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Abstract

We performed laboratory-scale unconfined compression experiments on
Barre granite specimen with a single pre-existing flaw to study the evolution
of tensile and shear cracking that occurs during different stress levels.
Moment tensor inversion of acoustic emission (AE) events in combination
with the nonelastic strain component obtained through the 2D digital im-
age correlation (DIC) technique are used to track the changes in the source
mechanisms of the stress-induced cracks. The mode of deformation com-
puted from the image based strain profiles, enables visual comparison of the
nucleation, growth and interaction of the tensile and shear cracks with the
microseismic source mechanism observed by moment tensor inversion of the
AE events. Comparing the results obtained from the two techniques on the
same dataset demonstrates a quantitative correlation between the acoustic
and visual observations in terms of the cracking mechanisms obtained at
different stages of cracking from crack initiation at the flaw tips to the
failure of the rock specimen.

Keywords: Brittle rocks, Uniaxial Compression, Non-elastic Tensile Strain,
Non-elastic Shear Strain, Cracking Mechanisms

1. Introduction

Cracking processes in rocks are complex phenomena. Initiation, propaga-
tion and coalescence of microcracks cause the brittle failure of the rocks. An
understanding of the crack nucleation, propagation and mechanisms involved
during rock fracture plays an important role in the field of seismology [1], in
designing civil engineering structures and different rock breaking processes
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such as hydraulic fracturing, drilling, and blasting etc [2]. The microcrack-
ing processes that eventually causes the failure of the rock have been studied
through fracture mechanics, which states that microcracks are created due
to localized stress concentration caused by the presence of pre-existing flaws.
Griffith [3] satisfactorily explained that the actual stress needed to fracture a
bulk material is less than the theoretical stress required to break the atomic
bonds of the material and this low fracture strength is due to the presence
of a large number of randomly distributed microscopic flaws in the material
[4]. Similarly, McClintock and Irwin [5] showed that the material deforms
inelastically before the crack propagation due to the stress field around the
tips of the pre-existing flaw known as the fracture process zone. The process
zone consists of microcracks, direct observation of these microcracks have
revealed that the primary mechanism of deformation in brittle rocks is local
tensile cracking which is due to the extensile strains [6, 7, 8, 9], in which
the cracks are oriented parallel to the direction of the major principal stress
[9, 10, 11]. As the load applied to the specimen increases, a complex hetero-
geneous combination of tensile and shear stresses gets concentrated at the
tips of the pre-existing flaws and leads to the initiation, propagation and
coalescence of the microcracks causing the ultimate failure of the rock [12].
These studies indicate that the presence of pre-existing flaws in rocks acts
as a stress concentrator and the growth of the microcracks particularly from
these stress concentration areas causes the brittle fracture of the rock speci-
men [7, 8, 13]. The presence of a pre-existing flaw contributes to a multipath
failure mode as commonly observed in previous studies [14, 15, 16]. There-
fore, a better understanding of the laboratory scale rock damage around a
pre-existing flaw and its underlying mechanism is an essential prerequisite to
predict the macroscopic failure of the rock bearing structures.

Depending upon the mode of displacement along the plane of crack, rock
fractures can be classified into tensile (mode I), shear (mode II and mode III)
and mixed mode. Tensile cracks (mode I) are opening cracks in which normal
stress acts perpendicular to the crack plane and shear cracks are formed due
to the shear stress acting parallel to the crack plane. The combination of
these modes are known as mixed-mode cracks [17, 18]. Cracking in rocks and
the mode of displacement across the fracture plane plays an important role
in hydraulic fracturing, earthquakes and other seismic activities. Knowledge
of the different modes of cracking provides insight about the permeability of
the fractured media and flow path of the injected fluids in case of hydraulic
fracturing.
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Previous experimental observations on rocks and rock like specimens
[19, 20, 21, 22, 23, 24, 25, 26] have reported the initiation of two major crack
types (i.e., tensile and shear cracks) from the tips of a single pre-existing
flaw under compression. These studies mainly focused on the type of cracks
and their cracking patterns at the macroscopic level. In order to study the
evolution of the two crack types at the microscopic scale in stressed rock
specimens, various direct and indirect observation techniques such as
scanning electron microscope, optical microscope and acoustic emission
(AE) have been used [14, 19, 20, 23, 27, 28]. Zhao et al. [29] characterized
the different stress -induced cracking mechanisms by conducting real-time
SEM observations on a marble plate with an inclined pre-existing flaw. They
observed that the microcracks were mostly tensile in nature, with a few shear
cracks. Wong and Einstein [26] performed microscopic observations on double
flawed Carrara marble specimen under unconfined compression. They
utilized the environmental scanning electron (ESEM) and SEM imaging
techniques to study the microscopic behavior and further linked the
microscopic damageto the macroscopic failure of the rock specimen. As per
their observation, the coalescence between the two pre-existing flaws took
place through the evolution of a number of tensile microcracks. Tal et al.
[30] utilized a grid technique on strain maps to observe the evolution of
microcracks during uni-axial compression of Carrara marble and compared
the mode and magnitude of local strain distributions with the damage
models. Cheng et al. [31] inves-tigated the progression of damage in marble
specimen containing en-echelon flaws using an optical microscope. Their
study investigated the development of tensile and shear cracks at the
microscopic and the macroscopic scale asa function of stress.

To date, various experimental studies have been carried out to analyze the
micromechanical behavior of rocks using the AE technique. The experimen-
tal results showed that the parametric analysis of the AE signals generated
due to the deformation can be used to identify the different stages of
cracking in brittle rocks [14, 15, 16, 27, 32]. Recently, Zhou et al. [16, 33]
studied the fracture related AE characteristics in flawed granite specimen
and explained the process zone nucleation mechanism in granite as the
clustering of grain- scale microcracks due to grain interlocking effect. In
addition to this, the recorded AE waveforms generated due to the
irreversible deformation carry information about the source location and the
mechanism of failure [34]. The widely used technique based on the
inversion of AE waveforms, known as moment tensor inversion, has been
used as a tool for the quan-
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titative characterization of crack mechanisms in rock fracture experiments
[28, 35, 36, 37]. The 2D-DIC is also the most extensively used non-contact
optical method for displacement and strain field measurement in real-time
[38, 39, 40, 41]. Various experimental studies have been conducted over the
past few years using the AE and 2D-DIC techniques in combination for the
damage characterization in rocks of various geometries under different
loading conditions [16, 37, 42, 43, 44, 45, 46, 47, 48]. The literature is quite
extensive. Based on these researches, it can be concluded that both the
techniques have the capability of detecting the damage initiation and
evolution in the rock specimen. Hence, the combination of AE and DIC can
provide a detailed evaluation of the fracturing process in rocks from
microscopic to macroscopic scale. In most of these studies on rocks, the
main focus has been to identify the damage zones based on AE source
parameters and the DIC strain and displacement field measurements,
however the temporal and spatial evolution of the tensile and shear
microcracks have not been explored in detail.

The study provides an insight into the sequence of evolution of tensile
and shear microcracking involved during deformation of brittle rock
specimen containing a pre-existing flaw through extending the available
experimental observations. In this study, the cracking processes are
monitored si- multaneously with an 8 channel AE system and 2D-digital
image correlation technique under unconfined compression. The moment
tensor analysis, em- ployed on the AE waveforms, provides an in-depth
knowledge of the crackingmechanism involved during the deformation of the
rock. The 2D-DIC strain measurement approach is used to monitor the
evolution of damage in terms of the nonelastic strain component with
increasing levels of stress. One of the new major contributions of the present
study is to obtain the mode of defor- mation from the DIC strain components
and compare them with the cracking mechanisms obtained through the
moment tensors of AE in real time. In- dependent measurements of tensile
and shear deformation with increasing levels of loading from the two
techniques provided a unique opportunity to correlate the changes in the
cracking mechanism explicitly with the damage in the rock specimen.
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2. Experimental Design

2.1. Material

The characterization of the damage process was performed on Barre gran-
ite (BG) specimen with a single pre-existing flaw. BG is crystalline in nature
and obtained from the south-west region of Burlington, Vermont (USA) [49,
50]. This rock is a representative of the Earth’s crust and one of the most
extensively studied rocks with a rich literature (e.g., [14, 20, 51, 52, 53]).
BGis a gray granodiorite with its grain size ranging from 0.2 mm to 3.0 mm
(medium-fine grained). It has an average grain size of 0.87 mm [49, 50].
BG has a very consistent mineral composition which consists of about 65%
feldspar (average grain size of 0.95 mm), 27% quartz (average grain size of
0.94 mm), 9% biotite (average grain size of 0.83 mm) [49, 50, 54]. It has a
density of 2.66 g/cm’ with a porosity of 0.59% [50]. Barre granite specimen
in its intact form has the following average properties: Young’s modulus=58
GPa [55], uniaxial compressive strength=170 MPa [56], and the average com-
pressional P- wave velocity= 4100 m/s [57]. Same block of Barre granite was
used to prepare the prismatic specimens (152 mm x 76 mm x 25 mm) and the
pre-existing flaws were cut by OMAX water jet. The flaw was cut throughout
the thickness of the specimen. The flaw length and its inclination angle with
respect to the horizontal axis is 25 mm and 45°, respectively (Figure 1a). For
the purpose of experimental result presentation, three representative speci-
mens labeled as ‘BG-1°, ‘BG-2’ and ‘BG-3’ are discussed in this paper from
a comprehensive series of tests.

2.2. Loading System Set-up

A computer-controlled servo-hydraulic loading machine was used for con-
ducting unconfined compression experiments on three Barre granite specimen
with an existing flaw. The loading was applied in displacement controlled
mode at a displacement rate of 1 um/s. The displacement was controlled
through three Linear Variable Differential Transformers (LVDTs). These
LVDTs recorded the overall axial deformation of the rock specimen. The
displacement control mode helped in controlling the deformation of the rock
specimen closed to their uniaxial compressive strength to protect the AE
sensors from damage. Proper synchronization was ensured among the three
systems during the test.
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Figure 1: Schematic diagram of the (a) Prismatic specimen with a pre-existing flaw (flaw
length is 25 mm and the flaw inclination angle with respect to the horizontal axis is 45°)
with the location of the AE sensors, the dashed blue line shows the region of interest, (b)
2D-DIC setup with the CCD camera and the image acquisition system

2.3. 2D-DIC Setup

Digital image correlation (DIC) technique is the most commonly used and
widely accepted non-destructive, non-contact optical deformation and strain
measurement approach that can be utilized for the evaluation of the complex
behavior of geomaterials [38, 39, 40, 58]. This technique evaluates full-field
displacement and full-field strains to sub-pixel accuracy by comparing the
reference image (without mechanical loading) to the image corresponding to
strained state (under mechanical loading). Because of its sub-pixel resolution,
accurate DIC measurements detect optically invisible cracks. The 2D-DIC
technique is preferred over other optical methods because of its simple ex-
perimental set-up and accurate displacement and strain field measurement
[59].

The proper implementation of the DIC technique comprises of three con-
secutive steps: (i) specimen preparation and set-up, (ii) image acquisition,
and (iii) processing the acquired images using the correlation algorithm. To
obtain a high-quality gray-scale distribution for accurate DIC measurements,
the planar surface of the specimen was cleaned, and a unique random speckle
pattern was created by using a multi-color paint (Rust-Oleum) to paint
the surface of the specimen [40]. Figure 2(a) illustrates the speckle pattern
produced on the planar surface of the rock specimen BG-2 through spray
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Figure 2: (a) Speckle pattern produced on the surface of specimen BG-2 through spray
painting, (b) Gray-scale intensity distribution for the speckle pattern generated on the
surface of specimen BG-2, (c) Deformation map of the specimen BG-2 at 95% of failure
strength, *V’ represents the displacement magnitude in the vertical direction

painting, and the gray-scale distribution of the speckle pattern for the same
specimen is shown in Figure 2(b), where a well-distributed histogram with
the intensity values ranging from 0-255 can be observed. A well-distributed
histogram helps to enhance the contrast of the speckle pattern in order to
reduce the noise and provide accurate in-plane DIC measurements. In these
experiments, each pixel in the image corresponded to 90 um in the physical
dimension with the spatial resolution of 90 um/pixel. In an optimal-speckle
pattern, the average size of the paint droplets (speckle) should range from 3-7
pixels [43]. The average size of the speckle ranged from 270- 630 um; thus,
confirming to the uniqueness of the speckle pattern produced in this study.
Figure 2(c) shows a vertical deformation profile obtained through DIC for
BG-2 specimen.

Grasshopper (Point Grey) charged coupled device (CCD) camera with a
Fujinon lens of focal length 35 mm was used for acquiring the digital
images. The camera and the lens was placed so as to capture the entire
surface (152 x 76 mm?) of the speckled specimen. A fixed distance of 1000
mm was achieved to minimize the error due to out of-plane motions. To get
accurate displacement measurements from 2D-DIC, the out-of-plane motion
should be minimized in order to restrain the changes in magnification and
increased in-
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plane displacement [38]. The error in the displacement measurement due to
out-of-plane motions is proportional to the distance (z) between the camera
axis and the surface of the specimen. This distance is achieved by limiting
the value of Az/z [60], where Az is the displacement caused by out-of-plane
measurements. Therefore, taking z = 1000 mm, the value of Az/z = 1.25 x
107 which is within the permissible limit and hence, the 2D-DIC
measurements are only associated with the in —plane displacement of the
specimen. The frame rate was set as 10 frames per second for these
experiments that typically lasted for 10-12 minutes. A polarizing lens with a
conjugate polarizer was used for better illumination. The DIC component of
the setup is shown in Figure 1.
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Figure 3: Schematic diagram of digital image correlation

In DIC analysis, the displacement field was differentiated to calculate the
strain fields. However, the direct numerical differentiation of the raw dis-
placement is considered to be noisy making the calculated strain unreliable
[38]. Local least square fitting technique was used to smooth the displacement
field first and then differentiated to calculate the strain fields. Standard La-
grangian approach of continuum mechanics was used to estimate the strains
from the displacement field. This approach relates the position of particle ‘P’
(Figure 3) in reference configuration at time t=0 to its position in deformed
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configuration at time t. The strains along x and y directions are computed
from the following equations [61, 62, 63]:
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Based on the results obtained through Eq. (1), the major (e44) and
minor (€,,) principal strains were calculated. The digital images captured
during the experiments were analyzed using the VIC-2D software licensed
by Cor- related Solutions to extract the displacement and strain along the
specimen surface using the correlation criterion. The correlation procedure
was exe- cuted by applying a constant magnification factor to convert the
pixels to their respective physical dimensions [39, 41]. In these experiments,
by comparing the pixel measurements from the fixed field of view of the
camera to the physical dimension of the entire specimen surface, a constant
magnification factor of 90 um/pixel was used.

2.4. AE Setup

AE was implemented to track the spatiotemporal changes around the
flaw tips of the uniaxially loaded prismatic specimen. The experiment was
instrumented with eight piezoelectric AE sensors mounted on the sides of
the specimen (Figure 1a). The piezoelectric sensors Nano-30 from Mistras
Group, Inc. were used in the study to record the AE signals. The Nano-30
AE sensor has a frequency response over the range of 125-750 kHz with a
resonant frequency of 300 kHz. The miniature size of the sensor makes it
easy to mount in small and tight spaces. The sensors were attached on the
sides along the longitudinal axis of the specimen with epoxy (produced by
Hardman, Royal Adhesives and Sealants). The epoxy was in contact with
the sensor for nine hours and the velocity measured by Pencil Lead Break
test was documented after every 90 minutes interval. The efficiency of the
coupling was verified by the pencil lead break (PLB) and the auto sensor test
(AST).
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In this experimental-setup, 2/4/6 PAC preamplifiers were used to amplify
the output voltage of the AE sensors by 20 dB in order to improve the
detection efficiency of the sensors for recording. The sampling frequency
was 5 MHz with a length of 15k and a pre-trigger of 256 us. Eight channel
boards embedded in the AE acquisition system from the MISTRAS Group,
Inc. were used. The system was controlled by real-time operating software
AEwin, in which the peak definition time (PDT), hit definition time (HDT)
and hit lockout time (HLT) were set as 200, 800 and 350 us, respectively.
The maximum duration was taken as 3 ms.

All the AE signals (waveforms) were recorded and further analyzed for
the source localization and source type characterization using the moment
tensor inversion method [64]. The source location was based on the first
arrival of the P-waves. The arrival time picking was done using the Akaike
information criterion (AIC) [65, 66]. Locations were determined using a con-
stant P-wave velocity field model of 4100 m/s for a minimum distance error
of 3 mm i.e. less than 10% of the smallest dimension of the specimen. These
locations were optimized using “fmincon” function in MATLAB. While AE
source location analysis helped to describe the spatiotemporal evolution of
damage, AE source mechanism analysis and their dependence on the stress
state of rocks enables detailed insight into the cracking processes at the mi-
croscale. As for the source localization in three dimensions, there are four
unknowns (X, y, z, and t) which require the detection of the AE signals by
minimum of four channels but the moment tensor has six independent com-
ponents. Hence, in these experiments, the source localization was also done
for a minimum of six channels.

3. Observation of Crack Sequences

The procedure adopted in this study for the quantification of the tensile
and shear cracks accumulated in the rock specimen throughout the loading
are described in the subsequent sections. The section deals with the cracking
levels and the cracking mechanisms obtained through the experimental
observations.

3.1. Observation of Crack Sequences using AE Signatures

As shown in Figure 4 (a & b), AE signatures were observed around the
flaw tips in the specified region of interest, in sync with the 2D-DIC mea-
surements. Several studies revealed that the AE hits acquired throughout

10
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the loading corresponds to the increasing number of microcracks and the en-
ergy of the signal denotes the magnitude of the cracking sources in materials
[14, 34]. Therefore, to investigate the cracking levels, common parametric
features of the AE waveform such as hits and energy emitted by the seismic
sources were analyzed as a function of the normalized stress. The two im-
portant components in the brittle rock fracture that is crack initiation (CI)
and crack damage (CD) thresholds were identified [27].

Figure 4 (a & b) shows the rate and cumulative plots of the AE hits and
AE energy as a function of applied stress normalized by the peak strength.
The trend of the changes in the cumulative plots of AE hits due to increasing
level of stress are consistent for all the specimen in the region of interest.
Figure 4a shows that the initiation of significant AE activity in the cumu-
lative hits plot occurred at 37-41% of the peak strength. This behavior has
been detected in all the three rock specimens. Therefore, this point can be
linked as the crack initiation point among the cracking levels. This cracking
level detected by AE monitoring is consistent with the findings of several
other studies corroborating it as the crack initiation [67, 68]. However, cu-
mulative AE energy plot (Figure 4b) does not show any significant change
in the trend at this stage (CI), contributing to the fact that early AEs have
relatively low energy [69]. When the load is further increased beyond crack
initiation, it does not lead to the failure but the cracks continue to propagate
in a stable manner, known as the stable growth of the cracks. Stable crack
growth stage as defined by Brace [70], Beniawiski [2] and Martin [71] is the
stage bounded at the lower end by crack initiation threshold (CI) and at
the upper end by crack damage threshold (CD). When the stress increases
beyond the microcracking initiation (CI), the microcracks increase, both in
size and number and begin to interact with one another. Figure 4 shows
almost constant magnitude peaks in the hit rate and energy rate plots and a
constant increase in the cumulative hits and cumulative energy graphs
without any dramatic change. This constant increase in the AE parameters
can be linked with the stable growth of microcracks. When the load reaches
85-90% of the peak strength, the cumulative plots of AE hit and AE energy
show a sharp increase. This indicates the accumulation of microcracks to
macrocracks, which is confirmed by the high amount of AE energy released
at this stage. Therefore, the rise in the AE energy release can be called as
"macro-crack initiation". Other researchers [27, 72, 73] have called this point
as the "crack damage". At low levels of loading (0-30% of the failure stress),
the AE parameters does not show any activity, whereas it has been found in

11



364
365
366
367
368
369

370
371

372
373

374
375
376
377
378

379
380
381

382
383
384
385
386
387

previous studies that some AE signals can be seen in the initial loading stages
due to crack closure and elastic deformation [14, 27, 74]. However, in these
experiments, the analysis was mainly focused from the microcrack initiation
to the failure of the specimen, so the levels prior to the crack initiation was
adopted to be quiet by setting a high threshold in the AE settings (~ 70 dB).
Analysis of the digital images also did not reveal any significant information
about the stages prior to crack initiation.
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Figure 4: (a) Variation of cumulative AE hits as a function of normalized stress for the
rock specimens BG-1, BG-2 and BG-3 at the specified ROI. The insets show the
zoomed view of the CI region and the variation in the hit rate throughout loading for
BG-3, (b) Variation of cumulative AE energy as a function of normalized stress for the rock
specimen BG-1,BG-2 and BG-3 at the specified ROI. The insets show the zoomed view
of the CDregion and the variation of the energy rate throughout loading for BG-3.

3.2. Observation of Crack Sequences using 2D-DIC

The 2D-DIC technique was used to measure the strain along the speci-
men surface in the region of interest (ROI) and the damage was characterized
based on the different component of strain measurements. As the damage
progresses, strain accumulation takes place in the specimen. When the spec-
imen is loaded under unconfined compression, major principal strain (€;1)
concentration takes place along the longitudinal axis of the specimen, while
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the minor principal strain (€,,) results due to the material expanding in the
lateral direction (Poisson’s effect). Figure 5 shows the strain profile of €1
(Figure 5a) and €,, (Figure 5b) extracted from the VIC-2D software (ex-
plained in section 2.3) for the specimen BG-3 at 60% of UCS. At this stress
level, both the €;; and €,, show distinct amounts of strain
concentration around the flaw tips. The map of €;; strain field shows
subhorizontal fea- tures in comparison to the subvertical strain
concentration observed in thee,, strain distribution. Based on the fact that
the concentration of the local tensile stress at the tip of the flaw is the
primary mode of deformation in brittle rocks [9], with the cracks oriented
subparallel to the major principal stress direction, the minor principal strain
(e52) (extensile strain) distribution was studied for the tensile strain
distribution in the specific region of interest for the three rock specimens.
Accordingly, the €,, strain distribution in the ROI at different stress levels
for the three rock specimens are illustrated in Figure 6. At low levels of
loading (20-30% of UCS), the strain distribution showed a small standard
deviation (0.4 me). As the stress level increased, the spread in the histogram
and the standard deviation also increases. At 60% of the peak strength, the
standard deviation in strain distribution was around 1.1 me and increased
upto 3 me at 95% of the peak strength. This indicates the increased
heterogeneity in the strain field due to the strain localization at higher
levels of damage. As the stress level increases, the histograms shifttowards
the left due to the higher concentration of the extensile strains. The spread in
the histogram also indicates the increase in the number of DICgrid points
with higher magnitudes of the tensile strain. As shown in Figure 6, some of
the DIC grid points show compressive strain in the tensile strain field which
can be due to the heterogeneous distribution of strain at the grainscale [41,
75].

In order to obtain the distribution of the localized tensile strain in the
ROI, an apparent tensile strain (€.7), similar to the method adopted by
[41, 76], is used:

EZ;T = |Z§V=1<622,i>| ()

where €,,; represents the minor principal strain at the i DIC grid point,
and N is the total number of DIC grid points in the specified region of
interest. For the computation of the apparent tensile strain, only negative
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Figure 5: Full-field strain profile of the major (e11) and minor (€22) principal strains
obtained by 2D-DIC at 60% of UCS for the specimen BG-3. Positive (+) and negative
(-) strains represent contraction and extension, respectively.

strain values are taken into account. This apparent tensile strain €1, contains
both the elastic and inelastic component of the tensile strain present in the
rock specimen.

a b c
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Figure 6: Histograms showing the minor principal strain distribution in the ROI for three
prismatic Barre granite specimens: (a) BG-1, (b) BG-2, (c) BG-3. Negative (-) strains
represent extension and positive (+) strains represent contraction.
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Numerous experimental studies have revealed that the stress
corresponding to microcracking initiation is generally related to the
development of nonelastic strains in the rock specimen [77, 78, 79].
Similarly, the regions accumulated with the microcracking are expected to
be characterized by a threshold limit of €,, value at which the cracking
initiates (i.e. the plastic deformation takes place). With this in mind, it is
important to compute the nonelastic strain component which governs the
plastic deformation in the rock specimen. To evaluate the nonelastic
component, the critical tensile strain limit for Barre granite was estimated.
The procedure adopted for the calculation of critical tensile strain limit is
shown in Figure 7 and described below:

0.25 2

2" percentile
—1o'h percentile

BG-3

-1.5 20" percentile

€22 (%)

-0.05 -0.1 -0.15

€, (%) Normalized Stress (%)
Stacey’s Criterion Critical Strain corresponding to
2nd  percentile of the strain
distribution at Cl as obtained by
AE at 40% of UCS
€c :. [-2.46-4] €g= [—189—4]
Spec'm?;)'sca'e Pixel-scale (2250 um)

(b)
Figure 7: Procedure adopted for the evaluation of the critical threshold of tensile strain
(€c) from DIC strain measurement (a) at specimen-scale [77], (b) at pixel-scale [41]

Due to the heterogeneous nature of rocks, the scale of strain measurement
needs to be considered in order to calculate the critical threshold value of
the tensile strain (€.). The heterogeneity in rocks create spatially uneven
strain response to the applied stress, which causes irregular fluctuations in
the strain distribution from the specimen scale to pixel scale. To accurately
measure the critical limit of tensile strain, the analysis was performed at both
the specimen-scale and pixel-scale (Figure 7).
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At the specimen-scale, the well-established Stacey [77] strain criterion
(figure 7a) was applied to evaluate the critical threshold value of the tensile
strain (€.). This criterion states that the initiation of extensile microcracks
in rocks is highlighted by the deviation in the slope of axial strain (€,,) vs.
lateral strain (€y,). Figure 7a shows the plot of axial (€y,) strain versus
the lateral strain (€,,) for BG-3 in which the change in the slope can be
observed corresponding to -2.4e-4 strain value (positive (+) and negative (-)
values represent contraction and extensile strains, respectively). Therefore,
the critical tensile strain limit (€.) at the specimen scale was estimated as
-2.4e-4. Since the DIC strain measurements are based on pixel-scale, it is
important to evaluate the magnitude of the critical tensile strain limit (€.)
at pixel scale.

Several experimental studies have shown that the initiation of the microc-
racking can be seen by a significant rise in the AE activity which is considered
as the crack initiation stress (CI) [14, 78] as shown in Figure 4. At the pixel-
scale, the value of (e.) was calculated based on a significant rise in the curve
at CI stress threshold. Since cracking in rocks primarily occurs beyond the
CI threshold [14, 79], it can be reasonably assumed that at CI, very few
tensile cracks should have been formed and therefore, at CI, very few pixels
would have values of extensile strain (€,,) greater than (€.). Keeping this
in mind, small €,, percentiles (2™, 10" and 20%) were selected to
evaluate €., as shown in Figure 7b for representative specimens (BG-3 in
this case). These percentile values indicate the percentage of strains in its
frequency distribution that fall below a particular value of strain. As the
stress levelis increased, the concentration of extensile strain also increases
(Figure 7) and the tensile strain values (€,,) corresponding to different
percentiles also increase (Figure 7b). The second percentile of the strain
distribution was chosen for the evaluation of the (€.) strain limit because of
the following two reasons: (i) the strain distribution for 2" percentile
showed a distinct rise at the CI which was not evident in the 10" and 20™
percentile plots with a trend similar to the evolution of the AEs [14, 27, 41],
and (ii) the 2% of pixelsshowing tensile damage at CI is consistent with the
micro-mechanical numer- ical model developed by [80] for brittle rock,
which states that 1-2% of the grains in the model exhibited tensile damage at
CI. Based on this approach, the pixel-scale value of the critical tensile
strain limit (e,,) was estimated as -18e-4. To ensure the consistency of the
results, similar procedure was adopted for the remaining two specimen (BG1
and BG2). The value of (¢.) for the three specimens ranged from -18e-4 to
-20e-4. After the evaluation
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of the critical limit of the tensile strain (€.), the non-elastic apparent tensile
strain e}F was determined as follows:

eNE = |ZN (€22.)| where €55; < e, 3)

The nonelastic apparent tensile strain component obtained through the
above procedure was further utilized to quantify the tensile deformations in
the ROI region and to explicitly evaluate the extent of damage with the
evolution of tensile cracks observed through the moment tensor analysis.

By adopting an approach similar to the quantification of non-elastic ten-
sile strain €}, the non-elastic shear strain (y,.) was computed. As shear yield
usually takes place along the plane of maximum shear strain (V,qy) [81,
82], the maximum shear strain measurements (Vpqx; see Eq.(4), where €14
denotes major principal strain) were considered in this study for shear
damage characterization. Figure 8 shows the maximum shear strain distri-
bution at different levels of stress in the ROI. It is evident from the Figure
8 that as the stress on the rock specimen increases, the heterogeneity in the
(Ymax) strain field amplifies and the histogram shifts towards the right (i.e.,
increasing magnitude of the maximum shear strain). An increase in the het-
erogeneity of the maximum shear strain field is consistent with the fact that
shear cracking in rock dominates only beyond CD.

(€11~ €22)
2

ymax

(4)

In this study, the tensile damage has been characterized at pixel-scale
measurements obtained through DIC. For the quantification of shear damage
in the ROI, the non-elastic shear strain component needs to be evaluated at
the pixel-scale. To estimate the pixel-scale non-elastic shear strain com-
ponent, a critical threshold value of shear strain (y,) similar to €. has been
evaluated. Accordingly, it is expected that at CD, very few pixels exhibit
values of Y4, greater than y.. This shows that the critical shear strain limit
(¥¢) should correspond to a small maximum shear strain (¥;,q,) distribution
percentile. Figure 9 shows several percentiles of y,, 4, plotted as a function
of normalized stress for the determination of y,.. The selection of the appro-
priate percentile distribution was based on the fact that as shear cracking in
rocks accelerates beyond CD stress level, the V4 percentile
corresponding
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Figure 8: Histograms showing the maximum shear strain distribution in the ROI for three
prismatic Barre granite specimens: (a) BG-1, (b) BG-2,(c) BG-3.

to ¥, should show a deviation from linearity beyond CD threshold. To de-
termine the value of y,, 0.1%, 0.5"" and 5" percentiles of ¥,,,4, Wwere plotted
as a function of normalized stress (Figure 9). The ¥4, for 0.5" and 0.1
percentile distribution follows a linear trend up to a certain stress level and
then deviate near the CD stress threshold. In particular, the deviation was
observed at CD for the 0.5" percentile, and at a stress below CD for 0.1%
percentile. This deviation from linearity can be associated with the unstable
growth of the microcracks [14] corresponding to the CD threshold. However,
the 5 percentile of the y,,,, strain variation does not show any significant
change in the slope at CD stress threshold. Accordingly, 0.5" percentile
strain-field distribution was selected for the evaluation of y,.. Also, the 0.5%
of pixels of the image showing shear damage is consistent with the findings
of the numerical model for granitic rocks proposed by [80] which states that
0.3% -0.5% of grains in the micro-mechanical model showed shear damage at
CD. Based on this observation, the pixel-scale y, was estimated as 40e-4.
The critical limit of the maximum shear strain (y.) obtained through
the above procedure was (40e-4), which is greater than the critical limit of
the tensile strain (e, = -18e-4) and also consistent with the previous
observations that damage in brittle rocks initiate in tension prior to shear
[83]. After the determination of the specific y., procedure similar to the
quantification of tensile damage was adopted to evaluate the total apparent
shear strain and the non-elastic component of shear strain as shown in Eq.(5)
and Eq. (6). The strain described in the above sections are considered as
the apparent one, because in some cases it does not hold true due to the
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Figure 9: Procedure followed to obtain the pixel-scale critical shear strain limit (y,). The
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percentile of the maximum shear strain variation [82]

evolution of damage [76]

VZ;S = |Z{V=1 Vmax,il (5)

YAVSE = |Z§V=1()/max,i>|’ where ymax,i > Yc (6)

In Eq. (5), Vimax represents the maximum shear strain across the ROI
at the N number of DIC grid points which in this case is 15770. Eq. (6)
represents the evaluation of apparent nonelastic maximum shear strain (y}¢
which can be defined as the summation of the ¥,,4, Vvalues greater than
Y. across the specified region of interest.

4. Crack Source Mechanisms

The progression of tensile and shear damage in rocks can be better un-
derstood on the basis of the non-elastic component of tensile and shear strain
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measurements. Therefore, this section deals with the distribution of the dif-
ferent crack source mechanism obtained through the 2D-DIC and AE tech-
niques and their correlation.

Scholz [74] reported that AE signals recorded during a rock fracture ex-
periment, show a rate of occurrence that can be correlated with the nonelas-
tic stress-strain behavior of the rock. He conducted experiments on Westerly
granite under unconfined compression and correlated the inelastic volumetric
strain with the rate of AE; however, the mechanism of cracking was not dis-
cussed in the study. A similar technique has been applied in this study where
the occurrence of AE events were correlated with the DIC strain measure-
ments with a major emphasis on the cracking mechanism. In particular, the
evolution of different crack types obtained through moment tensor analysis
were observed with increasing levels of nonelastic strain components (tensile
and shear). To analyze the strain in the ROI, the major (€;;) and minor
(€22)
strain component was calculated for all the grid points in the specific region
of interest. The damage features (microcracks) were obtained by selecting
only those features which included 5 or more grid points in the ROI, this
filtering was done to eliminate the noise in the strain profiles. These feature
were then considered as the microcracks and their orientation was obtained
through visual inspection. Once the orientation was identified, the normal
(tensile) and shear component of the strains were calculated by resolving the
strain values perpendicular and parallel to the crack trend. The tensile strain
profile was plotted for the strain values greater than €., similarly the shear
strain profile was plotted for the values exceeding y.. Observations from the
two techniques that is the evolution of the tensile and shear cracks from the
moment tensor analysis was compared with the normal (tensile) and shear
component of strain resolved in perpendicular and parallel direction of the
crack trend respectively. The detailed description is provided in the following
subsections.

4.1. Temporal Evolution of Crack Source Mechanisms

Figure 10 (a & b) shows a consistent relationship between the evolution
of the tensile crack (in percentage) detected by AE and the non-elastic com-
ponent of tensile strain detected by DIC, throughout the loading for all the
three rock specimens. In uniaxial compression test, the CI threshold denotes
the initiation of microcracks (also obtained from AE) in the form of sta-
ble extensile microcracks governed by the non-elastic tensile deformation in
rocks [34]. This is quite evident from Figure 10a that a rise in the
evolution
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of the tensile cracks in the CI region occurs. The nonelastic tensile strain
component (Figure 10b) which is a metric of damage around the flaw tips,
also shows a significant rise around 30-40% of UCS.

When the load is increased further (from CI to CD), the nonelastic tensile
strain increases with the increasing crack density, this can also be confirmed
from the increasing heterogeneity in the tensile strain-field in Figure 6. The
curve shows an accelerated increase in the nonelastic tensile strain around
the CD region (80%-90% of UCS) which is consistent with the fact that the
damage in brittle rocks primarily occur due to the local tensile stresses even if
the rocks are subjected to a compressive stress field [31]. From these observa-
tions, it can be concluded that the nonelastic component of the tensile strain
is a good representative of the tensile crack evolution in the rock specimen
and it can be used to quantify the initiation, growth and coalescence of the
extensile microcracking in rocks. Figure 10e shows the correlation between
the cumulative number of tensile cracks and non-elastic tensile strain com-
ponent evaluated through DIC full-field strain measurements in the ROI. In
particular, a near linear correlation can be seen between the tensile crack and
non-elastic tensile strain field. At higher levels of stress, the trend becomes
nonlinear because of the loss in correlation of strain measurements from DIC.

Since the nonelastic apparent maximum shear strain (y,¢) can be used
as a metric for the characterization of shear damage in rocks, the evolution
of shear cracks and the nonelastic component of maximum shear strain are
plotted as a function of normalized stress for the three rock specimen in the
ROI (Figure 10 (¢ & d)). Although the evolution of the shear microcracks
can be seen prior to CD, the rate of evolution is less than that of the tensile
microcracks (Figure 10 (a & b)) in the stable growth region. These obser-
vations indicate that shear cracking becomes increasingly populated as the
stress level approaches to CD and hence the curves show a sharp increase
around the CD threshold (80% - 90%). These results also indicate that shear
strain at the pixel scale represents a more local level of shear damage and
thus can be correlated with the AE crack mechanism. A similar observation
can be seen in Figure 10f, which shows the percentages of the shear crack
evolution with respect to total number of shear cracks at each stress level
as a function of nonelastic maximum shear strain (y1¢ ). The trend shows
a near linear correlation, although the number of shear cracks between the
CI and CD limit is very low. After the CD, an increase in the number of
shear cracks can be seen which is because of the sliding along the plane of
the crack due to the macrocrack formation.
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Figure 10: (a) Variation of tensile crack evolution obtained through AE in the ROI for all
the three Barre granite specimens; (b) Variation of non-elastic component of tensile strain
obtained through DIC for the three specimens in the ROI; (c¢) Variation of shear crack
evolution obtained through AE; (d) Variation of non-elastic component of maximum shear
strain obtained through DIC in the ROI; (e) Correlation between the tensile crack evolution
and the non-elastic tensile strain component in the ROI for the three rock specimens (blue-
BG-1, red-BG-2, black-BG-3), (f) Correlation between the shear crack evolution and the
non-elastic maximum shear strain component in the ROI for the three rock specimens (blue-
BG-1, red-BG-2, black-BG-3) , the CI and CD has been distinguished by the yellow and
green circles on the map.
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4.2. Spatial Distribution of Crack Source Mechanisms

Figures 11 and 12 shows the spatial distribution of the AE cracks obtained
through the moment tensor analysis and the tensile and shear component of
the strain obtained through DIC in the ROI for BG-3.
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Figure 11: Comparison between the mode of deformation obtained through AE (tensile
cracks) and DIC (tensile component of strain) at different level of stress in the ROI for

BG-3, insets show the zoomed view of the subfigures at 80% and 95% of the UCS

23



688
689
690
691
692

693
694
695
696
697

= 20% 40% 60% 1 80% I 95% !
s of UCS of UCS ofUCS !  ofUCS ! of UCS 1
g | 015 0.15 10.15 10.15 100!
S i == === (el B (it I === |
i I ! ] ! I - 1 ! :: I ! =
wx | 01 iooay ACALE Ny oA Bl n oAy 1 I=
g 7 : p ] I I R : 50 1%
© | 0.05} 0.051 N o005t 1 0,051 N loosh x |
5 L 1 . 1 L I . I \ I |
2 - - e e it - I
[ 0 0 0 H) 10 0
0 0.05 0 005 0 005 0 005 :\ 0 005 :
- : ! 0 Iy
c - [ R - ! [
2 : 1 : | : | : I :1 : 0w @
3 | 1 X 1 X i X I :} N '
=8 R R I ARt l‘./ﬁlf2'§
oo | 1 . 1 . il X o RN 5
st X O | 2
g t—- P (] I A [ T (] S
2} : " !
I
AE 80% of UCS DIC
I T T a1 K 1110 B ey, S
! 1
! r====n P====1 1
i ! | EO 1 1 ’0‘5:
: 1 I 1 1 1 1
oA ! WL ] | - :
! 1 <40 |[{e0 | b 15!
oA ] 1 1 !
o S
: ] I |ly40 1 Y
i 005 | !
@& | X ! "1H2s!
[0 1 20 1 1 H
N G N
g . 0 0 i
= ~ 1
S I T 005 ... 33
- N 95%ofUCS o
Q2 I 015 100 no |
> | . .
3 | == | fos
£ 80 s !
S N I -
R aa [ . }
! 60 [N 1.5 1
' 1 %,/: 1 !
. 1 1 2
: © R .
| 0.05 1 y 1 2.5
! 20 ! o i
i | I -3 ;
1
1 0 0 35:
. 0 0.05 !

Figure 12: Comparison between the mode of deformation obtained through AE (shear
cracks) and DIC (shear component of strain) at different level of stress in the ROI for

BG-3, insets show the zoomed view of the subfigures at 80% and 95% of the UCS

Figure 11 illustrates the evolution of tensile events from the flaw tips at
40% of UCS which is the stress level corresponding to the CI for BG-3. The
tensile component of strain of lower magnitude can be seen in the strain maps.
Few microcracks through AE can be seen in the lower region of the specimen,
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which is not evident in the DIC strain maps. This could be due to the
damage along the depth of the specimen which cannot be observed in the 2D
image profiles. At 60-80% of UCS continuous dominant tensile microcracks
are formed. Moreover, as the loading increases, the microcracks propagate
along the direction of the major principal stress which further aligns with the
formation of the macrocrack around the flaw tips. The tensile component of
strain concentration at the flaw tips increases with increasing levels of stress
(the insets show the zoomed view of the AE and DIC profiles at 80% and
95% of UCS) and propagates towards the loading direction. Therefore, the
non-elastic tensile strain component obtained through DIC can be used to
detect the localized damage zone in crystalline rock.

The tensile microcracks originated at the tips of the flaw at low levels of
stress (40% of UCS) are responsible for the initiation of wing cracks (Type 1
tensile cracks as per [22, 84]). These wing cracks first initiate and propagate
in the direction perpendicular to the major principal axis and then becomes
parallel to the loading direction as can be seen in the AE and DIC profiles
(Figure 11). Also these microcracks are mostly produced when the crack
growth is stable and the energy release is controllable. This allows the AE
system to record and analyze the tensile microcracks in real time without
any saturation.

Figure 12 shows the evolution of the shear cracks from the AE moment
tensor analysis and the shear component of strain resolved parallel to the
crack trend at different levels of stress for BG-3. The shear microcracks are
initiated at higher levels of stress (greater than 60% of the failure stress),
which is very close to the CD of the specimen. This observation indicates
that shear cracking only appears after sufficient grains are fractured through
the tensile microcracks [28, 85, 86, 87]. However the shear strain profiles at
80% of the failure stress, does not show significant strain concentration, this
could be due to the spalling of the grains near the flaw tips. The evolution
of shear microcracks between the CI and CD can be associated with the
widening of the fracture process zone [28] corresponding to the transition
from microscopic damage to macroscopic damage. The results of the shear
component of strain measurements are very consistent with the shear crack
evolution at later stages of loading. Near failure (95% of UCS) both modes of
deformation (tensile and shear) was observed, as the damage at macro scale
is caused due to all modes of fracturing.
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Figure 13: Thin section images of the Barre granite specimen under cross polarized light,
(a) Intact specimen showing different grains; (b) Grain boundary cracks transformed to
transgranular cracks; (c¢) Crack propagating through the grains; (d) Crushing of the grains

5. Discussion

5.1. Tensile and Shear damage evolution

The acousto-visual observations of the tensile and shear microcrack evo-
lution helped to understand the process zone nucleation and crack develop-
ment in brittle rocks. Existing studies on granite [1, 23, 31, 53] have reported
that damage process in brittle rocks had more tensile cracking and less shear
cracking at the macroscale. This is because of the larger and stronger mineral
grains present in the rock. Figure 13(a) shows the thin section observations
of Barre granite under cross-polarized light to illustrate the grain sizes with
identified mineral grains. Due to these large grains, the microcracks propa-
gate up to long distance along the grain boundaries and with further increase
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in stress, they start to fracture through the grains, giving rise to shear micro-
cracking [53, 87, 88]. This could be the reason for shear cracks dominating
at the later stages of loading. Figure 13(b) shows the grain boundary crack
transformed to a transgranular crack during the fracturing process and Fig-
ure 13(c) illustrates a transgranular crack propagating through the grain.
A direct comparison between the strain field measurement and the moment
tensor analysis corroborates to a better understanding of the crack progres-
sion in brittle rocks with pre-existing flaws. Results indicate that at CI
stress level, the tensile microcracks accumulated around both the tips of the
flaw, and then propagated away in the direction of the crack (Figure 11).
As the load increased the cracking extended by the accumulation of tensile
microcracks and then shear microcracks occurred (Figure 11 & 12). Hence,
tensile microcracks showed a rising trend during the formation of the tensile
macrocrack, (i.e. in the stable crack propagation). The accumulation of shear
microcracks indicated the shear damage initiation in the rock specimen [82].
With increasing stress, the sliding along the shear plane took place and the
mineral grains were crushed or separated from each other (See Figure 13d).
The locus of this shear plane then developed into a macro shear plane (fault)
along which the specimen failed [28].

To model rock mass behavior in field at high in-situ stresses, different
approaches such as Hoek-Brown failure criterion or Mohr-Coulomb failure
criterion are used. These criteria assume that in jointed rock mass, the cohe-
sion and frictional component of stress is mobilized simultaneously. However,
as reported in the literature, these approaches failed to predict the strength
of the rock mass surrounding an underground opening (i.e., under low con-
finement) [85, 89]. Further the cohesion weakening and shear strengthening
model (CWFS) was developed by Hajiabdolmajid [85]. They compared the
CWES model with the traditional failure approaches and concluded that
in case of brittle failure, the cohesion is lost due to the tensile cracking and
their coalescence. When the stress is further increased, sliding along the rock
fragments takes place, causing the shear damage and the frictional strength
mobilization. This study supports the concept of CWFS model, in which the
microcracking initiates in tension at around 40% of the UCS at the flaw tips.
As the load increased, the shear microcracks started to occur at around 60-
80% of the UCS. These shear microcracks are formed due to sliding along the
tensile openings. The initiation of these shear microcracks could be linked
with the initiation of the frictional strength mobilization. Once sufficient
damage has been accumulated, the cohesive strength reduces and the for-
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mation of macrocrack takes place which leads to the full mobilization of the
frictional component. The delay in frictional strength mobilization can be
associated with the delayed development of macrocrack due to microcrack
interaction.

5.2. Comparison of 2D and 3D crack growth

3D crack growth mechanism is different from 2D crack growth mechanism
under uniaxial compression. In case of 2D flaw, the wing cracks initiate at the
flaw tips. The presence of free boundary subparallel to the crack propagation
direction affects its growth, and after propagating through a certain distance
this stable crack becomes unstable, due to additional tensile stresses created
by free boundary in the direction perpendicular to the load [90, 91]. However,
in case of 3D crack growth, the wing cracks initiated at the flaw tips do not
grow substantially to cause failure [15, 91, 92]. The wing wrapping occurs
because of the inability of the initial crack to extend itself in a direction
perpendicular to the load. These cracks are known as petal cracks which can
only be observed in 3D crack growth. The wrapping of the petal cracks is
the major difference between the 2D and 3D crack growth [92]. In our study,
the 2D penetrating flaws are intentionally placed in thin specimens under
the plane-stress condition, to clearly visualize the cracks through 2D-DIC
pixel measurements and correlate it with the AE observations. The acoustic
and visual observations illustrate the initiation of wing crack perpendicular
to the pre-existing flaw at around one-third to half of the peak strength of
the rock specimen due to tensile stress concentration at the flaw tips. The
initiation of the wing cracks from the flaw tips in case of 2D cracks are similar
to 3D crack growth. In case of 2D flaws the depth of the flaw is equal to the
thickness of the specimen, therefore the wing cracks grow in a stable manner
in a direction parallel to the load, not only towards the edge of the specimen
but also to the back of the specimen and cause failure.

To link the observations of the present study on 2D flaws with the 3D
nature of crack initiation and growth, the observations made by Wong et
al.[91] can be insightful. Wong et al.[91], observed that for 3D flaws in frozen
PMMA specimen, as brittle rock-like specimens, when the ratio of the depth
of the flaw (d) to the thickness of the specimen (t), is greater than 0.3,
the wing cracks can grow to the back of the specimen, forming an array of
cracks parallel to the loading direction. If we assume the applicability of this
observation to our study, given the brittle nature of Barre granite, for d/t
ratios greater than 0.3, despite the 3D nature of crack growth, the 2D growth
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as observed in this study would be representative, in which wing cracks can
be observed propagating to the specimen boundary parallel to the loading
direction.

5.3. Comparison between the AE and DIC strain measurements

Amongst the different source analysis techniques used for the AE data,
moment tensor inversion method [93, 94] has been applied in this study for
the distinction of tensile and shear cracks. This method is subjective to the
selection of the thresholds of the DC components, shifting the thresholds will
affect the contribution of the tensile and shear sources [28, 95]. Therefore,
in this study, an attempt has been made for the first time to obtain the
mode of deformation from the non-elastic 2D-DIC strain measurement com-
ponents and associate them with the different crack types observed through
the moment tensor analysis in real-time.

The results show the temporal and spatial evolution of microcracks in
case of brittle failure by the application of two common and complimentary
non-destructive techniques. Figure 10 illustrates consistent trends between
the temporal evolution of the tensile and shear cracks obtained from the
moment tensor analysis along with the non-elastic tensile and shear strain
component evaluated from the 2D-DIC approach. The trend shows a rise in
AE observations prior to DIC strain values, this can be due to the fact that
the DIC observations are only at the exposed surface of the rock, whereas AE
accounts for the deformation in the rock volume. Figures 10e and 10f shows
the relationship between the tensile and the shear damage observed through
the two techniques. The tensile cracks are mostly formed in the stable crack
growth period, when the systems are able to capture the signatures smoothly
and in a controllable manner. Hence, near linear correlation can be observed
for the tensile cracks obtained through the two techniques both in time and
space (Figure 10e and Figure 11). However, less linear relationship was
observed for shear cracks using the two techniques (Figure 10f and 12). The
possible reason behind this could be spalling (detachment of rock pieces from
the specimen surface) in the areas around the flaw tips or the saturation
of the AE system at higher stress levels (shear microcracking initiation). A
common feature of the AE system is that when the specimen is loaded beyond
the crack damage (CD) i.e., at the time of macrocrack formation, the AE
system gets saturated and due to the reflection and superimposition of the
AE waveforms, it becomes difficult to differentiate and analyze each crack

29



862
863

864

865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897

near the failure of the specimen. This inherent weakness does not exist in
DIC technique.

5.4. Implication for Field Observations

AE sources generated in a material under compression is very similar to
the seismic events produced during earthquakes [34, 96, 97]. A better under-
standing of the mechanism of these microseismic events gives an insight into
the larger scale event produced due to natural earthquakes, geothermal en-
ergy extraction and other operations. Thus, AE monitoring and the analysis
of the AE source mechanism at the laboratory scale experiments can be used
as a baseline in interpreting field observations related to fault nucleation,
propagation and other seismological activities. This study shows that the
tensile cracking initiates at lower levels of stress (30-40% of UCS) followed
by the shear cracking. These shear microcracks generated near CD, repre-
sents the sliding motion along the plane of weakness. The high AE energy
release (Figure 4b) near CD thus indicates that high energy events are pro-
duced in propagation of transgranular cracks as compared to the grain bound-
ary cracks (Figure 13) [1, 31, 94, 98].The large magnitude sources produced
at higher levels of loading has been further observed by other researchers
through the Gutenberg-Richter law with a decrease in the b-value [34, 96].
In this study, the evolution of tensile and shear events has been discussed for
a laboratory scale fracture experiment, where the sensor has a good coverage
over the area and the low energy tensile motions can also be captured. How-
ever, in field, as the depth increases, the sensor coverage becomes
inadequateand many of the tensile events are not detected because of their
low energy. Therefore, shear sources are mostly dominant in field
observations.

Additionally, the tensile and shear events obtained throughout the ex-
periment is important for the hydraulic fracturing and hydraulic shearing
operations. In hydraulic fracturing, opening mode of deformation provides
a more conductive path for the fluid flow which can be associated with the
observation of the tensile events [99, 100]. Similarly in hydraulic shearing,
the shear cracks causes a permanent slip along the pre-existing faults to re-
activate the fracture zones; thus, increasing the permeability of the rocks at
greater depths [101]. An understanding of the stress level, location and mech-
anism of these sources will help in hydrofracture mapping and in improving
the efficiency of the geothermal reservoirs.
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6. Conclusions

To investigate the microcracking processes in brittle rocks and to estab-
lish a quantitative correlation between the acoustic and visual observations,
uniaxial compression experiments were conducted on prismatic Barre granite
specimen with a single pre-existing flaw. The damage processes were simul-
taneously monitored through AE and DIC technique to obtain the acousto-
visual characteristics. The main conclusions are summarized as follows:

1. The results indicate that microcracking initiates in tension at around
30-40% of the UCS, followed by shear microcracking. Clustering of
the grain-scale microcracks leads to process zone nucleation and pro-
gression into macrocracks. Although the development of macrocracks
is a combination of the tensile, shear and mixed mode microcracks,
their proportion and sequence of evolution are different as the damage
progresses.

2. Furthermore, the tensile and shear strain-field obtained through the
2D-DIC approach were analyzed to identify the different mode of defor-
mation through visual observation. In particular, the nonelastic tensile
strain (€}F) and the nonelastic shear strain (y}&) distribution were
analyzed in the specific region of interest. To obtain the non-elastic
component of strains, the critical limit for tensile (€.) and shear strain
(Y:) were computed above which the strain was considered as non-
elastic. The results showed that the evolution of tensile cracks obtained
through the moment tensor analysis and the non-elastic apparent ten-
sile strain followed a consistent trend throughout the loading for all the
experiments. Similar observation was seen for the evolution of shear
cracks and the non-elastic shear strain component. This study demon-
strates that there is a possibility to develop an alternative method for
identifying the stress thresholds corresponding to the crack initiation
and crack damage, and also the investigation of modes of deformation
based on the DIC observations.

This study demonstrated the capability of the two methods in differentiat-
ing the evolution of tensile and shear damage in brittle rocks, which can be
applicable for the non-destructive analysis of tectonic scale activities.
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Appendix A.

Five unconfined compression experiments were conducted on identical pris-
matic Barre granite specimen under similar testing condition and with the
same set up. The table below shows the values of the cracking thresholds
obtained for the five rock specimen:
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1281 Table A.1: CI and CD thresholds for Barre granite specimen obtained through the AE

1282 and 2D-DIC techniques. The procedures have been described in section 3.1 and 3.2:
1283
1284
Specimen ID | CI (%of CD (% of UCS (MPa)
UcCs) Uucs)
BG-1 38 90 107
BG-2 36 87 104
BG-3 40 82 111
BG-4 38 85 121
BG-5 35 88 98
1285
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