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Abstract 21 
Hydraulic fracturing is routinely used, but the fracturing processes that occur when rocks are 22 
hydraulically-fractured are not entirely understood and require further investigation. This study 23 
presents the acquisition, analysis and interpretation of acoustic emissions data from a series of 24 
laboratory hydraulic fracturing experiments on granite. Specimens with different orientations of 25 
two pre-cut flaws were tested under both 0 MPa and 5 MPa of vertical uniaxial stress to 26 
understand the effect of the external stress conditions. Acoustic emissions (AE) data are related 27 
to corresponding qualitative visual observations made using high-resolution and high-speed 28 
imaging. We find that in general, (1) the AE begin to occur at approximately 80% of peak 29 
pressure, (2) the focal mechanisms suggest that 55-60% of the radiation pattern could be 30 
explained by a double couple mechanism, (3) hypocenter locations tended to agree well with 31 
visually observed white patching (process zone) and crack patterns, (4) spatio-temporal analysis 32 
revealed points in time at which microcrack coalescence were detected by AE, and lastly (5) that 33 
the AE could be used to make a non-unique prediction of crack initiation. 34 
 35 

1 Introduction 36 

Hydraulic fracturing is routinely used, but the fracturing processes that occur when rocks are 37 
hydraulically fractured are often not entirely understood and require further investigation. 38 
Many authors have studied the fracturing and hydraulic fracturing of rocks and rock-like 39 
materials in the laboratory. Some of them used acoustic emissions (AE) to better understand the 40 
mechanisms involved in the initiation and propagation of cracks in rocks. The information that 41 
can be obtained from the interpretation of the AE signals includes the number and rate of AE 42 
events, which can be related to stages of development of fractures [Li et al., 2015; Bunger et al., 43 
2014; Moradian et al., 2010 and 2016], the location of the events [Savic & Cockram, 1993; 44 
Frash, 2014; Ishida, 2001; Mayr et al., 2011; Stanchits et al., 2009, and 2011; Dresen, 2010] and, 45 
finally, the source mechanism of the micro-cracks i.e. if they are mainly tensile, shear, or mixed-46 
mode tensile/shear [Graham et al., 2010; Ohtsu, 1995; Matsunaga et al., 1993; Stoeckhert et al., 47 
2015]. 48 
This paper draws from the same dataset as presented in Goncalves da Silva and Einstein (2018), 49 
where the focus was on the visual observations and their interpretation, while here we discuss the 50 
AE monitoring and interpretation. In the tests conducted, prismatic granite specimens were 51 
subjected to two different constant vertical stresses (0 and 5 MPa) while hydraulic pressure was 52 
increased inside pre-fabricated fractures (so-called “flaws”) until cracks initiated and propagated. 53 
The objective of this paper is to relate the AE produced during the hydraulic fracturing tests to 54 
the fracturing processes observed visually (Goncalves da Silva and Einstein, 2018). In order to 55 
achieve this objective, the amplitudes, rates, hypocenter locations and focal mechanisms of the 56 
AE were analyzed and interpreted at successive stages of crack development. 57 
Section 2 describes the measurement methodology, including the installation of the AE sensors, 58 
and the AE data analyzed. Section 3 presents the results of the experiments, discussing rate and 59 
amplitude of AE, focal mechanisms, and the hypocenter locations. Finally, section 4 presents the 60 
conclusions. 61 
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2 Methodology 62 

2.1 Physical Setup 63 

The experimental setup is described in detail in other publications (Goncalves da Silva et al., 64 
2015; Goncalves da Silva and Einstein 2018) and is summarised here. Specimens of Barre 65 
Granite are first cut to dimensions of 1" x 3" x 6", then the flaws are cut with a waterjet to 66 
geometries described in Figure 1. 67 

   68 
Figure 1: a) Schematic of the specimen setup including L-β-α naming convention and boundary 69 
conditions for tests used in this paper. VL0 refers to experiments with 0 MPa of applied vertical 70 
stress, VL5 with 5 MPa of vertical stress. For example, the specimen above is 2a-30-30-VL5, 71 
indicating a 30 degree inclination of the flaws (β) and 30 degrees between the flaws (bridging 72 
angle α), and 5 MPa of vertical stress. b) Notation denoting regions surrounding the pre-cut 73 
flaws. 74 
 75 
 76 
The specimen is clamped inside the hydraulic fracturing device (Figure 2), which applies water 77 
pressure to the face of the specimen as well as inside the flaws (Figure 1 and 2), and is placed in 78 
the Baldwin load frame (Figure  3). A constant vertical stress of 0 or 5 MPa is then applied, and 79 
the specimen is finally loaded to failure using water pressure, which is increased in 0.5 MPa 80 
increments. The measurements in these tests are: AE, time-pressure data, high resolution images 81 
throughout the test, and high speed (14 000 fps) video taken in a 2-second window around 82 
fracture initiation. 83 
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 84 

 85 
Figure 2: a) Front and b) oblique view of the pressurisation device used in hydraulic fracturing 86 
tests; c) schematic showing the different parts of the device. (From Goncalves da Silva et al, 87 
2015) 88 
  89 
  90 
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 91 
Figure 3: a) Overall view and b) schematic of the test setup used in the hydraulic fracturing tests. 92 
(After Goncalves da Silva et al. 2015) 93 
 94 

2.2 AE Setup 95 

The experiments are instrumented with eight PAC (Physical Acoustics Corporation) Micro30S 96 
sensors, attached with 0.002" acrylic double-sided tape and fixed in place with hot-glue, as 97 
shown in Figure 4. All sensors were connected to PCI-2 data acquisition cards from PAC at a 98 
sampling rate of 5 MHz using an amplification of 20 dB; a 35 dB threshold was used, i.e. the 99 
system recorded waveforms upon registering any amplitude greater than 35 dB. Given that the 100 
specimens tended to produce a significant amount of emissions for a period of a few seconds 101 
immediately prior to and during the rock fracturing process, it was necessary to modify the 102 
system for continuous recording to maximise signal recording during fracturing. These efforts 103 
resulted in a system that recorded 84% of all data when the system was detecting a continuous 104 
signal longer than a few seconds (Li et al., 2015). 105 
 106 
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  107 
Figure 4: a) Acoustic emission sensors used in the hydraulic fracturing tests b) Side view of the 108 
attachment between the sensor and the specimen using double-sided tape and hot-glue 109 
 110 
 111 
Due to the high rate of AE activity, it was necessary to develop an arrival picking algorithm 112 
capable of selecting from a rapid series of events, as seen in Figure 5. The picker consists of 113 
dividing any recording into segments shorter than the expected time between events. The Akaike 114 
information criterion (AIC) value (Maeda, 1985) was then calculated for each segment, and 115 
peaks greater than an empirically determined AIC value were taken to be arrivals. However, this 116 
can result in false detections from the signal tail, as seen at 2056.4422s and 2056.4437s (Red 117 
circles) in Figure 5c. To resolve this issue, the algorithm only takes the arrivals where the signal 118 
amplitude as measured by the root mean squared is larger after the arrival than before. We 119 
empirically determined that a time segment of 0.4 ms and minimum AIC peak of 3 x10-5 120 
s·log(V2) to be appropriate parameters for the tested material and loading conditions.  121 
 122 
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 123 
Figure 5: a) Waveform data over 0.46 s period immediately prior to failure. b) Close-up of red 124 
box in subfigure a, with automatic picks shown in red circles. c) Segmented AIC values for the 125 
waveform data shown in subfigure b. Notable peaks in AIC value shown with triangles, while 126 
red circles denote false detections.  127 
 128 
 129 
Locations were determined from the minimisation of residuals as outlined in Shearer (2009) 130 
using a constant velocity model of 4600 m/s, as measured on the specimen under load and water 131 
pressure during the test. We optimised with the fminsearch function in MATLAB using an error 132 
tolerance of 1 mm on all arrivals and a minimum requirement of 4 arrival detections (Figure 6). 133 
Any microseismic disturbance that can be localised is considered an “event” in this study. Focal 134 
mechanisms were determined from moment tensor inversion on events with five or more P-wave 135 
arrival detections according to the 2D implementation of the SiGMA (Ohtsu, 2000) algorithm 136 
where we assume that M13 = M23 = 0 and M33 = ν·(M11+M22) . Decomposition was done 137 
using the ratios of the eigenvalues of the moment tensor to obtain the double couple (DC), 138 
compensated linear vector dipole (CLVD) and isotropic (ISO) proportions for each event 139 
according to Vavryčuk (2015). This convention defines +CLVD, - CLVD, +ISO and –ISO as 140 
tensile cracks, anti-cracks, explosions, and implosions respectively (Figure 7). Events with a 141 
double couple (DC) component greater than 50% are considered shear, and non double couple 142 
(NDC) otherwise. The NDC events are separated into explosive and implosive events, based on 143 
whether the ISO and CLVD ratios are positive or negative, respectively, as illustrated in Figure 144 
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7. Note that in this decomposition scheme the ISO and CLVD proportions always share the same 145 
sign, but that there are many alternative interpretations and decompositions of the moment tensor 146 
(Julian and Sipkin, 1985). The AE setups for each individual experiment were not calibrated for 147 
absolute magnitudes, and so the amplitudes presented in this study are only relative within an 148 
individual experiment. In general, based on other studies with this system (Li and Einstein, 2017) 149 
and similar laboratory-scale rock setups (McLaskey et. al, 2015; Yoshimitsu et al, 2014), the 150 
magnitudes should range between approximately Mw = -5 to -8. 151 
  152 

 153 
Figure 6: Algorithm used to calculate hypocenter locations for AE events 154 
 155 
 156 
 157 
  158 
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 159 
Figure 7: a) Illustration of moment tensor decomposition. Adapted from Grosse and Ohtsu 160 
(2008). b) Diamond CLVD-ISO plot illustrating AE event classification used in this study. After 161 
Vavryčuk (2015). 162 
 163 
 164 

3 Results 165 

3.1 Rate of AE events over time 166 

Figure 8 shows the pressure-time data and the rate of AE hits (individual detections on any 167 
channel) for the 13 tests presented in this study, along with the time at which white patching is 168 
first observed. Recall (Figure 1) that “white patching” refers to zones consisting of microcracks 169 
(process zone), which are detected visually by a change in the refractive properties of the rock 170 
(Wong and Einstein, 2009).  171 
In general, AE associated with development of the hydraulic fracture begin at the start of the last 172 
or second last pressure stages, at which point the AE rate increases exponentially (linearly in log 173 
space). This corresponds to approximately 80% of maximum water pressure, which is relatively 174 
close to the peak driving load; this is in contrast to rock specimens brought to failure in 175 
compression (Yoshimitsu et al., 2014; Chang and Lee, 2004; Moradian et. al. 2016), where the 176 
AE begin to consistently occur at 25-50% of peak load. 177 
In some experiments, such as the 2a-30-0-VL0-C, 2a-30-120-VL5-B, and both single flaw 178 
geometries, the rate reaches another inflection whereupon the rate increases again (denoted as 179 
secondary rate in the Figure 8); suggesting the onset of another mechanism. This tended to occur 180 
around 90% of peak pressure. We also observe that the AE rate tends to increase on the pressure 181 
stage immediately following first detection of white patching, suggesting that the white patching 182 
is well correlated to the onset of microseismic activity. 183 
Since the pressure was increased in 0.5 MPa steps, the rate of pressure application was not 184 
constant, and so fracturing occurred in some tests during an increase in pressure (e.g. 2a-30-30-185 
VL5-C), while in other tests during a period of constant pressure (e.g. 2a-30-30-VL0-C). 186 
However, this does not appear to have a significant effect on this experimental series, since for 187 
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all tests the AE hit rate appears to exhibit similar behaviour regardless of whether the pressure 188 
was static or increasing leading up to fracturing (Note on Figure 8 as constant or rising pressure 189 
respectively). Specifically, in each test the hit rate increases over approximately 5-10 seconds up 190 
to the time at which the pressure drops, which corresponds to fracture initiation (Li et al., 2015). 191 
However, the fact that we, in some cases, observe a hydraulic fracture developing at a constant 192 
water pressure indicates that there may be time dependent effects (Liu et al., 2001). 193 
 194 
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  195 
Figure 8: Water pressure, time of first white patching and rate of AE hits for each test. Arrows 196 
and black boxes indicate phenomena commented on in the text. 197 
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3.2 Amplitude of AE over time 198 
Figure 9 shows the amplitude of AE hits that occur towards the end of each experiment. One can 199 
see that in most cases, peak amplitudes occur immediately before the drop in water pressure 200 
corresponding to the fracture initiation and propagation. We can also see that, in general, the 201 
average amplitude fluctuates significantly in the seconds immediately prior to fracture, as 202 
individual microseismic events reflect microcracks that can be seen in the white patching 203 
discussed in the following sections. In general, the hit amplitude tends to follow a similar trend 204 
to the rate of AE hits shown in Figure 8, in that the average hit amplitude tends to increase along 205 
with the hit rate. There does not appear to be a significant relation between the amplitude and the 206 
time at which white patching is first detected.  207 
  208 
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 209 
Figure 9: Water pressure (blue line) and AE amplitude (scatter data) over time. Green line the 210 
time at which white patching was first detected visually. 211 
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3.3 Focal Mechanisms 212 
General AE characteristics are listed in Table 1. The number of events generally increases with 213 
increasing bridging angle, and tests with a single flaw produced a larger number of events 214 
compared to the 2a-30-0 and 2a-30-30 geometries. Overall, the tests with the most events 215 
correspond to those with higher breakdown pressure, which intuitively makes sense given that 216 
higher pressure supplies a larger amount of energy to the system. However, there does not appear 217 
to be a significant difference between the number of events produced by tests confined by a 218 
vertical stress of 5 MPa as opposed to those at 0 MPa.  219 
 220 
Table 1: Summary of test data from the hydraulic fracture stimulation stage of the experimental 221 
series. The focal mechanisms are the cumulative proportion over the hydraulic fracture stage of 222 
each experiment. Note that the absolute value of all the focal mechanism proportions sum to 223 
100%, but – CLVD and –ISO are expressed as negative proportions in this study. 224 

Specimen Name 
Max 
Pressure 
(MPa) 

Number 
of 
Events 

DC 
(%) 

+CLVD 
(%) 

-
CLVD 
(%) 

+ISO 
(%) 

-ISO 
(%) 

2a-30-0-VL0-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-VL0-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-VL0-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-VL0-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 

 225 
The focal mechanisms show that the events are primarily composed of double couple at around 226 
55-60% cumulatively for all tests, followed by isotropic with a proportion of 30%. In all tests, 227 
explosion/tensile cracking was more dominant than implosion/anti-cracking, which makes sense 228 
given that the hydraulic fracture mechanism is associated with a tensile failure mode (Goncalves 229 
and Einstein, 2014). The proportion of DC appears to be relatively consistent amongst tests, with 230 
the exception of test 2a-30-120-VL5-B, which appears anomalous in that very few events were 231 
detected. Conversely, the proportion of +ISO and –ISO appears to be more variable, even 232 
between repeats of the same setup, as seen with  the 2a-30-30-VL5 and single flaw results. This 233 
may suggest that the amount of volumetric expansion/compression is more closely tied to the 234 
specific microstructure around the crack path, where cracks that pass through grains may behave 235 
differently from cracks that propagate around grains (Morgan et al, 2013). 236 
 237 
  238 
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 239 
Figure 10: Relative cumulative proportion of DC (red), CLVD (green) and ISO (red) during the 240 
last seconds of each test. Black circles indicate significant numbers of implosive NDC events 241 
during and after crack propagation, and purple circles indicate periods of cyclic explosive and 242 
implosive NDC events. Crack initiation occurs approximately where the curves flatten out 243 
towards the end of the experiment. 244 
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The time behaviour of the focal mechanisms is presented in Figure 10, which shows that in some 245 
tests a significant number of –ISO and –CLVD events occur during and immediately after crack 246 
initiation and propagation (highlighted with black circles in the Figure 10). These generally 247 
corresponded to tests with higher overall proportions of –ISO and –CLVD as seen in Table 1. 248 
However, there does not appear to be any obvious behaviour that could be used as a pre-cursor to 249 
this type of behaviour. For example, Figure 10 shows that this can occur in specimens tested at 250 
both 0 and 5 MPa of vertical stress, and may only occur in one out of two repeats of the same 251 
setup. This again suggests that it is related to the specific microstructure around the crack path. 252 
Considering the focal mechanism behaviour prior to crack initiation, we can see that in 253 
experiments 2a-30-0-VL0-B, 2a-30-0-VL5-C and 30-VL5-B there appears to be a cyclic 254 
behaviour in the cumulative proportion of CLVD and ISO (blue highlights in the figure), where a 255 
period of contraction follows one of expansion, indicating microcracks periodically open and 256 
close prior to crack initiation. This is analogous to behaviour before earthquakes, as reported by 257 
Gao and Crampin (2004), where they show that local compressive stresses near faults decrease 258 
before an imminent earthquake. 259 
 260 

3.4 Hypocenter Location Analysis 261 
The hypocenter locations are shown in Figure 11. In general, it appears that the hypocenters 262 
relate well to the crack path, where the hypocenters are spread over a width of 2-5 mm. It is also 263 
noted that the hypocenters in the higher bridging angle geometries (Figures 11h to 11k) are 264 
generally more scattered and difficult to interpret than for the lower bridging angle geometries. 265 
This may be caused by inaccuracies introduced by the analysis that may be attributed to the 266 
overlapping flaws, as the ray paths must travel around the flaws. Overlapping flaws may also 267 
generate a more complex stress field leading to a more complex velocity field that is difficult to 268 
capture with only eight sensors for velocity measurements. These factors can decrease the 269 
accuracy of the localisation procedure. Another factor may be that with the higher bridging 270 
angles the more complex stress field generates more possible points of failure, leading to more 271 
scattered hypocenters appearing outside of the cracks. 272 
We can make several qualitative observations based on the hypocenter data: 273 
1) The highest concentration of hypocenters tend to be at the flaw tips, where the stress 274 

concentration is highest before crack initiation (see also Goncalves da Silva and Einstein, 275 
2014).  276 

2) Significant clustering can also be seen in the coalescence zone of some tests (Figures 11a, 277 
11e and 11i), where a crack forms directly between the inner flaw tips (known as direct 278 
coalescence). 279 

3) Tests where cracks emanate from each inner flaw tip and do not connect (Figures 11f and 280 
11g) show few events in the zone directly between the flaws, which is expected given that 281 
no crack forms there. However, we note that cracks initiating from the inner flaw tips are 282 
associated with fewer hypocenters than those initiating from the outside flaw tips.  283 

4) More events are seen in the coalescence zone of the test shown in Figure 11i than the tests in 284 
Figures 11h, 11j and 11k, even though direct coalescence is observed in all four cases. This 285 
may be explained when considering the specific crack paths: coalescence in Figure 11i 286 
occurs between the middle of the flaws, whereas the other three tests generally show 287 
coalescence between the flaw tips. This may be because less energy is required to initiate a 288 
crack from a flaw tip since the stress concentration is higher.  289 
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5) Many of the tests (Figures 11a, 11b, 11c and 11e) exhibit linear clusters of hypocenters even 290 
where no white patching nor cracking occurs. These appear to be more common for lower 291 
flaw angles, and are clustered perpendicularly to the flaw orientation. 292 

6) The crack and hypocenter patterns for the single flaw geometries (Figures 11l and 11m) tend 293 
to be simpler than the double flaw geometries. It can be seen that in both cases the 294 
hypocenter locations migrate away from the flaw tips in time, and that the hypocenters most 295 
distant from the flaw tended to be NDC type focal mechanisms. Near the flaw tips, the focal 296 
mechanisms tended to be a combination of DC and NDC. 297 

7) The focal mechanisms appear to cluster spatially by type of mechanism. For example in the 298 
test shown in Figure  11c, the area around the left outer flaw tip consists primarily of DC 299 
dominated events. Analogously, the test shown in Figure 11g produced events at the outer 300 
left flaw tip consisting of a mix of focal mechanism, but the area below the flaw tip consists 301 
mainly of explosive NDC events. It also appears that events further from the flaws i.e. the 302 
most scattered tend to be DC dominated. 303 

 304 
 305 
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 313 

 314 
 315 
Figure 11: Hypocenter locations for each test. The magnitude of the event is shown by the size 316 
of the data point. Dark grey lines indicate the cracks, and light grey areas indicate white-317 
patching. The symbols indicate whether the event can be classified as double couple (x), 318 
explosive non double couple (Δ), or implosive non double couple (o), and colour represents time, 319 
where red is the latest event and blue the earliest.  320 
 321 
 322 
 323 
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3.5 Spatio-temporal Analysis 324 
This section presents the spatial-temporal development of AE hypocenters for tests 30-VL5-C, 325 
2a-30-0-VL0-C, and 2a-30-120-VL0-B. The hypocenter distributions for these tests are shown in 326 
Figure 11. For spatio-temporal analysis, the AE events were ordered sequentially, and divided 327 
into six time segments each with equal number of AE events to qualitatively analyse their 328 
behaviour. Given that the event rate increases towards the end of the test, this means that the first 329 
segment may cover over 100s of the test, while the third frame may cover less than one second. 330 
These AE observations are also compared to the visually observed crack development. These 331 
three tests are chosen as they most clearly illustrate key findings from all the 13 tests.  332 
 333 

3.5.1 30-VL5-INC5-C 334 
We first present the analysis from a test with a single flaw (Figure 12), as this presents a simpler 335 
geometry and stress field, resulting in simpler crack patterns and straight ray paths for the AE 336 
signals. In this test, we observed a classic wing crack pattern, where crack A initiated from the 337 
left tip, then crack B from the right tip. Pressure increases until 2450s and fluctuates until 2484s, 338 
at which point the water pressure drops due to crack propagation. 339 
   340 

 341 
Figure 12: Test 30-VL5-INC5-C (a) Crack sequence shown in alphabetical order. (T) denotes 342 
the cracks open in tension, and subscripts refer to crack type as defined in Wong and Einstein 343 
(2009). Black lines denote cracks and grey areas indicate white patching. (b) Pressure-time plot 344 
for the experiment. Black squares indicate times used in Figure 13. 345 
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As seen in figure 13, before 2473 s more AE hypocenters occur at the right tip than the left, and 346 
consist of a combination of all focal mechanisms. However, we note that the highest amplitude 347 
events at the right flaw tip are explosive NDC type, while the largest events at the left tip 348 
consists of implosion and shear. This indicates that the rock at the right tip is opening, which 349 
generates a compressive stress field at the left flaw tip. Visually at this time we only see small 350 
(2-3 mm) areas of white patching at each flaw tip.  351 
Between 2473 s and 2481 s, at the left flaw tip we continue to see small shear events at the very 352 
tip, and primarily implosive events further from the flaw tip. On the right flaw tip we see that a 353 
large number of high amplitude explosive events are generated, with the highest amplitudes 354 
occurring in a zone approximately 5 mm above the flaw tip.  This suggests that the microcracks 355 
from the previous frame may have coalesced through a series of tensile microcracks, which 356 
follows the general micromechanical model (Brace and Bombolakis, 1963; Nemat-Nasser and 357 
Horii, 1982; Ashby and Hallam, 1986; Hoek, 1969) that a crack first forms at existing planes of 358 
weakness such as grain boundaries (Morgan et al, 2013). Then if the shear stress exceeds the 359 
frictional resistance this can result in the formation of wing cracks that coalesce between the 360 
existing shear microcracks. We suggest that this sudden shift in behaviour from implosive NDC 361 
and DC dominated events to a number of high amplitude explosive NDC events indicates a 362 
coalescence of microcracks similar in nature to those described in Irwin (1958) and Wong and 363 
Einstein (2009b). This phenomenon has been observed directly in limited cases in specimens 364 
used in the present study, through SEM imaging of areas exhibiting white patching. Figure 14 365 
shows an example, where we see a series of connected en-echelon microcracks connecting into a 366 
larger crack feature emanating from a flaw tip. 367 
Between 2481s to 2482.7s we see that there are fewer events than before at the right tip, and that 368 
the large ones are associated with mostly explosive and a few implosive NDC events. On the left 369 
tip, a linear series of small amplitude explosive events occur near the flaw tip, and larger 370 
explosive NDC events occur further from the flaw tip. Visually, the white patching has extended 371 
approximately 10 mm from each flaw tip.  372 
Between 2482.7s and 2483.3s the AE hypocenters move outwards from the flaw tips, indicating 373 
that the area immediately at the flaw tips is sufficiently damaged that the “microcrack front” has 374 
moved outwards from the flaw tips. More large implosive NDC events occur at the right flaw tip, 375 
while at the left flaw the events are primarily high amplitude explosive NDC events, indicating 376 
that microcrack coalescence occurs at the left tip at this time.  377 
Between 2483.3s and 2483.7s, many high amplitude events occur below the left and above the 378 
right flaw tips, and consist of a mix of focal mechanisms. This occurs approximately the same 379 
time as macro-crack initiation and propagation. 380 
  381 



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth 

 

 382 
Figure 13: Temporal evolution of AE hypocenters for test 30-VL5-INC5-C. DC events refer to 383 
those with higher double couple, or shear content, explosive NDC (non double-couple) to those 384 
with lower DC and positive ISO and CLVD components, and implosive NDC to those with 385 
lower DC and negative ISO and CLVD. Colour is used to show time, and size indicates 386 
magnitude. Visual observations of the white patching (in grey) and cracking extent (in black) are 387 
overlaid where applicable. 388 
  389 
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 390 
Figure 14: SEM image taken near the flaw tip of test 2a-30-0-VL5-A showing a series of 391 
connected en-echelon microcracks, such as the one highlighted in the orange circles. From 392 
Goncalves da Silva (2016). 393 
 394 

3.5.2 2a-30-0-VL0-C 395 
As seen in Figure 15, tensile crack A initiates first from the outer left flaw tip, followed by 396 
tensile crack B which does not coalesce (i.e. propagate to the inner right flaw tip) followed by 397 
tensile crack C, which then coalesces with the right flaw after the initiation of tensile crack D. 398 
Peak pressure occurs around 1569s, and  a local minimum in pressure occurs around 1580s, a 399 
few seconds before pressure breakdown as seen in Figure 15. 400 
 401 
   402 
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 403 
Figure 15: (a) Crack sequence shown in alphabetical order. (T) denotes the cracks open in 404 
tension, and subscripts refer to crack type as defined in Wong and Einstein (2009). Black lines 405 
denote cracks and grey areas indicate white patching. (b) Pressure-time plot for the experiment. 406 
Black squares indicate times used in Figure 16. 407 
 408 
In Figure 16, we can see that initially the majority of the high amplitude events are located 409 
immediately at the outer left flaw tip, and consist primarily of explosive NDC events. Fewer 410 
small amplitude events occur at both inner flaw tips, and consist of a mix of focal mechanisms. 411 
Visually, there appears to be 2-3 mm of white patching at all flaw tips.  412 
Between 1554s and 1574s, the largest concentration of events continues at the outer left flaw tip, 413 
with predominantly explosive NDC and some DC and implosive NDC events. A small number 414 
of high amplitude events also occurs at the inner left flaw tip, and consist primarily of DC and 415 
implosive NDC events, implying that opening occurs at the outer left flaw tip, generating a 416 
compressive field at the inner left tip.  417 
Between 1574s and 1582s a large number of DC and implosive NDC events occur at both tips of 418 
the left flaw, indicating continued microcracking along grain boundaries.  419 
Between 1582 and 1583.6s, a number of large explosive NDC events occur at the inner left flaw 420 
tip, while a combination of all focal mechanisms occur at the outer left flaw tip. This indicates 421 
microcrack coalescence occurs first at the inner left flaw tip. Visually, the white patching extends 422 
by another 2-3 mm.  423 
Between 1583.6s and 1584.2s the events at the outer left tip are mostly explosive NDC, 424 
indicating that microcrack coalescence has occurred. At the inner left tip, there are a number of 425 
large DC dominated events, which likely corresponds to the formation of crack B.  426 
In the last frame the macro-crack initiates and propagates, and is accompanied by a wide spatial 427 
scatter with a combination of focal mechanisms. 428 
  429 
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 430 
Figure 16: Temporal evolution of AE hypocenters. DC events refer to those with higher double 431 
couple, or shear content, explosive NDC (non double-couple) to those with lower DC and 432 
positive ISO and CLVD components, and implosive NDC to those with lower DC and negative 433 
ISO and CLVD. Colour is used to show time, and size indicates magnitude. Visual observations 434 
of the white patching (in grey) and cracking extent (in black) are overlaid where applicable. 435 
3.5.3 2a-30-120-VL0-B 436 
 437 
As shown in Figure 17, tensile crack A initiates from the bottom left flaw tip, then tensile crack 438 
B from the top right flaw tip. Tensile crack C then initiates from the top left flaw tip, but does not 439 
coalesce while tensile crack D initiates from the bottom right flaw tip and coalesces to the top 440 
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right flaw tip. Water pressure fluctuates between 1800s and 1840s, at which point the water 441 
pressure begins to drop. 442 
    443 

 444 
Figure 17: (a) Crack sequence shown in alphabetical order. (T) denotes the cracks open in 445 
tension, and subscripts refer to crack type as defined in Wong and Einstein (2009). Black lines 446 
denote cracks and grey areas indicate white patching. (b) Pressure-time plot for the experiment. 447 
Black squares indicate times used in Figure 18. 448 
 449 
Figure 18 shows that up to 1831s the majority of high amplitude events occur around the top 450 
right flaw tip, and consist of mostly explosive NDC events with some implosive NDC events. A 451 
number of smaller DC events occur closer to the top right flaw tip. At the bottom left flaw tip 452 
there is a large number of smaller amplitude events with a mix of focal mechanisms, the highest 453 
amplitude of which belong to two explosive and three implosive NDC events. This implies that 454 
in this time frame the area above the top right flaw tip is opening, and correspondingly the area 455 
below the bottom left flaw tip is under compression as a result of the rigid body movement. A 456 
single large explosive NDC event also occurs at each of the tips of the top left and bottom right 457 
flaws, which are the initiation points for cracks C and D. Visually, there is 2-3mm of white 458 
patching on the top left and bottom right flaw tips, and longer 4-5mm white patching at the top 459 
right flaw tip. This corresponds to the AE focal mechanism suggesting primarily opening at the 460 
top right.  461 
From 1831.5 to 1840s, the majority of AE events occur at the left tip of the bottom flaw, where 462 
the largest amplitude events occurs very close to the flaw tip as explosive NDC type. A general 463 
cloud of smaller primarily DC events surrounds the NDC events.  464 
Between 1840s and 1842.8s large explosive NDC continue to occur around the bottom left flaw 465 
tip, but the general cloud of hypocenters moves away from the flaw tip as the zone of intense 466 
damage moves downwards. A clear linear cluster of large explosive NDC events also occurs 467 
along the path of crack D, indicating that microcracks have created the white patching along 468 
crack D seen visually in the next frame.  469 
Between 1842.9s and 1844.3s we note an interesting phenomenon at both the top right and 470 
bottom left flaw tips where there is a zone of explosive NDC events adjacent to a zone of 471 
implosive NDC events, likely related to compressive stresses at grain boundaries as a result of 472 
microcrack opening nearby. This is further discussed in section 3.6. We also see large amplitude 473 
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explosive NDC events at all the flaw tips. This corresponds well to the visual observation that 474 
white patching has developed to 4-5 mm at all flaw tips. 475 
Between 1844.3s and 1844.76s the events near the flaw tips are primarily implosive NDC, while 476 
explosive NDC events occur further away from the flaw tips. In the last frame (1844.76s to 477 
1845.09s) we can see that the crack has propagated, and that the accompanying AE events are 478 
primarily explosive NDC and appear to be closely aligned with the crack path. 479 
  480 

 481 
Figure 18: Temporal evolution of AE hypocenters. DC events refer to those with higher double 482 
couple, or shear content, explosive NDC (non double-couple) to those with lower DC and 483 
positive ISO and CLVD components, and implosive NDC to those with lower DC and negative 484 
ISO and CLVD. Colour is used to show time, and size indicates magnitude. Visual observations 485 
of the white patching (in grey) and cracking extent (in black) are overlaid where applicable. 486 
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3.6 Discussion 487 
In many tests, we observe a phenomenon where explosive NDC are spatially distinct from 488 
implosive NDC events. This can be seen at two scales: firstly at opposite ends of a flaw, where 489 
opening at one flaw tip generates a compressive stress field at the other flaw tip. Secondly, we 490 
see locally (~few mm) separated zones of explosive/implosive NDC events in test 30-VL5-C 491 
(Figure 13)between 2483.35 and 2483.66 below the left flaw tip and in test 2a-30-120-VL0-B 492 
(Figure 18) between 1842.9s and 1844.3s at the top right and bottom left flaw tips. This may be 493 
caused by microcracks opening through a grain, resulting in compression of an adjacent grain 494 
boundary. This is shown in Figure 19, which is a photo of the bottom left flaw tip and the area 495 
below it, overlain with AE events that occurred throughout the experiment. We can see that in 496 
general the AE events tended to occur along grain boundaries. 497 
  498 

 499 
Figure 19: Zoomed photo of the bottom flaw of test 2a-30-120-VL0-B and the area below and to 500 
the left of it, overlain by AE events occurring throughout the test. Colour refers to time where 501 
red is the latest, crosses refer to DC dominated events, triangles to explosive NDC events and 502 
circles to implosive NDC events. The size of the symbols represents the magnitude of the events.  503 
At this point it is also possible to evaluate in general the relation between AE and visual 504 
observations. This is shown in Table 2, where we describe the similarity of the spatial 505 
distribution observed with the two methods, and assess the possibility of using AE as a predictor 506 
of the crack initiation point. 507 
 508 
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Table 2: Summary table showing a) where there are AE hypocenters, whether these coincide 509 
with visually identified damage, b) where there is visually identified damage, whether AE 510 
hypocenters occur there , c) whether the point of crack initiation (first crack to form) corresponds 511 
to a high concentration of AE hypocenters, d) whether there were multiple clusters of 512 
hypocenters i.e. whether one could have made a unique prediction on the point of crack 513 
initiation. 514 
 
 
 
Co-planar 

Are most 
cracks/white 
patching 
reflected by 
AE? 

Do most AE 
hypocenters 
coincide with 
cracking/white 
patching? 

Could the 
AE predict 
crack 
initiation? 

Can one 
make a 
single 
prediction? 

2a-30-0-VL0-B N N Y N 
2a-30-0-VL0-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-VL0-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-VL0-B N Y Y Y 
2a-30-90-VL5-C N Y Y N 
2a-30-120-VL0-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 

 515 
Overall we can see that the visual crack and white patching tended to be a subset of the AE 516 
hypocenter coverage. Of the AE hypocenters that were not associated with visually identified 517 
microcracking, we assume that many were associated with areas of damage we could not 518 
visually ascertain, such as the anti-wing cracks discussed in Section 3.4. Nevertheless, we 519 
determine that in most cases, the flaw tip from which the crack initiates corresponds to an area 520 
with a high concentration of AE hypocenters, such that one could predict it as an initiation point. 521 
However, we also note that, in general, the data often showed two or three flaw tips with 522 
significant hypocenter coverage, indicating that one would not be able to make a single 523 
prediction given AE data, but nevertheless narrow the possibilities to a few locations of crack 524 
initiation. 525 
 526 
 527 
 528 
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4 Summary and Conclusions 529 
We presented the acquisition, analysis and interpretation of acoustic emissions data from a series 530 
of laboratory hydraulic fracture experiments on granite. These data are related to corresponding 531 
visual observations made using high resolution and high speed imaging. The main results are 532 
summarised as follows: 533 
• The rate of AE hits tends to be close to zero until 80% of the peak water pressure, at which 534 

point it increases exponentially. In some experiments; it was observed that there was a 535 
second inflection where the rate of AE accelerated, close to the time of failure. 536 

• Analysis of the focal mechanisms revealed that, overall, approximately 55-60% of the 537 
radiation pattern could be explained by a double couple mechanism, while approximately 538 
25-30% represent isotropic contributions. Explosive non-double-couple events tended to be 539 
more common than implosive non-double-couple events until the end of the test, at which 540 
point a significant number of implosive events occur in some tests 541 

• Hypocenter locations of AE events generally correspond well to the cracks and white 542 
patching (zones of microcracks or process zone), with the highest concentration of 543 
hypocenters occurring at the flaw tips. In particular, the single flaw geometries showed the 544 
spatial growth of hypocenters away from the flaw tips over time 545 

• Spatio-temporal analysis of the visual and AE data revealed behaviour where, initially, the 546 
focal mechanisms consisted of mixed focal mechanism events until a point in time where 547 
many high amplitude explosive non-double-couple events occur over a short period of 548 
time. We suggest that the latter represents coalescence of microcracks and is a key pre-549 
cursor to hydraulically induced cracking. 550 

• Based on spatio-temporal analyses of all tests, we suggest that the visually observed 551 
microcracking tends to be related to damage, and that the AE, in general, could predict the 552 
point of crack initiation. However, this prediction may not be unique given that there are 553 
often two to three concentrations of AE hypocenters. 554 

We can therefore conclude that under stress conditions where the failure is driven by fluid 555 
pressure with multiple points of crack initiation, the observed acoustic emissions present a 556 
reasonably complete picture of the areas of microcracks, and have a good potential to be used to 557 
predict the final crack pattern and the points of crack initiation. 558 
 559 
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