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Abstract

The goal of the work is to better understand field microseismicity through laboratory experiments.
Currently, industry practice consists of detecting activity using monitoring stations located around
the volume of interest, and subsequently using the data to infer characteristics such as location,
magnitude and mechanism of the corresponding microseismic sources. With this approach it is
difficult, given the generally great depths of the microseismic activity, to verify characteristics
such as the extent, orientation and mechanism of the fracturing activity. Our goal in the laboratory
is to address this knowledge gap by imaging the initiation and propagation of hydraulic fractures in
real time, and compare these data to the microseisms emitted during the experiment. Experiments
are conducted on Barre Granite, a coarse-grained crystalline rock similar to that often found in
enhanced geothermal systems, and Opalinus clayshale, a fine-grained sedimentary rock analogous
to shales found in unconventional oil and gas reservoirs. These materials are first tested in a four-
point beam-bending setup to generate baseline results under dry conditions, and then hydraulically
fractured to compare their behaviour under conditions similar to those in the field.

We find that differences between granite and shale behaviour can be attributed to at least two
factors. Firstly, the grain size affects the size of the process zone ahead of the fracture tip, which
results in a significantly larger zone in granite. Secondly, the shale exhibits more velocity strength-
ening material while granite is a velocity weakening material, i.e. slip in granite tends to nu-
cleate along single small asperities while slip in shale tends to occur along larger contact areas.
As a result, macro-scale tensile fractures in granite are composed of hundreds of micrometre- to
millimetre-scale en-echelon shear microcracks that then coalesce with tensile microcracks. This
mechanism tends to generate more seismic activity than in shale, where tensile microcracks on
the order of tens of micrometres are created directly. The magnitude of seismicity is quantified in
this thesis by normalised radiated seismic energy, which we find in shale is approximately 2-5 %
of that in granite. We also find that fluid pressure has a significant effect on seismic activity, and
hypothesise that increased loading rate leads to increased inertia in the material ahead of the crack
tip, which results in increased fracture complexity. This may result in increased seismic activity
due to the increased total accumulated fracture length over which seismic slip may occur.
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2.44 On the left, distribution of cumulative moment versus depth for lower and upper

Eagle Ford treatments. Note that regardless of the vertical placement of the per-
forations, most cumulative moment is occurring at the upper Eagle Ford while the
lower Eagle Ford seems not to generate microseismicity. The same is occurring

at the Vaca Muerta formation (on the right), where events from stages I and 2 are
migrated upwards from the perforations, which are placed at the lower member of

the Vaca Muerta. The plots show that few microseismic events occur in the TOC
rich strata in both the Eagle Ford and Vaca Muerta formations. From Padin et al.

(2014)..... ........ ..... .................. .. ........ 89

2.45 Microseismic monitoring of two horizontal wells fractured at the Eagle Ford. At

the bottom of the figure, the "least active" vs the "most active" microseismic stages

are shown. At the top, post frac results are shown for two different wells. Note that

events with magnitudes less than -2 are located within the lower Eagle Ford. From

Padin et al. (2014). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

2.46 Contribution to oil production of the perforation stages in the Vaca Muerta well 1.
From Padin et al. (2014). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

2.47 Host rock compositional variation. Variable mineral composition fields of Barnett,
Eagle Ford Formation (EF), and clay-rich mudrock (Md) (modified from Passey
et al., 2010), Monterey Formation (from Isaacs, 1981) and Marcellus Formation

(drawn from data in Pommer, 2013). Sealed, open, and fracture resistant axes are

our interpretation of the tendencies that these compositional variations represent
for fracture attributes. End members in the compositional field are interpreted as
propensity to fracture or resist fracture (clay poor versus clay rich), propensity for

fracture wall rocks to resist cementation or bridge (quartz rich), and propensity for
fractures to seal with calcite (calcite rich). Qtz = quartz; fsp = feldspar. . . . . . . . 92

3.1 Specimen geometry and AE sensor locations. S refers to PAC Micro30S sensors,
and G refers to a Glaser-type sensor. Boxes denote locations of the loading platens.

U nits in m m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

3.2 (a) Reference image for the front camera, corresponding to a field of view (FOV)

of around 5 x 7.5 cm. (b) Reference image for the back camera, corresponding to

a FOV of around 2.95 x 4.425 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . 96

3.3 (a) Load-displacement data for the three experiments. Drops in load during the

initial elastic region are points in time where the loading was paused to refocus
the cameras. (b) Crack mouth opening displacement over time for all three experi-

ments, with a nominal rate of 0.0 127 mm/min. . . . . . . . . . . . . . . . . . . . . 98

3.4 (a) Crosshead load and displacement over time. (b) Same data expressed as load-
displacement to identify key stages of behaviour: 'a' linear load-displacement be-
haviour indicating elastic deformation. 'b' Vertical load appears to increase in 3
distinct non-linear steps, indicating the material is no longer deforming elastically.
'c' The load decreases while the crosshead maintains its position, indicating that
the fracture is steadily propagating. The transition points are indicated in the red

circles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

16



LIST OF FIGURES

3.5 Machine input work, calculated from the integral of Figure 3.4b. The three stages
of deformation are also highlighted here. The behaviour transitions from 'a' to 'b'
at around 210 s, and from 'b' to 'c' at around 310 s. . . . . . . . . . . . . . . . . . 99

3.6 (a) Opening strain from macro-DIC at key points in time. (b) Points in time indi-
cated on the energy-time curve. Dotted purple line indicates semi-elliptic bulb of
strain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 1

3.7 (a) AE events for entire experiment, coloured by time. Arrow indicates a specific
zone in the AE cloud where there appears to be no events. (b) AE events with
Mw > -7.4, coloured by magnitude. Black circles indicate events occurring along
possible grain boundaries or zone of no events. . . . . . . . . . . . . . . . . . . . 102

3.8 (a) Detailed photo of the crack surface, large quartz grain shown in red. Scale in
cm. White flat surface is the pre-cut notch. (b) Curvature in the crack path due to
the quartz grain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

3.9 Magnitude-frequency distribution of AE events. x-axis is the magnitude of events,
and y-axis is the cumulative number of events, similar to a cumulative density func-
tion. (a) Each curve shows the magnitude-frequency distribution for AE events oc-
curring over a given time interval. (b) Each curve shows the magnitude-frequency
distribution for AE events occurring over a given range of distances from the
notch tip. A shallower slope (lower b-value) represents a time window or distance
range where relatively more large magnitude events occurred than small magnitude
events, and a curve with a higher frequency (higher on the y-axis) represents more
total events occurred within a given time window or distance range . . . . . . . . . 104

3.10 AE hit rate over the course of the experiment. Figure 3.5 is superimposed for
reference. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

3.11 e,, and E, from micro-DIC at 253, 275 and 297 s of the experiment. The times
correspond to approximately 90%, 95% and 100% of peak load respectively. The
black bar in each figure schematically indicates approximate location of notch tip.
Zone a: Initial portion of the crack, which appears to be purely tensile given that
E,- indicates very little strain. Zone b: Ensuing en-echelon crack, which clearly
shows step-like structure particularly in the c,, plot. . . . . . . . . . . . . . . . . . 106

3.12 Source locations for events occurring between 0 and 300 s in the experiment.
Colour shows time of occurrence. Clusters a and b each seem to occur closely
in tim e in a linear pattern . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

3.13 (a) Microcrack orientation and location for tensile events occurring between 0 and
300 seconds. (b) Orientation and location of shear conjugate planes. Colour indi-
cates m agnitude. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

3.14 Detailed view of e,, at 300 s of the experiment. Black crosses indicate query points
used for Figure 3.15. Point 1 is the lowermost point, and point 7 is the uppermost. 110

3.15 Evolution of (a) Ex and (b) E over time (taken at 2 s intervals) at the query points
specified in Figure 3.14. Query point 1 is the lowest point, and point 7 is the
uppermost point. Histogram shows the AE hit rate over the same period. . . . . . . 110

3.16 (a) E,, and (b) ex, on the macro-DIC over the course of the experiment. Red and
white arrows indicate the best qualitative estimate of the extent of the process zone
and crack respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

1725



LIST OF FIGURES

3.17 cx and ErY over time, taken at 20 s intervals. Rightmost image (c) shows locations
of query points. The strains at query points 1, 2 and 3 appear to be anomalous
towards the end of the experiment, which may be due to very large crack opening
since the employed DIC algorithm does not account for discontinuities. . . . . . . 113

3.18 (a) Location of all AE events occurring after 300 s. (b) Microcrack orientation and
location for tensile events with Mw > -7.5. (c) Orientation and location of shear
conjugate planes. Colour indicates magnitude. . . . . . . . . . . . . . . . . . . . 114

3.19 a) Displacement contour plot at 1000 s, on which we chose query points (crosses)
based on a contour line of constant displacement that best estimated the location of
the crack. Dotted purple lines demonstrate how the query points in this subfigure
are related to the x-axis in the bottom subfigure. b) Strain data (y-axis) shown as
a function of distance from notch tip on the x-axis and time in the colour scheme.
Each line represents the state of strain at a given time. Dashed black line at y =
0.03 shows the calibrated strain value, which was used to calculate the crack extent. 115

3.20 Distance from the notch tip for AE events, DIC process zone (red line) and DIC
crack extent (brown line). Left image shows the density of the location of AE
events as binned in the figure. Middle image is coloured by magnitude, right image
by contribution of shear ratio as per the moment tensor decomposition, where 0
indicates no shear and I indicates a pure double-couple mechanism. . . . . . . . . 116

3.21 Displacement vectors superimposed onto contour maps of e1 and mnax for the
macro-DIC results. Red dotted lines indicate development of a wedge-shaped en-
velope representing the zone of influence of the crack. . . . . . . . . . . . . . . . . 118

3.22 Displacement vectors superimposed onto contour maps of El and mnax for the
micro-DIC results. Red dotted lines indicate development of a wedge-shaped en-
velope representing the zone of influence of the crack. . . . . . . . . . . . . . . . . 119

3.23 (Left) Distribution of principal strains over the entire micro-DIC image at time of
maximum load. Positive strain is tension. (Right) Scatter plot of El - E3 for each
pixel of strain data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

4.1 Map of the Mont Terri underground laboratory showing location of boring cores
including the BMA-2 cores used in this thesis. . . . . . . . . . . . . . . . . . . . . 123

4.2 Load-displacement data over time for the shale and granite beam bending exper-
iments. Note that the timescale for the granite beam has been offset from the
original data so that the beginning of loading matches the shale beam. . . . . . . . 124

4.3 a) AE hypocenter locations over time for entire test, where colour indicates source
time b) tensile event location and microcrack orientation, where colour represents
magnitude c) shear event location and conjugate plane orientation, where colour
represents magnitude. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

4.4 Hypocenter locations of AE events over time. Colour represents the time within the
range specified in each subfigure heading, size represents magnitude, and symbol
represents the focal mechanism. . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

4.5 AE hit rate over the course of the experiment. Machine work over time is superim-
posed for reference. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

4.6 Displacement vectors superimposed onto contour maps of Ei and Ynax for the
m acro-DIC results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

18



LIST OF FIGURES

4.7 Displacement vectors superimposed onto contour maps of Ei and Y"ax for the

m icro-D IC results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

4.8 Contour map of horizontal displacement u at various stages during the test. White
dotted line indicates two crack paths. . . . . . . . . . . . . . . . . . . . . . . . . . 129

4.9 Contour map of exx for a) shale and b) granite at approximately the time of peak
load. Upper limit of the color scale is set at the 90th percentile of strain. Opalinus
strain measurement is resolved to 0.26 %, with a spatial resolution of 292 im.
Granite strain measurement is resolved to 0.15 %, with a spatial resolution of 172
p m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

4.10 Contour map of ig for a) shale and b) granite at approximately 100 seconds after
peak load. Black arrows indicate en-echelon cracks. . . . . . . . . . . . . . . . . . 131

4.11 (Left) Distribution of principal strains over the entire micro-DIC image at time of
maximum load. Positive strain is tension. (Right) Scatter plot of El - E3 for each
pixel of strain data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

4.12 Scatter plot shows the distance from the notch tip to each AE event over time on
the x-axis, line plots show the extent of the process zone and crack as measured by
the D IC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

5.1 a) Schematic of the specimen setup including L-0l-a naming convention and bound-
ary conditions for tests used in this paper. VLO refers to experiments with 0 MPa
of applied vertical stress, VL5 with 5 MPa of vertical stress. INC5 indicates that
the fluid pressure in increased in 5 MPa increments. For example, the specimen
above is 2a-30-30-VL5, indicating a 30 degree inclination of the flaws (3) and 30
degrees between the flaws (bridging angle a), and 5 MPa of vertical stress. b)
Notation denoting regions surrounding the pre-cut flaws. . . . . . . . . . . . . . . 135

5.2 a) Front and b) oblique view of the pressurisation device used in hydraulic fractur-
ing tests; c) schematic showing the different parts of the device. (From Goncalves
da Silva et al, 2015) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

5.3 a) Overall view and b) schematic of the test setup used in the hydraulic fracturing
tests. (After Goncalves da Silva et al. 2015) . . . . . . . . . . . . . . . . . . . . . 137

5.4 Water pressure (red) and rate of AE hits (black) over time for each test. Arrows and
black boxes indicate phenomena commented on in the text. Green line indicates
the time at which white patching is first visually observed during the experiment. 139

5.5 Water pressure (blue line) and AE amplitude (scatter data) over time. Green line
indicates the time at which white patching was first detected visually. . . . . . . . . 141

5.6 Relative cumulative proportion of DC (red), CLVD (green) and ISO (red) during
the last seconds of each test. Black dashed circles indicate significant numbers
of implosive NDC events during and after crack propagation, and purple circles
indicate periods of cyclic explosive and implosive NDC events. Crack initiation
occurs approximately where the curves flatten out towards the end of the experi-
ment. Note that cumulative proportion of CLVD and ISO can decrease over time
since implosion/crack closure events count negatively towards the cumulative pro-
portion whereas explosion/tensile cracks count positively. . . . . . . . . . . . . . . 143

194



LIST OF FIGURES

5.7 Hypocenter locations for each test. The magnitude of the event is shown by the size
of the data point. Dark grey lines indicate the cracks, and light grey areas indicate
white-patching. The symbols indicate whether the event can be classified as double
couple (x), explosive non double couple (A), or implosive non double couple (o),
and colour represents time, where red is the latest event and blue the earliest. . . . 147

5.8 Test 30-VL5-INC5-C (a) Crack sequence shown in alphabetical order. (T) denotes
the cracks open in tension, and subscripts refer to crack type as defined in Wong and
Einstein (2009). Black lines denote cracks and grey areas indicate white patching.
(b) Pressure-time plot for the experiment. Black squares indicate times used in
Figure 5.9. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

5.9 Temporal evolution of AE hypocenters for test 30-VL5-INC5-C. DC events refer
to those with higher double couple, or shear content, explosive NDC (non double-
couple) to those with lower DC and positive ISO and CLVD components, and
implosive NDC to those with lower DC and negative ISO and CLVD. Colour is
used to show time, and size indicates magnitude. Visual observations of the white
patching (in grey) and cracking extent (in black) are overlaid where applicable. . . 150

5.10 SEM image taken near the flaw tip of test 2a-30-0-VL5-A showing a series of con-
nected en-echelon microcracks, such as the one highlighted in the orange circles.
From Goncalves da Silva (2016). . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

5.11 (a) Crack sequence shown in alphabetical order. (T) denotes the cracks open in
tension, and subscripts refer to crack type as defined in Wong and Einstein (2009).
Black lines denote cracks and grey areas indicate white patching. Black circle
indicates location where crack C coalesces with the left flaw (b) Pressure-time plot
for the experiment. Black squares indicate times used in Figure 5.12. . . . . . . . . 153

5.12 Temporal evolution of AE hypocenters. DC events refer to those with higher dou-
ble couple, or shear content, explosive NDC (non double-couple) to those with
lower DC and positive ISO and CLVD components, and implosive NDC to those
with lower DC and negative ISO and CLVD. Colour is used to show time, and
size indicates magnitude. Visual observations of the white patching (in grey) and
cracking extent (in black) are overlaid where applicable . . . . . . . . . . . . . . . 154

5.13 (a) Crack sequence shown in alphabetical order. (T) denotes the cracks open in
tension, and subscripts refer to crack type as defined in Wong and Einstein (2009).
Black lines denote cracks and grey areas indicate white patching. (b) Pressure-time
plot for the experiment. Black squares indicate times used in Figure 5.14. . . . . . 156

5.14 Temporal evolution of AE hypocenters. DC events refer to those with higher dou-
ble couple, or shear content, explosive NDC (non double-couple) to those with
lower DC and positive ISO and CLVD components, and implosive NDC to those
with lower DC and negative ISO and CLVD. Colour is used to show time, and
size indicates magnitude. Visual observations of the white patching (in grey) and
cracking extent (in black) are overlaid where applicable . . . . . . . . . . . . . . . 157

5.15 Zoomed photo of the bottom flaw of test 2a-30-120-VLO-B and the area below and
to the left of it, overlaid by AE events occurring throughout the test. Colour refers
to time where red is the latest, crosses refer to DC dominated events, triangles
to explosive NDC events and circles to implosive NDC events. The size of the
symbols represents the magnitude of the events. . . . . . . . . . . . . . . . . . . . 159

20



LIST OF FIGURES

5.16 a) Maximum principal stress (tension positive) around the inner left flaw tip of 2a-
30-30 geometry for different ratio of water pressure to vertical load (WP/VL). b)
Same plot for maximum shear stress. From Goncalves da Silva and Einstein (2014). 161

5.17 Cumulative Benioff strain energy data and AMR fit for a) 2a-30-0-VL5-C and b)
2a-30-90-VL5-C tests. Green line and arrow indicates end of linear energy accu-
m ulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

6.1 Schematic of the experimental setup used in this study. The specimen was loaded
to a constant axial and lateral load, and then fluid was injected into a pre-cut flaw.
The fractures were observed using a high-speed camera, a high-resolution camera
and an acoustic emission system. The fluid pressures were measured in the pressure
volume actuator and internally in the flaw. b) Photo of the experimental setup used
in this study. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

6.2 Specimen and flaw pressurization device configuration. (a) Schematic of the spec-
imen and pre-cut flaw dimensions, horizontal bedding planes. (b) Schematic of the
flaw pressurization device with a 1.5 in [3.81 cm] square seal. (c) Photo of the flaw
pressurization device. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

6.3 Specimens tested in this study. Constant axial (4.5 MPa) and lateral (1 MPa) ex-
ternal stresses were applied. Hydraulic oil was injected at different rates. Four
specimens were tested each with a different injection rate. . . . . . . . . . . . . . . 169

6.4 Fracture progression and pressure-time curves for the test with 0.0807 ml/s injec-
tion rate. The PVA pressure was measured at the pump and the internal pressure
was measured directly in the flaw. A decrease in the slope of the internal pres-
sure versus time curve was observed at the first fracture initiation and a drop in the
internal pressure were observed when fractures reached the seal boundary. . . . . . 170

6.5 Fracture patterns for different injection rates. The fractures are labeled alphabet-
ically in chronological order. The fractures are usually tensile, however, some
sliding was observed in fracture B of the specimen with Q = 0.0807 mL/s. . . . . . 171

6.6 Fracture speeds observed in this study. Shown are the speeds of the fractures over
time, starting at each fracture's initiation time. Specimens tested with higher injec-
tion rates showed higher fracture speeds and higher fracture acceleration (slope).
The number of fractures for each injection rate was different (See Figure 6.5). . . . 172

6.7 Evolution of flaw pressure over time for the four injection rates tested measured
with a transducer inside the pressurized flaw. . . . . . . . . . . . . . . . . . . . . . 173

6.8 Summary of the pressure results for the different injection rates. Increases in max-
imum pump (PVA)- and internal flaw pressures were observed at high injection
rates. The fracture initiation pressure was approximately the same for all injection
rates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 3

6.9 AE event locations and orientations for each test. Crosses indicate conjugate shear
planes for shear events; the single lines indicate opening direction of non-DC
events. Thick black line is the flaw. . . . . . . . . . . . . . . . . . . . . . . . . . . 175

6.10 Spectra for largest event seen at each injection rate. . . . . . . . . . . . . . . . . . 175
6.11 Pressure and AE amplitude data for the four injection rate experiments . . . . . . . 177
6.12 Power spectra of AEl and AE2 (Refer to Figure 6.11). . . . . . . . . . . . . . . . 178
6.13 Internal flaw pressure over time for the second round of tests. . . . . . . . . . . . . 179

21t



LIST OF FIGURES

6.14 Fracture pattern and maximum internal flaw pressure during second round of in-

jection rate tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

6.15 Location of AE events detected during second round of injection rate tests. . . . . . 180

7.1 Specimen dimensions in mm and AE sensor locations for a) granite and b) shale.

AE sensor locations shown in blue, and dashed lines show nominal bedding plane

orientation in the shale. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

7.2 (a) Image of experimental setup including high speed camera, enclosure, load

frame and pre-amplifiers. b) Schematic and image of fluid injection enclosure used

on granite specimens (from Gongalves da Silva and Einstein (2018)). c) Schematic

and image of fluid injection enclosure used on shale specimens (from Morgan et al.

(20 17)) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
7.3 Image of shale specimen with speckling. Inset shows high speed video frame of

speckled region. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

7.4 Images of the bare rock used in each test, at 5X magnification. . . . . . . . . . . . 185

7.5 Pressure and AE amplitude over time for each test. Dashed orange and green lines

respectively denote beginning and end points for tr,01-11 scheme used in subsequent

analysis, where tOrn, = 0 is the start of injection, and t110 1n = I is the time of highest

A E rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

7.6 Maximum (el) and shear strain (Ynax) contours at various stages during granite 0.39
mL/s test. Arrows show displacement field, with rigid body translation subtracted

such that the mean displacement of the entire area is zero. Red circles indicate

en-echelon cracks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

7.7 Maximum (eI) and shear strain (ya) contours at various stages during granite

0.019 mL/s test. Arrows show displacement field, with rigid body translation sub-

tracted such that the mean displacement of the entire area is zero. Red circles

indicate locations of fracture branching. . . . . . . . . . . . . . . . . . . . . . . . 189

7.8 El and shear strain 7 1nax contours at various stages during Opalinus 0.39 mL/s test.

Arrows show displacement field, with rigid body translation subtracted such that

the mean displacement of the entire area is zero. Red dashed line indicates wedge

of opening displacement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191

7.9 El and shear strain ymax contours at various stages during Opalinus 0.019 mL/s

test. Arrows show displacement field, with rigid body translation subtracted such

that the mean displacement of the entire area is zero. Dashed lines A and B indicate

narrow zone of non-horizontal displacement. . . . . . . . . . . . . . . . . . . . . . 192

7.10 Illustration of plumose fracture, from Cobain et al. (2015). . . . . . . . . . . . . . 192

7.11 a) Schematic of opening displacement. Displacement is calculated across the crack

1 mm from the notch tip. b) Opening displacement over pressure. c) Opening

displacement over normalised time, where t = 0 is the start of injection, and t = 1

is the time of maximum AE amplitude. Green circles indicate the time in each test

where the displacement begins to behave inelastically. . . . . . . . . . . . . . . . . 194

7.12 Histogram of principal strains for (Left) Granite 0.39 mL/s and (Right) Granite

0.019 mL/s, based on the entire micro-DIC image at o = I. . . . . . . . . . . . 195

7.13 Histogram of principal strains for (Left) Opalinus 0.39 mL/s and (Right) Opalinus

0.019 mL/s, based on the entire micro-DIC image at twrin = I. . . . . . . . . . . . 195

22



LIST OF FIGURES

7.14 Histogram of (left) minimum (E3), (middle) volumetric (E,), and (right) maximum

(ei) strain for each test, alongside beam bending data from chapters 3 and 4. Note

that the magnitude of probability density and the variance are dependent on the

quality of the speckling, where the quality was lowest for the Opalinus beam bend-

ing test, and highest for the Opalinus 0.019 mL/s and granite beam bending tests. . 196

7.15 Scatter plot of E, - e3 for each pixel of strain data from all 4 HF tests. . . . . . . . 196

7.16 a) Plot of normal and shear displacements across the microcrack at 3 points along

the microcrack. This is plotted alongside the rate of acoustic emission hits during
the test. Top x-axis shows real time axis in seconds, bottom x-axis shows t,o1..
b)Image showing the 3 points along the microcrack, at which normal and shear

displacements are calculated in a). Blue arrows show the direction along which

shear and normal displacements are resolved. a) and b) show the Granite 0.39
mL/s test, and c) and d) show the Granite 0.019 mL/s test. Erroneous data points

in c) around t7,17 0.945 (shown in orange circle) likely correspond to external
factors such as a bubble . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198

7.17 a) Plot of normal and shear displacements across the microcrack at 3 points along
the microcrack. This is plotted alongside the rate of acoustic emission hits during

the test. Top x-axis shows real time axis in seconds, bottom x-axis shows t, 01'1 77.
b) Image showing the 3 points along the microcrack, at which normal and shear

displacements are calculated in a). Blue arrows show the direction along which

shear and normal displacements are resolved. a) and b) show the Opalinus 0.39
mL/s test, and c) and d) show the Opalinus 0.019 mL/s test. . . . . . . . . . . . . . 199

7.18 AE hypocenter locations for all four tests. . . . . . . . . . . . . . . . . . . . . . . 201

7.19 Relative proportion of double couple couple dominated (> 50%), explosive non

double couple, and implosive non double couple events (Hudson et al., 1989) cap-

tured during the four experiments. . . . . . . . . . . . . . . . . . . . . . . . . . . 201

7.20 Evolution of AE hypocenter locations over time. The catalogue of events is divided

into 6 equal-sized bins, each represented in a single frame. (Left) Granite 0.39
mL/s test, (Right) Granite 0.019 mL/s test. Bold subtitle in each subplot indicates

tno10 .. Size of scatter point indicates magnitude, colour indicates time. . . . . . . . 202

7.21 Evolution of AE hypocenter locations over time. The catalogue of events is divided

into 6 equal-sized bins, each represented in a single frame. (Left) Opalinus 0.39
mL/s test, (Right) Opalinus 0.019 mL/s test. Bold subtitle in each subplot indicates

t 01111. Size of scatter point indicates magnitude, colour indicates time. . . . . . . . 202

8.1 Final crack pattern of a) granite a-30-30 uniaxial compression test, and b) Opalinus

intact compression test. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206
8.2 (Left) Load-displacement data over time for granite a-30-30 uniaxial compression

test, and Opalinus intact compression test. (Right) Load-displacement data over

time for granite and shale beam bending tests. . . . . . . . . . . . . . . . . . . . . 206
8.3 Gutenberg-Richter plots for all experiments. . . . . . . . . . . . . . . . . . . . . . 208
8.4 Table 8.1 in graphical format. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208
8.5 a) Unfiltered small amplitude waveform from 0.019 mL/s Opalinus test. b) - e)

Waveform filtered at indicated frequency bands. f) Moving average RMS envelope

of each frequency filtered wave. . . . . . . . . . . . . . . . . . . . . . . . . . . . 210

234E



LIST OF FIGURES

8.6 Same as Figure 8.5, but for a large amplitude waveform . . . . . . . . . . . . . . . 211
8.7 Waveform envelopes for all events detected at channel 5 during 0.019 mL/s Opal-

inus clayshale experiment, presented for each frequency band. Dotted red line
shows slope estimating -.. . . . .. . . . .. . .1shows ~ ~ Q s.p si ai g -..............................212

8.8 Waveform envelopes for all events detected at channel 5 during 0.019 mL/s gran-
ite experiment, presented for each frequency band. Dotted red line shows slope

71festim ating - T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
8.9 Pressure-volume data for HF setup with and without the enclosure and granite

specim en. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
8.10 a) Load-displacement data from beam bending experiments, b) Load-displacement

data from uniaxial compression experiments, c) Pressure over time from hydraulic
fracturing experim ents. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

8.11 Table 8.4 in graphical format. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
8.12 Bar chart summarising the radiated seismic energy per unit work for various tests

on Barre Granite and Opalinus Clayshale. . . . . . . . . . . . . . . . . . . . . . . 218

A. 1 Springs are inserted into each opening in the platen, so that the sensors press against
the specim en. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236

A.2 Sensors go on top of the spring, and honey acts as couplant between rock and sensor. 236
A.3 Platens, with sensors in them, go around the specimen, and are temporarily held

together with elastic bands. this entire assembly will go into the loading machine
and/or hydraulic fracture enclosure . . . . . . . . . . . . . . . . . . . . . . . . . . 237

A.4 Sensors connect to pre-amps, be sure to connect wires as shown here. 20dB for
granite, 60dB for shale. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238

A.5 BNC cables connect pre-amplifiers to data acquisition system. Parametric box also
connectors to back to DAQ PC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239

A.6 To calibrate for moment magnitudes, set up all sensors, place 10cm straw vertically
near center of specimen, drop ball in the straw and record the waveform. Repeat
10 or so tim es. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240

A.7 Settings for measuring wave velocity. Select output file (boxed in magenta) to
determ ine file location. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241

A.8 Schematic of shale specimen, bedding planes in dashed lines. VI and V2 refer to
velocities across and along bedding planes respectively. . . . . . . . . . . . . . . . 242

A.9 Screenshot of settings to use in AE channel setup tab. Please ensure "Global wave-
form enable" is ticked to save waveforms. . . . . . . . . . . . . . . . . . . . . . . 243

A. 10 Illustration of a test where channel 1 is recording ambient noise, as seen by the
disproportional number hits on channel 1 (Top figure, blue dotted box), and the
consistent hits occurring over time (Bottom figure, blue dotted box). . . . . . . . . 244

A. 11 Settings for pre-amplifiers. Purple box is the setting for Glaser sensor/pre-amps.
Use same settings as channels 1-7 if PAC sensors/pre-amps are used. . . . . . . . . 244

A.12 Settings used for waveforms. Sample rate of 5 million samples per second (MSPS),
pre-trigger of 256 us and file length of 15k (15000) have been empirically deter-
mined to be the most that the system can handle for long periods of time (Li et al.,
2015). ......... ......................................... 245

A. 13 Settings used for timing. Only HLT and max duration matter here. . . . . . . . . . 246

24



LIST OF FIGURES

A. 14 Settings for parametrics window. . . . . . . . . . . . . . . . . . . . . . . . . . . . 246

A.15 Settings for second parametrics window. Gain is set to x100 on channel I as the

pressure transducer, which has a small range, is on this channel. . . . . . . . . . . 247

A. 16 Settings for filtering AE data within the PAC software. Usually used when a few

channels capture noise (channel is constantly triggered, see Figure A. 10), resulting

in very large files. In this case, it is easiest to filter that channel by amplitude. . . . 248

A. 17 Settings for exporting wavesforms to .csv files to be read into MATLAB. . . . . . . 248

A. 18 Photograph of Glaser sensor and accompanying pre-amplifier. . . . . . . . . . . . 250
A. 19 To use the Glaser sensor with the PAC PCI-2 acquisition card, please change the

position of the bridge on the acquisition card as shown in the red box in the inset. . 251
A.20 Wiring of the parametric adapter box to use outside sensors (LVDT, pressure, load,

high speed trigger) to be saved into the AE data acquisition. This is important when

the outside data need to be synchronised to the AE. . . . . . . . . . . . . . . . . . 252
A.21 Detailed wiring diagram of the parametric adapter box. . . . . . . . . . . . . . . . 253
A.22 List of pins on the parametric adapter box. Refer to Figure A.21 for the wiring

diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254
A.23 Photo of the parametric adapter box. Wiring and pins are listed in previous 2 figures.254

B. I Photograph of fractured notch Brazilian test on Opalinus clayshale. . . . . . . . . . 256

B.2 Strain maps of fractured notch Brazilian test on Opalinus clayshale. Significant

bedding plane compression can be seen in the axial strain. . . . . . . . . . . . . . . 257
B.3 AE and DIC strain over time of fractured notch Brazilian test on Opalinus clayshale.

We can see that the AE events relate mostly to the end of the test, when the crack

initiates and propagates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258
B.4 a) Photograph of small shale HF specimen, b) photograph of the setup, c) pressure-

time curves of the large and small specimen tests, d) sample AE waveform showing

that the amplitude of displacement is larger than the voltage range of the acquisition

system, and so many more smaller amplitude events should be detected if they were

produced. ......... ....................................... 259

254E



List of Tables

2.1 Chronological list of AE workflow. Description column briefly outlines what oc-
curs at each step; Outputs column describes which steps are required for subse-
quent steps; and Scientific Results column specifies types of raw data obtained at
each step, which have scientific value in understanding the behaviour of the rock,
and thus may be found in scientific documents. . . . . . . . . . . . . . . . . . . . 32

2.2 Table outlining the measurement errors associated with displacement and strain
data calculated using DIC presented throughout this thesis. Measurement precision
refers to numerical resolution of the measurement, and is presented as the standard
deviation of the displacement or strain map between two consecutive frames at the
beginning of the test. Effectively, we have applied the analysis shown in Figures
2.14 to 2.17 to all tests. Spatial resolution is also presented, because measurements
from the DIC method are averaged over a search area (Figure 2.12), and so the
displacement or strain at any location is smoothed by nearby datapoints. The dis-
placement radius is the subset radius described in Figure 2.12, and the strain radius
is the area over which the displacement gradients are calculated. . . . . . . . . . . 48

2.3 Average elastic constants for the 240 m level URL samples (standard deviation in
parentheses). From Eberhardt et al. (1999). . . . . . . . . . . . . . . . . . . . . . 73

2.4 Average crack thresholds for the 240 m level URL samples (standard deviation in
parentheses). From Eberhardt et al. (1999). . . . . . . . . . . . . . . . . . . . . . 75

2.5 Investigated Events With the Percentage of the Isotropic Component, Double Cou-
ple, and Compensated Linear Vector Dipole". From Sileny et al. (2009). . . . . . . 86

4.1 Predicted plastic zone size for Opalinus clayshale and Barre granite using literature
material properties and Irwin's equation (1958). . . . . . . . . . . . . . . . . . . . 128

5.1 Summary of test data from the hydraulic fracture stimulation stage of the experi-
mental series. The focal mechanisms are the cumulative proportion excluding the
initial vertical loading stage. Note that the absolute value of all the focal mech-
anism proportions sum to 100%, but -CLVD and -ISO are expressed as negative
proportions in this study. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

5.2 Summary of accelerated moment release (AMR) model applied to AE results.
RMSE column indicates goodness of fit between the model and experimental data. 162

26



LIST OF TABLES

5.3 Summary table showing a) whether there all regions of AE activity correspond to

visual damage, b) the reverse situation, i.e. whether all regions with visual damage

correspond to AE activity, c) whether the point of crack initiation (first crack to

form) corresponds to a high concentration of AE hypocenters, d) whether there

were multiple clusters of hypocenters i.e. whether one could have made a unique

prediction on the point of crack initiation. . . . . . . . . . . . . . . . . . . . . . . 164

6.1 AE event locations and orientations for the 0.39025 mUs injection rate experiment.

Crosses indicate conjugate shear planes for shear events; the single lines indicate

opening direction of non-DC events. Thick black line is the flaw. . . . . . . . . . . 174

7.1 Table showing medians of histograms shown in Figure 7.14 . . . . . . . . . . . . . 194

7.2 Table summarising scaling relationships. . . . . . . . . . . . . . . . . . . . . . . . 203

8.1 Summary of seismic energy calculation for each experiment. . . . . . . . . . . . . 207
8.2 Summary of calculated Q for Opalinus clayshale per channel, per frequency band. . 209
8.3 Summary of calculated Q for granite per channel, per frequency band. . . . . . . . 213
8.4 External mechanical work done by the injection fluid or loading machine during

each experim ent. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215
8.5 Table summarising seismic kinetics and kinematics of various tests. ER/E is cal-

culated from Tables 8.1 and 8.4, and the focal mechanism proportions are taken

from previous chapters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217

27e



Chapter 1

Concerning Rocks

"It's a dangerous business, Frodo, going out your door.. You step into the Road, and if you don't
keep your feet, there is no knowing where you might be swept off to."

This thesis is largely concerned with rocks, and from its pages a reader may discover much
of their character and a little of their history. Further information will also be found in selected
manuscripts, listed in the bibliography, that have already been published. Those tales were derived
from individual journeys of shale, of granite, of microseims, and of imaging. Many, however, may
wish to know more about these remarkable processes as a comprehensive story. For these readers,
this thesis should satisfy that burning curiosity. Now then, enough faffing about. I've had my fun.
On with the show.

1.1 Objective

Broadly speaking, the goal of the work is to enhance the understanding of microseismicity in the
field through laboratory experiments. Currently, the state of the art in field microseismicity (Viegas
et al., 2015)(Vermylen and Zoback, 2011) consists of detecting activity using monitoring stations
located around the volume of interest, and subsequently using the data to infer characteristics
such as location, magnitude and mechanism of the corresponding microseismic sources. With
this approach it is difficult, given the generally great depths of the microseismic activity, to verify
characteristics such as the extent, orientation and mechanism of the fracturing activity.

In this context, there are two main advantages to laboratory studies of microseisms, henceforth
termed acoustic emissions (AE): firstly, the fracture mechanism can be controlled through careful
selection of the specimen geometry and loading conditions. This should remove the confounding
factor of complex fracture systems that exist in the field. Secondly, the recorded microseismic
data can be compared to other sources of information that are not available in the field, such as
stress-strain, cracking and water pressure (for failure through hydraulic fracturing). Extensive
literature is available on laboratory AE studies (e.g. Ohno et al. (2014); Lockner et al. (1991);
Graham et al. (2010)), but most appear to lack corresponding analysis of rock fracturing. Given
that the rock mechanics group at MIT has significant expertise in visual analysis of crack-initiation,
-propagation, -coalescence there is potential to apply the study of rock fracture to microseismic
monitoring.
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1.2. THESIS ORGANISATION

Specifically, substantial work has been done in the group on visually distinguishing tensile

from shear fracturing by the naked eye (Wong and Einstein, 2009a), as well as on process zone

development (white patching) (Morgan et al., 2013; Wong and Einstein, 2009a,b) in crystalline

materials and marble. There is significant potential to compare these visual observations with

detected acoustic emissions. Additionally, a relatively new technology called digital image cor-

relation (Blaber et al., 2015), which can determine displacement and hence strain fields on the

specimen, may prove to be an excellent complement to the existing, mostly qualitative, analysis

techniques (Lin et al., 2014). In particular, the DIC method can be applied on both a macro- (~cm)

as well as a micro- (~sub mm) scale to gain an understanding at different scales.
Given the recent interest in hydraulic fracturing of organic-bearing materials for the oil and

gas extraction (Maxwell and Cipolla, 2011), this thesis work additionally focusses on comparing

visual and microseismic data in the context of shale fracture processes. This material poses a

significant technical challenge, and thus opportunity, given that it tends to be more anisotropic
and heterogeneous than the granite, marble and gypsums materials studied previously. Thus, the

goals of this thesis are twofold: (1) to study the extent to which acoustic emissions reflect rock

fracture initiation and propagation processes observed through imaging, and (2) to compare how
these relationships differ from a brittle, crystalline, (mostly) isotropic Granite and a ductile-brittle,

sedimentary, highly anisotropic Opalinus Clayshale.

1.2 Thesis Organisation

The mighty tales of this journey are arranged thusly:

1. Chapter one: Concerning Rocks is where you, dear reader, are now.

2. Chapter two: Background and Methodology first describes the theory and laboratory imple-

mentation of acoustic emissions, digital image correlation, and rock fracture. The chapter

then summarises relevant previous studies, with a focus on granite and shale.

3. Chapter three: Tensile Fracture in Granite describes a series of four point beam bending tests

on Barre granite, which was instrumented with AE, Macro-DIC and Micro-DIC in addition

to traditional data outputs such as load and displacement. This chapter overlaps significantly

with Li and Einstein (2017).

4. Chapterfour: Tensile Fracture in Shale describes a series of four point beam bending tests

on Opalinus clayshale, which was instrumented with AE, Macro-DIC and Micro-DIC in

addition to traditional data outputs such as load and displacement.

5. Chapter five: Hydraulic Fracturing of Granite describes a series of hydraulic fracturing ex-

periments on Barre granite, which was instrumented with AE, and qualitative high-speed and

high-resolution image analysis in addition to traditional data outputs. This chapter overlaps
significantly with Li et al. (2019).

6. Chapter six: Hydraulic Fracturing of Shale describes a series of hydraulic fracturing experi-
ments on Opalinus clayshale for four injection rates in which AE and qualitative high-speed
and high-resolution image data were recorded and analysed in addition to traditional data
outputs. This chapter overlaps significantly with Morgan et al. (2017).



CHAPTER 1. CONCERNING ROCKS

7. Chapter seven: Comparison between hydraulic fracturing in Granite and Shale describes
a series of hydraulic fracturing experiments on Barre Granite and Opalinus clayshale for
two injection rates, in which AE and micro-high-speed-DIC were recorded and analysed in
addition to traditional data outputs. This chapter overlaps significantly with Li and Einstein
(2020).

8. Chapter eight: Seismic efficiencies considers the magnitude of AE energy released in all the
previously presented experiments, and attempts to establish general principles for different
loading conditions and rocks.

9. Chapter nine: Summary and Conclusions finishes this wonderful journey with a wizz!, bang!
and how-do-you-do to top it all off. Thank you for your attention.
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Chapter 2

Background and Methodology

"Some who have read the book, or at any rate have reviewed it, have found it boring, absurd, or

contemptible, and I have no cause to complain, since I have similar opinions of their works, or of

the kinds of writing that they evidently prefer"

2.1 Acoustic Emissions

2.1.1 Overview

The earliest recorded (Drouillard 1996) observation of acoustic emissions (AE) was in Arabian
alchemist Geber's work in the 8th century . He noticed that during smelting, tin would produce a
"harsh sound" that later became known as tin cry and that iron would "sound much" during forging.

It is possible these sounds would have been noticed as early as the Bronze age (around 3500 B.C.),
when man first learned to smelt tin. Other metals such as cadmium, magnesium and zinc were also
noted to produce audible acoustic emissions by the mid-19th century. By the 1930s a number of
studies established a clear correlation between mechanical twinning in metals and audible sounds
whose frequency depended on the geometry of the specimen.

In parallel, advances in technology for measurements of high frequency, small amplitude os-
cillations allowed one to study acoustic emissions. These included the acoustic horn in the 17th
century, the stethoscope in 1816, and the development of electro-mechanical devices in the early
20th century that facilitated conversion from mechanical motion to an electrical signal. One of the

pioneers of the field was Josef Kaiser, who performed a number of tensile tests on metal alloys
in the late 1940s and 1950s at the Technische Hochschule Munchen in Germany (Tensi 2004).
He studied the variation of amplitude and frequency in relation to the stress-strain curve, and one
of the most notable observations was the phenomenon that the production of acoustic emissions
were irreversible, much like plastic strain. This implies that fewer emissions are observed until the
historical maximum stress of a material is reached, and is now known as the Kaiser effect.

We should also consider the relation between AE and seismology, the study of earthquakes. The
latter is concerned with the acquisition and analysis of elastic waves that are propagated through
the Earth and detected at some distance from the source (Grosse and Ohtsu 2008). This is entirely
analogous to acoustic emissions, where sensors gather information regarding elastic waves gen-
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CHAPTER 2. BACKGROUND AND METHODOLOGY

Table 2.1: Chronological list of AE workflow. Description column briefly outlines what occurs at
each step; Outputs column describes which steps are required for subsequent steps; and Scientific
Results column specifies types of raw data obtained at each step, which have scientific value in
understanding the behaviour of the rock, and thus may be found in scientific documents.

Description Outputs to Subsequent Steps Scientific Results
Velocity Calculate pulse travel time Velocity used in hypocenter Seismic (ultrasonic) velocity
measurement between known sensor-receiver location inversion.

pairs.

Magnitude Calibrate recorded voltages to Magnitudes required to Calibration curve relating signal
calibration absolute earthquake calculate seismic energy amplitude to seismic moment

magnitude. released by focal mechanism. magnitude
Data Acquisition and digitisation of Waveforms used in all Magnitude, frequency, hit
acquisition motion detected at sensors. subsequent steps. counts, raw digital waveforms
Arrival time Determine times at which each Arrival times used in
picking waveform first diverges from hypocenter location inversion.

noise band. Waveform amplitude at
arrival times used in focal
mechanism inversion.

Hypocenter Invert for best fit point in Hypocenter locations used in Hypocenter locations, event
location space from which an event focal mechanism inversion. counts

originated

Focal Invert for best fit moment Normal and slip vectors,
mechanism tensor to describe each event's proportion of double-couple, and

first arrival amplitudes non-double couple components

erated from energy released at depth. The main difference between the two fields lies in scale.
Where earthquakes occur kilometres within the Earth, acoustic emissions (also sometimes termed
nanoseismicity by some researchers) operate at most on the decimetre scale, and are much smaller
in magnitude and higher in frequency (Yoshimitsu et al., 2014) than that observed in seismology,
as a result of the self-similarity property of earthquakes (Shearer, 2009; Goodfellow et al., 2015).
These factors require acoustic emissions equipment to have higher voltage sensitivity and resolu-
tion to be able to observe smaller events, as well as operate at higher sampling rates to be able
to capture the higher frequency events. Microseismicity lies between the seismic and acoustic
emission scale, and generally refers to seismic data captured from the intermediate (up to 100's of
metres) scale. These are of interest to industrial and civil engineering projects such as hydraulic
fracturing, enhanced geothermal systems, and carbon dioxide sequestration. Further historical de-
tails and theoretical treatment can be found in books such as Shearer (2009) and Grosse and Ohtsu
(2008).

2.1.2 Acquisition Equipment and Analytical Techniques

The general workflow used by the seismic, microseismic, and nanoseismic communities are quite
similar, and can be summarised in Table 2.1 below. This section provides a general outline on
each step, then describes the specific AE equipment and setup used in this thesis (shown schemati-
cally in Figure 2.1, and provides some theoretical background and technical details on various AE
analytical techniques.
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Sensors

Pre-amplifiers

Specimen

Figure 2.1: Schematic of specimen and AE setup. Microcracks in the rock radiate microseismic
waves in the form of elastic waves, which are converted to voltages by the piezoelectric sensors.
The sensor voltages are amplified by the pre-amplifiers, and then digitised and recorded by the data
acquisition system.

2.1.2.1 Sensors

The digital signal recorded by the acquisition system is the mathematical convolution of the dis-
placement at the source with wave propagation effects in the rock, and with the measurement
instrument's response function (McLaskey and Glaser, 2012). At the acoustic emission scale, the
sensor has the largest effect on the instrument response, as the commonly-used small piezoceramic
elements result in a highly non-linear response function (see line D/A in Figure 2.2). This means
that the voltage produced by the sensor is highly sensitive to the frequency of the displacement
at the sensor face, and so the voltage output by the sensor is not proportional to displacement,
velocity, nor acceleration, but rather a more complicated response depending on the frequency of
the excitation. The Micro30S sensors (Mistras, 2015) used in the majority of this work, which are
similar to the Nano30 sensors shown in Figure 2.2, suffer from this limitation, with peak sensitivity
of -67 dB at 180 kHz and greater than -80 dB sensitivity between 80 and 350 kHz. A few products,
such as the Glaser-type sensors, are available with a relatively flat frequency response (See Figure

2.2), but are larger, more expensive, and more difficult to mount due to the sensors' point contact
with the rock. Sensor calibration for magnitudes is described in Section 2.1.4.

Sensors in this work are mounted to the specimen with 0.002" 3M VHB acrylic double-sided
tape for the granite hydraulic fracturing and beam bending tests, and with a spring loaded platen
with honey as couplant in the Opalinus clayshale and micro-high-speed-DIC tests. The spring

loaded platens with honey couplant were developed during the course of the thesis work, and is

intended to supersede the double sided tape where the experimental setup permits it.
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Figure 2.2: Sensor sensitivity on the y-axis plotted over frequency on the x-axis. D/A curve
shows the sensitivity of a Nano30 sensor. B/A curve shows the sensitivity of a Glaser-type sensor
(McLaskey and Glaser, 2012). To calculate B/A and D/A, sensors are attached to a steel block,
on which a glass capillary tube is loaded until breakage. The waveforms (in units of volts) cor-
responding to the tube breakage are recorded, and expressed in the frequency domain using a
Fourier transform. The known theoretical displacement for tube breakage at each sensor location
is also expressed in the frequency domain using a Fourier transform, and the amplitude of the
recorded waveform is element-wise divided by the amplitude of the theoretical displacement in
the frequency domain. A relatively flat sensitivity curve such as B/A indicates that the voltage is a
constant multiplier of the displacement across a wide range of frequencies, and so the displacement
at any sensor can simply be calculated by multiplying the voltage by a constant value. However,
an irregular curve such as D/A indicates that the voltage-displacement relationship depends on the
frequency of the displacement, and so more sophisticated calibrations are required to calculate the
displacements given a voltage waveform.
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2.1.2.2 Pre-amplifiers

Pre-amplifiers are included between the sensor and the acquisition system in order to increase the
signal voltage, and thus improve the signal to noise ratio. In this work, the 2/4/6 pre-amplifier from
Physical Acoustics Corporation is used, with a 20 dB setting used in granite studies, and 60 dB
setting used in Opalinus studies. Do note that this pre-amplifier requires 28V on the outside BNC
(Bayonet Neill-Concelman) ring on the data acquisition side, and outputs 28V on the outside ring
on the sensor side. Decibels are an expression of signal amplitude, calculated as:

dB =20log(V(pV)) - Amplification (2.1)

Where V(pV) is voltage in microvolts, and amplification is 20/40/60 dB in this work. We can then
see that 20/40/60 dB corresponds to 10/100/100OX amplification.

2.1.2.3 Data Acquisition System

Four PCI-2 data acquisition cards from Physical Acoustics Corporation (PAC) were used in this
thesis work. The main parameters in the software were set at 5 MHz, with a file length of 15360
datapoints, maximum duration of 3 ms, and 350 ps hit lockout time to minimise dead time between
recordings (More settings and configurations can be found in Appendix A). The final configuration
is capable of capturing approximately 84% of all data when triggered continuously. A i7-4790k
CPU, 16 GB of DDR3 RAM, and 5400 rpm hard drive was found to be sufficient to support this
acquisition system, while the original Core2duo system provided by PAC was not. More details
can be found in Li et al. (2015) and Li (2015).

2.1.3 Velocity Measurements

A seismic event is a localised rapid displacement that occurs along a pre-existing plane of weak-
ness, which, as examples, may be a fault at a seismic scale, a bedding plane at a microseismic scale,
or a grain boundary at the nanoseismic (AE) scale. This rapid displacement propagates through
the rock medium as elastic waves, among which compressional (P) and shear (S) waves are known
as the body waves. The velocity at which these waves propagate are, under simplified conditions,
expressed as a function of the rock's (or indeed any material's) mechanical properties, as shown in
Equation 2.2.

E(l - v)

p(l + v)(l -2v) (2.2)

G
vs = 

P

Where E is Young's modulus, G is shear modulus, v is Poisson's ratio, p is density. From
a scientific perspective, monitoring these ultrasonic velocities can be used to detect changes in
the rock properties, such as damage which tends to decrease the velocity (Sayers and Kachanov,
1995), fluid saturation which tends to increase the velocity (Nur and Simmons, 1969), or confining
stress which tends to increase the velocity (Khaksar et al., 1999).
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From a practical perspective, the wave velocity is required to invert for the hypocenter location
of the seismic event (See section 2.1.6). At the nano- and micro-seismic scale, a homogeneous

velocity is sufficient, but at the seismic scale the velocity varies significantly with depth, and so a

ray-tracing method should be incorporated along with a heterogeneous velocity model. Addition-
ally, note that a transversely anisotropic velocity model with different velocities along and across
bedding planes is generally required in shale. In this work an elliptical distribution is assumed for
angles between vparallel and vperpendicular.

In this work, the auto sensor test (AST) function in the PAC software (See Appendix A) is
used to measure velocities once sensors are attached. The function outputs a text file with travel
time between pairs of sensors, and velocity is calculated as distance/time. For shale, it is generally

good practice to record the velocity parallel and perpendicular to the bedding plane orientation
(See Appendix A).

2.1.4 Calibration to Moment Magnitude Scale

Given the convolutional effects of the wave propagation medium (in this case rock) and instrument
response discussed in the previous section, it is necessary to implement a calibration scheme to
relate the digital voltages of the waveforms to magnitudes that are relatable to field seismic and
microseismic work. In this thesis, we use an empirical calibration method developed by McLaskey
et al. (2015), which relates an AE event to moment magnitude (M,,), a parameter commonly used in
seismology that describes the total energy transformed during an earthquake (Shearer, 2009). The
basis of the method is that the entire system (rock specimen, sensors, preamplifiers, acquisition
system) is grouped into a single experimental transfer function that describes how a source (for
example, the contact force of a ball drop) is transformed into a recorded electrical signal. This
transfer function is determined by dropping a steel ball onto the rock specimen and recording the
waveform, which is then divided by its theoretical Hertzian contact function (Equation 2.3) in the
frequency domain.

f (t) = Fmaxsin(7rt/tc)312 0 <| t |< t, (2.3)

f(t) = 0 otherwise

Where F,ax is the maximum force exerted by the ball, and t, is the time the ball spends in contact
with the rock.

As an example, the transfer function for our experiment is shown as the blue curve in Figure
2.3a for a 1.58 mm steel ball using the same notation as McLaskey et al. (2015). Then, the ratio
is determined between this transfer function and that of an AE event, and this ratio is taken to be
proportional to its moment magnitude Mo (Equation 2.4).

Sint (f)
Mo = ApCFM ^ (2.4)

ryext (f

Where Ap is the ball's momentum loss upon impacting the rock, CFM is approximated as

(vP + vs), Sint (f) is the recorded AE waveform transformed into the frequency domain (e.g. purple,
red, yellow curves in Figure 2.3), and T't(f) is the recorded waveform of the ball drop divided
by the theoretical Hertzian function in the frequency domain (See blue curve in Figure 2.3).
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Figure 2.3: (a) Spectra of the instrument-apparatus response and three AE events seen during the
four point bending experiment. The notation is the same as that used by McLaskey et al. (2015).
The AE magnitudes were Me = -6.63, -7.56 and -8.08. f is the coner frequency of the AE
events. (b) For these three AE events, a linear relation was found between M., and its first motion
amplitude. From Li and Einstein (2017).

This calibration was performed for 3 AE events (shown as the red, yellow and purple curves
in Figure 2.3a with different amplitudes to capture a range of behaviours, so that the relation
between the voltage and MIt can be generalised for the entire catalogue of AE events. In this case,
the calculated M,, values were -6.63, -7.56 and -8.08, and it was found that there is a loglinear
relation between an event's M,, and its first motion amplitude (Figure 2.3b). This relation was
assumed to be correct for the entire experiment since the 3 selected AE events span the range of
amplitudes seen in the experiment. Thus, it was applied to the first motion amplitude of all events
to calculate its respective M, The results are plotted as a cumulative histogram (similar to a grain
size distribution), traditionally known as a magnitude-frequency distribution plot (Gutenberg and
Richter, 1954), shown in Figure 2.4. It can be seen that the events in the experiment span from

MW= -8 to -6.3, supporting the original notion that the three hand-picked events cover the range of
events recorded during the experiment.

As seen in Figure 2.4, the events from the experiment roughly follow the expected quasi-linear
relation between magnitude and frequency distribution, with a slight increase in slope (known
as b-value in seismology) towards the higher magnitudes. The M, values range from -6 to -10,
which overlap with but are on average smaller than other experiments in granite such as those by
Yoshimitsu et al. (2014), where the events tend to cluster between Mw of -5 to -7. The larger
AE events also lie in the same range as described in McLaskey et al. (2015), who calibrated
two AE events to M, = -6.4 and -7.2. The ball calibration procedure is programmed in the
BallDropCaib.m code.

37*



CHAPTER 2. BACKGROUND AND METHODOLOGY

U

S10.1

0

-8.75 -8.5 -8.25 -8 -7.75 -7.5 -7.25 -7 -6.75 -6.5 -6.25
M,

Figure 2.4: Magnitude-frequency distribution plot for all events in the four point bending experi-
ment, based on the calibration shown in Figure 2.3. From Li and Einstein (2017).

2.1.5 First Arrival Picking

Given a raw waveform such as shown in Figure 2.5a, it is necessary to develop an algorithm to
detect the onset times where the signal diverges from the noise band, such as shown with the red
circles in Figure 2.5b.

The picker implemented in this work achieves this by dividing the entire waveform recording
into shorter segments, and picks within these segments. One such segment is shown in Figure 2.5c.
The Akaike information criterion (AIC) value (Equation 2.5 (Akaike, 1974)) was then calculated
for each segment, which is the AIC value plotted in Figure 2.5c.

AIC(tw ) = (tv - to).1og(var(Rv(t0, tw))) +(Tw, - tw+1).1og(var((Rw,(tw+j, Tw ))) (2.5)

Where w is each data point of the waveform, tv is the time at data point w, to is the time at the
start of the waveform, var(Rw (to, tv)) is the variance of all the voltages from to to tw, Tw is the time
of the last data point, var(Rw(tv+j, Tv)) is the variance of all the voltages from tw+1 to Tw. In each
segment, we then take peaks in the AIC value above a certain height as candidates for a first arrival
times (Inverted triangles in Figure 2.5c).

However, this can result in false detections from the signal tail, as seen at 2056.4422s and
2056.4437s (Red circles) in Figure 2.5c. To resolve this issue, the algorithm only takes the arrivals
where the signal amplitude as measured by the root mean squared is larger after the arrival than
before i.e. we only take arrival picks where the signal is noisier after the arrival than before the
arrival. We empirically determined that a time segment length of 0.4 ms with 30% overlap to be
appropriate parameters for the tested materials and loading conditions. A minimum AIC peak of
4 x 10-Ss.1og(V2) is used in granite, and 5 x 10-5s.1og(V2) is used in shale.

First arrival amplitudes are also determined in this step. The algorithm starts at the picked
arrival time, and traverses forward in time until the signal changes sign i.e. reaches the end of that
half-wave. The algorithm then considers the maximum (or minimum for a negative half-wave)
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Figure 2.5: a) Waveform data over 0.46 s period immediately prior to failure. b) Close-up of red
box in subfigure a, with automatic picks shown in red circles. c) Segmented AIC values for the
waveform data shown in subfigure b. Notable peaks in AIC value shown with triangles, while red
circles denote false detections. From Li, Goncalves da Silva and Einstein, 2019).
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Figure 2.6: Example of first arrival amplitude

voltage within the traversed half-wave as the corresponding first arrival amplitude. An example is
given in Figure 2.6. First arrival picking is encoded in the arrivalPicker.mn code.

2.1.6 Hypocenter Location Inversion

Localisation is the process of inferring the location and time of an acoustic emission event given
a set of arrival times detected by the sensor array. This is schematically represented in Figure
2.7, where an acoustic emission is emitted and each sensor detects a waveform after some ti. The
difference between arrival times of different sensors can then be used to predict the location of the
source.

This can be expressed mathematically as searching for the position in space that minimises a
residual function such as shown in Equation 2.6 (Shearer, 2009).

" (Xa -X,) 2 + ( y, y)2E ? = i(Yia -(2.6)

i~1 V

Where ti is the arrival time at channel i, n is the number of channels, xa and Ya are the assumed
co-ordinates of the source, xi and yi are the co-ordinates of the sensor, and v is the velocity.

The spatial co-ordinate (xa, ya) that produces the smallest e is the best guess for the source
location. This optimisation is implemented using the fminsearch function in MATLAB. In order to
constrain the location accuracy, we implement the logic shown in Figure 2.8 to iteratively remove
channels with error larger than 1 to 5 mm for granite and 1 cm for Opalinus clayshale. Localisation
is encoded in the tradLoc22 .m and tradLocAniso.m codes.
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Figure 2.7: Schematic of hypocenter location inversion. Black refers to sensor locations, red to
the source location, green to the travel path and associated travel times ti, and blue to the facing
direction of each sensor.

41:



CHAPTER 2. BACKGROUND AND METHODOLOGY

jy

Calculate location, and
residual errors

Is the residual >1mm on any
channel, or does location lie
outside specimen bounds?

Remove ch
highest res

annel with
idual error

N Not
event

Mark as
N event,

keep
location

Figure 2.8: Algorithm used to calculate hypocenter locations
accuracy. From Li, Goncalves da Silva and Einstein, 2019)

for AE events and constrain location

2.1.7 Seismic Source Mechanism Inversion

The premise behind source mechanism inversion is that given only displacements observed at
arbitrary locations x and times t, we can deduce some information about an assumed point force
f at origin location xo and time to that caused the displacements (Shearer, 2009). This can be
expressed as:

ui(x, t) = Gij (x, t;xo, to)fj(xo, to) (2.7)

Where u is the observed displacement, G is the Green's function describing wave propagation
within the given medium and boundary conditions, and f is the force applied at the source. The
Green's function of the Earth is incredibly complex, and for the scale of micro- and nanoseismic
events is generally simplified to an elastic half-space, resulting in the following form (Ohtsu, 2000):

Re
A(x)=Cs rr M

R
(2.8)

Where A (x) are the first arrival amplitudes observed at the sensor array, Cs is the sensor coupling
coefficient, R is the distance between the source and the sensor, r is the vector describing the
displacement between the source and the sensor, and Re is the half space reflection coefficient
expressed as:

2k2 a(k2 - 2(1 - a2 ))
(k2 - 2(1 - a2))2 +4a(I - a2 ) /k2 -1+ a2

(2.9)
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Figure 2.9: Schematic of force pairs that form the moment tensor. From Shearer (2009).

Where k = Vp/Vs, and a is the dot product of the vector r from Equation 2.8 and the facing direction
of the sensor. The M term in Equation 2.8 is the representation of the forces occurring at the source,
and is generally represented as pairs of forces applied along spatial axis i, offset in spatial axis j.
There are nine such force pairs in 3D space, creating a 3x3 matrix known as the moment tensor
illustrated in Figure 2.9. For example, the forces in the M12 term are applied in the 1 direction,
and offset in the 2 direction to create a moment. To conserve angular momentum, the tensor is
symmetric, i.e. M12 = M21. Given that a 2D plane stress assumption is taken for the majority of
experiments shown in this thesis, we additionally make the assumption that M12 = M23 = 0, and

M33 = v(Mii +M22), where v is the Poisson's ratio.
This moment tensor can be decomposed to provide information on both the kinetics and kine-

matics of the source, however in this work the moment tensor is only used for the kinematics since
the method described in Section 2.1.4 provides the moment magnitude of each event, which is
sufficient for the kinetics since it allows us to compare our magnitudes to field studies. The first
kinematics result is the orientation of the fault on which the slip occurred, and the direction of this
slip. This is expressed mathematically as (Vavrycuk, 2011):

M1 - M2

M1 -M 3e

M1 -M 2

M1 -M 3e

M 3 - M2+ e3
M3 -M

M3 -M 2

M3 -MI

(2.10)

Where n is the normal vector to the fault; s is the slip vector; M1 , M2, M3 are the largest,
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Figure 2.10: Explanation of the decomposition of the moment tensor.

intermediate, and smallest eigenvalues of the moment tensor respectively; and el and e3 are the
eigenvectors corresponding to MI and M3 respectively. One significant limitation of this method is
that the normal vector is interchangeable with the slip vector due to the force pair assumption. For
example, one cannot determine whether a vertically dipping fault strikes N-S or E-W. Algorithms
such as Lund and Slunga (1999), Vavrycuk (2014) and Li and Du (2019) have attempted to address
this ambiguity by considering a Coulomb failure envelope for both fault plane-slip vector pairs, and
considering the pair closer to the failure envelope as the correct option. However these algorithms
rely on a significant number of assumptions and require a large number of events that slip under
the same stress state.

The second kinematics result is the source type, namely the relative proportion of isotropic
(ISO), double-couple (DC), and compensated linear vector dipole (CLVD) components. The DC
component represents the proportion of the moment tensor that represents strike-slip movement
along the fault, the isotropic component represents the relative magnitude of volume expansion
determined from the trace of the tensor, and the CLVD is a numerical artefact to maintain static
equilibrium. These are illustrated in Figure 2.10 can be calculated from the moment tensor using
the following formulation (Vavrycuk, 2015):

[ Ciso MI +M 2 +M3
CCLVD 2M M 1 +M 3 - 2M2

CDC J _Mi - M3 - M M 3 - 2M2(2.11)

where M- -(Mi +M2 +M 3|+M -M 3)2

Where MI, M2 , M3 are the eigenvalues as previously defined. In this formulation, the CLVD
and isotropic components can be negative or positive, representing implosion and explosion re-
spectively. Physically, this can be illustrated in Figure 2.11, where we see that an event with a
large DC component represents an event with mostly slip along the fault, negative CLVD as col-
lapse of a fault, positive CLVD as a tensile crack (i.e. a directional volume change), positive ISO
as an explosion (i.e. an isotropic volume change), and negative ISO as an implosion.
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Figure 2.11: a) Illustration of moment tensor decomposition. Adapted from Grosse and Ohtsu
(2008). b) Diamond CLVD-ISO plot illustrating AE event classification used in this study. After
Vavryouk (2015).

2.1.8 Seismic Efficiency

The seismic efficiency of an earthquake is defined as the fraction of total energy released by the
earthquake (E) that is radiated as seismic waves (radiated seismic energy ER):

ER
(2.12)

Radiated seismic energy is generally considered to be 10-4% to 10-2% of the Mo of an earth-

quake Shearer (2009), and can also be estimated from the total Mo of all microseismic events
produced during an experiment in the laboratory, as shown by Goodfellow et al. (2015). This is
further described in Section 2.3.1.8.

The total energy released is strictly calculated as E = 1(al + a2)DA, where al is the stress on
the fault before the earthquake, q 2 is the stress on the fault after an earthquake, D is the displace-
ment along the fault, and A is the area over which slippage occurred. In reality, these parameters
are very difficult to accurately measure.

In the laboratory, one can approximate the energy inputs and outputs of the experimental setup
as follows:

f = ER + Epivcess zone + Efracture + losses (2.13)

Where P is the work done by external sources such as the loading machine or pump, ER is energy

radiated as seismic waves, Eprocesszone is the energy dissipated in the process zone through friction

and creation of microcracks, Efracture is the energy required to create the new fractures, and losses

captures other sources of energy dissipation. This formulation is not rigorous, but following Good-

fellow et al. (2015), we only consider the ratio L, denoted seismic energy budget, and consider

this to be analogous to the seismic efficiency.
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Figure 2.12: Illustration of process to calculate displacement map.

2.2 Digital Image Correlation

Digital image correlation is a class of methods to extract displacement fields from a series of
images. This is calculated by comparing the location of a unique pixel pattern across images. The
Ncorr code (Blaber et al., 2015) is used in the majority of this work. The code performs correlation,
based on subset deformation, where for each subset in the reference image a best fit subset is found
in the current image. The difference, in the x and y directions between the current and reference
subsets are considered to be the u and v displacements, i.e. displacements in the x and y directions
respectively. Given that an image is divided into a large number of subsets, a displacement field can
then be generated for each current image. This is illustrated schematically in Figure 2.12, where
we see that a subset (the red circle) is considered in the reference image, and the subset radius
where the pattern most resembles that seen in the reference image is found in the current image.
The difference in the position of the center of this subset is the displacement. This is calculated
for each pixel (one can also calculate at each nth pixel by applying a subset spacing) to generate
a displacement map. The reference image is compared to each current image independently, to
generate a series of displacement maps.

The displacements can then be transformed into strain fields e,, e,,, and eA, as specified in
Equation 2.14, and these strain fields can be used to better understand the process zones and cracks
created during loading.

1 du du 2  dv 2

2 dx dx dx
1 du dv dudu dvdv

xy= -( + + + (2.14)2 dy dx dxdy dxdy

E =1 (2 v +(du2 + dv2

2 dy dy dy

The code has been shown to work well for geotechnical materials (Zhang et al., 2016; Stanier
et al., 2015; Li and Einstein, 2017), and a similar approach has been used successfully on the
micro-scale in marble (Tal et al., 2016). For the purposes of this thesis exx is considered as opening
or tensile strain, given that it corresponds to the primary tensile stress induced by the boundary
conditions. Similarly, egx is considered to be the shear strain given that it is oriented 45 degrees
to the primary tensile stress field, and is required in addition to exx in order to fully understand
the Mohr's strain circle. Note that a positive E, describes a motion where the "top" half of the
fracture moves "leftwards" while a negative ex, describes the reverse situation. The full strain state
is considered because this and other studies (Morgan et al.,2013; Goncalves da Silva et al., 2016)
have noted en-echelon cracking even in a generally tensile stress state.
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2.2. DIGITAL IMAGE CORRELATION

Figure 2.13: Schematic of the DIC subset including a portion of a crack. DIC results will average
effect of the crack over the entire subset.

One of the main limitations of DIC is that the displacement and strain calculations assume a
continuous medium and thus cannot account for discontinuities, which is precisely the definition
of a crack. Blaber et al., (2015) provide a solution to this by allowing the subset to be truncated
at the crack. However, this method requires the crack geometry to be precisely known. In the
experimental setups of this thesis, the crack opening was small enough such that the overlying
paint did not separate, and so this solution could not be applied since the exact crack geometry
could not be identified. As a result, areas immediately near the crack may not describe the strain
experienced by the material if the pixels are within the zone of influence of a crack, as illustrated
in Figure 2.13. To mitigate this, we have chosen the subset radius (blue circle in Figure 2.13)
to be as small as possible (generally 10-15 pixels for macro-DIC, and 15-30 pixels for micro-
DIC) to minimise the pixels over which the discontinuity affects the results. Similarly, the strain
search radius is kept small at around 2-3 pixels to minimise the zone of influence of the crack.
The drawback of the small subset radius is that it tends to increase the noise observed in the DIC
results. A quantitative treatment of this source of error is presented in Section 2.2.1.

Nevertheless we present most of our visually observed data and interpretations in the form of
strains as opposed to displacements since it more clearly illustrates the extent and nature of the
process zone both at the micro- and macro- scale. This is also justified given that there is generally
a gradual transition from the process zone to the existence of a crack.

In this work we refer to macro-DIC as captured from images at smaller than IX magnification,
and micro-DIC as captured from images at approximately than 5X magnification.

2.2.1 DIC noise quantification

In order to understand the level of background noise in the current implementation of the DIC
method, two images captured two seconds apart during the elastic deformation stage were chosen
since the amount of displacement is minimal and it is assumed that the majority of the calculated
displacement can be attributed to noise. DIC was applied between these two images, and the open-
ing displacement is shown in Figure 2.14. The E,, which was calculated from the displacements,
is shown in Figure 2.15. These are shown at subset radii of 15, 30 and 60 pixels, where 15 was the
radius used in this study. The larger radii produce data that are less noisy since they are averaged
over a wider area.

Figure 2.14 shows that for the displacement data, the noise in general increases as the subset
radius shrinks. Specifically, it is observed that much of the noise occurs in the form of zones of
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CHAPTER 2. BACKGROUND AND METHODOLOGY

Measurement precision Spatial resolution
Displacement standard Strain standard Displacement Strain

Test deviation (pm) deviation radius (pm) radius (pi)
Granite FPB inacro 75.5 0.15% 143.0 171.6
Granite FPB micro 3.7 2.69% 17.1 20.5

Opalinus FPB macro 3.0 0.26% 97.2 291.7
Opalinus FPB micro 1.2 2.09% 25.5 42.4
GR HF 0.39 mL/s 0.3 0.47% 82.2 104.1

GR HF 0.019 nL/s 0.4 1.17% 82.0 103.9
OPA HF 0.39 mL/s 0.4 0.99% 82.2 104.1

OPA HF 0.019 nL/s 0.2 0.32% 81.8 103.7

Table 2.2: Table outlining the measurement errors associated with displacement and strain data
calculated using DIC presented throughout this thesis. Measurement precision refers to numerical
resolution of the measurement, and is presented as the standard deviation of the displacement or
strain map between two consecutive frames at the beginning of the test. Effectively, we have
applied the analysis shown in Figures 2.14 to 2.17 to all tests. Spatial resolution is also presented,
because measurements from the DIC method are averaged over a search area (Figure 2.12), and
so the displacement or strain at any location is smoothed by nearby datapoints. The displacement
radius is the subset radius described in Figure 2.12, and the strain radius is the area over which the
displacement gradients are calculated.

zero displacement, which is particularly notable for the data calculated from a radius of 15 pixels.
This may be attributed to the speckle pattern, which due to its random nature contains larger areas
that are entirely white or black, and so using a smaller radius causes the displacement calculated
from these monochromatic zones to be zero. However, it can be seen that overall the magnitudes
and trends in the displacement are consistent between the 15 pixel radius used in this study and the
larger radii. In terms of the strain shown in Figure 2.15, it appears that a doubling of the radius
results in approximately three times reduction of the standard deviation in the strain, which was
true for the increase from 15 to 30 pixels, and 30 to 60 pixels. This implies that the error decreases
linearly from a 15 pixel radius to a 60 pixel radius, and so there is no optimum point at which
a larger radius provides marginal benefits to noise reduction. As a result, the smallest radius of
15 pixels was chosen since this minimises the area over which the crack discontinuity affects the
displacement and strain data. As shown in Figure 2.16, the noise is still small enough such that it
does not significantly inhibit the ability to discern process zone features and extent. We suggest
that areas within this 15 pixel radius, along with areas exhibiting strains above a threshold opening
strain of 3% are likely those affected by the discontinuity of the crack. However, it is important to
note that the focus of this paper is on the shape, extent, and features of the process zone as opposed
to the specific magnitude of the strains.

A similar quantification of noise is shown for the micro-DIC in Figure 2.17, where we chose the
smallest subset radius from which displacement could be reliably calculated. The noise is larger
in the micro-DIC than the macro-DIC due to the 25 ym spacing on the mesh, which has a larger
spacing between features than the optimal 3x3 pixel/speckle size in the current state of practice.
This regular mesh configuration is less accurate than speckling since the pattern is not unique. It
was not possible to use a smaller mesh as they are very easy to tear as the spacing becomes smaller.

The above approach is applied to all the DIC results presented in this thesis, and listed in Table
2.2.
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15 pixel radius, standard deviation (SD) = 2.22 x 104 mm
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Displacement

30 pixel radius, standard deviation (SD) = 1.65 x 104 mm (mm)
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Figure 2.14: Contour plot of opening displacement (mm) between images taken 2 seconds apart
using different subset radii. Standard deviation of the displacement map is given in each figure
heading. From Li and Einstein (2017).
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Figure 2.15: Contour plot of e, calculated from the displacement data shown in Figure 2.14.
Standard deviation of the strain maps are given in the figure headings. Li and Einstein (2017).
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Figure 2.16: Contour plot of Ex for images exhibiting significant process zone development. (Left)
Data plotted with strain contours from -0.01 to +0.01. (Right) Same data with strain contours from
-1 E-3 to + I E-3 to highlight the extent of the process zone. It can be seen that the width of apparent
process zone exceeds the diameter of the DIC calculation. Li and Einstein (2017).
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Figure 2.17: Opening displacement and e~ for images taken 2 seconds apart for the micro-camera.
Standard deviation of the strain maps are given in the figure headings. Li and Einstein (2017).
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2.2.2 Zone of Large Strain Ahead of the Crack Tip

Given that the imaging and DIC methods are applied in many cases to understand the development
of the crack and the highly strained (and by association highly stressed) zone ahead of the crack
tip, it is important to first define this zone. In the literature, the concept has been referred to as
the process zone (Botvina and Korunsky, 2005; Neimitz et al., 1987), the inelastic zone (Labuz et
al., 1987; Brock et al., 1985)), the cohesive zone (Park and Paulino, 2011; Broek, 1982; Lin et al.,
2014; Neimitz et al., 1987), the plastic zone (Broek, 1982; Botvina and Korunsky, 2005), and the
damage zone (Labuz et al., 1987; Botvina and Korunsky, 2005), among other terms. We suggest
that these terms, especially in the context of an experimental study, are not significantly different.

Neimitz et al. (1987) describe the process zone as: "the notion of the process zone (PZ) is
broadly used in fracture mechanics. It consists of a small region surrounding the crack tip. It
is a controlling factor for the onset of instability as well as for crack growth. Its size and shape
depends on the nature of the material and the level of loading. It has different features for brittle,
ductile or environmental fracture. Usually, continuum mechanics arguments are applied outside of
this zone, while a distribution of "cohesive" forces is postulated in its interior." That is, we may
regard the process zone as the zone within which linear elastic fracture mechanics does not apply,
as the stress cannot be inifinitely high at the crack tip. Similarly, the inelastic zone was defined
by Brock et al., (1985) as "distributions of screw dislocations, and one such distribution growing
from a crack edge prior to crack propagation is considered." That is, some area ahead of the crack
tip where the material does not behave elastically as defects have formed at the molecular level.

The plastic zone is defined by Broek (1982) as "According to the elastic stress field solutions
discussed in the previous chapter a stress singularity exists at the tip of an elastic crack. In practice;
materials (especially metals) tend to exhibit a yield stress, above which they deform plastically."
This is a rigorous definition and is useful for numerical models, as one can define a threshold stress
value beyond which the material behaviour is considered to yield, and thus can be included within
the plastic zone.

The cohesive zone is another model first proposed by Dugdale (1960), and is described by Park
and Paulino (2011) as "Cohesive interactions approximate progressive nonlinear fracture behavior,
named as the cohesive zone model. Cohesive interactions are generally a function of displacement
jump (or separation). If the displacement jump is greater than a characteristic length (dn), complete
failure occurs (i.e., no loadbearing capacity)." This model conceptualises the process zone as some
area where there is a discontinuity in displacement, i.e. the material is opening on either side of
the pre-crack, but that there are some cohesive forces between the sides of the pre-crack which
eventually vanish to zero at the crack tip, defined by some value of opening. In this work, we
denote this zone as the inelastic or process zone, as they appear to be most general and fitting for
an experimental study since we do not assume any conceptual model for the behaviour.

2.3 Previous Studies

This section presents data from existing studies that provide insight on fracture processes. As de-
scribed in Chapter 1, we are most interested in hydraulic fracturing, and within this topic concerned
with (1) the extent to which microseismic data are representative of the underlying hydraulic frac-
ture processes, and (2) how these phenomena differ between a brittle, coarse grained, granite and
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Figure 2.18: Schematic of fracture cell (AlTammar et al., 2018).

a ductile, fine grained, Opalinus clayshale.

2.3.1 Laboratory Studies

2.3.1.1 The Effect of Pore Pressure on Hydraulic Fracture Growth: An Experimental Study (Al-
Tammar et al., 2018)

In this study, the authors present results from a series of tests where 5.1 mm thick plaster-talc spec-
imens with various borehole configurations were uniaxially loaded, sealed within a polycarbonate
enclosure, and glycerin was injected until hydraulic fractures were created. The experimental setup
can be seen in Figure 2.18. The specimen was speckled with paint, and images taken at 30 fps were
used to calculate displacement and strain fields using Ncorr (Blaber et al., 2015).

The authors present results from 13 tests, the most interesting of which is shown in the Tresca
strain plots over time in Figure 2.19. In this test, fluid pressure in the bottom right hole is held at
1.03 MPa while the other three outer holes are held at 0.28 MPa, and fluid pressure in the center
hole is increased until hydraulic fractures propagate to the edges of the specimen. We see that
the fracture initiates in the x-direction, i.e. it ignores the bottom right borehole, but over time
the fracture bifurcates and one branch propagates towards the bottom right hole as a series of en-
echelon fractures. Once this secondary fracture fully connects to the bottom right hole, the fracture
again bifurcates, and the new branch propagates away from the bottom right hole, presumably as a
result of the fluid pressure in the bottom right hole increasing as a result of its direct connection to
the higher pressure in the center hole. From this study, we learn that the DIC tool is powerful for
analysing development of hydraulic fractures, and also that the direction of fracture propagation
is quite sensitive to regions of higher or lower pressure, and may bifurcate when these regions of
higher or lower pressure change. Do note, however, that the study does not address the issue that
strain, defined only on a continuous medium, is here defined across a crack, which is by definition
a discontinuity.

From the other tests, the authors overall conclude that regions of high pore pressure affect
the propagation of hydraulic fractures; that breakdown pressures were lower when adjacent holes
were also pressurised; and that closely spaced injection ports tend to result in multiple fractures
that propagated along oy. The study also highlights the potential of the DIC method to easily
identify the growth of hydraulic fractures over time in a laboratory setting. The authors do not,
however, take advantage of the quantitative nature of the DIC data as we do in this thesis.
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Figure 2.19: A series of contour maps showing Tresca strain calculated from digital image cor-
relation applied to hydraulic fracture test 9, where far field stress = 0.34 MPa is applied and held
constant in the x-direction. Then, all holes are saturated at a constant fluid pressure of 0.28 MPa
for 80 minutes, at which time fluid pressure in the bottom right hole is increased to 1.03 MPa for
2 minutes, and finally fluid pressure in the center hole was increased until fracturing occurred at
2.37 MPa. Each subfigure shows the strain at an unspecified time, and no colourbar is provided in
the original journal article. From AlTammar et al., 2018.
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2.3.1.2 Opening and mixed mode fracture processes in a quasi-brittle material via digital imaging
(Lin et al., 2014)

In this study, the authors conduct a series of three point beam bending tests on Berea sandstone,
where the position of the notch is offset from the axis of the loading platen to generate both shear
and tensile stresses at the notch tip. This offset was different in each experiment to vary the relative

magnitude of shear and tensile stress. The experiments were conducted in crack mouth opening
displacement (CMOD) control so that the tensile fracture propagates slowly over a time period of
over 500 seconds, and were instrumented with load, displacement, and high resolution imaging,
with the goal of using DIC to observe the effect of the the ratio of stress intensity factors (g) on
the displacement field. The specimen is shown schematically in Figure 2.20.

Figure 2.21 shows that the DIC method is capable of identifying the tip of a cohesive zone
(CZ), which in this thesis we call the process zone. They also identify a slip zone (SZ), where the
crack is fully debonded, that can be identified by tightly spaced opening displacement contours.
Figure 2.21 also shows that the displacement is almost entirely opening even for the beam with
11.4 % eccentricity. The authors also select query points along the crack, which allows them to
quantitatively evaluate the opening of the crack in space and time as shown in Figure 2.22.

This study served as inspiration for the work presented in Chapters 3 and 4, where we take
advantage of the quantitative nature of DIC and compare DIC data to AE captured during the same
test. The use of CMOD control also allows us to fully capture the time behaviour of the fracture,
which is not possible in traditional brittle fracturing tests since the fractures initiate and propagate
rapidly over the period of microseconds. We also take the additional step of evaluating strains,
which are not considered in the Lin et al. (2014) study.
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Figure 2.20: (a) Loading geometry and observation region (dashed lines) on the specimen surface
used in the Lin et al. (2014) study. (b) Typical digital image where the rock is speckled and the
notch is on the bottom left.
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From Lin et al. (2014).
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2.3.1.3 Direct observations of damage during unconfined brittle failure of Carrara marble (Tal et
al., 2016)

The authors conduct a series of uniaxial compression tests at a displacement rate of 0.5 yim/s on 12
mm x 12 mm x 5 mm specimens of Carrara marble at varying temperatures. They then coat a 1.16
mm x 0.85 mm area in the middle of the specimen (See Figure 2.23) with a carbon vacuum-sputter
on a 2000 wires/inch mesh to create a regular grid on the face of the specimen. Images were then
taken throughout the experiment, and were analysed by DIC obtain strain maps over time.

Figure 2.24a shows the stress-strain curve for a specimen tested at 105 'C, which is labelled
with frames 1-6 at which the strains are shown in Figure 2.24b. We can see that the development of
significant strains begin after frame 2, which is when the stress-strain curve begins to show inelastic
deformation. Significant localised strains continue to develop as the experiment continues.

Overall, this study introduced the concept of utilising DIC at a microscopic scale to study the
development of microfractures in real time throughout an experiment, given that the microseismic
events detected throughout an experiment tend to also be on the microscopic to nanoscopic length
scale. The micro-DIC results presented in Chapters 3, 4 and 7 were inspired by this study. Note
that in our results the micro-DIC data are located at the tip of a pre-cut notch in order to control the
location of fracture initiation, whereas in this study the window of observation was simply located
in the center of an intact specimen.
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Figure 2.23: Photograph showing imaging and loading devices used by Tal et al. (2016).
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2.3.1.4 Fracture Toughness Measurements and Acoustic Emission Activity in Brittle Rocks (Nasseri

et al., 2006)

In this laboratory study, chevron cracked notched Brazilian disc (CCNBD) tests were performed

on specimens of Barre and Lac du Bonnet granite. For each material, P-wave velocities were

first measured along three orthogonal directions, and the directions with intermediate, slowest and

fastest velocities assigned as x, y, z axes respectively. Thin sections were then prepared normal to

each axis, and CCNBD specimens prepared with the notch aligned in six directions corresponding

to Kxy,,Kyj, Kx, Kzx, Kyz, Kzy (See Figure 2.25).
It was found that the Mode I fracture toughness Kic varied between 1.14 and 1.89 MPa.r. 5

for Barre granite, where the toughness was highest perpendicular to the direction of pre-existing

microcracks, and lowest along pre-existing microcracks. Microstructural imaging using dye pene-

tration, X-ray, SEM and TEM methods showed increased segmentation, roughness and creation of

wing cracks when the fracture propagated perpendicular to the microcrack orientation (See Figure

2.26).
AE data were also captured for the Lac du Bonnet granite, and showed that the peak AE rate

occurs approximately three seconds prior to the drop in load. The authors also note that events were

initially mostly tensile type, and shear events became more common as the specimen approached

failure (See Figure 2.27).
The authors also compared the AE hypocenter locations to the imaged microcracks, and found

that the spatial concentration of AE matched well to the spatial concentration of microcracks along

the path of the crack, as seen in Figure 2.28.
Overall, the study highlights the importance of pre-existing rock fabric on crack initiation and

propagation, and that the spatial distribution of AE hypocenters show a 1:1 spatial correlation to

the qualitatively and visually observed microcrack damage.
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Figure 2.25: 3-D block diagram showing location of CCNBD specimens prepared along each
plane with respect to microcrack orientations in Barre granite; rose diagrams show the alignment
of microcracks for each plane. From Nasseri et al. (2006).

Perpendicular to microcracks Parallel to microcracks

Figure 2.26: Crack propagation in Barre granite with existing microcracks. The close-up image
shows the rough and segmented morphology of the fracture surface. Left shows the test in which
the crack propagated perpendicularly to microcracks, while right shows test parallel to microc-
racks. From Nasseri et al. (2006).
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2.3.1.5 Rate Dependence of Acoustic Emissions Generated during Shear of Simulated Fault

Gouge (Mair et al, 2007)

In this study, the authors use a double direct shear apparatus on Ottawa sand and soda lime glass
spheres at various normal stresses and shear velocities. The setup is shown in Figure 2.30. The ex-

periments were instrumented with acoustic emission sensors, with a primary focus on determining
the mean number of AE per second to understand the effect of shear velocity on the rate of seismic
energy release.

The results are best summarised in Figure 2.31. We see that the mean number of AE per second
increases with increasing shear velocity, but that the shearing process is in fact more seismically

efficient at slower shear velocities when considering the number of AE per micron of slip. Inter-

estingly, we also see that the spherical glass beads produce more AE than the angular Ottawa sand
at the slip velocities tested. This study, then, establishes a relationship between seismic efficiency
and shear velocity that will also be studied in this thesis when we indirectly vary the slip rate along
mineral grains as we vary the rate of injection in a series of hydraulic fracturing tests in Chapters
6 and 7.

673



CHAPTER 2. BACKGROUND AND METHODOLOGY

Figure 2.30: Photo of double direct shear experimental setup used by Mair et al. (2007).
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CHAPTER 2. BACKGROUND AND METHODOLOGY

2.3.1.6 Effect of grain size on fractal structure of acoustic emission hypocenter distribution in
granitic rock (Kusunose et al., 1991)

In this study, the authors triaxially loaded Inada and Osima granodiorites to failure to determine
the difference in AE response between these rocks. They share similar mineral compositions, but
differ primarily in grain size: the Inada granodiorite grains range between 3 to 10 mm, while the
Osima granodiorites range between 1 to 2 mm. Cylindrical specimens (100 mm height, 50 mm
diameter), were held under a confining pressure of 50 MPa and axial stress was increased to failure.
The setup is shown schematically in Figure 2.32.

Figure 2.33a shows that in general, the fine grained Osima granodiorite produced a higher
number of AE with tighter clustering around the center of the specimen, whereas the AE from the
Inada granodiorite were fewer and appear almost uniformly distributed across the specimen. Figure
2.33b, which shows the correlation integral vs lag distance of the AE hypocenters, suggests that
the coarse grained Inada granodiorite exhibits a fractal dimension of 2.0 for length scales below the
mean grain size, and fractal dimension 2.4 at lengths greater than the grain size. Conversely, the
Oshima granodiorite exhibits the same D = 2.7 fractal dimension at all measured lengths, although
note that the 1 mm grain size is less than the smallest correlation length of 2 mm. We learn from
this paper that a) fine grained rocks appear to be more seismically productive, and b) that in the
coarse grained rock there appears to be more AE events related to intragranular microcracks than
intergranular microcracks. This study is relevant to the present work as it suggests that the grain
size has an effect on the seismic activity generated during the creation of shear fractures.

70



2.3. PREVIOUS STUDIES

GENERATOR .
E'/E NT COU N TER

20 DETEECTOR
a WITCH

22

1 E 'T

1:

24

DIGITAL
S T RA I N
METER

DIGi TAL

VO-c IvEI

P S0 * PL
:oIMpuTRt

Figure 2.32: Schematic diagram of monitoring system. Acoustic emissions (AE) were detected
by 20 piezoelectric sensors (Labelled PZT) of 2 MHz resonant frequency, and the waveform data
were fed into transient recorders with a 20 MHz alternating - direct current converter. The wave
data were then transmitted to a hard disk through a minicomputer. Electric pulse signals (using the
pulse generator) were intermittently fed into four piezoelectric sensors (labelled a, b, c and 20) to
produce elastic P-waves during the experiment, and variation of the axial and the radial velocities
were monitored. Six pairs of strain gauges were attached to the surface of the sample to monitor
local surface strain in the axial and circumferential directions. The strain and stress data were
recorded by a personal computer during the experiment. From Kusunose et al. (1991).
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Figure 2.33: a) Map of AE hypocenters for Inada (top) and Osima (bottom) granodiorites. The
hypocenters are plotted for the events that occurred at axial stress below 80% of the failure strength.
In this stress range 885 and 2365 events were located, with an accuracy of 2 mm, for Inada and
Oshima granodiorites, respectively. b) Correlation integral (C(r)) vs. lag distance (r) for Inada and
Oshima granodiorites. The Oshima granodiorite data fall on a straight line. This shows that the AE
hypocenter distribution of Oshima granodiorite has a single fractal structure. In contrast, the Inada
granodiorite data fall on two straight lines; the fractal dimension for the distance range longer than
the grain size is 2.4 and that for the shorter range is 2.0. From Kusunose et al. (1991).
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2.3.1.7 Effects of grain size on the initiation and propagation thresholds of stress-induced brittle
fractures (Eberhardt et al., 1999)

In this study, the authors conduct similar experiments to those described in Kusunose et al. (1991),
using three rocks with similar mineralogy but varying grain size: a grey granite, a granodiorite, and
a pegmatitic granite with mean grain sizes of 3 mm, 1 mm, and 20 mm respectively. In this study,
cylindrical specimens (61 mm diameter, 137 mm height) were instrumented with strain gauges and
AE, then uniaxially loaded to failure at a rate of 0.25 MPa/s. The results are best summarised in
Tables 2.3 and 2.4, and Figure 2.34.

In terms of mechanical properties, we see that the rocks become increasingly stiff with decreas-
ing grain size, and that the crack coalescence and crack damage stresses are higher for smaller grain
size while crack closure and crack initiation stress stress appear relatively invariant with respect to
grain size. The authors suggest that microcrack closure and initiation processes are dependent more
on the grain mineralogy than grain size, since they saw that cracks tended to initiate from feldspar
and quartz grains in all tests. They suggest that the effect of grain size on crack coalescence and
damage may be explained by a model similar to that shown earlier in this thesis by Nasseri et al.
(2006), whereby microcracks along a long grain are generally colinear along the grain boundary,
thus less energy is required to connect these microcracks. Conversely, in a fine grained rock the
microcracks tend to be randomly oriented along separate grain boundaries, resulting in more en-
ergy required to connect these microcracks. Regarding AE, Figure 2.34 shows that the maximum
energy rate of the grey granite is higher than the granodiorite by 20 dB/MPa (about lOX), and the
pegmatite is higher than the grey granite by 31 dB/MPa (about 35X). This observation contradicts
the results seen by Kusunose et al. (1991), who, as previously described, observed more AE in the
fine grained granodiorite specimen. Note, however, that that Kusunose et al. (1991) study did not
report amplitudes, and so the results are not directly comparable to this study.

The finding that increasing grain size correlates to increased seismic activity, and lower crack
coalescence and crack damage stresses is relevant to this thesis as Barre granite and Opalinus
clayshale, the two materials explored in this thesis, have significantly different grain sizes which
contributes to the discrepancies in their behaviour.

Table 2.3: Average elastic constants for the 240 m level URL samples (standard deviation in paren-
theses). From Eberhardt et al. (1999).

Granodiorite Grey granite Pegmatite
Material parameter (1 mm grain size)(3 mm grain size)(20 mm grain size)

Samples tested 5 5 5
Young's modulus, Eavg (GPa) 67.2 ( 3.5) 63.8 ( 2.2) 60.1 ( 1.7)
Tangent modulus, ET (GPa) 69.4 ( 1.3) 60.3 ( 1.1) 57.7 ( 3.0)
Secant modulus, Es (GPa) 66.8 ( 0.9) 49.7 ( 1.9) 51.6 ( 2.0)
Poisson's ratio, Vavg 0.30 ( 0.03) 0.33 ( 0.04) 0.29 ( 0.07)
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Table 2.4: Average crack thresholds for the 240 m level URL samples (standard deviation in paren-

theses). From Eberhardt et al. (1999).

Granodiorite Grey granite Pegmatite
Strength parameter (1 mm grain size) (3 mm grain size) (20 mm grain size)

Number of tests 5 5 5
Crack closure, a,. (MPa) 45.6 ( 3.4) 55.6 ( 1.5) 45.2 ( 2.7)
Crack initiation, a; (MPa) 79.6 ( 2.7) 79.6 ( 2.3) 72.0 (+5.9)
Secondary cracking, ac,2 (MPa) 102.8 ( 4.5) 102.8 ( 4.3) 96.0 ( 4.4)
Crack coalescence, a, (MPa) 164.7 ( 9.0) 127.6 ( 14.2) 104.8 (+6.4)
Crack damage, at (MPa) 194.0 ( 2.8) 147.4 ( 9.1) 113.2 ( 6.8)

2.3.1.8 Hydraulic fracture energy budget: Insights from the laboratory (Goodfellow et al., 2015)

In this study, the authors present results from a series of triaxial experiments on Westerly granite,

where various confining and axial stress states are held constant and the rock is hydraulically

fractured by injection of distilled water into a pre-drilled, packered borehole, as seen in Figure 2.35.
In each experiment, the cell pressure was larger than the axial stress so that the fracture initiated

and propagated perpendicular to the axial direction. The experiment was instrumented with a linear

variable differential transformer (LVDT), a pressure transducer, and AE sensors. The goal of the

experiment was to compare the energy supplied by the fluid injection to the energy released as

seismic waves, and thus gain some insights into the seismicity of the hydraulic fracturing process.

One main takeaway is their methodology for calculating radiated seismic energy (ER) from

moment magnitude (MO). Radiated seismic energy "represents the seismic energy that would prop-

agate to the far field in a whole space with no attenuation" (Shearer, 2009). They suggest that an

upper bound can be calculated from an empirical relationship proposed for large earthquakes by
Kanamori (1978):

log io(ER) = 1.5Mw+4.8

2 (2.15)
M= -[logioMo -9.1]

3

This empirical relation was calibrated for large earthquakes, where the apparent stress on the

fault (See Section 2.1.8) ranged from 1 to 5 MPa. To calculate the lower bound estimate of the

radiated seismic energy, the authors assumed a much smaller apparent stress of 0.01 MPa, which

has been found to be appropriate for laboratory-scale tests (Goodfellow and Young, 2014). They

then apply a scaling methodology proposed by Wyss and Brune (1968) to estimate the radiated

seismic energy. The authors found the lower and upper bound differ by almost exactly 2 orders

of magnitude (100X), and so as a reasonable estimate we use the geometric mean of lOX, i.e.

log 1o(1 OER) = 1.5Mw, + 4.8 in the remainder of this work.
The main finding of this study is shown in Figure 2.36, which shows the injection energy,

seismic energy, and injection volume for their laboratory experiments alongside literature data

on various hydraulic fracture operations in the field. We see in Figure 2.36a that the seismic

efficiency of hydraulic fracturing varies between 1E-3% to lE-9% for both field and lab scale
hydraulic fracturing, and it appears from Figure 2.36b that hydraulic fracture operations tend to be

lower seismic moment release for any given injected volume than other activities such as EGS and
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Figure 2.35: (a) Laboratory hydraulic fracture apparatus. Experiment SR4 (ai = 30 MPa, q3 = 10
MPa). (b,e) MCT fracture surface projected on the l- -a 3 plane. (c) AE event location projected
on the ay -q 3 plane, and (d) p CT fracture surface projected on the a, -al plane. From Goodfellow
et al. (2015).

wastewater disposal. The authors calculate injection energies in the range of 10 - 20 J, which is a
good basis of comparison to some work in this thesis.
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2.3.1.9 Rock fabric influence on hydraulic fracture propagation (Stanchits et al., 2015)

In this poorly documented but interesting study, the authors present the results of experiments on
two specimens of Niobrara tight shale: a 229 x 229 x 381 mm block (Figure 2.37) and a 711 x 711
x 914 mm block (Figure 2.38. These blocks were drilled with a 25.4 mm and a 95 mm diameter
borehole respectively. Both boreholes were drilled along a bedding plane, and aligned with 73
in the smaller specimen and 40 degrees from q3 in the larger specimen. The blocks were loaded
polyaxially to a, = 2500 psi, GH = 2100 psi, Uh = 1700 psi, then hydraulic fractures were created by
injection of fluid. For the smaller specimen, epoxy was used as the injection fluid, and then the far-
field stresses were held for 12 hours after creation of hydraulic fractures to allow the epoxy to cure,
after which the distribution of epoxy was observed post-mortem. For the larger specimen, silicon
oil mixed with plastic particles was injected, and the specimen was again opened post mortem
to observe the distribution of these plastic particles. The experiment was instrumented with fluid
volume and pressure, load and displacement in each loading direction, and 38 AE sensors for the
smaller block and 62 sensors for the larger block, achieving an estimate location error within 6 mm
using an anisotropic heterogeneous velocity model.

The results are summarised in Figures 2.37 and 2.38. We see that in general, the main hydraulic
fracture plane is almost exactly perpendicular to Ub, with the exception of a branch near the top of
the smaller specimen where the HF propagated a short distance along a bedding plane. In terms
of AE, the hypocenter locations generally follow the geometry of the newly created hydraulic
fracture, and appear to migrate away from the borehole in time. Interestingly, few AE events were
located on the opening along the pre-existing bedding plane. This study is one of the few studies
that directly compare AE results to visual evaluation of the creation of hydraulic fractures, although
note that in this study the visual data are only taken at the end of the test, while in this thesis the
image data are collected throughout the experiment.
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Figure 2.37: Photographs of smaller specimen before (a) and after
opened bedding plane (c); 3D rendering of AE events (spheres) and
(light-red surfaces)(d). From Stanchits et al. (2015).
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2.3.1.10 Frictional properties of shale reservoir rocks (Kohli and Zoback, 2013)

In this study, the authors tested the frictional properties of reconstituted paste synthesised from
crushed shale rocks originating from the Barnett, Haynesville and Eagleford formations. To de-
termine the frictional properties, 2 mm of paste was emplaced between two forcing blocks at 30
degrees from vertical within a triaxial cell (See Figure 2.39), with 30 MPa of confining pressure.
The gouge layer was then sheared at 0.1, 1.0 and 10 pms- I at 10, 20 and 30 MPa of normal stress.
The study also considers the different shales in the context of rate state friction theory (Dieterich,
1979; Ruina, 1983), which describes how the dynamic friction coefficient of a fault is dependent on
the shear velocity. In this theory, the (a-b) parameter describes whether a fault is slip-weakening or
slip-strengthening, i.e. whether the friction coefficient decreases or increases with increasing slip
velocity. A negative (a-b) indicates slip-weakening behaviour, which releases accumulated strain
in rapid bursts arising from a localised rupture. This is generally considered as the mechanism for
a typical seismic event. Conversely, faults with positive (a-b) release strain energy in a slow ductile
fashion, which is generally not detected through conventional methods such as geophones.

A key finding from this study is shown in Figure 2.40, where we see that the friction coefficient
decreases approximately linearly with increasing clay + total organic content (TOC). We also see
that the (a-b) parameter is relatively constant between -0.002 to -0.003 for shales with less than
30% TOC + clay, beyond which the (a-b) increases linearly with increasing TOC + clay. As a result,
this study suggests that shale rocks with higher TOC + clay content will tend to exhibit positive
(a-b) and will thus be more aseismic, i.e. produce less seismic energy, given strain sources ranging
in scale from far field tectonic stress for earthquakes, to locally elevated pore pressures resulting
from hydraulic fracturing operations. This finding is important to this thesis as it touches upon
the effect that relatively ductile clay minerals and organic content have on seismicity, although
this study is based on sliding along a fault, as opposed to our focus on the creation of hydraulic
fractures.

80



2.3. PREVIOUS STUDIES

Coreholder

Axial LVDT

Viton jacket

Gouge layer

Lateral strain gauge

Forcing block

Teflon shim

Figure 2.39: Friction experiment sample assembly inside triaxial pressure vessel used by Kohli

and Zoback (2013) to test frictional properties of various shale rocks.
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Figure 2.40: Friction coefficient (black symbols) and (a - b) (grey symbols) as functions of clay
and organic content at 10 MPa normal stress for all samples in the study. Values of (a - b) are
obtained from averaging the results of all velocity steps within a single experiment. Error bars

represent the maximum, (a - b)(+), and minimum, (a - b)(-), values of (a - b) observed in each

experiment. From Kohli and Zoback (2013).
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2.3.1.11 Mechanical properties of shale-gas reservoir rocks - Part 2: Ductile creep, brittle
strength, and their relation to the elastic modulus (Sone and Zoback, 2013)

This study characterises the same shale rock samples as the study by Kohli and Zoback (2013),
from the perspective of creep, Young's modulus, brittle strength, and residual strength. 1 inch
diameter intact specimens were tested in a triaxial cell with no pore pressure; the specimens were
first loaded to a given hydrostatic pressure (10, 20, 30, 40, or 60 MPa), then the axial load was
increased until specimen failure.

The strength parameters are of particular interest in this thesis, and these results are best sum-
marised in Figure 2.41. The unconfined compressive strength (UCS) is negatively correlated with
clay+kerogen content, and positively correlated to Young's modulus, which suggests that increas-
ing clay+kerogen content is negatively correlated to both UCS and Young's modulus. There does
not appear to be strong correlation between friction coefficients and clay+kerogen content (Fig-
ures 2.41e and g), which contrasts Figure 2.40 by Kohli and Zoback (2013), where the friction
coefficient definitively decreased with increasing clay+TOC content. This may be attributed to the
difference in experimental setup, where this study was performed in intact specimens, and Kohli
and Zoback simulated shear along a fault gouge.
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2.3.2 Field Studies

2.3.2.1 Non-double-couple mechanisms of microearthquakes induced by hydraulic fracturing
(Sileny et al., 2009)

In this study, the authors invert the full moment tensor from a database of microseismic waveforms
acquired from six unconventional oil and gas hydraulic fracture treatments in the Cotton valley
gas field in east Texas, USA. The reservoir rock consists of low permeability sands interbedded
with shales. The waveforms are captured from eight stations along two vertical downhole three-
component geophone arrays. 700 events were localised, and assigned groups G1-G4 or R. The
layout of the operation is shown in Figure 2.42.

Table 2.5 shows that the the proportion of double couple ranges from approximately 15% to
45%, which indicates that volume change (ISO) or crack opening (CLVD) is a significant pro-
portion of all underlying focal mechanism. This is likely attributed to the presence of elevated
pore pressures from fluid injection at the treatment well. Interestingly, group R events all exhibit
negative ISO, suggesting that crack closure is a significant mechanism in that region.

Figure 2.43 shows the composite focal mechanism of each group in map and side views. Dots
indicate hypocenter locations, and are coloured by group. Red/blue wireframes represent the mean
focal mechanism (Recall Section 2.1.7) for each group. We can see that the poles for the ten-
sile crack/opening mechanism of G 1 -G3 are all approximately aligned along the same direction,
approximately perpendicular to CvHmax. This suggests that the events represent fractures opening
along aci1mi. Conversely, the poles of the closure events of group R are aligned along the direction
of CyHmax, suggesting these events represent fractures closing due to the maximum stress. Inter-
estingly, the locations of group R events (red) are clustered linearly, which suggests they occurred
along a natural joint whose strike is parallel to aH. However, the focal mechanism of R(2) and
R(3) indicate crack closure along planes oriented normal to the strike of the natural joint, which
indicates that the joint may in fact be composed of small fractures aligned perpendicular to the
overall joint orientation.

Overall, this paper presents an interesting case study which shows that hydraulic fracturing
operations appear to create a significant amount of non double couple focal mechanisms, and that
these are generally explained by the stress state, although their spatial distribution may be attributed
to local geologic features such as faults.
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Figure 2.42: Illustration of hydraulic fracture imaging geometry in the Cotton Valley experiment

(inset, dark dot on the sketch of Texas). Black heavy lines indicate monitoring wells 1 and 2 (full

squares mark positions of the geophones used in this study), gray heavy line indicates treatment

well. Hypocenters of selected microearthquakes in groups GI-G4 and R are marked by circles.

Grey arrows at the bottom of the model indicate direction of maximum horizontal stress. Distance

1s in meters. Note that detected events mostly occur between 2750 m and 2850 m elevation. From

Sileny et al. (2009).
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Table 2.5: Investigated Events With the Percentage of the Isotropic Component, Double Couple,
and Compensated Linear Vector Dipolea. From Sileny et al. (2009).

No Attenuation Qp = 30, Qs 50
Event Moment (N m) ISO DC CLVD T/P ISO DC CLVD T/P

Group GI
1 0.13561 x 108 +31.0 29.8 39.2 T +24.5 48.6 26.9 T
3 0.11602 x 10" +33.3 27.8 38.9 T +27.1 44.5 28.5 T
4 0.60329 x 107 +2.2 17.5 80.3 T +3.0 29.7 67.3 T
8 0.49590 x 107 +30.3 22.7 47.0 T +22.0 39.6 38.4 T
10 0.47097 x 107 -43.3 26.3 30.5 T -35.5 44.8 19.7 T
Composite +27.7 26.4 45.9 T +20.9 43.9 35.2 T

Group G2
1 0.19048 x 109  +30.2 16.1 53.7 T +30.9 16.4 52.7 T

3 0.32007 x 108 -31.7 34.1 34.2 T -16.3 41.8 41.9 T
4 0.28336 x 108 +25.9 14.2 59.9 T +25.5 23.4 51.1 T
6 0.21386 x 10" +5.2 48.3 46.5 T +5.2 48.3 46.5 T
8 0.15526 x 108 +21.0 20.1 58.9 T +29.2 17.4 53.4 T
Composite +27.0 16.7 56.3 T +28.4 14.9 56.7 T

Group G3
1 0.17126 x 10' -8.7 6.6 84.7 T -0.8 10.9 88.3 T
2 0.15211 x 10" +4.7 3.4 91.8 T +9.3 8.8 81.9 T
4 0.11430 x 10 -4.7 13.5 81.9 T +5.3 21.4 73.3 T
5 0.97501 x 107 +31.4 13.0 55.5 T +29.8 18.7 51.5 T
9 0.54714 x 107 -82.0 3.2 14.8 T -68.9 4.6 26.5 T
Composite -5.3 8.7 85.9 T +1.5 15.0 83.6 T

Group G4
1 0.10332 x 10" +46.8 34.8 18.5 P +62.4 25.9 11.7 P
2 0.93847 x 107 +33.5 37.9 28.6 P +54.0 30.5 15.5 P
3 0.83578 x 107 +51.5 26.4 22.1 P +64.7 20.4 14.9 P
6 0.72974 x 107 +40.4 45.3 14.3 P +57.5 38.0 4.6 P
8 0.68752 x 107 +52.1 36.2 11.7 P +65.9 32.5 1.7 P
Composite +45.2 35.1 19.7 P +61.4 27.6 11.0 P

Group R
2 0.68964 x 107 -34.0 49.9 16.1 P -36.0 41.2 22.9 T
5 0.28848 x 107  -42.8 28.5 28.7 P -49.3 50.1 0.7 P
7 0.26910 x 107 -60.9 28.0 11.1 P -57.9 21.0 21.1 T
8 0.26655 x 107 -39.0 33.1 27.8 P -42.9 47.3 9.7 T

aMoments of investigated events are by J. T. Rutledge (personal communication, 2006). ISO, isotropic component; DC,
double-couple; and CLVD, compensated linear vector dipole. Positive/negative sign of ISO means explosion/implosion; T or P
with CLVD marks alignment of the major dipole. Moment tensor calculated for a medium without attenuation and with
Qp = 30 and Qs = 50.
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Figure 2.43: Seismicity observed during hydrofracturing (top) map view and (bottom) vertical
cross section, together with composite mechanisms displayed as 3-D wire frame plots of P radiation
patterns (compressions, red; dilatations, blue) for selected events in groups Gl-G4 and individual
mechanisms for events R(2) and R(5). Hypocenter locations of the five groups are represented by
the color-coded dots: G1, black; G2, green; G3, blue; G4, cyan; R, red. The microearthquakes, for
which we determined mechanisms, are numbered. Position of the injection well marked by blue
square in map view and blue squares in depth section. Direction of maximum horizontal stress
is indicated by gray arrows. Black quadrilaterals and arrows on each focal mechanism indicate
approximate directions of forces corresponding to focal mechanisms. From Sileny et al. (2009).
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CHAPTER 2. BACKGROUND AND METHODOLOGY

2.3.2.2 On the mechanisms of shale microfracture propagation (Padin et al., 2014)

In this study, the authors present, analyse and discuss a comprehensive dataset from two uncon-
ventional oil and gas plays: one in the Vaca Muerta formation in Argentina, and the other in the
Eagle Ford formation in Texas, USA. The datasets for both include qualitative assessment of total
organic content (TOC), borehole log data including pore and in-situ stresses, Young's modulus, as
well as localised microseismic events. The data are generally poorly presented, but the authors'
main interpretations appear to stem from interpretations of Figures 2.44, 2.45 and 2.46.

There appear to be three parts to the study's assertions:

1. TOC content correlates positively with aseismicity. This is supported by the observation,
seen in Figure 2.44a, which shows that the lower Eagle Ford region, which has the highest
TOC, accounts for very minimal seismic energy compared to the upper Eagle Ford region.
Figures 2.44b similarly shows that very few microseismic events are located towards the
bottom of the lower Vaca Muerta formation, where the perforations (typically steel balls
fired with explosive charges to initiate hydraulic fractures) are located and the TOC content
is also highest. The authors highlight that the higher TOC content regions in Vaca Muerta
correspond to high pore pressure, higher material anisotropy, lower elastic modulus, and high
UHmax. Similarly, they describe the spatial distribution of microseismic events in Figure 2.45,
and state that the magnitudes in the Lower Eagle Ford are lower than the strata surrounding
the lower Eagle Ford, even though the perforations are made in the lower Eagle Ford. The
current author agrees with this assertion, which is also supported by the Kohli and Zoback
(2013) study.

2. Creation of hydraulic fractures is more aseismic than slip along natural fractures because the
creation of hydraulic fractures is a slow process, as was suggested by Maxwell and Cipolla
(2011). This is supported by the data in Figure 2.46, which shows that hydrocarbon produc-
tion in the high TOC strata increases with time as the hydraulic fractures slowly propagate
with time, whereas production from the lower TOC strata peak early and decrease with time
as no new fractures are created or stimulated. The current author disagrees partly with this
assertion in that while shear slip does appear more seismic than the creation of HF, the cre-
ation of HF is not necessarily a slow process, as seen by studies such as Morgan et al. (2017)
and Morgan and Einstein (2017), where we see that both shear and hydraulic fractures prop-
agate slower in shale compared to brittle materials such as granite (Morgan et al., 2013).

3. Assertions I and 2 above lead the authors to the conclusion that higher TOC causes aseis-
micity because the fracture mechanism transitions from fault slip (mode II) to creation of
hydraulic fractures (mode I). Specifically, the high TOC rocks tend to exhibit slow, tensile
hydraulic fractures due to the ductility of the materials. Conversely, more brittle materials
fracture by shear or mixed-mode mechanisms that are faster. However, the current author
believes there is insufficient evidence to support this claim that slower fractures are more
mode I dominated.
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Figure 2.44: On the left, distribution of cumulative moment versus depth for lower and upper
Eagle Ford treatments. Note that regardless of the vertical placement of the perforations, most
cumulative moment is occurring at the upper Eagle Ford while the lower Eagle Ford seems not
to generate microseismicity. The same is occurring at the Vaca Muerta formation (on the right),
where events from stages 1 and 2 are migrated upwards from the perforations, which are placed at
the lower member of the Vaca Muerta. The plots show that few microseismic events occur in the
TOC rich strata in both the Eagle Ford and Vaca Muerta formations. From Padin et al. (2014).
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CHAPTER 2. BACKGROUND AND METHODOLOGY

Well #1- "Most" Active Stages I

Figure 2.45: Microseismic monitoring of two horizontal wells fractured at the Eagle Ford. At the
bottom of the figure, the "least active" vs the "most active" microseismic stages are shown. At the
top, post frac results are shown for two different wells. Note that events with magnitudes less than
-2 are located within the lower Eagle Ford. From Padin et al. (2014).
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2.3.2.3 Natural fractures in shale: A review and observations (Gale et al., 2014)

In this paper, the authors present a comprehensive literature review along with new data on shear

and tensile fractures in shale, including discussions on fracture density, aperture, dimensions, ori-

entation, and cementation. The data are primarily viewed from the perspective of the oil and gas

industry, with a specific focus on enhancing permeability for oil and gas production from uncon-

ventional (hydraulic fracturing) treatments. The data are primarily drawn from core and outcrop

samples.

Regarding the effect of clay and organic content, they establish that higher clay or organic

content in shales generally leads to lower strength and elastic modulus, with a tendency towards

shear failure than tensile failure. Their literature review also found that shales generally exhibit

"far lower fracture abundance or no fractures", and they describe a specific field observation by
Ferrill et al. (2012) where a fracture in chalk terminates at the shale stratum. The distinction is

also made, as seen in Figure 2.47, that clay and organic shales tend to exhibit ductile behaviour

through creep, that silica-rich shales tend to exhibit greater brittleness, and that carbonate shales

tend to exhibit sealed fractures. However, the authors then appear (and themselves admit) to an

apparent contradiction that "clay- and organic- rich layers sometimes contain many fractures.. .high

organic content locally corresponds to closely spaced natural fractures". They posit that this may

partly attributed to changes during burial, where initially ductile shales become increasingly brittle

through diagenesis and overpressure (Nygard et al, 2006). In summary, this study provides many

interesting pieces of information that may shed light on the differences between fracture processes

in granite and shale discussed in this thesis.
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Figure 2.47: Host rock compositional variation. Variable mineral composition fields of Barnett,
Eagle Ford Formation (EF), and clay-rich mudrock (Md) (modified from Passey et al., 2010),
Monterey Formation (from Isaacs, 1981) and Marcellus Formation (drawn from data in Pommer,
2013). Sealed, open, and fracture resistant axes are our interpretation of the tendencies that these
compositional variations represent for fracture attributes. End members in the compositional field
are interpreted as propensity to fracture or resist fracture (clay poor versus clay rich), propensity
for fracture wall rocks to resist cementation or bridge (quartz rich), and propensity for fractures to
seal with calcite (calcite rich). Qtz = quartz; fsp = feldspar.
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2.3.3 Summary of Literature Review

Recall that the goal of this thesis is to study (I) the relationship between the creation of hydraulic
fractures and the microseismicity generated during this process, and (2) how this relationship dif-
fers between granite and shale materials. To that end, the results presented in this section can be

summarised as follows:

" The digital image correlation (DIC) technique can serve as a powerful tool to quantitatively
identify and evaluate the growth of both dry and hydraulic fractures. In the studied literature
there were no significant attempts to address the discontinuity in the displacement/strain
field across a crack. There also do not appear to be studies in rock where DIC was applied
to high-speed imaging to quantify crack growth. DIC was also used on microscope images
to quantify the development of shear cracks during a uniaxial compression test on intact
Carrara marble, which we adopt in work presented in this thesis.

" Acoustic emissions acquired during laboratory rock fracture experiments show that the spa-
tial distribution of events correspond nearly 1:1 with the spatial distribution of microcracks
observed using microscopy, and hydraulic fractures that were mapped post-experiment. Re-
garding grain size, two studies appear to be contradictory on whether increasing grain size
affects the seismicity of the creation of shear fractures. Regarding mineralogy, it appears
that increasing clay+organic content correlates to decreasing seismicity during shear along
a fault. Regarding the rate of shear across a simulated fault, we find that decreasing shear
rate is associated with an increased number ofobserved acoustic emissions per millimetre of
displacement. We also see that considering the energy budget between the work done by the
injection fluid during hydraulic fracturing and the energy radiated as seismic waves can be
an effective tool to compare laboratory and field processes. The energy budget method will
be applied in this thesis to compare different fracturing mechanisms (dry vs. wet, tensile vs.
shear) and to compare between granite and shale.

" The beam bending test methodology, when conducted under crack mouth opening displace-
ment control, serves as a simple benchmark method of generating a tensile fracture that
propagates slowly, so that the AE are dispersed in time and can be easily analysed. Sim-
ilarly, visual data can be captured using a time-lapse on a high resolution camera with a
frame-rate on the order of seconds, which allows for more detailed analysis than image data
from a low resolution, high speed camera.

" Field studies shows that microseisms related to hydraulic fracturing have a significant non-
double couple component, which can be compared to our laboratory studies. Analysis of

fractures and microfractures in the field also suggest that clay and organic content are related

to seismic activity, and that the characteristics of microfractures in more ductile shales appear

to be markedly different from more brittle rocks such as granite.
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Chapter 3

Tensile Fracturing in Granite

"You inay learn something, and whether what you see be fair or evil, that may be profitable, and
yet it may not. Seeing is both good and perilous."

In this series of tests, a granite specimen was subjected to four point bending to generate ten-
sile stresses, which result in the formation of a process zone consisting of microcracks, which then
coalesce and develop into a crack. This process was forced to occur slowly under crack mouth
opening control, such that different observation methods could be used to describe the cracking
process. This experimental setup is chosen because the slow fracture process serves as a bench-
mark for the faster and more complex fracture processes presented in later chapters. Specifically,
these observations are 1) Load-displacement behaviour, 2) Strains observed on the surface of the
specimen and interpreted by DIC and 3) Acoustic emissions. The results section will first present
the load-displacement data, which are then compared to the corresponding visual and acoustic
emissions data.

3.1 Experimental Setup

3.1.1 Physical Setup

The specimen (dimensions 241.3 x 51 x 25.4 mm) was set up as shown in Figure 3.1. The ma-
terial was Barre Granite from Vermont. The top loading platens were not spaced as per ASTM
standards, to accommodate the dimensions of our loading machine, which are acceptable given
that the absolute value of the ultimate load was not of interest. The used spacing was adequate to
generate a repeatable stable stress condition. An extensometer was attached to the notch opening,
and the experiment was operated under Crack Mouth Opening Displacement (CMOD) control at a
constant rate of 0.0 127 mm/min (see Figure 3.3b).
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Figure 3.1: Specimen geometry and AE sensor locations. S refers to PAC Micro30S sensors, and
G refers to a Glaser-type sensor. Boxes denote locations of the loading platens. Units in mm.

3.1.2 Camera Setup

The experiment was instrumented with two cameras. On the front face, a Canon 6D was used with
a Tokina 100mm f/2.8 ATX M100 lens at a distance of around 40 cm such that the field of view
was approximately 7.5 cm x 10 cm. On the back face, we used a Canon SLI with a 65mm MP-E

macro lens at 5X such that the field of view was approximately 2.95 mm x 3.93 mm. For surface

preparation, the side facing the front camera was painted with a white acrylic paint background

with black paint sputtered at around 0.1 to 1 mm speckle size. The back side was painted with

the same white acrylic background paint, then polished to 10 Ym grit with alumina powder and

sputtered with carbon black on a 1000 Nickel mesh to create a grid pattern with approximately 25
pm spacing. Figure 3.2 shows photos of the prepared specimen. For simplicity, analyses of images

from the front camera will be referred to as "macro-images" or "macro-DIC" and likewise back

camera images and analyses as "micro-images" and "micro-DIC". The macro-DIC is performed

with reference to time 143 s, and the micro-DIC is referenced to time 147 s.
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Figure 3.2: (a) Reference image for the front camera, corresponding to a field of view (FOV) of
around 5 x 7.5 cm. (b) Reference image for the back camera, corresponding to a FOV of around
2.95 x 4.425 mm.
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3.1.3 Repeatability

To ensure that the results are consistent, two repeats (i.e. three tests in total) of the same experiment

were performed. The load-displacement graphs are shown in Figure 3.3a. The drop in load close to

the end of the elastic region are due to refocusing of the cameras. During the pause the position of

the crosshead was held constant, but the machine software is such that no data are acquired when

the experiment was paused. When the machine is restarted the load drops for the duration of 2-4

data points (0.01 s data acquisition interval). This is unfortunately unavoidable since the specimen

expands in the depth dimension due to the Poisson effect such that the micro-camera requires re-

focusing at the end of the initial loading phase. This must be done manually since autofocus in

unreliable in this setup. The peak loads and crosshead displacement are similar for the three exper-

iments; the elastic phase (linear region of the force-displacement plot) has slightly different slopes

while the inelastic phase (post-linear region of the force-displacement plot) follows a different path

in each experiment. These differences may be attributed to heterogeneities within the granite spec-

imens. Note that all three experiments transition from the linear region at approximately 2.3 x 10-4

m of crosshead displacement and appear to show some stick-slip behaviour during the inelastic and

cracking phase in that the load is constant for a period of time before increasing and decreasing

rapidly. Since the load-displacement behaviour was reasonably similar and the AE and DIC trends

were similar in all experiments, the discussion of results will be focused on the first experiment.
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Figure 3.3: (a) Load-displacement data for the three experiments. Drops in load during the initial
elastic region are points in time where the loading was paused to refocus the cameras. (b) Crack
mouth opening displacement over time for all three experiments, with a nominal rate of 0.0127
mm/min.

3.2 Load-displacement behaviour

Figure 3.4 shows the load-displacement data for the first experiment, and it can be seen in Figure
3.4b that the loading curve consists of three main stages: an initial linear phase ('a'), followed
by a non-linear period of increasing load ('b'), and finally a monotonically decreasing load while
the crosshead is held constant ('c'). The load-displacement curve can be integrated to produce the
machine input energy, as shown in Figure 3.5. Note that the maximum machine energy input is
around 0.7 J.

Figures 3.4 and 3.5 indicate three distinct stages which can be interpreted as 'a' elastic de-
formation, 'b' process zone development and 'c' crack initiation and propagation, where crack
initiation is considered to be the first time a new traction free surface is created, and crack propa-
gation refers to the continued creation of such traction free surfaces. Both the load-displacement
and energy-time data support this interpretation, which also correspond to the stages outlined in
Eberhardt et al. (1999), although we have chosen to interpret their crack initiation and stable crack
growth stage as the development of the process zone. These stages are now used as the basis of
comparison for the visual and AE observations. Note that although a crack initiates and propagates
in stage 'c', a process zone continues to develop ahead of the propagating crack tip.
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Figure 3.4: (a) Crosshead load and displacement over time. (b) Same data expressed as load-
displacement to identify key stages of behaviour: 'a' linear load-displacement behaviour indicating
elastic deformation. 'b' Vertical load appears to increase in 3 distinct non-linear steps, indicating
the material is no longer deforming elastically. 'c' The load decreases while the crosshead main-
tains its position, indicating that the fracture is steadily propagating. The transition points are
indicated in the red circles.
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3.3 General comparison of strain and AE observations

These comparisons will first be done for the entire experiment to evaluate general trends in be-
haviour, and then specifically for stages 'b' and 'c' of the load-displacement curve.

3.3.1 Strain observations

Figure 3.6 shows the macro-DIC opening strain at key points in time corresponding to the load-
displacement curve (Fig. 3.4a), to determine the extent of damage that can be visually observed on
the specimen. Note that some of the strains are calculated across discontinuities.

Figure 3.6 shows that at time 209 s, very little deformation can be seen given the noise thresh-
old of the DIC method. This is to be expected as the load-displacement curve indicates that the
behaviour is elastic until this point, and that the displacement is quite small. However by 259 s,
there is a zone of significant opening strain extending around 2 mm from the notch tip. This again
is consistent with the load curve, which shows a small amount of non-linear deformation by this
time. By 309 s there is a large, 2-3 mm wide zone of deformation extending around 7 mm ahead of
the notch tip. This zone of deformation then decreases in size by 549 s, likely caused by unloading
of the rock at that location since the crack tip and its corresponding process zone move upwards as
the crack propagates.
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Figure 3.6: (a) Opening strain from macro-DIC at key points in time. (b) Points in time indicated
on the energy-time curve. Dotted purple line indicates semi-elliptic bulb of strain.

3.3.2 AE observations

Figure 3.7a shows the location of AE events over the course of the experiment. There is significant
scatter in the horizontal direction even with the imposed 1 mm accuracy for localisation, which
implies that the approximately 10 mm wide scatter of event locations can be attributed to the for-
mation of a process zone (Wong and Einstein, 2009) as cracking propagates through the specimen.
This is significantly wider than the 2 mm process zone observed in the DIC. An explanation is that
the AE may be sensitive to smaller perturbations. As expected, the AE locations shift upward as
cracking propagates (See time scale in Figure 3.7a), but again there seems to be significant scatter
in the vertical direction, highlighting the stochastic nature of AE events stemming from hetero-
geneities in the crystalline rock specimen. It is also notable that at around location (x = 120 mm,
y = 23 mm) there is a small zone of approximately 1 mm in diameter that is lacking in AE events,
indicating that there may be a particularly high strength mineral grain at that location.

Figure 3.7b shows the largest AE events, coloured by their magnitude. There appears to be
wider scatter of locations near the notch tip, which may be due to a wider process zone prior
to crack initiation and is consistent with Figure 3.6, which showed a large process zone near the
notch tip. Overall, the large events shown in Figure 3.7b seem to occur closer to the crack path than
Figure 3.7a, which shows all the events. This suggests that the larger events are more critical to the
creation of the crack itself, whereas smaller events are more likely to be related to the continued
development of the process zone ahead of the propagating crack tip. Interestingly, there appears
to be a significant semicircular pattern in the event locations again at around (x = 120 mm, y =
23 mm), suggesting that the larger AE events may be preferentially occurring at grain boundaries.
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Figure 3.7: (a) AE events for entire experiment, coloured by time. Arrow indicates a specific zone
in the AE cloud where there appears to be no events. (b) AE events with Mw > -7.4, coloured by
magnitude. Black circles indicate events occuring along possible grain boundaries or zone of no
events.
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3.3. GENERAL COMPARISON OF STRAIN AND AE OBSERVATIONS

Figure 3.8: (a) Detailed photo of the crack surface, large quartz grain shown in red. Scale in cm.

White flat surface is the pre-cut notch. (b) Curvature in the crack path due to the quartz grain.

This happens at other locations that are circled in Figure 3.7b, and is supported by visual inspection

which showed, for example, that there was a large quartz grain (Fig. 3.8) approximately 10 mm

from the notch tip. Overall, it appears that the AE locations correspond to the strain maps, both

showing a larger scatter around the notch tip that may be associated with the initial process zone.

More information can be gained by considering details of the AE evolution over time and

space. This is done in Figure 3.9, which shows the magnitude-frequency distribution of AE events,

which shows the proportion of large compared to small events. Different curves show the b-value

at various times and distance from the notch tip.

Figure 3.9a shows that the development of the process zone, which occurs between 200 and

300 s, contains the fewest and lowest magnitude events. This is consistent with the behaviour

observed in the energy-time curve, which suggests that crack propagation is more energetic than

process zone development. Interestingly, this time period has a shallower slope than the 300 - 400

s and 500 - 600 s period, indicating that small events comprise a lower proportion of events during

this time. As expected, the time between 400 and 500 s contains the most and highest magnitude

events, which is consistent since this is the period of greatest machine work (Figure 3.5). Figure

3.9b shows the b-value for events grouped according to their distance from the original notch tip.

We can see that the highest concentration of events is at 5-15 mm from the tip, followed by those at

15-25 mm, then by those right at the notch tip. The 5-10 mm grouping has a similar total number

of events as the 10-15 mm grouping, but the 5-10 mm grouping has more large magnitude events,

indicating that crack initiation may be associated with the largest events given that this grouping

is quite close to the notch tip. This is supported by the 0-5 mm grouping, which has a small total
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Figure 3.9: Magnitude-frequency distribution of AE events. x-axis is the magnitude of events, and
y-axis is the cumulative number of events, similar to a cumulative density function. (a) Each curve
shows the magnitude-frequency distribution for AE events occurring over a given time interval.
(b) Each curve shows the magnitude-frequency distribution for AE events occurring over a given
range of distances from the notch tip. A shallower slope (lower b-value) represents a time window
or distance range where relatively more large magnitude events occurred than small magnitude
events, and a curve with a higher frequency (higher on the y-axis) represents more total events
occurred within a given time window or distance range.

number of events but also has a greater proportion of large magnitude events compared to the 10-
25 mm groupings. In fact, one may conclude that the slope becomes steeper with distance from
the notch tip, i.e. smaller events dominate with increasing distance from the notch tip.

Figure 3.10 shows the AE hit rate for the experiment, which increases linearly until approxi-
mately 340 s and maintains a steady rate until approximately 550 s, where it begins to decrease.
This pattern appears to match well with the loading machine work shown in Figure 3.5, which is
constant between 350 s and 550 s. There also appears to be more variance in the hit rate between
400 s and 600 s than in the previous 200 seconds, in that there are multiple large increases in activ-
ity even though the rate remains constant on average. This can be explained by stick-slip behaviour
or small-scale heterogeneities of the material resulting in more emissions produced when the crack
moves through a higher strength material. However, this is difficult to verify given that one cannot
determine the extent of the crack at depth over time. Overall, it appears that the load-displacement,
strain (DIC), and AE observations are reasonably consistent. Specifically, all three observations
(Figures 3.4b, 3.6, and 3.7) show that stage b, which consists of process zone development, is
associated with a wider bulb of lower energy activity near the notch tip. This is markedly different
from stage c, which consists of crack propagation and appears to be higher energy and less spa-
tially dispersed horizontally. For this reason, the two stages are now discussed separately in more
detail.
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Figure 3.10: AE hit rate over the course of the experiment. Figure 3.5 is superimposed for refer-

ence.

3.4 209 s to 309 s: Process zone development

Between 209 s and 309 s (See stage b in Fig. 3.4), the machine load is monotonically increasing

and the deformation is non-linear; the machine is constantly putting work into the system (Fig.

3.5).

3.4.1 Strain observations

Figure 3.11 shows the E,, and E,, strains from the micro-DIC at three different points in time. At

253 s, the microcracks have propagated to around 0.6 mm from the notch tip, which is a very small

distance compared to the AE events (Figure 3.7), which reach up to 15 mm from the notch tip.

One can also note that the first 0.5 mm of the microcracks initiate in tension given that at 253 s
e,, shows significant opening strain but very little e-y contribution (zone a in Figure 3.11). After
the initial 0.5 mm, it appears that the microcracks propagate as a series of en-echelon cracks (zone

b in Fig. 3.11). These en-echelon microcracks occur at approximately 45 degrees to the tensile

stress direction as expected, but there appears to be a preference for the SW-NE orientation, a

trend that was also observed in the two repeat experiments and may be due to a bias in the loading

machine. It is also interesting to note that at approximately 259 s the macro-DIC (Figure 3.6, black

arrow) indicates a zone of increased strain that extends 2 mm from the notch tip, but the same time

frame for the micro-DIC only indicates microcracking up to around 0.5 mm from the tip, and even

at 275 s only extends approximately 1 mm from the notch tip. The much smaller extent of the

strain-intense areas in the micro-DIC may be due to the small 3 mm field of view, such that general
changes in strain seen in the macro-DIC fall into the background noise of the strain plots seen in

Figure 3.11. As a result, the micro-DIC only highlights what may be referred to as linear white

patching (Morgan et al., 2013; Wong and Einstein, 2009) i.e. the process zone visible by eye as a

white line.
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3.4. 209 S TO 309 S: PROCESS ZONE DEVELOPMENT

3.4.2 AE observations

In terms of the AE data, the event locations shown in Figure 3.12 indicate that majority of events

are dispersed, and cluster in an area around 10 mm from the tip of the notch. A vertical linear series

of events appears to occur near the notch tip at around 250 s (Cluster a), and another linear cluster

at around 270 s (Cluster b), indicating that there may have been concentrated microcracking at

these locations. A look at the source mechanisms and magnitudes shown in Figure 3.13 indicates

that the tensile events are much fewer and appear to occur somewhat away from the notch tip when

compared to the shear events, which form the majority of the cluster immediately at the notch tip.

As expected, the tensile microcracks are oriented along the orientation of the eventual crack, but

the shear events appear to have a wide distribution of orientations. The magnitudes appear mostly

to be quite small in this time period. Interestingly, the tensile events do not show the initial tensile

portion noted as 'a' in Figure 3.11. This may be due to the small size of this tensile feature, such

that it is not captured by the AE which averages behaviour across the specimen. Unfortunately,

attempts to directly map the AE locations to observations in the micro-DIC were not successful,

given that the location accuracy of the AE at 1 mm is considerably larger than the resolution of the

micro-DIC at around 25 pm.
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3.4. 209 S TO 309 S: PROCESS ZONE DEVELOPMENT

3.4.3 Comparison of AE and visual data between 209 s and 309 s

To relate the DIC and AE data, Figure 3.15 shows the evolution of the strains over time at specified

query points. At point 1 (query points are shown in Figure 3.14), corresponding to the tensile zone

noted previously, the rock has higher opening strain than elsewhere; it also begins to significantly

open at around 260 s, approximately 10 seconds before the rock at other query points. It is also

interesting to note that the remainder of the query points, though they are separated in space, all

show very similar behaviour in that they begin to open around 270 s, albeit at slightly different

rates. Given that a qualitative observation of Figure 3.11 shows that strains develop as early as

approximately 250 s, this indicates that the early strains are quite small such that they fall within

the noise band of the DIC analysis (the standard variability of strains seen between 240-260 s).

As expected, exy exhibits both positive and negative strains corresponding to the two possible

orientations of the en-echelon cracks. However, it is notable that the positive (SW-NE) strains are

approximately five times larger than the negative strains, which agrees with the general preference

for the SW-NE direction noted earlier. There also appears to be some grouping of shear behaviour

for the rock at separate locations, for example the behaviour at point 1 is similar to point 3; likewise

points 4 and 6, 5 and 7 show similarity to each other. These points appear to develop strain at

approximately the same rate, possibly suggesting that separate sections of the en-echelon cracks

may be developing simultaneously. Overall, we conclude that microcrack initiation begins around

260 s, which corresponds to the middle of stage "b" on the load-time graph shown in Figure 3.4.

The AE hit rate fluctuates significantly over the period of analysis, and one may argue the times of

high AE activity are related to local minima or maxima in query point 1 of Figure 3.15a. However

this relation would be tenuous at best since the DIC only samples the surface of the specimen,

while AE data pertain to the entirety of the specimen.
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3.5. 309 S TO THE END OF THE EXPERIMENT: CRACK PROPAGATION

3.5 309 s to the end of the experiment: Crack propagation

Post-load-peak behaviour (stage c in Figure 3.4) generally consists of the continued growth of the

crack, and is characterised by the further development of en-echelon cracks as shown in Figure

3.16.

3.5.1 Strain observations

As seen in Figure 3.16, the process zone appears to grow approximately linearly over time, as

expected from the nature of CMOD control. It is also evident from the ey plots that adjacent zones

of positive and negative strain correspond to the development of en-echelon cracks.

Query points (Figure 3.17c) can again be considered for the DIC analysis, for which the strains

over time are plotted as shown in Figures 3.17a and 3.17b. There appear to be some anomalies at

later times for query points 1, 2 and 3 due to significant opening of the discontinuity, but overall the

analysis shows a somewhat linear development of strain over time, with the query points furthest

from the notch tip being the last to exhibit strains.
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Figure 3.17: E,, and exy over time, taken at 20 s intervals. Rightmost image (c) shows locations

of query points. The strains at query points 1, 2 and 3 appear to be anomalous towards the end of

the experiment, which may be due to very large crack opening since the employed DIC algorithm

does not account for discontinuities.

3.5.2 AE observations

The AE events follow a general pattern with events moving upward with time as the crack prop-

agates. However, there is significant scatter in this trend, both in time and space. The tensile
microcracks are again oriented primarily vertically as expected since the crack propagates up-

wards, with the highest magnitude events occurring closest to the center of the cluster. The shear

events are more numerous, and also appear more scattered than the tensile events, possibly due to

shear occurring at multiple grain boundaries near the propagating crack while tensile events only

occur at the crack itself. However, the magnitudes do not appear to differ significantly between the

mechanisms.
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3.5.3 Comparison of AE and visual observations

Similar to the previous section, it is important to compare the strains from image analysis with
the AE results for this time period. The extent of the process zone and the crack can be estimated
from the e,, contours such as those shown in Figure 3.16. These were determined by considering
a large number of query points (crosses) located along the crack, as estimated by a contour line
of constant displacement in the opening displacement plot (Figure 3.19a). The e, at these query
points were then evaluated as a function of time and distance from the notch tip as shown in Figure
3.19b. The process zone was considered to have reached a query point if the strain exceeded the
noise level at that point, which varied slightly between points but is generally less than 0.003. To
determine the crack extent, the following was done: the load-displacement curve indicates that the
crack initiates at approximately 309 s into the experiment. The strain at the tip of the notch at
this time is approximately 0.03, or 3% in this experiment, as shown in Figure 3.19b. As a result,
we consider 3% as the critical transition point from inelastic deformation to a crack, and use this
value to track the propagation of the crack, i.e. if strain at a query point exceeds 3%, we consider
the crack to have reached that query point. Note that although the crack initiation appears to be a
distinct point in the load-displacement curve, the AE and DIC data do not suggest such a dramatic
transition. As a matter of fact there is a gradual transition from the process zone to a fully cracked
surface as multiple bonds with variable strength must be broken to create the free surface. The
extent of the process zone and the crack can then be plotted alongside the distance from the notch
tip of all AE events, as shown in Figure 3.20.

In Figure 3.20, the red line shows the furthest extent of the process zone that can be seen by the
DIC. Similarly, the brown line is the best estimate of the distance of the crack tip from the original
notch tip. As a result, the area between the two lines represents the range of the process zone
length. Figure 3.20a shows that the highest spatio-temporal concentration of the AE events fall
within the zone bounded by the two lines, particularly the high amplitude events (Figure 3.20b),
but that there are some exceptions. The AE locations beyond the process zone determined by the
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3.6. DISPLACEMENT VECTORS OVER TIME

DIC may again suggest that the AE event locations are more sensitive to small strains than the DIC.

AE events located within the crack extent may be explained by noting that Figure 3.20b shows that

many of the events near to the notch tip seem to be high in shear. This may be occurring due to

shearing along already open en-echelon cracks.

3.6 Displacement vectors over time

We can also consider the evolution of the displacement field over the course of the experiment, as

shown in Figures 3.21 and 3.22. These vectors are all normalised to the same length regardless of

the magnitude of displacement, and are plotted on contour maps of El and 'yax to see the extent

of the process zone and the crack. In general, we can see that the macro-displacement is generally

in the horizontal direction where the rock has cracked, and co-linear with the crack path ahead

of the crack tip. Note that at t = 298.1 s, the displacement pattern is not significant, and appears

to be reflecting minor eccentricity of the loading setup that are exaggerated since the vectors are

all normalised to the same length. On a microscopic scale (Figure 3.22), we can see that the

displacement field transitions from an initial random orientation to the nominal opening mode as

the crack propagates. We find that at both scales, we can see the development of a wedge-shaped

envelope representing the zone of influence of the crack, but that in the macro-DIC the vectors

are co-linear with the crack path ahead of the envelope, while in the micro-DIC the vectors are

generally randomly oriented ahead of the envelope.

We can also consider the statistical distribution of the principal strain components for the micro-

DIC data, as shown in Figure 3.23a. We can see that in this case, e3 shows significant compressive

strains despite the theoretically tensile stress field generated by the beam bending geometry. Figure

3.23b shows that both Ei and E3 exhibit significant noise, but there is no strong correlation between

Ei and E3.
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DIC results. Red dotted lines indicate development of a wedge-shaped envelope representing the
zone of influence of the crack.
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3.6. DISPLACEMENT VECTORS OVER TIME

t = 247.5 s t = 264 s t = 280.5 s t = 297 s

0.8 1 1.2 1.4 0.8 1 1.2 1.4 0.8 1 1.2 1.4 0.8

x (mm)

Figure 3.22: Displacement vectors superimposed onto contour maps of ei and Yrax for the micro-

DIC results. Red dotted lines indicate development of a wedge-shaped envelope representing the

zone of influence of the crack.
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CHAPTER 3. TENSILE FRACTURING IN GRANITE
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Figure 3.23: (Left) Distribution of principal strains over the entire micro-DIC image at time of
maximum load. Positive strain is tension. (Right) Scatter plot of si - e3 for each pixel of strain
data.

3.7 Summary and conclusions

Process zone development and crack propagation have been observed on a pre-notched four point
bending experiment on granite. The experiment consisted of observations of load-displacement,
strains on the specimen, and acoustic emissions, which were analysed and compared. The main
results are summarised as follows:

* Calibration of AE events to moment magnitudes indicate that the events vary from Mw =
-6.25 to -8.

* Load-displacement and corresponding energy-time data indicates three main stages of rock
behaviour: 'a' Elastic deformation, 'b' formation of a process zone, and 'c' crack propaga-
tion. These stages appear to be relatively well related to changes in AE and DIC behaviour.

" Strain and AE observations over the course of the experiment show that during stage 'b', a
wide bulb of lower energy activity develops around the tip of the pre-cut notch. During stage
'c', more energy is released and consumed in the propagation of the crack, together with less
horizontal scatter of the AE event locations.

" During stage 'b', the formation of microcracks appears to initiate in tension, and then con-
tinue to appear as a series of en-echelon cracks in shear, which is supported by the focal
mechanisms of AE events. The extent of these microcracks are on the sub-mm scale for
this experiment, and are beyond the spatial resolution of acoustic emissions and macro-DIC,
each of which show the process zone developing as a semi-elliptical bulb of strain (Figures
3.7 and 3.6).

* A consideration of the evolution of strains over time and space and the load-displacement
data showed that at approximately 3% strain the process zone transitions into the crack front
(See Figure 3.19).

120



3.7. SUMMARY AND CONCLUSIONS

9 An estimate of the extent of the process zone and the crack itself from DIC data compared

well with the extent of AE locations, although the AE cloud tended to be slightly larger

than the DIC process zone. We can therefore conclude that the simultaneous observation of

load-displacement, strain, and acoustic emissions and the relations between them provide a

reasonably holistic picture of the development of the process zone and crack propagation.

This is important as it will aid in the interpretation of other laboratory results and eventually

field observations, where usually only one of these data types is available.
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Chapter 4

Tensile Fracture in Shale

"Many are the strange chances of the world, and help oft shall come from the hands of the weak
when the wise falter"

4.1 Load-Displacement

A similar beam bending setup to that described in Chapter 3 was used on specimens of BMA-2
Opalinus shale, where the bedding planes are oriented horizontally, i.e. the tensile fracture propa-
gates perpendicular to the bedding planes. This relatively quartz-rich shale comes from the Mont
Terri underground lab in Switzerland, located in the Jura mountains at a depth of approximately
200 m below the present surface. The mineralogy was analysed by James Hutton Limited using
X-ray diffraction, who reported 47% quartz, 13.5 % calcite, 9.7 % kaolinite, and 16.2 % illite and
illite/smectite.

The load-displacement data are shown in Figure 4.2. We see that the load and displacement
show a similar pattern as the granite, where peak load occurs approximately 150 seconds after
the start of the test, and the load then gradually decreases as the tensile crack propagates. The
displacement is also similar in that the crosshead initially moves towards the specimen, and is then
held relatively constant as the crack propagates. In terms of magnitude, the peak load of the shale
is approximately half of that observed in granite. It is also notable that the load-displacement data
do not exhibit the non-linear stage seen in the granite ('b' in Figure 4.2b), suggesting that there is
less inelastic deformation prior to the initiation and propagation of shale tensile crack.
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4.1. LOAD-DISPLACEMENT
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CHAPTER 4. TENSILE FRACTURE IN SHALE
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Figure 4.2: Load-displacement data over time for the shale and granite beam bending experiments.
Note that the timescale for the granite beam has been offset from the original data so that the
beginning of loading matches the shale beam.

4.2 Acoustic Emissions

The AE locations and focal mechanisms are shown in Figure 4.3. We can see that at around 200 s,
some bedding plane movement occurred distally from the notch tip, likely as a result of specimen
seating. A number of larger amplitude events also occur at around 400 s, which corresponds to
peak load in Figure 4.2, and thus is likely indicate of crack initiation. After 400 s, the events do not
exhibit any significant spatial clustering, suggesting that the continued propagation of the crack
does not produce detectable AE events.

In terms of the focal mechanisms, we see that in shale the tensile events are oriented horizon-
tally as opposed to vertically in the granite, suggesting that opening of horizontal bedding planes
is a significant mechanism despite the overall stress field. The tensile events are also more hori-
zontally scattered than the shear events, while the opposite trend was observed in the granite, i.e.
tensile events showed less scattering and were closer to the path of the crack. We also see that in
general, there are fewer AE events in the shale, and that these are smaller magnitude than seen in
the granite.

We can also consider the development of AE over time in detail as shown in Figure 4.4. We
see that the early bedding plane events identified in Figure 4.3a moved in an implosive mechanism,
indicating that the bedding plane closed during initial seating loads. Towards the end of the 68.9 -
396.2 s time frame we also see a tightly grouped cluster of tensile events located near the notch tip.
This spatial clustering prior to peak load (around 400 s) is consistent with the granite results, and
likely corresponds to the development of a process zone ahead of the notch tip. However, we note
that in this shale test these events are explosive NDC (tensile) in nature, while in the granite they
occurred primarily in shear. Between 396.8 s to 485.32 s the events are more widely distributed
in the y-direction, indicating the growth of the crack if we assume that the peak load corresponds
to crack initiation like in the granite test. Unlike the previous time frame, we now also see some
shear events, which likely corresponds to shearing along the newly created cracks. In the next two
time frames (485.6 to 615.4 s), we mostly see mostly tensile events, although the location of AE
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4.2. ACOUSTIC EMISSIONS
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Figure 4.3: a) AE hypocenter locations over time for entire test, where colour indicates source time
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events do not move up from the notch tip over time as in the granite test, which suggests that these
AE events are not associated with the propagating crack tip.

The rate of events is presented in Figure 4.5. The trends are largely similar to the granite test,
where the event rate increases with the amount of machine work, and is relatively constant while
the crack propagates at constant machine work. We note that the AE event rate exhibits a large
variance i.e. fluctuates significantly with time, which is consistent with the hit rate behaviour in
the granite test. We attribute this to stick-slip behaviour or small scale heterogeneities along the
crack path in the granite, which is also likely the case in a heterogeneous material such as Opalinus
shale.
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CHAPTER 4. TENSILE FRACTURE IN SHALE
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4.3. DIC RESULTS

4.3 DIC results

Strain and displacement maps over time are shown in Figures 4.6 and 4.7. We first note that the

micro-DIC results in shale are noisier than the granite, as the speckling methodology used in gran-

ite requires water which is not possible in the shale. In terms of the macro-DIC, the displacement

vectors ahead of the crack appear to be random ahead of the crack in shale, whereas in granite the

displacement field appears to be relatively smooth even before significant cracking can be seen in

the strain contours. This again supports the notion that the process zone in granite is larger than in

the shale. In terms of the micro-DIC, the higher noise in the shale microDIC makes interpretation

difficult, although it again appears that the displacement vector field is more random in the shale.

The micro-DIC data also show that around 389 s (peak load occurs at 400 s), the microcracks

have propagated beyond the extent of the observation window, which is similar to that seen in the

granite.

Given the high level of noise in the micro-DIC strains, the data are also plotted as displacement

contour maps shown in Figure 4.8. We can see that initially there appears to be a microcrack (white

dotted lines) on the right that does not change in length throughout the test, while the microcrack

on the left propagates over time. The right microcrack may either be an- artefact from the scroll saw

blade used to cut the notch (the granite specimen's notch was cut using waterjet), or a pre-existing

microcrack.

We can also plot the macro-DIC strain contours for both granite and shale, as seen in Figure

4.9. It is evident that the process zone in granite is on the order of 2 mm in width, whereas the

strain contour map in shale only highlights the crack itself. There are two explanations for the

strain contour map in shale: either the process zone is smaller than the spatial resolution of the

measurement, or the process zone is much larger than the window of observation for the DIC. We

believe that it is more likely that the process zone is small, given two pieces of evidence. Firstly,

if we make the assumption that the process zone is very large, there should nevertheless exist a

falloff in strain magnitude away from the crack. The strain data in Figure 4.9 do not reflect this,

and it is unlikely that the entire process zone strains less than the measurement precision of 0.26

% in the shale. Secondly, Wong and Einstein (2009) studied the development of microcracks in

Carrara marble and moulded gypsum, and found that the zone of microcracking was significantly

smaller in gypsum than in marble. While different materials are considered in this study, we do

note the analogous situation that the grain size of marble is significantly larger than gypsum, and

suggest that a similar difference exists between coarser grained granite and finer grained opalinus

shale. This difference in the process zone size is likely the most significant contributor to the

difference in AE behaviour between the two materials, and contradicts predictions made by linear

elastic fracture mechanics, which predicts that the size of the inelastic zone (radius of plasticity)

should be similar between granite and Opalinus shale (Table 4.1).

Figure 4.10 shows the comparison of E-c for both rocks approximately 100 seconds after peak

load. We can see that the lengths of the en-echelon cracks are generally shorter in the granite than

the shale, where the en-echelon cracks are up to 1.5 mm long. As per Chapter 3, the en-echelon

cracks in granite are on the order of 10's of microns.

The distribution of strains is shown for the shale micro-DIC in Figure 4.11 a. The distribution

is generally similar to that seen in granite, where E3 is generally negative i.e. compressive. Figure

4.1 lb shows that there is significant data scatter owing to the low quality of the speckling used in

this experiment.
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CHAPTER 4. TENSILE FRACTURE IN SHALE
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Figure 4.6: Displacement vectors superimposed onto contour maps of E, and Ymax for the macro-
DIC results.

Table 4.1: Predicted plastic zone size for Opalinus clayshale and Barre granite using literature
material properties and Irwin's equation (1958).
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CHAPTER 4. TENSILE FRACTURE IN SHALE
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4.4 Comparison of AE and crack extent

Figure 4.12 is calculated in the same way as Figure 3.20, in order to analyse the relation between
AE and crack propagation in the shale. As we can see and as discussed previously, the AE events'
distance from the notch tip do not correlate to time, and therefore also do not strongly correlate to
the propagation of the crack.
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4.5. SUMMARY AND CONCLUSIONS
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Figure 4.12: Scatter plot shows the distance from the notch tip to each AE event over time on the
x-axis, line plots show the extent of the process zone and crack as measured by the DIC.

4.5 Summary and conclusions

* The small amount of non-linearity in the load-displacement plot (Figure 4.2) and the small
zone of high strain seen in the macro-strain (Figure 4.9) suggest that the process zone is
smaller in Opalinus clayshale than in granite, resulting in less inelastic deformation.

* The acoustic emissions magnitudes are generally smaller in magnitude and fewer in shale
than in granite. Prior to peak load, the AE hypocenter locations were clustered close to
the notch tip, but generally dispersed throughout crack propagation. This suggests that the
creation of the initial process zone is seismically intensive, but the propagation of the crack
is not.

" At the micro-DIC scale, it is possible that the granite tends to form more distinct en-echelon
cracks than the shale. This is supported by the AE focal mechanisms, which show more
double couple components in the granite. The AE focal mechanisms also showed that the
tensile microcracks were oriented horizontally along the bedding planes, as opposed to the
granite where they were oriented vertically along the overall direction of the crack.
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Chapter 5

Hydraulic Fracturing of Barre Granite

"Home is behind, the world ahead, and there are many paths to tread through shadows to the edge
of night, until the stars are all alight."

The objective of this study is to relate the AE produced during the hydraulic fracturing tests
to the fracturing processes observed visually (Goncalves da Silva and Einstein, 2018). In order to
achieve this objective, the amplitudes, rates, hypocenter locations and focal mechanisms of the AE
were analyzed and interpreted at successive stages of crack development.

5.1 Physical Setup

The experimental setup is described in detail in other publications (Goncalves da Silva et al., 2015;
Goncalves da Silva and Einstein 2018) and is summarised here. Specimens of Barre Granite are
first cut to dimensions of I" x 3" x 6", then the flaws are cut with a waterjet to geometries described
in Figure 5.1.

The specimen is clamped inside the hydraulic fracturing device (Figure 5.2), which applies
water pressure to the face of the specimen as well as inside the flaws (Figure 5.1 and 5.2), and is
placed in the Baldwin load frame (Figure 5.3). A constant vertical stress of 0 or 5 MPa is then
applied, and the specimen is finally hydraulically fractured by increasing water pressure in 0.5
MPa increments. The measurements in these tests are: AE, time-pressure data, high resolution
images throughout the test, and high speed (14 000 fps) video taken in a 2-second window around
fracture initiation.
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5.1. PHYSICAL SETUP
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Figure 5.1: a) Schematic of the specimen setup including L-#3-a naming convention and boundary
conditions for tests used in this paper. VLO refers to experiments with 0 MPa of applied vertical
stress, VL5 with 5 MPa of vertical stress. INC5 indicates that the fluid pressure in increased in
5 MPa increments. For example, the specimen above is 2a-30-30-VL5, indicating a 30 degree
inclination of the flaws (#3) and 30 degrees between the flaws (bridging angle a), and 5 MPa of
vertical stress. b) Notation denoting regions surrounding the pre-cut flaws.
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CHAPTER 5. HYDRAULIC FRACTURING OF BARRE GRANITE
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Figure 5.2: a) Front and b) oblique view of the pressurisation device used in hydraulic fracturing
tests; c) schematic showing the different parts of the device. (From Goncalves da Silva et al, 2015)
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CHAPTER 5. HYDRAULIC FRACTURING OF BARRE GRANITE

5.2 Results

5.2.1 Rate of AE events over time

Figure 5.4 shows the pressure-time data and the rate of AE hits (individual detections on any chan-
nel) for the 13 tests presented in this study (See Table 5.1), along with the time at which white
patching is first observed. Recall (Figure 5.1) that "white patching" refers to zones consisting of
microcracks (process zone), which are detected visually by a change in the refractive properties of
the rock (Wong and Einstein, 2009). In general, AE associated with development of the hydraulic
fracture begin at the start of the last or second last pressure stages, at which point the AE rate in-
creases exponentially (linearly in log space). This corresponds to approximately 80% of maximum
water pressure, which is relatively close to the peak driving load; this is in contrast to rock speci-
mens brought to failure in compression (Yoshimitsu et al., 2014; Chang and Lee, 2004; Moradian
et. al. 2016), where the AE begin to consistently occur at 25-50% of peak load. In some experi-
ments, such as the 2a-30-0-VLO-C, 2a-30-120-VL5-B, and both single flaw geometries (See Table
5.1), the rate reaches another inflection whereupon the rate increases again (denoted as secondary
rate in the Figure 5.4); suggesting the onset of another mechanism. This tended to occur around
90% of peak pressure. We also observe that the AE rate usually tends to increase in the pressure
stage immediately following first detection of white patching (green line in Figures 5.4 and 5.5),
suggesting that the white patching is well correlated to the onset of microseismic activity. Since
the pressure was increased in 0.5 MPa steps, the rate of pressure application was not constant, and
so fracturing occurred in some tests during an increase in pressure (e.g. 2a-30-30-VL5-C), while
in other tests during a period of constant pressure (e.g. 2a-30-30-VLO-C). However, this does not
appear to have a significant effect on this experimental series, since for all tests the AE hit rate
appears to exhibit similar behaviour regardless of whether the pressure was static or increasing
leading up to fracturing (see for example boxes in Figure 5.4 showing constant or rising pressure).
Specifically, in each test the hit rate increases over approximately 5-10 seconds up to the time at
which the pressure drops, which corresponds to fracture initiation (Li et al., 2015). However, the
fact that we, in some cases, observe a hydraulic fracture developing at a constant water pressure
indicates that there may be time dependent effects (Liu et al., 2001).
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CHAPTER 5. HYDRAULIC FRACTURING OF BARRE GRANITE

5.2.2 Amplitude of AE over time

Figure 5.5 shows the amplitude of AE hits that occur towards the end of each experiment. One
can see that in most cases, peak amplitudes occur immediately before the drop in water pressure
corresponding to the fracture initiation and propagation. We can also see that, in general, the av-
erage amplitude fluctuates significantly in the seconds immediately prior to fracture, as individual
microseismic events reflect discrete microcracks that can be seen in the white patching discussed
in the following sections. In general, the hit amplitude tends to follow a similar trend to the rate
of AE hits shown in Figure 5.4, in that the average hit amplitude tends to increase along with the
hit rate. While the AE amplitude and rate of hits reflect development of white patching in general,
we can also consider the time at which visual white patching is first seen, as shown in the green
line in Figures 5.4 and 5.5. This point in time does not appear to be closely related to a change in
amplitude.
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5.2.3 Focal Mechanisms

General AE characteristics are listed in Table 5.1. The number of events generally increases with
increasing bridging angle, and tests with a single flaw produced a larger number of events compared
to the 2a-30-0 and 2a-30-30 geometries. Overall, the tests with the most events correspond to
those with higher breakdown pressure, which intuitively makes sense given that higher pressure
supplies a larger amount of energy to the system. However, there does not appear to be a significant
difference between the number of events produced by tests confined by a vertical stress of 5 MPa
as opposed to those at 0 MPa.

The focal mechanisms show that the events are primarily composed of double couple at around
55-60% cumulatively for all tests, followed by isotropic with a proportion of 30%. In all tests,
explosion/tensile cracking was more dominant than implosion/anti-cracking, which makes sense
given that the hydraulic fracture mechanism is associated with a tensile failure mode (Goncalves
and Einstein, 2014). The proportion of DC appears to be relatively consistent amongst tests, with
the exception of test 2a-30-120-VL5-B, which appears anomalous in that very few events were
detected. Conversely, the proportion of +ISO and -ISO appears to be more variable, even be-
tween repeats of the same setup, as seen with the 2a-30-30-VL5 and single flaw results. This may
suggest that the amount of volumetric expansion/compression is more closely tied to the specific
microstructure around the crack path, where cracks that pass through grains may behave differently
from cracks that propagate around grains (Morgan et al, 2013).

The time behaviour of the focal mechanisms is presented in Figure 5.6, which shows that
in some tests a significant number of -ISO and -CLVD events occur during and immediately
after fracture initiation and propagation (highlighted with black dashed circles in the Figure 5.6).
Note that the high speed video shows that the hydraulic fractures initiate and propagate in a small
time window when the curves in Figure 5.6 flatten towards the end of each test. These generally
corresponded to tests with higher overall proportions of -ISO and -CLVD as seen in Table 5.1.
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CHAPTER 5. HYDRAULIC FRACTURING OF BARRE GRANITE

Table 5.1: Summary of test data from the hydraulic fracture stimulation stage of the experimental
series. The focal mechanisms are the cumulative proportion excluding the initial vertical loading
stage. Note that the absolute value of all the focal mechanism proportions sum to 100%, but
-CLVD and -ISO are expressed as negative proportions in this study.

5.2.4 Hypocenter Location Analysis

The hypocenter locations are shown in Figure 5.7. In general, it appears that the hypocenters relate
well to the visually observed crack path, where the hypocenters are spread over a width of 2-5
mm. It is also noted that the hypocenters in the higher bridging angle geometries (Figures 5.7h
to 5.7k) are generally more scattered and difficult to interpret than for the lower bridging angle
geometries. This may be caused by inaccuracies introduced by the analysis that may be attributed
to the overlapping flaws, as the ray paths must travel around the flaws. Overlapping flaws may
also generate a more complex stress field leading to a more complex velocity field that is difficult
to capture with only eight sensors for velocity measurements. These factors can decrease the
accuracy of the localisation procedure. Another factor may be that with the higher bridging angles
the more complex stress field generates more possible points of failure, leading to more scattered
hypocenters appearing outside of the cracks. We can make several qualitative observations based
on the hypocenter data:

1. The highest concentration of hypocenters tends to be at the flaw tips, where the stress con-
centration is highest before crack initiation (see also Goncalves da Silva and Einstein, 2014).

2. Significant clustering can also be seen in the coalescence zone of some tests (Figures 5.7a,
5.7e and 5.7i), where a crack forms directly between the inner flaw tips (known as direct
coalescence).

3. Tests where cracks emanate from each inner flaw tip and do not connect (Figure 5.7g) show
few events in the zone directly between the flaws, which is expected given that no crack
forms there. However, we note that cracks initiating from the inner flaw tips are usually
associated with fewer hypocenters than those initiating from the outer flaw tips.

4. More events are seen in the center of the coalescence zone of the test shown in Figure 5.7i
than the tests in Figures 5.7h, 5.7j and 5.7k, even though direct coalescence is observed in all
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Specimen Name Max Pressure Number DC +CLVD -CLVD - ISO -ISO
(MPa) of Events (%) (%) (%) (%) (1y')

2a-30-0-VLO-INC5-B 4.3 269 60.5 5.4 -3.7 18.3 -12.0
2a-30-0-VL0-INC5-C 4.3 247 59.4 6.9 -2.5 23.0 -8.2
2a-30-0-VL5-INC5-A 4.8 489 58.7 6.9 -2.6 23.1 -8.7
2a-30-0-VL5-INC5-C 5.1 281 60.5 6.0 -3.1 20.2 -10.2
2a-30-30-VLO-INC5-C 4.8 311 58.0 7.7 -1.8 26.7 -5.7
2a-30-30-VL5-INC5-B 4.5 291 56.9 6.5 -3.5 21.7 -11.5
2a-30-30-VL5-INC5-C 4.9 290 56.5 8.1 -1.9 27.2 -6.3
2a-30-90-VLO-INC5-B 5.2 408 57.2 7.5 -2.3 25.5 -7.5
2a-30-90-VL5-INC5-C 5.5 595 56.5 7.7 -2.4 25.3 -8.1
2a-30-120-VLO-INC5-B 5.2 545 60.7 6.5 -2.4 22.5 -7.9
2a-30-120-VL5-INC5-B 6.0 173 45.5 8.8 -3.6 30.7 -11.4
30-VL5-INC5-B (Single flaw) 6.2 367 54.4 5.6 -5.0 18.6 -16.4
30-VL5-INC5-C (Single flaw) 5.3 504 55.7 8.2 -2.1 27.1 -7.0
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four cases. This may be explained when considering the specific crack paths: coalescence in

Figure 5.7i occurs between the middle of the flaws, whereas the other three tests generally

show coalescence between the flaw tips. This may be because less energy is required to

initiate a crack from a flaw tip since the stress concentration is higher.

5. Many of the tests (Figures 5.7a, 5.7b, 5.7c and 5.7e) exhibit linear clusters of hypocenters

even where no white patching nor cracking occurs. These appear to be more common for

lower flaw angles, and are clustered perpendicularly to the flaw orientation.

6. The crack and hypocenter patterns for the single flaw geometries (Figures 5.71 and 5.7m)

tend to be simpler than the double flaw geometries. It can be seen that in both cases the

hypocenter locations migrate away from the flaw tips in time, and that the hypocenters most

distant from the flaw tended to be NDC type focal mechanisms. Near the flaw tips, the focal

mechanisms tended to be a combination of DC and NDC.

7. The focal mechanisms appear to cluster spatially by type of mechanism. For example in the

test shown in Figure 5.7c, the area around the left outer flaw tip consists primarily of DC

dominated events. Similarly in Figure 5.7g, we see that explosive NDC events occur closest

to the outer left flaw tip, while most scattered events tend to be DC dominated.
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CHAPTER 5. HYDRAULIC FRACTURING OF BARRE GRANITE

5.2.5 Spatio-temporal Analysis
This section presents the spatial-temporal development of AE hypocenters for tests 30-VL5-C,
2a-30-0-VLO-C, and 2a-30-120-VLO-B. The remaining analyses can be found in Appendix C.
The hypocenter distributions for these tests are shown in Figures 5.7m, 5.7b and 5.7j; for spatio-
temporal analysis, the AE events were ordered sequentially, and divided into six time segments
each with equal number of AE events to qualitatively analyse their behaviour. Given that the event
rate increases towards the end of the test, this means that the first segment may cover over 100s
of the test, while the third frame may cover less than one second. These AE observations are also
compared to the visually observed crack development. These three tests are chosen as they most
clearly illustrate key findings from all the 13 tests.

5.2.5.1 30-VL5-INC5-C

We first present the analysis from a test with a single flaw (Figure 5.8), as this presents a simpler
geometry and stress field, resulting in simpler crack patterns and straight ray paths for the AE
signals. In this test, we observe a classic wing crack pattern, where crack A initiates from the left
tip, then crack B from the right tip. Pressure increases until 2450s and fluctuates until 2484s, at
which point the water pressure drops due to crack propagation.

As seen in figure 5.9, before 2472 s more AE hypocenters occur at the right tip than the left,
and consist of a combination of all focal mechanisms. However, we note that the highest amplitude
events at the right flaw tip are explosive NDC type, while the largest events at the left tip consist
of mostly shear and implosive NDC. This indicates that the rock at the right tip is opening, which
generates a compressive stress field at the left flaw tip. Visually at this time we only see small (2-3
mm) areas of white patching at each flaw tip. Between 2472.69 s and 2481.06 s, at the left flaw tip
we see small shear events at the very tip, and some NDC events further from the flaw tip. On the
right flaw tip we see many high amplitude explosive NDC events, with the highest amplitudes oc-
curring in a zone approximately 5 mm above the flaw tip. A number of implosive NDC events also
occur approximately 5 mm above the right flaw tip. Between 2481.08 s and 2482.73 s, the events
occurring near the right flaw tip mostly consist of NDC events, where events occurring later in time
are further from the flaw tip. This indicates growth of the zone of microcracking. Near the left
flaw tip, we see mostly explosive NDC events. We suggest that this sudden shift in behaviour from
DC dominated events in the previous frame to a number of high amplitude explosive NDC events
indicates a coalescence of microcracks similar in nature to those described in Irwin (1958), and
Wong and Einstein (2009b). This phenomenon is observed directly in limited cases in specimens
used in the present study, through SEM imaging of areas exhibiting white patching. Figure 5.10
shows an example, where we see a series of connected en-echelon microcracks connecting into a
larger crack feature emanating from a flaw tip. Between 2482.77 s and 2483.34 s, we see large
explosive NDC events that occur near the furthest extent of the zone of previous AE hypocenters.
We suggests this represents the continued growth of the zone of microcracking. Between 2483.35
s and 2483.66 s, we see that the majority of events occur below the left flaw tip. The majority of
these are NDC events. This suggests the development and subsequent coalescence of microcracks
from the left tip. Between 2483.66 s and 2484 s, many high amplitude events occur below the left
and above the right flaw tips, and consist of a mix of focal mechanisms. This occurs approximately
at thp same time as macro-crack initiation and propagation, as shown in the figure.
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Figure 5.8: Test 30-VL5-INC5-C (a) Crack sequence shown in alphabetical order. (T) denotes the
cracks open in tension, and subscripts refer to crack type as defined in Wong and Einstein (2009).
Black lines denote cracks and grey areas indicate white patching. (b) Pressure-time plot for the
experiment. Black squares indicate times used in Figure 5.9.
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Figure 5.10: SEM image taken near the flaw tip of test 2a-30-0-VL5-A showing a series of con-

nected en-echelon microcracks, such as the one highlighted in the orange circles. From Goncalves

da Silva (2016).
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5.2.5.2 2a-30-0-VLO-C

As seen in Figure 5.11, tensile crack A initiates first from the outer left flaw tip, followed by tensile
crack B which does not coalesce (i.e. does not propagate to the inner right flaw tip) followed by
propagation of tensile crack C, which then coalesces with the left flaw after the initiation of tensile
crack D. Peak pressure occurs around 1569s, and a local minimum in pressure occurs around
1580s, a few seconds before pressure breakdown as seen in Figure 5.11.

In Figure 5.12, we can initially see a cluster of mostly explosive NDC events at the outer
left flaw tip, and a cluster with mixed focal mechanisms at the inner flaw tips. Visually, there
appears to be 2-3 mm of white patching at all flaw tips. Between 1553.79 s and 1574.13 s, the
largest concentration of events continues at the outer left flaw tip, consisting of both explosive and
implosive NDC focal mechanisms. A small number of events also occur at the inner left flaw tip,
and consist of some DC events, which indicates opening at the outer left flaw tip. Between 1574.45
s and 1581.60 s a large number of DC events occur at the inner left flaw tip, while NDC events
occur at the outer right flaw tip. The focal mechanisms are mixed at the outer left flaw tip. Between
1581.68 s and 1583.61 s, both explosive NDC and DC events occur at both tips of the left flaw,
suggesting steady microcrack growth. Visually, the white patching extends by another 2-3 mm on
both outer flaw tips. Between 1583.62 s and 1584.21 s, multiple large amplitude explosive NDC
events occur near the outer left flaw tip. This may reflect sufficient opening around the flaw tip
that fluid penetrates into the surrounding rock, as the spatial clustering of events is wider in this
time frame than in previous frames. We also see a linear cluster at 450 from the inner left flaw tip,
which may indicate shear bands forming at an oblique angle along the final path of crack A. In
the last frame the macro-cracks initiate and propagate, and are accompanied by AE events that are
located along the cracks.
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AE frame times for 2a-30-0-VLO-INC!
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Figure 5.11: (a) Crack sequence shown in alphabetical order. (T) denotes the cracks open in
tension, and subscripts refer to crack type as defined in Wong and Einstein (2009). Black lines
denote cracks and grey areas indicate white patching. Black circle indicates location where crack
C coalesces with the left flaw (b) Pressure-time plot for the experiment. Black squares indicate
times used in Figure 5.12.
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ISO and CLVD components, and implosive NDC to those with lower DC and negative ISO and
CLVD. Colour is used to show time, and size indicates magnitude. Visual observations of the white
patching (in grey) and cracking extent (in black) are overlaid where applicable.
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5.2. RESULTS

5.2.5.3 2a-30-120-VLO-B

As shown in Figure 5.13, tensile crack A initiates from the bottom left flaw tip, then tensile crack

B from the top right flaw tip. Tensile crack C then initiates from the top left flaw tip, but does not

coalesce while tensile crack D initiates from the bottom right flaw tip, opens, and coalesces to the

top right flaw tip. Water pressure fluctuates between 1800s and 1840s, at which point the water

pressure begins to drop.

Figure 5.14 shows that up to 1831.45 s, visually there is 4-5 mm white patching at the top

right flaw tip, and 2-3 mm of white patching on the other flaw tips. This corresponds well to the

AE hypocenters, since we see that the earliest AE events occurred at the top right flaw tip. This

is followed by a large number of NDC events immediately at the bottom left flaw tip and other

NDC events at a distance up to 10 mm from the bottom left flaw tip. At this stage, the AE pattern

appears to match well with the initiation points for cracks A and B. From 1831.54 s to 1839.88

s, the majority of AE events occur at the left tip of the bottom flaw, where the largest amplitude

events occur as NDC type, suggesting the creation of major microcracks. Between 1839.96 s

and 1842.83 s large DC and explosive NDC events continue to occur around the bottom left flaw

tip, although the scatter of the hypocenter locations appear to be wider than in the previous time

frame. A clear linear cluster of large explosive NDC events also occurs along the path of crack

D, indicating that microcracks have created the white patching along crack D seen visually in the

next frame. Between 1842.88 s and 1844.31 s the zone of hypocenter locations continues to grow,

and consists largely of NDC events. We also see large amplitude explosive NDC events at all the

flaw tips. This corresponds well to the visual observation that white patching has developed to 4-5

mm at all flaw tips. Between 1844.32 s and 1844.76 s the events near the flaw tips are primarily
implosive NDC, while explosive NDC events occur further away from the flaw tips, indicating

propagation of the microcracking front. In the last frame (1844.76 s to 1845.09 s) we can see that

the crack has propagated, and that the accompanying AE events are primarily DC and appear to be

closely aligned with the cracks A, B and C.
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Figure 5.13: (a) Crack sequence shown in alphabetical order. (T) denotes the cracks open in
tension, and subscripts refer to crack type as defined in Wong and Einstein (2009). Black lines
denote cracks and grey areas indicate white patching. (b) Pressure-time plot for the experiment.
Black squares indicate times used in Figure 5.14.
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Figure 5.14: Temporal evolution of AE hypocenters. DC events refer to those with higher double
couple, or shear content, explosive NDC (non double-couple) to those with lower DC and positive
ISO and CLVD components, and implosive NDC to those with lower DC and negative ISO and
CLVD. Colour is used to show time, and size indicates magnitude. Visual observations of the white
patching (in grey) and cracking extent (in black) are overlaid where applicable.
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CHAPTER 5. HYDRAULIC FRACTURING OF BARRE GRANITE

5.2.5.4 Spatio-temporal Distribution of Focal Mechanisms

In all three tests described in this section, we observe phenomena in which focal mechanisms and
hypocenter locations appear to be grouped in space over time. This can be seen at two scales:
firstly at opposite ends of a flaw, where opening at one flaw tip generates a compressive stress field
at the other flaw tip. For example, we note that in all three tests that if a large number of explosive
NDC events occur at one flaw tip, we generally see more DC events at the other flaw tips.

Secondly, we see in test 2a-30-120-VLO-B that DC events tend to form linear clusters along
grain boundaries, and explosive NDC events tend to exist outside of these clusters. This may
be caused by tensile microcracks opening through a grain, while shear cracks occur along grain
boundaries (Morgan and Einstein, 2013). This is shown in Figure 5.15, which is a photo of the
bottom left flaw tip and the area below it, overlaid with AE events that occurred throughout the
experiment.
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Figure 5.15: Zoomed photo of the bottom flaw of test 2a-30-120-VLO-B and the area below and to
the left of it, overlaid by AE events occurring throughout the test. Colour refers to time where red
is the latest, crosses refer to DC dominated events, triangles to explosive NDC events and circles
to implosive NDC events. The size of the symbols represents the magnitude of the events.
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5.3 Discussion

5.3.1 Stress state

The stress state of a 2a-30-30 geometry subjected to vertical load and water pressure is explored in
depth by Gongalves da Silva and Einstein (2014), and is summarised (See Figure 5.16) and used
here as a basis for comparison to the AE results. We can see that the finite elements analysis shows
that when a small vertical load is applied, i.e. WPNL is high, tensile stresses tend to be higher
than shear stresses between 6 = 300, and shear stress is highest at approximately 6 = 700. In
the WPNL = 1 case we can see that the top half of the flaw tip (6 = 00 to -- 120') is in tension,
while the bottom half (6 = 00 to 1200) is in compression. We can also see that for WP/VL = I the

shear stresses are highest around 6 = 0', and generally higher above the flaw tip than below it.
To compare to the AE results, we can consider the location of AE events shown in Figure 5.7,

and the relative proportion of focal mechanisms shown in Table 5.1. The distribution of focal
mechanisms, where we saw that 50-60% of the radiation pattern could be explained by a double
couple (shear) mechanism, correlate well to finite element model in that the magnitude of shear
stresses are comparable to the tensile stresses. In terms of the AE hypocenter locations, Figure 5.7
shows that in general, cracks were more likely to initiate from the flaw tip i.e. 0 ~ 0 in 0 MPa
vertical load tests (high WPNL), where the finite element model shows tensile stress is close to
zero and shear stress is maximum. On the other hand, cracks tended to initiate away from the flaw
tip in 5 MPa vertical load tests (WPNL ~ 1) , where both principal and shear stresses are high.

160



5.3. DISCUSSION

- - WPNL = 1.0

--- WPNL = 1.5

-+ WPNL20 / .2.'0-"' -

WPNL=3/ -

-- WPNL' 4~4.-

-. -WPA ~50

N

44

\ \
~

.9.... 4

4.. .4.~.

- -2

50 -120 -90 -80 -30 0 30 60 90 120 15C

4*aW 0-0-- 0a*0

30.0

20.0

0.0 - WPA(L=1.0
-+-WNL 1.5

-10.0 ----. WPNL=2.0
WPNL=3.0

-20.0 - -WPML = 4.0
--- VVPNL = 5.0

-30.0
-150 -120 -90 -60 -30

.3

'-.4.

-, jo

0 30

030

/IW~

g

A\p ~

I; \~ U
/AN~

(
0 I5~ /

'~N.,EQ

A- * * J

60 90 120 150

Angle (Degrees)

Figure 5.16: a) Maximum principal stress (tension positive) around the inner left flaw tip of 2a-
30-30 geometry for different ratio of water pressure to vertical load (WP/VL). b) Same plot for
maximum shear stress. From Goncalves da Silva and Einstein (2014).

161*

a) 70.0

60.0

50.0

40.0

30.0

20.0

30.0
S 0.0

.10.0

-20.0

-30.0

-40.0
-1

4flf

b)

0.Ug

I i ~ +

r", 4% *N



CHAPTER 5. HYDRAULIC FRACTURING OF BARRE GRANITE

5.3.2 Time-to-Failure analysis

In Figure 5.4, we saw that the AE hit rate tended to increase exponentially as the rock approached
macro-crack initiation and propagation. This type of behaviour can be explained by a time-to-
failure (Lei and Satoh, 2007; Bufe, Nishenko and Varnes 1994; Brehm and Braile, 1999) frame-
work such as the accelerated moment release (AMR) model, which is summarised in Equation 5.1
below.

EE(t) = A + B(tf - t)'" (5.1)

Where EE(t) is the cumulative Benioff strain energy (proportional to seismic wave energy)
at time t calculated in relative terms by E oc 10 0.75M where M is the event magnitude, A is the
cumulative Benioff strain at t = tf, B is a fitting variable, and tf is the time of failure, which in this
work is taken as the time of macro-crack initiation. m is the second fitting variable which describes
the rate of acceleration, and for natural earthquakes has been observed to be in the range of 0.2-0.3
(Lei and Satoh, 2007). Two sample fits are shown in Figure 5.17.

We can see that the 2a-30-0-VL5-C data can be well fit with the AMR model, but less so with
the 2a-30-90-VL5-C test. This is likely due to the phenomenon, as noted in Section 3.1, that there
appears to be two different stages of behaviour exhibited as the test approaches failure, where the
first stage is characterised by linear energy accumulation, and then transitions to exponential energy
accumulation, possibly when the microcracks begin to coalesce. This point in time is denoted by
the green lines and arrows in Figure 5.17. Table 5.2 shows the results of AMR applied to all tests.
In each test, the goodness of fit between the model and experimental data is expressed as the root
mean squared error (RMSE). A, B and RMSE were not found to be significantly correlated to m.
We can see that, in general, the m values span from 0.2 to 0.4, with a mean of 0.311. This lies
reasonably close to the m = 0.2 to 0.3 specified by Lei and Ma (2014), and within the m = 0.13 to
0.47 suggested by Brehm and Braile (1999). This suggests that in the immediate seconds before
macro-crack initiation, the energy accumulation characteristics of hydraulic fracturing is similar to
that of natural earthquakes.

Table 5.2: Summary of accelerated moment release (AMR) model applied to AE results. RMSE
column indicates goodness of fit between the model and experimental data.
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Specimen name in B (Nmaisl) A (NmO 5 ) RMSE (Nm05
)

2a-30-0-VLO-INC5-B 0.335 2.72E-05 1.06E-04 1.88E-06
2a-30-0-VLO-INC5-C 0.245 3.98E-05 9.59E-05 4.02E-06
2a-30-0-VL5-INC5-A 0.378 8.28E-05 4.04E-04 8.37E-06
2a-30-0-VL5-INC5-C 0.312 4.27E-05 1.59E-04 1.32E-06
2a-30-30-VLO-INC5-C 0.374 6.97E-05 1.78E-04 2.54E-06
2a-30-30-VL5-INC5-B 0.319 1.17E-05 6.32E-05 5.82E-07
2a-30-30-VL5-INC5-C 0.318 4.97E-05 1.30E-04 2.00E-06
2a-30-90-VL0-INC5-B 0.189 8.77E-05 1.50E-04 4.64E-06
2a-30-90-VL5-INC5-C 0.416 3.67E-05 9.84E-05 2.62E-06
2a-30-120-VLO-INC5-B 0.216 7.92E-05 1.68E-04 4.64E-06
2a-30-120-VL5-INC5-B 0.212 1.20E-05 6.92E-05 6.53E-07
30-VL5-INC5-B (Single flaw) 0.459 3.98E-05 1.40E-04 1.80E-06
30-VL5-INC5-C (Single flaw) 0.228 7.OOE-05 1.73E-04 4.61E-06
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Figure 5.17: Cumulative Benioff strain energy data and AMR fit for a) 2a-30-0-VL5-C and b)
2a-30-90-VL5-C tests. Green line and arrow indicates end of linear energy accumulation.

5.4 Summary and Conclusions

We presented the acquisition, analysis and interpretation of acoustic emissions data from a series
of laboratory hydraulic fracture experiments on granite. These data are related to corresponding

visual observations made using high resolution and high speed imaging. This is summarised in Ta-

ble 5.3, where we describe the similarity of the spatial distribution observed with the two methods,

and assess the possibility of using AE as a predictor of the crack initiation point.

Overall, we see that for the majority of tests, there are areas of AE activity where we do not
visually detected damage. This suggests that acoustic emissions monitoring is a more sensitive

detector of microstructural damage than the visual method. Conversely, almost all areas where

we visually detected damage corresponded to AE activity, which suggests that at least in this

experimental setup the development of the process zone and crack development is seismic. We

also determine that in most cases, the flaw tip from which the crack initiates corresponds to an area

with a high concentration of AE hypocenters, such that one could predict it as an initiation point.

However, we also note that, in general, the data often showed two or three flaw tips with significant

hypocenter concentration, indicating that one would not be able to make a single prediction given

AE data, but nevertheless narrow the possibilities to a few locations of crack initiation. The main

results are summarised as follows:

" The rate of AE hits tends to be close to zero until 80% of the peak water pressure, at which

point it increases exponentially. In some experiments, it was observed that there was a

second inflection where the rate of AE accelerated, close to the time of failure.

" Analysis of the focal mechanisms revealed that, overall, approximately 55-60% of the radia-
tion pattern could be explained by a double couple mechanism, while approximately 25-30%
represent isotropic contributions. Explosive non-double-couple events tended to be more

common than implosive non-double-couple events (i.e. more tension than compression) un-
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CHAPTER 5. HYDRAULIC FRACTURING OF BARRE GRANITE

Table 5.3: Summary table showing a) whether there all regions of AE activity correspond to visual
damage, b) the reverse situation, i.e. whether all regions with visual damage correspond to AE
activity, c) whether the point of crack initiation (first crack to form) corresponds to a high concen-
tration of AE hypocenters, d) whether there were multiple clusters of hypocenters i.e. whether one
could have made a unique prediction on the point of crack initiation.

Are most Do most AE Does point of crack Can one
cracks/white hypocenters coincide initiation correspond make a
patching reflected with cracking/white to a concentration single
by AE? patching? of AE? prediction?

Co-planar
2a-30-0-VLO-B N N Y N
2a-30-0-VLO-C N Y Y Y
2a-30-0-VL5-A N Y Y Y
2a-30-0-VL5-C Y Y Y N

Flat bridging angle
2a-30-30-VLO-C N Y N N
2a-30-30-VL5-B Y N Y N
2a-30-30-VL5-C Y Y Y Y

Steep bridging angle
2a-30-90-VLO-B N Y Y Y
2a-30-90-VL5-C N Y Y N
2a-30-120-VLO-B N N Y N
2a-30-120-VL5-B N Y ? Y

Single Flaw
30-VL5-B Y Y Y N
30-VL5-C Y Y Y N
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5.4. SUMMARY AND CONCLUSIONS

til the end of the test, at which point a significant number of implosive events occur in some

tests. These observations corresponded well with FEM modelling.

" Hypocenter locations of AE events generally correspond well to the cracks and white patch-

ing (zones of microcracks or process zone), with the highest concentration of hypocenters

occurring at the flaw tips. In particular, the single flaw geometries showed the spatial growth

of hypocenters away from the flaw tips over time

" Spatio-temporal analysis of the visual and AE data revealed behaviour where, initially, the

focal mechanisms consist of mixed focal mechanism events until a point in time where many

high amplitude explosive non-double-couple events occur over a short period of time. We

suggest that the latter represents coalescence of microcracks and is a key pre-cursor to hy-

draulically induced cracking.

" The focal mechanisms can be spatially distinct, both at the length scale of the flaw, and on a

grain scale. The first case arises from opening at one flaw tip generating a compressive stress

at the other tip. The second case occurs when opening occurs on a grain boundary, causing

shear on adjacent grains.

" Based on spatio-temporal analyses of all tests, we suggest that the visually observed microc-

racking tends to be related to damage, and that the AE, in general, could predict the point of

crack initiation. However, this prediction may not be unique given that there are often two

to three concentrations of AE hypocenters.

" Time-to-failure analysis showed a reasonably good fit to the exponential stage of AE energy

accumulation, which occurs in the few seconds prior to macro-crack initiation and propaga-

tion.

We can therefore conclude that, in this material, under stress conditions where the failure is driven

by fluid pressure with multiple points of crack initiation, the observed acoustic emissions present

a reasonably complete picture of the areas of microcracking, and have a good potential to be used

to predict the points of crack initiation and the final crack pattern.
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Chapter 6

Hydraulic Fracturing of Shale

"Faithless is he that says farewell when the road darkens"

This chapter presents the results of an experimental study using a laboratory hydraulic frac-
turing setup that is capable of visually and acoustically observing the fracturing behaviour, while
varying the injection rate across four experiments. Note that the Opalinus clayshale used in these
tests was BSO-36, which contains 15.9 % quartz, 5.4 % calcite, 21.6 % kaolinite, and 45.4 % illite
and illite/smectite.

6.1 Experimental Procedure and Setup

The four hydraulic fracturing tests were conducted on prismatic BSO-36 Opalinus shale speci-
mens with a single pre-cut flaw (Figure 6.1). The tests were done in a biaxial load frame with a
transparent clamp seal on the front and back faces (Refer to Figure 6.1). In addition, high speed-
and high resolution cameras were used to capture the fracturing processes, with 1,000 frames per
second (fps) at 2 Megapixels (MP) and 2 fps at 20 MP, respectively. Eight acoustic emission sen-
sors, spring loaded in specialized loading platens, were used to monitor acoustic activity in the
specimens. The flaw was pressured using a 15 MPa capacity pressure volume actuator (PVA), and
the pressures were recorded in the actuator as well as directly inside the flaw.

The Opalinus shale specimens were dry cut from cores extracted from the Mont Terri Rock
Laboratory in Switzerland [Refer to Morgan and Einstein (2014) for the cutting process]. The
specimens were approximately 4in x 2in xlin [101mm x 50mm x 25mm] with a single vertical
flaw of 0.33 in x 0.035 in [8.5mm x 0.9mm] (Figure 6.2a). The naturally occurring bedding planes
were oriented horizontally. The pressure-sealing device consisted of two 1.5in x 1.5in [38mm x
38mm] polycarbonate seals, with an embedded silicon membrane, on the front and back faces of
the specimen (Figure 6.2b and 6.2c). The 1.5 x 1.5 in polycarbonate seals were clamped to the
specimen with a steel plate in the back and a thick polycarbonate plate the front via four bolts on
the corners. Hydraulic oil (viscosity y = 3.89cP) was injected into the flaw using two 0.025in
(0.64mm) diameter tubes, one in the front and one in the back.

The testing process was performed in the following order:

1. The platens are fitted onto the specimen with the spring-loaded acoustic sensors and the flaw
pressurization device is assembled but not tightened.
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Figure 6.1: Schematic of the experimental setup used in this study. The specimen was loaded to a
constant axial and lateral load, and then fluid was injected into a pre-cut flaw. The fractures were
observed using a high-speed camera, a high-resolution camera and an acoustic emission system.
The fluid pressures were measured in the pressure volume actuator and internally in the flaw. b)
Photo of the experimental setup used in this study.

167*

- - - -



CHAPTER 6. HYDRAULIC FRACTURING OF SHALE

Rounded Flaw Tips - Radius of Curvature:
Circular Hole: r = 0.0 18" (-.45mm) -

4"0.3
--0mn Flaws(13

Bedding -5in OO -0nn)
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Figure 6.2: Specimen and flaw pressurization device configuration. (a) Schematic of the specimen
and pre-cut flaw dimensions, horizontal bedding planes. (b) Schematic of the flaw pressurization
device with a 1.5 in [3.81 cm] square seal. (c) Photo of the flaw pressurization device.

2. The specimen is put into the load frame.

3. HS and HR cameras are focused and activated

4. The specimen is subjected to the programmed biaxial loads (a, and a,) which are held
constant.

5. The clamping screws are torqued to apply F2 = 2MPa and seal the flaw.

6. The PVA is activated to inject at a low flow rate (0.33 mL/min) through the front and rear
injection needles, while the flaw pressure measurement needle is left open, acting as a bleed
hole, to saturate the flaw and expel air.

7. Saturation is determined by observing a constant pressure reading from the PVA pressure
transducer, at which point the PVA is deactivated while the internal flaw pressure transducer
is attached to the flaw pressure measurement needle, closing the saturated system.

8. The test begins by reactivating the PVA to inject at the desired testing flow rate, in this case
1.33 mL/min to start pressurizing the flaw.

9. The HS camera is manually triggered once the specimen fractures concluding the test.

The order of these steps is important because they simulate bringing the rock to in-situ stress
conditions, the saturation phase is analogous to drilling mud in the wellbore, and the pumping
phase is follows what is done in field operations.

Four specimens were tested with different injection (flow) rates to investigate their effects on
the fracturing behavior (Figure 6.3). The lateral and axial loads were held at a constant 4.5 MPa
and 1 MPa, respectively. These stresses were chosen because they are below the fracture initiation
stress for this flaw geometry observed in dry tests (without hydraulic fracture). The stresses were
first applied isotropically to I MPa and then the axial load was increased to 4.5 MPa. The four in-
jection rates used were 0.0059 mL/s, 0.0188 mL/s, 0.0807 mL/s, and 0.3903 mL/s. The uppermost
and lowest injection rates were defined by the physical limits of the PVA used in this experimental
setup.
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Four Injection Rates Tested
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Figure 6.3: Specimens tested in this study. Constant axial (4.5 MPa) and lateral (1 MPa) external

stresses were applied. Hydraulic oil was injected at different rates. Four specimens were tested

each with a different injection rate.

6.2 Pressure-Fracturing Results

6.2.1 Fracture Progression

Figure 6.4 shows the progression of fractures over time, and how they relate to the pressure in the

flaw and in the PVA pump for the test with the 0.0807 ml/s injection rate. Fractures initiated at the

flaw tips and then propagated diagonally toward the edge of the seal. Often, fractures propagated

along natural horizontal bedding planes (See fracture B in Figure 6.4). A decline in the slope of the

internal pressure versus time curve occurred at the first fracture initiation, and the internal pressure

dropped when fractures reached the seal boundary.

The observed fracture patterns for the different injection rates tested are shown in Figure 6.5. At

lower injection rates (Q = 0.0059 mL, 0.0188 mL/s) the fracturing consisted of simply two fractures

initiating at the flaw tips and then propagating up and down towards the direction of maximum
principal stress. These fractures were not perfectly straight, alternating between following the

bedding planes and cutting across the layers between the bedding planes. At high injection rates

(Q = 0.0807 mL/s, 0.3903 mL/s) more fractures occurred (>3 fractures) and their location and their

patterns became more complex. This included longer fractures along bedding planes and fractures

that branched. Do note, however, that the these results from this set of experiments disagree with

a second set of tests, as presented in Section 6.4.

169*



CHAPTER 6. HYDRAULIC FRACTURING OF SHALE

Initial Specimen Fracturc A initiation

IsA,

Ii
4 A

4.42 MPa

Fracture B initiation

A

Pi_= 5.61 Mit

Fractures A & B
reach seat edge

P.. 5.13 MPa

Fracture C initiation reahes se Cdge

A7

5.06 MNa P =- 4.34 MPa

Q = 0.0807 ml/s

E-

6.5

6 
-PV Pressure

5.5 -internal Pres

Fracturas A & B reach scal
4- (pressure drop)
4

Fracture Initiatim Fracture C reaches seal
3.5 (pressure drop)

930 935 940 945
Time (seconds)

950 955 960

Figure 6.4: Fracture progression and pressure-time curves for the test with 0.0807 ml/s injection
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the seal boundary.
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Q= 0.0059 ml/s

Al/

Q =0.0188 m11s

B

Q'=0.0807 m/s

A B

Q = 0.3903 ml/s

A B

T11 .r
C~;~ B

Figure 6.5: Fracture patterns for different injection rates. The fractures are labeled alphabetically

in chronological order. The fractures are usually tensile, however, some sliding was observed in

fracture B of the specimen with Q = 0.0807 mL/s.

6.2.2 Fracture speed

By using multiple images taken during the tests, and identifying the tip of each fracture as it

propagated, the evolution of the fracture speed was determined for all fractures (Figure 6.6). In

general, as the injection rate was increased the maximum fracture speed observed for the fractures

also increased. Also, the specimens tested with higher injection rates showed higher fracturing

accelerations (slopes in Figure 6.6). It should be noted that there was some variability in the

fracture speed, as expected when using a natural rock, such as a faster propagating fracture for the

slowest injection rate or a slowly propagating fracture at the highest injection rate (Refer to Figure

6.6). However, the general trend between higher injection rate and higher fracture speed appeared

to hold.
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Fracture Speed - Initiation Time

-Q = 0.3903 mI/s
-- Q = 0.0807 ml/s

-Q = 0.0188 mi/s
-Q = 0.0059 mI/s

0
0 5 10 15 21)

Time from Tnitialion (sec)

Figure 6.6: Fracture speeds observed in this study. Shown are the speeds of the fractures over time,
starting at each fracture's initiation time. Specimens tested with higher injection rates showed
higher fracture speeds and higher fracture acceleration (slope). The number of fractures for each
injection rate was different (See Figure 6.5).

6.2.3 Pressure-Time Results

The effects of injection rate on the evolution of internal flaw pressure over time were also analyzed
(Figure 6.7). This included fracture initiation, fractures propagating beyond the edge of the seal,
and then constant pressure after the pump (injection) was stopped (Refer to Figure 6.7). Higher
breakdown (maximum internal) pressures were observed for tests with higher injection rates. In-
terestingly, the residual internal pressure, i.e. the equilibrated pressure after the pump was stopped,
was close to 1 MPa for all tests. This was the same stress level as the lateral stress and therefore
may be considered as the equivalent of the "fracture closure stress" observed in the field.

For each test, the internal flaw pressure when fractures initiated, the maximum internal pressure
and the maximum PVA pump pressure were determined (Figure 6.8). Significant increases in the
maximum PVA and internal flaw pressures were observed at higher injection rates. Additionally,
large deviations between the PVA and internal flaw pressures were observed as the injection rate
increased. The internal flaw pressure at fracture initiation was reasonably similar for all injection
rates and was approximately the same as the applied axial stress (4.5 MPa).
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10
Internal Flaw Pressure - Time

- Q = 0.3903 ml/s
- Q = 0.0807 mi/s
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Figure 6.7: Evolution of flaw pressure over time for the four injection rates tested measured with a
transducer inside the pressurized flaw.
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Figure 6.8: Summary of the pressure results for the different injection rates. Increases in maxi-
mum pump (PVA)- and internal flaw pressures were observed at high injection rates. The fracture
initiation pressure was approximately the same for all injection rates.
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CHAPTER 6. HYDRAULIC FRACTURING OF SHALE

6.3 Acoustic Emissions (AE) Results

AE event locations were calculated with an error tolerance of 1 cm using an anisotropic velocity
model with 3000 m/s along bedding and 2500 m/s perpendicular to bedding. Moment tensor
decomposition was done assuming an isotropic material.

6.3.1 AE Analysis Results

The AE equipment set-up was the same for all specimens; the number of events recorded varied
significantly. Table 1 shows that the fastest injection rate produced the most AE events, followed
by the slowest injection rate. The amplitudes appear to follow a similar trend. Applying moment
tensor decomposition, it appears that the double-couple (DC) contribution is dominant for three
out of four injection rates. It was also observed that the isotropic component was greater than the
compensated linear vector dipole (CLVD) component. In general, the DC component decreases
while the CLVD and isotropic components increase with increasing injection rate.

The AE event locations for the fastest injection rate are shown in Figure 6.9. It appears that the
events initially occur closer to the center of the specimen, and then move away from the flaw tips
with time. It also appears that the events closest to the initial flaw are closer to a horizontal ori-
entation, suggesting that microcracking occurred preferentially along the bedding of the Opalinus
shale.

Figure 6.10 shows the spectra for the largest AE event for each injection rate. The spectrum for
each injection rate is the mean over all channels for that event, where each channel's spectrum is
calculated over an 800 ps window centered on the first arrival. It appears that the fastest injection
rate contains the highest power, particularly at lower frequencies, which indicates a larger fault
area according to classic seismology theory, which states that the radius of a rupture is inversely
proportional to its corner frequency (Shearer, 2009). However, this observation also appears to be
true for the slowest injection rate, which also produced a larger number of AE events and contained
an anomalously fast-growing fracture compared to the 0.01876 and 0.08065 mL/s experiments, as
seen previously in section 3.2.

Table 6.1: AE event locations and orientations for the 0.39025 mL/s injection rate experiment.
Crosses indicate conjugate shear planes for shear events; the single lines indicate opening direction
of non-DC events. Thick black line is the flaw.
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0.00594 mL/s 0.01876 nL/s 0.08065 mL/s 0.39025 mL/s

Number of detected events 5 1 2 25

Average DC (Shear) 0.6493 0.5715 0.092 0.5506

Average CLVD (Deviatoric) 0.1336 0.1632 0.3459 0.1712

Average ISO (Isotropic) 0.2171 0.2653 0.5621 0.2782

Max amplitude (dB) 75 69 76 80
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Figure 6.9: AE event locations and orientations for each test. Crosses indicate conjugate shear

planes for shear events; the single lines indicate opening direction of non-DC events. Thick black
line is the flaw.
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Figure 6.10: Spectra for largest event seen at each injection rate.
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CHAPTER 6. HYDRAULIC FRACTURING OF SHALE

6.3.2 Comparison of AE Data to Fracture Process

Figure 6.11 shows AE amplitude and pressure over time for the different injection rates. In three
of the four cases, the high amplitude events corresponded to peak PVA pressure. As seen in the
previous section, this point in time corresponds to significant fracture propagation resulting in the
fracture reaching the seal boundaries, such that the pressure drops significantly. This also implies
that, in general, fracture initiation does not produce significant AE activity in some cases. The
data were further analysed for the fastest injection rate, where three main AE events (AEl, AE2,
AE3) were detected. The first event corresponds to fracture initiation of fracture B shown in
Figure 6.5, along with significant process zone development of fractures B' and B". AE2 had a
lower amplitude, and corresponds to the entire fracture initiation and propagation of fracture C.
AE3 corresponds to continued propagation of existing fractures. It is interesting to note that AEI,
which corresponds to a series of slower fractures, has more power at lower frequencies than AE2
(Figure 6.12), which is a fast fracture.
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Figure 6.12: Power spectra of AEl and AE2 (Refer to Figure 6.11).

6.4 Second Round of Tests

A second round of injection rate tests was conducted on BPE-2 using the same setup and injection
rates. This material contains 33% quartz, 5.2 % calcite, 15.8 % kaolinite, and 32.1 % illite and
illite/smectite. The results are summarised in Figures 6.13, 6.15, and 6.14. We can see that this test
series again shows more AE are detected with increasing injection rate. The trend with maximum
pressure is also consistent in that higher injection rates resulted in higher maximum pressures.
However, it appears that in this series that the higher injection rate tends to result in a slightly
less complex fracture network, which contradicts the results from the first series. Later results
shown in Chapter 7 suggest that the results from this second series to be the case in general,
i.e. that increasing injection rate results in less complex fractures. The differences may be due
to sample-to-sample variation, as we anecdotally note that the high injection rate samples from
the first round contained notable low-strength bedding planes. We also note that more AE were
observed in general in the second round than the first round, which is likely related to the difference
in mineralogy between the BSO-36 and BPE-2 shales (70.6% and 50.2% clay content respectively).
This agrees with the study by Kohli and Zoback (2013), which suggested that shales with higher
clay content are less prone to seismicity based on fault sliding tests.
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Figure 6.13: Internal flaw pressure over time for the second round of tests.
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Figure 6.14: Fracture pattern and maximum internal flaw pressure during second round of injection
rate tests.
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Figure 6.15: Location of AE events detected during second round of injection rate tests.

6.5 Discussion and Conclusions

This study investigated the effect of four different injection rates on prismatic Opalinus shale spec-
imens with a pre-cut vertical flaw and constant external biaxial stresses. Given the set of injection
rates and the fluid viscosity used in this study, the fracturing processes were in the toughness dom-
inated regimes for all injection rates tested (as described by Bunger et al. (2005) and others).
An injection fluid with a much higher viscosity would be needed in order to achieve a viscosity
dominated fracturing regime.

Increasing the injection rate had a significant effect on the complexity and amount of fracturing
that was observed. However, the two conducted test series showed contradicting results: the first
series showed increasing complexity with increasing injection rate, and the second series showed
the opposite trend. We suggest that this inconsistent is likely due to sample-to-sample variation.

Additionally, increasing the injection rate showed an increase in the maximum internal pressure
(typically referred to as breakdown pressure). Other studies on the injection rate, such as Solberg et
al., 1980, observed a log-linear relationship between injection rate and breakdown pressure. How-
ever, Barla et al. (1986) observed a relatively constant breakdown pressure at low pressurization
rates and an increase in breakdown pressure at higher rates, similar to the present study. Note that
the constant injection rate in this study is not strictly equivalent to the pressurization rate in the
Barla et al. study, however, as seen in Figure 6.7, the pressure-time relation is relatively linear for
all experiments and can be considered similar to a constant pressure rate experiment.

In terms of AE, it appears that the double couple (DC) component decreases as the injection rate
increases, indicating a more expansive type of rupture with faster injection. An analysis of the AE
event orientations showed that initially the events appear to be oriented with bedding, but evolve to
become oriented diagonally to bedding over time. When comparing AE to the fracturing process,
AE activity was generally not observed around the time of fracture initiation, but AE activity
were observed when fractures reached the seal boundary. Additionally, the highest injection rate
produces a much more micro seismically active fracture process than the lower injection rates.
The two test series were conducted on shales with different clay contents, and we also note that
seismicity is higher in the test series with lower clay content, which is consistent with previous
studies based on a shearing mechanism.
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Chapter 7

Microseismicity and Real-time Visualisation
of Microstructural Damage during Hydraulic
Fracturing

"I will take the Ring, though I do not know the way."

In this study, we hydraulically fracture granite and shale specimens at two injection rates each,

and compare the magnitude-calibrated microseismicity with micro-DIC captured with a high speed

camera. Different enclosure devices are used for the granite and shale as we were not able to design

a single device capable of generally inducing hydraulic fractures in both materials. However, other

experimental parameters such as load, injection rate, imaging and AE setup are kept the same in

order to achieve test results that are comparable between materials.

7.1 Methodology

7.1.1 Physical setup

As shown in Figure 7.1, Barre granite specimens were cut to dimensions 152 x 76 x 25 mm, and

a single vertical notch of length 12.7 mm was cut with a waterjet. The BMA-2 Opalinus shale

(mineralogy is described in Chapter 4) specimens were cut to 102 x 51 x 25 mm, and a single

vertical notch of length 8.5 mm was created by first drilling with a diamond bit, then cutting to

the desired length with a steel blade. For each specimen, we intentionally create asymmetric flaw

tips by piercing the rock at one end, and cutting directly to the other end. This creates a stress

condition where the crack is more likely to initiate from the sharper (cut) edge. We then speckle at

this sharper edge to consistently image the flaw tip at which crack initiation occurs.

In all tests, the specimens were initially loaded to 3.5 MPa in the axial direction, and then this

load was maintained through the injection phase. For each material, a test was conducted at a

nominal injection rate of 0.39 mL/s and 0.019 mL/s. The setup can be seen in Figure 7.2.
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CHAPTER 7. MICROSEISMICITY AND REAL-TIME VISUALISATION OF
MICROSTRUCTURAL DAMAGE DURING HYDRAULIC FRACTURING

E

76

a)

I1N

Figure 7.1: Specimen dimensions in mm and AE sensor locations for a) granite and b) shale. AE
sensor locations shown in blue, and dashed lines show nominal bedding plane orientation in the
shale.

b)

onu

High speed
J camera

c)

Figure 7.2: (a) Image of experimental setup including high speed camera, enclosure, load frame
and pre-amplifiers. b) Schematic and image of fluid injection enclosure used on granite specimens
(from Gongalves da Silva and Einstein (2018)). c) Schematic and image of fluid injection enclosure
used on shale specimens (from Morgan et al. (2017))
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7.1. METHODOLOGY

7.1.2 Imaging setup

The experiments were imaged with a Phantom v2511 high speed camera operating at 4000 fps for

the 0.39 mL/s tests, and 600 fps for the 0.019 mL/s tests. The camera was coupled to a Laowa

25mm f/2.8 2.5-5X Ultra Macro lens at 5X, giving a field of view of approximately 7.2 x 4.5

mm (800 x 1280 pixels). The lens was directed to the area at the tip of the pre-cut notch, which

was speckled by first painting a black base layer, and then lightly sprayed white paint, as seen in

Figure 7.3. Image analysis was done in ncorr (Blaber et al., 2015) using a radius of 15 pixels for

displacement, and radius of 2 pixels for strain. Figure 7.4 shows

183*



CHAPTER 7. MICROSEISMICITY AND REAL-TIME VISUALISATION OF
MICROSTRUCTURAL DAMAGE DURING HYDRAULIC FRACTURING

4 V ,

Wf

Figure 7.3: Image of shale specimen with speckling. Inset shows high speed video frame of

speckled region.
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G.ran

Figure 7.4: Images of the bare rock used in each test, at 5X magnification.
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CHAPTER 7. MICROSEISMICITY AND REAL-TIME VISUALISATION OF
MICROSTRUCTURAL DAMAGE DURING HYDRAULIC FRACTURING

7.1.3 Acoustic Emissions setup

Each test was instrumented with eight Micro30S sensors from Physical Acoustic Corporation,
sampled at 5 MHz using four PCI-2 data acquisition cards. The sensors were coupled with honey,
and sensors in the load path were emplaced within an inset in the loading platens. Sensor locations
are shown in Figure 7.1. 20dB and 60 dB of pre-amplification were used in the granite and shale
tests respectively. Locations are calculated in granite using a P-wave velocity of 4500 m/s and
error tolerance of 5 mm, and in Opalinus clayshale using an elliptical velocity distribution, with a
P-wave velocity of 3500 m/s along the bedding plane, and 2000 m/s across bedding planes, to an
error tolerance of 10 mm. More details of the AE setup can be found in Li and Einstein (2017).

7.2 Results

The results are first presented in terms of pressure and AE amplitude over time, as seen in Figure
7.5. First, we note that within the same material, a higher injection rate results in a higher maximum
pressure. We also note that in general, maximum pressure was lower in Opalinus clayshale than
in granite. In three of the four tests, we also note that peak AE rate corresponds to the maximum
pressure, which suggests that the creation of the hydraulic fractures is most closely related to
release of significant seismic energy. The exception, when only considering Figure 7.5, is the
0.39 mL/s Opalinus test, where peak AE rate occurs at approximately 7 MPa, while the maximum
pressure during the test was 10 MPa. As will be seen in subsequent sections, this is likely due to
cracks taking time to propagate to the seal boundaries, at which time the pressure drops.

186



7.2. RESULTS

Granite 0.39 mUs
15

Pressure
AE amplitude t =1

t =0
tn-*

10

1 

.4

0
60 70 80 90

Time (s)

Granite 0.019 mL/s Opalinus 0.39 mUm

Pressure t = Pressure
AE amplitude AE amplitude

t,,. ,=0 1- I

E44. L

100 200 300 400 15 20 25 30 35

Time (s) Time (s)

Opalinus 0.019 mUs

I -- Pressure
- AE amplitude-

I ---i

-I

I .I
~ I

20 40 60 80 100
Time (s)

Figure 7.5: Pressure and AE amplitude over time for each test. Dashed orange and green lines
respectively denote beginning and end points for tnlrrn scheme used in subsequent analysis, where
tnonn = 0 is the start of injection, and t,101 1 = 1 is the time of highest AE rate.

7.2.1 Strain and displacement maps

Here, we present and describe the strain and displacement maps for each test over time, to gain a
better understanding of the development of cracks seen at the 100 - 500pm scale, which we refer
to as microcracks. This is shown for the two granite tests in Figures 7.6 and 7.7, where we can
see that the cracks tend to form as a series of 2-3 en-echelon microcracks. We can also see that
the area of significant strain is confined to the microcrack itself, as opposed to an area around the
microcrack tips, as expected of a process zone. This supports the notion that in rocks the process
zone is comprised of a series of small cracks. We also see that the values for ymnx are close to half of
the values of el, indicating that E3 are close to zero. Finally, we note that the fracture development
appears to be more continuous in the 0.39 mL/s test, as the final crack patterns consists of a well
connected series of 3 microcracks, whereas in the 0.019 mL/s the network appears to be somewhat
more complex. For example, significant strain first shows at a distance from the flaw tip (circled in
A in Figure 7.7), as opposed to right at the flaw tip as occurred at 0.39 mL/s. Additionally, there
is a secondary microcrack branching off (circled as B) at approximately x = 2.2mm,y = 0.7mm,
and a gap between microcracks (circled as C) at x = 2.3mm,y = 1.3mm. This indicates that there
is a higher tendency for microcrack arrest in the lower injection rate test, which makes sense
considering that in a lower injection rate setting there is more time for secondary effects such
as fluid seepage and visoelasticity/viscoplasticity. The displacement vectors are not particularly
telling in the granite tests, as the face of the rock is subject to fluid pressure and thus the vectors are
dominated by the Poisson effect generated by this pressure, wherein the vectors spread outwards
from the center of the specimen Gongalves da Silva (2016). In contrast, a seal is directly applied
to the face of the rock in the Opalinus setup, and so fluid pressure is only directly applied to the
inside of the flaw.

The analogous figures are shown for the Opalinus clayshale tests in Figures 7.8 and 7.9. Here
the time evolution of the displacement vectors are more interesting. In Figure 7.8 we can see that
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Figure 7.6: Maximum (EI) and shear strain (Ynax) contours at various stages during granite 0.39
mL/s test. Arrows show displacement field, with rigid body translation subtracted such that the

mean displacement of the entire area is zero. Red circles indicate en-echelon cracks.
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initially the vectors are mostly random except beside the notch, and that over time a wedge of
opening displacement (shown in red dashed lines) emanates from the notch tip, and then moves
upwards along with the microcrack tip. The behaviour at 0.019 mL/s, shown in Figure 7.9 is
markedly different from the test at 0.39 mL/s. Initially at tno10 -,n = 0.66, the displacement vectors
look similar to the initial state of the 0.39 mL/s test, but by thor,,? = 0.95768 we can see that the
displacements are largely in the x direction, with the exception that there is a narrow zone of
displacement along the eventual microcrack (shown in the red dashed lines labelled A in Figure
7.9. This somewhat represents plumose fracture patterns seen in nature, which are also indicative
of tensile fracture 7.10. In subsequent frames we still see that the displacement vectors ahead of
the zone of significant strain are much narrower (circled as B in Figure 7.9) and do not exhibit
the same wedge shape seen in the 0.39 mL/s test. The lack of a "wedge" in the 0.019 niL/s
tests suggests that the bedding plane opens ahead of the microcrack tip, whereas in the 0.39 mL/s
test the bedding does not open ahead of the microcrack tip since the microcrack propagates at a
much higher velocity. We also see a more complex microcrack network in the 0.019 mL/s test,
with multiple bedding planes showing significant strain (circled as C in Figure 7.9), and the final
pattern consisting of two offset microcracks.
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Figure 7.10: Illustration of plumose fracture, from Cobain et al. (2015).
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7.2.2 Opening displacement

We can also plot the opening displacement of the crack, as shown in Figure 7.11. In Figure 7.1 lb

we see that the higher injection rate results in higher maximum pressure in both rocks. It also

appears that inelastic deformation occurs more gradually with higher injection rate for both rocks..
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Figure 7.11: a) Schematic of opening displacement. Displacement is calculated across the crack
1 mm from the notch tip. b) Opening displacement over pressure. c) Opening displacement over
normalised time, where t = 0 is the start of injection, and t = 1 is the time of maximum AE
amplitude. Green circles indicate the time in each test where the displacement begins to behave
inelastically.

7.2.3 Statistical Distribution of strains

Figures 7.12 and 7.13 show the histograms of principal strains, based on the entire high speed video
frame such as shown in the inset of Figure 7.3. We note that the distribution of strains is generally
similar between materials and injection, and is also comparable to the beam bending data shown
in previous chapters in that the E3 values are compressive, El are tensile, and thus the Mohr's circle
is almost centered at 0 stress. We may conclude, then, that in a general sense the state of strain at a
notch or flaw tip does not differ significantly between materials or when comparing a dry to a wet
tensile fracture.

In order to compare different tests in detail, we can consider Ev = E + E3 for each test, and plot
results for each test as shown in Figure 7.14 alongside El and 3. The medians are also summarised
in Table 7.1. We can see that the Opalinus tests are closest to showing zero volume change for HF
and beam bending, while the granite HF tests show slightly positive Ev (volume expansion). We
can see that the fast granite HF test shows marginally higher E, compared to the slow granite HF
test, while this trend does not appear to be evident between the Opalinus HF tests. We also see that
the granite beam bending tests showed a wider difference between the median Ei and e3 compared
to the other tests, which indicates that the Mohr's circle is larger for that test.

To also gain an understanding of the state of strain at all points in the imaging window, Figure
7.15 shows a scatter plot of e vs. e3 for each pixel in the DIC analysis for each test. We can see

Table 7.1: Table showing medians of histograms shown in Figure 7.14
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Material Loading condition Ev E3 El

Barre granite Four-point beam bending 0.0018 -0.0095 0.0111
Opalinus BMA-2 Four-point beam bending 0.0074 -0.0684 0.0727
Barre granite Single flaw HF Q=0.39 mL/s 0.0158 -0.0222 0.0380
Barre granite Single flaw HF Q=0.019 mL/s 0.0113 -0.0206 0.0322
Opalinus BMA-2 Single flaw HF Q=0.39 mL/s 0.0064 -0.0386 0.0443
Opalinus BMA-2 Single flaw HF Q=0.019 mL/s 0.0004 -0.0076 0.0078
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Figure 7.14: Histogram of (left) minimum (e3), (middle) volumetric (e,), and (right) maximum (ei)
strain for each test, alongside beam bending data from chapters 3 and 4. Note that the magnitude
of probability density and the variance are dependent on the quality of the speckling, where the
quality was lowest for the Opalinus beam bending test, and highest for the Opalinus 0.019 mL/s

and granite beam bending tests.
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Figure 7.15: Scatter plot of el - E3 for each pixel of strain data from all 4 HF tests.

that in general, the principal strains are positively correlated (i.e. E1 increases with E3), although
much wider scatter is observed in some tests, possibly due to the quality of the speckling pattern.

7.2.4 Displacement and AE activity over time

In this section, we present quantitative results regarding the shear and normal displacements across

the microcrack at various points along the microcrack, as shown in Figures 7.16 and 7.17. These
are presented alongside the rate of AE hits, to gain an understanding of the relationship between
the displacements and AE activity. In the 0.39 mL/s granite test, we can see that initially the dis-
placements are close to zero, and that there is an increase in the displacement rate at approximately
to,-, = 0.825. We suggest that this represents a transition from elastic to inelastic deformation, as
the timing corresponds well, albeit slightly later, to an increase in the rate of acoustic emissions.
In the 0.019 mL/s test, this transition appears to be more gradual, and we see that the AE hit rate

only increases after significant slip has occurred along multiple microcracks. We note that in the
0.39 mL/s test, the elevated AE rate occurs for approximately 4-5 seconds pre-peak, and that in
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the 0.019 mL/s test the period of elevated AE occurs over approximately 3-4 seconds. Given that

the peak rate of AE at both injection rates is in the range of 1800-2000 hits/s and that the period

of elevated AE is also relatively similar, we suggest that the AE behaviour resulting from the ini-

tiation and propagation of a hydraulic fracture are similar despite the 20X difference in injection

rate. This implies, at least in the context of this experimental setup, that the microcracks develop

at a rate that is dependent on the injection rate (as seen in Figures 7.6 and 7.7), but that the process

of macrocrack initiation and propagation, which corresponds to connection of these microcracks

(see e.g. Ashby and Hallam (1986), Wong and Einstein (2009b)), does not depend on the injection

rate.
In the shale, we first note that in all cases it appears that the normal displacements are larger

than the shear, whereas in the granite this varied on a case-by-case basis. Secondly, we observe a

phenomenon in the 0.0 19 mL/s test that the bedding plane at point 2 first closes in response to the

opening at point 3. This reinforces the earlier notion that the lower injection rate results in opening

of the bedding planes prior to the propagation of the microcrack. With regard to the AE rate, we

can see that at both injection rates the AE tend to occur after the onset of inelastic deformation. It

also appears that the AE rate is less intense and occurs over a longer period at the lower injection

rate, which differs from the previously observed phenomenon in granite. This suggest that the

microseismic properties of hydraulic fracture initiation and propagation, in the context of this

experimental setup, depend on the injection rate for shale but not in granite. Do note, however, that

the differences in the experimental setup between the granite and the shale, specifically the amount

of fluid available to the fracture at the time of initiation, may also contribute to the differences in

behaviour.
Overall, we also note that measurable inelastic deformation begins to occur around t110 1 1 = 0.95

of peak fluid pressure at 0.039 mis in both granite and shale, while at 0.39 mI/s the damage begins

to occur around tnlorn = 0.8 to 0.85 in both granite and shale.
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Figure 7.16: a) Plot of normal and shear displacements across the microcrack at 3 points along the
microcrack. This is plotted alongside the rate of acoustic emission hits during the test. Top x-axis
shows real time axis in seconds, bottom x-axis shows to0 ,. b)Image showing the 3 points along
the microcrack, at which normal and shear displacements are calculated in a). Blue arrows show
the direction along which shear and normal displacements are resolved. a) and b) show the Granite
0.39 mL/s test, and c) and d) show the Granite 0.019 mL/s test. Erroneous data points in c) around

= 0.945 (shown in orange circle) likely correspond to external factors such as a bubble.
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Figure 7.17: a) Plot of normal and shear displacements across the microcrack at 3 points along

the microcrack. This is plotted alongside the rate of acoustic emission hits during the test. Top

x-axis shows real time axis in seconds, bottom x-axis shows tn,-m. b) Image showing the 3 points

along the microcrack, at which normal and shear displacements are calculated in a). Blue arrows

show the direction along which shear and normal displacements are resolved. a) and b) show the

Opalinus 0.39 mL/s test, and c) and d) show the Opalinus 0.019 mL/s test.
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7.2.5 AE hypocenter locations

AE hypocenter locations are shown in Figure 7.18. We see that in general, the hypocenters are
more spread out in the granite than the Opalinus tests, which corresponds to the chapter 4, where
we suggest that the process zone is larger in granite than in shale.

The relative proportions of focal mechanisms are also shown in Figure 7.19. We can see that
in general, the faster injection results in a higher proportion of double couple events, and that there
tend to be more implosion/compaction type events in the Opalinus than the granite tests. This
corresponds well to Figures 7.9 and 7.17, which show that various bedding planes open and close
as the microcracks propagate through the specimen. It also corresponds well to Figure 7.14, which
shows that the granite tests exhibit larger volume expansion strains.

We can also consider the evolution of AE over time, as shown in Figures 7.20 and 7.21. We
note throughout the 0.019 mL/s shale test the AE hypocenters tend to cluster near the flaw tip,
whereas in the granite 0.019 mL/s test the cluster of AE events moves away from the flaw tip
over time, which is consistent with the beam bending tests where we saw that AE events in the
Opalinus beam tended to be clustered near the notch tip throughout the test. We also note that
implosive NDC events are located close to the flaw tips throughout the test, which indicates that
closure of microcracks and/or bedding planes is a major source of AE both before and after crack
initiation, which agrees with the micro-DIC results shown in Figure 7.9. In the granite tests, we
observe similar behaviour as seen in Chapter 5, where it appears that explosive NDC events are the
primary microcracking mechanism throughout the experiment.
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7.3. SCALING

7.3 Scaling

We calculate scaling parameters for the experiments presented in this chapter, in order to provide
context in relation to field hydraulic fracture operations. We use the relationships proposed by
Bunger et al. (2005), the results of which are presented in Table 7.2. We can see that in all cases,
the 'yi parameter is less than 1, indicating that all the experiments are conducted within a toughness
dominated regime. In order to transition to a viscous regime, a more viscous fluid and higher
injection rate would be required, which are not possible in the present experimental setup.

Table 7.2: Table summarising scaling relationships.

Parameters Shale Granite

E (Pa) Young's modulus 2.14 x 109 5.00 x 1010

v Poisson ratio 2.50 x 10-1 2.50 x 10-1

E' (Pa) Plane strain modulus 2.28 x 109 5.33 x 1010
K,, (Pa mO.5) Fracture toughness 5.00 x 105 2.00 x 106
K' (Pa, mO-5) Modified fracture toughness 1.60 x 106 6.38 x 106

(Pa s) Viscosity 3.89 x 10-3 3.89 x 10-3

'(Pa s) Modified viscosity 4.67 x 10-2 4.67 x 10-2

C, (m s-0-5) Leakoff 1.00 x 10-4 1.00 x 10-4

C' (m s-0.5) Modified leakoff 2.00 x 10-4 2.00 x 10-4

H (in) Distance to boundary 5.00 x 10-2 7.60 x 10-2

Shale Granite

th (s) 1.00 x 100 2.06 x 101 4.89 x 10-1 1.00 x 101

tm (s) 1.15 x 106 1.24 x 10-10 3.46 x 10-5 3.73 x 10-7
t 1.15 x 10-8 6.04 x 10-127.09 x 10-513.71 x 10-j
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7.4 Conclusions

" Lower injection rates tended to result in a more complex microfracture network, due to the

increased number of arrested microcracks.

" Microcracks in granite tend to form as a series of oblique en-echelon cracks, whereas mi-
crofractures in opalinus tend to form directly along bedding plane boundaries. Specifically,
in Opalinus all microcracks open in tension before shearing. In granite, the order of tension
and shearing depends on the specific microcrack.

" Between 0.019 and 0.39 mL/s injection rates in the Opalinus, it appears that the behaviour
transitions from bedding planes opening ahead of the microcrack tip to the bedding planes
opening along with the microcrack tip.

" For the given experimental setup, inelastic deformation begins to occur around 95% of peak
fluid pressure at 0.039 mL/s in both granite and shale, while at 0.39 mL/s the damage begins
to occur around 80-85% of peak fluid pressure in both granite and shale.

" In all cases, the displacement field ahead of the crack tip tends to closely resemble a plumose
fracture (See Figure 7.10), where the material immediately ahead of the crack tip displaces
in the direction of the crack path, and there is a gradual transition on either side to a displace-
ment field that is normal to the crack. This transition appears to within a smaller area for the
Opalinus than the granite, suggesting that the process zone is smaller in Opalinus.

" Statistical analysis of the strain data suggest that the granite tests display more volumetric

expansion than the shales.

" Generally the AE show many more implosive non-double-couple type events in the Opalinus
tests than the granite. The AE hypocenters in Opalinus also tend to be much closer to the

flaw tips compared to the granite, indicating a smaller process zone in the shale.

" We suggest that, within the injection rates tested, the microseismic behaviour of the initiation
and propagation of a hydraulic fracture does not depend on the injection rate in granite,

while this is not the case in Opalinus clayshale. The development of microcracks, however,
depends on injection rate in all cases.

204

A



Chapter 8

Energy Budget

"The board is set, the pieces are moving. We come to it at last, the great battle of our time."

In order to compile and compare results from various experiments on different rocks and load-

ing conditions, we calculate the energy budget in each experiment by considering the fraction of

the work done by the loading machine or fluid injection (P) that is released as radiated seismic

energy (ER). The main goals are twofold: firstly, we would like to determine whether the dif-

ference in seismic energy between opalinus and granite are consistent across loading conditions.

Secondly, we observe that hydraulic fracturing tends to produce fewer AE than beam bending or

unaxial compression experiments, but would like to determine whether this is only proportionally

lower as a result of the smaller work done by fluid injection compared to loading experiments.

8.1 Tests considered

We consider the four hydraulic fracturing tests discussed in Chapter 7, the beam bending tests on

Barre granite (Chapter 3) and Opalinus clayshale (Chapter 4), and uniaxial compression tests on

Opalinus clayshale and Barre granite that will be outlined in this section.

The uniaxial compression test on Barre granite was conducted on a 3 inch x 6 inch x 1 inch

specimen, with a pre-cut a-30-30 flaw geometry (See chapter 5). The specimen was loaded to

failure uniaxially in position control at a rate of 0.00254 mm/s (Figure 8.2) in a 200 000 lb capacity

Baldwin loading machine, and the final crack pattern is shown in Figure 8.1 a.

The uniaxial compression test on Opalinus clayshale was conducted on an intact 2 inch x 4

inch x 1 inch specimen, with vertical bedding planes i.e. in-plane with the loading direction. The

experiment was conducted under load control at a rate of 82.56 N/s (Figure 8.2) in the 200 000 lb

capacity Baldwin load frame, and the final crack pattern is shown in Figure 8. 1b. We recognise

that this specimen and loading condition was not identical to the granite experiment, but given

the limited sample material we consider these differences to be minor compared to the differences

between materials and between fracture mechanisms, i.e. compared to tensile fracture mechanisms.
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Figure 8.1: Final crack pattern of a) granite a-30-30 uniaxial compression test, and b) Opalinus
intact compression test.
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8.2. RADIATED SEISMIC ENERGY ER

8.2 Radiated seismic energy ER

The radiated seismic energy is estimated from each experiment by first calibrating all AE ampli-

tudes to moment magnitudes as described in Section 2.1.4. The distribution of magnitudes in each

experiment are summarised in the Gutenberg-Richter plots shown in Figure 8.3.

We then estimate total radiated seismic energy (ER) by calculating the MO of each event detected

during the test (only the injection stage is considered for HF tests), summing these MO to calculate

the total transformed MO, and estimating radiated seismic energy as described in Section 2.3.1.8:

loglo(1OER) = 1.5M,+ 4.8

2
M, = -[logIoMo - 9. 113

ER
ER =5.01E -6

MO

(8.1)

We note that this ratio for L is similar to that observed in Shearer (2009) for earthquakes
MW > 1.

The results are shown in Table 8.1, and visualised in Figure 8.4. In general, the radiated
seismic energy of the opalinus is two to three orders of magnitude smaller than the granite, and
that the uniaxial compression tests radiate significantly more seismic energy than the other loading
mechanisms.

Table 8.1: Summary of seismic energy calculation for each experiment.

Material Loading conditioni Total AE Radiated seismic
MO (Nm) energy ER W

Barre granite Four-point beam bending 1.96 x 102 9.84 x 104

Opalinus BMA-2 Four-point beani bending 1.78 x 100 8.94 x 10-6
Barre granite a-30-30 uniaxial compression 3.87 x 103 1.94 x 10-2

Opalinus BMA-2 Intact uniaxial compression 1.80 x 103 9.04 x 10-5
Barre granite Single flaw HF Q=0.39 nL/s 3.60 x 100 1.80 x 10-5
Barre granite Single flaw HF Q=0.019 inL/s 2.79 x 101 1.40 x 10-4
Opalinus BMA-2 Single flaw HF Q=0.39 nL/s 2.10 x 10-' 1.05 x 10-6
Opalinus BMA-2 Single flaw HF Q=-0.019 inL/s 1.43 x 10-' 7.18 x 10-7
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8.2.1 Attenuation

Amplitude attenuation is a concern for the estimation of radiated seismic energy from shale mate-

rials, as it has been shown in this thesis and other works (e.g. Moradian et al., 2015) that the quality

factor, which is inversely proportional to amplitude attenuation, is significantly lower in shale than

other rocks. In this section, we use the coda-decay method (Aki and Chouet, 1975) to estimate the

quality factor Q from the waveforms acquired from the 0.019 mL/s Opalinus experiment, in order

to estimate the effect of attenuation. The Q at a given frequency can be expressed as:

7rf
1n(Ac(f,tc) -tc) = ln(I(f)AO(f)) - te (8.2)

QC

Where Ac (f, tc) is the amplitude in a given frequency band f and time after event origin time

te, Qc is the quality factor, and ln(I(f)Ao(f)) is a constant. If we plot in(Ac(f,tc)tc) vs. te, the

slope is then equivalent to - .

We first select a large and a small waveform, and filter by frequency bands 25 - 50 kHz, 50 -

100 kHz, 100 - 200 kHz, and 200 - 400 kHz using a 2-pole Butterworth filter, as shown in Figures

8.5 and 8.6. From these filtered plots, we select a window size of 20 Ps by inspection, over which

to calculate the moving average RMS for each frequency band, as shown in Figures 8.5f and 8.6f.

The moving average is calculated for every waveform acquired during the test, normalised by

the corresponding first arrival amplitude, and presented on the same plot for each channel. As an

example, the plot of channel 5 is shown in Figure 8.7. The slope, as denoted by the dotted red

line, is approximated by visual inspection immediately after the maximum y-axis value, and is

equivalent to - EL. The calculated Q values are summarised in Table 8.2.

The calculated Q values are similar to those found in other lab studies on shale (Hu et al.,

2018; Zhai et al., 2017; Deng et al., 2009). We can then use equation 8.3 to estimate the amplitude

attenuation for our laboratory setting.

Attenuation factor = e47rP (8.3)

Where we assume x, the distance from the source, to be 25.4 mm (the distance from the notch

to the side of the specimen); c, the wave velocity, to be 3000 m/s. We consider the 100-200 kHz

frequency band as this is the strongest (f = 150 kHz), at which the mean quality factor is Q =

8.4. The attenuation factor, then, is 0.63, i.e. the amplitude detected at the sensor is 63 % of

Q Frequency (kHz)

Channel 25 - 50 50 - 100 100 - 200 200 - 400

1 4.45 15.13 '7.87

2 5.48 5.16 11.75

3 5.62 9.13 24.16

4 10.44 5.76 17.67

5 3.50 7.11 4.25 18.54

6
7
8 T e 1 0.40 1as1.01 32 52

Aveage Q 3.50 1 5.58 1 8.41 1 18.7 5

Table 8.2: Summary of calculated Q for Opalinus clayshale per channel, per frequency band.
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Figure 8.6: Same as Figure 8.5, but for a large amplitude waveform.

211



CHAPTER 8. ENERGY BUDGET

-9g

-10

-11

-12

-13

-14

-1 -0-5 0 0.5 1.5

50 -100 kHz
8

-9

-10

-11

-12

-13

-14

-1 -0.5 0 0.5 1.5

2
- 10 1

2
104

100 -200 kHz

-1 10 0 05 1 152

-9

10

I7-

12

13 -

14-

-0-5 0 0.5 1IS 2

x 10 4
2W - 4M *

-9-

10

1-

IN3 -

-1

-1

-1

-1

-1 -0.5 0 0.5
Ic(S)

1.5

Figure 8.7: Waveform envelopes for all events detected at channel 5 during 0.019 mL/s Opalinus
clayshale experiment, presented for each frequency band. Dotted red line shows slope estimating

._

212

25-50 kIz

- ..,

-/

-

I I

I

-

-

I

1/7
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Table 8.3: Summary of calculated Q for granite per channel, per frequency band.

the amplitude if the sensor was immediately at the source. This number is quite high, and so we

can generally conclude that the effect of attenuation is not significant, thus not many events were

undetected due to attenuation effects.
Similar analysis was conducted on the 0.019 mL/s granite HF experiment, and the results are

shown in Figure 8.8 and Table 8.3. We can see that the quality factor for granite is generally twice

that of shale, which results is slightly less attenuation. The mean quality factor of Q = 16.81 in

the 100-200 kHz band resolves to an attenuation factor of 84 %, which is does not account for the

order of magnitude in the difference in radiated seismic energy calculated in this chapter.

213*

Q Frequency (kHz)

Channel 25 -50 50 - 100 1100 - 200 200 - 400

1 6.40 5.63 26.38 55.80

2
3 14.35 13.01 21.84 23.82

4 6.34 12.40 16.23 34.63

5 4.52 35.67 4.62 17.92

6 18.72 7.85 16.66 67.02

7
8 6.75 113.62 115.14 131.14

Aver'age Q 19.51 114.70 116.81 138.39
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8.3. EXTERNAL MECHANICAL WORK DONE E

8.3 External mechanical work done E

To calculate the work done by the loading machine during beam bending or uniaxial compression

tests, we take the numerical integration of the load-displacement curves shown in Section 3.2, and

take the maximum value of machine work over the course of the experiment.

For hydraulic fracturing experiments, we similarly numerically integrate the pressure-volume

curve. However, in our setup the piping deforms significantly during an experiment, such that not

all of the volume change at the pump is exerted on the rock specimen. To quantify this effect, we

conducted a calibration test where the hydraulic fracturing enclosure was replaced by a stopper, and

compare this to the pressure-volume curve from a calibration test with the enclosure and a granite

specimen. The results are shown in Figure 8.9, where we see that the HF device with a granite

specimen has a system compliance of 2.833 MPa/cm3 , i.e. 1 cm3 of injected fluid increases fluid

pressure by 2.83 MPa. When the HF enclosure is replaced by a stopper, the system compliance

increases to 7.25 MPa/cm3 , i.e. 1 cm3 increases pressure by 7.25 MPa. The difference between

these compliances then, is the compliance of the HF enclosure, for which 1 cm3 of fluid injection

increases the pressure by 7.25 - 2.83 = 4.42 MPa. Using this calibration and assuming a linear

pressure-volume curve, we can then estimate work done by the fluid as:

Efluid P2 (8.4)
d 4.42 x 1012 Pa/M3 2 n(8

The above methodologies are applied to the data shown in Figure 8.10, and the results are

shown in Table 8.4 and visualised in Figure 8.11. The fluid injection energies are similar to those

reported in Goodfellow et al. (2015), and we can see that the work done during the beam bending

tests is an order of magnitude smaller than the hydraulic fracture tests, which are in turn an order

of magnitude smaller than in the uniaxial compression tests.

Table 8.4: External mechanical work done by the injection fluid or loading machine during each

experiment.

Material Loading condition workanical

Barre granite Four-point beam bending 6.97 x 10-1

Opalinus BMA-2 Four-point beam bending 2.19 x 10-1

Barre granite a-30-30 uniaxial compression 1.04 x 102

Opalinus BMA-2 Intact uniaxial compression 2.07 x 101

Barre granite Single flaw HF Q=0.39 mL/s 1.77 x 101

Barre granite Single flaw HF Q=0.019 mL/s 1.02 x 10'

Opalinus BMA-2 Single flaw HF Q=0.39 mL/s 4.77 x 100

Opalinus BMA-2 Single flaw HF Q=0.019 mL/s 1.02 x 10"
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8.4 Discussion and Conclusions

The compiled results are shown in Table 8.5, and visualised in Figure 8.12. Firstly, we can see
that for the beam bending, uniaxial compression, and low flow rate HF tests, the Opalinus seismic
energy budget is 2-5% of the granite seismic energy budget, which suggests that this difference
may be a material property that is independent of the loading condition. On the effect of the load-
ing condition, we can see that the beam bending is the most efficient (highest ER/), followed by
the uniaxial compression tests, then the slow HF tests, and that the fast HF tests are least efficient.
If we consider the time scale over which each experiment occurs, this suggests that slower load-
ing rates are more seismically efficient per unit energy, as was observed by Mair et al. (2007).
Specifically, we suggest that the beam bending is more seismically efficient since the tensile frac-
tures are generated slowly over a time period of hundreds of seconds, while the hydraulic fractures
are formed within a few seconds even in the slower injection rate tests. We suggest that this rate
dependency is related to the momentum of the material around the crack tip, where the loading
mechanism supplies energy faster than the rate at which energy is dissipated at the tip. However,
this raises an interesting dilemma, where we saw in Chapter 6 that only the fastest injection rate
resulted in an detectable number of AE. We do note however that a more clay-rich shale was used
in that series of tests, and so different mechanisms may be involved. We also note that the lower
injection rate HF tests resulted in higher fracture complexity, which corresponds to higher seismic
efficiency. Considering the focal mechanisms, we can also make some generalisations. Firstly, it
appears that granite in general produces more double couple mechanisms than the shale, while the
shale produces more negative volume change (-ISO) type focal mechanisms, indicating there is
more shear in granite, and more grain closures in shales. This is supported by the imaging results
from previous chapters, where we see that granite has a higher tendency to generate en-echelon
shear cracks, and shale often exhibits closure along bedding planes. Secondly, we note that the
proportion of volume expansion (+ISO) type mechanisms is relatively consistent between the two
beam tests and the two uniaxial compression tests, indicating that the relative proportion of dilation
is independent of the material in dry tests. However, we again note that the proportion of +ISO
is consistent between injection rates but not materials in the hydraulic fracturing tests, where fluid
penetration drives the development of fractures as opposed to boundary stress conditions. This can
likely be attributed to the mechanism by which the hydraulic fractures were created in these tests:
the hydraulic fractures in shale initiate and propagate along pre-existing bedding planes, which

Table 8.5: Table summarising seismic kinetics and kinematics of various tests. ER/ is calculated
from Tables 8.1 and 8.4, and the focal mechanism proportions are taken from previous chapters.

Material Loading condition ERIE DC CLVD CLVD ISO ISO
(%) (%) (%) (%) (%)

Barre granite Four-point beam bending 1.41 x 10- 52.7 10.0 -1.1 32.7 -3.6
Opalinus BMA-2 Four-point beam bending 4.07 x 10-5 42.1 10.3 -3.0 34.3 -10.4
Barre granite a-30-30 uniaxial compression 1.87 x 10- 46.2 5.5 -6.7 18.5 -23.1
Opalinus BMA-2 Intact uniaxial compression 4.37 x 10-6 46.8 4.5 -7.7 15.3 -25.7
Barre granite Single flaw HF Q=0.39 mL/s 1.02 x 10-6 52.1 8.2 -2.8 27.7 -9.3
Barre granite Single flaw HF Q=0.019 mL/s 1.37 x 10-5 46.8 9.8 -2.7 32.0 -8.8
Opalinus BMA-2 Single flaw HF Q=0.39 mL/s 2.21 x 10-7 52.9 4.9 -6.2 15.8 -20.2
Opalinus BMA-2 Single flaw HF Q=0.019 mL/s 7.06 x 10-7 36.9 5.1 -8.5 17.4 -32.2
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Figure 8.12: Bar chart summarising the radiated seismic energy per unit
Barre Granite and Opalinus Clayshale.

work for various tests on

requires less energy than in granite, where in some cases hydraulic fractures initiate and propagate
through intact grains, since the en-echelon microcracks forming the process zone are not generally
interconnected.
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Chapter 9

Summary, Discussion, and Conclusions

Recall that the goal of this thesis is to study (1) the relationship between the creation of hydraulic

fractures and the microseismicity generated during this process, and (2) how this relationship dif-

fers between granite and shale rocks.
The background chapter explores some existing literature on these topics. We firstly learn,

based on a laboratory study where powdered shale is sheared in a triaxial cell, that shale materials

tend to exhibit more velocity-strengthening behaviour with increasing clay and organic content.

In the context of fractures, this suggests that fracture creation in shale will tend to be more aseis-

mic, as microcracks will tend to decelerate after they initiate. We also find, based on a laboratory

study where the authors shear a fault gouge composed of granular material, that decreasing shear

rate is associated with an increased number of observed acoustic emissions per millimetre of dis-

placement. The background chapter also outlines the various technologies associated with the

acquisition and analysis of acoustic emissions and image data.
The thesis then describes four point beam bending tests in Barre Granite and Opalinus Clayshale,

from which we conlude the following:

" At the micron scale, cracks in Barre granite tend to happen in shear as a series of en-echelon

microcracks that coalesce via tensile cracks, while microcracks in Opalinus clayshale appear

to form directly in tension. This is reflected in the microseismic focal mechanisms, which

show that on average more double-couple type events occur in Barre granite than in the

Opalinus clayshale.

" The process zone also appears to be significantly smaller in Opalinus clayshale than in Barre

granite, as measured by both the acoustic emissions and image processing methods.

" The magnitude of microseismic events tend to be smaller in the shale than in the granite.

The thesis then describes hydraulic fracture experiments in both granite and shale, from which
we conclude the following:

" Lower injection rates tended to create a more complex fracture network, due to the increased

number of arrested microcracks.

" Again, we see that tensile cracking in Barre granite tend to happen in shear as a series

of en-echelon microcracks that coalesce via tensile cracks, while microcracks in Opalinus

clayshale appear to form directly in tension.
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" The AE in shale show more implosive non-double-couple (compressional) events than in

granite, which suggests that bedding plane compaction is a significant source of recorded

AE in shale, but not granite.

" Inelastic deformation, as observed by AE and DIC, is first observed at a lower proportion of

peak pressure in high injection rate tests than low injection rate tests.

We then estimate the radiated seismic energy and machine work done in each experiments,

in order to quantitatively compare the different mechanisms and material behaviours. The results

suggest the following:

" Fracture processes in Barre granite are more seismically efficient (more radiated seismic

energy per unit work done by external forces) than Opalinus clayshale. This difference be-

comes more significant with increasing clay content in the shale. The Barre granite appears

to be 20 to 50 times more seismically efficient than the BMA-2 Opalinus clayshale in beam

bending, uniaxial compression, and hydraulic fracturing testing setups, as a result we suggest

that this difference in seismic efficiency is a material parameter.

" Hydraulic fracturing is less seismically efficient than uniaxial compression tests, which are

in turn less efficient than beam bending experiments. We suggest that this may be related to

the momentum associated with the material ahead of the crack tip, since fractures propagate

at different velocites in each test.

* Slower injection rates tended to result in higher seismic efficiency, although we note that

no acoustic emissions may be detected at all when hydraulically fracturing shales with high

clay content at a low injection rate.

Overall, we have covered a wide range of topics spanning rock physics, fracture mechanics,

and seismology. Firstly, we will discuss the differences between shale and granite rocks. One con-
clusion is that the process zone in granite is significantly larger than in shale. A second conclusion

that the radiated seismic energy from shale materials is lower than granite by approximately 20

times when normalised by the work done by the loading mechanism, and that this ratio is largely

independent of the loading mechanism. From a fracture mechanics perspective, the difference in

process zone size may be explained by the the stress-strain curves, which show more inelastic de-

formation in the granite than the shale, and it has been shown that materials which exhibit more

inelastic deformation tend to exhibit larger process zones (Fakhimi and Tarokh, 2013). The differ-
ence in process zone size can also be explained from the perspective of grain size, since previous
researchers such as Zietlow and Labuz (1998) have shown that the width of the process zone is
linearly proportional to logarithm of the grain size. The difference in seismic energy may be at-
tributed to the presence of clay minerals in the shale which tend to creep slowly rather than rapid
catastrophic failure under load. For example, Kohli and Zoback (2013) showed that the (a-b) pa-
rameter of shales increases with clay content, i.e. that high clay shales tend to release accumulated

strain by slow creep rather than a rapid nucleation mechanism. Intuitively, we presume this is be-
cause clay particles tend to be more ductile, and so will deform slowly and thus aseismically along
large contact patches rather than by nucleation along a small contact patch. We also observe the
same behaviour in this thesis, where hydraulic fracture experiments in a higher clay content shale
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produced far fewer acoustic emissions than in a lower clay content shale. Micromechanically, we

also find evidence that nucleation is more prevalent in the granite: the process zone in granite tends

to form along localised en-echelon shear microcracks along specific grain boundaries, whereas in

shale the fractures initiate and propagate directly in tension along bedding planes. This is sup-

ported by the focal mechanisms, which show that, on average, microseismic events in granite have

a larger double couple component than in shale. On the bulk scale, we also see, for example as
observed by Morgan (2015), that fractures created in uniaxial compression propagate far slower in
shale than in granite, which again suggests velocity-strengthening behaviour observed from sim-

ulated fault gouge slip holds for the creation of new fractures. Specifically, fractures in shale will
tend to propagate and arrest, denoted as stable cracking in fracture mechanics whereas cracking in
granite tends to be unstable. However, there remains the apparent contradiction that the shale is

composed of more ductile minerals, but exhibits less inelastic deformation than the granite at the

bulk scale. We suggest that this contradiction occurs because the size of the process zone is a more

significant factor than the ductility of individual grains, i.e. that there is a large zone of low inelas-

tic strain in the granite, and a small zone of high inelastic strain in the shale. In the cases explored

in this thesis, the overall "volume of inelastic strain", which one may conceptualise as the magni-
tude of strain integrated over the process zone, happens to be larger in granite, and so we see more

inelastic deformation from the granite in the stress-strain curve. The difference in seismic energy

between the two materials then, can be attributed to at least two underlying mechanisms: firstly,
the process zone in shale is smaller, and so there is a smaller area from which seismic events may

originate. This can be attributed to the shale's smaller grain size. Secondly, the clay minerals' in

the shale tend to creep aseismically along a larger length scale rather than seismic rapid nucleation

along smaller length scales.

We also suggest that the prevalence of shear microcracks in granite but not shale under a far

field tensile stress state may be attributed to its rate-state behaviour. It is possible that shear cracks

occur in granite (which exhibits rate-weakening behaviour) because any significant asperity can

act as a local nucleation point, leading to rupture of a shear microcrack along obliquely oriented

grain boundaries where shear stress is highest. Conversely in shale, slip will occur over a larger

contact area, i.e. the magnitude of strain decreases more gradually with distance from the point of

rupture than in granite. This larger contact area, combined with the smaller grain size in shale, may

lead to the effect that the contact area in shale exists over multiple grains as opposed to a single

asperity on a grain for granite. This makes it more likely for microcracks to initiate along a single

grain boundary in granite, but across multiple grains in shale. It is then easier to initiate a generally

optimally oriented tensile microcrack across multiple grains in shale, compared to individual grains

in granite which are unlikely to be optimally oriented to the tensile stress field.

We can make some general comments on the differences between loading mechanisms. In

this thesis, we present results from beam bending and hydraulic fracturing experiments in detail,

and briefly discuss results from uniaxial compression tests. We find that the beam bending tests

radiated the most seismic energy when normalised by external work done by the loading machine.

The uniaxial compression tests radiated approximately ten times less normalised seismic energy

than the beam bending tests, and the hydraulic fracture tests radiated the least normalised seismic

energy, within which the low injection rate tests radiate more normalised energy than the high
injection rate tests. There appear to be at least two factors affecting the normalised radiated seismic
energy: the fluid pressure and the loading rate. Regarding fluid pressure, a recent study by Cappa
et al (2019) found that increasing fluid pressure results in more aseismic slip and fracture opening,
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CHAPTER 9. SUMMARY, DISCUSSION, AND CONCLUSIONS

i.e. we expect the seismic efficiency to be lower at higher fluid pressure. This is consistent with
our finding that the higher injection rate tests radiate less normalised seismic energy than the lower

injection rate tests, since higher injection rate also corresponds to higher maximum fluid pressure.

We do not, however, observe more microcrack opening during the high injection rate tests, and so

the underlying mechanism may instead be attributed to a lubrication effect of the fluid.

On the effect of loading rate, we first note from the hydraulic fracture tests that a lower injection

rate results in a more complex fracture network. This may result from the difference in inertia

in the material ahead of the crack tip. Assuming the stable cracking regime, lower inertia may
result in the propagation of multiple fractures because once a crack propagates a small distance,
the fluid pressure at the new crack tip is reduced and is thus lower than the pressure along the

remainder of the crack, which allows new branches to form behind the crack tip. Conversely in the
higher injection rate tests, the pressure increases more rapidly, and so there is more inertia ahead

of the crack tip. This increases the probability that the initial crack will continue to propagate

once it initiates, and so less branching and tortuosity is observed. It is possible that higher fracture

complexity results in increased radiated seismic energy, as there is more fracture length over which

seismicity can occur. The inertia-based argument can also explain the higher normalised radiated

seismic energy in the beam bending setup as compared to all other test setups explored in this

thesis. The beam bending tests were conducted under crack opening control such that the crack

propagated slowly and stably over hundreds of seconds, and so the loading program is designed
specifically to minimise inertia at the crack tip, which under our framework should maximise the
normalised radiated seismic energy.

Ostensibly, this thesis set out to understand the relationship between what one can observe vi-

sually through imaging, and what can be observed aurally through microseismic monitoring. Un-

fortunately, like the proverbial six blind men and the elephant, this doctoral candidate has gleaned

some meagre nuggets of truth, but overall come out more befuddled than when he began. This,
however, should not be a cause for despair, after all Theodore Roosevelt once quipped that "Noth-
ing in the world is worth having or worth doing unless it means effort, pain, difficulty". A career
in research would not be interesting if the answers were so simple, and to look whimsically to
the future, there are at minimum three additional Aristotelian senses to explore: taste (perhaps

mineralogy), touch (mechanical properties), and smell (mass transfer). Worded perhaps more sci-
entifically, the doctoral candidate recommends these following directions of study:

" Systematically investigate creation of "plumose" structures

" Systematically investigate why displacement vectors ahead of crack tip are co-linear with

crack path

" Repeat injection rate tests in Chapter 7, as only one set of experiments was conducted for
this thesis due to time constraints

" Repeat tests in this thesis with the bedding planes oriented perpendicular to the fracture path,
to determine the effect of fracture propagation across alternating hard and soft layers

" Repeat tests in this thesis with different specimen dimensions, since sample size is known to
affect the size of the observed process zone
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" SEM and EDS imaging of Barre granite and BMA-2 Opalinus clayshale, to determine

whether fractures preferentially propagate along certain minerals

" Different loading rates for beam and compression tests, to determine if the far-field loading

rate has a similar effect as injection rate.

" Hydraulically fracture shales with different clay contents and develop a relationship between

clay content and microseismicity, as this seems to be a critical parameter

" Estimate rate-and-state parameter (a-b) from shear rates than can be calculated from dis-

placements shown in Figures 7.16 and 7.17, to see if results from Kohli and Zoback (2013)
hold for the creation of new fractures

* Develop a hydraulic fracturing setup for (and test) higher viscosity fluids and injection rates

to reach the "viscosity" regime in the Bunger scaling methodology

" Develop statistical models such as artificial neural networks to predict induced seismic se-

quences using existing microseismic data.

* Repeat HF tests with gases such as argon to determine if lower radiated seismic energy in

HF is due to lubrication effect of the liquid.

" Consider whether the differences in injection rate arise from the differences in inertia of the

material at the propagating crack tip.

'But,' said Opalinus, and tears started in his bedding planes, 'I thought you were going to enjoy

the Microseismicity, too. For years and years, after all you have done.'

'So I thought too, once. But I have been too deeply hurt, Opalinus. I tried to save the Micro-

seismnicity, and it has been saved, but not for me. It must often be so, Opalinus, when things are in

danger: some one has to give them up, lose them, so that others may keep them. But you are my

heir: all that I had and might have had I leave to you. And also you have an acquisition system,

and piezoelectric sensors; and Matlab-codes will come, and ball-drops, and image processing,

and papers (oh so many papers!); and perhaps more that I cannot see. Your hands and your wits

will be needed everywhere. You will be the Post-Doc, of course, as long as you want to be, and

the most famous fractographer in history; and you will read things out of H. Einstein's notes, and

keep alive the memory of the age that is gone. So that people will remember the Great Danger of

a Doctorate and so love their beloved hairline all the more. And that will keep you as busy and as

happy as anyone can be, as long as your part of the Story goes on.'

'Well, here at last, dear friends, on the shores of this defence comes the end of our thesis in

Middle-Tech. Go in peace! I will not say: do not weep; for not all tears are an evil.' 2
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Appendix A

AE setup details

A.1 Foreword

Hello dear reader, welcome to my user guide on how to operate the PAC data acquisition device and

analyse AE. First of all, I am sorry. You have been roped into a terribly tedious and unnecessarily
complicated procedure. Humour aside, I would like to sincerely offer you a forewarning that this
guide will be confusing on the first few readthroughs - many different steps come together to
acquire, and then analyse AE. This guide is intended only to provide nitty-gritty details on how I
did AE during my PhD thesis - it should be read with the AEwin software open, and a strong cup
of tea by your side. It will be easiest if you flip back and forth between this guide and the software,
trying out each step as outlined. I assume you already know generally what AE are, why we do it,
and have a basic theoretical understanding of the workflow. If not, please read at minimum Chapter

02: Background in this thesis, and the excellent textbook Acoustic Emission Testing by Ohtsu and
Grosse. This guide should also be supplemented by the user manual from the manufacturer.

Most importantly, please find the "For future kids" folder to get you started:

https://drive.google.com/drive/folders/I NRZiW9YIx-hYFtbOEIRwEYYyzOVqnQU

In this folder you will find this guide, the manufacturer user manual, the installation files for the
AEwin software, Acoustic Emission Testing by Ohtsu and Grosse, an example file baseJlayout.lay,

as well as a number of MATLAB files for AE analysis. You are a brave soul for undertaking this
task. Good luck.

A.2 Connecting AE equipment

Figures in this section show how equipment is connected.
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APPENDIX A. AE SETUP DETAILS

Platen

Figure A. 1: Springs are inserted into each opening in the platen, so that the sensors press against
the specimen.

Sensor

Honey

\&~ :rA0,

Figure A.2: Sensors go on top of the spring, and honey acts as couplant between rock and sensor.
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A.2. CONNECTING AE EQUIPMENT

*7i

Figure A.3: Platens, with sensors in them, go around the specimen, and are temporarily held

together with elastic bands. this entire assembly will go into the loading machine and/or hydraulic

fracture enclosure.
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A.2. CONNECTING AE EQUIPMENT

Figure A.5: BNC cables connect pre-amplifiers to data acquisition system. Parametric box also

connectors to back to DAQ PC.
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APPENDIX A. AE SETUP DETAILS

Figure A.6: To calibrate for moment magnitudes, set up all sensors, place 10cm straw vertically

near center of specimen, drop ball in the straw and record the waveform. Repeat 10 or so times.

A.3 AEwin settings for acquiring data

Once the hardware is setup, the software must be configured to acquire data. All AE is acquired

in the proprietary AEwin software, made by PAC, and data are stored in .dta files, which are also

proprietary. Our goal is to only use AEwin to acquire data, and do everything else using MATLAB.

Please pay careful attention to the screenshots in this guide, and to match the settings exactly.

The AEwin software can be found in the "For future kids" folder, in a subfolder called "AEwin

software". Run setup.exe to install it. A blue USB key is required to run the AEwin software. One

can begin acquiring data in AEwin by going to Acquire/Replay - > Acquire, which will create a

.dta file that can be viewed by going to Acquire/Replay - > Replay. However, data acquisition

should only start when the entire experiment is ready to go, and the settings are set correctly so

that the only recorded waveforms correspond to the experiment itself. The settings are accessed

at Acquisition setup - > AE hardware. If this is your first time, go to File - > Open layout and

select the provided base-layout.lay file which has most of the common settings applied.

One of the first steps is to measure velocities. To do this, go to acquire - > AST, and select

the output file location as shown below. For shale materials it is suggested to measure velocities

along and across bedding planes as described in Figure A.8.
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A.3. AEWIN SETTINGS FOR ACQUIRING DATA

AST Scheduie

r Manual AST Ongy
C Perform AST Prior to STA File Outpt
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Figure A.7: Settings for measuring wave velocity. Select output file (boxed in magenta) to deter-
mine file location.
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APPENDIX A. AE SETUP DETAILS

51

--

b

V

1

Figure A.8: Schematic of shale specimen, bedding planes in dashed lines. VI and V2 refer to
velocities across and along bedding planes respectively.

Figures A.9 to A. 15 show settings to be used when acquiring AE data. Please replicate these
settings exactly, except for settings in boxes which may need to be changed depending on the test.

Thresholds (Figure A.9) should be set to 40 dB by default, as this is generally above the typical
electronic noise band. Adjust thresholds to higher levels if the following happens during a test.
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A.3. AEWIN SETTINGS FOR ACQUIRING DATA

AE Hardware Setup: PCI-2

Front End Flers
AE Chnwer Setup Preamp Sensors, Flero and Waveforms

Front End Alarmo DebaT FRea Setup
AE Tirg Paraeters Waveform Sbeming I Data SstaArmebics I Parnetic SetW

GlobalWavelon Enable ta must be checked to colo wk waveforms)

L I | Cancel| H*

Figure A.9: Screenshot of settings to use in AE channel setup tab. Please ensure "Global waveform

enable" is ticked to save waveforms.

Blue dotted line in "Amplitude vs time" plot (Figure A. 10) indicates that at least one channel

is always triggering, look at "hits vs channel" plot to see that channel 1 (blue dotted box) is the

one constantly triggering, so adjust channel 1 threshold upwards. If the channel is left to trigger

continuously, there will be lots of noise in the data, which is difficult to filter out and results in

large files.
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Figure A. 10: Illustration of a test where channel 1 is recording ambient noise, as seen by the
disproportional number hits on channel 1 (Top figure, blue dotted box), and the consistent hits
occurring over time (Bottom figure, blue dotted box).
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Figure A. 11: Settings for pre-amplifiers. Purple box is the setting for Glaser sensor/pre-amps. Use
same settings as channels 1-7 if PAC sensors/pre-amps are used.

Channel 8 (purple box) is for Glaser sensors (Section A.6), use same settings as channels 1-7
if using PAC sensors.
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A.3. AEWIN SETTINGS FOR ACQUIRING DATA

Figures A. 12 and A. 13 show settings that control how waveforms are saved. These do not need
to be changed, the settings are chosen essentially to circumnavigate the inherent limitations of the
acquisition system. Please refer to Li et al. (2015) and the PAC user manual for more information.

Front End Flaes
AE Channl Salp I Prem

I Friont EndAlam
Sensors, Filae andWaveNos I AE Timin Paanoter I Wavatore Sbauirig

DebaT FAres Setup

Data SetwPaambics I Paraintik Setup

-100-

-120-I

0 0.2 0.4 0.6 08
Frequency "lz)

OK we AP* He*I

Figure A. 12: Settings used for waveforms. Sample rate of 5 million samples per second (MSPS),
pre-trigger of 256 us and file length of 15k (15000) have been empirically determined to be the
most that the system can handle for long periods of time (Li et al., 2015).
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AE Hardware Setup: PCI-2
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Figure A. 13: Settings used for timing. Only HLT and max duration matter here.

Figures A.14 and A.15 show settings which control acquisition of external sensors such as
pressure, high speed trigger, pump displacement, and load.
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Figure A. 14: Settings for parametrics window.
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AE Hardware Setup: PCI-2

Front End Ffm I
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Figure A. 15: Settings for second parametrics window. Gain is set to x100 on channel 1 as the
pressure transducer, which has a small range, is on this channel.

Channel 1 gain is
recorded voltages will

set to x100 for the pressure transducer which has a small voltage range,
be 100x higher than actual.

Sometimes, too much data are saved, for example when a channel is constantly triggered as in
Figure A. 10. In this case one can use a filter, for example removing all small amplitude events,
or only select waveforms within a small time window. To filter hits by time, amplitude, etc, go to
Utilities - > Data file filter. In the example below, only data between 50 to 100 dB in amplitude
occurring between 150 to 250 seconds are included. Click run filter to use.
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Figure A. 16: Settings for filtering AE data within the PAC software. Usually used when a few
channels capture noise (channel is constantly triggered, see Figure A. 10), resulting in very large
files. In this case, it is easiest to filter that channel by amplitude.

A.4 Analysing AE data

Once AE data are collected, one can then extract the data into a format that can be read externally,
e.g. by MATLAB. To output the waveforms from AEwin (where they are contained in .dta files) to
.csv files, go to Utilities - > ASCII waveforms, select the output folder and use the options below.

Select Output File Options
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Figure A.17: Settings for exporting wavesforms to .csv files to be read into MATLAB.

Then run One-lumpilocalise.m, taking care to set the parameters accordingly.
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A.5. MATLAB CODES

A.5 MATLAB codes

Once AE data are extracted, a set of MATLAB codes are available to analyse the data. The

oneilumpilocalise.n file contains code to first import AE waveforms generated by AEwin (Sec-

tion A.4) into MATLAB, pick arrival times from these waveforms, locate AE events from these

arrival times, and finally interpret moment tensors. Please note that many parameters are required

for this process; these are specified in the beginning of the one-lump-localise.m file - be sure to

correctly input each of these. Refer to Section 2.1.5 for the theoretical basis.

A.5.1 Ball drop magnitude calibration

ballDropCalib.m is for ball drop magnitude calibration. Users should already have recorded ball

drop waveforms and performed the experiment using the same specific setup. Comments in the

file should be sufficient to get started. Please refer to Section 2.1.4 for the theoretical basis of the

calibration. Note: The calibration process is quite involved, please ensure you read the relevant

literature before attempting.

A.6 Glaser sensors

The group has 1 Glaser-type sensor which has a flatter frequency response, making it easier to

calibrate to actual displacement. Glaser sensors and pre-amps look like this:
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APPENDIX A. AE SETUP DETAILS

Figure A. 18: Photograph of Glaser sensor and accompanying pre-amplifier.

To use Glaser sensor with our PAC system, we need to change the pre-amp voltage from OV to
28V like so:
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A.7. PARAMETRIC CONNECTOR BOX

- NIP
Figure A.19: To use the Glaser sensor with the PAC

position of the bridge on the acquisition card as shown

PCI-2 acquisition card, please change the
in the red box in the inset.

The inset photo shows a connector that bridges pin I and pin 2 for PAC pre-amps (all the other
cards will be like this). For glaser sensor/pre-amp, switch the connector to bridge pin 2 and pin 3.

A.7 Parametric connector box

This box is used to connect external channels such as pressure, high speed trigger, load to the
AE system so that these are synchronised to the AE data. The base_layout.lay file is configured
such that Channel 1 is pressure, channel 2 is high speed video, and the remaining channels can be
allocated in any way.
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APPENDIX A. AE SETUP DETAILS

Connector on AE system

000000

40cT
Iengq_

F 1 [ I

Input Power Pressure Baldwin

transducer load cell

High speed
Camera

Figure A.20: Wiring of the parametric adapter box to use outside sensors (LVDT, pressure, load,
high speed trigger) to be saved into the AE data acquisition. This is important when the outside
data need to be synchronised to the AE.
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A.7. PARAMETRIC CONNECTOR BOX
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Figure A.2 1: Detailed wiring diagram of the parametric adapter box.
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APPENDIX A. AE SETUP DETAILS

Figure A.22:
diagram.

List of pins on the parametric adapter box. Refer to Figure A.21 for the wiring

Transducer connectors

Input voltage

AE system connector

Figure A.23: Photo of the parametric adapter box. Wiring and pins are listed in previous 2 figures.
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P___ FunCet Desriptie
+ Paraumetic# Input + Difrential bnput - 10 VoRs

2 +~ Paamnetic #3 Input Difremnnial Inptu ' 10 volts
3 Parametric #5 Input Sikgle Ended Input +.- 10 %olts
4 Pamne*tic #2 Input Single Ended Input 10 volts
5 Parametric #6 Input Sugle Ended Input +/ 10 oIls
6 Analog rcouid Anilog Ground for Parametrics
- EXEC VOLTAGEI

8 EXECVOLTAGE2

9 RMS - DAC Out I RMS Analog Output
10 RMS - DAC Out 2 RMS Analog Output
11 Digital Output 1. Alarm Waraing Out Active High TTL Outpat
12 Digital bpu 7 Spare TTL L el bps
13 Digital Grund Digital Gmund
14 Paramenic #1 InpMt - Differential input - 10 volts
15 -Parameic #3 nput - Differential pt - 10 vo1ts
16 Parametrnc #7 lau Single Ended lnpu-- 10 volts
17 Paramesic #4 Input Single Ended Input 0- wo hots
is Parametric #8 Input Single Ended Input 10 volts
19 Digital Input 4. INibit All AE Channels Active Low TTL level mput
20 l volt power ot +12 voIt power o0u
21 -2 ot power out -2 volt power ot
22 RMS - DAC Ot 3 RMS Analog Otoput
23 RMS - DAC Out 4 RMS Analog Output
24 Digital Output 2. Alarm Trip Out Active High TL Output
25 Digital Input 1. Test Start Sigmal Actve High TTL Inpt
26 NC NC



A.7. PARAMETRIC CONNECTOR BOX

To get parametric data out of the AEwin file, go to Utilities - > ASCII output.
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Appendix B

Other tests

B. 1 Notched Brazilian Test on Opalinus

A test was conducted on a 3" diameter x 1" thickness pre-notched disk of Opalinus, results are
shown in the following figures. The main conclusion is that very few AE events are detected in
this test geometry.

F4 4f y

Figure B. 1: Photograph of fractured notch Brazilian test on Opalinus clayshale.
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B.1. NOTCHED BRAZILIAN TEST ON OPALINUS

Axial Strain Lateral Strain

Figure B.2: Strain maps of fractured notch Brazilian test on Opalinus clayshale. Significant bed-

ding plane compression can be seen in the axial strain.
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APPENDIX B. OTHER TESTS
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Figure B.3: AE and DIC strain over time of fractured notch Brazilian test on Opalinus clayshale.
We can see that the AE events relate mostly to the end of the test, when the crack initiates and
propagates.

B.2 HF on small specimen

A hydraulic fracturing test was done on a small 1.5 cm x 3 cm specimen of Opalinus clayshale to
determine if the low number of detected AE events in the larger specimens were due to attenuation
in the material. If attenuation is the cause of the low number of AE, then many more hits should
be detected in the smaller specimen test since the distance between the crack and the sensor is
smaller, and so attenuation is minimised. This was not the case, as the test showed that the number
of detected hits was similar between the larger (140 hits detected) and smaller (130 hits detected)
specimens, so we conclude that the low number of events is not due to attenuation. Details are
provided below.
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B.2. HF ON SMALL SPECIMEN

S160

140

120

- 100

- Small specimen

- 40- Large specimen

-- 20

-T 0
150 170 190
-1-- Time (s)

0

Large specimen: 140 hits on 1 channel
Small specimen: 130 hits on 1 channel

Lots of saturated signals

Figure B.4: a) Photograph of small shale HF specimen, b) photograph of the setup, c) pressure-time

curves of the large and small specimen tests, d) sample AE waveform showing that the amplitude of

displacement is larger than the voltage range of the acquisition system, and so many more smaller

amplitude events should be detected if they were produced.
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Appendix C

Detailed analysis of granite hydraulic fracture
tests
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AE hypocenter analysis for specimen 2a-30-0-VLO-B

Final crack geometry:
dl~

AE frame times for 2a-30-0-VLO-INC5-B

4.34

4.32

4.3

(L

4.28

4.26

4.24

4.22

4.2

2405 2405.5 2406 2406-5 2407 2407.5 2408 2408.5

Time (s)

2409 24095

Crack initiates from inner tip of right flaw and coalesces directly, followed by opening of outer tip of the right flaw and

finally the outer tip of the left flaw. Peak pressure occurs around 2406 s.

Development of AE locations are shown over the 20 frames presented in this analysis, where each frame shows 5% of

the total number of events recorded during the test. This means that initially the frames will cover a long time period

since few AE occurred at the beginning, while towards failure each frame will only cover fractions of a second since AE

occur at a rapid rate.

Events with greater than 50% CLVD (compensated linear vector dipole) are considered shear type events and are

marked with an 'x', while events with less than 50% CLVD are considered tensile and marked with 'o'. For those events

detected by 4 sensors, it is not possible to invert the moment tensor and so these events are marked as undefined with

'.'. The colour of an event indicates its relative magnitude, where red is the largest. Black ellipses are used to highlight

areas of interest.

Where possible, AE frames are shown next to the appropriate analysis sketch from Bruno. However, these tend to be

few in between and as discussed, the high speed frames tend to occur after the end of detectable AE events.
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1978.9812 to 2394.1291 Relative Amplitude
- -5

x DC
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- Undefined

. 0
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' I I ' I
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x (mm)
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120 -

-6.4

-6.6

-6.8

-7

Early stages of the test covering approximately 400 seconds, AE locations are generally diffuse. Visually, white patching
begins to occur at all flaw tips.
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2398.5259 to 2401.2499 Relative Amplitude
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x (mm)

AE hypocenters cluster in coalescence zone. Four large amplitude events are detected: 1 shear, 3 tensile.
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Continued AE concentration in coalescence zone. Large amplitude tensile events concentrated on right flaw, particularly
at the inner tip.
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AE hypocenter locations spread out more vertically, and three large amplitude events form in the coalescence zone,

normal to the flaw orientations. No shear events are detected.
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2404.5532 to 2405.2074 Relative Amplitude
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Undefined events mostly cluster in the coalescence zone, but again there is are 2 larger amplitude tensile events: one at
the inner right flaw tip, and another below the flaws.
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2405.219 to 2405.7806 Relative Amplitude
-5

x DC
NDC -5.2

x Undefined

-5.4

- 5. 6

A..

20 30 40
x (mm)

-6

-6.2

-6.4

-6.6

-6.8

50
-7

60

No tensile events in this time frame, but there is one large shear event on the left side of the coalescence zone and

another shear event near the top O-ring. Visual analysis shows that there is some coalescence of white patching by this

point in time.
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2405.7989 to 2406.607 Relative Amplitude
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Majority of events occur at the inner tip of the left flaw. Of the large amplitude events at this location, 2 are tensile and
one is shear. Peak pressure is reached around this time.
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2406.6789 to 2407.1046 Relative Amplitude
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Events continue to cluster at the inner tip of the left flaw, and are still dominated by tensile type.
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2407.1122 to 2407.5253 Relative Amplitude
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AE events migrate away from the left flaw, and occur generally in the coalescence zone. Both shear and tensile events
occur.
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High concentration of tensile events occur in the middle of the coalescence zone. One smaller amplitude shear event

occurs at the outer tip of the right flaw.
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2407.9296 to 2408.0957 Relative Amplitude
- -5130

120 -

110 -

100

90 -

80 -

70 -

60 -

20 30 40 50 60
x (mm)

-5.2

x DC
NDC
Undefined

- I

' ' ' 0 ' '

Undefined events appear to form a wing crack above the left flaw, while higher amplitude tensile and shear events occur
around the left flaw.
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2408.1172 to 2408.3156 Relative Amplitude
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Undefined events continue to occur in the coalescence zone. Large amplitude tensile events occur at wing crack

locations of both inner flaw tips.
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2408.3212 to 2408.4714 Relative Amplitude
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AE locations appear to be diffuse. High amplitude tensile events occur at inner tip of right flaw. Intermediate amplitude
shear event occurs at outside tip of right flaw.
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Shear and tensile events occur at both outer flaw tips.
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Tensile or undefined events occur, and mostly appear to be concentrated at right outer flaw tip.
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2408.665 to 2408.712 Relative Amplitude
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ude events appear to be linearly clustered at wing/anti-wing crack locations of left flaw.
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De-clustered low magnitude tensile events
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One high magnitude tensile event at each tip of left flaw, another shear event at inner tip of right flaw.
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2408.8549 to 2408.9288 Relative Amplitude
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2 intermediate magnitude tensile events occur close to inner tip of left flaw. 2 higher magnitude shear events occur
away from the flaw area.
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2408.9346 to 2411.2222 Relative Amplitude
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End of test. Diffuse AE locations. Majority of high speed video occurs during this last frame.

Summary

In general, there were many more tensile events than shear events. As discussed in previously, it is postulated that the

lack of vertical axial stress in this test may allow more tensile events to occur, as grains do not need to slide past each

other. A second observations is that the undefined events, which tended to be lower magnitude, are also more diffuse

(spread out) than the larger magnitude events. This reflects the nature of the stress field, which is most intense at the

flaw tips. In terms of timing, it appears that the hypocenters are initially located within the coalescence zone between

the inner flaw tips, and then migrate outwards in time. At this point, some events appear to form linear patterns

perpendicular to the flaw orientation, resembling wing/anti-wing cracks. In the last few frames, which correspond to

fractions of seconds prior to visual crack initiation, it appears that the tensile events again cluster to all the flaw tips

(including the outer tips), while shear events occur away from the flaws.

281



AE hypocenter analysis for specimen 2a-30-0-VLO-C

Final crack geometry:

AE frame times for 2a-30-0-VLO-INC5-C
4.36

4.34

4.32 I

4.3

4.28

4.26

I~(Ion

4.24

4.22

1566 1568 1570 1572 1574 1576 1578 1580 1582 1584

Time (s)

Crack initiates from outer tip of left flaw, followed by tensile crack B which does not coalesce followed
by crack C, which does coalesce after the initiation of crack D. Peak pressure occurs around 1571s, and
a local minimum in pressure occurs around 1582.5 s a few seconds before pressure breakdown.

Development of AE locations are shown over the 20 frames presented in this analysis, where each frame
shows 5% of the total number of events recorded during the test. This means that initially the frames
will cover a long time period since few AE occurred at the beginning, while towards failure each frame
will only cover fractions of a second since AE occur at a rapid rate.

Events with greater than 50% CLVD (compensated linear vector dipole) are considered shear type events
and are marked with an 'x', while events with less than 50% CLVD are considered tensile and marked
with 'o'. For those events detected by 4 sensors, it is not possible to invert the moment tensor and so
these events are marked as undefined with '.'. The colour of an event indicates its relative magnitude,
where red is the largest. Black ellipses are used to highlight areas of interest.

Where possible, AE frames are shown next to the appropriate analysis sketch from Bruno. However,
these tend to be few in between and as discussed, the high speed frames tend to occur after the end of
detectable AE events.
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1461.2548 to 1515.8971 Relative Amplitude
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First 20 events which occur in preceding pressure stages over 50 seconds include large amplitude shear

events at 3 of the flaw tips, and 4 tensile events forming an anti-wing crack at the outer tip of the left

flaw, which is incidentally the first to initiate a crack later.
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1516.5399 to 1537.5457 Relative Amplitude
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Small amplitude undefined events occur at anti-wing crack inner tip of right flaw, while high amplitude
tensile events continue to cluster at outer tip of right flaw.
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1538.6147 to 1553.7915 Relative Amplitude
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Largely the same pattern as the previous frame, except there are also shear events around the left flaw,

and a single large tensile event at the inner tip of the right flaw.
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1554.6076 to 1564.6657 Relative Amplitude
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Tensile events form wing pattern shape on left flaw, significant low amplitude undefined events at outer
tip of right flaw.
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Dominated by high amplitude tensile events at both outer tips, and 2 shear events at inner tip of left

flaw. Peak pressure occurs at this time.
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1571.1903 to 1574.4517 Relative Amplitude
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Continued high amplitude (1 shear, 2 tensile) activity at outer tip of right flaw, and undefined events
forming wing crack patterns.
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1574.4801 to 1578.1797 Relative Amplitude
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4 tensile events at outer tip of left flaw, 2 other high amplitude (1 shear 1 tensile) events at inner tip of

same flaw. Right flaw only shows low amplitude events
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3 more tensile events at outer tip of left flaw, while 3 large shear events and 1 intermediate tensile
event occurs in the coalescence zone. Could be related to the more complex fracture pattern (cracks B
and C) in the same zone.
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1580.4934 to 1581.5864 Relative Amplitude
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Large shear and tensile events at both tips of the left flaw.
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1581.6047 to 1582.4332 Relative Amplitude
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Events consists mostly of shear events at the outer tip of the left flaw. Local minimum in pressure is
reached at this time.
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1582.5481 to 1583.0259 Relative Amplitude
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Tensile events occur at all flaw tips, and another 2 shear events occur at outer tip of left flaw.
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Tensile events concentrated at outer tip of left flaw in wing/anti-wing crack pattern.
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1583.6127 to 1583.8562 Relative Amplitude
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2 shear and 2 tensile events at outer tip of left flaw, and 3 linearly clustered shear events aligned with

crack B.
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1583.8813 to 1584.091 Relative Amplitude
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Large shear and tensile events around left flaw.
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Events on both flaws, with higher concentration around outer tip of left flaw. Locations become more

distributed.
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1584.2141 to 1584.2586 Relative Amplitude
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Many small amplitude, distributed events around left flaw.
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Large shear and tensile events at outer tip of left flaw.
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1584.3642 to 1584.5457 Relative Amplitude
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One large tensile events at inner tip of right flaw, other 2 large events away from flaw area.
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1584.5486 to 1592.2336 Relative Amplitude
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3 large events around left flaw, and small undefined events occur around right flaw.

Summary

High amplitude events are largely concentrated at the outer tip of the left flaw, which is where a crack
first initiates. There is also significant activity around the inner tip of the left flaw, where the second
crack initiates. Activity around the right flaw is generally dispersed, small amplitude, and occurs later in
the test. There is significant linear clustering of events to form the wing/anti-wing crack patterns around
the left flaw, particularly earlier in the test. These can occur for all types of events. Hypocenter locations
appear to become more dispersed towards the end of the test.
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AE hypocenter analysis for specimen 2a-30-0-VL5-A

Final crack geometry:

AE frame times for 2a-30-0-VL5-INC5-A

4.84

4.82

4.8 L

AB-

4.78

t~4.76

4.74

4.72

4.7
1822 1824 1826 1828 1830 1832 1834 1836

Time (s)

Crack initiates outer tip of left flaw, and a second crack initiates from the inner tip of the same flaw,

forming a classic wing crack on the left flaw. No cracking observed on the right flaw, but white patching

also exhibits a wing crack pattern. Peak pressure occurs around 1830 s.

Development of AE locations are shown over the 20 frames presented in this analysis, where each frame

shows 5% of the total number of events recorded during the test. This means that initially the frames

will cover a long time period since few AE occurred at the beginning, while towards failure each frame

will only cover fractions of a second since AE occur at a rapid rate.

Events with greater than 50% CLVD (compensated linear vector dipole) are considered shear type events

and are marked with an 'x', while events with less than 50% CLVD are considered tensile and marked

with 'o'. For those events detected by 4 sensors, it is not possible to invert the moment tensor and so

these events are marked as undefined with '.'. The colour of an event indicates its relative magnitude,

where red is the largest. Black ellipses are used to highlight areas of interest.

Where possible, AE frames are shown next to the appropriate analysis sketch from Bruno. However,

these tend to be few in between and as discussed, the high speed frames tend to occur after the end of

detectable AE events.
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1401.2747 to 1788.5674 Relative Amplitude
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White patching occurs at inner tip of left flaw, and outer tip of right flaw. AE events occur at outer tip of
both flaws, and a few at the inner tip of the left flaw. Most events are shear type, and the largest events
occurred at the outer tip of the left flaw, despite no visual white patching occurring.
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1790.6013 to 1803.2208 Relative Amplitude
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Significant development of wing crack shaped white patching on both flaws. Large amplitude AE events

are clustered below the outer tip of the left flaw, which is the site on crack initiation. Low amplitude

undefined events occur linearly at the outer tip of the right flaw. High amplitude events are mostly

shear.
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AE events continue to be mostly shear, and concentrated at the outer flaw tips. A few high amplitude
events occur approximately 3cm above the inner tip of the left flaw.
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Some tensile events occur, but the largest amplitude events continue to be shear. Locations are mostly

around the left flaw, particularly below the outer tip.
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1826.7589 to 1830.0162 Relative Amplitude
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AE events occur around both flaws, with high amplitude events concentrated around wing crack
locations. More events in the bridge than previously. Three low amplitude tensile events occur in the
bridge, high amplitude events tend to be shear.
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1830.0314 to 1832.539 Relative Amplitude
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Key frame. Primary cluster of AE events tend to be linearly oriented below the outer tip of the left flaw,
the site of crack initiation. One large tensile event occurs immediately at the tip, while shear events
(large and small) occur up to 2cm below the flaw tip. This appears to be a coalescence of microcracks,
where the tensile events coalesce through a series of shear microcracks. Some diffuse events also occur
above the right flaw. Peak pressure occurs around this time.
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AE events continue to cluster at both tips of the left flaw. Out tip of left flaw consists mainly of low

amplitude undefined events.
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1833.5159 to 1834.345 Relative Amplitude
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Events continue to occur at both tips of the left flaw, including large amplitude shear and tensile events.
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By this point the white patching largely reflects the wing cracks exhibited by the AE and the final crack

pattern. Inner tip of left flaw consists only of small amplitude undefined events, while outer tip of left

flaw shows a number of high amplitude shear events, and one tensile events 1.5cm below the tip.
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1834.8688 to 1835.2153 Relative Amplitude
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Events at both tips of left flaw, tensile events appear to be moving away from the flaw tips.
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Some clustering of events at inner tip of left flaw, otherwise events are scattered.
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1835.5377 to 1835.6707 Relative Amplitude
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Key frame. Significant linear cluster of high amplitude shear and tensile events at inner tip of left flaw,
where the high amplitude events are closest to the flaw tip. This again appears to be a coalescence of
microcracks, but different in nature from the outer tip, where the tensile events followed the shear
events. Here they appear to be occurring together. Some high amplitude shear and tensile events also
occur at the outer tip.
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1835.6782 to 1835.8644 Relative Amplitude
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Events on both sides of left flaw. Left side of wing crack consists mainly of low amplitude undefined and
tensile events. This may be because the left side has already experienced significant damage. AE events
at the inner tip consists of 2 tensile and 1 shear event, some with large amplitude.
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1835.8682 to 1835.9767 Relative Amplitude
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Large tensile events occur at both tips of the left flaw, and large shear events happen 2cm below outer
tip of left flaw. Other scattered events happen at both tips of left flaw.
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Widely scattered linear pattern of AE hypocenters below outer tip of left flaw. Mainly shear events, but

the 2 tensile events are high amplitude. Suggests damage is progressing further from the flaw tip.
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Scattered events. 2 large tensile events and 1 large shear event occur in the bridge.
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3 large shear and 2 large tensile events occur about 3cm below the outer left flaw tip. This may be the

damage zone reaching the O-ring.
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1836.2394 to 1837.1204 Relative Amplitude
m .5

DC
O NDC
* Undefined

30 40 50 60
x (mm)

-5.2

-5.4

-5.6

-5.8

110 -

100 -

90 -

80 -

70 -

60 -

50-

40 -

30 -

This frame extends after the pressure has decreased and the rock is already cracked, and events are
largely scattered.
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1837.1687 to 1853.8986 Relative Amplitude
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Events largely concentrated to the left of the outer tip of the left flaw.

Summary:

Initially, AE events occur on the outer tips of both flaws. However, by the second frame (after first 5% of

events occur, and around 45 seconds before cracking), there appears to be a preference for the left

flaw, which is where the crack initiation occurs. This is likely due to heterogeneities in the specimen.

Being a VL5 test, there are significantly more shear events than tensile as compared to the VLO tests.

There are also some stages where there appears to be a coalescence of tensile microcracks joining a

previous series of shear microcracks. This occurs first for the outer tip where visual cracking initiates,

followed by microcrack coalescence on the inner tip. These occur 5 s and 0.8 s before crack propagation

respectively.
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AE hypocenter analysis for specimen 2a-30-0-VL5-C

Final crack geometry:

~(Th

Arn~

!D

Q.

AE frame times for 2a-30-0-VL5-INC5--C

5.1

5.08

5.06

5.04

5.02

5

4.98 L

4.96

1852.5 1853 1853.5 1854 1854.5 1855 1855.5 1856 1856.5

Time (s)

Crack initiates from inner tip of right flaw, followed by tensile crack B from the outer tip of the right flaw
in classic wing pattern. Peak pressure occurs immediately prior to pressure breakdown.

Development of AE locations are shown over the 20 frames presented in this analysis, where each frame
shows 5% of the total number of events recorded during the test. This means that initially the frames
will cover a long time period since few AE occurred at the beginning, while towards failure each frame
will only cover fractions of a second since AE occur at a rapid rate.

Events with greater than 50% CLVD (compensated linear vector dipole) are considered shear type events
and are marked with an 'x', while events with less than 50% CLVD are considered tensile and marked
with 'o'. For those events detected by 4 sensors, it is not possible to invert the moment tensor and so
these events are marked as undefined with '.'. The colour of an event indicates its relative magnitude,
where red is the largest. Black ellipses are used to highlight areas of interest.

Where possible, AE frames are shown next to the appropriate analysis sketch from Bruno. However,
these tend to be few in between and as discussed, the high speed frames tend to occur after the end of
detectable AE events.
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Two large shear events occur above the right flaw, and a four undefined events occur at the inner tip of

the right flaw.
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Minor white patching seen at both tips of right flaw. Shear and tensile events occur at both tips of the
right flaw. One large shear event occurs above inner tip of left flaw.
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1845.0058 to 1848.9291 Relative Amplitude
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High amplitude shear and tensile events occur at outer tip of right flaw, smaller amplitude tensile events

occur at inner tip. Linear pattern of undefined events leading from tensile to shear fracture at outer tip.
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Large amplitude tensile events occur at both flaw tips. Only one small shear event at inner tip of right
flaw.
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Large amplitude shear and tensile events at both tips. Cluster at outer tip appears to be further from the

flaw tip. Outer tip also has a linear pattern of undefined events.
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1853.0519 to 1853.734 Relative Amplitude
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White patching is extensive by this point. High concentration of events at outer tip of right flaw,
including 3 large tensile and 2 large shear events. Tensile appears to be linearly oriented from the tip. 3
low amplitude undefined events also occur at inner tip.
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1853.7528 to 1854.1987 Relative Amplitude
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Generally scattered distribution of hypocenter locations.
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1854.2166 to 1854.46 Relative Amplitude
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Linear scatter of events at both flaw tips, where the outer flaw shows events extending further away
from the flaw tip. Shear events appear to be further from the tips than tensile events.
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1854.5335 to 1854.7937 Relative Amplitude
- -5

x DC
O NDC
* Undefined

0

x [

' ' ' '

20 30 40

x (mm)

130 -

120 -

-7
50 60

3 shear events and 1 tensile event occur around the flaw.
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1854.8052 to 1855.0132 Relative Amplitude
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Primarily large amplitude shear events occur at wing crack locations at both flaw tips. 2 shear events
occur above left flaw.
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1855.0316 to 1855.2532 Re
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Same as previous frame

335

130

120

110

100

-6

-6.2

-6.4

-6.6

-6.8

-7' ' ' ' '



130 r

90 -

80 -

70 -

60 -

50 -

40 .

30 -

1855.2543 to 1855.4107 Relative Amplitude
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Large amplitude shear and tensile events occur close to the inner tip of the right flaw, while only small
undefined events occur at outer tip. Another two events occur at anti-wing crack locations above the
left tip of the right flaw.

336

1 20 -

110 -

100 -

20
1

I ' ' '



1855.4326 to 1855.5684 Relative Amplitude
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While events in the previous frame were mostly concentrated around the inner tip of the right flaw, in

this frame the events occur at the outer tip, again suggesting there may be a cyclical nature to the

localisation of damage in the specimen. This cannot be explained by the classic fuse-type theory.
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1855.5772 to 1855.6609 Relative Amplitude
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Similarly to the previous frame, damage continues to
large event occurs at the inner tip.

occur at the outer tip of the right flaw, while only 1
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1855.6744 to 1855.7665 Relative Amplitude
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AE events are primarily tensile type, as opposed to previously where they were mostly shear. This
indicates that the tensile type events may be related to coalescence of microcracks leading to large level

crack propagation. Note, however, that the amplitudes have in fact decreased compared to previous

frames.
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Continued development of scattered tensile and undefined events.
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Same as previous frame.
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4 large shear and 1 large tensile event occurs above the outer tip of the right flaw, indicating significant
further damage along this area of white patching. Peak pressure occurs around this frame.
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Diffuse AE locations
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1856.5776 to 1861.9546 Relative Amplitude
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Same as previous frame.

Summary

Similarly to the 2a-30-0-VL5-A specimen, there are more shear events in this test. The hypocenter
locations also suggest that more damage occurs earlier at the outer tip of the flaw, which agrees with
the 2a-30-0-VL5-A specimen even though in this specimen the visual crack initiates first from the inner
tip. Considering the stress field, it is in fact the outer tip that experiences higher stress (?) This specimen
also exhibited the cyclical type of behaviour, where damage occurs preferentially at one side of the flaw
before shifting to damage occurring at the other side. This does not follow some of the classic "chain
reaction" line of thought regarding progression of damage.
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AE hypocenter analysis for specimen 2a-30-30-VLO-C

Final crack geometry:

AE frame times for 2a-30-30-VLO-INC5-C

D~fr)ll

F AT) Pr

AMU)I

1523 1523.5 1524 1524.5

Time (s)

Crack first initiates from outer tip of left flaw, then cracks initiates from both inner tips and coalesce.
Finally a crack initiates from the outer tip of the right flaw. Peak pressure occurs significantly before the
timing of analysis; pressure begins to decrease faster at approximately 1523.5 s.

Development of AE locations are shown over the 20 frames presented in this analysis, where each frame
shows 5% of the total number of events recorded during the test. This means that initially the frames
will cover a long time period since few AE occurred at the beginning, while towards failure each frame
will only cover fractions of a second since AE occur at a rapid rate.

Events with greater than 50% CLVD (compensated linear vector dipole) are considered shear type events
and are marked with an 'x', while events with less than 50% CLVD are considered tensile and marked
with 'o'. For those events detected by 4 sensors, it is not possible to invert the moment tensor and so
these events are marked as undefined with '.'. The colour of an event indicates its relative magnitude,
where red is the largest. Black ellipses are used to highlight areas of interest.

Where possible, AE frames are shown next to the appropriate analysis sketch from Bruno. However,
these tend to be few in between and as discussed, the high speed frames tend to occur after the end of
detectable AE events.
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Events scattered throughout specimen. Some white patching occurs at tips of right flaw.
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Tensile events occur along a wing crack pattern on the inner tip of the left flaw, undefined events occur

throughout the bridge area.
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1522.0297 to 1522.5494 Relative Amplitude
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One tensile and one shear event occurs in bridge area, small undefined events mostly occur in bridge
area.
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Tensile events occur at both outer flaw tips, and at inner tip of right flaw. Undefined events continue to
occur in the bridge.
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2 large tensile and 1 large shear event occurs in bridge area along with small undefined events. One
intermediate amplitude tensile event and some small undefined events occur at outer tip of left flaw.
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One shear events occurs at outer tip of left flaw. Small undefined events occur in bridge area. Large
tensile events occur around outer tip of right flaw. Significant white patching highlights all area of
eventual crack.
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4 tensile events occur in bridge area including at both inner flaw tips. Pressure begins to decrease faster
at this time.
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2 large tensile events occur in bridge, another large tensile event at outer tip of left flaw.
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One large tensile event occurs at inner tip of left flaw, along with some small undefined events.
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Larger amplitude events occur at the outer tip of the

undefined events occur all around the flaw area.
right flaw and the inner tip of the left flaw. Small
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Large amplitude
right flaw.

events occur at inner tips and outer tip of left flaw. Smaller events occur all around
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Large events occur at both tips of right flaw. Little AE activity on left flaw.
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1524.305 to 1524.3913 Relative Amplitude
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flaw, compared to the previous frame where they occurred
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1524.3974 to 1524.4475 Relative Amplitude
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Key frame. Significant separation of mechanisms. Large shear events occur at outer tip of left flaw,

intermediate amplitude tensile events occur in the bridge area, and small undefined events form a wing

crack shape at outer tip of the right flaw.

359

130
DC

O NDC
- Undefined

2'0' '

-5.2

-5.4

-5.6

-5.8

-6

-6.2

-6.4

-6.6

-6.8

-7

110

E

20 30 40
x (mm)



1524.4485 to 1524.5234 Relative Amplitude
- -5

DC
o NDC
* Undefined -5.2

-5.4

-5.6

.**000
.-

30 40 50 60
x (mm)

Lots of small undefined events in bridge area.
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Hypocenter locations are generally scattered.
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Intermediate amplitude events occur throughout flaw area. 1 large shear and 1 large tensile event
occurs around left flaw.
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Key frame. Large amplitude tensile events occur around both flaws. 2 shear events occur above outer tip

of right flaw.
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2 tensile and 1 shear event occur above outer tip of right flaw.
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1524.866 to 1529.7673 Relative Amplitude
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Last frame. Few small undefined events occur around right flaw.

Summary:

Generally more tensile than shear events, as with the previous VLO tests. This test did not produce a

large number of AE, but it appears in general the events initially occur more towards the bridge area.

There also appears to be some preference for the right outer tip, even though visible crack initiation

occurs at the left outer tip.
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AE hypocenter analysis for specimen 2a-30-30-VL5-B

Final crack geometry:

AE frame times for 2a-30-30-VLS-INC5-B
4.52
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S4,44

CL

~~r)I

4aC14
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4.4

4.38

2817 2817.5 2818 2818.5 2819 2819.5

Time (s)

This specimen shows a more complex fracture pattern than the previous specimens. En-echelon cracks
Al and A2 initiate off the outer tip of the left flaw, followed by a wing crack off the inner tip of the left
flaw. A crack then initiates from the outer tip of the right flaw, followed by a wing crack on the inner tip
of the right flaw which curves towards the anti-wing area of the left flaw. Peak pressure occurs
immediately prior to pressure breakdown.

Development of AE locations are shown over the 20 frames presented in this analysis, where each frame
shows 5% of the total number of events recorded during the test. This means that initially the frames
will cover a long time period since few AE occurred at the beginning, while towards failure each frame
will only cover fractions of a second since AE occur at a rapid rate.

Events with greater than 50% CLVD (compensated linear vector dipole) are considered shear type events
and are marked with an 'x', while events with less than 50% CLVD are considered tensile and marked
with 'o'. For those events detected by 4 sensors, it is not possible to invert the moment tensor and so
these events are marked as undefined with '.'. The colour of an event indicates its relative magnitude,
where red is the largest. Black ellipses are used to highlight areas of interest.

Where possible, AE frames are shown next to the appropriate analysis sketch from Bruno. However,
these tend to be few in between and as discussed, the high speed frames tend to occur after the end of
detectable AE events.
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Initially diffuse hypocenter locations. 1 large shear event occurs at outer tip of right flaw.
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1 large shear event occurs below outer tip of left flaw, 2 large shear events occur above right flaw.
Visually, there is some white patching on all flaw tips by this point, even though AE events appear to
only have occurred on the outer right flaw tip.
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High amplitude shear events occur at outer tip of left flaw and inner tip of right flaw. 6 small undefined
events occur above right flaw outer tip, where the large shear events occurred in the previous frame.
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1 tensile event occurs around each outer flaw tip, along with a number of smaller undefined events.
Visual white patching is extensive at all flaw tips by this time.
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2 large tensile and 1 large shear event occurs in the bridge, while 2 large shear and 1 large tensile event
occurs at the outer tip of the right flaw.
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2817.8426 to 2818.155 Relative Amplitude
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2 large shear event occurs above the outer tip of the
event occurs at the outer tip of the left flaw.

right flaw, and 1 large shear and 1 large tensile
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2818.156 to 2818.3047 Relative Amplitude
m -5

X DC
o NDC
- Undefined

0

x

ci

100 -

90 -

80 -

70 -

60 -

50 -

40 _

30 -

20 -
10

x (mm)

Large amplitude events mark out crack path on both outer flaw tips and in the bridge.
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High amplitude events continue to occur, although in this frame their locations are diffused.
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Large amplitude events occur at both outer flaw tips.
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All events are shear type, and occur at both outer flaw tips.
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2818.8094 to 2818.9323 Relative Amplitude
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Main cluster of events appears to be oriented about 60 degrees from the orientation of the left flaw.
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De-clustered event locations.
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Key frame. All large AE events are shear type, and in this frame appear to be concentrated linearly above

both tip of the right flaw.
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All large events continue to be tensile, but this time concentrated on both tips of the left flaw. This
indicates that microcracks coalesced through a tensile mechanism first on the right flaw in the previous
frame, and now on the left flaw in this frame.
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Diffuse AE locations
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Same as previous frame. Visual crack initiation and propagation occurs within this frame.
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Cluster of 4 tensile events above the inner tip of the left flaw

Summary:

As a VL5 test, there were more shear events. However, in the last few frames before crack initiation, the

frames consisted solely of tensile events, indicating microcrack coalescence. This coalescence appears to

occur first on the right flaw, then the left flaw, despite the visual showing crack initiation on the outer

tip of the left flaw. In terms of locations, the first half of the frames showed AE events occurred in the

bridge area, but as the specimen approached crack initiation events tended to be more concentrated in

wing/anti-wing locations. There did not appear to be significant evidence from AE regarding the en-

echelon cracking Al and A2 on the outer tip of the left flaw.
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AE hypocenter analysis for specimen 2a-30-30-VL5-C

Final crack geometry:

Prmm

CL

a.
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psr)m

AMM

AE frame times for 2a-30-30-VL5-INC5-C

5.5 1986 1986.5 1987 1987.5 1988 1988.5 1989 1989.5 1990

Time (s)

1990.5

A wing crack forms first on the left flaw, then the right flaw. Peak pressure occurs immediately before
pressure breakdown.

Development of AE locations are shown over the 20 frames presented in this analysis, where each frame
shows 5% of the total number of events recorded during the test. This means that initially the frames
will cover a long time period since few AE occurred at the beginning, while towards failure each frame
will only cover fractions of a second since AE occur at a rapid rate.

Events with greater than 50% CLVD (compensated linear vector dipole) are considered shear type events
and are marked with an 'x', while events with less than 50% CLVD are considered tensile and marked
with 'o'. For those events detected by 4 sensors, it is not possible to invert the moment tensor and so
these events are marked as undefined with '.'. The colour of an event indicates its relative magnitude,
where red is the largest. Black ellipses are used to highlight areas of interest.

Where possible, AE frames are shown next to the appropriate analysis sketch from Bruno. However,
these tend to be few in between and as discussed, the high speed frames tend to occur after the end of
detectable AE events.
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2 shear and 1 tensile events occur at outer tip of left flaw, and 2 tensile events occur at inner tip of left

flaw. Visually, there is some slight white patching at the flaw tips.
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Events occur at both tips of the left flaw, again shear events occur at the outer tip while the inner tip
only exhibits tensile events.
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Key frame. Series of high amplitude shear events
2 small amplitude events occur above right flaw.

occur along a wing crack pattern on the left flaw, while
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Events continue to mostly be large amplitude shear, occurring above both tips of the left flaw.
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4 shear events occur around the outer tip of left flaw, oriented normal to the flaw, while 2 large tensile

events occur on either side of the inner tip of the left flaw, also oriented normal to flaw.
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Key frame. Notable transition from shear to tensile type events, which occur at all flaw tips but with a
higher concentration at the outer tip of the left flaw. It may be that the occurrence of a some of the
tensile events triggered a dynamic stress that caused opening events in other locations.
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1986.7824 to 1987.4355 Relative Amplitude
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Events transition back to being primarily shear, with the majority occurring below the outer tip of the

left flaw. This is also where visual crack initiation occurs.
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2 shear events occur near to the outer tip of the left flaw, while 4 large tensile events occur very near to
the inner tip. This indicates that microcracks are coalescing at the inner tip. Visually, there is extensive
white patching from all flaw tips.

392

130

120

E

-- oO

0 '

30 -

20
10

000

00



1987.8989 to 1988.4366 Relative Amplitude
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Shear events occur at both inner tips, while tensile events occur at outer tip of the left flaw.
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1988.4373 to 1988.6564 Relative Amplitude
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Small number of events occur at all tips, but there is a cluster of 2 large shear and 4 large tensile events
that occur 1.5cm below the outer tip of the left flaw, indicating that the process zone "front" has moved
significantly beyond the tip of the flaw.
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Cluster of 5 large tensile and 1 large shear events continues to occur in a zone approximately
1.5cmbelow the outer tip of the left flaw. 2 large shear events also occur above the inner tip of the left
flaw.
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Key frame. 4 large tensile events occur close to the outer tip of the left flaw, while smaller amplitude

events occur further from the flaw tip. This may be and indication of further opening of the damaged

area near the tip at the specimen approaches visual (macro) crack initiation. 2 large shear events occur

above outer tip of right flaw.
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Large tensile events occur below the outer tip of the left flaw.
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Key frame. Similar to some of the previous frames, there is a cluster of 4 large tensile events

approximately 1.5cm below the outer tip of the left flaw, while shear events are closer to the tip.
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Events are generally diffuse.
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3 large shear events occur below the outer tip of the left flaw.
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Diffuse series of events, appears to be some migration towards the right flaw. Pressure drops and cracks
initiate around the end of this frame. Peak pressure occurs around this frame.
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Same as above.
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Same as above, where the events above the outer tip of the right flaw are now large amplitude events.

Summary:

In this specimen, there was a clear preference for activity on the left flaw, with a specific concentration
of events approximately 1.5cm below the outer tip of the left flaw. If we look at the photo presented
above, there does not appear to be a significant grain in that region at the surface. It also appear that
tensile events, though somewhat rarer, also tend to occur in groups i.e. we often see tensile events
occur closely in time, even if they are separated in space. This may be related to a static or dynamic
change in the stress field.
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AE hypocenter analysis for specimen 2a-30-90-VLO-B

Final crack geometry:

AE frame times for 2a-30-90-VLO-INC5-B

5.22

5.2 L

5.18

0-

S5.16

CL 5.14

5.12

5.1

2264 2264.5 2265 2265.5 2266 2266.5 2267 2267.5 2268

Time (s)

Crack A first initiates from the left tip of the bottom flaw, followed by crack B which initiates from the

right tip of the bottom flaw and coalesces with the top flaw. Crack C then opens proximally from the left

tip of the bottom flaw, followed by crack D and E from the top flaw. Pressure is relatively stable prior to

pressure breakdown.

Development of AE locations are shown over the 20 frames presented in this analysis, where each frame

shows 5% of the total number of events recorded during the test. This means that initially the frames

will cover a long time period since few AE occurred at the beginning, while towards failure each frame

will only cover fractions of a second since AE occur at a rapid rate.

Events with greater than 50% CLVD (compensated linear vector dipole) are considered shear type events

and are marked with an 'x', while events with less than 50% CLVD are considered tensile and marked

with 'o'. For those events detected by 4 sensors, it is not possible to invert the moment tensor and so

these events are marked as undefined with '.'. The colour of an event indicates its relative magnitude,

where red is the largest. Black ellipses are used to highlight areas of interest.

Where possible, AE frames are shown next to the appropriate analysis sketch from Bruno. However,

these tend to be few in between and as discussed, the high speed frames tend to occur after the end of

detectable AE events.
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Tensile events occur at both tips of the bottom flaw. Small amplitude undefined events tend to be more
concentrated at the left tip of the bottom flaw. Visual analysis shows some damage at flaw tips.

406

130

120

-F

& a

'00



2248.7954 to 2259.1824 Relative Amplitude
-5

x DC
O NDC -5.2
- Undefined

I -5.6

-5.8

0.

x

' ' ' ' ' l

100 -

90 -

80 -

70 -

60 -

50 -

40 -

30 -

20
10 50 60

-6

-6.2

-6.4

-6.6

-6.8

-7

2 large amplitude tensile events occur above and below the left tip of the bottom flaw. Small amplitude

shear events occur at both tips of the bottom flaw, and a single small tensile event occurs at the right tip

of the top flaw.
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3 shear events occur around the top flaw, along with a number of small undefined events.
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Small tensile and undefined events occur around the bottom flaw, while 2 small shear events occur

around the right tip of the top flaw. Visual analysis shows further damage at flaw tips.

409

130 F

120

1 10 1-

100 I-

E
>S

90 -

80 -

70 -

60 -

50 -

40

30 F

20
1i

' ' ' ' ' I

0*0

00*
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High amplitude shear events occur throughout the specimen, and small undefined events occur at all 4
flaw tips, particularly the right tip of the bottom flaw.
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2265.0084 to 2265.4672 Relative Amplitude
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AE events are generally smaller amplitude, and are generally scattered. There is some alignment of

events along visually identified crack B, which initiates from the right tip of the bottom flaw and

coalesces to the right tip of the top flaw.
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Diffuse event locations.
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Continuing trend that the shear events tend to occur above the top flaw, and tensile events occur

around the bottom flaw.
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Same as above.
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Small to intermediate tensile events occur at right tip of bottom flaw, and left tip of top flaw. A large

shear event occurs above the left tip of the bottom flaw.
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Shear events occur at the left tips of both
concentrated around right tip of top flaw.

flaws, and no tensile events are detected. Undefined events
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Small to intermediate amplitude tensile and shear events occur near both flaws. 2 large amplitude shear

events occur away from the flaw area.
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Appears to be some concentration of events around the bottom flaw, but in general locations are quite
scattered.
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Again see that shear events occur around top flaw, and tensile around bottom. Undefined events appear

to track crack D which initiates from the right tip of the top flaw.
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AE locations appear to be more concentrated than previously. 2 large shear events occur below the right
tip of the top flaw, and 2 large tensile events occur around the bottom flaw.
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2 small shear events occur around the right tip of the top flaw, and a large tensile event occurs on the

right tip of the bottom flaw. 3 intermediate shear and 1 large tensile event occurs below the left tip of

the bottom flaw, and undefined events appear to track crack C.
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Diffuse locations.
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2266.9215 to 2267.0238 Relative Amplitude
-5

x DC
0 NDC -5.2

-Undefined

1-5.4

-5.6

20 30 40 50 60
x (mm)

-6

-6.2

-6.4

-6.6

-6.8

-7

Same as above. Crack initiation and propagation occur around this time.
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Tensile events occur at left tip of bottom flaw, and right tip of top flaw.
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Summary:

Very few instances of a concentration of events at any location, compared to 2a-30-0 and 2a-30-30
orientations. Locations are generally more scattered. In general, more events occurred around the
bottom flaw, and on the right side where crack coalescence occurred. There also seemed to be a trend
where more shear events occurred above the top flaw, while tensile events occurred in the bridge and
below the bottom flaw.
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AE hypocenter analysis for specimen 2a-30-90-VL5-C

Final crack geometry:

'OIII

:Dr~iii

AE frame times for 2a-30-90-VL5-INC5-C
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Pattern is largely symmetric. Cracks A and B initiates from the right tip of the bottom and left tip of the
top flaws respectively, and coalesce to the middle of the other flaw. Cracks C and D then initiates from
the top right and bottom left flaw tips respectively. Peak pressure occurs immediately prior to
breakdown.

Development of AE locations are shown over the 20 frames presented in this analysis, where each frame
shows 5% of the total number of events recorded during the test. This means that initially the frames
will cover a long time period since few AE occurred at the beginning, while towards failure each frame
will only cover fractions of a second since AE occur at a rapid rate.

Events with greater than 50% CLVD (compensated linear vector dipole) are considered shear type events
and are marked with an 'x', while events with less than 50% CLVD are considered tensile and marked
with 'o'. For those events detected by 4 sensors, it is not possible to invert the moment tensor and so
these events are marked as undefined with '.'. The colour of an event indicates its relative magnitude,
where red is the largest. Black ellipses are used to highlight areas of interest.

Where possible, AE frames are shown next to the appropriate analysis sketch from Bruno. However,
these tend to be few in between and as discussed, the high speed frames tend to occur after the end of
detectable AE events.
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Events occur at all flaw tips, with more shear events occurring around the bottom flaw and more tensile
events around the left side of the top flaw. Visual white patching is mostly concentrated above the
bottom right flaw tip.
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High amplitude shear events occur at both tips of the bottom flaw, and high amplitude tensile events
occur at left tip of top flaw. Many low amplitude tensile events occur above the right tip of the bottom
flaw.
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Tensile events occur at left tip of top flaw and right tip of the bottom flaw. Shear events occur at the left
tip of the bottom flaw.
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Many high amplitude shear and tensile events occur at the right tip of the bottom flaw, and a few shear
events occur at the other flaw tips.
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Tensile and shear events occur in the coalescence zone and above the right tip of the top flaw.
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Linear pattern of tensile events occur between the left tips
shear events also occur above the right tips of both flaws.

of the top and bottom flaw. High amplitude
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Concentration of tensile events at the right tip of the top flaw, and a lesser concentration on the right tip
of the bottom flaw. Small amplitude undefined events occur in a linear pattern between the left tip of
the top flaw and the right tip of the bottom flaw. Visual white patching mostly occurs on the bottom left
and top right flaw tips,
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More shear events around the bottom flaw, more tensile towards the top but generally diffuse event
locations.
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Cluster of shear events below the left tip of the bottom flaw, and along the bottom of the top flaw. A
few tensile events occur near the right tip of the top flaw. Undefined events generally occur in
coalescence zone.
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AE events generally occur on the line connecting the left tip of top flaw with right tip of bottom flaw,
and above the right tip of the top flaw.
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Large tensile event occurs at 3 out of 4 of the flaw
tensile events above the right tip of the top flaw.

tips. Continued concentration of small shear and
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Tensile events occur around the bottom flaw, and undefined events continue to cluster above the right
tip of the top flaw.
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Diffuse events occur above the top flaw.
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Cloud of tensile events above the right tip of the top flaw continues to move upwards

440

130 -

120 -

1 10 F

E

100 -

90 -

80 -

70 -

60

50

40

30

20
1 )

x .0



130 -

120 -

10 I-

30 r

20

2056.1435 to 2056.2355 Relative Amplitude
-5

x DC
O NDC -5.2
- Undefined

-5.4
x

0.
0 0 00 -5.6

x

x

10 20 30 40 50 60
x (mm)

-5.8

-6

-6.2

-6.4

-6.6

-6.8

-7

Shear events occur around the right tip of the bottom flaw, while tensile and shear events occur above

the top flaw.
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Shear events occur above the right tips of both flaws, while a large tensile event occurs at the left tip of
the bottom flaw.
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Tensile event occurs around 3 of 4 flaw tips, and cloud of undefined events occurs above right tip of top
flaw.
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Key frame. Zone above right tip of top flaw continues to see tensile events, while significant AE activity
occurs along visually identified crack D, containing shear and tensile events. Visual crack initiation occurs
around this time.
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AE activity continues below left tip of bottom flaw. 2 tensile events 1.5cm below the tip suggest the

process zone moves downwards.
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Process zone continues to move away from the flaw tip.

Summary:

This specimen appears to have a significant number of tensile events compared to previously analysed
VL5 specimens. Again during the earlier phases we see more shear events on the bottom flaw, and
tensile on the top flaw. The patterns made by AE hypocenter locations suggest there is significant
damage along a line between the left flaw tips, as well as between the top left flaw tip and the bottom
right flaw tip, even though cracks A and B turned out as they did. In general, the AE locations were more
concentrated above the top right flaw tip and below the bottom left flaw tip, as opposed to the
coalescence zone where events were generally more diffuse and less patterned in time.
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AE hypocenter analysis for specimen 2a-30-120-VLO-B

Final crack geometry:

AE frame times for 2a-30-120-VLO-INC5-B

5.28

5.26

5.24

5.22

fD

M-

5.2 L

PM"'

&(m

5.16 |.

5.14

1836 1837 1838 1839 1840 1841 1842 1843 1844 1845

Time (s)

Crack initiates from bottom left flaw tip, then from the top right flaw tip. Crack C then initiates from the
top left flaw tip, but does not coalesce while crack D initiates from the bottom right flaw tip and
coalesces to the top right flaw tip. Water pressure decreases from the first AE frame, and drops faster
starting around 1841.5 s.

Development of AE locations are shown over the 20 frames presented in this analysis, where each frame
shows 5% of the total number of events recorded during the test. This means that initially the frames
will cover a long time period since few AE occurred at the beginning, while towards failure each frame
will only cover fractions of a second since AE occur at a rapid rate.

Events with greater than 50% CLVD (compensated linear vector dipole) are considered shear type events
and are marked with an 'x', while events with less than 50% CLVD are considered tensile and marked
with 'o'. For those events detected by 4 sensors, it is not possible to invert the moment tensor and so
these events are marked as undefined with '.'. The colour of an event indicates its relative magnitude,
where red is the largest. Black ellipses are used to highlight areas of interest.

Where possible, AE frames are shown next to the appropriate analysis sketch from Bruno. However,
these tend to be few in between and as discussed, the high speed frames tend to occur after the end of

detectable AE events.
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Concentration of tensile events at top right flaw tip, and small undefined events at bottom left flaw tip.
Some white patching at all tips, most notably at the top right flaw tip.
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Small undefined events continue to cluster below bottom left flaw tip, while 2 large shear events occur

above the top right flaw tip.
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Shear and tensile events occur at bottom left and top right flaw tips.
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2 tensile events and many small undefined events occur at the bottom left flaw tip. The small events

appear to encircle a large grain. A few events also occur above the top right flaw tip.
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Shear and tensile events occur at the bottom left flaw tip.
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Same as above.
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Same as above.
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Key frame. Small undefined events map out coalescence between top left and bottom left flaw tips, as
well as between top right and bottom right flaw tips. 2 large tensile events occur 1cm below the bottom

left flaw tip. This microcrack coalescence corresponds to the time at which water pressure begins to

decrease faster.
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Small undefined events map out coalescence between top right and bottom right flaw tips. 2 large shear
and 1 large tensile event occurs near bottom left flaw.
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Many tensile events occur near bottom left flaw tip, likely continuing opening of microcracks
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Main tensile events scattered around the specimen. Visually, where is some white patching at all flaw
tips, and extensive white patching at the top right flaw tip.
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Shear events occur around the bottom left flaw tip, tensile at the top right flaw tip.
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Events continue to cluster at the bottom left and top right flaw tips. More tensile at bottom left, and
more shear at top right, opposite to the previous frame.
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2 large tensile events occur at the bottom flaw tips, and 2 smaller tensile events occur at the top flaw

tips. Other events scattered elsewhere.
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3 tensile events occur at top right flaw tip, scattered events elsewhere.
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Linear cluster of events 1-2 cm away from the bottom right flaw tip that approximately follows the
trajectory of crack A. some events also occur around the top right flaw tip.
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1 large shear and 1 large tensile event occurs near the top right flaw tip.
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Generally scattered events. Crack initiation and propagation occur in this frame.
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Same as previous.
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Tensile events well below the bottom left flaw tip, likely a result of the crack reaching the 0-ring seal.

Summary:

Generally AE events occurred at the bottom left and top right flaw tips, where first 2 cracks initiated.

The visual analysis indicated that more damage was occurring above the top right flaw, but in the AE

there was more activity on the bottom left flaw, which is incidentally also where the first crack initiated.

This indicates that either the material at the bottom left flaw tip was such that it exhibited less visible

damage, or that the damage at the bottom left flaw tip was more severe without being more extensive.

It was also noted in this test that the onset of a number of tensile events, which may be related to

microcrack coalescence, corresponded to an inflection in the pressure-time curve, whereupon the

pressure decreased faster than previously. AE events corresponding to coalescence cracks C and D
occurred later than those corresponding to cracks A and B.
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AE hypocenter analysis for specimen 2a-30-120-VL5-B

Final crack geometry:
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AE frame times for 2a-30-120-VL5-INC5-B
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There was no high speed data for this test, but like the 2a-30-120-VLO-B geometry cracks initiate from
the bottom left and top right flaw tips., while cracks initiate and propagate towards the other flaw from
the top left and bottom right flaw tips. Water pressure is at peak value immediately before crack
initiation.

Development of AE locations are shown over the 20 frames presented in this analysis, where each frame
shows 5% of the total number of events recorded during the test. This means that initially the frames
will cover a long time period since few AE occurred at the beginning, while towards failure each frame
will only cover fractions of a second since AE occur at a rapid rate.

Events with greater than 50% CLVD (compensated linear vector dipole) are considered shear type events
and are marked with an 'x', while events with less than 50% CLVD are considered tensile and marked
with 'o'. For those events detected by 4 sensors, it is not possible to invert the moment tensor and so
these events are marked as undefined with '.'. The colour of an event indicates its relative magnitude,
where red is the largest. Black ellipses are used to highlight areas of interest.

Where possible, AE frames are shown next to the appropriate analysis sketch from Bruno. However,
these tend to be few in between and as discussed, the high speed frames tend to occur after the end of
detectable AE events.
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469

E

' ' ' ' '



130 -

120 -

1

2125.8671 to 2243.8819 Relative Amplitude
- -5

X DC
NDC
Undefined

10 F

100 -

90 -

80 -

70 -

60

50

40

30

20'
IC

-5.2

-5.4

-5.6

-6
x

-6.2

-6.4

-6.6

-6.8

-7
I I I I I

20 30 40
x (mm)

50 60

Same as above.

470

E



130 -

120 -

1

2254.3592 to 2329.0245 Relative Amplitude
- -5

* x DC
NDC
Undefined

10 r-

100

90 -

80 -

70 -

60

50

40

30

20'
1

I I I I I

) 20 30 40
x (mm)

50 60

-5.2

-5.4

-5.6

-5.8

-6

-6.2

-6.4

-6.6

-6.8

-7

Same as above.

471

E
E



130 -

120 -

-6.4

-6.6

-6.8

20 30 40 50 60
x (mm)

-7

1 large shear event above the top right flaw. Some low amplitude undefined events below the bottom
right flaw tip.
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1 large tensile event occurs at the bottom right flaw tip. Some undefined events above the top right and

below the bottom right flaw tip. Visual analysis shows there is some damage at all flaw tips, and

extensive damage at the top right flaw tip.
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Generally scattered events. 1 large shear event below bottom right flaw tip.

474

130 -

120 -

1 10 1-

S.

30 h

20'
1C

,



10 F

100 -

90 -

80 -

70 -

60 -

50 -

40 _

30 -

20-
10

2462.5983 to 2463.3038 Relative Amplitude
- -5130

120 -5.2

-5.4

x DC
NDC
Undefined

X

X.

20 30 40 50 60
x (mm)

2 large shear events approximately 2cm away from bottom right flaw tip.
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2 large shear events occur at the top right flaw tip. Scattered events otherwise.
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2 large tensile events just below the top left flaw tip. 3 large amplitude events occur below the bottom
flaw.

477

130 r

120

110

100 -

90 -

E
80 -

70 -

60 -

50 -

40 _

30 -

20 ' ' ' ' '



2463.8439 to 2463.9772 Relative Amplitude
-5

x DC
O NDC -5.2
- Undefined

-5.4

-5.6

0

x

0

20 30 40
x (mm)

50 60

-5.8

-6

-6.2

-6.4

-6.6

-6.8

-7

A large shear event occurs at both tips of the bottom flaw.
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1 large shear event occurs at top right flaw tip. Large amplitude events continue to occur to the lower

right of the bottom right flaw tip.
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Another tensile event occurs below the top left flaw tip.
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Scattered events.
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1 large shear event occurs above top right flaw tip.
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1 large tensile event occurs at bottom left flaw tip, 2 large shear events occur near bottom right flaw tip.
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Key frame. 4 linearly patterned large shear events occur above the top right flaw tip.
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Another shear event occurs at top right flaw tip.
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2 more large shear events at top right flaw tip.
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1 shear event occurs in bridge area, another below the bottom right flaw tip.
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Scattered events. Visual crack initiation and propagation occurs in this time.

Summary:

Few events detected in this test, likely due to a deficiency in the test setup. Generally linearly patterned
shear events occurred at the top right flaw tip. This agrees with the observations of white patching,
which was significantly more extensive at the top right flaw tip. Some events occur to the lower right of
the bottom right flaw tip. There were generally more shear than tensile events.
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AE hypocenter analysis for specimen 30-VL5-B

Final crack geometry:

AE frame times for 30-VL5-INC5-B

AT)I i

2206 2206.5

Time (s)

Cracks form the classic wing crack pattern, initiating first from the left tip. Pressure reaches maximum

value immediately before fracture initiation.

Development of AE locations are shown over the 20 frames presented in this analysis, where each frame

shows 5% of the total number of events recorded during the test. This means that initially the frames

will cover a long time period since few AE occurred at the beginning, while towards failure each frame

will only cover fractions of a second since AE occur at a rapid rate.

Events with greater than 50% CLVD (compensated linear vector dipole) are considered shear type events

and are marked with an 'x', while events with less than 50% CLVD are considered tensile and marked

with 'o'. For those events detected by 4 sensors, it is not possible to invert the moment tensor and so

these events are marked as undefined with '.'. The colour of an event indicates its relative magnitude,

where red is the largest. Black ellipses are used to highlight areas of interest.

Where possible, AE frames are shown next to the appropriate analysis sketch from Bruno. However,

these tend to be few in between and as discussed, the high speed frames tend to occur after the end of

detectable AE events.
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Large shear event occurs at the right tip, and large tensile event at the left tip. Visually there is a small
amount of white patching at the flaw tips.
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Many shear events concentrated at left tip. 1 large tensile event above the left tip, rather than below as

expected by the wing crack pattern.
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Mostly shear cracks occurring above both tips, again contrary to wing crack pattern which would suggest
the left side events would be below the tip. Visually, there is extensive white patching by this point.
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4 closely spaced large shear events occur above the right flaw, few shear events below left flaw. 2

tensile events occur proximally away from each flaw tip.
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Shear events continue to line up above right tip. 1 large tensile event near left tip.
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Appearance of 1 large tensile and 4 large shear events above right tip suggests microcrack coalescence.
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Both tensile and shear events occur below the left tip, suggesting microcrack coalescence on the left
side.
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2 large shear events above right tip, and some tensile events far below the left tip. Small undefined
events are loosely scattered around each flaw tip.
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Only small undefined events are detected. They are located most commonly above the right tip.
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Small tensile events occur above right tip, and some small undefined events cluster close to the left tip.

1 large tensile event occurs at the center of the flaw.
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Majority of events clustered at left tip, including 2 small shear, 1 small tensile and 1 large shear. Likely
continued creation of microcracks.
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Events become generally scattered. Fracture initiation and propagation occurs at this time.

Summary:

Generally more shear than tensile, but as before more tensile events begin to occur further into the test.

Clustering of AE events occurred first on the left tip, but in general there seemed to be more damage at

the right tip, which was also where microcrack coalescence occurred first. Visually the left tip showed

crack initiation first. During early time, there appeared to be linear patterns of AE events above both

flaw tips, as opposed to wing crack pattern where the damage is below the left tip. However, towards

the end of the test the AE locations occur coincidentally with the white patching.
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AE hypocenter analysis for specimen 30-VLS-C

Final crack geometry:

5.32

5.3

Ir)IIII

&LT)

Cracks form the classic wing
point around 2482 s.
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AE frame times for 30-VL5-INC5-C

L..
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crack pattern, initiating first from the left tip. Pressure has a slight inflection

Development of AE locations are shown over the 20 frames presented in this analysis, where each frame
shows 5% of the total number of events recorded during the test. This means that initially the frames
will cover a long time period since few AE occurred at the beginning, while towards failure each frame
will only cover fractions of a second since AE occur at a rapid rate.

Events with greater than 50% CLVD (compensated linear vector dipole) are considered shear type events
and are marked with an 'x', while events with less than 50% CLVD are considered tensile and marked
with 'o'. For those events detected by 4 sensors, it is not possible to invert the moment tensor and so
these events are marked as undefined with '.'. The colour of an event indicates its relative magnitude,
where red is the largest. Black ellipses are used to highlight areas of interest.

Where possible, AE frames are shown next to the appropriate analysis sketch from Bruno. However,
these tend to be few in between and as discussed, the high speed frames tend to occur after the end of
detectable AE events.
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2 large tensile events occur at right tip, and a shear event occurs above each flaw tip. More small events
appear to be clustered around the right tip. Visually, there is a small amount of white patching at the
tips, and some white patching right of the left tip.
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Large amplitude shear events occur above both flaw tips, but small undefined events cluster below the
left tip, and above the right tip as suggested by fracture mechanics.
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Large tensile events occur at both flaw tips, while shear events appear to be smaller amplitude.
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4 large shear events occur below the left tip, while 2 large tensile and 2 large shear events occur at the
right tip. Very curiously, there is a curved line of small undefined events reaching up to a large shear
event approximately 1 cm above the right tip. High resolution photo indicates there is a large grey grain
at this location.
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Cluster of large tensile events above right tip where the line of small events occurred in the previous

frame, and some large shear events above the tensile events. Few events occur at the left tip.
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Left tip shows a line of large shear events, while right tip shows a number of large tensile events. White
patching develops approximately up to 1-2 cm from each flaw tip. Visual analysis suggests the white
patching on the right tip is separated, and the curved line of AE events 2 frame prior supports the idea
that damage localised on a grain above the right flaw tip.
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Line of events at left tip maps very well to the theoretical shape of a wing crack. Largest events occur

closest to the tip, and amplitude decays with distance from the tip. This frame well illustrates the

conceptual model of the growth of damage before a crack tip. 2 shear and 1 tensile event occurs above

the right tip.
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Tensile events occur approximately at wing crack locations on both flaw tips - likely microcrack
coalescence.
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5 large tensile events occur on a line above the right flaw tip - significant growth of the process zone?
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Small tensile events occur at the left tip along with many small undefined events. 1 large shear and 1
large tensile event occurs above right tip.
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Same as above.
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Small tensile and large shear events continue to occur below the left tip, and appear to be moving
downwards. This is indicative of the process zone growth. Right tip shows 1 tensile event, with a group
of small undefined events above the tensile event, and a shear event above that.
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3 shear events occur above the right tip, while 1 large shear and 1 large tensile event occurs below left

flaw, and smaller events occur further from the flaw tip.
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3 tensile events occur at left tip, and groups of events occur approximately 2-3cm away from each flaw
tip.
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Scattered event locations. Visual crack initiation and propagation occur in this time.
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Undefined and tensile events map out the wing crack area below the left tip.
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Same as above.
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Same as above.
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Same as above.
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Same as above.

Summary:
There were more tensile events in the beginning compared to the other single flaw test, which was also
VL5 and cracked in a very similar way. This test was informative in showing many AE phenomena:
- Clusters of shear events occurring above both flaw tips early during the experiment: not wing pattern
- A line of small events occur in a line leading up to a large shear event at a large grain. Larger tensile

events occur along the line of the small events in the next frame. 7 seconds later another group of
tensile events occur in close proximity to this large grey grain.

- During early times, the left tip showed mainly shear events, while the right tip showed mainly tensile
events. What could cause this?

- in one frame we clearly see a decay in amplitude away from the flaw tip
- during early times we find more evidence that the progression of damage on the flaw tips are

related: in some frames the events are mostly clustered on one tip, and the next frame they are
clustered on the other tip
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