
RIGHT:

URL:

CITATION:

AUTHOR(S):

ISSUE DATE:

TITLE:

Crack Expansion and Fracturing
Mode of Hydraulic Refracturing
from Acoustic Emission Monitoring
in a Small-Scale Field Experiment

Ishida, Tsuyoshi; Fujito, Wataru; Yamashita, Hiroto;
Naoi, Makoto; Fuji, Hirokazu; Suzuki, Kenichirou;
Matsui, Hiroya

Ishida, Tsuyoshi ...[et al]. Crack Expansion and Fracturing Mode of Hydraulic Refracturing
from Acoustic Emission Monitoring in a Small-Scale Field Experiment. Rock Mechanics
and Rock Engineering 2019, 52(2): 543-553

2019-02-08

http://hdl.handle.net/2433/269467

This is a post-peer-review, pre-copyedit version of an article published in 'Rock Mechanics and Rock Engineering'. The
final authenticated version is available online at: https://doi.org/10.1007/s00603-018-1697-5.; The full-text file will be
made open to the public on 02 January 2020 in accordance with publisher's 'Terms and Conditions for Self-Archiving';
This is not the published version. Please cite only the published version. この論文は出版社版でありません。引用の際
には出版社版をご確認ご利用ください。



1 
 
 

Crack Expansion and Fracturing Mode of Hydraulic Refracturing from 1 
Acoustic Emission Monitoring in a Small-scale Field Experiment 2 

by 3 
 4 
Tsuyoshi Ishida (ORCID: 0000-0001-6818-6508), Kyoto University, C-Cluster, Katsura 5 

Campus of Kyoto University, Nishikyo-ku, Kyoto 615-8540, Japan  6 
Wataru Fujito, Kyoto University, C-Cluster, Katsura Campus of Kyoto University, 7 

Nishikyo-ku, Kyoto 615-8540, Japan 8 
Hiroto Yamashita, Kyoto University, C-Cluster, Katsura Campus of Kyoto University, 9 

Nishikyo-ku, Kyoto 615-8540, Japan 10 
Makoto Naoi (ORCID: 0000-0001-9488-9266), Kyoto University, C-Cluster, Katsura 11 

Campus of Kyoto University, Nishikyo-ku, Kyoto 615-8540, Japan 12 
Hirokazu Fuji, LAZOC Inc., 1-5-3 Nishikameari, Katsushika-ku, Tokyo 124-0002, 13 

Japan 14 
Kenichirou Suzuki, OBAYASHI Co., 4-640 Shimokiyoto, Kiyose-shi, Tokyo 15 

204-8558, Japan 16 
Hiroya Matsui, Japan Atomic Energy Agency, 1-64 Yamanouchi, Akiyocho, 17 

Mizunami-shi, Gifu 509-6132, Japan 18 
 19 
Corresponding Author: Tsuyoshi ISHIDA, Tel: +81-75-383-3209, E-mail: 20 

ishida.tsuyoshi.2a@kyoto-u.ac.jp 21 
 22 
 23 
Keywords: hydraulic fracturing, refracturing, flow rate, granitic rock, acoustic emission, 24 
fracture mode 25 
 26 
  27 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



2 
 
 

ABSTRACT  28 
 29 

We conducted a hydraulic fracturing (HF) experiment at a 500-m-level gallery in 30 

Mizunami Underground Research Laboratory in central Japan. We drilled a hole 31 

downward from the gallery floor and initially injected water at a flow rate of 10 mL/min 32 

in a section of 36 mm in diameter and 160 mm in length that was selected to avoid a 33 

pre-existing joint. The first breakdown (BD) occurred at 9.20 MPa, whereupon we 34 

increased the flow rate to 30 mL/min and induced a second BD in the form of 35 

“refracturing” at 9.79 MPa, larger than the first BD pressure. Acoustic emissions (AEs) 36 

monitored with 16 sensors in four boreholes located 1 m away from the HF hole 37 

exhibited two-dimensional distributions, which likely delineate a crack induced by the 38 

fracturing. Expansions of the regions in which AEs occurred were observed only 39 

immediately after the first and second BDs. Many AE events in other periods were 40 

distributed within the regions where AE events had already occurred. The initial motion 41 

polarities of P-waves indicate that tensile-dominant AE events occurred when the 42 

regions expanded and they were distributed primarily on the frontiers of the regions 43 

where AE events had already occurred. The experimental results suggest that increasing 44 

the injection flow rate is effective for generating new cracks in the refracturing, with the 45 

new crack expansions being induced by tensile fracturing. 46 

 47 

  48 
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1. Introduction 49 

Hydraulic fracturing (HF) is a key technology for recovering heat energy from hot 50 

dry rocks (HDRs) and oil and gas from shale reservoirs. For effective recovery, it is 51 

necessary to use HF to expand cracks and increase their total surface area. In an HDR 52 

project, water injection continues for as long as several weeks, and the region in which 53 

acoustic emission (AE) events are induced usually expands with time, as has been 54 

observed in Cooper Basin, Australia (Baisch et al. 2006, 2009, 2015), Soultz HDR, 55 

France (Evans et al. 2005), Hijiori, Japan (Sasaki 1997, 1998), and Ogachi, Japan 56 

(Kaieda et al. 1995). However, when the injection flow rate is increased during 57 

operations, AE activity often increases remarkably, suggesting crack expansion (e.g., 58 

Kaieda et al. 1995; Sasaki 1997). By contrast, injections in oil and gas recovery from 59 

sandstone and shale reservoirs are much shorter than those in HDR; for example, the 60 

duration was around 5 h in Cotton Valley sandstone, TX (Rutledge et al. 2004) and the 61 

Barnett shale, TX (Hummel and Shapiro 2013). In addition, the refracturing that occurs 62 

after the first HF has been focused on recently as a way to accelerate production rates 63 

and enhance the ultimate recovery of depleted shale wells (Jacobs 2014). Thus, 64 

clarification is sought of the mechanism of crack expansion to realize effective HF and 65 

associated refracturing. In the field monitoring many researchers have reported that 66 

shear events are actually dominant (e.g., Talebi and Cornet 1987), whereas elastic 67 

theory predicts that HF should induce tensile fractures (e.g., Hubbert and Willis 1957). 68 

This paradox (e.g., Maxwell and Cipolla 2011) means that the fracturing mode remains 69 

ambiguous. 70 

To better understand the crack expansion mechanism and its fracturing mode, we 71 

conducted a small HF field experiment using 10-m-deep holes drilled in the floor of a 72 
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gallery in Mizunami Underground Research Laboratory (MIU) in central Japan and 73 

closely analyzed the locations and fracturing mechanisms of the associated AE events. 74 

 75 

2. Site and experimental setup 76 

2.1. Site and method of water injection 77 

The site is located in a gallery situated 500 m below the surface in the MIU for a 78 

underground laboratory for research and development of the geological disposal of 79 

High-Level Radioactive Waste (HLW) of the Japan Atomic Energy Agency (JAEA). 80 

The MIU is located in the Tono district of central Japan and has two main geological 81 

units, namely, a basement of late Cretaceous Toki granite and the overlying Akeyo 82 

formation of early Miocene mudstone and sandstone. In two locations near the site on 83 

the 500 m level, the initial rock stress conditions were measured using the compact 84 

conical–ended borehole over-coring (CCBO) technique (Sugawara and Obara, 1999). 85 

One is location A, 80 m north, and the other is location B, 50 m south, from our HF site. 86 

A sub-vertical fault having NNW strike is confirmed to exist from near-surface down to 87 

the 500 m level between locations A and B. The results measured at location A showed 88 

that σ1 = 16.8 MPa (-172⁰/59⁰), σ2 = 10.2 MPa (5⁰/31⁰) and σ3 = 7.5 MPa (96⁰/2⁰), and 89 

those at location B showed that σ1 = 15.1 MPa (-173⁰/9⁰), σ2 = 10.9 MPa (89⁰/41⁰) and 90 

σ3 = 10.0 MPa (-74⁰/48⁰), where the numbers in the parenthesis show an azimuth angle 91 

from north (positive to east) and an inclination angle from the horizontal of the 92 

respective principal stress directions (Kuwabara et al. 2014, 2015a). When we calculate 93 

the magnitudes and the directions of the maximum and minimum horizontal stresses 94 

from the respective three principal stresses and their directions as the tensor average, 95 

those are 11.9 MPa (N7⁰E) and 7.5MPa (N97⁰E) at location A, and 15.0 MPa (N7⁰E) 96 
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and 10.5 MPa (N97⁰E) at location B. Although the difference between locations A and 97 

B is likely due to an influence of the fault, both results indicate that the maximum 98 

horizontal stress almost lies in north-south (N7⁰E) and the minimum in east-west 99 

(N97⁰E). Young's modulus, Poisson's ratio, uniaxial compressive strength and tensile 100 

strength of Brazilian test for the cores obtained in the vicinity of our HF site were 52 101 

GPa, 0.24, 160 MPa and 5.5 MPa on the average, respectively (Kuwabara et al., 2015b). 102 

A schematic diagram of our HF site is shown in Fig. 1. An 86-mm diameter HF hole 103 

was drilled downward from the gallery floor and four parallel AE monitoring holes of 104 

66-mm diameter were drilled 1 m from the HF hole. To inject water, we drilled a 105 

36-mm-diameter pilot hole in the center of the bottom of the 86-mm-diameter HF hole. 106 

After sealing the upper section of the pilot hole with O-rings attached to a packer unit 107 

and pouring cement paste above the O-rings, we pressurized and injected water into a 108 

160-mm-long section at a depth of 5.34–5.49 m. The dimensioned diagram of the 109 

packer to seal the pressurizing section is shown in the lower left part of Figure 1.  This 110 

sealing method is the same as that for our carbon dioxide injection which was shown in 111 

Ishida et al. (2017). We used two syringe pumps, each with a 500-mL cylinder, to inject 112 

water at the constant flow rates of 10 or 30 mL/min; these pumps could be switched 113 

between smoothly without interrupting the injection operation. 114 

 115 

2.2. Methods for monitoring AE and injected pressure 116 

For AE monitoring, we placed four waterproof lead zirconate titanate (PZT) sensors 117 

with a resonance frequency of 70 kHz (AE703SW-GAMP-0542; Fuji Ceramics Corp., 118 

Japan) in each of the four AE holes (AE1–AE4) (see Fig. 1). We fixed each sensor to an 119 

aluminum rod with a pre-amplifier, inserting a thick rubber sheet between the sensor and 120 
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the rod to block any vibration transmitted through the rod. After angling the sensitive 121 

direction of the sensor toward the HF hole, we pressed the sensor onto the wall of the 122 

AE hole by applying a continued oil pressure of 1.5 MPa in a small hydraulic jack set 123 

behind the sensor. In each AE hole, we set the four sensors along a 2-m-long span with 124 

intervals of 0.7, 0.6, and 0.7 m, and centered the span at 5.40 m, which is very close to 125 

the central depth of the pressurizing section of the HF hole. AE signals detected on the 126 

16 sensors were recorded continuously at a sampling time of 1 μs through a 52-dB 127 

amplifier (40 dB pre-amplification and 12 dB main amplification), a 20–500-kHz 128 

bandpass filter, and an analog-to-digital (A/D) converter (PXI-5105; National 129 

Instruments Corp., USA). 130 

The injection pressure was measured with a transducer (PW-50MPA; Tokyo Sokki 131 

Kenkyujo Co., Ltd., Japan) set on the injection pipe on the gallery floor just outside of 132 

the HF hole, and recorded at a sampling time of 0.1 s through an A/D converter 133 

(PXI-6251; National Instruments Corp., USA). We checked whether the measured fluid 134 

pressure reflects the pressure in the pressurizing section at the depth of 5.34-5.49 m 135 

below the gallery floor. The injected flow rate was 30 mL/min at the most, which 136 

correspond to 500 mm3/s. The inner diameter of the steel pipe to inject water was 2 mm 137 

and the velocity of water in the pipe was 500/(1×1×3.14)=160 mm/s. Using these 138 

numbers, when we theoretically calculated the pressure drop along the pipe of 5 m, it 139 

was only 0.005 MPa. In addition, when we actually measured the pressure drop just 140 

outside of HF hole on the gallery floor at 30 m horizontal distance from the pump outlet, 141 

the pressure drop was negligible small that is consistent with the theoretical calculation. 142 

From the results, it can be considered that the measured fluid pressure reflects the 143 

pressure in the pressurizing section. 144 
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 145 

3. Results 146 

3.1. Temporal changes of injected water pressure and located AE event rate during 147 

different constant flow rates 148 

Figure 2 shows the records of injected water pressure, flow rate, and rate of located 149 

AE events that satisfy the conditions described in the next section. We began injecting 150 

water at a flow rate of 10 mL/min at an elapsed time t of 22 s. The breakdown (BD) 151 

pressure, which is defined as a peak pressure immediately before it drops suddenly, was 152 

recorded as 9.20 MPa at t = 630 s. In Fig. 2, the abrupt pressure drop around t = 200 s 153 

was due to trouble with the injection pumps, whereas the small one around t = 400 s was 154 

probably due to crack initiation because this was accompanied by AE events located 155 

around the pressurizing section. We continued to inject at the flow rate of 10 mL/min 156 

after the first BD. After we increased the flow rate to 30 mL/min at t = 2025 s, the 157 

second BD pressure was recorded as 9.79 MPa at t = 2039 s. 158 

To discuss crack expansion and its fracturing mechanism induced by the second BD, 159 

we show in Fig. 3 the temporal changes of injected water pressure, flow rate, and 160 

located AE event rate for the 80 s from t = 2020 s to 2100 s; this time span corresponds 161 

to the right-hand broken rectangle in Fig. 2. Above Figs. 2 and 3, we mark the periods 162 

defined to discuss the distributions of located AE events. After the pressure increased 163 

linearly from 7.9 to 8.7 MPa with the increase in flow rate from 10 to 30 mL/min, in 164 

period II(1), the pressure continued to increase up to the secondary BD pressure of 9.79 165 

MPa and the located AE event rate increased with increasing pressure. Then, in 166 

period II(2), despite continuing to inject fluid at the flow rate of 30 mL/min, the AE 167 
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activity decreased. The AE activity increased again just before a slight increase of the 168 

pressure in period II(3), before the AE activity decreased in period II(4).  169 

 170 

3.2. Temporal changes of AE hypocenter distributions 171 

To identify AE events in the waveforms recorded continuously by the 16 sensors in a 172 

sampling time of 1 μs, we searched for waveforms whose amplitudes exceeded +0.125 173 

V on the full scale from −5 to +5 V. When we found waveforms meeting the amplitude 174 

criteria at one or more of the 16 sensors, we extracted 2048 sample points in total (1024 175 

before and 1024 after each time point) for all 16 channels. We located the hypocenter of 176 

each event iteratively using the least-squares principle by reading the P-wave arrival 177 

times manually. 178 

We measured the P-wave velocities between the HF hole and the 16 sensors just 179 

before the HF experiment by using an emitter (AE703SWR-0840; Fuji Ceramics Corp.) 180 

attached to the packer just above the pilot hole to inject water. From the measurements, 181 

we obtained an average velocity of 5.67 km/s with the standard deviation 0.48 km/s. 182 

Because the scattering in the P wave velocity due to the inhomogeneity was larger than 183 

the anisotropy, and in addition, the principal axes of the anisotropy could not be 184 

determined due to limitation of our measuring paths, we used the average velocity for 185 

source location without considering the anisotropy.  186 

Figure 4 shows the AE hypocenter distributions in periods I, II(1), II(2), II(3), and 187 

II(4) as marked above Figs. 2 and 3. Here, period I, t = 0–2026 s, includes the time span 188 

in which the flow rate was maintained at 10 mL/min, namely, t = 22–2026 s, as shown 189 

in Fig. 2. In Fig. 4, we show only the projections on the XY horizontal plane and the XZ 190 

vertical plane; we omit the YZ plane because the AE hypocenter distribution is relatively 191 
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narrow in the Y direction, as seen on the XY plane. Although we set the origin of the 192 

coordinate system at the center of the HF hole on the surface as shown in Fig. 1, the 193 

central coordinates of the HF hole at the nearly central depth of the pressurizing section 194 

at Z = 5.415 m are X=0.080 and Y=−0.660 m as shown in Fig. 4, respectively, because 195 

of a 1.1° tilt of the HF hole. Since the AE holes have similar (albeit small) tilts, we 196 

corrected the sensor positions for the AE source locations. The AE holes do not appear 197 

in Fig. 4 because they are 1 m from the HF hole and therefore beyond the figure frames. 198 

The AE hypocenters shown in Fig. 4 satisfy the following two conditions. First, to 199 

locate a hypocenter, P-wave arrival times had to be read at five or more sensors set in 200 

three or more different AE holes to enclose the hypocenter three-dimensionally. Second, 201 

the maximum standard error, among the three principal axis of an error ellipsoid 202 

calculated from the variance-covariance matrix, had to be smaller than 50 mm for the 203 

hypocenter location.  204 

The numbers of located AE hypocenters satisfying these two conditions were 1098(I), 205 

189(II(1)), 324(II(2)), 375(II(3)), and 638(II(4)), respectively. 206 

As shown in Fig. 4(a), in period I, while the flow rate remained at 10 mL/min, the AE 207 

hypocenters were distributed in the negative X direction from the pressurizing section 208 

corresponding to the pilot hole. In Fig. 4(b)–(e), the AE hypocenters newly observed in 209 

each period are shown with red points, whereas those located in the previous periods are 210 

shown with gray points. In period II(1), just after the flow rate was increased to 30 211 

mL/min, the AE hypocenters remained distributed within the region where they were 212 

distributed in the previous period I, even though the pressure increased up to the 213 

secondary BD, as shown in Fig. 4(b). In the following period II(2) just after the 214 

secondary BD, despite lower rates of located AE events (see Fig. 3), the AE hypocenters 215 
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migrated into a new region in the positive X direction from the pressurizing section, as 216 

shown in Fig. 4(c). This suggests that new crack expansion occurred following the 217 

second BD pressure (9.79 MPa), which was larger than the first one (9.20 MPa). In 218 

period II(3), as shown in Fig. 4(d), AE events occurred throughout the regions that were 219 

previously active in the periods I-II(2), and some of them tended to migrate outward 220 

from their margins, suggesting slight crack expansions. In period II(4), as shown in 221 

Fig. 4(e), the AE events occurred throughout but only within the regions that were 222 

previously active, suggesting no crack expansion into any new region. 223 

Because some of the AEs appear to lie along the wall of 86 mm diameter hole as 224 

shown in Fig. 4(a), the question may arise whether they reflect fracture growth along the 225 

packer or isolating cement at an early time after the first BD. When we checked the 226 

locations of the six AE events immediately after the first BD, we found that five of the 227 

six are located only 10 to 40 mm away from the wall of 86 mm diameter hole and one of 228 

them is 90 mm away from it. Thus, we cannot rule out the possibility that the five events 229 

occurred on the interface when we consider an error of the location. However, the two 230 

cracks were observed in the upper part in the symmetrical positions (in the directions 231 

where the AE hypocenters distributed) on the 86 mm hollow core recovered from the 232 

pressurizing section after the HF by drilling coaxially with the 36 mm hole. From the 233 

fact, we guess that the crack was initiated from the upper part of the pressurized section 234 

and extend upper-ward, and after that, the detectable events in the rock were caused 235 

close to the hole. In addition, because the interface between the hole wall and the 236 

cement was weaker than the matrix of intact rock, even if an AE event occurred on the 237 

interface it was probably very small and undetectable. 238 

 239 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



11 
 
 

3.3. Temporal changes of fracturing modes of AE events 240 

We examined the fracturing modes associated with the AE events by analyzing the 241 

ratios of the P-wave initial motion polarities. In the analysis, we used only those located 242 

AE events whose P-wave polarities (i.e., compression or dilatation) could be read by 10 243 

or more sensors. We checked the polarity of the response of an AE sensor by dropping a 244 

small steel ball onto its surface and confirmed that an upward trace of P-wave initial 245 

motion corresponds to a compressive wave. For each AE event whose total number of 246 

sensors that could read the polarity was larger than 10, Figure 5 shows the percentage R 247 

that recorded the compressive wave. Figure 5(a) and (b) plot R for the 80 s time 248 

windows that begin just before the first and second BDs, respectively, corresponding to 249 

the time spans enclosed by the two broken rectangles in Fig. 2. Assuming that the AE 250 

sensors surround each AE hypocenter sufficiently, the ratio R should be 100% for pure 251 

tensile or explosion-type events, 50% for pure shear-type events, and 0% for pure crack 252 

closure or implosion-type event. Herein, we label those AE events with 80 ≤ R ≤ 100 as 253 

“tensile dominant” (TD; red stars) and those with 20 < R < 80 as “shear dominant” (SD; 254 

blue circles). Although we intended to label those with 0 ≤ R ≤ 20 as “implosion 255 

dominant,” there were no such events. As shown in Fig. 5(a), only four TD events were 256 

recorded immediately after the first BD, followed by many SD events. This tendency is 257 

also seen in Fig. 5(b); that is, many TD events were recorded immediately after the 258 

second BD but then the frequency at which they were recorded decreased with time. 259 

Figure 6 shows a typical example of a TD AE event. As shown in Fig. 6(a), P-wave 260 

arrivals and their polarities could be read at the times indicated by the closed triangles at 261 

13 out of the 16 sensors, and they all show upward traces corresponding to compression. 262 
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As shown in Fig. 6(b), the polarities projected on a lower hemisphere Schmidt net show 263 

a well-constrained tensile fracturing mechanism. 264 

Figure 7(a) and (b) plot the X, Y, and Z coordinates of the AE hypocenters along with 265 

the elapsed times corresponding to those of Fig. 5(a) and (b), respectively. In Fig. 7(a), 266 

the four TD AE events immediately after the first BD all preceded SD AE events. In 267 

Fig. 7(b), if an AE event was induced on a frontier toward a new region into which no 268 

AE event had yet migrated, one of the X, Y, and Z coordinates of the event should be 269 

plotted on the frontier of a previous coordinate distribution. Out of the 14 TD AE events 270 

in Fig. 7(b), five are on the X coordinate and five are on the Z coordinate, as shown by 271 

the arrows. The arrow is attached to either the X or Z coordinate for an event, without 272 

duplication. Because these 10 events represent 71% of the total number of TD events 273 

(i.e., 14 events), many were likely induced on frontiers toward new regions. At least, the 274 

ratio of TD events located on the frontiers is considerably larger than that of the SD 275 

events. This suggests that the frontier TD events are associated with the propagation  of 276 

new cracks.  277 

 278 

4. Discussion 279 

4.1. Direction of HF crack in relation to rock stress and preexisting cracks  280 

From the AE hypocenter distributions shown in Figure 4, the direction of the cracks 281 

induced by HF lied in N120⁰E. However, the direction is completely inconsistent with 282 

the rock stress conditions measured in the two location near our HF site, that is; the 283 

maximum horizontal stress lies in north-south (N8⁰E) and the minimum in east-west 284 

(N98⁰E) as shown in Section 2.1. On the other hand, preexisting cracks, which we 285 

avoided in selection of the pressurizing section for our HF experiments, were observed 286 
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at the rate of 1.4 cracks/m on average over around 50 m in total using a borehole 287 

television system in the 10 m long HF and four 10 m long AE holes. The dominant 288 

strike and dip of the preexisting cracks were N133⁰E/80⁰, corresponding to the crack 289 

direction induced by HF lying in N120⁰E. From the facts, we consider that crack 290 

direction extending in our HF experiment was more affected by the direction of inherent 291 

hidden weak planes corresponding to preexisting crack directions rather than the rock 292 

stress condition, although the HF was conducted in a small intact rock mass selected to 293 

avoid such pre-existing joints. In the larger scale field experiments, the tendency was 294 

often observed in fracture nucleation around HF hole, for example, at the Grimsel Test 295 

Site in Switzerland (Gischig et al., 2018) and in crack extensions farther from HF hole, 296 

for example, at Ogachi Site in Japan (Kaieda et al. 1993, Kondo 1994, Ito 2003).  297 

However, we still cannot deny the possibility that fracture at the first BD was 298 

initiated under control of stress in intact rock, because TD AE events are unlikely 299 

induced by fracturing along a week plane and existence of a fault and many preexisting 300 

cracks likely cause various scale stress inhomogeneity. Thus, due to the stress 301 

inhomogeneity, at the immediate locality around the borehole wall in the pressurizing 302 

section, the maximum horizontal compressive stress might apply in the direction where 303 

the HF crack propagated.   304 

 305 

4.2. Relationship between BD and crack expansion 306 

AE hypocenter distributions changed with elapsed time. In period I, with the first BD 307 

occurring at a flow rate of 10 mL/min, the AE hypocenters were distributed in the 308 

negative X direction from the pressurizing section corresponding to the pilot hole, as 309 

shown in Fig. 4(a). In period II(1) just before the second BD, as shown in Fig. 4(b), the 310 
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AE hypocenters remained distributed within the region in which they were distributed 311 

in the previous period I without migrating into any new region, despite the flow rate 312 

being increased to 30 mL/min. However, in period II(2), as shown in Fig. 4(c), the AE 313 

hypocenters started to migrate into a new region in the positive X direction from the 314 

pressurizing section immediately after the second BD at 9.79 MPa, which is larger than 315 

the first BD at 9.20 MPa. After that, in periods II(3) and II(4), as shown in Fig. 4(d) and 316 

(e), respectively, the AE hypocenters were distributed in almost the same regions as 317 

those where they were distributed in the previous periods I–II(2), with slight migrations 318 

toward the positive X and negative Z directions, suggesting that crack extension during 319 

these periods was limited. From the temporal changes of the AE hypocenter 320 

distributions, crack expansions into new regions were likely induced only immediately 321 

after the first and second BDs. 322 

   In contrast to our results, AE events migrated with the duration of injection in actual 323 

field operations for HDR projects in Cooper Basin, Australia (Baisch et al. 2006, 2009, 324 

2015), Soultz HDR, France (Evans et al. 2005), Hijiori, Japan (Sasaki 1997, 1998), and 325 

Ogachi, Japan (Kaieda et al. 1995), and also in those for oil and gas recovery in Cotton 326 

Valley, TX (Rutledge et al. 2004) and the Barnett Shale, TX (Hummel and Shapiro 327 

2013). Sasaki (1998) examined the migration of AE hypocenters for 3 h at an injection 328 

flow rate of 6 m3/min in Hijiori, Japan, using CGDD model (Christianovich and Zheltov, 329 

1955; Geertsma and De Klerk, 1969; Daneshy, 1973) of a HF crack, which has been 330 

often used in the petroleum industry, having an ellipsoid shape on the horizontal section 331 

parallel to a crack extending direction with a rectangular shape on the vertical section. 332 

Their findings using this model were that the distribution of AE hypocenters expanded 333 

as t2/3 and as the square root of the injection flow rate. On the other hand, Hummel and 334 
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Shapiro (2013) examined the migration for 5.4 h at an injection flow rate of 9 m3/min in 335 

the Barnett Shale with fluid pressure diffusion. In our experiment, the pressurizing 336 

section of our HF experiment was selected in intact rock to avoid complications from 337 

pre-existing joints, and the expansion of AE migration was only around 0.5 m. In 338 

addition, the injection duration (48 min) was shorter and the injection flow rate (10 or 339 

30 cm3/min) was much smaller than those in the field operations. From the differences 340 

between our experiment and the one analyzed by Hummel and Shapiro (2013), the AE 341 

migration in our experiment was likely governed by new crack generations, whereas the 342 

AE migration in field operations seems to be controlled by pre-existing joints because 343 

of the long duration and large injection volume in a much larger rock mass having 344 

pre-existing joints. However, in some field operations, when the injection flow rate was 345 

increased during long-term injection, the AE activity increased remarkably (e.g., Kaieda 346 

et al. 1995; Sasaki 1997). When we consider the cases in fields where AE activity 347 

increase with flow rate increase, the results of our experiment suggests that increasing 348 

the injection flow rate is an effective way to generate and expand new cracks if the same 349 

fracturing mechanism acts also in large volume injection in a field, in other words, new 350 

cracks expand in intact rock masses with pressure increase due to flow rate 351 

increase.   . 352 

Although refracturing performed long after a first HF treatment has been proposed 353 

recently as a means to accelerate production and enhance the ultimate recovery of 354 

depleted shale wells as an economic alternative to drilling new wells (Jacobs 2014; 355 

Foda 2015; Malpani et al. 2015), the relationship between crack expansion and injection 356 

flow rate has not been examined closely in actual reservoirs for reasons such as 357 

complicated injection histories and a time lag between injection and AE occurrence. Our 358 
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results suggesting that increasing the injection flow rate is an effective way to generate 359 

and expand new cracks may help to understand and improve the refracturing. 360 

 361 

4.3. Different fracturing modes for crack expansion  362 

As shown in Fig. 5, the P-wave initial motion polarities indicate that TD events were 363 

induced immediately after the first and second BDs. The periods correspond to those 364 

when crack expansion was deduced from the migration of AE events. As for the 365 

fracturing mode induced by HF, although elastic theory suggests tensile fracture (e.g., 366 

Hubbert and Willis 1957; Zoback et al. 1977; Haimson 1978; Schmitt and Zoback 367 

1993), many researchers have reported that shear events are dominant instead in actual 368 

field monitoring (e.g., Talebi and Cornet 1987; Cornet 1992; Horálek et al. 2010; 369 

Maxwell and Cipolla 2011). Recently, Ross et al. (1996), Šílený et al. (2009), and Julian 370 

et al. (2010) reported the existence of TD events induced by HF. However, Šílený et al. 371 

(2014) indicated that an insufficient number of AE sensors, their improper deployment, 372 

and waveform noise could result in spurious non-double couple components in the 373 

inverted moment tensor that would erroneously imply the TD mechanism. In laboratory 374 

experiments, whereas many SD events have been observed in water injection (e.g. 375 

Ishida et al. 2004, 2016), TD events have been observed in HF only when viscous 376 

fracturing fluids were used (Matsunaga et al. 1993, Ishida et al. 2004, 2016; Rodriguez 377 

et al. 2017) or for a hard intact granodiorite block consisting of small grains (Ishida et 378 

al. 2000). Thus, the fracturing mechanism active in HF operations using water is often 379 

ambiguous. 380 

Although the fracturing mechanism induced by HF likely depends on factors such 381 

as the viscosity of the fracturing fluid, the nature of the rock matrixes, the density of 382 
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pre-existing joints, and the rock stress conditions, Fig. 5(a) shows that only TD events 383 

occurred immediately after the first BD, implying that they were induced by new crack 384 

expansion. After the second BD, although TD events occurred with SD events as shown 385 

in Fig. 5(b), 71% of these events were distributed on the frontiers of regions where AE 386 

events had already occurred. This suggests that new crack propagation occurred at least 387 

in part through tensile fracturing, as was crack expansion after the first BD; this 388 

tendency has been observed in HF using viscous oil in an intact marble block 389 

(Matsunaga et al. 1993). The occurrence of TD events in our case was likely because 390 

our HF experiment was conducted in a small intact rock mass selected to avoid 391 

preexisting joints.  392 

 393 

4.4. Fracturing mechanism of SD events 394 

   Although we focused on TD events in the previous sections, the vast majority of AE 395 

were SD events. Here, we discuss origins for these SD events. 396 

   For example, in volcanic earthquake swarms, significant parts of seismic events 397 

show a shear mechanism, although many events are characterized by magma intrusions 398 

or eruptions. To explain the observation, Hill (1977) proposed a conceptual model that 399 

magma intrudes into the weak planes lying along the direction of the maximum 400 

compressive stress, among many weak planes prevailing in a volcanic region. The 401 

magma intrusion forming a dike would accompany some tensile fracturing, whereas 402 

shear fracture would form conjugate faults, connecting the tips of dikes, as indicated by 403 

symbols A and B in Fig. 8. 404 

   As another example, the fact that SD events dominate even in a three bending test of 405 

a specimen helps us to understand the origin of SD events. Kao et al. (2011) conducted 406 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



18 
 
 

a three-point-bend fracture test on granite specimen measuring 217×73×32 mm3 407 

(span×height×thickness) with a 4 mm notch, and AE events were located and their 408 

fracturing mechanism were analyzed. They found that all AE sources were shear 409 

dominant due to tortuosity reflecting the local deviation of the crack path due to 410 

grain-scale heterogeneity, although the macroscopic fracture were tensile. From this 411 

experiment, we can say that SD events associated with macroscopic tensile fracture is a 412 

natural consequence of tortuosity, and the local mechanism, that is mechanism of AE 413 

event, does not necessarily reveal the nature of the macro failure mode. 414 

   The macroscopic observation in our laboratory HF experiments using very slick 415 

super critical carbon dioxide (Ishida et al. 2016) revealed that the HF cracks propagate 416 

mainly along the grain boundaries of the constituent minerals, producing many small 417 

cracks inclined in the direction of the maximum compressive stress, σ1, which is the 418 

propagating direction of a main crack. Because shear stress acts on a plane inclined to 419 

the direction of σ1, shear fracture can easily occur on the plane.  420 

   In our field experiment here, when we consider that the rock mass had newly 421 

induced cracks after BD in addition to many pre-existing cracks, many SD events are 422 

most likely induced with new crack extension or slippage on crack plane inclined to the 423 

direction of the macroscopic HF crack propagation. If we can accept the concept like 424 

this on crack propagation and the origin of AE, we can better understand the reason why 425 

many researchers have reported that SD events are dominant in HF in actual filed rock 426 

masses having various geological inhomogenuities including pre-existing and newly 427 

generated HF cracks. 428 

 429 

5. Conclusion 430 
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We conducted an HF experiment at a 500-m-level gallery in MIU in central Japan. 431 

We drilled a hole downward from the gallery floor and injected water into a section 432 

36 mm in diameter and 160 mm in length that was selected to avoid pre-existing joints. 433 

We monitored AE events with 16 sensors set in four holes 1 m away from HF hole. 434 

From the experiment, we obtained the following results. 435 

1) When we initially injected water at a flow rate of 10 mL/min, the first BD was 436 

induced at a pressure 9.20 MPa. After that, when the flow rate was increased from 10 to 437 

30 mL/min, the second BD, which is that of “refracturing,” was induced at a pressure of 438 

9.79 MPa, which is higher than the pressure of the first BD. Expansion of the regions 439 

where AE events were distributed was predominantly observed immediately after the 440 

first and second BDs. Many AE events in other periods occurred within the regions 441 

where AE events were already distributed. 442 

2) The migration of AE events suggested that increasing the injection flow rate is an 443 

effective way to generate and expand new cracks, whereas AE events migrate with the 444 

duration of injection in actual field operations. The differences can be interpreted as 445 

follows. Because our experiments were conducted in a small intact rock mass selected 446 

to avoid a pre-existing joint, the migration of AE events was controlled by the 447 

generation and expansion of new cracks. By contrast, in field operations it is controlled 448 

by pre-existing joints because of the long duration and large injection volume in a much 449 

larger rock mass having pre-existing joints. 450 

3) P-wave initial motion polarities indicate that TD AE events were induced 451 

immediately after the first and second BDs, which corresponds to the periods when 452 

crack propagation were deduced from the migration of AE events. In addition, most of 453 

the TD AE events were distributed on the frontiers of regions where AE events had 454 
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already occurred. These results suggest that new crack propagation were induced by 455 

tensile fracturing. 456 

4) Our results suggest that increasing the injection flow rate is an effective way to 457 

generate and expand new cracks in an intact rock, and the new crack expansions were 458 

associated with tensile fracturing, consistent with the elastic theory. We believe that 459 

these findings can help to understand and improve the refracturing in actual field 460 

operations for HDR projects and shale oil and gas recovery. 461 
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 601 
Figures Captions 602 
 603 
Figure 1 Bird’s-eye view of arrangement of acoustic emission (AE) sensors to enclose 604 

the pressurized section for hydraulic fracturing (HF) under the test site. The 605 
Cartesian coordinate system used in the experiment is also shown. The dimensioned 606 
diagram of the packer to seal the pressurizing section is also shown in the lower left 607 
part of the figure.  608 

 609 
Figure 2 Temporal changes of injected water pressure and located AE event rate during 610 

different constant flow rates  611 
 612 
Figure 3 Temporal changes of injected water pressure, flow rate, and located AE event 613 

rate for the 80 s, t = 2020–2100 s, corresponding to the time span enclosed by the 614 
right-hand broken rectangle in Fig. 2 615 

 616 
Figure 4 Projections on XY horizontal plane and XZ vertical plane of AE hypocenter 617 

distribution: (a) period I (0–2026 s); (b) period II(1) (2026 –2039 s); (c) period II(2) 618 
(2039–2063 s); (d) period III(3) (2063–2073 s); (e) period III(4) (2073–2850 s). In 619 
Fig. 4(b)–(e), AE hypocenters newly located in the respective periods are shown with 620 
red points, whereas those located in the previous periods are shown with gray points 621 

 622 
Figure 5 Percentage R of sensors that recorded a compressive wave out of all sensors at 623 

which the polarities could be read by 10 or more sensors for each AE event. Red stars 624 
are AE events labeled as “tensile dominant” (TD) (80 ≤ R ≤ 100); blue circles are 625 
those labeled as “shear dominant” (SD) (20 < R < 80). (a) and (b) show R for the 80 s 626 
from just before the first and second BD, respectively, which correspond to the time 627 
spans shown with the two broken rectangles in Fig. 2 628 
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 629 
Figure 6 Typical example of TD AE events. (a) Recorded waveforms. A closed triangle 630 

indicates a P-wave arrival time. P-wave polarities were read by 13 sensors, all of 631 
which show upward traces corresponding to compression. (b) Polarities projected on 632 
the lower hemisphere projection of a Schmidt net. The occurrence time of the AE 633 
event was 2055.95 s and the X, Y, and Z coordinates of its location were 0.266, 634 
−0.064, and 5.341 m, respectively 635 

 636 
Figure 7 X, Y, and Z coordinates of AE hypocenters along with their elapsed times. Red 637 

stars are TD AE events (80 ≤ R ≤ 100); blue circles are SD AE events (20 < R < 80). 638 
Bands of broken lines indicate the span of the pressurizing section in each coordinate 639 
corresponding to the position of the pilot hole. (a) and (b) show AE hypocenters for 640 
the time spans corresponding to Fig. 5(a) and (b), respectively. The arrows in (b) 641 
indicate TD AE events located on a frontier of the previous distribution of each 642 
coordinate. An arrow is attached to either the X or Z coordinate of an event, without 643 
duplication. 644 

 645 
Figure 8 Dikes and conjugate fault planes under the maximum compressive stress, σ1, 646 

and the minimum compressive stress, σ3. This model was originally proposed for 647 
volcanic earthquake swarms. (After Hill (1977)) 648 
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Figure 4(c)  Period II(2) 
(2039 – 2063 s)
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Figure 4(d)  Period II(3) 
(2063 – 2073 s)
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Figure 4(e)  Period II(4) 
(2073 – 2850 s)
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Figure 7(a)
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Figure 7(b)
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