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S U M M A R Y
Moment Tensors of hydraulically induced AEs: Hydraulic fracturing is an important tech-
nique in the development of enhanced geothermal systems and unconventional resources.
Although the fracture modes induced by hydraulic fracturing influence the recovery efficiency
of the resources, the current understanding of this relationship is insufficient. In this study, we
considered the acoustic emissions (AEs) induced during hydraulic fracturing under uniaxial
loading conditions in the laboratory, and applied a moment tensor analysis by carefully cor-
recting the coupling condition and directivity of AE transducers. Experiments were conducted
for two types of Kurokami–jima granite samples: those with a rift plane perpendicular (Type
H) or parallel (Type V) to the expected direction of fracture propagation (i.e. along the load-
ing axis). In the experiments, both sample types experienced a significant number of shear,
tensile and compressive events. The dominant fracture mode for Type H samples is found to
be tensile events in which the fracture plane is parallel to the loading axis, whereas for Type V
samples, shear events are dominant. This difference suggests that the dominant fracture modes
induced by hydraulic fracturing are highly dependent on the relationship between the direction
of fracture propagation and orientation of pre-existing weak planes.

Key words: Fracture and flow; Earthquake source observations; Induced seismicity; Frac-
tures, faults, and high strain deformation zones.

1 I N T RO D U C T I O N

Hydraulic fracturing is commonly used to increase the permeabil-
ity of reservoir rocks in enhanced geothermal systems (EGSs) and
unconventional reservoirs. The fracture modes are expected to be
tensile because of the stress condition around the fracturing hole
(e.g. Hubbert & Willis 1957; Yew & Weng 2014), whereas many
previous studies have reported that shear events are dominant for the
microseismic events induced in actual production fields (Horálek
et al. 2010; Maxwell & Cipolla 2011; Šilený et al. 2014; Stanĕk
& Eisner 2017) and in situ experiments (Kwiatek et al. 2018). Al-
though some recent studies reported that significant non-double
couple components were obtained for seismic events induced by
hydraulic fracturing (Vavryčuk 2002; Šilený et al. 2009; Baig &
Urbancic 2010; Julian et al. 2010), a seismic network in such pro-
duction fields is often insufficient to constrain such components
(Nolen-Hoeksema & Ruff 2001), resulting in an insufficient un-
derstanding of the dominant fracture modes that are induced by
hydraulic fracturing.

Because the modes of hydraulically induced fractures are likely
to influence the recovery efficiency of the resources, it is vital to
derive appropriate estimations and predictions. For example, Šilený
et al. (2014) pointed out the importance of determining the oc-
currence of tensile events in EGS sites because such events are
expected to make a strong contribution to increases in permeability
in geothermal reservoirs. In both EGS and unconventional resource
developments, proppants (small particles of sand or ceramics) are
injected into induced fractures to prevent the closure of the fractures,
thus maintaining high permeability for longer periods. Because the
proppants may be able to penetrate into tensile cracks easier than
shear cracks, the generation of tensile events is thought to be more
desirable than shear events (Maxwell & Cipolla 2011). The domi-
nant modes of induced fractures depend on, for example, the stress
conditions, dominant orientation of pre-existing weak planes and
viscosity of the fracturing fluid (Ishida et al. 2004; Fischer & Guest
2011; Shimizu et al. 2011). It is necessary to investigate the relation
between the fracturing condition and dominant modes of induced
fractures to ensure a better fracturing design.
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Figure 1. Sample size, position of AE transducer, loading direction and the
coordinate system used in this study. The origin of the coordinate system
corresponds to the centre of the specimen. The black circle represents a
wellbore of 10 mm diameter. A packer was inserted along the x-axis from
the positive side. Fluid pressure near the packer is measured by the pressure
gauge at the entrance of the hole. Grey circles represent the positions of the
AE transducers (shown only on the front side for clarity). Modified from
Naoi et al. (2018).

In this study, we applied a moment tensor analysis to the acoustic
emission (AE) data obtained in hydraulic fracturing experiments by
Naoi et al. (2018) using Kurokami–jima granite samples. The exper-
iments were conducted under uniaxial loading conditions by using
samples in which the rift plane (the plane within which most of the
microcracks exist; e.g. Sano et al. 1992) was either perpendicular
(Type H specimen) or parallel (Type V specimen) to the expected
direction of fracture propagation (i.e. direction of the loading axis).
The obtained moment tensors showed that tensile events were dom-
inated for Type H, whereas shear events were dominated for Type V.
This indicates that the dominant modes of fractures induced by hy-
draulic fracturing significantly depend on the dominant orientation
of pre-existing weak planes.

2 E X P E R I M E N TA L S E T - U P

In this section, we briefly explain the experimental set-up. Detailed
information on the experiments was reported by Naoi et al. (2018).

The experiments were conducted using seven blocks
of Kurokami–jima granite (KJG05–11) with dimensions of
85 mm × 85 mm × 170 mm (Fig. 1). Throughout this study, we

use the Cartesian coordinates, where the x-axis is taken as the axis
parallel to the wellbore, the z-axis is taken as parallel to the longi-
tudinal direction of the block and the y-axis is taken as orthogonal
to the x- and z-axes. Based on the difference of P-wave velocities
along the x-, y- and z-axes (Section 3), Naoi et al. (2018) estimated
the orientation of rift planes and classified the blocks into two types
(Fig. 1): Type V (KJG05, 07, 10), in which the rift plane is parallel
to the x–z plane (i.e. vertical rift plane in the experimental setting)
and Type H (KJG06, 08, 09, 11), in which the rift plane is parallel
to the x–y plane (horizontal rift plane).

Fracturing was conducted under uniaxial loading of 5 MPa along
the z-axis. A wellbore of 10 mm in diameter was drilled at the centre
of each block. A packer with a 30 mm pressurizing section sealed
with O-rings at each end was inserted into the wellbore to inject
a fracturing fluid. An acrylic resin (methyl methacrylate, MMA;
viscosity 0.80 mPa s at room temperature) containing a fluorescent
compound was used as the fracturing fluid. After fracturing, the
penetrated resins were solidified by heating, and the blocks were
sliced to observe the resins delineating the induced fractures. Naoi
et al. (2018) reported the details of the fluorescence observations.
The MMA was provided from a cylindrical piston to the packer,
which was pushed by the pressure of water injected from a syringe
pump at a constant flow rate of 2 cm3 min−1. The wellbore pressure
was measured by a pressure gauge near the packer (Fig. 1), and the
data were recorded continuously at 100 kHz sampling.

3 M E A S U R E M E N T O F A C O U S T I C
E M I S S I O N S

As shown in Fig. 1, 16 AE transducers (Physical Acoustic Corp.
R15 sensor; operating frequency range 50–200 kHz), which can be
used to receive and transmit waves, were attached to each specimen
using thermofusible wax. During the experiments, signals were con-
tinuously recorded at 10 MHz sampling using a 14-bit analogue-to-
digital converter (PXIe-5170R; National Instruments Corp.) after
amplification by 52 dB and the application of a 0.02–3.00 MHz
bandpass filter. The maximum range of the analogue-to-digital con-
verter was set to 2 V in peak-to-peak voltage.

From these data, we created an AE catalogue containing the
hypocentre coordinates and relative magnitudes. AE events were
identified using a method based on the ratios of the short-term and
long-term averages (Allen 1978). For each cut-out waveform, the
P-wave arrival time was automatically detected using the algorithm
of Takanami & Kitagawa (1988), and their hypocentres were located
using a least-squares algorithm in which the P-wave anisotropy was
considered (Rothman et al. 1974). The P-wave velocity VP (and also
S-wave velocity VS) was measured along the x, y and z-axes before
drilling the fracturing hole. Although the measurement was con-
ducted under a condition without loading, the influence of 5 MPa
loading in the experimental condition is very limited because of
the low pressure. Actually, we could not find significant velocity
change for the data obtained in the pulse radiation test (Section
4.2), which was conducted under a 5 MPa load to estimate AE sen-
sor coupling. In the iterative hypocentre-determination procedure,
we removed arrival times that had large residuals using a bi-weight
function. From the results, we selected ‘well-located events’ sat-
isfying the following conditions: (1) eight or more arrival times
remained after the final iteration and (2) the maximum standard er-
ror was less than 40 mm among the three principal axes of an error
ellipsoid calculated from the variance–covariance matrix. We then
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Figure 2. AE hypocentre distribution for KJG07. Relocation results ob-
tained by the double-difference algorithm are shown: projections to (a) x–y
plane, (b) x–z plane and (c) y–z plane. The bold, black rectangle represents
the size of the sample. Small rectangles show the sensor positions. Red dots
represent AEs whose moment tensors were determined in Section 4 (only
142 events that have VR ≥ 50 per cent are plotted, where VR is the variance
reduction defined by eq. 6).

Figure 3. (a) Wellbore pressure history (black line) and cumulative number
of well-located AEs as a function of time (blue line). (b) Time–position plot
along the z-axis for the AEs relocated by the double-difference method. Red
dots represent AEs whose moment tensors were determined in Section 4
(only events satisfying VR ≥ 50 per cent are plotted).

relocated the events using the double-difference algorithm (Wald-
hauser & Ellsworth 2000). Details of the catalogue development
were reported by Naoi et al. (2018).

Fig. 2 represents the AE hypocentre distribution obtained for ex-
periment KJG07 (Type V). Fig. 3 represents the AE activity and
fluid pressure history of this experiment. The total duration of the
experiment was 1054 s from the start of fluid injection to the end of

AE data recording, although the figure is focused on the 250 s in-
terval around the breakdown point. The breakdown (a sudden drop
in fluid pressure due to fracturing) occurred at t = 455 s (Fig. 3a).
The AE activity started before the breakdown and the hypocen-
tres expanded outwards with time from the wellbore (Fig. 3b). The
hypocentres exhibit a bi-wing distribution along the z-direction from
the wellbore (Fig. 2c), which is consistent with the fluid penetra-
tion region observed after the fracturing experiment (Naoi et al.
2018). This distribution along the loading axis is consistent with
the direction of fractures expected from the conventional theory
of hydraulic fracturing (e.g. Hubbert & Willis 1957). The fea-
tures described above occurred in all seven granite samples (Naoi
et al. 2018).

4 M O M E N T T E N S O R I N V E R S I O N F O R
A E E V E N T S

We estimated seismic moment tensors for the AEs from the polari-
ties of the P-wave first motions and their amplitudes. The directivity
of an AE transducer is generally unknown, and its sensitivity de-
pends on the specific coupling condition between the specimen and
the sensor. This makes it difficult to invert the moment tensor, which
requires wave amplitude information. To overcome these problems,
we measured the directivity and estimated the relative sensitivity of
individual AE transducers using the following procedure.

4.1 Directivity of AE transducer

We assume that a transmitter j sends a pulse of amplitude A0(f) to
a receiver i. In this case, the amplitude Aij(f) recorded by receiver i
can be represented by

Ai j ( f ) = Si ( f ) Ii ( f ) Gi j ( f ) I j ( f ) Sj ( f ) A0 ( f ) , (1)

(Davi et al. 2013; Kwiatek et al. 2014), where Si and Sj are co-
efficients reflecting the coupling condition between the specimen
and the transducer (i.e. the transmitter and the receiver). Gij is a
Green’s function between the transmitter and the receiver. Under
the assumption of an isotropic homogeneous medium, this can be
represented by Gij ∝ 1/Rij, where Rij is the distance between the
transmitter and the receiver. Ii and Ij are the AE transducer re-
sponses including directivity. According to Kwiatek et al. (2014),
we assume bell-shaped curves

Ii ∝ exp
(−aαi

b
)
, I j ∝ exp

(−aβ j
b
)

(2)

for Ii and Ij, where α and β denote the angles between the ray path of
the wave and the transducer (i.e. an incident angle for a receiver and
a projection angle for a transmitter). Coefficients a and b determine
the shape of the functions. A common function (i.e. the same a and
b) is assumed, regardless of whether the AE transducer is used as
a transmitter or a receiver. Precisely speaking, eqs (1) and (2) are
functions of frequency, but we ignore the frequency dependency
for simplicity. From eqs (1) and (2), the observed amplitudes Aij

recorded by the receiver can be represented by

Ai j = 1

Ri j
exp

(−aαb
)

exp
(−aβb

)
Si S j A0. (3)

To determine a and b for the R15 transducer, we conducted a test
using an aluminium block in the shape of a semi-circular column. We
attached an R15 transducer to the bottom of the block and measured
the amplitudes recorded by the receiver for waves radiated from a
transmitter attached to the lateral face of the aluminium block at 0◦,
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Figure 4. (a) Schematic illustration of the measurement setting for AE
sensor directivity. The receiver is attached to the bottom and transmitters are
attached to the lateral face of the block at 0◦, 15◦, 30◦, 45◦, 60◦, 75◦ and
85◦. (b) Measurement results. Dots represent the amplitude of P-wave first
motions obtained for eight tests at each angle. The dashed line connects the
maximum amplitudes at each angle, and the bold line represents the fitting
result for the data.

15◦, 30◦, 45◦, 60◦, 75◦ and 85◦, as shown in Fig. 4(a). Because the
transmitter must be attached to the curved surface, we used a small
transmitter of 4 mm in diameter (Pico sensor, produced by Physical
Acoustics Corp.) to ensure an appropriate coupling condition. The
transmitters and the receiver were attached by thermofusible wax,
same as the experimental setting of hydraulic fracturing (Section 3).
The amplitude recorded by the receiver is affected by the coupling
condition of the transmitters and the receiver, and is often reduced
by, for example, the thick layer of the wax or the small area of
adhesive. Therefore, we conducted the pulse radiation test eight
times at each angle, reattaching the transmitter each time. We took
the maximum amplitude Ak at each incident angle αk to ensure a
proper coupling condition, and conducted the subsequent analysis
under the assumption that Sj remains constant. As for the receiver,
we can assume that Si is constant because we did not reattach it
during the test.

As shown in Fig. 4(a), the distance between the transmitter and
the receiver Rij is a constant and β = 0 for all tests at each angle.
Under these conditions, eq. (3) becomes

Ak ∝ exp(−aαb
k ). (4)

We estimated the unknown constants a and b by fitting eq. (4)
to the observed Ak using the Levenberg–Marquardt method (More
1978). Fig. 4(b) shows the fitting result. The measured amplitudes
are explained very well by the obtained curve.

Figure 5. (a) Raw amplitudes recorded at each receiver in the sensor cal-
ibration test for KJG07 (Section 4.2). Colours represent the difference at
the recording receiver. Records for a common receiver are connected by a
single-colour line. The horizontal axis is taken for the average of an incident
angle of a receiver and a projection angle of a transmitter. (b) Same plot for
the amplitudes, corrected for coupling coefficients.

4.2 Calibration of coupling conditions

We estimated the coupling coefficients Si and Sj for each fracturing
experiment using the following procedure, which is the modified
method suggested by Davi et al. (2013) and Kwiatek et al. (2014).

After attaching the AE transducers and applying a 5 MPa load,
as shown in Fig. 1, we conducted pulse radiation tests in which test
pulses radiated by one of the R15 transducers were recorded by the
other AE transducers. Si and Sj were estimated from the measured
P-wave amplitudes. Although 240 (15 × 16) waveforms were ob-
tained, we discarded the data in which the transmitter and receiver
were attached in the same plane because α and β become 90◦ and
the transducer has little sensitivity. For the remaining 192 amplitude
data, Si and Sj were estimated using Levenberg–Marquardt inversion
on the basis of eq. (3), where the directivity with respect to α and β

was obtained, as described in the previous section. In the inversion,
we constrained the average value of Si across all 16 transducers to be
unity. Because hydraulic fracturing was conducted without reattach-
ing the transducers after each test, the obtained relative sensitivities
can be used to analyse the AEs during the fracturing experiment.

Fig. 5 represents the amplitudes obtained in this test and the
resultant Si and Sj for experiment KJG07 (Type V). In Fig. 5(a),
which represents the amplitude data before the correction of Si and
Sj, the recorded amplitudes vary at each angle. This scattering is
suppressed after the correction, as shown in Fig. 5(b).

In Fig. 5(a), the obtained amplitudes seem to be separated into
two groups at lower incident angles. This tendency was recognized
only for Type V specimens and reflects the smaller amplitudes of
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Figure 6. (a–g) Source-type plot for the moment tensors obtained for each experiment. Solutions in the square area surrounded by the dashed lines correspond
to events having double couple components of 50 per cent or more (i.e. |c| ≤ 0.5). Colours represent VR of each solution. Ideal shear–tensile events (Vavryčuk
2001, 2011b) correspond to the solutions on the blue line, which are determined by the ratio of VP to VS (Vavryčuk 2015). Results for (a) KJG05 (Type V), (b)
KJG07 (Type V), (c) KJG10 (Type V), (d) KJG06 (Type H), (e) KJG08 (Type H), (f) KJG09 (Type H) and (g) KJG11 (Type H).

the data having travel paths along the y-axis, possibly indicating
the large attenuation of the rift plane. Although such anisotropy of
attenuation may increase errors in moment tensor estimation (Stierle
et al. 2016), the influence was likely reduced by the correction of
coupling conditions, on which the effect of anisotropic attenuation
was imposed in this study.

4.3 Moment tensor inversion

We estimated full moment tensors (i.e. six independent components
were estimated) for the AEs in each experiment using the polarities
and amplitudes of the initial P-wave motions. The relation between
P-wave amplitudes and a moment tensor can be written as

U = G M, (5)

(e.g. Stein & Wysession 2003), where U is the n × 1 matrix of
P-wave amplitudes including polarities, G is the n × 6 matrix con-
taining the P-wave amplitudes at each channel due to each moment
tensor component (related to spatial derivatives of the point force
Green’s functions that gives displacement seismogram; e.g. Aki &
Richards 2002), M is the 6 × 1 matrix containing six independent
components of a moment tensor and n is the number of phases used
in the inversion. The moment tensor can be estimated by linear
inversion based on eq. (5).

In this analysis, the amplitudes were used after the correction
of the transducer directivity and coupling conditions. The polarity
response of the transducer was verified through a ball-drop experi-
ment, and the independence of the incident angles was also verified
in the test described in Section 4.1. For the obtained solutions, we
estimated the variance reduction (VR) as

VR =
(

1 −
∑ |A − Ath|2∑ |A|2

)
× 100 (%) , (6)

where A is the amplitude of the P wave after the correction of cou-
pling and incident angle effects and Ath is the theoretical amplitude.
The following analysis considers solutions for which VR ≥ 50 per
cent.

In the above procedure, moment tensors can be estimated by lin-
ear inversion when P-wave polarities were obtained at all channels.
However, the non-linear equation for absolute amplitudes is neces-
sary when the polarities in some channels could not be read due
to, for example, low signal-to-noise ratios. To avoid the nonlinear
inversion, we inversely estimated multiple solutions by applying
both plus and minus polarities to the observed absolute amplitudes
at such channels (i.e. the inversion is conducted 2m times when the
polarities could not be read at m channels) and adopted the solution
with the minimum amplitude residuals. For the channels of P-wave
polarities unavailable, we used absolute amplitudes in a window of
5 μs in length from the P-wave onsets.

Fig. 6 shows source-type plots of the obtained moment tensor
solutions for experiments KJG05–11. The events whose P-wave
polarities could be read at six or more channels were analysed.
Although various source-type plots have been suggested in pre-
vious studies, we adopted the ‘simplified decomposition method’
(Vavryčuk 2015) in accordance with the recommendation of Aso
et al. (2016), who compared 13 different source-type plots. In these
plots, solutions near the origin correspond to shear events that have
large double couple (DC) components, and the DC percentage de-
clines with distance from the origin. Shear–tensile events (Vavryčuk
2001, 2011b), in which both tensile and shear displacement occur
on a single fault plane, correspond to solutions along a line deter-
mined by the ratio of VP to VS (Vavryčuk 2015). The line estimated
from the average VP and VS among the xyz directions is shown in
blue in Fig. 6. On this blue line, the part in the first quadrant cor-
responds to tensile events (crack opening), whereas the part in the
third quadrant corresponds to compressive events (crack closure).

Although shear, tensile and compressive AE events occurred in
both Type V and Type H samples (see Fig. 6), the shear-type was
dominant for Type V (KJG05, 07, 10; Figs 6a–c), whereas the
tensile-type was dominant for Type H (KJG06, 08, 11; Figs 6d, e, g).
Many compressive events were also observed for Type H, especially
for KJG06. An exceptional case is KJG09 (Type H; Fig. 6f), where
the fluid pressure parameters discussed in Naoi et al. (2018) display
similar characteristics to those in Type V. We discuss the results for
KJG09 in Section 5.
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Figure 7. (a–d) y–z projections of the fault normal direction n and dislocation direction ν for experiments of Type H specimens. n and ν are plotted for the
moment tensors that have c > 0.5 and are situated in the first quadrant of the source-type plot (i.e. tensile-dominant events). The number of such events is shown
above each panel. For each pair of n and ν, the vector with a higher dip angle is shown by blue and another by red (red bins overlay blue ones). Hypocentres
relocated by the double difference method, including events whose moment tensor was not determined, are overlaid (grey dots). Results for (a) KJG06, (b)
KJG08, (c) KJG09 and (d) KJG11. (e–h) Polar coordinate histogram of dip angles of n and ν. Results for (e) KJG06, (f) KJG08, (g) KJG09 and (h) KJG11.

4.4 Crack orientations and instability coefficients

For the obtained moment tensors, we evaluated the crack ori-
entations under the assumption of the shear–tensile model. For
this purpose, we chose solutions using the consistency coefficient
(Vavryčuk 2011b)

c = sign

(
ISO

CLVD

) ∣∣∣∣1 − DC

100

∣∣∣∣ , (7)

where ISO, CLVD and DC are the percentages of each component
after the decomposition. c takes a value between −1 and 1, and a
moment tensor solution is consistent with the shear–tensile model if
c ≥ 0 (Vavryčuk 2011b). c approaches 0 when the shear component
becomes large, and approaches 1 when the tensile or compressive
component becomes large. In the following analysis, we consider
events in which c ≥ 0.

For the selected events, we calculated the fault normal direction
n as

n =
√

M1 − M2

M1 − M3
e1 +

√
M3 − M2

M3 − M1
e3, (8)

and the dislocation direction ν as

ν =
√

M1 − M2

M1 − M3
e1 −

√
M3 − M2

M3 − M1
e3, (9)

according to Vavryčuk (2011b), where M1, M2 and M3 are the
maximum, intermediate and minimum eigenvalues of a moment
tensor, respectively. Eigenvectors e1 and e3 correspond to M1 and

M3, respectively. n and ν are complementary solutions, such as
the nodal planes of a DC component, and cannot be determined
uniquely (i.e. two candidates of a source model exist for a pair of n
and ν).

Figs 7(a)–(d) represent the y–z projections of the n and ν di-
rections of tensile-dominant events, which are defined as solutions
exhibiting c > 0.5 and situated within the first quadrant of the
source-type plot. Polar coordinate histograms of the dip angles of
the events are shown in Figs 7(e)–(h). The same diagrams for the
compressive events (c > 0.5 and situated in the third quadrant) are
shown in Fig. 8. For such solutions having large values of c, the
uncertainty of complementary planes is not problematic because n
and ν have a similar direction. Most instances of n and ν for the ten-
sile and compressive events are subparallel to the horizontal (x–y)
plane. This indicates that most of the tensile/compressive events had
a fracture plane along the loading axis (z-axis). The tensile events
in this orientation are consistent with the conventional theory of
hydraulic fracturing, and the compressive events likely correspond
to the closure of the opened cracks.

Fig. 9 also represents the same diagram for shear-dominant events
(i.e. 0 ≤ c ≤ 0.5). Although the uncertainty of dip angles owing to the
complementary planes becomes larger for the solutions having small
values of c, the tendency of higher dip angles can be recognized for
those events.

For the estimated crack orientations, we calculated fault instabil-
ity coefficient I (Vavryčuk et al. 2013; Vavryčuk 2014) as

I = τ − μ (σ − σ1)

τc − μ (σc − σ1)
, (10)

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/216/3/1507/5195530 by guest on 20 April 2024



Moment tensors of hydraulically induced AEs 1513

Figure 8. The same diagram as Fig. 7 for the moment tensors that have c > 0.5 and are situated in the third quadrant of the source-type plot (i.e. compression-
dominant events).

Figure 9. The same diagram as Figs 7 and 8 for the moment tensors that have 0 ≤ c ≤ 0.5 (i.e. shear-dominant events).
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Figure 10. Fault instability coefficient on normalized Mohr’s circles. Results for (a) and (b) KJG06, (c) and (d) KJG08, (e) and (f) KJG09, and (g) and (h)
KJG11. (a), (c), (e) and (g) represent the results for shear-dominant events with 0 ≤ c ≤ 0.5, and (b), (d), (f) and (h) for tensile/compression-dominant events
with c > 0.5.

where τ and σ are shear and effective normal tractions for a crack, μ
is the friction coefficient and σ 1 is the maximum principal stress. τ c

and σ c are the shear and effective normal tractions for the ‘principal
fault’ (Vavryčuk 2011a), which is the optimally oriented fault in the
present stress field. The coefficient varies from 0 for the most stable
faults to 1 for the principal fault.

To calculate the instability coefficient, we estimated a stress field
around the circular hole under the assumption of the plane strain
condition (e.g. Jaeger et al. 2007) where a 5 MPa loading is applied
in the z-direction. The Poisson ratio, which is necessary to estimate
σ xx, was estimated from the ratio of VP to VS, and a μ of 0.6
was assumed. We calculated I for both complementary planes and
adopted the one having a larger value of I according to Vavryčuk
(2014) and Martı́nez-Garzón et al. (2016).

Fig. 10 shows the obtained instability coefficient I for Type H
specimens. The normalized Mohr diagram was used to show the
shear and normal tractions for each plane according to Vavryčuk
(2014). Obviously, shear-dominant events occurred on a plane hav-
ing larger I than the tensile/compressive-dominant events under the
assumed stress fields. For shear-dominant events, a similar range of
I was also obtained for Type V experiments.

5 D I S C U S S I O N

As shown in Section 4.3, shear events were dominant in the Type
V experiments and tensile events were dominant for Type H. As
described in Section 1, the rift plane orientation of granite can be
regarded as the orientation of most of the microcracks. Hence, this
dependency indicates that the dominant orientation of pre-existing

cracks around a wellbore strongly affects the dominant focal mech-
anisms induced by hydraulic fracturing.

In this study, the macroscopic direction of an induced frac-
ture and the orientation of the rift plane were orthogonalized for
Type H specimens. In this situation, it is difficult for any interac-
tion between the induced fracture and pre-existing cracks to oc-
cur, resulting in the dominance of tensile events along the loading
axis, which can be considered a direct result of hydraulic frac-
turing. This is partly because a propagating crack tends to cross
a pre-existing crack when they intersect at a high angle (Blan-
ton 1982; Warpinsky & Teufel 1987; Potluri et al. 2005), and
partly because the vertical loading in this study facilitates the clo-
sure of the majority of pre-existing cracks along horizontal (x–y)
planes.

We also find many compressive events for Type H. Compressive
events were often reported in field observations for hydraulic frac-
turing/stimulation (Baig & Urbancic 2010; Martı́nez-Garzón et al.
2017) and laboratory experiments (Charalampidou et al. 2015).
They were explained by, for example, crack compaction by shear-
ing, or the closure of pores/cracks by the decrease of pore pressure
due to fluid outflow. As for this case, we consider that the compres-
sive events correspond to the closure of cracks that were opened
by tensile events partly because the estimated orientations of the
cracks were similar to those of tensile events and partly because
they were rare for Type V samples in which the smaller number of
tensile events occurred.

As for Type V samples, the rift plane is parallel to the fracture
propagation direction expected from the stress around the wellbore.
Although tensile AEs using pre-existing cracks along the rift plane
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are possibly dominant, shear events dominated in the experimental
results. One possible explanation for this feature is the influence of
aseismic penetration of the fracturing fluid. That is, the pre-existing
cracks parallel to the z-axis are likely to have been easily opened
by the stress around the wellbore, allowing the fracturing fluid to
penetrate into the cracks and diffuse sufficiently without causing
a sufficient increase in pressure to generate AE events. Indeed,
Naoi et al. (2018) observed aseismic regions where fluid penetrated
without AEs in their experiments.

Shear events induced during the experiments can be interpreted
as the result of the reduction of friction due to an increase in fluid
pressure on pre-existing cracks (Pearson 1981; Warpinski et al.
1998; Shapiro et al. 2006) or the results of stress perturbation of
hydraulically induced fractures. They are likely easily induced on
a plane whose orientation is close to the principal fault (i.e. planes
with high instability coefficients). The promotion of shear events on
optimally oriented planes was reported in field observations and in
situ experiments related to fluid stimulation (Martı́nez-Garzón et al.
2016; Kwiatek et al. 2018). In this case, the estimated orientation for
shear-dominant events, which occurred for both Type H and Type V,
showed large instability coefficients. Although such cracks showing
large I are likely to have existed before the experiments, they were
possibly induced during the experiments by the interaction among
cracks along the σ 1 direction, as suggested by previous studies (Hill
1977; Reches & Lockner 1994).

In experiment KJG09, except for the Type H specimens (Section
4.3), shear events were dominant. In the other Type H specimens,
the AEs and the fluid penetration regions extended almost vertically
on the macroscopic scale, but that of KJG09 was inclined by ∼38◦

(see the AE distribution in Figs 7c, 8c, 9c). This may have caused
the low number of tensile events. That is, the main and surround-
ing subsidiary fractures inclined from the maximum compression
(σ 1) direction cause significant shear stress on the fracture planes,
making it difficult to achieve pure tensile opening without shear
slip.

6 C O N C LU S I O N S

In this study, we conducted hydraulic fracturing experiments under
uniaxial loading conditions in granite blocks where the rift plane
is orthogonal (Type H) or parallel (Type V) to the fracture direc-
tion that is theoretically expected from the stress field around the
wellbore. We monitored the AEs induced by the fracturing and
estimated their moment tensors by carefully correcting for the sen-
sor characteristics. For Type H, tensile events along the loading
axis were dominant, consistent with the conventional theory of hy-
draulic fracturing, whereas shear events were dominant for Type
V. This difference implies that the dominant focal mechanisms of
seismic events induced by hydraulic fracturing are significantly af-
fected by the relation between the directions of both the fracture
propagation and pre-existing weak planes around the wellbore.
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