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Abstract we conducted hydraulic fracturing (HF) experiments on 170 mm cubic granite specimens with a
20 mm diameter central hole to investigate how fluid viscosity affects HF process and crack properties. In
experiments using supercritical carbon dioxide (SC-CO,), liquid carbon dioxide (L-CO,), water, and viscous oil
with viscosity of 0.051-336.6 mPa-s, we compared the results for breakdown pressure, the distribution and
fracturing mechanism of acoustic emission, and the microstructure of induced cracks revealed by using an
acrylic resin containing a fluorescent compound. Fracturing with low-viscosity fluid induced
three-dimensionally sinuous cracks with many secondary branches, which seem to be desirable pathways for
enhanced geothermal system, shale gas recovery, and other processes.

1. Introduction

The underground sequestration of carbon dioxide (CO,) is a promising and feasible method for mitigating
the greenhouse effect by decreasing the amount of CO, emissions. If this method can offer economic ben-
efits to compensate for the costs of the capture, transportation, and underground injection of CO,, it will
be much more eagerly developed and adopted.

Brown [2000] proposed to use CO, instead of water to extract heat from enhanced geothermal system (EGS)
with realizing the underground sequestration of CO, at the same time. Ueda et al. [2005] suggested that CO,
injected through a borehole can be dissolved into groundwater and the CO,-saturated water reacts with the
hot rocks to form calcite and clay minerals at the edge of the migrating plume of CO,. An impermeable layer
composed of the calcite and the clay minerals can act as a cap rock to retain CO,. Pruess [2006] compared the
flow behavior, chemistry, and thermophysical properties of CO, and water for geothermal energy extraction
and concluded that CO, is superior to water as a working fluid for EGS. Mohan et al. [2013] explored the pos-
sibility of utilizing CO, as alternative geothermal fluid for the extraction of geothermal heat in arid regions
and to simultaneously sequester CO,. Xu et al. [2016] assessed the power generation and CO, sequestration
ability of the Habanero geothermal field in the Cooper Basin of South Australia and suggested through their
simulation that the major sequestration mechanisms are the storage in the fracture-stimulation
damage zone.

Injection to extract heat energy from EGS is usually injected into rock masses at a depth of more than 3000 m,
which satisfy the temperature and the pressure to make CO, supercritical state. The viscosity of supercritical
CO, (SC-CO,) is 1 or 2 orders of magnitude smaller than that of normal liquid water, and it is still lower than
that of liquid CO, (L-CO,) formed in the lower temperature. Although the features of cracks induced by
hydraulic fracturing (HF) with a low-viscosity fluid are expected to be different from those induced by con-
ventional HF using water, the difference has been examined by only visual inspection [Kizaki et al., 2013]
and numerical simulations [Zhou and Burbey, 2014]. Thus, we conducted HF experiments varying viscosity
of fracturing fluid in 1770 mm cubic granite blocks with AE (acoustic emission) monitoring, to investigate
how fluid viscosity affects the HF process and crack properties.

Early experiments of HF using rectangular blocks in under true triaxial stress are found in Haimson and
Fairhurst [1969] and Cheung and Haimson [1989]. They used 125X 125x 140 mm blocks of hydrostones
and similar size Niagara dolomite to examine validity of breakdown pressure and shut-in pressure for HF
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Table 1. Specimen Number, Fracturing Fluid, and P Wave Velocity stress measurement. Guo et al.

G Eracturi P Wave Velocity (km/s) used 305x305x305mm and
pecimen racturing

No. Fluid Vy Vy Vy 610 X584 x 305 mm gypstone

blocks to examine the effect of

21;(1)2 zgggi :?g g:gg :Z specimen size on breakdown pres-
G1213 L-CO, 488 532 526 sure [Guo et al, 1993a], leak-off
G1209 L-CO, 475 540 533 phenomena [Guo et al, 1993b],
G1102 Water 405 4.86 472 and communication of two wells
G1103 Water 425 5.00 472 [Guo et al., 1993c]. Following their
G1114 Oil 4.05 472 4.60 works, Morita et al. [1996] investi-
el Oil 4.25 4.86 4.60 gated the sealing effect of the
Average 4.46 5.09 495

drilling mud on stabilization for a
borehole in HF experiments using
762x762%x762mm blocks of Berea sandstone, Castlegate sandstone, and Mancos shale. More recently,
Bunger and Detournay [2008] made HF experiments in transparent polymethyl methacrylate and borosilicate
glass blocks measuring 200 x 200 x 150 mm to investigate crack extension behavior driven by injected fluid.
We also conducted HF experiments injecting water and viscous oil into 190 x 190 x 190 mm granite blocks
under biaxial stress [Ishida et al.,, 2004] and SC-CO, and L-CO; into 170 x 170 x 170 mm granite blocks under
hydrostatic stress to investigate effect of fracturing fluid viscosity on feature of cracks [Ishida et al,, 2012].
Following these preliminary experiments, in this paper, we show the results of HF experiments injecting
SC-CO,, L-CO,, water and viscous oil, the viscosities of which ranged from 0.051 to 336.6 mPas, into
170 170 x 170 mm granite blocks under the identical true triaxial stress condition, focusing on the AE source
distribution, the AE mechanism, and the microstructure of the cracks revealed by using an acrylic resin
containing a fluorescent compound imbibed to the material after the experiment. The results consistently
showed the tendency that a low-viscosity fluid, such as SC-CO,, induces more three-dimensionally sinuous
cracks with more secondary branches than a higher viscosity fluids such as water and viscous oil.

2, Experimental Method

2.1. Specimens and Experimental Setup

We used eight cubes (170 x 170 x 170 mm) of granite with a 20 mm diameter central hole. The granite is pro-
duced in Kurokami-jima Island in Seto Inland Sea in Southwestern Japan. The material is commonly known as
Kurokami-jima granite. The modal composition of the samples for our experiments was about 40% potassium
feldspar, 36% plagioclase, 21% quartz, and 3% micas and accessories. The mean grain size was about 2 mm,
and some coarse potassium feldspar grains whose size more than 5 mm were observed.

To confirm the reproducibility of the experimental results, we used two specimens for each of the fractur-
ing fluids: SC-CO,, L-CO,, water, and viscous oil (Table 1). The inherent rift plane of the granite specimen
was oriented to correspond to the YZ plane in the Cartesian coordinate system (Figure 1). As shown in
Table 1, the average P wave velocities measured along the Y and Z directions were around 5.0 km/s,
whereas that along the X direction normal to the rift plane was around 4.5km/s. The P wave velocities
were measured before the experiments without any confining pressure. Results of Brazilian tests with
the discs oriented to make fracture along the rift plane on 33 cylindrical samples of the same kind of
Kurokami-jima granite, measuring 45 mm diameter and 30 mm length, showed an average tensile strength
of 3.38 MPa with a standard deviation of 0.21 MPa [Ishida et al., 2005]. Effective porosity of the granite was
0.84%, where the pore and the bulk volumes were measured with the saturation and the buoyancy methods,
respectively [International Society for Rock Mechanics, 1979], and its intrinsic permeability obtained by air
permeability test for hollow cylinder samples was around 9% 10~'°m? [Ishida et al, 2006]. The intrinsic
permeability corresponds to 1x107 "' m/s of hydraulic conductivity, which is within the extent from
107 "% to 108 m/s for general granitic rock shown by Vutukuri and Katsuyama [1994]. To monitor AE events
induced by the fluid injection, we glued four cylindrical lead zirconate titanate (PZT) elements 4 mm in dia-
meter and 4 mm thick on each of the four lateral surfaces (total of 16 elements) of the specimen (Figure 1).
To apply confining pressures, we covered each lateral surface with a 6 mm thick hard nylon sheet with
four 5mm diameter holes in the positions of the PZT elements. The PZT element wires were guided
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Figure 1. Coordinate system and loading condition of the specimen. The filled circles indicate the piezoelectric elements
used as AE sensors at open positions, while the open circles with broken lines indicate those at hidden positions behind the
specimen.

through grooves in the surface of the sheet, and the sheet was covered again with another 4 mm thick
hard nylon sheet.

We placed the specimen in dry condition in a cylindrical pressure cell, except only the case of SC-CO, injec-
tion where we filled the cell with hot water to prevent the injected CO, from cooling. We inserted four bow-
shaped spacer blocks between the specimen and the inner wall of the pressure cell and placed a flat jack
between the specimen and each spacer block to apply pressure in the X and Y directions (Figure 2). In the
Z direction, we placed flat jacks between the specimen and loading plates supported by the end caps on
the top and bottom of the pressure cell. In all experiments, we applied confining pressures of 3, 6, and
4 MPa in the X, Y, and Z directions, respectively, to provide the deviatoric stress. The stress magnitudes of 3
and 6 MPa were selected following the solution by Kirsch [1898] so as to keep compressive stress larger than
3 MPa in the tangential direction all along the hole wall. The minimum tangential stress of 3 MPa induced at
the points of the Y direction along the hole wall did not exceed the capacity of the injection pump and pipe
line to induce HF, and the maximum stress of 15 MPa induced at those of the X direction was sufficiently smal-
ler than that inducing the borehole breakout. The stress magnitude of 4 MPa in the Z direction was selected
so as to be between 3 and 6 MPa in the X and Y directions. Although the confining pressures increase P wave
velocities, we ignored the increases in calculation of AE source location, because they were expected only

\ \\mmm"""‘""“."."\"‘"'{". Flat jack
NV . Loading
frame

Spacer

Specimen

Plate for
vertical loading

Figure 2. (left) Photo and (right) cross-sectional schematic of a specimen, flat jacks, and spacers set in the loading frame. In
the photo, the specimen is set under the plate for the vertical loading.
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around 0.1 to 0.3 km/s from the measurements for granite under confining pressure from 0 to 200 MPa [Sano
etal, 1992].

2.2. Method of Fluid Injection

Figure 3 shows the packer inserted into the central hole of the samples to inject the fracturing fluids, includ-
ing CO,. The packer had a 60 mm pressurizing section sealed with two O-rings at each end. The pressurizing
section was centered along the hole. In all the experiments, we injected the fracturing fluid under the control
of syringe pump to keep the same constant flow rate of 10 mL/min and stopped the injection just after HF
was induced, which was indicated by a sudden pressure drop.

Figure 4 shows the injection system used for the HF experiments. To make SC-CO,, we fed CO, from a bomb
to a syringe pump cylinder, which had a capacity of 266 mL. To fill the cylinder as full as possible, we cooled
the CO, to keep it in the liquid state by circulating coolant in a cooling unit above the cylinder. The phase
diagram in Figure 5 shows that CO, becomes supercritical when the temperature is higher than 31.0°C
and the pressure is greater than 7.38 MPa. After discharging L-CO, from the cylinder of the syringe pump
at a constant flow rate of 10 mL/min, we heated it with a heater unit. We maintained the temperature at
55°C by bandaging electric resistance heating ribbon along the pipe connecting the heater unit to the packer
(Figure 4). In addition, we filled the cell containing the specimen with hot water at a temperature of around
45°C to prevent the injected CO, from cooling. Although we did not measure the thermal properties of the
Kurokami-jima granite, we believe that the temperature in the specimen did not easily increase within 1 h or
so for the SC-CO, experiment, even when the outside of the specimen was warmed with the hot water and
the wall of the injection hole wall with SC-CO,. This expectation comes from our experiences in the heater
test in a block of Inada granite whose thermal conductivity is 3.3 W/(m K), specific heat is 0.72 J/(g K), and den-
sity is 2.0 x 10% kg/m? [Ishida et al,, 1990]. The similar tendency was also found in heater test in a block of Lac
du Bonnet granite by Jansen et al. [1993]. Thus, during the experiment, it is most likely that the temperature of
the specimen only in the vicinity of the surfaces and the hole wall was kept around 40°C, while the tempera-
ture in the specimen was kept at the room temperature around 20°C in which the specimen was left more
than 1 week before the experiments. Although the specimen was soaked in hot water for around 1 h, the
water was not expected to infiltrate around the injection hole owing to the specimen’s low permeability,
and the HF was induced under almost dry conditions based on our experience from similar previous experi-
ments. For the other fluids, including L-CO,, HF was also induced under dry conditions at room temperature,
because we fed the fluids to the packer without heating or filling the cell with water.

2.3. Methods for Monitoring AE, Pressure, and Temperature

The PZT elements glued onto the specimen had a resonance frequency of 300 kHz, and they were covered
with an aluminum sheet to avoid electromagnetically induced noise. They were also covered with heat
shrinkable tubes and silicone rubber to provide a waterproof barrier for SC-CO, fracturing. We amplified
the AE signals by 72 to 84 dB in total (36 dB in a preamplifier and 36 to 48 dB in a signal conditioner), pro-
cessed them with a band-pass filter between 80 kHz and 1 MHz, and recorded them on a hard disk through
an analog-to-digital (A/D) converter (PXI-5105, National Instruments Corp.) under the control of LabVIEW pro-
gram. Since the A/D converter has 16 separate channels, the processed AE signals were digitized with 0.1 us
sampling time and had 2048 samples in the record length for each event for each sensor. We set the dead
time after recording an event to 1 ms to prevent the hard disk from recording too much noise caused by
“ringing,” which is the vibration following a large AE event. The recording of an AE event was triggered when
one of the signals from the 16 AE sensors exceeded 3 V. In addition, we counted the number of AE events per
second for each AE sensor when the signal exceeded 3 V.

Every 0.1 s, we measured the injected fluid pressure through transducers (PW-50MPA, Tokyo Sokki Kenkyujo
Co., Ltd., with a full scale of 50 MPa and precision of 0.1 MPa) at the top of the packer, and the flat jack pres-
sures in the X, Y, and Z directions through transducers (PW-20MPA with a full scale of 20 MPa and precision of
0.04 MPa) on the connecting pipes of opposing pairs of flat jacks. We measured the temperature changes
with T-type thermocouples, which can measure temperature from —200 to 400°C with resolution of 0.5°C,
glued to the injection pipe just above the packer in the hole and at both ends of the section of pipe covered
with electric resistance heating ribbon only for SC-CO, injection (Figure 4).
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Figure 3. Straddle packer used to inject fracturing fluid including CO,. (left) Photo and (right) cross-sectional schematic of
the packer.

2.4. Observation of Cracks With Fluorescent Resin

After the HF experiment, we overcored the tested specimens with a diameter of 68 mm along the central
injection hole (Figure 6). The overcored hollow cores were soaked in the thermosetting acrylic resin mono-
mer containing a fluorescent compound under vacuum to allow the resin monomer to penetrate into the
induced cracks and then heated to set the resin in the cores before sectioning. The cracks filled with the resin
were visualized and observed under the ultraviolet light irradiation [Nishiyama and Kusuda, 1994]. We made
two thin sections including hydraulically induced fractures on the plane where Z=85 mm, corresponding to
the center of the pressuring section. No secondary fractures caused by preparing the thin sections were
detected because the above mentioned pretreatment was completed before sectioning.

Bandage with electric
resistance heating ribbon

Hand
pump

Heating
unit

~ Flat

~ jack

Support B \T\
table = Packer

Coolant
circulation

CO, Cooling Syringe Loading frame
bomb  unit pump (Tri-axial cell)

Figure 4. Schematic of system for injecting fracturing fluid and loading confining pressure.

ISHIDA ET AL. FEATURES OF CO, FRACTURING 8084



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2016JB013365

10
| \ \
Supercritical =
-~ 8
= S I
& AN
é 6 i Critical Point
@ E 1 (31.0°C, 7.38 MPa)
S ) L I
2 4l @« Liquid 1
g / I
-y ) S Gas I
e I
L~ -

0
70 -50 -30 -10 10 30 50
Temperature (°C)

Figure 5. Phase diagram of CO,.

3. Results

Table 2 summarizes our experiments. Because both specimens for each fluid showed similar trends, the
results for only one specimen per fracturing fluid are shown. These specimens are G1115 for SC-CO,,
G1213 for L-CO,, G1102 for water, and G1114 for viscous oil (open circles in Table 2).

3.1. Changes in Fluid Pressure and AE Count Rate

Figure 7 shows the changes in injected fluid pressure, confining pressure, and AE count rate during injec-
tion of SC-CO,, L-CO,, water, and viscous oil into the specimen. The temperature is shown only for SC-CO,.
In the injection of SC-CO, and L-CO,, since we fed CO, from the bomb, the bomb pressure around 5 MPa
applied in the hole just after the experiments have started. In contrast, in the injection of water and oil, the
pressure increased gradually from zero. In all cases, we shut the return pipe after filling the fluids in the dry
empty pressurizing section in the hole, and we kept to inject the fluids at the constant flow rate of
10 mL/min through the experiments. The elapsed time along the lateral axis is taken as zero when the
breakdown pressure, which is defined as the peak pressure just before large sudden pressure drop,
is recorded.

In Figure 7a for the case of SC-CO, injection, we show the temperature measured with a thermocouple glued
on the injection pipe just above the packer in the hole. The temperature most likely indicates the CO, tem-
perature, since the temperature always showed the same temperature measured at the both ends of the sec-
tion of pipe covered with electric resistance heating ribbon (see Figure 4) even when the sudden
temperature change of the CO, was induced. Since the temperature shows around 36°C, the test began with
the CO; in the gas state in the borehole, referring to the phase diagram of CO, shown in Figure 5. The CO,

— Y=119 mm

\ Reference area

Y=95 mm

68 mm 20 mm Injection hole

y Y=75 mm

i ] Induced fracture
X

— —]
Y=51 mm

Figure 6. Overcored hollow core for microscopic observation and reference areas on a thin section.
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Figure 7. Changes in injected fluid pressure, confining pressure, and AE count rate for (a) SC-CO», (b) L-CO,, (c) water, and
(d) viscous oil. The temperature change is only shown in Figure 7a. The scales of the vertical and horizontal axes differ
between plots.

the ZX plane for viscous oil (Figure 8d). The cracks contained in the two parallel planes are distinguished by
using dark lines (near planes; Z= 170 mm for the XY and Y= 0 mm for the XZ planes) and light lines (far planes;
Z=0mm for the XY 'and Y =170 mm for the XZ planes). The other cracks were visible on one plane only, while
no visible crack appeared on the YZ planes.

The AE sources were distributed along the cracks, as expected from the observed surface cracks. However, the
AE sources in Figure 8a were more widely distributed rather than lying along a flat plane; this effect seemed to
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increase with the decrease of viscosity of the fracturing fluids. To present the differences quantitatively, the
maximum likelihood flat plane for the AE distribution was first estimated for each specimen by minimizing
the sum of squares of the distances from a source to the flat plane. After that, the average distance, L,,, from
a source to the maximum likelihood plane was obtained. For the AE distributions shown in Figure 8, the L,,
values were 12.06 mm for SC-CO,, 10.78 mm for L-CO,, 8.15 mm for water, and 7.39 mm for viscous oil.

We obtained also the fractal dimensions of the AE distributions with the correlation function method, follow-
ing Hirata et al. [1987] and Grassberger [1983]. Theoretically, the fractal dimensions of an infinite number of
points distributed on a line, on a plane, and in three-dimensional space are 1, 2, and 3, respectively.
However, because the number of distributed points is finite, the fractal dimensions obtained by this method
tend to be slightly lower than their respective dimensions [Ishida et al., 1998]. Nevertheless, fractal dimension
is useful for characterizing the features of the AE distribution, and a larger fractal dimension suggests more
extensive cracking in three dimensions. For the AE distributions shown in Figure 8, the fractal dimensions
for SC-CO,, L-CO,, water, and viscous oil were 2.42, 2.17, 2.20, and 2.01, respectively. This suggests that a
low-viscosity fracturing fluid such as SC-CO, induces cracking in three dimensions rather than in two by,
for example, forming sinuous cracks with a greater number of secondary branches.

3.3. Induced Crack Patterns Observed With the Fluorescent Method

The cracks induced by HF in the experiments were subtle in the all cases, and they were barely identified by
tracing segments where the fracturing fluid leaked on the surfaces of the cubic specimens, although they
seemed to be observed the more clearly the more viscous the fracturing fluid became. Even when we over-
cored with a 68 mm diameter around the 20 mm diameter injection hole, the overcored hollow core still had
substantial strength and did not break into two pieces for almost all of the cases, as seen in the experiments
by Schmitt and Zoback [1992, 1993].

Figure 9 shows crack propagation patterns observed on the thin sections cut from the hollow cores soaked in
the acrylic resin containing a fluorescent compound. Although preliminary observations, except for the L-CO,
injection, have already been reported [Chen et al, 2015], we examine the crack patterns in relation to the
results of AE monitoring. Figures 9a(i) and 9b(i), 9b(ii), 9c(i), and 9d(i) show fluorescent images of the thin sec-
tion taken under ultraviolet light [Nishiyama and Kusuda, 1994]. The bright and bluish white regions corre-
spond to cracks. Figures 9a(ii), 9b(iii), 9c(ii), and 9d(ii) show sketches of the main crack induced by the
injection. The crack propagates from right to left in all figures. The periphery of the injection hole is shown
with a red line on the right side of the sketch. The observed area corresponds to the area from Y coordinate
of 95 to 119 mm in Figure 6, and the left side almost corresponds to the inner wall of the overcoring hole. The
sketch was made by connecting segments of the main crack identified with the fluorescence method under
ultraviolet light, considering the continuity in the direction of the crack propagation. Although it was easy to
identify the main cracks in the photos of SC-CO,, water, and viscous oil (Figures 9a(i), 9c(i), and 9d(i)), it is dif-
ficult only in the photo of L-CO, (Figure 9b(i)); therefore, we used an enlarged photo (Figure 9b(ii)). The
sketches of the main cracks in Figures 9a(ii), 9b(iii), 9c(ii), and 9d(ii) show that the cracks are tortuous and
never propagate straight, although they propagate along the direction of the maximum compressive stress
and along the rift plane where the main preexisting microcracks align. Fluids with lower viscosity induce
cracks with higher tortuosity, because intermittent and stepwise crack extensions become
more conspicuous.

To examine the correlations between crack patterns and the constituent mineral grains of the specimens,
photomicrographs of the crack patterns on thin sections for SC-CO, and oil injection in the boxes in
Figure 9 were taken using a petrographic microscope in crossed-polarized light (crossed Nicols). The cracks
induced by SC-CO, propagate mainly along the grain boundaries of the constituent minerals (Figure 10a).
In contrast, Figure 10b shows that the cracks induced by oil cut through many mineral grains. This is most
likely a reason why the crack pattern depends on the viscosity of the fracturing fluid.

Crack aperture shown in Figure 10a is larger than that in Figure 10b, although Ishida et al. [2004] and
Stanchits et al. [2014] showed that the higher viscosity fracturing fluid tends to induce cracks having larger
aperture. Ishida et al. [2004] injected water and viscous oil into blocks of Kurokami-jima granite with
monitoring pressure change of the flat jacks applying the confining pressure. Stanchits et al. [2014]
injected two kinds of silicon oil having thousandfold different viscosity into low permeability blocks of
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Figure 8. AE source distribution and cracks visible on the specimen surface for (a) SC-CO», (b) L-CO,, (c) water, and (d) vis-
cous oil. Dark and light lines show cracks that appeared in different planes facing each other.

Colton sandstone with monitoring volume of the injected fluid. Their results both indicated that the higher
viscosity tends to induce the larger aperture cracks, which is inconsistent with our results shown in
Figure 10. Although we did not monitor changes of the flat jack pressure and the injected volume, the
large aperture observed in the SC-CO, injection was probably caused by expansion of CO, with the phase
change from SC-CO, to gas due to the pressure decrease after the crack extension to the lateral free
surface of the specimen.

4, Effect of Fluid Viscosity

In Figure 11, we show the dependency on the fracturing fluid viscosity of breakdown pressure, the AE distri-
bution, and fracturing mechanism based on ratios of the P wave first motion polarity of AE events and the
crack features observed by the fluorescence method. To confirm the generality of the properties, we show
data for our chosen specimens described in the previous section and for the alternate specimens G1202
for SC-CO,, G1209 for L-CO,, G1103 for water, and G1112 for viscous oil (Table 2). The viscosities of SC-CO,
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Figure 8. (continued)

and L-CO, in Figure 11 were estimated from the temperature and pressure at breakdown, following the equa-
tion of state for CO, implemented by Ohmori (http://hp.vector.co.jp/authors/VA030090/) based on the theory
by Fenghour et al. [1998]. The viscosities of the water were obtained from Chronological Scientific Tables
[National Astronomical Observatory of Japan, 1995], and those of the oil were obtained from a table provided
by the oil manufacturer, by using the temperatures measured during the experiments.

4.1. Breakdown Pressure and Apparent Tensile Strength

Figure 11a shows the dependency of breakdown pressure on fracturing fluid viscosity. This figure clearly
shows that breakdown pressure increases with viscosity. The tendency is consistent with the experimental
results by Morita et al. [1996] using water-based and oil-based muds and, in addition, the numerical simula-
tion by Bunger et al. [2010].

Schmitt and Zoback [1992, 1993] discussed carefully the effect of pore pressure on crack initiation of HF
through laboratory experiments using hollow cylinder of westerly granite and glass, where they changed
the pressurization rate and the magnitude of the confining pressure applying the outer surface of the
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cylinder. Here we discuss the effect in the much simpler way than Schmitt and Zoback [1992, 1993], using the
following equation proposed by Scheidegger [1962] for a vertical borehole:

Pb:3shmin75Hmax+T*Pp (1)

where Py, the breakdown pressure, P, the pore pressure, T the tensile strength, Spmin the minimum horizontal
stress, and Symax the maximum horizontal stress. In our experiments, Spmin aNd Spmax correspond to S, and Sy,
respectively, as shown in Figure 1. By putting that S, min = Sh, SH max = Sy and Pp = aPy,the equation (1) becomes

T:5H73Sh+(1 +0()Pb. (2)

The case that o = 0 corresponds to the state that no pore pressure applies without infiltration of fracturing fluid,
while the case that a =1 corresponds to the state that the pore pressure equal to the fracturing fluid pressure
applying on the wall of the injection hole. The magnitude of S, fluctuated at the breakdown, because a
specimen expanded in the X direction, due to intrusion of fracturing fluid into a crack induced along the Y
direction, and resulted to push the flat jacks applying the confining pressure, S,,. However, since the fluctuation
is not so large as shown in Figure 7, by substituting 3 MPa for S, and 6 MPa for Sy, the equation (2) becomes

T=00+a)P,—-3. (3)
where a unit for T and Py, is MPa and a. is a coefficient having no dimension.

The apparent tensile strength, T, obtained from the equation (3) is shown in Table 2 for the cases that a =0.
Even in the case that a =0, the apparent tensile strength, T, becomes from 6 to 22 MPa, which is much larger
than Brazilian tensile strength of the Kurokami-jima granite, 3.38 MPa. In the case that a =1, the apparent
tensile strength, T, becomes still much larger.

In Brazilian test, the tensile stress uniformly distributes along the fracture plane, while in our HF experiment,
the tensile stress in the circumference direction is the largest on the wall of the injection hole and decreases
with the square of the distance from the center of the hole [Kirsch, 1898]. When the difference of the stress
distribution is taken account by introducing a concept of “risk of rupture” proposed by Weibull [1939a,
1939b] under the assumption of uniform distribution of Griffith cracks, the breakdown pressure, P, becomes
1.45 times larger than that of the Brazilian tensile strength [Ishida et al., 2005]. The difference of 1.45 times
showed good agreement with that of 1.47 obtained in their experiments [Ishida et al., 2005]. However, the
difference is still small to explain the difference between the apparent tensile strength and the Brazilian
tensile strength.

The cracks induced in our HF experiments seemed to extend instantaneously to the lateral surface of the spe-
cimen. Discussion on the crack extension considering the stress intensity factors at a crack tip, as described by
Ishida et al. [1997] following Zoback et al. [1977] and Zoback and Pollard [1978], may help to interpret the dif-
ference in the apparent tensile strength depending on the viscosity of the fracturing fluid. Figure 12 (left col-
umn) depicts the case in which hydrostatic pressure, o, applies throughout an ellipsoidal crack surface. In this
case, K= o(xl) %, where K; is the stress intensity factor of mode | at a crack tip and /s half of the crack length.
According to this relation, the stress intensity factor at a crack tip increases with crack length; in other words,
a crack never stops once it starts to extend. Figure 12 (right column) depicts the case in which a pair of point
loads, F, are applied at the center of an ellipsoidal crack. In this case, K;= F(zf)~ '’2, which indicates that stress
intensity factor at a crack tip decreases with crack length; that is, a crack never extends without an additional
increase in applied loads. It can be expected that the fracturing fluid pressure reaches the closer to a crack tip,
the lower the viscosity becomes. Thus, the low-viscosity fluid injection would make state close to that hydro-
static pressure, g, applies throughout an ellipsoidal crack surface, while the high-viscosity fracturing fluid
injection would make state close to that a pair of point loads, F, applies at the center of an ellipsoidal
crack. Consequently, the difference of the apparent tensile strength, T, in other words, the difference of
the breakdown pressure, P,, among the fracturing fluids, is most likely caused by the differences of their
viscosity. From the above discussion, in field operations for the same rock type stratum under the same in
situ stress condition and flow rate, the breakdown pressure for injecting a low-viscosity fluid, such as SC-
CO,, is expected to be lower than that of water and much lower than that of high-viscosity fluid such
as gel.
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Figure 9. Fracture propagation patterns observed on thin sections using the fluorescent method from 95 to 119 mm in the
Y coordinate in Figure 6. Specimens fractured by (a) SC-CO, [G1115], (b) L-CO, [G1213], (c) water [G1102], and (d) viscous oil
[G1114]. Figures 9a(i) and 9b(i), 9b(ii), 9c(i), and 9d(i) show the photos taken of the thin section. Figures 9al(ii), 9bliii), 9c(ii),
and 9d(ii) show sketches of the main crack, and the red line on the right side indicates the periphery of the injection hole. In
Figure 9b, an enlarged photo of area enclosed with the orange box is also shown to help identify the main crack. Cracks in
the red boxes in Figures 9a and 9d are shown on the microphotos taken under polarized light in Figure 10. The symbols Lq
and L in Figure 9a show the lengths to calculate the tortuosity, L/Ly, shown in Figure 11e.

4.2. AE Distribution

Figure 11b shows the dependency on viscosity of the average distance, L,,, from a source to the maximum
likelihood plane. This figure clearly indicates that L,, decreases with viscosity. This suggests that low-viscosity
fracturing fluids induce cracks that propagate farther away from a flat plane, whereas viscous fluids, such as
gels, tend to induce cracks along a flat plane. Figure 11c shows that the fractal dimension, FD, of the AE dis-
tributions decreases with viscosity, suggesting that low-viscosity fracturing fluids induce cracks that propa-
gate three dimensionally, rather than two dimensionally along a flat plane.
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Figure 10. Observation on crack patterns and constituent mineral grains for (a) SC-CO5 injection, red box in Figure 9a, and
(b) oil injection, red box in Figure 9d, using a petrographic microscope in crossed-polarized light (crossed Nicols). (B: biotite,
K: K-feldspar, P: plagioclase, and Q: quartz.) The bottom figure illustrates the stress condition when the cracks extended in
the specimen.

4.3. Fracturing Mechanism Deduced From P Wave First Motion Polarity of AE

The differences in the crack features possibly arose from a difference in fracture mechanism. Thus, we com-
pared ratios of the P wave first motion polarity of approximately 30 AE events that were detected by at least
seven sensors, allowing P wave arrivals to be determined for a source location. A calibration test, in which a
small steel ball was dropped onto the upper surface of a thick steel plate and the resultant waveforms were
recorded by sensors glued onto the plate’s lower surface, showed that compression corresponded to an
upward trace and dilation to a downward trace. In Figure S3 in the supporting information, the closed trian-
gles indicate compression in P wave first motion showing upward trace, while the open triangles indicate dila-
tation. For example, in the case of Figure S3a, since the number of compression is four and that of dilatation is
four, the compression ratio in P wave first motion for this AE event becomes 50%. Figure 11d shows the com-
pression ratio in P wave first motion tends to increase with viscosity. The ratio would be 50% for a pure shear
fracture and 100% for a pure tensile fracture. Thus, the results suggest that a low-viscosity fracturing fluid
tends to induce shear dominant fractures, whereas viscous fluids tend to induce tensile dominant fractures.

As shown in Figure 10a, the cracks induced by SC-CO, propagate mainly along the grain boundaries of the
constituent minerals, producing many small cracks inclined in the direction of the maximum compressive
stress, Sy, which is the propagating direction of a main crack. As shown in Figure 8, the induced main cracks
extended in planes almost parallel to the Z direction (the direction of the intermediate principal stress, Sy) in
the all experiments, and we observe the cracks on XY plane normal to the Z direction in Figure 10a. Thus,
ignoring effect of the intermediate principal stress and considering the two-dimensional stress condition,
because shear stress develops on a plane inclined in the direction of the maximum compressive stress, Sy,
the inclined cracks are easy to be induced by shear fracture. In contrast, Figure 10b shows that the cracks
induced by viscous oil injection cut through many mineral grains and propagate almost straight along the
direction of the maximum compressive stress without bending. Because shear stress does not develop on
a plane parallel to the direction of the maximum compressive stress, the cracks are probably induced by ten-
sile fracture rather than by shear. In addition, in the oil injection, because the cracks extended to the both
lateral surfaces of the specimens as shown in Figure 8d and the injected oil seeped out from the induced
cracks on the specimen surfaces, the tensile cracks are most likely induced by the intrusion of the viscous oil.
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Figure 11. Effect of fracturing fluid viscosity on (a) breakdown pressure, (b) average distance L, from a source to the esti-
mated most likely plane, (c) fractal dimension, (d) the compression ratio to the total number of the polarities in P wave first
motion, (e) crack tortuosity, and (f) average crack number. The results in Figures 11a-11d were derived from AE data,
whereas the results in Figures 11e and 11f were from microscopic crack observation using the fluorescent method.

4.4, Crack Features Deduced From Direct Observation

Figure 11e shows the dependency on viscosity of the tortuosity, L/Lo, where L is the crack length measured by
connecting 0.05 mm long line segments, namely, a divider, along the main crack, and L, is the length of the
straight line from the initiation point of the crack on the wall of the injection hole to its end point on the inner
wall of the overcoring (Figure 9a). The main cracks are traced in both directions from the fracturing hole, from
Y coordinates of 75 to 51 mm and from 95 to 119 mm (Figure 6). The tortuosity for each specimen is the aver-
age of the tortuosities obtained in the two opposite directions. Although the results for the two specimens for
each fracturing fluid are plotted, only one result is plotted for the water injection. This is because the cracks in
specimen G1103 for water injection could not be filled with the fluorescent resin, and no observation was
obtained. The tortuosity of the induced cracks tended to increase with the decrease of fracturing fluid visc-
osity, which is consistent with the crack propagation patterns in Figure 9.

Figure 11f shows the dependency on viscosity of an average of the crack numbers, which were counted when
the induced cracks crossed the scanning lines at intervals of 1 mm from the injection hole to the inner wall
of the overcoring. We counted the cracks excluding preexisting cracks, voids, and other defects with checking
the propagation direction and continuity of the cracks through careful observation of crack width, fluores-
cent resin brightness, and constituent mineral grains under polarized and ultraviolet light. The cracks were
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Figure 12. Stable and unstable crack growth from a viewpoint of stress intensity factor of mode | at a crack tip. (after Ishida
et al. [1997] following Zoback et al. [1977] and Zoback and Pollard [1978].)

counted in the two opposite directions from the fracturing hole, and the number plotted is the average
obtained in the both directions. Thus, the number corresponds roughly to an average number of crack
branches. The number of induced cracks increased with the decrease in fluid viscosity, although the number
is large for oil injection in specimen G1112. This is an exceptional case, because our observation of this speci-
men showed that one of the main crack propagations was obstructed by a large biotite grain near the injec-
tion hole and the crack branches were in many directions.

The trends in Figures 11e and 11f are consistent with those obtained from the AE distribution, where the
average distance, L,,, and the fractal dimensions, FD, increased with the decrease of fluid viscosity
(Figures 11b and 11¢).

5. Discussion

Ishida et al. [2004] conducted HF experiments on the same kind of cubic granite as in the present study by
using water and viscous oil, which showed similar crack features and fracture mechanism. Ishida et al.
[2012], Kizaki et al. [2013], Stanchits et al. [2014], and Bennour et al. [2015] suggested the same dependency
on the viscosity of the fracturing fluid, including SC-CO,, based on their similar experiments using granite,
tuff, sandstone, and shale. Shimizu et al. [2011] simulated HF using their Distinct Element Method code and
provided a persuasive interpretation for the dependency of the breakdown pressure, AE fracturing mechan-
ism, and crack features on fluid viscosity.

In actual reservoirs, Baria and Green [1986] in geothermal field and Warpinski et al. [2005] and Dinske et al.
[2010] in tight gas reservoirs made comparative analyses of microseismicity induced by HF using viscous fluid
and water. Baria and Green [1986] and Dinske et al. [2010] could not show clear difference between the two
fluids, while Warpinski et al. [2005] showed that slickwater fracturing extends a much larger area further in
three dimensions than gel fracturing, which is consistent with the findings from our laboratory experiments.
In actual field operations of HF, weak planes, such as preexisting cracks, sedimentary planes and defects in
strata, may behave in a similar manner to grain boundary in the granite specimens.
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We concluded that HF using low-viscosity fracturing fluid tends to induce shear dominant fracture resulting
in extensive three-dimensional cracking rather than the two-dimensional cracking observed for high-
viscosity fluid. The three-dimensional cracks, which tend to be sinuous and have many secondary branches,
could be expected to form pathways favorable for heat extraction from EGS, shale gas recovery, and other
processes. In this point of view, CO, fracturing is better than conventional water fracturing for
these purposes.

In actual field operations of HF, a solid material called proppant, typically treated sand or man-made ceramic
materials, is usually injected into the induced cracks to prevent them from closing due to rock stresses.
However, SC-CO, has little ability to transport the proppant due to its low viscosity. In addition, since CO,
is more corrosive than water to steel pipes and other units, this nature of CO, may make troubles in actual
HF operations. For the first problem, it may be better to inject L-CO,, due to its larger viscosity than SC-
CO,, through a double pipe, making vacuum in a space between the inner and outer pipe to prevent it from
heating underground. In another way, if we can make a new type proppant to solve into SC-CO, and to
deposit in the cracks due to phase change of CO, caused by the decrease of pressure and temperature with
the breakdown, the problem would be solved. For the second problem, since CO, injection is usually used for
enhance oil recovery in the petroleum industry, the experiences would help to solve the problem.

CO, fracturing most likely form pathways favorable for heat extraction, and large amounts of CO, would
remain underground distributed across many wells even if only a small amount of CO, is used in each well
injection. Thus, by overcoming the problems for field application of this approach, CO, fracturing for heat
extraction from EGS could realize economically viable CO, sequestration.

6. Conclusions

We conducted HF experiments in 170 mm cubic granite specimens with a 20 mm diameter central hole using
SC-CO,, L-CO,, water, and viscous oil with viscosities from 0.051 to 336.6 mPas. Based on the dependency on
fracturing fluid viscosity of the breakdown pressure, AE distribution, the fracturing mechanism deduced from
ratios of the P wave first motion polarity of AE events, and crack features observed by the fluorescent method,
we can draw the following conclusions.

1. The breakdown pressure increases with viscosity, which is consistent with previous experiments and
numerical simulations. Thus, the breakdown pressure with the injection of a low-viscosity fluid, such as
SC-CO,, was expected to be lower than that of water, and much lower than that of viscous fluid such as
gel used in field operations.

2. AE source distributions clarified that the average distance, L,,, from a source to the maximum likelihood
plane and the fractal dimensions, FD, of the source distributions increased with the decrease in fluid visc-
osity. This suggests that HF using low-viscosity fluid tends to induce extensive three-dimensional cracking
rather than the two-dimensional cracking observed for high-viscosity fluid.

3. Ratios of the P wave first motion polarity suggest that a low-viscosity fracturing fluid tends to induce shear
dominant fracture, whereas viscous fluids tend to induce tensile dominant fracture.

4. The photomicrographs taken using a petrographic microscope in crossed-polarized light (crossed Nicols)
show that the cracks induced by SC-CO, propagated mainly along the grain boundaries of the constitu-
ent minerals, and consequently, many small cracks inclined in the direction of the maximum compres-
sive stress were observed. In contrast, the cracks induced by viscous oil injection cut through the
many mineral grains and propagated almost straight along the direction of the maximum compressive
stress without bending. Because shear stress developed on a plane inclined in the direction of the maximum
compressive stress, the inclined cracks were probably induced by shear fracture. Thus, the observation was
consistent with the results obtained from AE monitoring, that is, shear dominant fracturing occurred with
low-viscosity fluid injection, whereas tensile dominant fracturing occurred with high-viscosity fluid
injection.

5. The microscopic crack observations showed that the tortuosity of a main crack and the average number of
cracks increased with the decrease in fluid viscosity. This observation was consistent with the results of AE
monitoring.
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6. The observed dependency of crack features on the fracturing fluid viscosity was consistent with those
reported in previous laboratory experiments, numerical simulations, and with the field microseismic maps
associated with the injection of water and gel.

7. These results suggest that CO, fracturing induces three-dimensionally sinuous cracks with many second-
ary branches, which seem to be desirable pathways for heat extraction from EGS, shale gas recovery, and
other processes. By overcoming the difficulty in injecting proppant into induced cracks due to low viscos-
ity of SC-CO,, CO, fracturing could realize economically viable CO, sequestration, because large amounts
of CO, would remain underground distributing across many wells even if only a small amount of CO, is
used in each well injection.
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