acatishethods to monitor in a

continuous and passive manner is one of their ggeassets.

2.2.3. AE applications

The AE technique has been widely used in industiresguding for the detection of
cracks or leakage in pressure vessels, tanks,ipimdjgystems. AE is also used to monitor
the welding and corrosion progress.

The difference between the AE technique and otbardestructive evaluation (NDE)
methods is that AE only needs the input of one oremelatively small sensors on the
surface of the structure or specimen being examfhiehing et al., 1998). Therefore, the
structure or specimen can be subjected to therinegeor laboratory operation while the
AE system continuously monitors the progressive atggn Other NDE methods, such as
ultrasound and x-ray, have to access the wholetstel or specimen, and therefore, the
structure or specimen often needs to be disassdnanlé taken to the laboratory to be

examined. The research on AE can be generallyetividto two categories:

2.2.3.1. Traditional acoustic emission

The traditional AE method only captures certainapagters (sometimes called AE
features), including AE counts, peak levels, anédrgies. Then, the AE features are
correlated with the defect formation and failurésese AE characteristics are only related
to the captured signals and do not account for dberce of the signal and wave
propagation.

When the AE transducer senses a signal over arcéteel (i.e., the threshold), an AE
event is captured. The amplitude of the event fnedé at the peak of the signal. The
number of times the signal rises and crosses tlslibld is the count of the AE event. The
time period between the rising edge of the firstrdcand the falling edge of the last count
is the duration of the AE event. The time periotiheen the rising edge of the first count

13
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and the peak of the AE event is called the risetiithe area under the envelope of the AE
event is the energy.

Figure 2.5 presents a typical AE system setup. AlBdransducers are generally very
sensitive piezoelectric sensors. Because the ivadlt AE technique only uses AE
features, the actual waveforms are not criticahte method (Huang et al., 1998). The AE
sensors (transducers) used are usually resonamsersewhich are only very sensitive to a
certain frequency. Since the AE signals are vergkwa preamplifier is connected right
after the AE transducer to minimize the noise fetence and prevent the signal loss.
Sometimes, the transducer and the preamplifiebaile as a unit. Then, the signals pass
through a filter to remove the noise. The signatsaamplified by the main amplifier before
being sent to the signal conditioner. Next, the fa&tures are subtracted and stored in a
computer for further analysis. During investigasprother parameters, such as load,

deformation, pressure, and temperature, can alsecoeded as parametric inputs.

AE
Transducer .
r‘—D— j\ +I S]gnﬂl
- - Conditioner
e P"-f_'_ Filter Amplifier &
e Amplifier €
— Event
T\J‘m Parametiic ——— e tector

Inputs

-
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8

Computer
Diata Storage

* ‘ l’ Post-Processor

Figure 2.5: A typical AE system and definition of AE events (Huang et al., 1998)

2.2.3.2. Source-function and waveform analysis

The reason that traditional AE only uses some efffatures of AE signals is because
of the limitations of sensors as well as data-aapguand analysis capabilities. In recent
years, due to the improvement of transducer tedgyolwide-band, and high-sensitivity
sensors have been developed to capture the whalefaven. The rapid advancement of

computer technology has made quick data acquisiiod analysis of AE waveforms
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feasible. It is now possible to characterize theumeaof AE sources from the waveform
captured by the new AE systems.

Research has been conducted on the techniquesauskdracterize the source of AE
by examining the AE signals and using wave propagafor source-function and
waveform analyses. The location-filtering techniggdiecriminates the AE from noise
signals by using the speed of wave propagationuri.6 shows an example of a
location-filtering method that employs four AE serssto identify the sources of the
signals in a smooth cylindrical-bar fatigue samgfi@ nickel-based super alloy (Huang et
al., 1998). The source of the AE signal is locatethe gauge-length section only when the
two inner sensors pick up the signal earlier thas tivo outer sensors, as exhibited in
figure 2.6. If one of the outer sensors picks gigaal first, the signal has likely originated

from the hydraulic system, load train, or otherseasources.
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Figure 2.6: Investigation of the source location of AE signals by the arrival times of several
AE sensors in a cylindrical bar (Huang et al., 1998).
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Ideally, it is possible to solve inverse wave-pggigon problems to identify the
source of the AE signals detected using one or mseresors by analyzing the whole
waveforms. But it is extremely complex and diffictd solve the inverse problem without
any information of the source. Alternately, manygeachers have been analytically
studying the responses of some known AE sourceh, asithe elastic wave emitted from a
finite mode | through-crack, from which the chaeaistics of AE sources can be
identified.

2.2.3.3. Kaiser effect and Felicity ratio

Josef Kaiser a German researcher was the firsbpeosobserve the phenomenon that
now bears his name (Hardy, 2003). The discovery mvade during a study of the AE
response of metals in the early 50s. Kaiser indctdahat metals retain a memory of the
previously applied stress field. The effect cansken as a jump in cumulative hit rate
versus stress dependency (Figure 2.7). A numbees#farchers have studied the Kaiser
effect in geomaterials since the 1970’s, and haseudsed the factors that influence stress
memory recollection of rocks under uniaxial an@xial conditions. This technique has
been developed and tried by various researchetiseirpast with the aim of providing a
practical technique for retrieving the Kaiser eff@gdardy, 2003).

The Felicity ratio is the presence of acoustic eiis detectable at a fixed
predetermined sensitivity level [threshold] at stréevels below those previously applied
(ASTM E, 1316). Studies have shown that the F#liEiffect starts to appear when crack
widths are greater than 0.15 to 0.20 mm (Tinkegl t2000). An evaluation criterion, the
Felicity ratio, has been proposed to quantify tlegrde of deterioration. This ratio is
defined as the stress at the onset of AE dividethbymaximum prior stress; a Felicity
ratio less than unity indicates damage.

Kaiser effect is a manifestation of the fundameatality of heterogeneous solids to
accumulate, to hold and to reproduce informationuatstress experienced in the past
(Lavrov, 2001). The technique is a functionally aisle technology, and it is anticipated
that the rapid and economical determination ofitilasitu stress in the rock is possible. It
seems, however, that no satisfactory results haea lobtained to date. The conclusions
obtained are still contradictory, especially thegarding how long the stress memory can

be retained (Lavrov et al., 2002).
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Figure 2.7: (a) Typical Kaiser effect (Villaescusa et al, 2002) and (b) Felicity ratio (Lavrov,
2001)

2.2.4. Laboratory Monitoring Systems

In laboratory, AEs monitor in a rock mass by instglan array of sensors around the
volume and recording signals using a sophisticatedtronic system (Hardy, 2003). The
sensors use normally are ultrasonic (>30 kHz) mkmtric transducers. When an elastic
strain wave passes into the transducer througfrahe face there is a displacement across
the piezoelectric element affixed behind. This gates a voltage output that can then be
captured by an appropriate recording system.

AE laboratory studies involve the detection andcpssing of events occurring in a
finite body (specimen or model). This is very munhcontrast to the field AE studies
where infinite or semi-infinite bodies are oftervatved. The major differences between
AE laboratory and field studies are the smallerspulimensions, the finite nature of the
structure under study and shorter source-to-trasgsdiistances (Hardy, 2003). Hence, the
data detected during laboratory AE studies geneeatibits the following characteristics:

» High dominant signal frequencies,

* Low signal amplitudes,

* High event rates, and

» Signal complexities due to stress wave reflectiommf specimen or model

boundaries.
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The finite nature of the specimen in laboratory #tidies has advantages as well as
disadvantages. Since the specimen generally certdist single type of material, the wave
propagation complexities due to reflection andagtion within the specimen itself is
eliminated. However, it may give rise to problenue do reflections at free boundaries and
at specimen-test fixture interfaces. Care must bbsdaken with respect to the resonant
frequencies of the structure and the associatadfit¢gres, and also the effect of the
transducer on these frequencies. A number of fudéye indicated that the frequency
spectra of AE events detected in laboratory strestwo reflect these intrinsic resonant

frequencies, at least to a limited degree.

2.2.4.1 Laboratory Transducers

Most AE laboratory studies in the geotechnical are@lve the detection of events
with dominant frequencies in the range 50 kHz - &Bi2. However, the common range
based on the availability of commercial transducedsich include accelerometers, AE-
transducers and piezoelectric elements, is 100 kB@0 kHz. In the current study, AE-
transducers were utilized and only this type wdlldiscussed here.

AE-transducers have become commercially availahblethie last 25 years. Such
transducers consist of a single piezoelectric discinted on a flat sole or wear-plate and
contained within a suitable protective housing (iféy 2.8). In use the transducer is
attached to the structure under study. An AE warikisg the wear plate induces a stress
within the piezoelectric disc that generates anvedgent output voltage. Most of the AE
transducers are used in the resonant mode to a&cligher sensitivity. However, a
number of transducers with a flat frequency respprsver a somewhat extended

frequency range are also available.

HOUSING
ELECTRICAL
/f_ CONNECTOR
PIEEZOELECTRI
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WEAR-PLATE
Figure 2.8: Basic Construction of a Simple AE-Transducer (Hardy, 1992)
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AE-transducers are supplied by manufacturers infamms, namely the single-ended
and differential form. The differential form of Aftansducer, due to its more complex
piezoelectric element configuration, can be utdiaeith a suitable differentiable pre-
amplifier to cancel out electrical noises. Thisreases the effective signal-to-noise ratio

(SNR) of the overall monitoring system.

2.2.4.2 Monitoring Facilities

The simplest AE monitoring system is the singlertted parametric type. Figure 2.8
shows a block diagram of one such system. The ndggadvantage of a parametric system
is that the detailed character of the AE signaless however, such a system is capable of
conveniently processing the large number of higligdency signals normally encountered
in laboratory studies in geologic materials.

The parameter development section of the monitofawyity consists of a number of
elements combined to provide the desired AE pammselike threshold detector, digital
counter, count rate module, accumulated counts fapdic. which are described below:

1. Threshold Detector: The Purpose of the threstietdctor is to convert analogue AE
signals to a pulse format. Figure 2.9 illustratesimcoming analogue signal and the
equivalent pulse output based on a threshold lgiv&V. The threshold detector usually is
a form of Schmidt trigger circuit, which produces@uare pulse of fixed amplitude and
duration each time the incoming signal exceedsexifp voltage level, denoted as the

threshold level.

Transducer Signal Conditioning
T Pre-
> Amplifier > Amplifier > Filter
A
Reset Threshold
Clock Detector
Readout
o , ~
181
. D/A
Recorder Convert - M e Coutter
and/or onverter emory ounter
IBM PC

Figure 2.9: Single-Channel AE Monitoring Facility (Hardy, 1992)
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As depicted in figure 2.10 the incoming signal ed®the threshold levehY) three
times (points 1, 3 and 5) during the duration & @vent AT). At each of these times, a
pulse is generated at the output of the threshetdatbr. These are known as ring-down
pulses. It should also be noted that figure 2.5aie@a case of a single AE event generating
three ring-down pulses. In general, AE activity niiagrefore be defined in terms of event
counts (NE) or the number of ring-down counts (NRD})is presents a certain degree of
ambiguity since the relationships between NRD aldwhll depend on the amplitude of

the incoming event and the selected threshold.level
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Figure 2.10: Pulse Output from a Threshold Detector in Response to an Incoming AE Event,
(A): Incoming AE Event, (B): Pulse Output (after Hardy, 1985).

2. Digital Counter: The function of a digital coantis to accept the incoming pulses
from the threshold detector, count, totalize amaesthese, and provide a suitable output.
As illustrated in figure 2.11, stored data may hspldyed visually using accessory
elements, and such counters are usually equipptdaivcuits to provide start, stop and
reset (storage dump) functions.

r- '-—-1
s o I ===~ = DISPLAY i
ﬂl L'-'__'-- J
INPUT COUNTER ~ DIGITAL
" QUTPUT

START STOP RESET
Figure 2.11: Format of a Typical Digital Counter (Hardy, 1985).
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3. Total (Accumulated) Counts Module: The parameatevelopment module for
generating total count data is depicted in figur&l2 Here pulses generated by the
threshold detector, in response to the AE analaguet signal, are fed into a counter. The
output of the counter is a digital signal equivalea the total number of counts
accumulated.

4. Count Rate Module: The total counts module ightlly modified with an addition
of a reset clock to generate the count rate degaréf 2.12). The function of the reset clock
Is to provide a reset pulse to the counter at ssdeintervals of time. In operation, pulses
generated by the threshold detector, in responsketoncoming signals, are fed into the
counter and accumulate until the clock generatessat pulse. This dumps the counter,
dropping the digital output to zero, and initiatiagnew count sequence. The equivalent
count rate of such a system is equal to the tatedber of counts accumulated between

reset pulses divided by the time between such gulse

AE /MS ANALOG AE/MS ANALOG
INPUT INPUT
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| | I |
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OUTPUT * counter| | DIGITAL | COUNTER
t | output* | :
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le— PARAMETER DEVELOPMENT——{ l—PARAMETER DEVELOPMENT—|
MODULE MODULE

Figure 2.12: Block diagram of a parameter development module for generating accumulated
hit (left) and hit rate (right) data (Hardy, 1985).

2.2.5. Advantages of Acoustic Emission data

» Data quantity. AEs are abundant during rock physics experimegggecially
when microcracking proliferates under high stresbiesice, a large amount of
data exists during an experiment that could belaba for material test

studies.
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Data quality. Due to the use of modern multi-channel digital raimng
systems and arrays of sensors, high quality daitiea obtained. This has high
data sampling and high amplitude resolution.

Array coverage. The use of an array for AE monitoring, often washmany as
16 sensors, and the ability to distribute this mogtimal manner around the
rock volume, gives the opportunity for very gooddb coverage. This is a
major problem encountered in other fields of seisgywhere the positioning
of an array is restricted by access or logistics.

Rock mass behavior. Because AE monitoring is often in a very confimedk
mass, such as a laboratory sample or small rediantannel wall, then the
rock is likely to have a reasonably isotropic, hgermeous behavior over the
source-receiver path. Although, at ultrasonic wengths (millimeters)
propagation becomes complicated due to microcraaystal fabric, bedding
alignment and open fractures. In other fields adraelogy the source-receiver
path is often much more complicated with the sesswave traveling through
very complex, layered and variable materials.

Constrained rock mass properties. AE monitoring is often performed during
an experiment as one of many scientific measuresmamducted on the same
rock mass. These may include other ultrasonic nmeasents such as velocity
or attenuation studies, or may include more diversmasurements such as
permeability or strain. This means that the snmatkrvolume over which AE
monitoring takes place often has very well studad hence constrained
properties.

Sensor Logistics. For this thesis, the sensors used are commerciaditable
piezoelectric transducers. These are usually useddn-destructive testing of
materials, and for engineering applications. Traoed designs are extremely
variable depending upon the manufacturer, the egidn and the frequency
response required. Because piezoelectric transslueee commercially
available, they are easy to obtain at reasonaldt and are generally made to
high specifications and sensitivity limits. Theyalso easy to handle and can
be adapted quite efficiently to most experimerggimes.
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2.2.6. Disadvantages of Acoustic Emission Data

Piezoelectric transducers are not designed spaityfior ultrasonic amplitude studies.
It is the response of the sensors to incidentielastves that produces the main problems
in ultrasonic amplitude studies.

* Sensor response. It is unknown whether piezoelectric transducespoad to
particle displacement, velocity or acceleration,some frequency-dependent
mixture of the three (Hardy, 2003). Furthermoraes ihighly likely that sensors
of different models and/or manufacturers responiflerdintly piezoelectric
transducers also have complicated frequency respmetions. Some appear
to have a broadband response whereas others greegenant.

» Uniaxial monitoring. All commercial piezoelectric transducers are uigibx
design. No rotation of S-wave energy can hence drompned as triaxial
sensors are required.

» Sensor azimuthally dependency. Ultrasonic wavelengths are of the same
dimensions as the piezoelectric transducers useectod them. This gives an
azimuthally dependency at these high frequencies.

» Sensor coupling. Amplitudes from piezoelectric transducers are Righ
dependent upon how well the transducer is couptedhe transmission
medium.

* Qualitative data. The commercial AE systems can only estimate cuialély
how much damage is in the material and approximabtegw long the
components will last. So, other NDE methods ark sdeded to do more
thorough examinations and provide quantitativeltesu

* Noise problem. Service environments are generally very noisy, dred AE
signals are usually very weak. Thus, signal disicration and noise reduction

are very difficult, yet extremely important for sessful AE applications.

2.3. Infrared radiation technique (IR)

One type of light is infrared, which can be usedreasure the heat radiated by an
object. Infrared waves have wavelengths that argdothan visible light and shorter than
microwaves. The heat detected in infrared rays psoaluct of the motion of atoms and
molecules. The hotter it is the more molecule motarcurs. Everything above 0°K
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(Kelvin) radiates infrared, even cold objects sashice cubes. These light rays can be
detected with a special thermal infrared cameraclwhallows to visually seeing the
infrared energy emitted by any object. The camemaverts the thermal signal into a
temperature; these temperatures are what arersées picture and are colour coded.

Thermal infrared radiation refers to electromagnetiaves with a wavelength of
between 3.5 and 20 micrometers (figures 2.13 abdl) 2Most remote sensing applications
make use of the 8 to 13 micrometer range. The mifiarence between thermal infrared
and the infrared discussed above is that thernfedred is emitted energy, whereas the
near infrared (photographic infrared) is reflecte@rgy (Luong, 1993).

Infrared heating is the transfer of thermal enenghe form of electromagnetic waves.
IR is just one part of the electromagnetic spectthat includes visible light and other
forms of electromagnetic energy: gamma rays, Xsraygaviolet rays, visible light,
infrared rays, microwave and radio waves.

There are several physical laws that explain tlopgnties of infrared radiation. The
first and probably most important of these lawdestdhat there is a positive relationship
between radiant efficiency and the temperaturenahfrared source. Radiant efficiency is
the percentage of radiant output from a heat soufte proportion of the energy
transmitted from a heat source by each of the thesg source methods is dependent on
the physical and ambient characteristics surrognthe heat source, and, in particular, the
source’s temperature. The Stefan-Boltzman law diateon states that as the temperature
of a heat source is increased, the radiant outpereases to the fourth power of its
temperature. The conduction and convection comgsnearease only in direct proportion
with the temperature change. In other words, asténeperature of a heat source is
increased, a much greater percentage of the to&abg output is converted into radiant

energy.

2.3.1. Thermomechanical theory and heat radiation of stressed rocks

If we neglect work against gravity, almost all maaital work done during
deformation must be converted into heat. Becaugésfare sites of concentrated tectonic
work, they are favorable places to look for evidentmechanically generated heat.

The heat radiation, considering the time derivativequation 2.1.
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Identify isolated area of thermal infra-red incea3he temperature may typically

increase by 2 to 4 degrees C or higher than thedsiog area.
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In this inequality, t" is the mean shear stress acting on a fault glidirvelocityv and
g is the heat flow generated by the fault.

There are two classes of thermomechanical effactaulting. There will be a steady-
state thermal signature resulting from the worKawniiting averaged over geological time.
The other is a transient heat pulse that may atemrofrom the coseismic slip during
earthquakes in that case the value of V to be usedjuation 2.1 is a particle velocity
appropriate for dynamic slip, 10-100 m/s.

Such fracture and failure problems are notorioudiactable. The heterogeneous state
of the Earth and the inaccessibility of the faulhe to direct measurement impose further
difficulties.

2.3.2. Infrared thermography measurements

Infrared thermography is a technique for produdiegt pictures from the invisible
radiant energy emitted from stationary or movingeots at any distance and without
surface contact, or in way influencing the actuaface temperature of the objects under
consideration (Luong, 1993). As it is mentionedvpeasly, if the work against gravity
would ignored, almost all mechanical work done wigrdeformation must be converted
into heat. Geological faults are sites of concéettdectonic work and are therefore the
obvious place to look for evidence of mechanicgéiyerated heat.

In the two last decades infrared thermography hesnbused in different field
investigations as well as in laboratory studieshwvapplications in aerial thermal land
mapping, geological survey, geotechnical instrumigon, leakage insulation and
construction practices for rock-like and rock emginng. The experimental studies have
indicated that the structure of the rock materfergges as loading and associated physical
and chemical phenomena take place internally, dwetu fracturing, ionization, electron
excitation, energy accumulation, consumption, amaversion, etc. (Wu et al., 2000). The
detectable IR radiation temperature reflects thatian of the thermal radiation energy,
and could also reflect the physical and chemicathmeisms, providing some precursor
warning signals of rock failure, collapse and dises Wu et al. (2000) addressed two
types of infrared imaging systems: Aerial imagemg ground — based imagery. The first
system uses aerial recorded data for interpreteag hbnormality, while the second type

detects and interprets heat changes in laboratmlyfiald studies. Table 2.1 shows this
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classification. In chapter 3 the results of a fawfg@r studies in both laboratory and field

are presented.

Table 2.1: The application of infrared radiation and remote sensing technology
(Wu et al., 2000)

Air-based satellite, aircraft

Ground-based -desktop,
tripod, human-hands

Military movement monitoring
Military placement detection
Missile trajectory

Weapon IR image-guidance
Earth resource investigation
Mineral exploration
Geothermal surveying

Plant cover investigation
Forest disaster diagnosis
Regional wetland mapping
Global change monitoring
Regional pollution monitoring
Urbanization monitoring
Biological environment
monitoring

Earthquake forecast

Military object monitoring
Machine manufacture monitoring
Electrical equipment testing
Heat equipment monitoring
Sub-surface defect detection
Friction-welding measurement
Animal behaviour analysis
Medical diagnosis

Buildings diagnosis

Piping corrosion inspection
Crystal growth observation
Stress-related damage

Tire friction measurement
Material fatigue test

Slope diagnosis

Rock failure and collapse disaster
detection
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Chapter 3

Overview of previous studies on
Acoustic emission, infrared radiation and elastic wave

velocity changes due to stress

3.1. Introduction

From the early 1970s to now, AE monitoring has beestly used to evaluate the stress
memory by Kaiser Effect, seismicity and b-valuedsts, crack propagation, heterogeneity
in geomechanics. The results of some of the mogoitant investigations (laboratory and
in-situ testing) have been presented in this cmapecent studies of infrared radiation and
elastic wave velocity changes of stress inducell hawe also been discussed. In chapter 2
the different concepts of acoustic emission andarefl investigation techniques are
presented. In this chapter we review the previdudiass on acoustic emission, infrared
radiation and elastic wave velocity changes dulaagling, in rock mechanics studies and
their applications in studies of failure mechanisam&l earthquake prediction. For these
purposes the results of some of the most impoitargstigations are briefly presented.
Since this work is part of a project that has bpessented in IIEES to study feasibility of
earthquake prediction by monitoring of precurssmmne general applications of AE and IR
studies in rock mechanics have also been discu$sediwo main branches of IR research,
laboratory and remote sensing studies, have begsidared in this review. In addition, the
studies of elastic wave velocity changes duringsstrvariations in field and in laboratory

investigations have been considered.
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3.2. Acoustic Emission

Since the early 1970s there has been an increasiagest in the use of acoustic
emission/microseismic (AE/MS) techniques for thbolatory and field investigation of
geological materials and structures (Hardy, 2008 laboratory studies involve the
detection and processing of events occurring inndef body (specimen or model), in
contrast to field studies where infinite or senfinite bodies are generally involved.

Acoustic emission (AE) has been widely used to watal cracking processes in
laboratory specimens and engineering structureausecof its high sensitivity to crack
initiation and crack growth. The AE technique,tatmost basic level, considers the hit-rate
of events recorded using transducers in 4 contaesawithin the test sample or apparatus to
provide insight into the timing of fracture processand, in particular, the onset of failure.
Such analysis can be extended to consider ampliergrgy and time-based attributes to
further characterize the recorded events and &mait to classify different types of events
and thus monitor changes in the failure mode. feuntiore, the so-called b-value (originally
used to analyze historical earthquake records)bkeas used to assess AE variations over
time. Such analysis can help in understanding tbehanisms involved in rock failure.

As Hardy (2003) has noticed, there is little dothzt the initial development of the
AE/MS techniques was associated with studies irgaechnical field. In this regard the
pioneering work of Obert and Duvall in the late @93appears to represent the true
beginning of the subject. Although in subsequerarye AE/MS studies in mining and
other geotechnical areas continued to develop, railye major developments, however,
occurred within the disciplines of geophysics anaterial science. Table 3.1 outlines a
number of the major developments associated wehfild-oriented applications of the
AE techniques during the last 70 years.

3.2.1. Kaiser effect

There have many attempts by various researchengtilive the Kaiser effect to
determine in-situ stress in rocks. Utagawa et H97) have reported, on the basis of
laboratory experiments using tuff, sandstone amohitg in dry condition, that the stress
memory can be retained for a long time (more thaear). They have also shown that it
IS possible to estimate the previous stress bygusia AE signature in the second and/or
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third reloading, even when the Kaiser effect is ¢lear in the first reloading due to noise

associated with crack closure or compaction.

Table 3.1: Some of the early and recent investigati

ons of AE technique (Hardy, 2003).

Date Investigators

Study Area

Early Studies

1939 Obert and Duvall (USA)
1940 USA/Canada/USSR
1953 Buchheim (Germany)
1955 Crandel (USA)

1959 Vinogradov (USSR)
1962 Beard (USA)

Transitional Studies

1963 Cook (South Africa)

1964 Susuki et al. (Japan)

1965 Neyman et al. (Poland)

1967 Goodman and Black (USA)

1969 Duvall, Blake and Leighton (USA)
1970 Baule et al. (Germany)

Recent Studies

1971 Hardy (USA)

1972 Koerner et al. (USA)

1975 Leighton (USA)

1976 Hayashi (Japan)

1978 Will (Germany)

1978 McKavanagh and Enever (Australia)
1978 Van Zyl Brink (South Africa)

Recent Studies (continued)

1981 Albright and Pearson (USA)
1981 Frantti (USA)

1982 Ohtsu (Japan)

1982 Niitsuma (Japan)

1983 Holcomb (USA)
1984 Hardy (USA)

1984 Young (Canada)

1985 Wood and Harris (Australia)
1985 Carabelli (Italy)

1985 Armstrong (USA)

1985 Ge and Hardy (USA)

1990 Ge (Canada)

1990 Niitsuma et al. (Japan)

1993 Niitsuma et al. (Japan)
1995 Itakura et al. (Japan)
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Hard rock mines

Various field applications
Coal and salt mindistu
Tunnel safety

Mine studies

Tunnel safety

Rock bursts
Mine studies
Coal mine safety
Slope stability
Rock bursts
Rock bursts

Coal mine safety
Soil studies
Coal mine safety
In-situ stress evaluation
Coal mine safety
Coal oustisu
Rock bursts

Salt cavernibtab
Mine subsidence
Concrete
Hydraulic fracturing of
Geothermal reservoirs
Kaiser Effect

Sinkhole monitoring and
rock slope stability
Rock bursts
Massive strussu
Gravity dam stability
Earthquake prediction
Transducer array gegmet
Source location optimization
And matrix analyses
Crack waves
Triaxial doulalealyses
Fractural analysi
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Based on acoustic emission, a technique for theason of the full stress tensor was
developed and tested by Villaescusa et al. (2002h& Western Australia School of
Mines. They concluded that the experimental resolts oriented core samples are
comparable with the hollow inclusion over-coringthaal.

These proposed stress measurement techniques, basthe Kaiser effect, exhibit
considerable advantages in comparison with otherwvertional stress measurement
methods. However, even at the earliest stagesudfest on the Kaiser effect in rocks, it
was recognized that a number of fundamental questiave to be answered before it can
be used in practice for stress measurement. The mp®rtant question relates to the
Kaiser effect manifestation in rocks previouslyded in triaxial compression. Another
important question is the Kaiser effect manifestatduring cyclic loading, where the
loading or displacement rates are different frordleyo cycle (Lavrov, 2001). The effect
of load rating on stress memory in brittle rockyastigated by Lavrov (2001) and Lavrov
et al, (2002) used two loading modes for uniaxanpression and Brazilian tests and
concluded that damage resulting from a slow loadatg can be revealed by using fast

reloading.

3.2.2. Hydraulic fracturing

Byerlee and Lockner (1977) located AEs during tijedtion of water into a sandstone
sample. At failure, the AEs clustered around théntpat which injection was being
performed and then delineate the advancement ofrdélceure front through the sample.
Ishida (2001) published the results of experimemtatk on the efficiency of hydraulic
fracturing with water injection using AE monitoringde has used four granites with
different grain sizes. By using fault plane solntof acoustic emission he has concluded
that shear fracturing is dominant in the specimaite larger grains whereas the tensile
fracturing is dominant in smaller grains. The AEiobrates increased with closing and
reopening hydraulically induced cracks. Finally dencluded that AE monitoring could

improve the reliability and the accuracy of hydrafiacturing stress measurements.

3.2.3. Seismicity and b-value

During the deformation of rock in laboratory expeents, small cracking events, or
microfractures, occur, which radiate elastic wauesa manner similar to earthquakes.

These radiations were detected during uniaxial tacial compression tests and their
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frequency-magnitude relation studied. In recentryem few studies have employed the
Gutenberg and Richter relationship to study AE &vé€¥oung and Collins, 2001; Lavrov
et al., 2001):

logN = a + bM 3.1

Where N is the number of events that occurred widgnitude M, andh andb are
constants. The dependence of the parameter b &rtyjpe, stress, and confining pressure
was studied and the basis of similarity betweerk rdeformation experiments in the
laboratory and deformation of the crust was denratesd.

The source technique that characterizes each AHteby representing the
discontinuities within the material in terms of eglent sets is another approach used in
rock engineering. This is an analytical technigoat ttmploys the travel-time-difference
method to localize the source of events (Hardy320During the last two decades a few
valuable investigations have been carried out is ffeld using the AE monitoring
technique. The effect of stress anisotropy on thidlebfailure of granite is investigated
under uniaxial compression by using AE monitoridgr(g et al., 1998). Non-standard
asymmetric compression tests were performed orsaufrgranite, in which 20 percent of
the core top surface remains unloaded (figure bmpared to standard uniaxial tests
with symmetric loading, in the asymmetric test batgreater quantity and more localized
distributions of emission event hypocentres werpomed. Focal amplitudes were
determined at a 10 mm source distance and maximuplitades measured at eight
piezoceramic sensors lead to b-values that drapréedck failure (figure 3.3).

The diagrams in figure 3.2 show the cumulative cteté number of AE events and
stress (for symmetric tests) or force (for asymmodgsts) versus time of loading for the

four granite samples.
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Figure 3.1: Contour plot of stress concentration fa
symmetric and (b) asymmetric compressive loading. L
which the minimum principal stress exceeds 75 per ¢
value [S3=-126 MPa in (a) and S3=-562 MPa in (b)].
plates. Dashed line in (b) indicates expected shear
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Figure 3.3: (a) The b-value calculated from the fir st pulse (Al), the maximum (Amax) and the
focal amplitude (Ao) of acoustic emission event wav elets of the asymmetric test on core Aglr.
(b) The event rate and force versus time data are s  hown for reference (Zang et al., 1998).

Lei et al. (2000c) monitored the spatio-temporatribution of acoustic emission (AE)
during fault nucleation under conditions of constiate loading. In order to examine the
effect of asperities on faulting, they conducteseaes of experiments on mudstone with
quartz veins. They concluded that: (1) AE activitgs initiated close to the peak stress,
and almost all AE hypocenters appeared at thesetéons of the veins and the fault
planes, suggesting that the vein asperities cofaudting; (2) the b-value changed with
time and shows multiple large and short-term flatians; (3) the change of the b-value
correlated closely with the spatio-temporal higngrof the fracture process; and (4) fault
segments along the bedding plane show behaviorlipf h&ving large compressive
deformation before the peak stress, while the asperities show large precursor prior to
dynamic rupture.

A biaxial compression test on a sandstone specuasnperformed with monitoring of
AE by Fernanda et al. (2002). The AE events weredetenl as displacement
discontinuities. The sources of the post-peak everdre characterized as being caused

predominantly by slip in the direction of the glblfalure plane, although components of
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displacement associated with closing were idewtifiEney suggested that the use of an
amplitude sensitivity parameter for quantitativewstic emission characterization may be
appropriate if a suitable relationship between tmaplitude sensitivities and the
normalized frequency of the recorded signals caadb@blished. Based on AE results they
concluded that the failure plane was mainly assediaith shear mechanisms.

In 2004 Young et al. published the results of fyears of study on AE. They noticed
that there is a number of seismic processing amdiysis methods that are not routinely
performed, and these can provide significant ad@dge to an interpretation of rock mass
structure and competence. They addressed thesedsedh:

* Source parameter analysis. Analysis of spatial and temporal trends in the
seismic activity over periods of weeks to yeargluding the difference in
seismic response versus lithology, and the effecbofinement on rock mass
stability, as well as magnitude frequency (b-valuehds to identify spatial and
temporal differences in rock mass response.

* Source mechanism studies. Analysis of the failure mechanics of seismic
events as functions of the pressure and tensi@esqmoment tensor) acting at
the source, and the orientation of failure, givinfprmation about movement
on existing geological structures, and new cracksdamage zone creation.

» Source location refinement: The use of methods such as relative location
where events can be more accurately located relativa master event and
clustering/collapsing techniques to aid in the rptetation of seismic data
through the analysis of the source location error.

The source locations of acoustic emission and re@smicity of the seismic events
induced by excavation were used to map out thenerfehe excavation damage/disturbed
zone (EDZ) around tunnels (Young et al., 2004).uRedrom these studies are shown to
assist in understanding the effect of confiningsptees on AE activity around tunnels, and
the mechanics of rock failure in the EDZ. In aduhti examples of the use of seismic
sources to produce repeat measurements of seisehicity along ray-paths in 3D
orientations through a rock mass are given. Théaastconcluded that this method is
highly sensitive for quantifying changes in rockoperties such as Young’'s modulus
(Figure 3.4), as well as for modelling the changerack density and saturation occurring
in a rock mass over time. An overall decrease inngss modulus of 4% was calculated,

with the majority of change occurring within thesti2 years of measurements.
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Figure3.4: 3D variation of the change in (a) Young’ s modulus (in GPa), and (b) crack
saturation, for ray paths through the EDZ of the ma  in TSX tunnel (Young et al., 2004).

3.2.4. Crack propagation studies

Acoustic Emission is a physical process that is ohenany reflections of material
failure, and for this reason AE has been used &relbping of a wide class of non-
destructive testing (NDT) techniques for practagaplications. The brittle fracture of rocks
and the associated physical phenomena are of cotmeéhe mechanisms of earthquakes
and their precursors. Many studies have been dorkis field in the last four decades,
most of them focusing on the deformation and failgprocess of rocks or analogue
materials and their implications in earthquake psses and precursors by using acoustic
emission, strain measurement and other techniques.

Scholz (1968) located AEs during the compressiograhite to macroscopic failure.
The author noted that above 92% of the peak stnég®cracks coalesced in some manner
along the eventual fracture plane. The nucleatimh growth of macroscopic fault planes
in granite and sandstone samples by locating acoestission (AE) sources have been
studied by Lockner et al. (1991). In this reseaxlal stress was controlled to maintain a
constant AE rate rather than the more conventitwading conditions such as constant
strain rate or constant stress, and the failurecgg® in triaxial experiments was
successfully retarded. The authors showed thatpaélséfailure stress curve was followed
quasistatically, extending to minutes or hoursf¢ghdt growth process that normally would
occur violently in a fraction of a second. In aduht three-dimensional locations of AE
events were determined by analyzing the relativieartimes of AE pulses recorded on a

network of transducers attached to the sample. @d¢ations showed that the fault
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propagated as a fracture front (process zone)inigilane dimension of 10-50 mm (Figure
3.5). Finally they concluded that the brittle fiaet process, under triaxial conditions,
involved three stages: (1) Distributed damage duliading of the sample to peak stress,

(2) fault nucleation and (3) fault propagation.

a b c d e 1

Figure 3.5: Plots of AE locations for granite sampl e G1. Bottom plot of each set is view
looking along-strike of eventual fracture plane. Mi ddle plot is face-on view of fault in which
sample has been rotated counter clockwise 90° Top plot is view looking down on sample.

Projections of surface trace of eventual fault plan e are shown in (a) for reference. Fault

nucleation occurs in plot (b). Lockner et al. (1991 ).

Laboratory testing by Eberhardt et al. (1998) itigaged the effects of brittle fracture
on the progressive degradation of rock mass stefigte crack initiation and propagation
thresholds, two key components in the brittle-tnaetprocess, were investigated using AE
monitoring. They used energy and amplitude for gecong the type of cracks.
Calculations of the acoustic event energy, baseth@mpeak amplitude and duration of the
event wave, indicated that the acoustic eventsrget through crack closure are much

smaller than those generated through stress-indigresile cracking. Plots of the elastic
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impulse energy and its stress- dependent rate eh@iggre 3.6) show that the size of the

events in terms of energy dramatically increasexithafter crack initiation began.
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vel pink granite (Eberhardt et al., 1998).

Based on uniaxial testing on granite they concluded

Crack closure involved both axial and lateral sti@mponents.

Near-linear elastic behavior was seen only in agiedin measurements. Lateral
strain followed a nonlinear trend throughout theéirentest, as depicted through
continuously decreasing values of lateral stiffness

The combined use of moving point regression amalyserformed on the axial,
lateral, and volumetric stress-strain curves) amgustic emission response
(including the event properties and energy calcuta) provided the most accurate
and reliable means of identifying crack initiati@m;).

Analysis of both the axial and lateral stiffnessvess indicates that a significant
rate change in strain occurs prior to the crackatgrthreshold, possibly marking

the small-scale coalescence of cracks.

A model for failure prediction utilizing acoustienéssion data has been developed

(Dunegan, 1988) for man- made materials and stregtult has been observed that

materials or structures containing cracks thal@aded to failure, such that failure occurs

below

general yield, exhibit a power law increaseactivity prior to failure. A failure

prediction model is presented based on detectigg frequency events from boreholes

evenly spaced on a 10km grid. Data from severasyg crack propagation in man-made

materials are presented and show that the failw@ehcan accurately predict failure from
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crack growth in these materials. Finally he preubthat three long-term microcracking
phases, primary, secondary and nucleation, caddwgified based on the changes in these
parameters. In the primary phase, the AE rate as@® gradually with stress,
corresponding to early microcracking (mainly temsitode) during the loading period. In
the secondary and nucleation phases, the eventaradeb-value also exhibit large
simultaneous short-term fluctuations.

The results of laboratory investigation into thentfication and quantification of stress-
induced brittle fracture damage in rock are givgrEberhardt et al. (1999). Results derived
from monocyclic loading tests demonstrate that dgmand the subsequent deformation
characteristics of the damaged rock, can be egqsdwtified by normalizing the stresses and
strains observed in the progression from one sthggack development to another. They
presented two levels of crack development, cradkaiion, and crack damage, and
concluded that for pink Lac du Bonnet granite thare occurring at 0.39 and 0.75 of the
ultimate uniaxial compression strength. Acoustiassions were found to provide a direct
measure of the rapid release of energy associattbdddamage-related mechanisms. Their
results indicated that approximately 55% of the @@eacausing mechanisms leading up to
unstable crack propagation occur prior to crackeszence and 45% occur afterwards.

Lei et al. (2000b) studied the localization of defation acceleration in the period
prior to dynamic failure in schist rock under tigxcompression using AE monitoring.
They reported two different processes operatininduhe quasistatic nucleation of a shear
fault, namely, a process zone in front of the fdigtand a “wake” of damage zone
following the process zone. From the mutual chamjdsvalue and self-exciting strength
observed in their experiments, they concluded tinadler a realistic approximation of the
dynamic conditions of the Earth, these observatians meaningful for predicting
earthquakes as well as rock bursts.

The phenomenon of compaction localization, meclanicdeformation and
microstructural observations were conducted on3thigpes of sandstones with porosities
ranging from 13 to 24% are studied by Baud et2004). In that research the constitutive
behaviour, failure mode, acoustic emission (AEjvatgtand spatial distribution of damage
were investigated. A hybrid localization mode inwof high-angle shear bands and
diffuse compaction bands has been observed in saredswith intermediate porosities.
Also they reported the development of high-angleastbands has been characterized by

the continuous accumulation of AE.
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The fracture and damage mechanisms of rock, indumedhe accumulation of
microcracks, were investigated by moment tensolyaisaand the moving point regression
technique using acoustic emission (AE) monitori@pdng and Lee, 2004). The tests were
performed under triaxial compression conditions sindin rate data obtained from the tests.
Two types of rock, granite and marble, were usedhis research. Crack types for AE
sources obtained under uniaxial compression wea¢yzgd. For both granite and marble,
approximately 60% of the total AE sources obtaibefibre the peak strength were classified
as shear cracks, whereas tensile and shear craokgrised 25% and 15% of the total
cracks, respectively. They concluded that the pyapan and coalescence of microcracks
are dominated by shear cracks. In addition, shaduré became more dominant as the
confining pressure increased. Two granite and rearbtks were used in this research.
Crack types for AE sources obtained under uniacoatpression were analyzed as shown in
figure 3.7. For both Granite and Marble, approxehat0% among the total AE sources
obtained before the peak strength was classifieshaar cracks; whereas tensile and shear
cracks comprised 25% and 15% of the total cradspectively. The results showed that the

propagation and the coalescence of microcrackda@arenated by shear cracks.
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Figure 3.7: Ratio of number of cracks in different
uniaxial compression: (a) Hwangdeung granite; and (

types to the total number of cracks under
b) Yeosan marble (Chang and Lee, 2004).

The results showed also that damage thresholdgpexbe crack closure stress,
increased linearly with confining pressure. Theulissof the moment tensor analysis
showed that shear failure was a major microscogiltire mechanism of rock under
triaxial compression. In addition, shear failurecdome more dominant as the confining

pressure increased.
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A valuable experimental work has been done for libealization of deformation
acceleration in the period prior to dynamic failumehornblende schist rock under triaxial
compression using acoustic emission (AE) monitodygLei et al. (2000b). They have
developed a multichannel data collection systenstiodying the dynamics of fault nucleation
under condition of constant stress (creep) loadiBgsed on the AE localization they
concluded that the fault initiated at one end efthre and then propagated into the unfaulted
rock with a process zone (fault front) of intensacking. Also they found that there were two
different processes operating during the quasiestaicleation of a shear fault, namely, a

process zone in front of the fault tip and a “wakétiamage zone following the process zone.

3.2.5. AE study on pre-existing cracks and heteroge  neity

The heterogeneities in a rock, including pre-emgstiracks, grain boundaries and local
strength distribution associated with rock-formmmgnerals, have been studied using AE
monitoring. There are a considerable number ofistuih rock mechanics because of fault
nucleation. In order to understand the role of togfeneities at different scales, a few
investigations have been done in recent yearsetail. (2000c) reported the results of
experimental studies on two coarse-grained graadks, one with pre-existing cracks and
the other crack-free. They showed significantlyfedtint behaviors in AE activities: In
granite with pre-existing cracks they observed,thatore the fault nucleation, AE activity
was low and showed increasing b-values with indngastress. However, in the other
specimen a large number of AEs were observed amgeshshort-term b-value anomalies
- mutual fluctuations on a decreasing backgroundeweported. Finally they concluded
that 1) pre-existing cracks are the most dominaatof of all heterogeneities that govern
the fault nucleation process in laboratory rock gi@s), and 2) failure predictability is
dependent on the pre-existing crack density.

A numerical parameter-sensitivity analysis was @nésd by Tang et al. (2000) to evaluate
the effect of heterogeneity under uniaxial compags$oadings using AE monitoring. In this
research they concluded that prediction of the mdtacture location is difficult in a
homogeneous rock type since the failure of theispatis completely brittle. It was found that
tension fractures are the dominant failure meclmanrs both splitting and faulting processes.
Finally, based on the numerical simulation, thegatoeded that faulting is mainly a process of

tensile fractures, often en echelon fractures, logeel in a highly stressed shear band.
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The faulting process and mechanical asperities gramitic porphyry sample was
investigated using acoustic emission (AE) wavefasuoording (Lei et al., 2003). The
experimental result showed that quasistatic nucleadf the heterogeneous fault is
associated with the failure of asperities on thdtfalane. They also used b-values to
identify the failure process in granite specimeBssed on these investigations the
fracturing of an asperity is characterized by asdespatial clustering of AE events and a
change in b-value, which is manifest in three tgtpistages of failure: (1) foreshocks
exhibiting a decrease in b-values, (2) a periothain shocks corresponding to a minimum
in b-value, and (3) aftershocks of increasing h4&alThe progressive fracture of several
coupled asperities results in short-term precurdlctuations in both b-values and AE
rate. They also reported that the microcrackingviagtduring faulting shows three

distinctive phases: primary, secondary, and nudiegthases as shown in figure 3.8.

=]
&
= 800 Differential stress
o T00
£
o =
= 4 =
g 3=
=2 28
= 1 B
/A 0<
1.2
102
Prima }E{ > U.Si
o tamary " SecondaryQl .
H _ _ b |
Pre-nucleation Nucleation ﬂ
r | T T T 1 T T i
0 120 240 360 480 600
(a) 13:00:00 Time, minute
Fault plane, . laE
ol pzTHs

(b)

(c) Nucleation

Figure 3.8: (a) Differential stress, rate of AE occ  urrence, and b-value vs. time. (b and c)
Hypocenters in the pre-nucleation/nucleation phases projected onto two orthogonal planes
parallel and perpendicular to the fault plane. Fin  dicates the actual ruptured fault. AE
hypocenter data for the events that occurred in the area enclosed by the dashed lines were
not recorded since the 32-channel waveform recordin g system saturated before the dynamic

rupture (Lei et al., 2003).
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Prikry et al. (2003) carried out laboratory expesnts on rock samples to understand
the relationship between the acoustic emission (A&dpmeters and the rock fabric. AE
activity was recorded during uniaxial compressioithwonstant stress rate on several
granite rocks with variable microfabric (e.g. grasize, shape and crystallographic
preferred orientation) and macrofabric (e.g. maggnasorientation, metamorphic
banding). It was shown that the energy-frequencstridution of AE events strongly
reflects the fabric of the samples. They conclutthed AE parameters like acoustic rate or
cumulative energy are highly sensitive to fabricaagement in rocks with pronounced
structure such as foliation, lineation etc. Theynaoded also that AE parameters like
acoustic rate or cumulative energy are highly semsto fabric arrangement in rocks with
pronounced fabric such as foliation, lineation &E monitoring and direct microscopic
observations also were confirmed that tensile crac&wth is dominant fracture
mechanism of uniaxially stressed rock.

Lei et al. (2004) carried out laboratory tests oarftypes of rock samples with pre-
existing joints or potential fracture planes uskif) monitoring. The main data used in this
study included (1) event rates calculated fromniaximum amplitude data, (2) seismic b-
values for the magnitude—frequency relationship catculated from the maximum
amplitude data, (3) hypocenters determined usiaditht arrival times at the 32 receivers,
(4) the fractal dimension of the hypocenter disttidn, and (5) the self-excitation strength
for AE occurrence. Based on the experimental restiley suggested that precursory
anomalies related to earthquakes and other evestgiated with rock failure are strongly
dependent on the heterogeneity of the fault or moelss. A homogeneous fault or rock
mass appears to fracture unpredictably withoutresistent trend in precursory statistics,
while inhomogeneous faults fracture with clear preors related to the nature of the
heterogeneity.

Hall et al. (2006) are presented results of expemts carried out on natural, dry
specimens of Neapolitan fine-grained tuff to inigete the failure evolution. Based on AE
monitoring and high resolution photography datay teegmented failure evolution of the
rock as: (1) crack closure; (2) linear stress-strasponse and crack initiation with stable
crack growth; (3) crack damage and unstable craowtt leading to failure. They have
resulted that monitoring of rock-sample failure lwé& combination of high resolution
photographs and AE, even with just standard AHbaities (such as energy and hits), can
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provide improved insight into failure processescfure mechanisms and coalescence in
rock bridges.

Homogeneously
Healed fault

Figure 3.9: Photomicrographs showing pre-existing o r potential faults in the tested samples
(Lei et al., 2004).

3.2.6. AE monitoring of thermal treated specimens

Stress affected rock investigations by AE monitgriis started in the 50s but
application of AE monitoring to evaluation of thalraffected materials is a new and
challenging task for non-destructive testing iniladngineering. The effect of temperature
on rock properties has been widely studied on kooy-scale specimens, however, in
literature review we have found a lesser reseafchsmmg AEs records from thermal
treated rock like materials.
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In general, heating of rocks has two main compmehie effect of temperature on
macroscopic properties and secondly studies om-gcale effects, like microcracking.
Based on experimental studies, Menendez et al9j1@8ncluded that thermal cracking in
rock is due to the thermal expansion between adjanserals and produced inter granular
cracking. Jansen et al. (1993) used ultrasonic ¢waphy and AEs to map fracturing
induced under thermal loading in a 15cm Lac du Bomgnanite cube. Macroscopic failure
initiated along the surface and then extended tidocube towards the heat source. The
authors related the observed failure to the stpsdtern developed by strong thermal
gradients in the sample. Similar results were olethifor thermally induced fracturing in a
granite cylinder by Carlson et al. (1993). Wannd doung (2006) numerically modelled
the results of laboratory rock cylinder was sulgdcto cyclic thermal loading where the
temperature was gradually increased in every cy@leey resulted that the failure
temperature depends on the value of thermal expauasid on the material strength.

The influence of thermal damage on physical parametf granite has been
investigated by Chaki et al. (2007). They showed the heat treatment increases the void
space inside the material. Between 500 and 6003€,granite samples are strongly
damaged because of the anisotropic expansion litdkgtle quartz transition/p3 which
occurs at 573°C and room pressure (figure 3.103yT™oncluded other physical properties
of heat treated granitesuch as ultra sonic attenuation, elastic wave vgloand
permeability are completely depending on void spgeeerated by microcracking and

quartz phase transition.
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Figure 3.10: Evolution of gas permeability (left) a  nd longitudinal wave velocity (right) versus
heat treatment (Chaki et al., 2007)
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3.2.7. AE monitoring in-situ

In spite of extensive laboratory studies with AEmtaring, the use of AE in field
investigations is limited. Some research of thipetyhas been done specifically to
determine excavation damage zones (EDZ) in tungedperations (Young and Collins,
2001).

Falls and Young (1998) investigated the damage #oagunnel 420 m below ground.
They measured elastic wave (Vp) and monitored Ataéir research and suggested:

* AE monitoring in the floor of the tunnel showed tthemall amounts of AEs
continued to occur in the notch region of the turfteor over two years after
excavation was completed. Ultrasonic-velocity stadboth in the floor and the
wall of the tunnel showed that the velocity incezheto the rock from the tunnel
surface; in the floor, this effect was seen up ta #om the tunnel surface. Most of
the change occurred within the first 0.5 m fromtilnenel perimeter.

 AE and microseismic events show a strong clustannipe roof and floor of the
tunnel where the maximum tangential stresses aneetrated. Low-level AE
activity continues to occur in these regions montiiseven years after the
completion of the excavation (figure 3.11).

* There was a distinct velocity decrease below bamkut levels approaching the
tunnel wall. The effect was greatest within thestfio.5 m of the tunnel in the
sidewall. The low-velocity zone was more extensivéhe tunnel floor, extended to
about 2 m from the floor of the tunnel. Secondlgry clear velocity anisotropy
existed with P-waves propagating more slowly iniradion perpendicular to the
tunnel perimeter,

* Finally the results indicated that the stress domaé can play a greater role in
determining the extent of excavation disturbancantlthe excavation method.
While the smooth-blasting excavation technique Itedun more AE activity than
the tunnel-boring machine, the velocity resultsicate that, in both cases, the
disturbance was minimal compared to the damageheathigh-stress Mine-by

tunnel.
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Figure 3.11: Event density of AE activity recorded in the sidewall of the Mine-by tunnel during
excavation. The sensor locations are shown as black square (Falls and Young, 1998).

Shiotani et al. (2001) used Acoustic Emission tedmt eventual rock failure. They
installed AE sensors into a rock slope and evatLAte signals in the laboratory. Based on
the experimental results, criteria for classifyifrgcture states were proposed. Then,
applying the criteria to the field data, estimatedture states were compared with internal
slope behavior evaluated from the displacementehme-strain, temperature, etc. From
their results they recommend the use of AE to etaluock slope stability.

Young and Collins (2001) used micro-seismic (MSY atoustic emission (AE)
recording for delineating the extent of the excewatdamage zone EDZ in tunneling
operations. They concluded that using this meth®dat only a valuable tool for
delineating the extent of the EDZ but also an ¢iffecapproach for quantifying the change
in material properties such as crack density thatioduring the development of the EDZ.

Acoustic emission measurements have been usedeleh $tudies for microcrack
identification by Spies and Einsenblatter (20019ing the location and the frequency
distributions of magnitudes and spacing of acoustission events. By using geological
observations they concluded that a cluster of moracks marked the boundary of the
exposed fracture plane with a diameter of 8 m.

A study to quantify of the degree of damage, im&epf crack density calculated from
the crack length, and the extent, from microseisewent monitoring data was carried out
by Cai and Kaiser (2005). They developed a metbatharacterize the dynamic properties
in the EDZ using microseismic monitoring data. Ttegiproach found that a realistic crack
size corresponding to a microseismic event can diablkshed by applying a tensile
cracking model instead of the traditional shear ehodommonly used in earthquake data
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analysis. They reported that brittle rock failuethe result of tensile crack initiation,

propagation, accumulation, and interaction.

3.3. Infrared thermography measurement

Infrared thermography is a technique for produdmggt picture from the invisible
radiant energy emitted from stationary or movingeots at any distance and without
surface contact, or in way influencing the actuaface temperature of the objects view
(Luong, 1993). In fact if we neglect work againsa\gty, almost all mechanical work done
during deformation must be converted into heat.aBse faults are sites of concentrated
tectonic work, they are favorable places to look daidence of mechanically generated
heat.

In the two last decades this technique has beahionsdifferent field investigations as
well as in laboratory studies. The application ofrared thermographic technology to
aerial thermal land mapping, geological survey,tgemical instrumentation, leakage
insulation and construction practices for rock-lé®d rock engineering has been extended
in recent years. The experimental studies havecateld that the structure of the rock
material changes on loading and associated phyamzhichemical phenomena take place
internally, including fracturing, ionization, elegh excitation, energy accumulation,
consumption, and conversion etc(Wu, 2000). Thectige IR radiation temperature will
reflect the variation of the thermal radiation gyerand could also reflect the physical and
chemical mechanisms and provide some precursoringasignals of rock failure, collapse
and disasters. Some scientists have classifiedredrand remote sensing (RS) technology
and its applications as: air-based and ground-b@skdet al., 2000 and Luong, 1993).
Different applications of each category are presgpreviously, in chapter 2 (table 2.1).

3.3.1. Remote sensing investigations

The main research in remote sensing has focusedadhquake prediction using
satellite image processing, after Zuji and Xudebh@9(0) reported abnormal increases in
surface radiation temperatures in infrared thermmgges from NOVA climate satellites
several days before and after many strong eartlegudlhe cause of earthquakes is related
to changes in the stress field of the earth’s cristt produces an increase in
electromagnetic radiation, including the infraredliation that has a thermal effect. Wu
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and Wang (1988) postulated that the earth’s crusteu pressure might present some
infrared thermal forewarning prior to an earthquaked perhaps this message could be
detected by a remote sensor The remote sensingigeehhas also been used in mining
engineering where it has been used successfullpreédict rock burst disasters. For
example, in 1985, Yu reported that the temperatoge up to 60° C in the coal burst of a
mine in Britain. Anomalous land surface temperat(l8T) increases of 3-4 C° were
observed, for example, prior to the Bhuj, Gujaramdiga) M = 7.7 earthquake (after
Ouzounov and Freund, 2004) .

Chen et al. (2006) reported a thermal anomaly ketban Chi-Chi earthquake in
Taiwan (21 September 1999). A satellite TIR imagdidated anomalous hot fluid flow in
porous aquifers in the South China Sea offshoma tHainan Island. This thermal anomaly
consisted of a 200km-wide region of sea water, w&itthepth of 50 to 90m, in which the
water temperature exceeded 25°C, compared to ttiggtmund range of 14 to 25°C. The
image was collected 72 min before the earthquaktejlde images recorded at other times
showed no such anomaly in the South China Sea.alitleors concluded that a pre-
earthquake thermal anomaly is normal, and in soasescan develop weeks in advance
(figure 3.12).

The relationship between thermal anomalies andrseiactivity was established for
Middle Asia on the basis of a 7-year series of rtt@rimages. Indeed, satellite thermal
images have been used for earthquake predicti@ima and Japan (Andrew et al., 2002).
Based on this research, a thermal anomaly waseldcaear Beijing, at the interface
between the mountains and plain. This anomaly Wwasita700 km in length and 50 km in
width and appeared about 6-24 days before andnumdi for about a week after an
earthquake. Such thermal anomalies, with amplitedexbout 3°C, appear to be sensitive
to crustal earthquakes with a magnitude more tharadd for distances of up to 1000 km.
Andrew et al. (2002) also reported the analysidigital images for Japan that show that
an anomaly appears 7-10 days before the main shogkever the tectonic position of

these anomalies is not clear.
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Figure 3.12: Satellite TIR image (10.5to 12.5 um wavelength), showing 200km-wide thermal
anomaly (light image west of Hainan Island, represe  nting temperature above 25T, compared
to a background range of 14 to 25<C). Image collect  ed 00:35 local time, 21 September 1999,
72min before Chi-Chi earthquake at 01:47. Imagesta ken at other times do not exhibit the
anomaly. Soil profile from anomaly region (left), s  howing anomalous paleo-heating in
sandstone aquifer, recognised by increased reflecta nce compared with regional trend (after
Chen et al., 2006).

3.3.2. Laboratory studies

Although remote sensing research using the IR tgaenin the field is limited,
laboratory studies using thermography are exten€§lyelic loading in uniaxial and triaxial
compression tests, studies on impact effects &rdiit velocities, and shear loading tests
are common investigations that have used IR tedgyolSuch investigations are carried
out on rock or rock-like samples; Luong, in 198ifstf used this technique to study
concrete during loading and fracturing (Lixin et @006a, b). Wu and Wang (1998) using
infrared radiation imaging (IRI) on uniaxially load coal and sandstone specimens,
identified three kinds of abnormal features in lRethermal image and IRT temperature;
as precursors of rock failure, a stress level otiad 0.79 ultimate strength could be taken
as a ‘precaution index’ for the stability monitagiof coal and rock. Later, a large amount
of IR imaging experiments on rock fracturing wasdwacted in China (Wu et al., 2006).

The laboratory research of Ouzounov and Freund4(28Rould be mentioned; their

experiments were carried out using a 1500 tonespatsthe Geophysical Laboratory,
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Carnegie Institution of Washington, and the pressuais increased at a constant rate until
failure. IR emission from the rock surface was nneid during the test. These laboratory
experiments provide evidence for mid-IR emissianfrthe surface of a block of granite
when the center undergoes high levels of stressy ploposed that mid-IR emissions arise
(i) from the activation of p-holes in the portiof the rock undergoing deformation, (ii)
from the migration of these charge carriers tositmace, and (iii) from the energy released
during positive-hole recombination at the rock acef Positive-hole in this research in
essence, an’On a matrix of 3 represents a defect electron or “hole” that residethe
oxygen with two proton dominated valence as a p@sitole or p-hole for short.

New research on infrared thermography using cyldading in reinforced concrete
was reported by Luong and Dang Van (2005). Experiaieresults are summarized in
figure 3.13 and illustrate how the fatigue limitse adetermined using a graphical
procedure. The threshold of critical thermal diasign is roughly the same for different

chosen numbers of load cycles.
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Figure 3.13: Graphical determination of the fatigue limit FL of a plain concrete. Ddissipation is

given in degrees Celsius proportional to energy (Lu ong and Dang Van, 2005).

These experiments show that the infrared thermdbgeag@chnique can provide the
fatigue limit of concrete within a few hours ingfeaf several months when using for
instance, the traditional standard staircase methbdy also reported that the stress limit
could be understood as a threshold of acceptabteage for plain concrete under
compressive loading. Their results highlight theveadages of differential infrared

thermography: first, to observe the physical masti#gon of damage and the mechanism
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of failure of concrete, second, to detect the aengae of intrinsic dissipation localization,
and third, to evaluate the fatigue strength in ey\short time, compared to traditional
testing techniques.

Wu et al. (2000) developed a new inter-disciplinaopic, remote sensing rock
mechanics (RSRM), which takes remote sensing, mmechanics, rock physics and
informatics as its scientific and technical disecipk and serves the geosciences, rock
mechanics and rock engineering fields. The experiatienethods, instruments, and some
typical results concerning the relations betweea R radiation and rock stress are
introduced.

They concluded that: (1) the IR radiation energgluding IR radiation temperature
and IR spectral radiation intensity, increases \#uding, (2) the IR radiation temperature
increases with depth inside the rock specimen seyfé3) the IR radiation temperature
increases with rock strength, and (4) the IR thérmage can anticipate the stress transfer
process and rock fracturing location. Based orettperimental results they concluded that
the rock's IR radiation temperature increases \a#dding. In general, the incremental
increase of IR temperature is 0.2 — 2.1°C. Figufigl 3s an example of the relationship
between stress and temperature increments duringiaxial compression test on fine
diorite. Based on some experimental works, (WU.e2800) suggested that:

1) There are three kinds of IR radiation tempemti@atures and three kinds of IR
thermal features during the loading and failurecpss of coal and sandstone.

2) The precursor indication through IR detectioncnparable to that of acoustic
emission detection and electrical resistance detecA stress component of the 0.79
ultimate compression strength should be taken as slress-caution-zone' for ground
stress.

Some research has been conducted to find a redatpietween rock characteristics
and IR radiation. According to a study by Liu et(@006), the higher the rock strength, the
higher the IR radiation temperature increment. fag8.15 shows the curve between the
maximum IR radiation temperature increment andstmaples’ strength. It is probable that
more mechanical energy will accumulate inside #mae if the strength is higher; thus,
more electromagnetic energy will be radiated, amdenieat energy will be obtained from
the mechanical energy.
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Figure 3.15: The relation between maximum IR radiat  ion temperature increment and the
sample's strengths (Liu, 2006).

Liu et al. (2006) studied different kinds of roak erder to detect the IR features of
rocks at failure. The loading conditions includeiaxial compression, compressively
induced shearing, three-point bending impact arlttoumpact. The experimental results
showed that the IR features are very differentitierént failure modes induced by the
various loading conditions. The results in tabl2 Bdicate that the greater the shearing
strength, the higher the IRTI (IR temperature inweat), with the correlation between
IRTI and shearing strength being a positive cofi@ta

The experiments in this study included quasi-statid dynamic rock loading. The
guasistatic loading experiments included uniaxahpression and compressively induced
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shearing, and the dynamic loading experiments derubullet impact and three-point
bending impact. The developed apparatus for sbedirlg has been shown in figure 3.16.

The relationship between IRTI and shearing tiltlamvgas also studied in this research.
The mean IRT of three samples is shown in table T IRT of the same type of rock
differs when the shearing tilt angle changes. RiE kat shearing tilt angles 60° and 70° is
higher than that at 45°, although the relationsi@pveen 60° and 70° is uncertain.

!
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Figure 3.16: Diagrammatic sketch of the compressive  ly induced shearing experiment
(Liu et al., 2006).

Table 3.2: Shearing strength and IRTI of rocks when  the shearing tilt angle is 60°
(Liu et al., 2006).

Rock type Shearnng strength (MPa) IRTI ("C)
Marble il.5 37
Lime rock 44.0 108
Grranodion te 47.5 3.7
Crabbro 729 B854
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Table 3.3: Measuring results of the IRTI values at  different shearing tilt angles (Liu et al.,

2006).
Rock type IRTT ("C)
Y= 45 y = 60 = T
Marble 0.56 3.68 74
Lime rock 2 10.8 =43.0°
Granodiorite 8.3 32 = 366"
Gabbro 11.25 B5.38 17.34

“Indicates that the actual value exceeds the limit set by the thermal
IMAZET.

Based on the above experimental results:

(1) The IR features of rock at failure are diffearemder different loading configurations

due to the different fracture types generated. He guasistatic case, the IRTI of a
compressively-induced shearing fracture is greitan that of a uniaxial compression

fracture, while the IRTI of an impact fracture liethighest. For a tension fracture, either in
guasistatic or dynamic conditions, the IRTI is aémiovariant. The main factor influencing

the IR during the failure of rock is the frictiontadat effect.

(2) The IR remote sensing technique is an imporsaat effective means to detect rock
failure. It can detect both the temperature distidn on the rock surface at failure, and
can also detect the nature and some propertiéedfacture.

Wu et al. (2004) measured TIR (transient infrardeg)using low velocity impacts in
the laboratory and compared these results using aaalysis of impact energy. Figure
3.17 shows typical IR images at different impactugdocities, including the verification
velocity of 8.5 m/s. Based on these images thegladed that:

» If the velocity is no higher than 15 m/s, which kkbbe considered as the first
critical impacting velocity for marble, the abnornifa pattern of the impacting
region is approximately a circle; within the firgitical velocity, the higher the
impacting velocity, the brighter the IR image.

» If the impacting velocity is higher than the figitical velocity, the IR images
lose their central symmetrical characteristics badome complicated because

of the damage in the target area.
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v=8.5m/s

v=18.10m's 1=208m's =23 4m/s

Figure 3.17: Transient IR thermal images at differe  nt impacting velocities (Wu et al., 2004).

Shi et al. (2007) successfully monitored the tramisprocess of rock using a thermal
infrared (TIR) imager. The geometric features drelradiant characteristics of the infrared
thermography in the target region were extracted aegressively analyzed. They
concluded that: (1) there is a critical velocitywdtich target thermography is regular and
centrally symmetrical; (2) within the critical velity, the impacting velocity is linearly
correlated to the perimeter of target thermographg is quadratically correlated to the
TIR temperature increment (figure 3.18). In thise@rch, two IR images were selected for
the quantitative analysis: one is the last framthefmographies before the impact, and the
other is the first frame after impaction. A cirdevering the target region with variations

in TIR radiation, whose centre is the impactiontegns defined as target thermography.
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Figure 3.18: The process of extracting the geometri ¢ parameters from target thermography:
initial thermography, (b) segmentation with a thres hold and (c) boundary extract
(Shi et al., 2007).

Also the data from the experiment on impacting e#jo(v) and the increment of the
maximum TIR radiation temperaturérfiax) are shown in figure 3.19.
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Figure 3.19: The correlation between impacting velo  city and the TIR temperature increment:
(8) vvs. Amax and (b) v vs. ATavr (Shi et al., 2006)

According to infrared remote sensing experimenisefhl. (2007) concluded that:

1. There is a critical velocity for impacting normathy rock; for marble, this velocity
is 14-15 m/s. Within this critical velocity, thergat thermography is regular or
centrally symmetrical. The critical velocity is daplent on the properties of the
rock, and also the head size and shape of theqgtitejeThe critical velocity is a
potential index for detecting the rock propertidstioe target via TIR remote
sensing detection.

2. Within the critical velocity, the impacting pararaet are well correlated with the
geometric parameters of the target thermographyeWthe rock is impacted
normally, the impacting velocity (v) is linearly rwelated to the perimeter (Pe) of
the target thermography, while the projectile kimetnergy (W) is linearly
correlated to the area (A) of the target thermolgyap

3. Within the critical velocity, the impacting pararaet are also well correlated with
the radiant parameters of the target thermografphgonditions where the rock
impacts normally, the projectile kinetic energy (\8)linearly correlated to the
increment of the TIR radiant fluxAP), while the impacting velocity (v) is
guadratically correlated to the increment of thR TémperatureATnax andATayr).

4. TIR imaging detection is an effective and practio@thod for monitoring and back
analysis of rock impaction. As rock is a complex tenal with mineral
compositions that exhibit significant local varatj the discrete transient TIR

radiation from the target is inevitable.
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A theoretical model for temperature enhancementhef ground surface layer in the
vicinity of fault systems in the Earth’s crust waesveloped by Surkov et al (2006). According
to this model, fluid filters upwards from a loweepth to the Earth’s surface to provide an
increase in the ground temperature. Their conatusiahat the tectonic stress in the fault zone
results in the gradual squeezing-out of water flower depths towards the ground surface.

Wu et al. (2002) presented a series of laboratgpeemental results on granite and
marble that monitored the TIR radiation changes waiick deformation. They concluded
that (1) the overall surface IR radiation tempemataf loaded rock increases with rock
deformation, while the TIR anomaly occurs with roftacturing after its elastic
deformation stage, (2) the average TIR temperatfréghe rock surface and the TIR
radiation energy from the rock surface is propowido rock stress and is cubic curvilinear
to the mechanical work input before failure, (3¢ thiIR-anomaly characteristics of the
rock surface reflect the features of rock defororabr rock failure, i.e., the TIR anomaly
will be positive if the deformation (failure) is mpressive or shearing, while it will be
negative if tensile, and finally (4) the TIR-anomatresses for the marble failure and

granite failure are, respectively, 0.97 and 0.8Zimam uniaxial strength.

3.4. Elastic wave velocity variations under stress

As discussed above seismic-wave velocity and auggifire very sensitive to changes
in rock properties. A number of investigations héaeen done using AE and elastic wave
changes measurements. Ayling et al. (1995) puldishe results of triaxial compression
tests on porous rocks, monitoring AE and elastivevgropagation measurements
simultaneously. Vs and Vp were measured in thectime of the maximum principal
compressive loading axis (figure 3.20).

Meglis et al. (1995) published the results of irtgggions on the effect of stress path
on the formation of damage around holes. They de3tgranite blocks (52x52%22 cm)
with a central hole under various load conditiond aonitored the AE and elastic wave
velocity changes during the tests. Both uniaxiall &maxial loading were used in this
research. They concluded that the AE activity wesoaiated both with fracturing close to
the hole and with the boundary conditions of thgliad load. Velocities measured parallel
to the hole axis decreased following each loadecy€his decrease correlated primarily

with the formation of large crack planes orientadatiel to the unconfined face.
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Figure 3.20: A series of curves showing (a) stress, (b) changes in compressional wave

velocity, and (c) change in shear wave velocity aga  inst strain for sandstone samples at

confining pressures of 15, 25, 30, 50, 100 and 200 MPa, shown by curves 1, 2, 3,4 and 5
respectively (Ayling et al., 1995).

Young et al. (2004) used a method based on acoastission and elastic wave
changes for monitoring microcracking at the Undeugd Research Laboratory in Pinawa,
Manitoba, Canada. By using the source locationthefseismic events induced by the
excavation, they mapped the extent of the excavatiamage/disturbed zone (EDZ)
around tunnels. The change in P- and S-wave vglowgr a 4/5-year period is presented
in figure 3.21 for a source—receiver pair in simipositions. They reported very small
changes in P- and S-wave velocity can be dete@pdmdling upon the ray path length and
sampling rate. They suggested that this study hgislighted the advantages of using
advanced seismic-processing and analysis methedsgelhas the complementary method
of velocity interferometry, to increase the undamsling of rock-mass response to
excavation and thermally-induced stresses.

In laboratory experiments, Stanchits et al. (2088 2006) measured changes in P-
wave velocity and attenuation during the injectadrwater into a granite sample as it was
loaded to failure. Anisotropic P-wave velocity aattenuation fields were determined
during the experiment using an array of 13 pieamgte transducers. They observed
considerable changes in P-wave velocity and pegletd amplitudes of P- and S-waves at
86 and 95 percent of peak stress. Transient ineseiasattenuation of up to 483 dB/meter
were also reported and were associated with ddfusif water into the sample. Finally
they concluded that the velocity and attenuatioR-o¥aves are sensitive to the process of

opening of microcracks and the subsequent re-dainraf these cracks as water diffuses
in from the surrounding region.
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Figure 3.21: Change in P- and S-wave velocity fora  source—receiver pair, a 4% decrease in
Young'’s modulus is estimated to have occurred in th e damage zone around the tunnel over
the 4/5 year monitoring period (Young et al., 2004)

The result of acoustic emissions (AE), compressi@Ag shear (S) wave velocities,
and volumetric strain of Etna basalt under triag@npression tests has been published by
Trovato et al (2006). They concluded that:

- With increasing axial load, P-wave velocitiesyosthow a small increase.

- With increasing differential stress AE activity basalt increased with a significant
contribution of tensile events.

- Close to failure the relative contribution of $8a events and P-wave velocities decreased
significantly.

-Crack orientation, defined as the average oriemtaiver its entire length with respect to
the long axis of the sample has been estimated.

Pellet et al. (2007) and Pellet and Fabre (2006gementally studied the variation of
shear wave velocity and acoustic emission simuttasly under uniaxial loading. They
observed an increase in Vs by loading up to 85gmetraf the ultimate uniaxial strength of
the specimens. They proposed that the use of AmBnigges with simultaneous
measurements of the elastic wave changes couldusefal approach for predicting rock
failure and thus also for earthquake prediction.

The results of acoustic emissions (AE), compresdidi) and shear (S) wave
velocities, and volumetric strain in Etna basaldem triaxial compression tests was
published by Trovato et al. (2006). They concluthe:
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- With increasing axial load, P-wave velocitiesyoshhow a small increase.

- With increasing differential stress, AE activity basalt increased with a significant
contribution of tensile events.

- Near failure, the relative contribution of teesievents and P-wave velocities

decreased significantly.

3.5. Discussion and Conclusions

In earthquake prediction, predictive precursorsuaEsa causal relationship with the
main shock and provide information about a posséaghquake hazard better than that
achieved by assuming a random distribution of earkes (Knopoff et al., 1996).
Because these are precursors, it implies that teerelefined time prior to the main shock.

This work is a part of project that has been preesem IIEES to study feasibility of
earthquake prediction using precursors. The maijectiide of this chapter was to
summarize the recent activities and success in faitire prediction as a small-scale
earthquakes using three well known precursors; simemission, infrared radiation and
elastic wave changes during loading of rock and-tike@ materials. The main results can
be summarized as follows:

* Acoustic emission (AE) has been widely used to watal cracking processes in
laboratory specimens and engineering structureausecof its high sensitivity to
crack initiation and growth. Since crack propagai® considered to be the primary
reason for initiating acoustic emission during tbading of a rock specimen, the
theory of crack propagation has received consideratbention. Many experimental
results and numerical simulations are now availabl¢his subject that is useful for
understanding failure mechanisms and precursoraeSseful new results on crack
propagation and nucleation were also included, whadelpful in understanding the
complexity of earthquake dynamics.

* Some investigations have been done on seismolodybaralue studies using AE
records. The magnitude and number of events, dsawehe energy and amplitude
of events, are considered in rock failure proces&kls® several studies have been
done using moment tensor analysis for fractureystlide results of experiments and

numerical simulations of the brittle fracturing pess with heterogeneity in material
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and structure, provide useful data for a thorouglleustanding of earthquake
mechanisms and the related precursors.

* The evaluation of stress memory in rock samplesgusE is a new method in rock
engineering. Some research uses this method fessstmeasurement in rock
engineering projects as well as in earth crussstreeasurements. A few results on
frictional behavior of non-homogeneous faults aadhguake nucleation have been
obtained, which helps in comprehending the compteddiearthquake dynamics.

Evaluation of hydraulic fracturing in rock enginegr projects using AE is another
emerging field. New research shows that AE momitpdan improve the reliability and the
accuracy of hydraulic fracturing stress measuremefome limited in-situ studies
(especially in tunnels) have used AE monitoringadsey element of failure evaluation. In
these studies the excavation damage zone (EDxhireting operations are determined.

It is obvious that the use of AE will become morevalent because it can provide
unique insights into damage processes. The probésmsuntered in AE - including noise
reduction, reliability, and difficulty in solvindhe inverse problems of wave propagation in
source-function and waveform analyses - represeaiseof future endeavor in AE science
and technology. There is also a great need to dpV&E theories for new applications. For
example AE monitoring of thermally treated specisena new field of application of this
method in geomechanical sciences. Even though thdimited research available in this
field, it seems it could be useful to use the ueigbility of AE records for assessing the
pre- heated rock like materials.

Although AE has been used in materials-relatedissufibr about four decades, there
are still many problems. The most important diffigus associated with the reliability of
AE results. Many researchers simply use AE equiprteeollect a large amount of data
and use the results to explain the material fadlupealitatively, without paying too much
attention to the sensor calibration and attachm®ametimes, no distinctions are made
between noises and real AE signals. Therefors, very difficult to compare results from
different papers. This also causes confusion imstigating the reliability of various AE
systems.

When comparing AE results in various materials, dimels that there are more
publications regarding composites, rocks, and cesatman metals. The reason for this
trend is that the AE signals are stronger and waoye significantly in composites, rocks,
and ceramics than in metals. On the other handusecof the homogeneity and simplicity
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of metals, the wave propagation in metals shoutdbeoas complex as in composites and
rocks, since there are less reflections, diffracgtjoand scattering in metals. Therefore,
metals represent a good subject for studying seuroetion and waveform analyses.

The infrared investigations have increased overldsetwo decades. Reviewing the
literature shows that there are two main branchesrevinfrared measurements are used:
Remote sensing studies using satellite image psowgsand thermography in laboratory
scale experiments. Earthquake predictions usingnleanomalies have been considered,
especially in recent years. Also studies of roat eoncrete failure in the laboratory using
infrared techniques are other applications of tiethod.

Seismic-wave velocity is very sensitive to altevasi in rock properties. A number of
investigations have been done by AE and elasticewelvange measurements. Recent
studies show that using of this method in conjarctwith other precursors, such as
acoustic emission, could be more effective in regg the damage and failure that
occurs in rock.

Finally it should be noted that no experiment campgletely duplicate the natural
conditions; the main role of the laboratory studyto establish physical models and to
validate theories. Even so, the force driving tkgalopment of laboratory studies comes
from field observations and studies. The recendistuindicate that the heterogeneity in
material and structure of rock and the complexityirne processes is still one of the key

problems in the study of seismology and consequeatithquake prediction.
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Chapter 4

Mechanical tests on two intact igneous hard rocks,

including ultra high pressure triaxial tests

4.1 Introduction

Evaluation of mechanical and physical propertiesaaks is important for all types of
rock research. Uniaxial compressive strength, ielasbdulus, tensile strength and elastic
wave velocities are the most common and interegiar@meters and their evaluation is vital
for various engineering and research projects (HoekBrown,1997).

In this chapter the laboratory test proceduregpegeented and the results discussed. Two
main igneous rocks were selected for these studeéssan granite from North of Tehran and
North African gabbro. The reasons for selectings¢heocks are discussed in the following
sections.

After preparation of the samples, a few convenlitests were carried out to evaluate the
geophysical and geomechanical parameters. Uniaxigxial and Brazilian tests were
performed and elastic wave velocity and other piafsparameters were measured for this
purpose. We also used ultra high pressure trizegis to study the behaviour of strong gabbro
and to calibrate related criteria. In the firsttg®t the geological setting, mineralogy and
petrology of granite and gabbro are discussed. §hutions were prepared for microscopic
studies. The procedure for sample preparation abar&tory investigation are presented and,

finally, the investigated parameters of rocks Wwédlcommented upon.
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4.2 General characteristics of selected rocks

The reasons for selecting Lavasan granite and Mdrtban gabbro are as follows:

» Approximate isotropy in geomechanical parameters,

« Distinctive AE characteristics in laboratory tests,

* Vicinity of Lavasan granite to the Mosha Fault, thoof Tehran. Since the
feasibility of using in-situ studies to predict #muakes is the objective of this
research, an active fault, the Mosha Fault nearafettould be used for pilot field
investigations and possible future earthquake roani.

» The low porosity ratio of the rocks, about 1.0 petcfor granite and less than 0.5
percent for gabbro, decreases the effect of p@suct during loading. In general,
the formation process of granite and gabbro undgh tpressure and high
temperature allows very little open pore space. S€quently the selected
specimens have a fracture system rather than aspstem.

4.2.1. Petrology and mineralogy of Lavasan granite

Granite samples were taken from the exposed gewlboggcord in the vicinity adjacent to
the Mosha main thrust fault. The Mosha Fault is ohéhe major active faults in Central
Alborz as shown by its strong historical seismiciyd its clear morphological signature.
Situated north of Tehran city, this fault is abd®0 km long with N100°E inclination. It
represents an important potential seismic sour@ettimeatens the Iranian metropolis (Jackson
et al., 2002). A few intrusion rocks have been fednaround this thrust. Although some of the
trap rock here differs somewhat in appearancestitsture and composition are very similar.
According to macro petrology, most of these inwuasirocks are granite, consisting of
crystallized plagioclases, feldspars, mica, hommdbéeand quartz. The Lavasan intrusion mass
is one of the largest plutonic rock masses in #rsa. Figure 4.1 shows the location of
Lavasan granite and the position of the Mosha Fault
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Figure 4.1: Location of Mosha Fault and geological setting of Lavasan granite (GSI, 2008).

The rock mineralogy is almost homogeneous. To stitglymineralogy in detail, we
prepared a few thin sections for viewing under kafwed light microscope. Figure 4.2 shows
a thin section from this rock. The polarized lighicroscope was able to show the textural
relationships as well as quantitative compositiohminerals in the specimen. In general, the
rock has a silicate composition and mineralogy posgsesses a subhedral granular texture,
with the boundaries between crystals not clearlyindd due to alterations and the

development of secondary minerals. Only the shageplagioclases are clear while the
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remaining crystals have no definitive shape in geation. It should be noted that, depending
on the general shape of the crystals, three texitar be distinguished; (1) euhedral granular,
(2) subhedral granular and (3) anhedral. Basedhis dlassification, Lavasan granite is
subhedral granite.

The rock is gray to pale green. A siliceous matements the medium- to coarse-grained
feldspars, quartz and*KNa and C&'-enriched plagioclases. Ferro magnesium oxides) suc
as pyroxene, are the other key minerals in thig.r8¢teration of the pyroxenes to amphibole
and chlorite gives a pale green coloration to tmeusion mass. Chlorite, muscovite and
carbonate minerals are the secondary types of mighda@hat were formed initially or
secondarily by alteration or replacement of origmaerals.

Figure 4.2: A thin section of Lavasan granite view through polarized light microscope. Dark
area in top right of the picture is mica and second ary serizite
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4.2.2. Petrology and mineralogy of North African Ga  bbro

Cubes of the gabbro used were exported from Alderfrance for construction purposes.
Homogeneous and sound specimens were requiredsisttidy, so all specimens were cored
from a single small cubical sample. Gabbro is gaheformed when the heavy pyroxene and
olivine crystals settle to the bottom of the diaba&asagma chamber while the rock is still
molten (Mackenzie et al., 1982). In appearancetiNAfrican gabbro has a dark green color
with uneven fracture surfaces. The mineral graigregates have almost identical sizes and
are small, so this gabbro is called equigranullrcfgstals are of approximately the same
size). Thin section studies by normal and polarizgitt under a microscope showed that the
rock was composed essentially of plagioclase anolxeype minerals. Almost 60 percent of the
minerals are various types of plagioclase minendide pyroxene minerals are the second
most abundant minerals (almost 40 percent). Twesyd pyroxenes, namely ortho-pyroxene
(MgSiOs) and clino-pyroxene (FeSgPminerals were visible in the thin sections; thabbro
is a two pyroxene gabbro. In figure 4.3, a photadhin section is presented. Some of the
orthopyroxene crystals contain narrow lamellae wjii® (Fig. 4.3). llmenite (FeTi§) and
magnetite (Fg0,) minerals were distinguished as minor crystalfiugss than 1 percent.

From a petrologic point of view, a symplectite teet could also be seen in the thin
sections. Symplectite is a term applied to fingrgrd intergrowths resulting from the
combined growth of two or more minerals as theylaep another mineral (Winter, 2001).
Replacement may be partial or complete but are camim intrusion rocks. For this particular
gabbro rock, the texture is defined as Myrmekitejrdergrowth of dentritic quartz in a single
crystal of plagioclase. If there is a lack of qaafyrmekite also occurs preferentially where
plagioclase is in contact with K-feldspar (Mackenet al., 1982). The lamellar intergrowth
between two pyroxenes is also common in this gglfbom the thin section studies we found

that ortho-pyroxene crystals host clino-pyroxeriggi(e 4.4).
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Figure 4.3: Microscopic view of minerals in a thin section of gabbro rock. Well mineralized
pyroxenes are the main minerals with plagioclase in the matrix.

Figure 4. 4: Myrmekite texture in North African gab  bro. Myrmekite has formed in the plagioclase
at the boundary with K-feldspar.
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4.3. Sample preparation

Forty core specimens, 45 mm in diameter and 100 imtength, were prepared from
Lavasan granite. Twenty-five core specimens weibedrfrom the gabbro cube in two
different sizes; 12 cylindrical specimens with a mén diameter and 140 mm length were
prepared and 13 were cored with a 40 mm diamet@r9@mm length. The samples were
prepared based on existing standards (ISRM, 19#R)smooth and exactly parallel planes to
make sure that the load is equally distributed dherloaded surfaces of the samples. The
grinding machine of Laboratoire Géophysique Intesh&ectonophysique (LGIT) in Grenoble
was used for this purpose. The smoothness andatadiglism (with an end parallelism of
0.01 mm) of each sample were tested using a V-béouk displacement dial gauge (figure
4.5).

Grinding
plate

Figure 4.5: Grinding machine at LGIT for smoothing the ends of a specimen (left) and
displacement dial gauge (right)
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4.4. Measurement of elastic wave velocity Vp and Vs

Young's modulus and Poisson's coefficient of thepared specimens were evaluated by
measuring the primary and the secondary elasticewaelocity. These parameters are also
necessary to locate the source of the events istAdies. The equations 4.1 and 4.2 show the

dynamic elasticity value and Poisson’s ratio estiomausing elastic wave velocity.

(v 2 - 2v52)
Uy = > > 4.1)
2 (vp -V, )
and:
g, = L 2)(10), @2)

For both of the rocks studied, the velocities & $itress waves in the prepared samples were
measured in the LGIT. Figure 4.6 shows the expariaieset-up for these measurements and the
components that were used, including a laboratolsepvelocity meter, piezoelectric crystals, etc.
A special viscous coupling agent was used betweeriransducers and the sample giving a thin
bond. High-frequency electrical pulses transmiti@@ne crystal create a stress wave that could
be received by the second crystal and reconveoteoh telectrical signal. A delay line allows the
received waveform to be aligned with the sendingef@m on an oscilloscope and the required
delay to achieve these measures shows the traveldi the pulse through the specimen.

The velocities at which elastic waves are trangdithrough the rock depend on the elastic
properties of the specimen. Crack porosity, conwosi density, alteration and mineral
orientation are the most important factors resgmedor variations in seismic velocities. For this
study, the compression wave velocity (Vp) and skeare velocity (Vs) were measured using the
SOFRANEL Model 5052 G located in LGIT (figure 4.7)his equipment provides a direct
measurement of the velocity of sound waves in & gmecimen. In this apparatus, shear and
longitudinal waves are produced by a ceramic elérumated at one end of a columnar sample
and detected by a second element at the oppositeDstermination of propagation velocity is

then a straightforward matter of dividing the dmsta between the elements by the time-of-flight.
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The velocities of primary and secondary waves wasasured for all 40 specimens of
granite and 25 specimens of gabbro. A record ofa@ewform is shown in figure 4.8 as an
example. The average measured Vp and Vs for graniiegabbro specimens are presented in
the table 4.2. The measured values for all sangskepresented in detail in appendix I. It should
be noticed that it was not possible to detect aemavthe receiver for some of the granite

specimens due to internal damage or other reabahshould be investigated in the future.

\79; Receiver
4

—* Oscilloscope
Specimen
2

o o o .|/ Hh

Generator/Amplifier

© OO0 oqy

Emitter

Acyuisition

Figure 4.6: Schematic diagram of the Vp and Vs meas  urement apparatus (Orengo, 2003 with
modifications)

Acquisition
system

2005 /11405

Figure 4.7: A view of the Vs and Vp measurement sys tem

73



Chapter 4 Mechanical tests on two intact igneous hard rocks

10
0g
05

04

I
I
I
I
I
I
0.4
I
0y ———|
-2

04

Waves magnitudes

I
I
I
I
|
I
is » » £l 3 40 45

Time (ps)

Figure 4.8: Example of longitudinal wave record

4.5. Evaluation of mechanical properties

The general characteristics and mechanical prgseofi granite and gabbro were assessed
by laboratory tests. A series of conventional tegése carried out: Bulk specific gravity,
porosity and elastic wave velocity were measuresettaon ASTM guidelines (2001). In
addition, Brazilian tests, standard uniaxial amaixtal tests were performed. The type and the
number of tests performed are presented in tatil@dd the average values of the test results

are summarized in table 4.2.

74



Chapter 4 Mechanical tests on two intact igneous hard rocks

Table 4.1: Type and number of tests on granite and gabbro specimens

Lavasan Granite
Geometry of .
Type of test Number of tests specimens LxD (mm) No. of specimens
Simple uniaxial Grl, Gr3, Gr5, Gr6, Gr7, Grl10
compression 10 100 x 45 Grl2, Gr15, Grl6, Grl7
Porosity and
bulk specific 3 Unshaped pieces Grll, Gr22, Gr33
gravity
Measuring of Vp 40 100 x 45 Grl to Gra0
and Vs
AE monitoring in Grl, Gr3, Gr6, Gr7, Grl0, Grl2,
uniaxial test 9 100 > 45 Gri5, Grl6, Grl7
North African Gabbro
Simple uniaxial 4 140 x 70 Gal(650), Ga3, Ga4 and Gal0
compression
Porosity and
bulk specific 3 Unshaped pieces Gall, Ga22, Ga33
gravity
Measuring of Vp 10 140 x 70 Gal to Gal0
and Vs
High pressure 2 140 x 70 Gal(650) and Ga2(200)
Triaxial
Brazilian 6 20 x40 Gabl to Gab6
Brazilian 5 35 x70 Gab7 to Gab11
AE monitoring in 4 140 x 70 Gal(650)*, Ga3, Ga4 and Gal0
uniaxial test

* Before the uniaxial test, the specimen was damaged during ultra high triaxial loading by a Giga press.

Table 4.2: Physical properties of tested specimens

Properties I_Ga:/aari;n Noréhaﬁ:;rrigan ASTM No.
Bulk specific gravity (g/cm3) 2.65+ 0.07 290+£0.0 5 D 6473
Porosity (%) 1.0 <0.5 D 3148
P-wave velocity (m/s) 4051+ 239 6560 £ 99 D 2845
S-wave velocity (m/s) 2537 £ 170 4078 + 76 D 4623
Poisson’s ratio 0.27 +£0.05 0.21 £0.03 D 4623
Young's modulus [GPa] 30+3.5 88+25 D 4015
Tensile strength [MPa] - 11.5+£0.9 D 3967-95a
Uniaxial compressive strength [MPa] 131 +20 226 + 11 D 5520
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4.5.1. Uniaxial compression test

The uniaxial or unconfined compressive strength st is by far the most common
laboratory test undertaken for rock mechanics sgjdhat is assuming one accepts the point
load index test as a field test (after Pells JinNHudson, 1993). The UCS test is the basic test
in numerous design methods. Applications include:

« Estimation of the onset of compression or sheturiaaround underground openings,

» Estimation of rock pillars in underground mining,

» Estimation of triaxial strength via empirical faiucriteria,

» Estimating rock elasticity modulus for calculatioihdisplacements and settlements,

» Assessing allowable end bearing and side shearewvafar rock socketed pile
foundations,

* Assessing excavation characteristics whether byingy by drag picks or road
headers, by disc cutters on TBMs or by percussiibis,cand

» Assessing blasting requirements.

Details of the protocols to perform UCS tests agcdbed in ISRM (1972) and ASTM D 3148-72.

4.5.1.1. Test procedures

Three uniaxial compression tests are carried owant of the two types of rock to evaluate
the geomechanical parameters using the protocolMAEZ001). The loading system consisted
of a testing machine, load cell, sensors, and othatr The Schenck press system was used to
supply load to the specimens (figure 4.9). Usirig ffervo—controlled machine it is possible to
control the velocity of loading from 0dm/s to 20mm/s. The maximum load of the machine is
1000 kN with a precision of about 0.02 % (Gatel801; Gatelier et al., 2002). Three Linear
Variable Differential Transformers (LVDT) arrangeda triangular position around the loading
plate, were used to measure the vertical displacermed to make sure that the force acts
vertically on the specimen during the tests.

The strain measurement device used both electes@tance strain gauges and the LVDT to
measure lateral and axial deformations. The gawga® mounted in the central part of the

cylindrically shaped samples using X 60 superglue.
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(b)

Figure 4.9: Schenck Press (a) General view (b) Deta il of the cell and sensors AE and LVDT

Normal and lateral strains on the samples were mnedsusing surface-bonded electric
resistance strain gauges. Two axial gauges werentedwon the specimens to measure the
longitudinal strain and two other strain gaugesgdixor measuring lateral strain (figure 4.10).

All specimens were assumed to be homogeneous aindgs.

E Gauge — 45 mm —

F12.8mm4

100 mm

J

Figure 4.10: Set up of axial and lateral strain gau  ges glued to the specimen (extended scheme)
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Table 4.3: Summary of geomechanical parameters of s  pecimens

Size (mm) | No. of axial No. of lateral O¢ max. E
Sample No. LxD gauges gauges (MPa) | (GPa) ] Vs(mi/s) | Vp( m/s)
Lavasan Granite
Grl 95x45 2 2 142 35 0.31 2527 4105
Gr3 101x45 2 2 121 25 0.30 2441 3820
Gr5 101x45 1 - 138 27 - - -
Gr6 99x45 2 2 147 31 0.26 2782 4282
Gr7 100x45 2 2 125 29 0.25 2276 3695
Gr10 101x45 1 - 123 31 - 2606 4252
Gri2 101x45 - - 138 - - 2595 4152
Grl5 100x45 - - 135 - - 2747 4278
Grl6 100%x45 - - 122 - - 2447 3764
Gr17 100x45 - - 136 - - 2750 4274
North African Gabbro

Gal(650)* | 142x70 2 2 160 61 0.25 3364 5650
Gas3 14170 2 2 216 85 0.23 3997 6468
Gad 14170 2 2 238 88 0.23 4088 6546
Galo 143x70 2 2 225 85 0.20 4150 6666

* Gal was previously damaged under ultra high triaxial loading. The results of the uniaxial test and elastic wave measurements
are presented in the next chapter

4.5.1.2. Interpretation and comparison of the uniax ial test results

Uniaxial tests were carried out under constantrstate conditions (3 to 4 xFomm/s) on
samples with a length/diameter ratio of approxinyagel. The axial and lateral strains were
monitored continuously by strain gauges and LVDAlssamples were loaded to macroscopic
failure.

The results of the tests on four granite specinaasshown in figures 4.11 to 4.14 as an
example. Other uniaxial test results on granite @esented in appendix |. The results of
uniaxial compression tests for three gabbro spetwsnaee presented in figures 4.15 to 4.17. The
volumetric behaviors of the specimens during tgstere calculated: The volume deformation

(sv = &1 + 23) explains the dispersion of volume in respondeading.
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4.11: Stress versus deformations (above) and stress versus time (below) curves of granite

specimen Grl during uniaxial compression test. At t he point 1 the rate of loading was increased
to 4x10™* mm/s in order to reach failure at an appropriatet  ime. g;, €3 and &, are axial, lateral and

volumetric deformations, respectively.
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4.13: Stress versus deformations (above) and stress versus time (below) curves of granite
specimen Gr6 during uniaxial compression test
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4.14: Stress versus deformations (above) and stress versus time (below) curves of granite
specimen Gr7 during uniaxial compression test. At t he point 1 the rate of loading was
increased.
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two to avoid damage to the press machine.
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4.16: Stress versus deformations (above) and stress versus time (below) curves of gabbro
specimen Ga4 during uniaxial compression test.
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specimen GalO during uniaxial compression test.
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4.5.2. Brazilian Test

The indirect tension test, also called the Braazili@st, is a common method of assessing
tensile strength. The Brazilian tension test, &isown as the splitting test, is widely used to
evaluate the tensile strength of rocks since gdsy to prepare and test specimens. Tensile
strength data are sometimes useful, and very amwally are justified for an engineering
project. The compression-induced extensional fragjugenerated in this test is also more
representative of the in situ loading and failufreocks.

In the Brazilian tension test, a circular disk otk is placed between two platens and
loaded in compression producing a nearly uniformsite stress distribution normal to the
loaded (vertical) diametric plane, leading to théufe of the disk by splitting (Rocco et al.,
1999). Figure 4.18 shows a schematic diagram dfetbteand failure pattern.

Fracture
pattern

Disc shape
specimen

Top and bottom
weiges

Figure 4.18: Schematic diagram of the indirect tens  ion test assembly and failure pattern

This tensile stres¢Jt - v is estimated from the elastic theory (Frocht, 1948

7LD (4.3)
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where P is the load, and. andD are the length and diameter of the disk. Along the
horizontal diametral plane, tensile stress (andvadgnt strain) values rapidly decrease from a

peak level (Eqg. 4.3) as a function of distardem the centre of the disk:

2P [D2—4XT

D2+ 4x2 (4.4)

Equation 4.2 implies that measurement of the neatimum value of the tensile strain
along the horizontal diameter is possible with éadjameter specimens and/or short strain
gages (Aydin and Basu, 2006).

Cylindrical specimens with a diameter (D) approxieta equal to 40 and 70 mm and
thickness (L) approximately equal to the radiusemgrepared. The cylindrical surfaces were
cleared of obvious tool marks and any irregulasitieross the thickness. The end faces were
flattened to within 0.25 mm and parallel to witltir25°. Loading was applied continuously at
a constant rate so that failure occurred within-180 seconds.

This investigation involved testing 11 gabbro dibaped specimens of two different
diameter sizes (40 and 70 mm). The specimens waed drom the same block that the
specimens for uniaxial and triaxial tests were are@ from previously. The diameters and the
length-diameter ratios (L/D) of the specimens waithin ISRM (1978) and ASTM D3967—
95a specifications.

The Schenck press was used to apply the load. #&mis gauge and LVDT were used to
measure the vertical displacement. For all teBesstrain rate was maintained at’for 200
seconds.

The results of the Brazilian tests are presentethlite 4.4. Figure 4.19 also shows the
stress— deformation and stress-time graphs falested specimens. It should be noted that the

diameters of specimens Gabl to Gab7 and Gab8 tb1Gadre 70 and 40mm, respectively.
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Table 4.4: Brazilian test results

Gabl 35 0.50 10.3
Gab2 32 0.46 11.3
Gab3 31 0.44 11.6
Gab4 33 0.47 12.1
Gab5 34 0.49 11.6
Gab6 36 0.51 10.9
Gab7 22 0.55 12.1
Gab8 20 0.50 10.6
Gab9 21 0.52 10.2
Gab10 19 0.48 135
Gabl1 22 0.55 12.1
Mefg\ifatt?gf i 11.5/0.95

* The diameters of specimens of Gabl to@3abre 70 mm and Gab7 to Gab11 had 40 mm diameters.

Review of the fracture patterns showed two visibllges at the top and bottom of the
disc-shaped specimens (figure 4.20). The wedges mere visible in the specimens with the
larger diameter (70 mm); it seems that the largatact surface area plays a key role in this
phenomenon. In other words, when the contact aetaden the specimen and the loading
plate is too small, the contact areas are almdisieg the fracture shape is planar in the mid
part of the disc. With a large contact surface, énmv, the contact area makes a pseudo
uniaxial loading system at the top and bottom & #pecimen and the disc fails by the
formation of two wedges at the two opposite sideb® disc.

The AE events were recorded continuously for al Brazilian tests and the results will
be discussed in the next chapter, with a consideradf the AE parameters and an

interpretation of the failure mechanism.
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4.19: Stress versus deformation (above) and stress versus time (down) curves of specimens
Gabl to Gab11 under Brazilian test. The diameters o f specimens Gabl to Gab6 and Gab7 to
Gab11 were 70 and 40mm respectively.
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C N TN

70 mm

Figure 4.20: Failure shapes of two sizes of gabbro  specimens after Brazilian test. While wedges
developed in the large size samples at the top and the bottom of plates (A), linear patterns were
observed in the smaller size samples (B).
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4.5.3. Ultra high pressure triaxial tests

Triaxial tests have been used for many years Barekers and practitioners alike, to gain
an understanding of rock behaviour under a threeedsional state of stress and to verify, and
even validate, mathematical expressions that haea berived to represent rock behaviour in
analytical and numerical models (after Elliot, G. M Hudson, 1993). Recently, increased
attention has been drawn to using the triaxial tegtvestigate creep behaviour, the influence
of heat on rock strength, and the strength andreheftton behaviour of rock around deep drill
holes as well as the earth’s fault zones. Theskestinave further increased our understanding
of the physical mechanisms that control rock stiengnd have improved our understanding
of the constitutive behaviour of rock. In additidghese studies have required variations from
the conventional test configuration and proceduaes, have consequently presented special
practical problems. The guidelines for carrying wistxial tests and interpreting the results are
discussed in ISRM (1978).

In order to evaluate the mechanical parametersedisa® studying the resulting damage, a
few triaxial tests were carried out in this resbafthe aim of these tests was to characterize
the behaviour of gabbro under ultra high triax@dds. Since the study of damage evolution
using acoustic emission monitoring was one of tinesaof this research, a Giga press with
high capacity of loading was used to apply the leasia confinement loads. The Hoek-Brown
criterion and the Mohr-Coulomb envelope were evaldiaThese tests also make it possible to
highlight the irreversible nature of the damage tudigh confining pressures and the stress

path of the gabbro.

4.5.3.1. Presentation of Giga press

High confining pressure tests were carried outgisiie Giga press. Figure 4.18 shows a
general view of the press and a cross-sectioneotdimfinement cell in which the specimen is
placed. This press was designed by the THIOT-ENG&REG Company to test concretes
under ultra high pressures. The machine can perfests up to 0.85GPa confining stress and

about 2.4 GPa axial stress on cylindrical specinwgtis 140 mm height and 70 mm diameter.
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The specimens of rock are placed inside the corgicell as shown in figure 4.21. The fluid
used to apply the confining pressure, di-2-ethyhazelate (DOZ), is injected into the cell
through the upper plug. The fluid is pressurizeglfaia maximum of 850 MPa, by means of a
multiplying jack from an initial pressure of 25 MPEhe axial force is generated by a jack of
13 MN capacity, which is located under the cellj @transmitted to the specimen by a piston
that passes through the lower plug of the cell. @atils of the pressure and deformation

system, as well as the data acquisition machimep@sented by Gabet (2006).

4.5.3.2. Preparation of specimens and measurement o f deformations

Like uniaxial tests, the circular cylindrical sp@ens with a height to diameter ratio of 2
were prepared by cutting and grinding. Two testsewgerformed to assess the triaxial
behaviour of gabbro rock and to obtain a stressaggoh specimen for AE studies. For these
purposes, cylindrical specimens were prepared avif® mm diameter and 140 mm length (a
ratio of L/D = 2). The specimen, surrounded by antbene impermeable to the confinement
fluid, was positioned between 2 loading heads nwddangsten carbide. It was placed inside
the cell by a mobile device that allowed the specinbto be centered and to fix the axial
displacement sensor (LVDT). The pressure sensorsitaated in the entry port of cell. The
specimen was also instrumented with axial anddastrain gauges. These strain gauges allow
the measurement of local strains. The positionhefgauges and LVDT on the sample are
shown in figure 4.22. Other sensors, such as tbsspre sensor, were situated at the exit of

the multiplier jack.
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Chapter 4

confining cell gabbro specimen

axial jack pressure multiplier jack

(a) (b)

the Giga press and confinement cell (a)

Figure 4.21: Schematic sketch of main components of
al, 2006 with modification)

and a photo of the cell of the press (b) (Gabet et

Gabbro specimen

Developed lateral surface

LVDT

—_10 mm —

= sauges

— 28 mm—

Lower CAP

Figure 4.22: Scheme of strain measurement devices; gauges and LVDT
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Since gabbro is a hard rock and the tests perfoimadved ultra high pressure, a special
setup was needed to protect the gauges and wwes frobable damage. In brief, the
following steps were carried in preparing the spexis for triaxial tests in the Giga press:

* Prepare a smooth surface by grinding with medioerse emery cloth,

» Draw the lines of collage on the surface of speosne

» Apply the gauges using super glue,

* Weld the wires to the gauge sides,

» Cover the gauges by hard plastic shields to priotethem from damage,

* welding a small plaque to wires,

* Wrap the sample in impermeable membranes and passdctrical wires through the

membranes.

Figure 4.23 shows a prepared specimen with membi@md gauges wires.

Figure 4.23: The prepared specimen with 4 different =~ membranes (left) and electrical resistance
gauges and the protections (right)
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4.5.3.3. Triaxial behaviour of gabbro

Two triaxial tests were conducted at confining puess of 200 and 650 MPa. The prepared
specimen was placed in a triaxial cell (figure 4.2hd a desired confining stress was applied
and maintained by a hydraulic pump. The specimes tivan further compressed under a stiff
compression machine with a spherical seating. Ttase discharge was symmetrical about the
phase of charge. The axial stress was applied avittonstant stress rate and the load was
measured by a load transducer. Triaxial compressirength, Young's modulus (at 50% of
failure stress) and Poisson's ratio (at 50% of faikiress) was calculated from the axial failure
load and stress and strain relationship.

Triaxial compressive strength;, was calculated as the axial failure load divitbgdhe initial
cross sectional area of the specimen. Axial tamglentoung's modulus at 50% of triaxial
compressive strength, Et50%, was calculated asltdpe of the tangent line of the axial stress -
axial strain curve at a stress level equal to 50%hefultimate uniaxial strength. Poisson's ratio, a

50% of triaxial compressive strength, was calculaigidg the same method as for the uniaxial test.

» Triaxial test with 650 MPa confining stress

To evaluate gabbro behaviour under ultra high sé®sa triaxial test was performed on
specimen Gal (650) using the maximum capacity ef @iga press. For this purpose, the
confining pressure was applied at a rate of 100 [#raminute. The confining stress increased
up to 650 MPa and then axial loading was applietbupe maximum capacity of the Giga press
(2350 MPa). Figure 4.24 shows the confining, axiaan and deviatoric stresses versus time.
Figure 4.25 shows also the axial stress versuggponding axiale(), lateral deformations()
and volumetric changes during loading and unloagaths. Volumetric change was calculated
by thee, =¢; + 2e3formula.

In spite of using almost the maximum capacity ef @iga press, at the end of test there was
no apparent damage to the specimen. However, 4 amaunt of residual strain (0.07%) could
be seen in the stress—strain curve. To evaluat@dhsible damage, elastic wave velocities of
the specimen were measured before and after tlaialri test. The results of these
measurements, as well as the results of mechaesta and AE monitoring on this specimen,
will be presented in chapter 6.
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Figure 4.24: Stresses versus time of specimen Gal (  650) during ultra high triaxial test
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Figure 4.25: Axial stress versus axial, lateral and volumetric deformations of specimen Gal
(650) during ultra high triaxial test
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» Triaxial test with 200 MPa confining stress

Since the gabbro specimen did not fail under 65GMénfining stress, we carried out
another test with 200 MPa confining stress. Th@anaion of the specimen was the same as
presented in section 4.5.3.2. Confining stress agasdied at 100MPa per minute then axial
loading was carried out at the same loading rateoupilure. Axial and lateral deformations
were continuously measured by resistance electgaages and the LVDT. In this case the
specimen failed at a maximum axial loading of agpmately 1480 MPa. The failed specimen
shows a planar surface of failure with 65° of honizfigure 4.26). Due to the high applied
stresses, considerable fine cataclastic brecciakl dme seen between the two parts of the
specimen. Figure 4.26 shows the stresses vs timeswf the specimen Ga2 (200). Figure
4.27 also shows the curve of axial stress vs deftboms. The results of these two tests have

been used to calibrate the Hoek-Brown and Mohr-@abl criteria.

Figure 4.26: Specimen Gaz2 (200) after ultra high tr  iaxial test. The sharp, planar failure surface is
obvious in this photo.
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Figure 4.27: Stresses versus time of gabbro specime  n Ga2 (200) under triaxial test
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Figure 4.28: Axial, lateral and volumetric deformat  ions versus axial stress, specimen Ga2 (200)
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4.5.3.4 Comparison of the two triaxial tests

The figures 4.24 to 4.28 show the results of stdefermation curves and volumetric
changes of specimens Gal (650) and Ga2 (200).idgilme$ also show the hydrostatic loading
and deviator stress stages. The maximum capacityeoGiga machine was used to evaluate
gabbro under ultra high stresses. Specimen Gal) (6@8 loaded to 650MPa confining
pressure and then loaded axially up to 2300MPaoathhg followed the same scheme. We
found that the ultimate strength of this rock waghkr than the maximum capacity of the
machine under 650MPa confining pressure. Therefaregstimate the needed parameters,
another test was conducted with a confining stoé290MPa.

The stress-deformation curves that were recordeddMiyT and electrical gauges showed
good agreement for both Gal (650) and Ga2 (20@)iseas. The volumetric behaviors of the
two specimens were comparable in the hydrostatas@hin spite of more than 1.4 percent
volume decrease of specimen Gal (650) in loadinegresidual strain after unloading was less
than 0.2 percent. It seems that the specimen whsinsthe elastic phase and was not
significantly damaged. The result of a uniaxial poession test, elastic wave velocity
measurements and thin section studies on this meetig-damaged specimen will be
presented in the next chapter.

For specimen Ga2 (200), we used a confining sioés200 MPa. The specimen failed
abruptly at an axial stress of 1430 MPa. Basedxiad gauge data, up to 1000 MPa of axial
loading, both the axial and lateral records aredin Changes were observed for larger loads.
The maximum axial and lateral deformations at th#&ufe point, according to electric
resistance gauge signals, were about 1.7 and @item, respectively. The volume of the
specimen decreases as long as the mean stresgerstian 500 MP, and then the contraction

phase is followed by dilatation.

4.5.3.5 Calibration of failure criteria parameters

Hoek and Brown (1980a and 1980b) introduced aritwiterion in an attempt to provide
input data for the analyses required to design mgndend excavations in hard rock. The
criterion was derived from the results of reseaattbrittle failure of intact rock by Hoek
(1968) and on model studies of jointed rock masgbeur by Brown (1970). The criterion
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started from the properties of the intact rock a&hnen introduced factors to reduce these
properties on the basis of the characteristicsiotg in a rock mass. The original Hoek-Brown
criterion is defined by the equation:

0.5
01=03% 0 (mﬂ + sj (4.5)

O

- whereo; andos are the major and minor effective principal stessat failure,

- o IS the uniaxial compressive strength of the intack material and;

- mand s are material constants, where s = 1 foctinteck.

To plot the Mohr's stress circle, one need to perfa group of triaxial compression tests
at different confining stress levels. Since thipetyof study is not the main concern of our
research, RocLab software was used to obtain thier'sistress circle. RocLab is a software
program for determining rock mass strength pararpeteased on the generalized Hoek-
Brown failure criterion. The software is a prodwétRocscience Inc. and it gives relatively
appropriate results. Failure envelopes (Mohr-Coldl@mnHoek and Brown) and parameters of
specified failure criterion were determined usihig software.

Each of the parameters used as input for the HoelwB criterion —o¢; andm - can be
estimated using convenient charts and tables pextean this software. These charts and
tables are accessed by selecting the “Pick” butioated beside each of the input parameter
edit boxes in the sidebar. The steps of evaluatibioek-Brown criteria and drawing of
Mohr-Coulomb circle by this software are preserielbw:

The dialog box for estimation @h and other parameters are shown below in figur@ 4.2
and figure 4.30. After all required parameters emgut, the Hoek-Brown parameters are
calculated by the software and a graph is drawe. résults are presented in figure 4.31. The
graph is drawn based on the parameters that weagneld through the Brazilian and simple

uniaxial tests (table 4.5).
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Hoek-Brown Classiication
sigei | 225 ~ —{MPa @

GSI |50 =

<8
mi | 30 — 7|
&
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® Ei| 88000 -{MPas
(— MR (400 — -

Figure 4.29: A table for choosing input parameters for plotting Hoek-Brown criteria using
RocLab software
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Figure 4.30: Different rock mi values based on Hoek  -Brown characterization
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Based on the uniaxial test, we also calculatedrtheng's modulus, the maximum strength
and the Poisson’s ratio at about 88 GPa, 225 MB&®dhrespectively.
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Table 4.5: Mechanical parameters of gabbro rock obt  ained by simple uniaxial compression

tests
Elasticity Max. Uniaxial Max. Tensile
Modulus [MPa] Strength [MPa] Strength [MPa]
100 230 12
3000 .
R2=0,999 |
A I S
a 2500 : |
=, | |
1 S S S
w [ | :
)] :
o i
B e ABOO oo
© i
e :
o i
C e T :
a 1
5 1 e i
= N 500 1/ 2 SpecflmenGal(65(
= i W Specimen Ga2 (200) |
B Uniaxial strength |
. ‘ . A ‘ . . . . A Tensile strength _|
-500 0 500 1000

Minor principal stress a3 [MPa]

Figure 4.31: Principal stress and Hoek and Brown fa ilure criterion for African Gabbro based on
triaxial tests. The results of two triaxial tests - Gal (650) and Ga2 (200) - are shown on the graph.

Equivalent Mohr-Coulomb Parameters
In addition to the Hoek-Brown failure criterion pameters, RoclLab calculates the

equivalent Mohr-Coulomb parameters (cohesion angleaof friction). Since most rock
engineering software is still written in terms dfet Mohr-Coulomb failure criterion, the
calculation of equivalent Mohr-Coulomb parametecsrf the Hoek-Brown failure criterion is

an important feature of this program.
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Failure Envelope Range
It is important to note that the Failure EnvelopgnBe option has a direct effect on the

calculated Mohr-Coulomb parameters. For detailsuabiee Mohr-Coulomb fitting procedure,
and the significance of the Failure Envelope Ramgon, see Hoek and Brow (1980a). For
drawing the failure envelope range using of thisgpam, a few points are worth mentioning:
1. When the Failure Envelope Range option = Genpodé thabsmax = o¢i: This is based
on the empirical observation that the stress raisgeciated with brittle failure occurs when
is less than about one-quarteigf
2. When the Failure Envelope Range option = Customy, value of sigma3max can be
entered. The Failure Envelope Range has no effettieocalculated Hoek-Brown parameters.
The corresponding Mohr-Coulomb envelope can be etewy selecting the Mohr-
Coulomb Envelope option from the toolbar or the Ksis menu. Figure 4.32 shows the
Mohr-Coulomb envelope for gabbro based on a tria@st and evaluated parameters. The
stress path for this rock is also presented inrégu33 and the calculated c ampgbarameters

are shown in figure 4.34.

600

|y =0,9388x + 68,016
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=3
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Figure 4.32: Mohr-Coulomb envelope based onthe Ga2  (200) triaxial test result using RocLab
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Figure 4.33: Proportional tests: loading paths in

Failure Envelope Range
Application:  Custom =

sigdmax | 200 EIMF’&
UnitWeight | 0.0283  MN/mI
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the stress space for Ga2 (200).

Mohr-Coulomb Fit
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Figure 4.34: The results of failure envelope in Roc
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4.6 Concluding remarks

This chapter focused on presenting the resultalmdratory tests that were performed on
selected granite and gabbro to evaluate their paAlysand mechanical properties. The
geological characteristics of rocks, elastic waveasurements, uniaxial and triaxial
compression and Brazilian tests results, as wethagdest procedures, were discussed briefly.
Results of the two triaxial tests carried out usihg Giga press under ultra high confining
pressure were also presented in this chapter. Batewsome key findings:

1. Based on microscopic study, Lavasan granite msedium size intrusion rock with
alkali rich plagioclase, quartz and mica miner&@sme of Fe- and Mg-rich minerals are
slightly altered to secondary minerals like amplkebavhich give a pale green colour to the
rock mass. North African gabbro is a well crysttl two pyroxene (ortho and clino
pyroxenes) gabbro with &arich plagioclases. No evidences of alterationsehasen seen in
microscopic investigation.

2. The primary (Vp) and the secondary (Vs) elastiwe velocities are respectively 4050
and 2537 m/s for granite rock and 6560 and 408Con/gabbro rock.

3. The average uniaxial compression strengths famigg and gabbro are about 130 and
225 MPa respectively. The average elasticity magléitu granite is 30 GPa and the average
Poisson’s ratio is about 0.27. For gabbro, thetielas modulus is about 90 GPa with a
Poisson’s ratio about 0.2. Eleven Brazilian testsenperformed on two different sizes of
gabbro specimens; these showed an unconfineddesteéingth of about 12 MPa. The size of
the specimens does not play a major role in thalestrength.

4. Two triaxial tests were also performed underaultigh stresses using the Giga press.
RocLab software was used to calculate the Hoek-Briaiure criterion and to plot the Mohr-
Coulomb and stress path envelopes. The maximun stxéss of gabbro rock is about 1480
MPa under 200 MPa confining pressure. The cohesigyabbro in this condition is 68 MPa

and internal friction is about 43°.
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Chapter 5

Acoustic emission
monitoring and infrared radiation measurements under

stress during laboratory tests

5.1 Introduction

Loading of rock samples will cause changes in tleelmanical and physical behaviour
that can be measured in the laboratory. Beforedhk mass fractures, some measurable
changes in the rock parameters, such as acousissiens (AE), temperature radiations
and low frequency electromagnetic emissions haes beported (Ouzounov et al., 2004;
Friedemann, 2002, 2003; Hardy, 2003; Wu et al.,22@@ckner, 1991). In chapter 4 the
results of conventional laboratory investigations laavasan granite and North African
gabbro presented. In this chapter we try to discaveslationship between AE activities
and the evolution of failure during the loadingaofiard rock in order to establish a general
approach for monitoring and predicting catastrogilcire in rock masses.

The results of acoustic emission monitoring, sheare velocity changes and infrared
measurements during loading on Lavasan graniteNammth African gabbro are discussed
in this chapter. Firstly, the procedure to calierand to set-up the AE system will be
presented. Then the results of the uniaxial testgranite and on gabbro specimens using
appropriate AE set-ups will be discussed, includimgresults of a few Brazilian tests that
were conducted on gabbro specimens. For all oftélsés, AE events were recorded
continuously until the failure of the specimensuFtransducers were used to monitor the

AE in uniaxial tests and two transducers monitoggdnts in the Brazilian tests. Before
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discussing the experimental analysis, a brief exgilan of crack initiation and crack
propagation of stressed rocks in laboratory stu@depresented based on the available
literature.

In the final part of this chapter, results of imé&d radiation measurements under cyclic
uniaxial loading are presented. Since the predictd failure of stressed rocks using
precursors is the main objective of the thesis @musidering the importance of infrared
radiation measurement in this regard, a few testeevperformed using the facilities at
Laboratoire Mécanique du Solide (LMS) in Palaisé&le. also compared the AE evolution
with deformation data and we will discuss the ad@ges and the disadvantages of each
method.

5.2 Determination of damage evolution in uniaxialt  ests

A number of techniques have been developed to datet study crack growth in
brittle materials. The most common of these inveltlee use of electric resistance strain
gauges to measure slight changes in sample deforrtaiat can be related to the closing
and opening of cracks (Bieniawski, 1967). To adegxtent, acoustic emission monitoring
has been used to correlate the number of acoustit®to various strain gauge responses
(Ohnaka and Mogi, 1982; Thiercelin, 1980; Khair 49&berhadt et al., 1998). Other
techniques to detect crack growth have involved tise of photoelasticity, optical
diffraction patterns, scanning electron microscopaeser speckle interferometry, ultrasonic
probing, infrared and electrical resistivity.

In this research, the AE technique was used torm@te crack growth and failure
events during uniaxial loading. Micro deformaticstal was also recorded for examination
and comparison of the results. The results of thaxials test were presented previously in

chapter 4.

5.2.1 Stress—strain curve

Strain gauge measurements have provided insigbtdaelineating the stages of crack
development in rock. The general underlying idehirmk these studies is that the failure
process can be broken down into a number of stbgsed largely upon the stress-strain
characteristics displayed through axial and lateteformation measurements recorded
during uniaxial and triaxial laboratory tests (Hisdt et al., 1998). Based on the stress-
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strain behaviour of a loaded material (figure 5Xgrtin (1993) defined these stages as
being (1) crack closure, (2) linear elastic defdrorg (3) crack initiation and stable crack
growth, (4) critical energy release and unstabéelcrgrowth, and (5) failure and postpeak
behaviour. Crack closure occurs during the inif&lges of loadingo(< oc in Fig. 5.1,
wherec is the total axial stress anrd. is the stress at crack closure) when pre-existing
cracks orientated at an angle to the applied |é@skc During crack closure, the stress-strain
response is nonlinear, exhibiting an increase ial atiffness (i.e., deformation modulus).
The extent of this nonlinear region is dependentheninitial crack density and geometrical
characteristics of the crack population. Once tlagonty of pre-existing cracks are closed,
linear elastic deformation takes place. The elasiitstants (Young's modulus and Poisson’s
ratio) of the rock are calculated from this lingeortion of the stress-strain curve. Crack
initiation (o) represents the stress level where micro fragjunegins and is marked as the
point where the lateral and volumetric strain csrdepart from linearity. Crack propagation
can be considered as being either stable or uestabl
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Measured

O axial
M
i e Do
strength
crack damage threshold _——_——_—-— = = = = = }*ch
|
crack inftation threshold % — T — — — — = thC-‘,_.i |
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s T 1 >
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| I
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|
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1
Ii -_
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Figure 5.1: Stress-strain diagram showing the eleme  nts of crack development (Martin, 1993).
Note that only the axial (€xia) and lateral (gaea) Strains are measured; the volumetric strain

and crack volume are calculated . 0, axial stress; oy peak strength; AV, change in volume
and V is the initial volume.
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Under stable conditions, crack growth can be stdgpecontrolling the applied load.
Unstable crack growth occurs at the point of realeirs the volumetric strain curve and is
also known as the point of critical energy releaserack damage stress thresheld
(Martin, 1993). Bieniawski (1967) defines unstatiack propagation as the condition that
occurs when the relationship between the appliegstand the crack length ceases to exist
and other parameters, such as the crack growtltitieldake control of the propagation
process. Under such conditions, crack growth woaolttinue even if the applied load were

kept constant.

5.2.2 Acoustic emission and failure evolution

As explained in chapter two, acoustic emissionglaeeto the stress waves produced by
the sudden internal stress redistribution of théenals caused by changes in the internal
structure. There are several different sourcesfoustic emission but crack initiation and
crack growth are the most common causes of thisghenon (Hardy, 2003; Thiercelin,
1980). Since most sources of AEs are damage-reldtedietection and monitoring of these
emissions are commonly used to predict materiédriai This is an important issue in civil
engineering and can provide early warnings of seveudden failures; AE can detect the
accumulation of micro damage inside components@ally under service conditions. The
monitoring of acoustic emissions produced in thieifa process of rocks has been shown to
be very useful in assessing the stages of faithee|ocations of active deformation and the
characterization of modes of rupture. This methad heen successfully applied both in
laboratory tests and for in-situ monitoring.

Recording the number of AE events is the most cotimeal method for evaluation of
damage procedure in rock. In addition to recordhmg number of events and correlating
this number to the measured deformation respongweimnock, it is also possible to record
certain properties of the AE waveforms (Salah, 198Be signal waveform of an acoustic
event is affected by the characteristics of theamuhe path taken from the source to the
sensor, the sensor characteristics, and the recpsjistem. Generally, these waveforms
are complex and using them to characterize theceooan be difficult. Due to these
complexities, AE waveform analysis can range frampge parameter measurements to
more complex pattern recognition (Eberhardt, 1998) characteristics of an acoustic

event may also be used to approximate the reldadaaiic energy through the AE event.
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The true energy is directly proportional to theaaumder the acoustic emission waveform
which in turn can be measured by digitizing andegmating the waveform signal.
However, this can be both difficult and time congugn As noted in chapter 2, the energy
of an event can be approximated as the squaresgigak amplitude (Lockner et al., 1991)
or the square of the peak amplitude multiplied Iy €vent duration (Hardy, 2003). The
resulting values are actually more representativide event power (the units are given in
dB), but are commonly referred to as energy calimria in the literature due to their
approximately linear relationship with energy. Thigpe of energy analysis helps in
highlighting AE events with abnormally large amgpdies or durations.

In this research, acoustic emissions were monitdtegthg loading using four acoustic
transducers in uniaxial compression (UC) tests vl transducers for Brazilian tests,
which were attached directly to the specimens. \We&hused the AE event numbers and
AE event energy parameters to evaluate the fajwoeedure in two types of igneous
rocks. The AE results are compared at differengestaof rock deformation that are
recorded by electrical strain gauges during loadimghe following sections, details of AE

monitoring in UC and Brazilian tests are discussed.

5.3 Acoustic emission monitoring
5.3.1 Apparatus and procedures for the test

The minimum AE measuring system consists of thfements: a sensor, pre-amplifier,
and AE signal processor. In this study a MISTRAR00del IPC610BP-260F-PI11866MHz
system was used for data acquisition. The AE se&lsp used standard pre-amplifiers,
Physical Acoustic Corporation 1220A, and four tduers (Physical Acoustic Corporation,
R15, diameter = 17 mm). These transducers haverfpmuency response in that they are
not broad-band (main operating frequency range a@svéen 100-600 kHz) and have
significant resonance.

Acoustic emissions generated during rock deformatvere detected using transducers
that were mounted on the sides of the specimenseThpilot tests were carried out for
optimizing the set-up, based on rock charactesis@nbient noise and parameters of the
equipment used. In this set-up, signals from thetr&Bsducers were pre-amplified by 40dB
gain passed through a frequency filter (100-100@)k&hd a post-amplifier of 45 dB gain

inside the recording system. In each case, fullef@wm data were recorded for events with
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a sampling rate of 4 MHz and 1024 points. The sysettings were kept constant for all the
tests except the trigger threshold, which was aeuwithin the range 35-45 dB to achieve
the best monitoring depending on the specific sitna (noise etc). The variations in
coupling between the transducers and the specineza also determined before each test
using the standard “pencil-break” test. Other sg#iiwere: Peak Definition Time = 5@;
Hit Definition Time = 200us; Hit Lockout Time = 300us (see Physical Acoustics
Corporation, 2001, for details).

Table 5.1 summarizes the number of AE monitorirggsteluring simple compression

and Brazilian tests performed on Lavasan graniteNorth African gabrro.

Table 5.1: Number of AE monitoring during uniaxial and Brazilian tests

Lavasan Granite

Geometry of No. of specimens
specimens LxD (mm) O

Simple uniaxial Grl, Gr3, Gr6, Gr7, Grl10 Grl2,
compression test 10 100 x 45 Grl3, Grl5, Grl6, Grl7

North African Gabbro

Type of test Number of tests

Simple uniaxial

. 4 140 x 70 Gal(650)*, Ga3, Ga4, Galo
compression test
Brazilian 6 20 x40 Gabl to Gab6
Brazilian 5 35 x70 Gab7 to Gab11l

* This specimen was previously damaged in triaxial test by ultra high confining and axial stresses.

5.3.2. AE monitoring during unconfined compressive tests

Uniaxial compression test was performed on 14 sesngl Lavasan granite and North
African gabbro. Results of the tests were preseptediously in chapter 4. Based on the
Society for Testing and Materials Standards (degign ASTM D4543-85), the length to
diameter ratios were approximately 2 to 2.5. Caorsidle care was taken to minimize the
influence of end effects on strain gauge and ABstacer readings. This entailed the use
of a specially constructed frame that allowed fog sample ends to be highly polished.
Measurements of end surface flathess and perpdadiguare lower than those
recommended by ASTM standards. Each sample wasuinshted with four Micro-
Measurement electric resistance precision straigem (two axial and two lateral at 90°
intervals, 12.7 mm in length, with a 5% strain Mo record sample deformation and four

AE transducers to record acoustic emissions. Sgauges were mounted directly on the
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cleaned sample surface. Three LVDTs were also dsedg tests to ensure that the load
direction did not change during tests. Prior toadral testing, P- and S-wave travel times
were recorded for each sample (Table 1 in ApperlixAcoustic emissions were

monitored continuously during the uniaxial comprasstests of gabbro and granite
specimens. Two transducers were symmetrically nesbimin end of the specimen and
were placed 20 mm from the each end of sampleaBeffSWC couplant 7 and elastic
bond were used for fixing the transducers on specgnFigure 5.2 schematically shows
the AE set-up and loading system for carrying dwg tiniaxial tests. Details of the
transducer attachment to the specimens in uniaxidlBrazilian tests are shown in figure

5.3. Figure 5.4 also shows a specimen after aviéistmounted AE transducers and LVDT

Sensors.

Data acquisition

AE monitoring
system

system

Load & displacement

measurning system

Strain measuring

system

Pre-amplifier

Controler [—

Load

cell
Specimen :}FDT Signal

P ,:?) |_ conditioner
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Strain measurement
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|| Hydrulic

Loading machine
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Figure 5.2: Schematic diagram of AE monitoring and
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Figure 5.3: Diagram showing mounting of AE transduc ers on specimens for Brazilian (a)
and uniaxial tests (b)

Figure 5.4: Specimen number Gr7 after a uniaxial co  mpression test
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5.3.2.1 AE Hit parameter

All AE parameters and AE definitions were previgugtesented in chapter 2. In this
research work, we have used the AE hit number daerhergy parameter as the two most
commonly considered in acoustic emission studies.

The recorded AE and stress-deformation data halded many useful time-histories
and load-based plots of AE hits. We compared thepAameters with conventional load-
deformation data; for both rocks considered in thisearch, three visible AE hit rate steps
could be delineated. The first step occurs at aBbub 35 % and second at about 60 to 70
% of the failure stress for the Lavasan granit.rdde final step of AE hit occurs when
the applied stress reaches almost 90-95 % of thedatress in both rocks. The last step
iIs more visible and sharper than the other two.sé&€hbree steps could also be seen in the
gabbro specimens with small differences. For allgabbro specimens, the first step
occurred below 20 percent (about 18 %) of the @terstrength of rock.

For both rocks, the first two steps were lower ttienlast one. Therefore, the first step
for some specimens were not quite visible; it sedms the noise rate for these types of
records is high and does not allow the detectiothanfiage related records. Both the granite
and gabbro samples showed the same trends in encarrate of AE hits at stresses close

to failure.

5.3.2.2 Cumulative AE energy

The graphs of the cumulative AE parameters (hit amnérgy) and stress versus
deformations were drawn from recorded AE data. tiesresults for the AE hit number, the
energy rate of AE events was found to be quiteuatil the applied stress reached nearly 30
percent of ultimate failure stress in granite aBdpgércent of ultimate strength for gabbro. It
was then followed by a small increase to reactsdm®nd step at around 60 to 70 percent of
the maximum strength of the rocks. Finally, nedufa (90 to 95 % of ultimate strength),
the third step occurred with extreme acoustic eiomss Unlike the AE hit, the AE energy
steps were quite sharp for both rocks; howeverthird step, similar to the AE hit rate, is
sharper than the two first steps. Since both thHsbigaand granite rocks are relatively
isotropic and hard, there is not a big differeneereen the accumulated AE energy rates in
these specimens.
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We found that the AE energy parameter was the rafisttive way to follow the
stress-induced rock failure procedure and to ptete ultimate strength of the rocks. The
three steps identified are comparable to crackation (o), crack damages(y) thresholds
and ultimate uniaxial strength in the stress-stdiagram presented by Martin in 1993
(Figure 5.1). It should be noted that since thelcraosure ¢.;) stage is not related to
crack generation, it is not surprising that thagystis not detectable based on AE data.

Figures 5.5 to 5.8 show the accumulated AE hit rensikand energy for Lavasan
granite and figures 5.9 to 5.11 present the sam@tgsefor North African gabbro. Stress-
deformation data of each specimen are also repgexbémthe same graphs. In table 5.2 we
have summarized all the results from AE monitonghese two rocks types. In appendix |

we present the AE hit and energy parameters fafdlie uniaxial tests carried out to date.

Table 5.2: Different steps of AE energy and AE hit  during uniaxial compression tests on
Lavasan granite and North African gabbro and equiva  lent stresses

No of Geometry of Max. uniaxial Equivalent stresses at AE steps
specimen specimens LxD strength [M Pa] 1-2-3
(mm) Stress[M Pa] Per cent (%)
L avasan granite
Grl 95x45 142 34 - 83 - 130 24 — 58 - 92
Gr3 101x45 121 25-72-110 21-60-91
Gr5 101x45 138 36— 85- 131 26-61-95
Gr6 99x45 147 38-85-138 26 -58-94
Gr7 100%45 125 49 - 83 -116 39 -66-93
Gri0 101x45 123 30-82-117 24 -67-95
Gri2 101x45 138 27-98-131 20-71-95
Gri15 100%45 135 38 -66—-128 28-49-95
Gri6 100x45 122 19 — 46 — 997 16 -38-81
Grl7 100x45 136 28 —95-1307? 21-70-96
North African gabbro

Gal* 142x70 160 36-118 - 150 23-74-94
Ga3 141x70 216 37 -127 - 207 17 -59-96
Gad 141x70 238 44 — 135 - 217 18-57-91
Galo 143x70 225 41 - 164 - 219 18 -73-97

* Gal was previously damaged under ultra high triaxial loading.
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5.3.2.3 Comparison of AE steps with stress-deformat  ion graphs

Considering the accumulated AE energy and the aslaied AE hit graphs of
Lavasan granite and North African gabbro, thre@sstean be delineated for each test.
These three steps are comparable to crack initidig), crack damage threshold.§) and
uniaxial compression strength (ucs) in the stregerchation diagram presented by Martin
in 1993 (Figure 5.1). In spite of the definitivefesfts of these three stages, the crack
closure 6. stage is not as clear based on AE parameterdéligye that, since this stage
is not related to crack generation, it is not sigsipg that it is not detectable based on AE
data.

The greatest difference in the AE records in the tacks studied is the stress level at
the start of the first step. While the first step granite normally begins after 25 percent of
the maximum strength of the specimen, for gabbis ielow 18 % (see table 5.2). This
could be due to the lower porosity of gabbro coregdo granite. This leaves gabbro with
about 0.5 % porosity to reach the closure pointnsoothan granite, which has
approximately 1 % porosity.

By comparing the AE parameter with the stress -ordehtion data, we found that
using the AE record outlines each step of the failprocess more definitively.
Nevertheless, the limits of the failure procedurdhe stress — deformation curves are not
quite clear.

We have also noted that the AE energy parametdhasmost effective way of
following the stress-induced rock failure procedaed of predicting of the ultimate
strength. In general, the steps based on the AEeparameter are sharper than the steps

delineated by the AE hit parameter.

5.3.3 AE monitoring during Brazilian tests

The AE investigation also involved the testing ofosal of 11 gabbro disc-shaped
specimens of two different diameter sizes (40 a@dm). The specimens were cored
from the same block as the specimens for the wadiaxid triaxial tests. The diameters and
the length-diameter ratios (L/D) of the specimemsaerbased on ISRM (1978) and ASTM
D3967-95a specifications. The results of Brazitiests were previously presented in table

4.3 and in figure 4.17 in chapter 4.
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The press described previously was used to load sipecimens. The vertical
displacement was measured by LVDT and internallaigment gauges. For all the tests,
the velocity of loading was constant and it wasntaned at about 10mm/s. A spherical
adapter was placed between the specimen and tt@bptate of the testing machine to
make the effects of non-parallelism of specimeffiesas negligible (see figure 4.10).

For all of the Brazilian specimens, AE events werenitored using two transducers
mounted directly to each side of the disc. The Al deformation data were recorded
continuously during loading until failure. Figurel3 schematically shows the location of
transducers on the specimens and loading suppligare 5.13 shows a gabbro specimen

with AE sensors at the beginning of a Braziliar.tes

Loading platen

Main
diameter
Rock specimen

| specimen
s

AE sensor

(a) (b)

Figure5.12: Schematic views of loading system, Disc  -shaped specimen and attached AE
sensors (a) and details of the test assembly (b)
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Figure 5.13: Gabbro disc-shaped specimen with AE se  nsors before Brazilian test

As noted in chapter 4, a review of the fracturdgratshowed two visible wedges in
the top and the bottom of the disc shaped specinféreswedges were most visible in the
specimens with a large diameter (70 mm).

Acoustic emission data were analyzed to develolationship between the AE
activity and the micro crack nucleation and theuawzglation of damage during indirect
tensile tests. The AE event hit and AE event enpayameters were plotted versus time.
Comparisons were also made between stress-timetegss versus deformation. Figures
5.14 to 5.17 show the accumulated AE hit and tleeiraclated AE event energy for some
of the specimens. Other graphs of AE records aesemted in appendix I. The graphs
show different significant steps for all the 11t$e\E records of specimens Gabl, Gab2,
Gab3, Gab4, Gab7, Gab8, Gab9, Gab10 and Gabl1tehesvsteps of AE hit and energy.

However, for Gab5 and Gab6, only two steps are r@ppaResults from the analysis of
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event hits for each AE step and the correlatedstieare presented in Table 5.3. Based on

the test results and considering the availableiessudn micro crack evolution in stress

induced rocks, we can deduce that:

The first step is related to nucleation of micraaks in the middle part of the

disc due to tensile micro crack propagation.

The second step of the AE event rate increase spwngls to the development

of the wedges at the top and the bottom of the disc

The last step is related to the ultimate tensiengfth of specimen and failure.

Table 5.3: Different steps of AE energy and AE hit

during Brazilian tests and the equivalent

stress
No of Geometry Tensile strength Fauivalent Strffsze?;;)f AE steps
specimen LxD (mm) [MPa] Stress [MPa] Percent (%)
Gabl 35x70 10.3 24-65-99 23-63-96
Gab2 32x70 11.1 23-7.1-105 21-64-95
Gab3 31x70 11.6 1.8-6.2-10.8 16 - 53-93
Gab4 33x70 12.3 19-75-115 15-61-93
Gab5 34 x70 11.6 *-3.8-105 *-33-91
Gab6 36 x 40 10.9 *-58-10.4 *— 53-95
Gab7 22 x 40 11.7 1.7-72-113 15-61-96
Gab8 20 x 40 10.6 22-63-938 21 -59-92
Gab9 21 x40 10.2 1.7-66-94 17-65-92
Gab10 19 x 40 13.5 21-*-124 16 —*-92
Gabll 22 x 40 12.2 18-6.1-115 15-50-94

* The values were not identified due to noise aossjble technical problems.

127




Chapter 5 Acoustic emission monitoring and infrared measurements under stress

12 20000

| I Y KR _._._._._._._._._.§tew
9 ! 15000

Stress

10000

Stress [MPa]
(<2}

Accumulated AE hit numbers

3 "“F 5000
. _._._.Stepl
!
0 W 0
0 25 50 75 100 125
Time (s)
12 40

Stress

20

Stress [MPa]
o
kY

Accumulated AE energy (10e -12 J)

|

t

| |

i i

i

| E energy I

| / i

! 10
v I

/

0 25 50 75 100 125
Time (s)

Figure 5.14: Accumulated AE hit (above), accumulate  d AE energy (below) and stress versus
time during Brazilian test of gabbro specimen Gab1l

128



Chapter 5 Acoustic emission monitoring and infrared measurements under stress

12 32000
i
9 : 24000 %)
Stress i 2
i IS
— Step 2 . >
S F—-—————— R S s U A | <
o . =
= ! <
— 6 t 16000 W
1%} : <
3 ¥
) o]
=] Q
@ @
=
IS
>
3 8000 &
<
0 0
0 30 60 90 120 150
Time (s)
12 48
=
9 A 1 36 ~
i\
st S
Step 2 ress 2
g S
= )
o 61 2R
g Y
? B
AE energy E
=}
£
112 3
Q
<
+ + + + 0
90 120 150
Time (s)

Figure 5.15: Accumulated AE hit (above), accumulate  d AE energy (below) and stress versus
time during Brazilian test of gabbro specimen Gab2

129



Chapter 5 Acoustic emission monitoring and infrared measurements under stress

12 12000

9000

Stress

Y

Stress [MPa]
[e)]
T
i
[

i
i
|
i
i
I
i
i
I
i
i
]

/ 6000

AE hit

Accumulated AE hit numbers

3 f 3000
0 0
0 25 50 75 100 125 150 175 200
Time (s)
12 16

Stress [MPa]
[«
i
i
[
i
1
i
i
i
I
I
i
I
i
i

|
|
!
v AE energy

[ee]
Accumulated AE energy (10e -12 J)

14
0
100 125 150 175 200
Time (s)

Figure 5.16: Accumulated AE hit (above), accumulate  d AE energy (below) and stress versus
time during Brazilian test of gabbro specimen Gab3

130



Chapter 5 Acoustic emission monitoring and infrared measurements under stress

15 10000
12 4 1 8000
44
5]
Q
IS
= 9 6000 2
S Ll __ I | See2 | £
— L
I
g i 5
5 Pl . o]
n 6 o . 4000 %
i S
[ - /_,J AE hit =
| Q
. Q
I ‘ 2
3¢ 1 2000
[ Step 1.
| /f
0 ———— 0
0 25 50 75 100 125 150 175 200 225
Time (s)
15 10
12 Step 3 | 5

Stress [MPa]

__________________ U A _._._._._iE”?;_{ g

J" AE energy

Accumulated AE energy (10e -12 J)

0 25 50 75 100 125 150 175 200 225
Time (s)

Figure 5.17: Accumulated AE hit (above), accumulate  d AE energy (below) and stress versus
time during Brazilian test of gabbro specimen Gab4

131



Chapter 5 Acoustic emission monitoring and infrared measurements under stress

5.3.4 Interpretation of the AE records from uniaxia | compression tests
and Brazilian tests

The main objective of this portion of the reseawas to investigate the damage
procedure by monitoring AE events and comparing At results from uniaxial
compression and Brazilian tests. In other words,tito main rock failure mechanisms,
shear and tensile, were investigated by AE momitpriFor this purpose, a series of
laboratory tests were carried out on isotropictleritock specimens. A direct comparison
of the AE event data from both test methods shatvatithe AE activity in the Brazilian
tests was considerably lower than in the uniax@ahgression tests over the same time
span. The high level of energy needed for sheduré&in the cylindrical UC tests in
comparison to the indirect tensile strength mayshi@e main cause of the difference. The
better coupling of the transducers to the flataefof the Brazilian specimen in contrast to
the convex shape of the cylindrical specimen usdtie UC tests is another reason for the
observed differences. In the later case, the reisd increases due to movement of the
transducers upon rock deformation of the UC specsme

Plotting the accumulated AE hit number and the mamdated absolute AE energy
versus deformation and time for each type of teets three sharp steps in AE activity in
the UC tests and also three steps in the Braz#isis. The steps in UC tests are associated
with the initiation of micro cracks, the onset ofcno fracturing and damage nucleation,
respectively. The three steps of AE events in thaziBan tests could be related to the
beginning of micro fracturing, wedge formation ke ttop and bottom of the disc and
finally nucleation of a failure surface in the mieldection of the disc.

We have found that absolute energy is a more tefeeway of predicting catastrophic
failure of specimens than the conventional AE laitgoeter for both test methods. Data
processing shows that, despite the gradual inci&fatbe accumulated AE hit quantity, the
absolute energy parameter increases sharply in phaBe of the failure process. A
practical implication of this result is that anrieased AE activity (hit per second) does not
necessarily indicate that the test specimen haheeaa critical state. The increase of the
AE count could be related to other AE sources sisctislocations and noise which can be
activated during loading (Keshavarz et al., 2008vertheless, the sudden increase in
absolute energy is most likely due to micro crakaton and damage propagation inside

the specimens. Finally, we note that all the respiesented here refer to two particular
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brittle rocks and further research is necessagxtomine whether the results described are
applicable to other types of rocks.

5.4. Infrared measurement under cyclic loading
5.4.1 Stress induced infrared radiation

An object whose physical temperature is above absaero will produce infrared
radiation (Luong, 1993). However, some experimemase verified that the infrared
radiation (IR) of a rock samples can change dutmaging and rock can show IR
abnormality before fracturing. Based on previousli&s, Lixin (2006) has identified two
different thermal radiations from loaded brittleckoas the thermoelastic effect and the
frictional-thermal effect. The thermoelastic effelgpends on energy exchange and its
dissipations in loaded rock. For convenience Li00O@ proposed the term IR for the
average radiation temperature at beginning of fgaa@ind IRTI for thermal increase near
the failure of loaded rock.

In a relatively independent closed system includingpading machine, rock sample
and environmental air, the energy exchange (inpud aonsumption) during rock
deformation and rock failure is a complex proc&¥ghout consideration of the possible
chemical reactions and related energy exchangekeitise loaded rock, the energy input to
the loaded rock includes two parts: the mechamaak of the loading actuator and the
heat input through positive thermal exchange frbm Ibading platen and environmental
air. The energy consumption by the loaded rock ughmmore complex in that it includes
the energy accumulation in the rock and energypitisn from the rock.

The Stefan—Boltzmann law, also known as Stefamis &tates that the total energy
radiated per unit surface area of a black bodynih time (known variously as the black-
body irradiance, energy flux density, radiant flax, the emissive power)], is directly
proportional to the fourth power of the black bedfiermodynamic temperatufe(also

called absolute temperature):

J=oT4 5.1)

The formula states that the infrared radiationrgjtie (radiation flux density) of any

material, at temperatures above absolute zero,igsabratic to its surface physical
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temperature. Hence, the rock surface infrared tiadias a comprehensive effect of rock
deformation and the physical thermal state of tbek rsurface. The rock surface IR
temperature could be an index reflecting the raokase physical temperature and rock
surface deformation field, which indicates the ctergphysical-mechanical process inside
loaded rock.

In spite of thermal exchange and plastic deforrmatibe thermoelastic effect and the
frictional-thermal effect (Lixin et al., 2006a) argo of the main physical mechanisms of
IR radiation production from loaded brittle rock the stage of elastic deformation, the
thermoelastic effect is the main cause of IR, winlehe stage of plastic deformation or
fracturing, the frictional-thermal effect plays aeagter role. At the moment of rock
fracturing or failure, the friction-heat effect lmmses more significant. The friction-heat
effect depends on two factors: frictional forcefijaed by normal stress and the frictional
coefficient) and frictional speed. The larger thetional force and the faster the frictional
speed, the stronger the frictional heat effect.

Many studies have shown that the IR temperatutieeatailure of brittle rock increases
a few degrees (Wu, 2002). The IR feature of rodaifure in other loading configurations
was investigated by Lixin (2006). The relationsbhigtween the IR temperature increases
and rock strength has also been investigated byewWal. (2000). Liu (2006) has shown
different thermal radiation under different loadiognditions and for different strengths.
However, the correlation between IR and crack pgapan on loaded rock masses has not
been studied. It is still unclear how the IR changeéth crack creation in a rock mass.
Since the main source of AE is the crack propagatidoaded rock, it could be helpful to
study IR and ITIR radiations in loaded brittle reckhis could be done by attaching strain
gauges to rock samples and measuring and comptmngesults at different stages of
loading and rock deformation. In chapter 3 revieafprevious IR studies and related

terminology have been presented.

5.4.2 Infrared measurement of Lavasan granite

In this research, samples were taken from a gramitasion mass near the Mosha
Fault of Iran. This fault is situated north of Tahy and it is the main and most active fault
near Tehran. The collected samples are cut to drgogle shape with 100, 40 and 20 mm
for height, width and thickness, respectively (fg®.18). The diameter of the center part

was reduced to allow stress to concentrate on ielihpart of the tested sample and to
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increase the effectiveness of measurements. Tlhiiiéacof Laboratoire Mécanique du
Solide (LMS) in Palaiseau were used to study thHeaied radiation thermographically.
This study was done cooperatively between the &bor 3S-R and LMS. In this context,
five granite specimens were loaded in differendl@anditions for evaluation of the IR
characteristics of the rock.

The stress induced temperatures of the specimens ol#ained with a fast multi-
detector infrared camera (CEDIP Jade Il MW), irgpeg one surface of the flat sample
(figure 5.19). The infrared camera has a very loe, less than 20 mK, and a high spatial
resolution of 320 pixelx240 pixel at a maximum freqcy of 145 Hz. It is possible to
increase this value to 418 Hz while working on dueed format (1/4 of the mentioned
image size). The spatial resolution (pixel sizepatals on the adjustment of the focal
distance.

The surface of each sample was polished smoothlgbtain blackbody properties
compatible with the calibration law of the camekéoreover, temperature results were
always used relative to an ambient equilibrium terafure, which gave temperature

variations less than 0.1°C.

mm

200 mm

— 40 mm —

Figure 5.18: Shape and geometry of prepared specime  n for infrared radiation test
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The results of one of these tests are presentetiffeyent images at each stage of the
test. The specimen was subjected to a given statiple compression (10, 15, 20, 25,
30kN; 22.5, 30, 45, 60, 75, 90MPa) superimposed byclic loading (frequency = 30 Hz
and 1800 cycles per stage) of constant amplitude kM or £15MPa) to follow the
evolution of the loops of hysteresis at variousls\wf loading. For each test, one thermal
image was taken at the beginning (Fig. 5.20a.)artle end of the test (Fig. 5.20b). The
subtraction of these 2 thermal images gives theutatiwe dissipation after 1800 cycles of
loading (Figures 5.21). The details of the tests drown in table 5.4, while figure 5.22
shows the final results of all tests. The relatexhges for other tests are available in

appendix Il.

Table 5.4: Characteristics of IR measurements of La  vasan granite under cyclic loading

Forsct:tEiN) F%i’g:r(rll'ﬁ) Min. (kN) Max. (kKN) AT (T) Name of Image*
1.2 +0.6 0.6 1.8 0 (rse\f(eErgr?gel)
2.5 1.2 1.2 3.7 0 SYEBO50
31 +1.9 1.2 5.0 0.16 SYECO050
3.7 2.5 1.2 6.2 0.32 SYEDO50
5.0 3.7 1.2 8.7 0.78 SYEE052
6.2 5.0 1.2 11.2 1.11 SYEF052
7.4 6.2 1.2 13.6 1.63 SYEGO051
8.7 7.4 1.2 16.1 2.32 SYEH052
9.9 8.7 1.2 18.6 291 SYEIO51
11.1 9.9 1.2 21 3.50 SYEJ052
124 +11.2 1.2 23.6 4.07 SYEKO050
13.6 +12.4 1.2 26.0 5.19 SYELO50

*The images are presented in appendix Il.

136



Chapter 5 Acoustic emission monitoring and infrared measurements under stress

Figure 5.19: The facilities for Infr ared radiation measurement and the loading
supply equipments in LMS, Palaiseau.
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Figure 5.20: Thermal image at the beginning (left)  of the cyclic stage of loading and at the
end of loading (right).
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Figure 5.21: Cumulative dissipation of 1800 cycles  with 22.5 MPa of static compression.
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Figure 5.22: The result of IR temperature measureme  nt during uniaxial cyclic loading of
Lavasan granite
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The experimental results show that infrared radimt(8 - 14 um) temperature
increases with loading. In fact the mechanical g@neaccumulates inside and can
potentially be transformed into other types of ggesuch as acoustic emission energy and
heat energy, caused respectively by the formatiomioro fractures and by friction of
crack surfaces and grains. The increment of IR &atpre was started when the cyclic
loading reached 2.5 kN. By increasing the loadihg,IR temperature increased gradually.

At 26 kN force (85 %may, the maximum temperature of infrared radiatiors @ehieved.

5.5 Discussion and conclusion

The main objective of this chapter was to inveséigae feasibility of using acoustic
emissions and infrared radiation to monitor craobppgation and rock failure prediction
in the laboratory. In this chapter the main resafté&aboratory tests on two typical crustal
rocks, granite and gabbro, were presented. A sygienliaboratory study involving
uniaxial compression and tensile loading of homeges granite and gabbro rocks was
carried out. An advanced acoustic emission sysfda) as used to continuously monitor
the AE events during loading. Infrared thermograpihgs also measured using the
facilities at LMS. From the experiment results, thkowing conclusions can be drawn:

1. The most suitable setup for AE monitoring isd® for pre and 45 dB for post-
amplifiers and the selection of a frequency rargéd passed through a frequency filter
between 200 to 500 kHz. Peak Definition Time = 50 it Definition Time = 200 us; Hit
Lockout Time = 300 us are the other suitable sgtiior the test system.

2. By plotting cumulative AE hit and cumulative Adhergy versus time, we have
found that the AE energy parameter is a more éfieatay than the conventional AE hit
to detect different stages of the rock failure pss

3. Based on AE monitoring in uniaxial compressiests, three steps of AE dramatic
activities are distinguishable. The first step ascabout 25% and the second step at about
60% of failure stress. Finally, the amount of a¢musmission activities in the third step
dramatically increases when the stress level isecko the peak strength (90 to 95 %).
These three steps also take place during Brazéists.

Acoustic emission activity patterns were correlatetth stress-deformation behaviour.
The steps are comparable to crack initiation, cdarkage thresholds and uniaxial strength

in the stress-deformation diagram that was preddmgeBieniawski (1967). By comparing
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the AE method with the stress — deformation datgafomnd that the AE record outlines the
limits of each failure course more definitively.

4. We realized that noise level plays a key rol¢hm quality of AE data. Therefore,
signal discrimination and noise reduction are ew&ly important for successful AE
applications. Besides the conventional noise reoluanethods, we realized that good
sensor coupling can also be useful to decrease m@i&l. For example, the noise level
recorded during Brazilian tests with good couploegween sensors on the flat surface of
the specimens is considerably less than in thexiahitests where the coupling between the
curved surfaces of the cylindrical specimens aedstnsors is not complete.

5. The preliminary tests indicate the possibilifyusing IR to study failure evolution;
however, it not possible to use this method togeth#h AE monitoring for prediction of
failure in the laboratory. Increasing the stresgele leads to a rise in the infrared
temperature in granite specimens. In laboratorgliet) cyclic loading is necessary to
produce measurable IR temperatures. Converselli¢c dgading generates enormous noise
and does not allow the detection of suitable ABrgs. Measuring IR with AE monitoring
could be used for long-term evaluation in field @stigations; for example, using the
methods simultaneously to monitor the stability wfderground excavations or fault
rupture is recommended and, as a result, couldéeé for earthquake prediction.
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Chapter 6

AE monitoring, physical measurements and mechanical

tests on thermally and mechanically damaged gabbro

6.1 Introduction

The investigation of microcrack propagation andssmutive damage is one of the
most important aspects of rock mechanics and ragkneering studies. In this chapter we
focus on laboratory examination of damage in galwbol induced by stress and thermal
heating.

The previous chapter described the monitoring amagssing of acoustic emission
records and then investigated the effectivenessitofind energy parameters to study
microcrack propagation and rock failure. Sinceithigation and propagation of cracks are
known to be the main source of AE events, monitpiitE of pre-damaged specimens
could give a good insight into understanding thiatienship between damage and AE
events. In this chapter we investigate thermally arechanically damaged gabbro by AE
monitoring and by measuring the physical and mechhchanges that occur due to this
damage. The probable damage mechanisms will basdisd based on an interpretation of
the test results.

A short literature review of thermal and stress-gmenaged studies will be presented
followed by an explanation of the laboratory praoed for each type of test. The effects
of thermal and stress damage on the physical antianeal properties of specimens were
studied by measuring the elastic wave velocity bpdcarrying out uniaxial tests. Thin

sections were also prepared from all of the damagpetimens in order to assess the
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damage at the microscopic scale. The last pattisfchapter is devoted to an explanation

of the mechanisms of damage through thermal effeddsmechanical loading of the rock.
A comparison of the thermal and stress damage usieghanical and AE test

measurements is the other objective of this rebedve will also study the main causes of

degradation of the mechanical parameters by miomesdnvestigation.

6.2. Review of previous studies

Most of the physical properties of crustal rocks efluenced by cracks whose origin
arises from various geological processes, the t@mmnes being: thermal processes and
tectonic loading (David et al., 1999). The firstopesses related to variations in
temperature, while the second is associated wilsstchanges in the rock mass. Stress
damage has been widely investigated over the éastdiecades and in recent years special
attention has been paid to thermal damage in oelad the extraction of geothermal
energy, with rock characterization for potentiaclear waste disposal as well as for the
design refractors. For all of these issues, thestipre is basically the same: how do
changes in temperature influence the physical ptiggeof materials? David et al., (1999)
reported the results of recent laboratory studieehvshow clearly how thermal cracking
modifies the elastic moduli (Heard and Page, 198&sseri et al., 2007; Chaki et al.,
2007), permeability (Menendez et al., 1999), adowslocities and attenuation (Bauer and
Johnson, 1979) and mechanical strength (Homandacatiéin, 1984; Homand et Houpert,
1989) in crystalline granite and oollitic limestonansen et al. (1993) investigated the
development of thermal cracks by continuously maymyg acoustic emissions (AE)
generated during thermal cycles in a granite armved that these microcracks open at
temperatures above 800°C, and that microcrackscoatesce to form a macroscopic
fracture. They concluded that this type of matemdteration could have dramatic
consequences on the permeability evolution of aleawcwaste disposal repository.
Homand and Houpert (1989) found that Scanning Elaat Microscope (SEM) analysis
coupled with stereological analysis was a usefol to characterize thermally-induced
cracks in granites. Based on laboratory investigation thermally treated granitic rock,
Chaki at al., (2007) showed that thermal damage d&adrong influence on porosity,
permeability and ultrasonic wave velocity.

Laboratory studies have also shown how the phygiagberties change during stress

application. Variations in permeability (Zoback aBgerlee, 1975), acoustic velocity
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(Hadley, 1976) and attenuation (Oda et al., 198QJranites have been reported. One of
the major contributions of these studies was toashimat microcracking and dilatancy
significantly affect the rock properties when thieess level is larger than approximately
half the ultimate strength of the rock. This isagreement with the basic knowledge in
rock mechanics (Vutukuri, 1978).

In spite of these broad investigations on the meichh behaviour of thermally and
stress damaged rocks, there is limited researctn@mechanisms of damage evolution,
especially in thermally treated specimens. Thishinlge due to a lack of interdisciplinary
research between rock petrology and rock mechalmde literature, to our knowledge,
there are limited explanations as to the effectshef rock type and its mineralogy on
microcrack propagation and damage mechanismspéaap, at the moment, that there is a
real lack of information concerning the mechanishdamage from a mineralogical point
of view.

Our goal in this work is to investigate how thermaedcking is generated in crystalline
rocks and how this cracking influences some immantédaysical and mechanical properties
of gabbro. What role does the mineralogy of thekrptay during progressive thermal
damage?

The damage effects of ultra high stress on gablane walso studied in this research.
AE monitoring, mechanical tests, elastic wave vgjomeasurements and microscopic
investigations were used to evaluate the two tghelamage. For this purpose, two sets of
gabbro samples were prepared, one for thermalnesdt in which thermal cracks were
induced in an electric furnace, and a second onghich cracks were generated under
increasing stress conditions by ultra high triaxsélesses. In order to avoid possible
problems related to specimen variability, all tbe@mens were cored from a single block

of gabbro rock in the same direction.

6.3 Mechanical test on stress damaged specimen

In order to be able to compare thermal damage eativentional stress damage, one
test was conducted on a gabbro specimen takentfreraame gabbro block that the other
specimens were cored previously. Giga press was tosapply ultra high triaxial stress to
damage the rock. The characteristics of this machuere given in chapter 4. Two

electrical resistance gauges were mounted on tespgeeimen to measure the axial and the
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lateral deformations during triaxial loading. A eer Variable Differential Transformer
(LVDT) was used to measure the axial deformatioetails of the procedure of specimen
preparation for the Giga press are described iptena. After preparation and placement
inside the confining cell, the specimen was loadpdo maximum capacity of machine.
For this purpose, the confining pressure was bmtsted up to 650 MPa at a constant
loading rate (100 MPa/minute). Then axial loadingswapplied over 15 minutes at a
constant rate up to 2350 MPa. The same rate wakfas the unloading cycle. The stress
vs deformation graphs of the test were presentedaqusly in chapter 4.

Following the ultra high triaxial damage of sam@al(650), the elastic wave velocity
of the damaged specimen was measured. A uniaxsalwas also performed on this
specimen with AE monitoring. As with the thermathgated tests, a small slab of the
specimen was removed after the triaxial test tgogme thin sections for subsequent
microscopic study. The cut end of the specimensevegjain polished and measured to
ensure the smoothness and parallelism. Finallgtradal strain gauges were mounted for
measuring the deformations under uniaxial compoessests. in order to compare the
mechanical damage with the thermal damage, theltses@i uniaxial tests and AE
monitoring as well as elastic wave velocity measwaets of specimen Gal(650), will be

presented in the following sections.

6.4 Thermal damage procedures and measurements
6.4.1 Sample preparation

In this work, North African gabbro was selected d&aese it is an isotropic and fresh
hard rock. However, a few Lavasan granite specimesre also examined during thermal
damage studies to check and compare the resukspfiysical and mechanical properties
of the selected rocks have already been studiedtlamdesults presented in previous
chapters. A series of gabbro and granite specinmetvgo different sizes were prepared for
thermal damaging in laboratory tests. One grougpetimens had a height of 140 mm and
diameter of 70 mm while the others were 90 mm iighiteand 40 mm in diameter. All the
selected specimens were cored from a single blbckok (either granite or gabbro). The
specimens were prepared based on the existingasttndo have smooth and exactly

parallel planes to ensure that load is evenly ibistted over all the loaded surfaces of the
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sample. The smoothness and the parallelism (wittnanparallelism of 0.01 mm) of each
sample were tested using a V-block and displaceniahgauge (see chapter 4 for details).

6.4.2 Thermal treatment

For thermal treating tests, we chose 10 homogengablkro specimens with almost
the same mechanical and physical properties. Bdfeament the samples, the elastic
wave velocities (Vp and Vs) are measured at roomditions using the contact
transmission technique, presented in chapter 4. sffezimens were then heated in a
programmable electrical furnace at atmosphericspiresat a rate of 100°C/hour until the
nominal temperature was reached, using the fasliaf group LTPCM (Laboratoire de
Thermodynamique et Physicochimie MétallurgiquesiGatnoble University. Figure 6.1
shows a photo of the furnace with a specimen iiihe slow rate of heating was used to
ensure that cracking events resulted only fromtéineperature effect and were not due to
thermal gradients across the specimens. This s&e of heating also avoids thermal
shock and any resultant unwanted micro-fracturinge elastic wave velocity of the
specimens was then measured. Each specimen wasl hedt50, 300, 450, 500, 600, 700,
800 and 1000°C, and maintained for 1 hour at theirmam temperature before cooling at
same rate (100°C/hour). The scheme of heatinggéeirmens is shown in figure 6.2. After
cooling, the elastic wave velocities of the specimeere measured once again at ambient
conditions.

Before conducting uniaxial compression tests, anb disc-shaped slab was cut from
one end of the specimens in order to prepare #gtians for later microscopic inspection.
The cut end of samples were again polished and ureghsin order to ensure the
smoothness and the parallelism of the specimerectriglal strain gauges were then
mounted onto the samples to measure axial andlrddf@rmations during uniaxial
compression tests. Figures 6.2 and 6.3 show tlessstime and stress-strain graphs

respectively.
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Figure 6.1: Programmable electrical furnace of LTPC M that was used to thermally treat
gabbro specimens

& 1 hour
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= 100°Cihour
Time

Figure 6.2: Diagram of thermal treatment of gabbro specimens. T;is the final temperature
that specimens reached in furnace.
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6.4.3 Mechanical parameters

The uniaxial behavior of rock under compressionetiels mainly on microcracks
induced by thermal loading (Lion et al., 2005).drder to estimate the thermal and the
stress effects on the mechanical parameters ofrgadgecimens, uniaxial compression
tests were performed. The most noticeable modifinatwere generally a decrease of
Young’'s modulus and the rock's compressive stre(ifgikarli et al., 2008; Nasseri et al,
2007). A decrease of Young’'s modulus is always ndegefor carbonated rocks (Ferrero et
al., 2001 and Lion et al., 2005) whereas strengtiugion is less definite as certain authors
find either an increase (Mahmutoglu, 1998). The rmpurpose of this study was to
evaluate how pre-heating rock specimens affect thechanical properties. The possible
changes to the elastic properties (Young’s modahs Poisson’s ratio) and the strength
characteristics were investigated by uniaxial caagion tests.

After thermal treatment in an electric furnace unddth planned temperature
conditions, the specimens were uniaxially loadedatmre. The experimental setup and
procedure for sample preparation for the uniaxaatd were presented in chapter four. The
stress- deformation graphs were drawn using dataded in the acquisition system of the

Schenck press. The Young’'s modulus E and Poissatisv are calculated in the linear

domain by:
g=2% 6.1)
A&l
and
E
v=-= (6.2)
El

where Ao is the difference of stresses in the linear pathe stress-deformation graph,
and Ag; is the difference of the corresponding deformatidrurthermoreg, andes are,

respectively, the axial and lateral strains. Figu@3 and 6.4 show the stress vs
deformations and stress vs volumetric deformati@plgs for thermally and mechanically
damaged as well as intact specimens. The stressgtiaph of these tests is presented in
figure 6.5. The comparative results are presentéable 6.1 and in figures 6.6 and 6.7.
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and intact gabbro specimens during simple uniaxial

Table 6.1: The changes in mechanical parameters of
comparison of the results for intact and mechanical

600 700

rmally treated, mechanically damaged

compression tests

thermally treated gabbro and a
ly damaged gabbro

No. Temperature Uniaxial Elasticity Poisson'’s ratio
Specimens (©) Strength [MPa] Modulus [GPa]
Galo 25 225 85 0,18
Gal (650) 25 160 72 0.25

? Values are not reliable, for details see section 6.4

Intact
specimen

Mechanically
damaged
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Figure 6.7: Maximum axial deformation of thermally treated gabbro based on electrical
resistance gauge measurements
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Young’'s modulus and the maximum uniaxial comprassstrength of specimens
decrease continuously when the loading temperatgreases, much like the elastic wave
velocity. A relatively sharp decrease is obsenrethe maximum uniaxial strength above
600°C. However, the slope of the Young's modulussdnot show a significant variation
at this point. On the other hand, a drastic deer@ass seen in the Young’s modulus after
150°C. The axial strain changes were recorded bRT\And electrical resistance gauges
and show a good agreement with the strength arsfieclave velocity changes (figure
6.7). In fact, the axial deformation rate increasesstantly up to 700°C at a low rate and
then increases sharply with further temperatureeases.

The evolution of Poisson’s ratio is more complidat®oisson’s ratio variations are
plotted in figure 6.8. Poisson’s ratio decreasesdgally until the temperature reaches
500°C and then increases sharply at 600°C andregegito 700°C. At higher temperatures
the Poisson's ratio cannot be computed due to afadibies in lateral deformations.
Therefore the results of lateral deformations adcamens that were heated to over 700°C
are not reasonable and we have not consideredithdmns work. Figures 6.9 and 6.10 show
the stress vs deformation graphs of specimens @ad6Gal7 that were heated to 800°C
and 1000°C, respectively. As the graphs show,dtexdl strains of the specimens exhibit a
strange behavior during uniaxial loading and regjturther investigation. Preparation of the
specimens in different directions and measuring Iteral deformations using several

gauges is recommended for any such future resaatemperatures above 700°C.

Poisson's ratio

Temperature (C)

Figure 6.8: Poisson’s ratio changes versus temperat  ure of gabbro specimens
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Figure 6.9: Stress- deformation graphs of gabbro sp  ecimen Gal6 heated to 800C. Notice
the strange evolution of lateral deformation before 48 MPa stress.
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Figure 6.10: Stress- deformation graphs of gabbros  pecimen Gal7 heated to 1000<C. Like
specimen Gal6, before 9MPa stress, the lateral defo  rmation gauge records contraction
rather than expansion.
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6.4.4 Elastic wave velocity

After cooling, the longitudinal (Vp) and the sheeave (Vs) velocities of specimens
were measured. The velocities of elastic waveghermally damaged samples were also
measured before conducting uniaxial compressiots.td$e procedures of elastic wave
velocity measurement were presented in chaptehd.résults of these measurements are
shown in table 6.2. Figures 6.11 and 6.12 showethstic wave changes after thermal

treatment and the normalized values, respectively.

Table 6.2:; Elastic wave velocity changes during the ~ rmal treatment of gabbro specimens.

No. of Temperature Before (intact) Afte:r(etgteergr;ally Normalized values
Specmens (OC) (¥7s) (r\n//ps) (r::lss) (r:1//ps) (vs) (Vp)
Gal7 1000 3906 6593 1050 1360 0,27 0,21
Galé 800 3926 6608 1621 2400 0,41 0,36
Gals 700 3915 6607 2105 2800 0,54 0,42
Gal4d 600 3927 6623 3245 4300 0,83 0,65
Gal3 500 3969 6300 3500 4600 0,88 0,73
Gal2 300 4005 6450 3600 5300 0,90 0,82
Gall 150 3962 6393 3790 6025 0,96 0,94
Galo 25 4150 6666 4150 6666 1 1

A review of the results shows that thermal treathdecreases the two elastic waves
velocities. An increase of temperature decreasesldmstic wave velocity at a slow rate up
to 600°C and more significantly for higher temperas. This is mainly due to the
progressive propagation of microcracks in interatfige and intracrystalline components.
A sharp decrease takes place between 600°C an®€7B805tting of the normalized values
shows that the decrease of the Vp is more tharofhiile shear wave velocity for all of the
temperatures. However, a large difference show$etpreen temperatures of 300°C and
700°C. Therefore, we can conclude that for gabheo\p is generally more affected by

thermal loading than the Vs.
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Figure 6.11: Elastic wave velocity changes duringt  hermal treatment of gabbro specimens
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Figure 6.12: Normalized velocities of thermally tre  ated gabbro specimens
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From the mechanical and physical parameter chanfekermally treated gabbro,
three different zones can be distinguished (figuie):
Zone |. Degradation of the mechanical and physpabmeters at a low rate between
ambient temperatures up to 600°C. In this zone curack damage increases with an
increase in the heating temperature at a low andtant rate.
Zone lI: This zone begins at 600°C showing a skiagrease in uniaxial strength and elastic
wave velocities. However, this drastic reductionnpas not noticeable in the elasticity
modulus.
Zone lll: For all the specimens treated at tempeest higher than 700°C, a progressive
decrease in the measured parameters was obserfted780°C, degradation in measured
parameters continued at a constant rate and, atQO@FC, the specimen entirely softened
due to microcracks and different phase transfonatiThis issue will be discussed in the
following sections.

According to the stress-strain graphs, the behaicamples thermally treated below
600°C are comparable to that of the unheated samNkevertheless, for the samples that

were treated at temperatures above 700°C, stratg@ll deformations were observed.

Zone | i

Zone lll

~—————— 800C

Changes of physical and mechanical properties

»
»

Temperature ()

6.13: Zones of changes in physical and mechanical p  arameters during thermal treatment
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6.4.5 AE monitoring

The acoustic emissions were monitored during ualaxiompression tests. The
purpose of this study is to investigate AE activdiyring simple uniaxial loading of pre-
damaged gabbro rock and to compare it with the ABRakiour during uniaxial loading of
intact specimens. Comparing the AE records of thdynand mechanically pre-damaged
specimens are the other objective of this reseakchuisition of AEs was performed as
described in Section 5.3.2. The recording systeth garameters were the same and the
loading rate for all the specimens was constaabatit 1 mm/s.

The Schenck press was used to supply the mechaluading while electrical
resistance gauges and LVDT were used to measuaskand lateral deformations. For AE
monitoring four sensors were attached directly dhtosurface of the sample and Sofranel
SWC couplant 7 was used as an ultrasonic coupldnis. gives good coupling onto the
sample’s surface and allows direct ray paths tadsal during AE measurements. The AE
events were recorded continuously up to specimémrda

The previously described MISTRA 2001 system, martufed by the Physical
Acoustic Corporation (PAC), was used for the AE sugaments. Considering background
noise, the post-amplifier trigger level was set 46 dB. Time parameters for AE
waveforms include Peak Definition Time (PDT), Hiefihition Time (HDT) and Hit
Locking Time (HLT). In order to obtain proper datagse parameters were set to 50, 200
and 30Q@s respectively. Based on sensor characteristicpaataninary tests, the bandpass
filter was set to between 200 to 500 kHz. Othernpeaters of the system were like those of
the tests presented in chapter 5.

Ten tests were performed on thermally damaged gadpicimens. The preferred size
for thermal damage tests was 80 mm height and 40dmmeter. However, a few tests
were carried out on specimens of gabbro with attea 140mm and a 70mm diameter.
One uniaxial compression test with AE monitoringswaso performed on a stress pre-
damaged gabbro specimen. The AE records duringiahi@ading of 8 thermally treated
gabbro specimens and the mechanically damagedspeciGal(650)) are given in figure
6.14, which shows the accumulated AE event numbesus time, and figure 6.15, which

shows the AE energy versus deformation.
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Figure 6.14: Accumulated AE hit records of intact, mechanically damaged and thermally

treated gabbro specimens during simple uniaxial com pression tests
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Figure 6.15: Accumulated AE energy parameter of int  act, mechanically damaged and
thermally treated gabbro specimens during simple un iaxial compression tests
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The plots of the AE parameters indicate that thieabb®ur of the AE events from
thermally treated and mechanically damaged spedrasn markedly different from those
seen in the intact rock. The acoustic emissiombihbers in thermally treated rocks are
considerably less than those in intact samples.nlingber of AE hits drastically decreases
as temperature increases. The final shapes of theadcumulated hit number and AE
energy versus time graphs are notably differentHerpre-treated specimens compared to
those of the intact rock, as are the steps of theeyents. The graphs of the specimens that
were treated to more than 600°C are gentler andstiyes are not visible based on the
accumulated number and energy parameters of AEt®VEear these types of specimens,
the AE events are silent up to 90 percent of thienate stress level and then they start to
increase gradually to failure. Plotting of the ABcamulated energy versus time shows
almost the same results.

A dramatic decrease of AE hit and energy parametass seen for the mechanically
damaged specimen; even though the uniaxial stremgthelastic wave velocity of this
specimen was reduced to a maximum of 25 percemtadimber of AE events decreased to
70 percent in comparison to intact specimens. Tiracteristics of AE records are
presented on table 6.3. Figure 6.16 shows the nis@dAE hits and the values of the AE
energy vs temperature in the specimens that werentily treated.

As noted in the previous chapter, by plotting tHe évents of intact rocks, there were
two sharp steps in the number and energy of eveefigsre the final step (at 95% of
ultimate strength). The first step occurred whengtress level reached values of about 20
% and the second one when the stress level re&h6éd % of the ultimate strength of the
rocks. These two steps can be viewed as the craiti&tion (o) and the crack damage
(ocg) thresholds in the stress-deformation diagramemresi by Martin in 1993 (Figure
5.1). In contrast to the sharp steps of AE evetitact rocks, the steps of the thermally
treated specimens were gentler, especially forispats that were heated above 600°C.
For the specimen that was pre-damaged by ultra trigkially loading, there were no
visible.

The graphs of AE energy and AE hit number vs deftion and stress for all of the

thermally treated specimens are given in appendix |
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Table 6.3: Characteristics of AE events of intact a  nd thermally treated gabbro specimens
during uniaxial compression tests

No. Temperature " . Ac. AE Energy
Specimens (<) TTT(s)* | Numbers of AE Hits (107 J)
Gal0 25 379 11126 13870
Gal(650) 25 405 2570 3051

* Total time of test
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Figure 6.16: The variations of AE hit number and AE energy parameters for thermally treated
gabbro specimens under uniaxial compression
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6.4.6 Microscopic studies

The effect of temperature on rock properties hanheidely studied at the laboratory
scale (Heard and Page, 1982; Homand and Troaléd#; Homand and Houpert, 1989;
Jansen et al., 1993; David et al., 1999; Ferrew Marini, 2001; William et al., 2005;
Chaki et al., 2008). The experiments have addresgednain components: the effect of
temperature on the macroscopic properties (figut&)éand, secondly, microscopic studies
on grain-scale effects. Our macroscopic tests vassociated with a petrographic study
that was performed using light microscope invesitgs in order to identify the rock
structure and the microcracking mechanism. Thesesiigations provide additional
insight into the conventional laboratory tests. Tight microscopy study of thin sections
allowed us to enlarge microscopic images from tladismtreated and stress damaged
specimens.

After damaging the specimens, a small slab wasiedtmounted in epoxy where the
surface of the rock is normal to the cross-sectisnaface. The chips were polished to
making the specimens transparent. The polishinggs®allows the polarized and normal
lights to pass through the polished rock slice.

b

Figure 6.17: A general view of thermally treated sp  ecimens after uniaxial testing. Notice the
obvious colour change and failure pattern from the intact rock to the specimen thermally
treated to 1000<C.
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We examined the texture and the mineralogy of dashagmples to determine how
the microcracks formed and how they degrade théharecal parameters of the rock. The
progressive thermal and stress damage can be sebe aineralogical scale. During
microscopic observations, different types of damage recognized in thermally treated
specimens. We found that four factors play a nolereating progressive thermal changes:
* Crystal boundary separation due to different exjppansoefficients of minerals
(figure 6.18),

e Separation of existing texture in minerals, for repée, twinning, macles,
intergrowths and so on (figures 6.18 and 6.19).

* Phase transformations of crystals and oxidationFef, Mg- and Ti-enriched
minerals, like pyroxenes, ilmenite and dioxidertitan (figure 6.18),

e Blow up of the small liquid intrusions due to amnease in the temperature (figure
6.19),

A thin section was prepared from a high stress dachaspecimen in order to
determine the effects of ultra high stresses ottldogabbro. Generally, it is accepted that
changes in the stress in a rock mass is the maisecaf mechanical damage in rock. In
this study the rock sample was loaded triaxially tap2.35GPa axial stress and then
physical and mechanical parameters were measureshite of the ultra high confining
and deviatoric stresses, the damage in the rock neassubstantial, according to the
measured parameters. It seems, that the smallndafions that occur due to a low porosity
of rock and high strength of grains, play a ke nol propagating the microcracks inside
the specimen. Limited mechanical micro-fracturiaghe basic cause of degradation of the
mechanical parameters during high levels of trialoading. The different aspects and
evidences of thermal effects and mechanical fraxguare shown in figures 6.18 to 6.20.

It should be emphasized that this study was peddrion only one type of igneous
rock; other rocks have different properties, sushceystallographic, texture and grain
orientation, character of grain boundaries, poyogtain size, and composition, all of
which will affect their mechanical behaviour againthermal and stress effects.
Extrapolation of the results from one type of rackanother will require more extensive

research.
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Figure 6.18: Evidence of oxidation in microcracks a  t 500C (left) and its vast distribution in
Pyroxene minerals at a temperature of 800<C (right)

Figure 6.19: Evidence of a liquid inclusion blow up in plagioclase (left). On the right, the
effect of thermal expansion differences between pyr  oxene and plagioclase at 300C

6.20: Photos taken from a gabbro specimen that was subjected to ultra high stresses (650
MPa confining and 2350 MPa axial stresses). Notice  the sharp edge of the micro cracks and
their orientation that is almost perpendicular to t he original macles in plagioclase crystal

(right).
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6.5 Discussion

We studied two common types of damage in gabbmfitht due to temperature and
the second stress. Four different techniques weeel to assess damage in rock in this
research, namely, AE monitoring, elastic wave uglochanges, uniaxial compression
tests and microscopic investigation. Ten gabbreispens were heat treated from 150°C
to 1000°C in a furnace at rates of 100°C/hour a@tChour. In addition, one gabbro
specimen was damaged by ultra high triaxial loadi@@5GPa confining stress and
2.35GPa axial stress).

In general, thermal treatment degrades the medhaamc physical parameters of rock due
to microcrack propagation, which becomes more proned. The maximum strength, elastic
modulus, and elastic wave velocities decreasechguhiermal loading; however, the rate of
degradation of the parameters and the drastic esamgthe graphs need explanation. The

probable mechanisms and the causes of these t@e ¢flamages are discussed at below.

6.5.1 Volumetric thermal expansion

The thermal expansion coefficient, defined byo, = (1/v)(0v/0T)p is used to

express the volume change of a substance dueaim@etature change. When the rock is
heated, micro stresses develop because of theretiffe in the thermal expansion

coefficients of the minerals and also within eacimeral, because the expansion varies
along the crystallographic axes. It has been sugdethat thermal loading of rocks

generates localized fracturing, or microcrackinig, two different mechanisms (Chaki et

al, 2008). Firstly, mismatched thermal expansionadfacent crystalline grains in a

homogeneous temperature field may result in stsesasge enough for microcrack

formation. These types of micro-fractures are tefrtteermal cycling cracks. Secondly,

cracking can also result when thermal stressedalaa inhomogeneous temperature field
exceed the local strength of the rock (thermal igraiccracks). A sufficient density of these

microcracks can potentially coalesce into macroiscibacture patterns.

Gabbro is a polycrystalline rock, containing minenaith different thermal expansion
coefficients. This rock contains two types of pyeog and calcium enriched plagioclases.
Demelza (1997) indicated that there is a wide raofyelata fora, values of Mg-rich
orthopyroxens from 20.8x10K™ to 36x10° K. The values of 32.2 and 27.5 <1&*

were calculated by Helmez (1997) for ortho- ancha@lpyroxene crystals, respectively.
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Plagioclases are the matrix minerals of the galezemined in this study. The value if
for plagioclases lies between 9 and 15%30" (Fei, 1995). Thus, there is a significant
difference between, values of the matrix and the pyroxenes (theof pyroxenes are
almost twice those for plagioclases). For iimeiigeTiO3), another minor mineral in this
particular gabbro, thew, value is calculated at around 10%1&™*. Considering the
significant difference in volumetric thermal expemmscoefficients of crystals, we conclude
that this factor plays a major role in the degramhabf the mechanical parameters of
thermally treated gabbro rock especially at lowgenatures (less than 600°C).
Mineralogical structure and grain size are otheapeters that could affect thermal
expansion. The phenomenon of intergrowth of crgsitato each other intensifies the role
of the thermal expansion coefficient. Since Northigan gabbro is an equigranular rock
(all crystals are of approximately the same siz@, believe that mineral size is not a

dominant effect.

6.5.2 Oxidation and phase transformation

Chemical reactions, such as oxidation, and phasesfisrmation are other phenomena
that take place during thermal treatment of criiged rocks. Oxidation of iron and
magnesium-enriched compounds is a known chemieatiosn at ambient pressure that
also takes place in thermally treated rocks. Phasesformation is a phenomenon
observed in thermally treated rocks; for instar@kaki et al. (2008) mentioned obvious
changes in the physical characteristics of thegretlated granite due to a phase transition
in quartz, which occurs at 573°C and room pressBnece North African gabbro lacks
quartz, the oxidation of Fe-, Mg- and Ti-containigrgstals plays a key role in altering the
mechanical and physical parameters. According twoacopic observations, oxidation is a
phase transition in this type of rock. Decompositaf calcium hydroxide, which takes
place at about 450°C (Chen and Dollimore, 1995anisther aspect of phase transition in
plagioclase.

Results of microscopic studies show oxidation ibblya specimens treated at high
temperature; this oxidation of minerals at ambmessure begins at 500°C. The oxidation
starts as a thin coat around the Fe-pyroxenes. Witheasing temperature, oxidation
develops on other crystals and finally, at aroud@°€, there is oxidation of the inclusions
containing Fe and Mg. The brown dotted points seethe plagioclases in figure 6.18 are

oxidized compounds.
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6.5.3 The blow up of fluid inclusions

Based on microscopic investigations, the blow ufiwél inclusions is recognized as
another cause for the observed decrease in theamieeh and physical parameters of
thermally treated gabbro (figure 6.19). Fluid irstins are small quantities of fluid,
usually 5 — 30um along the longest axis, (liquid and/or vaporpped in mostly small
cavities within minerals (Van den Kerkhof et ab91).

Fluid inclusions occur in many rock-forming minerafrom most terrestrial
environments. Theoretically, almost all minerala ba studied for fluid inclusions. Quartz
is the ideal example of fluid inclusions in igneoas well as in metamorphic rocks
particularly as quartz is ubiquitous in nearly rakktamorphic rocks and contains the most
inclusions. It is also stable at all metamorphioditons within the crust. Figure 6.21
schematically shows the inclusion formation basegressure and temperature conditions.

The basic reason for fluid inclusion studies is identify the physico-chemical
parameters, most notably of pressure and temperé®ur T), as well as fluid chemistry
during trapping. However, in this research we atdergd the role of blow up in the
degradation of the investigated parameters. Stdiditio sections of gabbro showed that
the blow up of fluid inclusions plays a minor roie the evolution of mechanical
parameters of thermally treated rock. In fact, rth@nall number and small size in

comparison with the sizes of the crystals couldibaificant.

Figure 6.21: The P-T evolution of
an aqueous fluid inclusion
trapped at some pressure and
temperature, then subsequently
cooled down along a path of
constant density

S = Solid, L=Liquid, V=Vapour,
Th= homogenization temperature,
Pt-Tt=Pressure and temperature
at the Triple point of water; :
cp = critical point (Klemd, 1989). Vapor

Pressure(bar)

o

T huom

t temperature T,
Temperature (°C)
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6.6 Specimen size and heating rate effects

As previously noted for thermal tests we used dylcal specimens 40 mm in
diameter and 90 mm in height. The slow rate ofihgatl00 °C/hour) ensured that the
observed changes were a result of only the temperatffects and not thermal gradients
across the sample or thermal shock. However, atéste were conducted on a larger
sample of gabbro to check whether size affecteddbelts. For this purpose, new samples
were fabricated to 70 mm diameter and 140 mm heighé number of specimens and

characteristics of test are summarized in table 6.4

Table 6.4: Characteristics of uniaxial test on gabb  ro rock to study the effects of size and
heating rate

No of specimen| Geometry LxD (mm) Heating rate Maxtemperature (°C)
Gal2a 40x90 100°/hour 300
Galzb 40x90 50°C/hour 300
Galda 40x90 100°C/hour 600
Galdb 40x90 50°C/hour 600
Gal4c 70x140 100°/hour 600

The test results are shown in figure 6.22. Largescenens show a more complex
behaviour after heat treatment in the same maMibile both the uniaxial strength and
elasticity modulus of the large specimens were dnghan for the small samples, the
elastic wave velocity showed lower values. Meangyhilith a decrease of 45%, the P-
wave velocity was more affected in the larger specis after thermal treatment at
temperatures higher than 600 °C. The decreasenaV@-velocity for the larger size (35%)
is about twice that for the small specimens (18%).

A few tests were carried out using a lower ratéhefrmal heating. For this purpose
two specimens with 40 mm diameter and 90 mm heiggne treated to 300°C and 600°C
at a rate of 50°C/hour. The results are presentéidures 6.23 and 6.24.
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Size effect on Max. Uniaxial Strength of gabbro Size effect on Elasticity modulus of gabbro
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Figure 6.22: Sample size effect on maximum uniaxial compression strength, elasticity
modulus, S-Wave and P-Wave velocities of gabbro roc k. The specimens were heat treated

up to 600 at a rate of 100C/hour.

The mechanical parametersnhfx. andE) were more affected at the slower rate of thermal

heating up to both 300 and 600°C. In other words,samples submitted to a low rate of thermal

loading were more damaged. Regarding elastic waleeity, there was a noticeable change. Shear

wave and longitudinal wave velocity decreased atdhme rate at 600°C for both sample sizes.

However, there was a significant difference betwdensamples heated at rates of 50°C/hour and
100°C/hour up to 300°C. In summary:

The heating rate affects the results at low tempera more than at high temperatures,
Decreasing the heating rate for both temperatuB®® @nd 600°C), induces more
damage based on uniaxial and elasticity modulusuremnents of gabbro specimens,
P-wave velocity was more affected than S-wave ah bates of heating (50°C and
100°C/hour),

Low rate heating affects the P-wave more than Sewatv 300°C; however, during
heating to 600°C, the P and S wave values decnedlse same manner,

It seems that 600°C is the critical temperaturet tb@parates the physical and

mechanical degradation modes.
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Figure 6.23: Heating rate effect on uniaxial streng

velocities of gabbro rock. The specimens were heat

th, elasticity modulus, S-Wave and P-wave
treated up to 300C.

Heating rate effect on Max. Uniaxial Strength
of gabbro specimens treated at 600C

Max.Uniaxial Strength [MPa]

Gal4c-100C/h Gal4b-50C/h

Heating rate effect on elasticity modulus of
gabbro specimens treated at 600C

Elasticity Modulus [GPa]

Gal4c-100C/h Gal4b-50C/h

Heating rate effect on P-Wave velocity changes
of gabbro specimens treated at 600C

40,0
35,0 A
30,0 A
25,0
20,0 A
15,0 A
10,0 A

5,0 1

P-Wave Velocity Decrease (%)

0,0 -

Gal4b-50T/h

Gal4c-100T/h

Heating rate effect on S-Wave velocity
chgnges of gabbro specimens treated at 600C

35,0
30,0
25,0
20,0

=
o o o u
o o o o
L

S-Wave Velocity Decrease (%)

Gal4c-100CT/h Gal4b-50C/h

Figure 6.24: Heating rate effect on uniaxial streng

velocities of gabbro rock. The specimens were heat

168

th, elasticity modulus, S-Wave and P-wave
treated up to 600<C.




Chapter 6 AE monitoring, physical measurements and mechanical tests on damaged gabbro

6.7 Comparison of the two types of damage

A brief comparison of the two types of damage isespnted. We succeeded in
preparing a set of gabbro specimens in which inglgke thermal or mechanical cracking
was induced. Acoustic emission, elastic wave vgjoand uniaxial tests as well as
microscopic investigations were performed to meagach type of damage. From these
investigations, it was observed that thermal treathmand stress damage have a strong
influence on the mechanical and physical parameiérthe tested rock. However, the
degree and quantity of damage based on these parameere significantly different. A
comparison and summary of these observations endielow:

» The main difference between the mechanically dachgt#D) and thermally
damaged (TD) samples is in the alterations in thstie wave velocity. Based
on elastic wave velocity measurements, the velagfithighly stress damaged
specimensd;=2300 ando3=650 MPa) were comparable with 150°C thermally
damaged specimens. Nevertheless the maximum uhsseagth and elasticity
modulus of this specimen was comparable with thiéyntleamaged specimens
at 600°C. In other words, the elastic wave velogtsg more sensitive parameter
of thermal treatment than uniaxial strength.

e The AE hit number also shows large differences betw mechanically
damaged and thermally damaged specimens. The nwhidf hits decreased
when thermal treatments were increased. A drastredse in the AE hit
number and energy parameters could be seen inpgw@nsens treated to over
600°C; however, the number of AE events in the NdBcgmen was less than in
the TD specimen treated to 700°C. This leads usotxlude that mechanical
damage has a greater effect on the AE parametangiiermal treatment.

» Thermal and mechanical damage not only affect theber of AE events, they
also cause a big difference in the reaction steaswe have identified in this
research: The first two reaction steps did not faleee, based on accumulated
AE hit and energy, during uniaxial tests on the Ina@ically damaged specimen
Gal(650), and the final step is also gentler thanthe intact specimens.
However, for thermally treated rock, the steps piiear after 700°C. Therefore

we can conclude that mechanical damage affectaEhsources.
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* Another difference between the two types of dameyestigated is in the
existence of cracks relative to crystal grainsheftock. Cracks in MD specimen
were mostly propagated inside the plagioclases redsein the TD specimens
the cracks were visible around the crystals or lb@esl within existing micro
structures. Figure 6.25 shows the differences bmtwihe mechanical and

thermal damage at the microscopic scale.

Figure 6.25: Photomicrographs of mechanically damag ed (a) and thermally treated (b)
gabbro specimens. Note the extensive grain-boundary damage and separation at some
boundaries. The rock has been heat treated to 500C and slight oxidation has appeared in
existing cracks.

6.8 Concluding remarks

The effect of thermally and stress induced micrcksaon the mechanical and physical
parameters of gabbro rock was studied. Uniaxialpression tests, elastic wave velocity
measurement, thin section investigations and aoastission monitoring were carried
out. The conclusions of the experimental studiesaarfollows:

1. Thermal treatment of gabbro affects the defolmnmaand strength under uniaxial
compressive stress conditions. The gabbro specirttersnally treated above 150°C
showed significant reductions in the measured parars. The strength of specimen heat
treated up to 600°C is 20% less than in intact rédclrastic decrease in uniaxial strength
was observed in the specimens treated to tempesahugher than 600°C. However, the
elasticity modulus decreases at a constant rate negipect to an increase in temperature.
The changes in the elastic wave velocities werepawable to the strength reduction rates.

2. Comparing the acoustic emissions data for intexct thermally treated samples
showed a considerable difference in the numbersteys of acceleration of AE events. It
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appears that microcrack evolution due to thermalatge plays a key role in decreasing the
AE hit number during uniaxial tests on heated speass. The AE records of intact and
thermally treated specimens below 600°C are corbpar®n the other hand, there is a
significant difference between the records of gpecis heated to over 600°C and the
unheated gabbro.

3. Investigation of the sample size and heating edtects on the above parameters
clearly show a significant difference; the heatrate plays a more definitive role in low
temperature treatment than at higher temperatDeseasing of heat rate to reach both of
the final temperatures (300°C and 600°C), causerkrdamage in the uniaxial strength
and elasticity modulus of gabbro specimens. P-waalecity was more affected than S-
wave velocity during heat treatment at a rate 6{C58nd 100°C/hour Low rate heating to
a temperature of 300°C caused a difference bettvee® and S wave values; however at
600°C, the P and S wave values decreased by the mamentages.

4. The decrease in the AE hit number is a more etemp means of showing the
differences in thermally treated and stress indugadbbro specimens. Plotting the
accumulated AE energy and hit versus time, revidalsthe form of the thermally damaged
specimen graphs are gentler than the AE recordhéostress damaged specimen. The main
difference between the MD and TD samples is indllastic wave velocities; based on the
elastic wave velocity changes, the highly stresaatged specimers{= 2350 and3 = 650
MPa) was comparable to the 150°C thermally-damapetimen. On the other hand, the
maximum uniaxial strength and elasticity modulughaf ultra high stress damaged rock is
comparable to the specimen that was thermally dathag600°C.

5. Finally based on all the parameters that wevestigated, we concluded that the
temperature of 600°C is a critical temperature tbatises physical and mechanical
degradation in this type of gabbro. However, itidddoe emphasized that this study was
conducted on only one type of intrusion rock; ashkave different properties, such as
crystallographic, texture and grain orientationaratter of grain boundaries, porosity,
grain size, and this composition will affect theiechanical behaviour when subjected to
thermal and stress effects. Extrapolation of tisalte from one type of rock to another will

require more extensive research.
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Chapter 7

Conclusions and Perspectives

7.1 Conclusions

Laboratory experiments were carried out to stugydamage evolution and behavior of
granite and gabbro rock specimens under compres$iom Lavasan granite samples were
chosen adjacent to the Mosha Fault, which locatedhnof Tehran and the gabbro was
selected from a few construction rocks that canoenfiNorth of Africa (Algeria). Simple
uniaxial compression, triaxial and Brazilian teavé been performed on selected rocks. For
all these tests, acoustic emissions were recoraetihciously during loading. Axial and lateral
displacements were also measured using electricaih sgauges and LVDTs. This work
performed in the framework of failure prediction stress induced rock specimens by
monitoring physical precursors. Since Infrared Tiegraphy is one of the newly developed
methods in this field, a few infrared measuremevgse carried out on Lavasan granite under
cyclic loading, using the facilities of LMS in PsriThe main results of these laboratory

investigations can be sorted in four main categorie

1. General characteristics, physical and mechanical parameters of selected rocks:

o From a petrology point of view, Lavasan granit@aismedium size intrusion rock
with alkali rich plagioclase, quartz and mica maier Some of Fe- and Mg-rich
minerals are slightly altered to secondary minesalsh as amphibole, which give
a pale green colouration to the rock mass. Northicah gabbro is a well
crystallized two pyroxene (ortho- and clino-pyrogsh gabbro with G4 rich

plagioclases.
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0 According to uniaxial tests, the strength of gabisronore than twice as high as

that of the granite. The average uniaxial compoessitrengths for granite and
gabbro are about 130 MPa and 225 MPa, respectiVdlg. average elasticity
modulus for granite is 30GPa and the average Ruossatio is about 0.27. For
gabbro, the elasticity modulus is about 90 GPa waitl®.21 Poisson’s ratio.
Brazilian tests were performed on two differenesinf gabbro specimens and the
unconfined tensile strength for gabbro rock wasioletd about 12 MPa. Based on
these tests, we concluded that the size of thempacdoes not play a major role
in the tensile strengthThe primary (Vp) and the secondary (Vs) elastic evav
velocities are, respectively, 4050 and 2537 m/gfanite rock and 6560 and 4080
m/s for gabbro rock.

Two triaxial tests were also performed under uligh stresses using a Giga press.
RocLab software was used to calculate the Hoek-Brositeria and to plot Mohr-
Coulomb and stress path envelopes. The maximunh stxess of gabbro rock is
about 1480 MPa under 200 MPa of confining presstine. cohesive strength of
gabbro in this condition is 68 MPa and the angléntdrnal friction is about 43

degrees.

2. Acoustic emission monitoring during uniaxial and Brazilian tests:

o The most important contribution of AE to civil engering is that it can provide

early warnings of severe, sudden failures. Acoustigissions can detect the
accumulation of micro damage inside componentseaaijty under service
conditions. Acoustic emission tests were carriedavuloaded rock samples. The
most suitable setup for AE monitoring is 45 dB fme- and 40 dB for post-
amplifiers and the selecting of a frequency rargepaissage through a frequency
filter of between 200 to 500 kHz. Peak Definitibime = 50 ps; Hit Definition
Time = 200 ps; Hit Lockout Time = 300 ps are thieeotsuitable settings for the
test system.

By plotting cumulative AE hit and cumulative AE egg versus time, we found
that the AE energy parameter is a more effective than the conventional AE hit

number to detect different stages in the rock failprocess. Based on AE
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monitoring during uniaxial tests, three distincep of AE activities were
identified for granite and gabbro specimens. Thst fstep for granite occurred
before 30% of failure stress and the second oatuateabout 60% of ultimate
stress. The last step took place around 90 to 95¥eaultimate rock strength. For
gabbro rock the last two steps occurred at the dawat of stress (i.e., at 60 and
90% of ultimate strength). However, the first swqrurred before 20% of the
ultimate stress of the rock. For both rocks, theam of acoustic emission activity
in the third step increased dramatically when thess level was close to the peak
strength. These steps are comparable to crachtiaiti @), crack damagecfy)
thresholds and uniaxial compression strength (icdhe stress-strain diagram
presented by Martin in 1993.

Acoustic emission patterns in rock correlate clpselith the stress-strain
behaviour. It appears that the homogeneity andopgtof rocks plays a major role
in this regard. Both the North African gabbro, wiit85% porosity, and Lavasan
granite (1.0% porosity) are homogeneous and ismtrdaperefore the same AE
activities were observed for both of them.

A direct comparison of the AE event data from ur@agompression and Brazilian
tests showed that the AE activity in the Braziliasts was relatively lower than in
the uniaxial compression tests over the same tipen.sThe higher energy
requirement to shear failure in the cylindrical W€sts compared to the indirect
tensile strength is the main explanation for thffecence. The better coupling of
transducers to the flat shape of Brazilian tesftcispens in contrast to convex
shape of uniaxial compression test specimens ithanoeason for the observed
differences. In the latter case, the noise leveteases due to movement of the
transducers upon the rock deformation. By plotting accumulated AE hit and
energy versus time for each type of test, we ha&esve that three sharp steps in
AE activity occur during both the uniaxial compiiess and Brazilian tests.
Considering the stress level in Brazilian tests, fwend that the three steps
occurred at about 20, 60 and 95% of the maximursileestrength of rock. The

three steps in the AE events in the Brazilian testsd be related to the beginning
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of micro fracturing, wedge formation at the top duttom of the disc and finally
nucleation of a failure surface in middle sectiénhe disc.
o Review of the fracture pattern showed two visibkxges at the top and bottom of

the disc-shaped specimens. The wedges were mobéevis the specimens with
larger diameters (70 mm). It seems that the lazgetact surface area plays a main
role in this phenomenon. On the other hand, whenctintact area between the
specimen and the loading plate is too small, thetazt area is almost a line.
Therefore the fracture shape occurs as planareinmidl section of the disc. With
the larger surface contact area, however, a psewmtExial loading system is
created at the top and bottom of the specimentandisc fails by the formation of

two wedges at the sides of the disc.

3. Feasibility of using acoustic emission and infrared measurement simultaneously to

predict failurein stressinduced hard rock:

The preliminary tests showed the possibility ofngsiR to study failure evolution;

however, it is not possible to use this method amjenction with AE monitoring for

prediction of failure in the laboratory. Increasitige stress leads to a rise in infrared

temperature in granite specimens. In laboratorgtief cyclic loading is necessary to produce

the measurable IR temperature. Conversely, cyafidihg generates enormous noise and does

not allow the detection of suitable AE records. Bleag IR with AE monitoring could be

used for long-term evaluation in field investigaso for example, using the methods

simultaneously to monitor the stability of undengnd excavations or fault rupture is

recommended. In addition, it could also be usea&thquake prediction.

4. Laboratory tests on thermally and mechanically damaged rock using AE monitoring:

o The effect of thermally and stress induced micrcksaon the mechanical and

physical parameters of gabbro rock was studied. gdidros specimens that had
been thermally treated to more than 150°C showgdifgiant reductions in the

measured parameters. The strength of gabbro thgrinsdted up to 600°C was
20% less than in the unheated gabbro specimensgagtiddecrease in the uniaxial

strength occurred in the specimens that were tidatéemperatures above 600°C
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(see figure 6.6). However, the elasticity modulaesrdased at a relatively constant
rate with respect to an increase in the temperaftlie changes in elastic wave
velocities were comparable to the strength rednaties.

A comparison of acoustic emission data for intad ¢hermally treated samples
showed a considerable difference in the numbernatice steps of acceleration of
AE events. It appears that microcrack evolution wunermal damage plays a key
role in decreasing the number of AE hits duringauial tests in heated specimens.
The AE records of intact and thermally treated spens below 600°C are
comparable. On the other hand, there is a significhfference between the
records of specimens heated to above 600°C andtethgabbro specimens.
Investigation on the sample size and heating riéete on the above mentioned
parameters showed a significant difference in @seilts. The heating rate plays a
more effective role at low treating temperatureanthat high temperatures.
Decreasing the rate of heating for both of the Ifitmperatures (300°C and
600°C), causes more damage in the uniaxial streagth elasticity modulus of
gabbro specimens. P-wave velocity was more affetttad S-wave during both
heating rates of 50°C and 100°C/hour. Low rateihgdb a temperature of 300°C
caused a difference between P and S wave valuegveo at 600°C P and S wave
values decreased by the same amounts.

The reduction of the AE hits number is a more cample parameter when
considering thermally treated and stress inducdsbrgaspecimens. Plotting the
accumulated AE energy and hit vs time showed #tdgss than 600°C, the form
of the thermally damaged specimen’s graphs was siorgar to intact rock than
to mechanically damaged rock. However, the shapthefgraph for thermally
damaged specimens heated to more than 600°C, weresame as the
mechanically damaged ones. Other difference betwee=iMD and TD samples is
seen in the elastic wave velocities. Based onielagve velocity changes, the
ultra high stress-damaged specimears=(2350 ant; = 650MPa) is comparable
to a 150°C thermally-damaged specimen. Neverthekbgs maximum uniaxial
strength and elasticity modulus of the ultra higliess-damaged rock is
comparable with a specimen that was thermally dachag)600°C.
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o Based on all the parameters that were investigatedas found that 600°C is a
critical temperature that causes physical and nrecabdegradation in this type of
gabbro. However, it should be emphasized thatgtidy was conducted on only
one type of intrusion rock. Others have differingoperties such as
crystallographic, texture and grain orientationaretcter of grain boundaries,
porosity, grain size and composition, all of whiahll affect the mechanical
behaviour against thermal and stress effects. pafation of the results from one

type of rock to another will require more extensigsearch.

7.2 Recommendations for future researches

In this thesis the AE procedure was applied togluase studies. However, it proved to be
extremely effective in the monitoring and predintiof failure in hard rocks. Our laboratory
investigations showed the capability of AE monitgrito failure mechanisms and to failure
evolution investigations. We propose to apply thiethod to monitor rock slopes and
underground excavations. Although some researchbhas done previously using AE hit
activities, AE event energy has not been studiethiese purposes.

We have shown that three steps of AE activitiesiodetiring uniaxial compression tests
and in Brazilian tests. The relationship of micemtr initiation and nucleation with AE
activities requires further investigation. X-rayéstigation and tomography on specimens
after each step (before ultimate failure) are rebemded in this regard.

There were some interesting results from thermahadge studies on gabbro rock. All
results presented in this thesis refer to one qadati brittle rock and further research is
necessary to examine whether these results areaplpl to other types of rock. Preparing a
model with consideration of thermal expansion ddfees between crystals, and comparing

the results with these findings, is also proposed.
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Appendix

Table 1: Vp and Vs measurements results of 45 Lavas

an granite specimens

Sample

No. Length(mm) | Vp(m/s) | Vs(m/s) Remarks
Grl 95.1 4105 2527

Gr2 100.7 4500 2827

Gr3 85.4 3820 2441

Gr4 101.3 4121 2643

Gr5 100.6 No signal
Gr6 95 4282 2782

Gr7 96 3695 2276

Gr8 101.3 4400 2600

Gr9 100.5 4370 2805

Grl10 101.1 4252 2606

Grll 99.8 3770 Poor signal
Grl2 100.5 4152 2595

Grl3 100.3 2338 No signal
Gri4d 100.8 No signal
Grl5 100.4 4278 2747

Grl6 100.1 3764 2447 Poor Signal
Grl7 99.7 4274 2750

Gri8 99.7 3830 2546

Gr19 99.7 4033 2620

Gr20 100 4084 2743

Gr21 99.9 No signal
Gr22 99.6 4060 2604

Gr23 100.4 4048 2481

Gr24 101.1 4027 2504

Gr25 99.6 3776 2423

Gr26 99.6 4053 2515

Gr27 99.6 4183 2578

Gr28 99.9 4139 2532

Gr29 99.6 4419 2720

Gr30 99.1 4356 2594

Gr31 100.4 4397 2676

Gr32 99.5 4202 2615

Gr33 100.7 3646 2353 Poor Signal
Gr34 99.4 3878 2475

Gr35 99.9 3990 2409

Gr36 100.9 2706 No signal
Gr37 100.1 No signal
Gr38 100.7 3737 2321

Gr39 99.6 4011 2927

Gr40 99.5 4127 2519

Gr41 99.2 3913 2493

Gr42 99.5 3725 2591 Poor Signal
Gr43 100 2504 No signal
Gra4 100 4119 2506 Existing a

crack
Gr45 100.9 4005 2519
Mean/Standard deviation 4051/ +239 | 2537/ +170
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Figure 1: Accumulated AE hit (above) and energy (be  low) versus stress - time during
uniaxial simple compression test of Lavasan granite specimen Gr5. The symbols are
presented in chapter 4, previously. ©.,=138 MPa, E=27 GPa,
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Figure 2: Accumulated AE hit (above) and energy (be  low) versus stress - time during
uniaxial simple compression test of Lavasan granite specimen Grl10. o.=123 MPa. E=31GPa.
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Figure 3: Accumulated AE hit (above) and energy (be  low) versus stress - time during
uniaxial simple compression test of Lavasan granite specimen Grl2. o0.=138 MPa The axial
deformation has been recorded by LVDT.
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Figure 4: Accumulated AE hit (above) and energy (be  low) versus stress - time during
uniaxial simple compression test of Lavasan granite
deformation has been recorded by LVDT.
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Figure 5: Accumulated AE hit (above) and energy (be  low) versus stress - time during
uniaxial simple compression test of Lavasan granite specimen Grl6. o.=122 MPa. The axial
deformation has been recorded by LVDT.
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Figure 6: Accumulated AE hit (above) and energy (be  low) versus stress - time during
uniaxial simple compression test of Lavasan granite specimen Grl7. o.=136 MPa. The axial
deformation has been recorded by LVDT.
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Figure 7: Accumulated AE hit (above) and energy (be
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Figure 8: Accumulated AE hit (above) and energy (be  low) versus stress - time during
Brazilian test on gabbro specimen Gab6. Tensile str  ength =10.9 MPa. Deformation has been
measured by LVDT.
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Figure 9: Accumulated AE hit (above) and energy (be  low) versus stress - time during
Brazilian test on gabbro specimen Gab7. Tensile str  ength =11.7 MPa. Deformation has been
measured by LVDT.
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Figure 11: Accumulated AE hit (above) and energy (b
Brazilian test on gabbro specimen Gabh9. Tensile str
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Figure 12: Accumulated AE hit (above) and energy (b elow) versus stress - time during

Brazilian test on gabbro specimen Gab10. Tensile st  rength =13.5 MPa. Deformation has
been measured by LVDT.
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Figure 13: Accumulated AE hit (above) and energy (b elow) versus stress - time during
Brazilian test on gabbro specimen Gab11. Tensile st rength =12.2 MPa. Deformation has

been measured by LVDT.
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Appendix I

Infrared measurement results of
Lavasan granite
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Table 2: Details of infrared measurements from Lava

san granite under uniaxial cyclic tests

Force (kN) ForsctgtéﬁN) F%i’gj’g&& Min. (kN) | Max. (kN) | AT () ']‘riggeeﬁf
1.2 1.2 +0.6 0.6 18 0 (rse\;fr’é\ggel)
25 25 1.2 1.2 3.7 0 SYEBO50
3.1 3.1 1.9 1.2 5.0 0.16 SYEC050
3.7 3.7 5 1.2 6.2 0.32 SYEDO50
5.0 5.0 3.7 1.2 8.7 0.78 SYEE052
6.2 6.2 +5.0 1.2 11.2 1.11 SYEF052
7.4 7.4 +6.2 1.2 136 1.63 SYEGO51
8.7 8.7 7.4 1.2 16.1 2.32 SYEH052
9.9 9.9 +8.7 1.2 18.6 2.91 SYEI051
11.1 11.1 9.9 1.2 21 3.50 SYEJ052
12.4 12.4 112 1.2 23.6 4.07 SYEK050
136 136 £12.4 1.2 26.0 5.19 SYEL050
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Figure 14: Infrared measurements of Lavasan granite under cyclic loading. Specimen
SYEAOQO01 is a reference picture and has been taken a t beginning of test. Picture SYEKO050 is
taken at the maximum loading (Fmax. = 23.6 kN). Not e to the focus of heat at middle part of

the specimens.
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Figure 15: Infrared measurements of L avasan granite under cyclic loading. Specimen SYEAQOl isa
reference picture. Picture SYEIO51 is taken atthe ~ maximum loading (Fmax. = 18.6 kN).
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Figure 16: Infrared measurements of Lavasan granite under cyclic loading. Specimen
SYEDO52 is taken at minimum of loading (F = 6.2 kN)  and picture SYELO52 is taken at the
maximum of loading (F = 26 kN).
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Appendix Il

AE monitoring of thermally treated
gabbro specimens and stress-
deformation data
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Figure 17: Accumulated AE hit records versus deform ation and stress of 150C thermally
treated gabbro specimen Gall during simple uniaxial compression tests.
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Figure 18: Accumulated AE hit records versus deform ation and stress of 300C thermally
treated gabbro specimen Gal2 during simple uniaxial compression tests.
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Figure 19: Accumulated AE hit records versus deform ation and stress of 500C thermally
treated gabbro specimen Gal3 during simple uniaxial compression tests.
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Figure 20: Accumulated AE hit records versus deform ation and stress of 600TC thermally
treated gabbro specimen Gal4 during simple uniaxial compression tests.
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Figure 21: Accumulated AE hit records versus deform ation and stress of 700C thermally
treated gabbro specimen Gal5 during simple uniaxial compression tests.
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Figure 22: Accumulated AE hit records versus deform ation and stress of 800C thermally
treated gabbro specimen Gal6 during simple uniaxial compression tests.
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Figure 23: Accumulated AE hit records versus deform ation and stress of 1000C thermally

treated gabbro specimen Gal7 during simple uniaxial
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