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Abstract

While hydraulic fracturing is a widely employed process, the underlying fracturing processes are not clearly understood. Scaled
laboratory hydraulic fracturing experiments with seismic monitoring can help with better understanding of the relationship
between the generated hydraulic fracture network and the induced micro-seismicity while taking into account the effect of
different HF parameters (injection fluid type and rate, stress conditions). In this study, hydraulic fracturing experiments were
performed on true-triaxially loaded Barre granite cubes, with real-time micro-seismic monitoring, to identify and characterize
the stimulation processes associated with the viscosity and toughness dominated hydraulic fracturing propagation regimes.
Water and gear oil were used as the fracturing fluids. Moment tensor inversion technique was employed to determine the
fracture mechanisms (tensile, shear, or mixed-mode). Viscosity propagation regime experiments involved higher breakdown
pressures and larger injection fluid volumes relative to toughness propagation regime experiments. The micro-seismicity from
toughness propagation regime experiments resulted in relatively larger b-value (2.35 compared to 1.62), indicating dominance
of small magnitude events. Overall, tensile fractures were dominant in both propagation regimes (ranging from 52% to 58%),
which can be attributed to the very low permeability of the granite rock. These results indicate that even for a relatively
impermeable rock, theoretical assumptions of mode-I tensile fracturing and the scaling analysis may only be applicable to the
near borehole region and as the fracture propagates away from the borehole, the fracturing pattern varies depending on the

locally encountered conditions.
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Key Points:

e Tensile dominant fracturing observed for Barre granite, both for viscosity and toughness
dominated propagation regimes.

e A combination of fracturing mechanisms (tensile & shear) was detected as the hydraulic
fracture propagated away from the injection source.

e Higher b-values were obtained for toughness dominated propagation regime relative to
viscosity dominated propagation regime.
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Abstract

While hydraulic fracturing is a widely employed process, the underlying fracturing processes are
not clearly understood. Scaled laboratory hydraulic fracturing experiments with seismic
monitoring can help with better understanding of the relationship between the generated hydraulic
fracture network and the induced micro-seismicity while taking into account the effect of different
HF parameters (injection fluid type and rate, stress conditions). In this study, hydraulic fracturing
experiments were performed on true-triaxially loaded Barre granite cubes, with real-time micro-
seismic monitoring, to identify and characterize the stimulation processes associated with the
viscosity and toughness dominated hydraulic fracturing propagation regimes. Water and gear oil
were used as the fracturing fluids. Moment tensor inversion technique was employed to determine
the fracture mechanisms (tensile, shear, or mixed-mode). Viscosity propagation regime
experiments involved higher breakdown pressures and larger injection fluid volumes relative to
toughness propagation regime experiments. The micro-seismicity from toughness propagation
regime experiments resulted in relatively larger b-value (2.35 compared to 1.62), indicating
dominance of small magnitude events. Overall, tensile fractures were dominant in both
propagation regimes (ranging from 52% to 58%), which can be attributed to the very low
permeability of the granite rock. These results indicate that even for a relatively impermeable rock,
theoretical assumptions of mode-1 tensile fracturing and the scaling analysis may only be
applicable to the near borehole region and as the fracture propagates away from the borehole, the
fracturing pattern varies depending on the locally encountered conditions.

Plain Language Summary

Hydraulic fracturing has been employed to increase the permeability of deep energy reservoirs and
examples include oil and gas and enhanced geothermal systems. Different operational parameters
such as the injection fluid type, injection rate, and stress conditions can significantly impact this
rock stimulation and it is important to characterize this fracturing to estimate the efficiency of the
hydraulic fracturing process. This study involved laboratory hydraulic fracturing of cubic Barre
granite rock specimens with continuous micro-seismic monitoring using two different injection
fluids. The experiments performed with higher viscosity injection fluid resulted in higher failure
pressure and required a larger fluid volume, relative to experiments with low viscosity injection
fluid. For all the experiments, majority of the identified fracturing involved generation of opening
(tensile) fractures, particularly close to the fluid injection point. Experiment conducted with low
viscosity injection fluid generated larger number of low energy micro-seismic events. These results
indicate that for very tight rocks, the majority of damage involves opening of new fractures,
irrespective of the injection fluid. However, as the fracture size and parameter increase, the
hydraulic fracture will follow the path of least resistance and will be a combination of opening and
sliding (shear) fractures.

1 Introduction

Hydraulic stimulation techniques have been used over the past many decades to increase
the permeability of reservoir rocks in diverse applications which include oil and gas production,
geothermal systems, carbon sequestration, rock burst mitigation, and coalbed methane
development (Adams & Rowe, 2013; Stoeckhert et al., 2015; Watanabe et al., 2017). This
technique has also been utilized to measure the in-situ stress in numerous geotechnical and mining
projects (Amadei & Stephansson, 1997; Hamison & Fairhurst, 1969; Hayashi & Hamison, 1991,
Kang et al., 2018; Raaen et al., 2001).



64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93

94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109

manuscript submitted to JGR: Solid Earth

The efficacy of the hydraulic fracturing (HF) operation can be predicted by estimating the
initiation and evolution of the propagated fracture geometry and the fracture patterns. Seismic
monitoring, or acoustic emission (AE) monitoring at the laboratory scale, is one of the most
effective methods to monitor the initiation and propagation of HF in brittle rocks (Lockner, 1993;
Stanchits et al., 2014). Continuous AE monitoring in the laboratory, can provide a real-time
manifestation of the imminent fluid-driven failure where AE source localization, which represents
the individual cracks during fracturing, can assist in mapping of the HF initiation and propagation
within a relatively small size rock specimen. This non-destructive monitoring technique have been
extensively used in the laboratory to monitor the HF propagation in a variety of natural rocks
(Goodfellow et al., 2015b; Ishida, 2001; Li & Einstein, 2019; Lockner & Byerlee, 1977; Solberg
et al., 1980; Stanchits et al., 2015; Zhuang et al., 2019a, 2019b; Zoback et al., 1977). The HF
stimulation can occur through the opening of new fractures (tensile mode), slip along the pre-
existing fractures (shear mode) or by a combination of these mechanisms (mixed mode). These
fracturing modes influence the efficiency of the stimulated reservoir; for example, tensile fractures
are more advantageous for easy penetration of proppants and can enhance the productivity of the
created HF. However, in the absence of proppants, tensile fractures may close upon the fluid
injection termination and in that case, shear fractures can prove to be the viable option. Also, the
size and geometry of the stimulated reservoir can be affected by the normal (tensile) or shear
dilation of the generated fracture (Amann et al., 2018). Majority of the recorded seismic data, from
field HF operations, points towards shear dominated mechanisms, despite the theoretical
predictions of tensile dominance (Maxwell, 2011a, 2011b). Therefore, to resolve this ambiguity
and for an efficient HF design, it is essential to accurately determine the different damage
mechanisms in a HF operation. Hampton et al. (2018) utilized moment tensor analysis (MTA) for
the characterization of the recorded AE activity during HF experiments in true triaxially loaded
granite blocks. The individually detected damage or crack, known as AE events, were classified
as tensile, shear and mixed mode (combination of tensile and shear) events. However, these AE
events were randomly distributed all over the specimen and it was difficult to distinguish between
the main HF and the non-hydraulically connected damage in the specimen. Similar
characterization of HF induced damage was performed by Yamamoto et al. (2019) using MTA on
small granitic cuboids loaded only uniaxially.

The laboratory scale HF studies enables one to understand and elucidate the mechanisms
of fluid driven fractures and provide the opportunity to measure different parameter values that are
unavailable from field operations. However, to correctly infer the nature behind the complex
processes involved, it is enormously important to make the appropriate connection between the
two drastically different scale operations. Neglecting this important aspect has resulted in some
contradicting results and have kept the community divided on the importance of the involved
parameters (Bunger et al., 2005). In the field, the HF propagation transitions between different
regimes, which depends on the variety of factors including the injection fluid properties (rate and
viscosity), properties of rocks and the far field stresses (Sarmadivaleh, 2012). If the energy
consumed in the creation of new fracture surfaces is small relative to the viscous dissipation
energy, viscous propagation regime (VPR) is the dominant regime. In toughness propagation
regime (TPR), the energy spent on new fracture surface creation is much larger than the viscous
counterpart (Detournay, 2004). The fracture initiation usually occurs in a TPR but rapidly
transitions into a VPR, while ultimately terminating in the TPR for a radial or penny-shaped HF
(Bunger, 2005; Bunger et al., 2005; Detournay, 2004; Mack and Warpinski, 2000). Correct scaling
of the physical phenomena and stability of fracture propagation are very important to mimic the
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quasi-static processes occurring in field fracturing operations (De Pater, 1994a), which are missing
in a vast majority of laboratory studies of HF. According to Detournay (2004), the value of
dimensionless toughness parameter (k) can ascertain if the propagation occurs in the VPR or TPR,
depending on the time of the experiment. This is obtained using the basic HF propagation model,
involving a planar crack, where the fracture propagates quasi-statically by the injection of a
Newtonian fluid at a constant injection rate in opening mode being perpendicular to the minimum
principal stress in an elastic medium (Detournay, 2016). This model results in a non-linear system
of equations, revealing the evolution of fluid pressure, fracture width and extent with time. This
dimensionless parameter can be calculated as follows:

L
k=K' (arms) (1)

where K' = (%)K,C, (K;c = Mode-I fracture toughness of the rock); E' = (1—Evz)' (E =

Young’s modulus; v = Poisson’s ratio); ' = 12u (u = fracturing fluid viscosity); t = experiment
time, Q,= Rate of fluid injection. For k < 1, the VPR dominates and for x > 3.5, the TPR dominates
(Savitski and Detournay, 2002). The assumptions for this prediction include the mobile
equilibrium (KI = KIC) once the fracture initiates, point source for fluid injection and very small
lag (difference between fracture and fluid front) relative to fracture radius. The grain size of the
host rock influences the fracture toughness and dilatancy properties and may have a more
significant effect for laboratory fracturing compared to the field; however, micro-structural scaling
was found to be impractical, as reported by De Pater et al. (1994a,1994b) and is not considered in
the present study.

The interest of the scientific community in crystalline rocks studies have increased
considerably in recent times due to the advances in hard rock HF applications. An example is the
enhanced geothermal systems (EGS) technology, where HF is used to stimulate and increase
permeability of an unconventional reservoir for cost-effective heat extraction. However, since the
focus of majority laboratory HF studies have been for the applications in the oil and gas industry,
very limited studies can be found in crystalline rocks, and therefore, the inferences from these
studies, including the scaling analysis, may or may not be applicable to the granitic rocks. The
granitic rocks are quite different from the traditional sedimentary reservoir rocks, due to their
variable mineral composition and are also much more affected by the experimental conditions
(Zhuang & Zang, 2021). The permeability of granite formations is usually much lower relative to
fractured or porous petroleum reservoir formations. In addition, out of the limited studies in low
permeability granite, majority used small cylindrical rock samples with pseudo triaxial confining
state (Zhuang et al., 2018, 2019a, 2019b). The subsurface rock strata are located in 3D stress
conditions and experiments performed on cubic or cuboid rock specimens, loaded in all three
mutually perpendicular directions, can present a better picture for understanding the mechanics of
rock fracture (King et al., 2012). The results, either from the layered sedimentary rocks or small-
size cylindrical granite specimens may not present an accurate picture of fracturing mechanisms
experienced in high strength granite at the field scale (Cheng & Zhang, 2020).

The main objective of this study was the characterization and differentiation of fluid
induced damage in crystalline rocks following different dominating propagation regimes, through
the micro-seismic analysis. Scaled laboratory HF experiments were performed in hard transversely
isotropic Barre granite cubes loaded true-triaxially with real-time micro-seismic and borehole
pressure decay monitoring. An effort was made to identify the applicability and limitations of
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scaling analysis to the low permeability granitic rocks. An advanced seismic analysis technique,
MTA, was also used to discover the fracturing mechanisms of the detected AE events and their
evolution, for different propagation regime experiments.

2 Experimental setup

2.1 Material and borehole installation

Hydraulic fracturing was investigated using precisely cut and polished Barre granite cubes
(165 mm x 165 mm x 165 mm) which represents the typical reservoir rocks encountered in
geothermal projects (Cornet et al., 2007; McClure and Horne, 2014a; Xie et al., 2015). This
medium-grained granite, with mineral grain size between 0.25 and 3 mm, was acquired from E. L.
Smith quarry located in the city of Barre, Vermont, USA. The density, porosity, and compressive
strength of Barre granite were 2654.26 kg/m3, 0.2 % and 165 MPa, respectively. Feldspar is the
main constituent mineral (65% by volume), followed by quartz (25% by volume) and biotite (6%
by volume) (Dai & Xia, 2013). Like most granites, Barre granite has a clear anisotropy with three
mutually perpendicular cleavages. These planes of weaknesses, with different densities of micro-
cracks and minerals, were identified by obtaining the compressional (P-) wave velocities in all
three directions. These velocity directions, highest (~4500 m/s), intermediate (~4000 m/s) and
slowest (~3500 m/s), were termed as the hard-way, grain, and rift plane, respectively. Tensile
strength, mode-I fracture toughness and modulus of elasticity of Barre granite varies from 10-15
MPa, 1.14-1.89 MPa. (m)1/2 and 32-56 GPa, respectively, along the weakest and strongest planes
(Li & Einstein, 2019; Li et al., 2019; Nasseri et al., 2006; Sano et al., 1992). The rift plane was
kept perpendicular to o3-direction, to encourage fracturing in the preferred orientation. A masonry
drill bit was used to drill a 10 mm diameter borehole parallel to the hard way plane, up to 110 mm
depth. A very slow speed of the drill press ensured minimum damage in the vicinity of the
borehole. A stainless-steel pipe with the outer diameter of 9 mm was used to case the top 60 mm
section of the borehole using high strength epoxy. This arrangement provided an open HF section
with the length of 50 mm in the middle of the specimen (Figure 1a).

The importance of a well-oriented notch has been considerably emphasized upon by many
researchers, where the size and the direction of initial notch can significantly affect how the
hydraulic fracture initiates (Lhomme et al., 2005; Sarmadivaleh et al., 2013; Savic et al., 1993).
However, slight deviations in notch location with respect to the preferred fracture plane
(perpendicular to o3), can result in fracture initiation from a point other than the pre-existing flaw
(Fallahzadeh et al., 2017). Also, in the field, it is difficult to control the exact location and depth
of the perforations and the damage induced by the drilling process may also govern the initiation
of the fracture (Bunger & Lecampion, 2017). Therefore, due to uncertainty in obtaining a perfectly
vertical notch at a certain depth inside the small borehole in very hard Barre granite rock, the
hydraulic fracturing was performed without any initial notches. Instead, a high differential stress
(02 — o3) was used to assist the initiation and propagation of fracture in the preferred direction. A
high deviatoric stress (c2/ 63 = 2 — 3) can result in a more planar and simpler hydraulic fracture
geometry ((Maxwell et al., 2016; Pan et al., 2020). Therefore, the maximum horizontal stress (c2)
was chosen to be 2.5 times of the minimum horizontal stress (63).
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2.2 Loading, injection, and AE setup

Three pairs of loading platens, each consisting of a 19 mm thick steel base plate and a 6.35
mm aluminum cover plate, were used to house the AE sensors used in this study. The relatively
soft aluminum cover plate ensured a smooth contact with the specimen surface while minimizing
the friction. A total of 16 AE sensors were embedded in platens that could house up to 32 sensors
(Figure 1b). Platens also included the same number of holes for placement of the ultrasonic
transducers, although not utilized in the current study. The positions of the sensors were selected
based on the experimental setup and the number of available sensors, expected location of the
damage, and the optimum arrangement for the AE detection. An additional cutout in the top platen
accommodated the injection assembly. Deformable spring-loaded washers were placed behind the
sensors, which upon loading preserved the continuous contact with the specimen surface. In
addition, to ensure proper coupling between the specimen and the sensors, oven-baked honey
(dehydrated in the oven at 100°C for 90 minutes) was used. This procedure has been successfully
utilized in different acoustic studies (Hedayat et al., 2012, 2014a, 2014b, 2014c, 2014d; 2018; Butt
etal., 2019; 2020).

The Teledyne 1ISCO 500HPx high pressure syringe pump was used to inject fluid into the
granitic rock. The injection pump had a volume capacity, flow range, and maximum pressure limit
of 507.38 ml, 1-6 - 408 ml/min, and 35 MPa, respectively. The highest viscosity fluid that could
be accommodated in the injection pump was 1500 cP (mPa.s) and the pressure rating of the
injection lines were 22.5 MPa. True-triaxial frame with three independent hydraulic pistons were
utilized for the loading of the blocks. The two lateral and the one vertical piston had a capacity of
47 MPa and 62 MPa, respectively.

During the HF experiment, the emitted AE signals were detected and recorded using 16
piezoelectric sensors and two eight-channel boards from the MISTRAS group. These miniature
Nano-30 sensors, with a small diameter of about 8 mm, had a resonant response of 300 KHz with
a good frequency response over the range of 125-750 KHz. To assist detection, the output voltage
of the AE sensors was either amplified by 20 decibels (dB) or 40 dB, using 2/4/6 PAC pre-
amplifiers, for different experiments. Initially the experiments for different propagation regimes
were performed with 20 dB gain only. However, it was found that the AE detected from TPR
experiments were not adequate for further analysis and therefore, additional experiments with 40
dB gain were conducted to complement those with 20 dB gain setting. Using different gain for
each type of experiment identified the merits and demerits of using both the high and the low gain.
Goodfellow et al. (2013) utilized sensors amplified by 6 dB and 40 dB in a triaxial deformation
experiment and discussed how by overlaying the 40 dB continuous waveform over the 6 dB
waveform, the loss in amplitude information can be identified. Perfect synchronization between
the AE signals and the borehole pressure data was achieved by recording the pressure data directly
in the AE system at a rate of 10 Hz. Figure 1c presents a schematic of the complete experimental
setup.

2.3 Damage localization and characterization through AE data processing

In this study, AE source localization and characterization were performed through the
procedure described in Li et al. (2019b). An accurate P-wave arrival time for each recorded AE
waveform was determined using the Akaike information criterion (AIC). The AE event locations
were determined for a minimum distance error of 5 mm using a constant velocity model of 4000
m/s. For seismic source characterization, different methods have been adopted in the past studies,
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Figure 1. (a) Schematic of the specimen and borehole configuration used for the HF experiments.
A small borehole with a radius of 5 mm was selected with respect to its distance to the boundaries
of the cubic block (82.55 mm) (b) The location of 16 Nano-30 AE sensors, with an aperture of 8
mm, selected for the HF experiments providing sufficient coverage of the entire block. Eight
sensors were located in the direction of fracture propagation (c2), and four each in the 63 and o1
directions (c) Schematic of the complete experimental setup. The data from the AE sensors were
amplified and recorded in the computer for post-experiment analysis. The data from the hydraulic
pistons and the pressure sensor, located near the borehole entrance, was also recorded in the same
computer to achieve synchronization between the pressure, confining stress, and the AE data (not
to scale)
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including the average frequency/rise angle method (RILEM technical Committee, 2010), first P-
wave polarity method (Zang et al., 1998) and the MTA method (Ohtsu, 1995). The MTA is the
most proficient method, which divides the determined source mechanisms into tensile, shear and
mixed mode (Grosse & Ohtsu, 2008) and was used in this study. A moment tensor is a
representation of the source of a seismic event, where it describes the deformation at the source
location that generates the seismic waves. In moment tensor inversion, recorded sensor data and
the inverse Green’s function are used to determine the source moment tensor. In this study, a less
tedious inversion method, known as the Simplified Green’s function for Moment tensor Analysis
(SIGMA) was used. SIGMA selected only the initial portion of the detected AE signals for arrival
time, amplitude, and polarity to determine the six independent moment tensor components. The
determined symmetric 2nd degree tensor (3x3 matrix), with six independent elements, were later
decomposed into eigenvalues and eigenvectors to classify the cracking mechanisms. The
eigenvalues of the moment tensor were represented by a combination of tensile and shear crack
and the decomposition was obtained as their relative ratios. Also, the eigenvector analysis of the
moment tensor provided the orientation of the cracks.

2.4 Experimental protocol
The experimental protocol followed for all the experiments is as follows:

e After the specimen was placed in the true-triaxial setup, the stresses on the sides of
the block were increased in the prearranged manner. The stresses on all the three
specimen sides were increased to the o3 stress level, simultaneously. Stress in the
o3 direction was kept constant, whereas the stresses in 62 and o1 direction were
increased to o2 stress level. Ultimately o1 was then increased to the selected stress
value.

e After tightening all the connections, a brief constant pressure test was performed to
identify any unlikely leakage in the complete system. Pressure was increased
stepwise to ~7 MPa in ten steps of ~0.7 MPa for 30 sec each. This value of injection
pressure (7 MPa) is much below the expected value of BP and therefore cannot
cause any damage in the very strong and relatively impermeable Barre granite
block.

e After the important pre-check, the pressure in the borehole was reduced to 0.7 MPa,
which served as the starting point for all the experiments, ensuring the saturation of
the borehole and the injection lines.

e Fluid flow at a pre-selected constant rate from the injection pump commenced
almost simultaneously with the activation of the AE data acquisition system. When
the pressure started to rise at almost a linear rate, an effort was also made to reduce
the system compressibility by limiting the amount of fluid flux entering the fracture
at initiation point, which assisted in the stable propagation of fracture (Li &
Einstein, 2019; Liu et al., 2020; Sarmadivaleh et al., 2013). The opening at the valve
control (Figure 1c) was reduced which ensured minimal fluid flux entering the open
borehole section, which assisted in preventing the unstable and sudden failure.

e The experiment was continued after the BP of the specimen while acquiring AE
data and the test was only stopped after the injection pressure appeared to be
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constant for a considerable period and without any substantial AE activity (less than
2-3 AEs in a five second interval).

e The pistons were retracted in the similar manner; 61 reduced to o2 stress value and
then both reduced to o3 stress and lastly all pistons were retracted to zero stress
positions.

e After removing the injection assembly, the block was cleaned of any excess
injection fluid and the fractured rock was visually inspected for any propagated
fractures along the boundaries of the specimen.

3 Experimental results
3.1 Scaling analysis

Scaling laws predict the laboratory experimental settings, through which the fracture
propagation regime in the laboratory can be analogous to that in the field. The required inputs for
scaling analysis are the hydro-mechanical properties of the rock, confining stress and the injection
fluid’s rate and viscosity. The rift (weakest) plane material properties of the Barre granite were
used in the scaling analysis. Injection fluids with drastically different viscosities, water (1 cP) and
gear oil (1450 cP), were used for the HF experiments. This gear oil was used keeping in view the
highest viscosity limitation of the available injection pump available. However, this relatively
mediocre viscosity gear oil prevented the large fluid lag length, which should be avoided either
through lowering the viscosity of injection fluid or increasing the confining stress (Garagash &
Detournay, 2000). Also, system compressibility can severely impact the HF experiment, in case
of a remarkably high viscosity fluid or injection rate (Lecampion et al., 2017). Both the injection
fluids were injected at a constant injection rate of 1 ml/min. The pressure rating of the injection
lines (22.5 MPa) prohibited testing with higher injection rates for the gear oil, which may have
resulted in breakdown pressures (BP) higher than those permitted by the injection lines. In the
scaling analysis, experiment time or the fracture propagation time is the time from the fracture
initiation to the end of fracture propagation (fracture reaching the boundaries of the specimen in
laboratory experiments). It is imperative to determine this exact period from the fracture initiation
to fracture arriving at the boundaries of the laboratory specimen, as it will determine the value of
K and the state of HF. Most of the laboratory studies determine this experiment time from the
borehole pressure decay curve alone; however, the minor changes in pressure due to fluid flow in
the generated fractured may make it difficult to estimate and other supplemental techniques, like
AE monitoring, can be useful in finding this time period.

The values of dimensionless toughness parameter (k), Eq. (1), with different experimental
conditions (different injection fluids, injection rates and fracture propagation times) are presented
in Figure 2. Instead of the traditional method of fracture propagation time determination through
the borehole pressure analysis, in this study, the fracture propagation time was determined by
monitoring the AE data and the minimum horizontal stress (c3) (see section 4.1 for more details).
Based on the propagation times determined after the experiments, specific x values were
determined for experiments with different injection fluids performed for this study. The summary
of the experimental parameters and the scaling analysis are presented in Table 1.
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Figure 2. The dimensionless toughness parameter, x, determined for different experimental
settings and fracture propagation times and different injection rates. High viscosity injections are
presented in solid lines and low viscosity injections in dashed lines. The points in the graph (X)
indicates the determined state of the HF operation for experimental settings used in this study. A
K value of 1.27 corresponded to an almost viscosity dominated propagation regime, whereas a
value of 7.0 resulted in the toughness dominated propagation regime

3.2 Well-bore pressure decay analysis and AE events

The borehole pressure evolution for different propagation regimes is presented in Figure 3.
Three tests each for VPR and TPR were conducted with a gain of 20 dB and one additional
experiment each was conducted with 40 dB gain. On average, slightly, higher BP was observed
for higher viscosity fluid experiments, as had been similarly observed for granitic rocks (e.g.,
Ishida et al., 2016). Since the time to reach BP was considerably different for different injection
fluids, a normalized time was calculated as per Eq. (2), to facilitate comparison between different
experiments.

Experiment time—BP time (2)

Normalized time = -
Total time

where BP time is time at breakdown and total time is the time from the start of the test until
the borehole pressure reached a constant value, following the rock breakdown. Positive values of
normalized time indicate the post-breakdown stage of the experiment while negative values
indicate the pre-breakdown stage. Figure 3c presents the pressure evolution against the normalized
time for a pair of experiments each for VPR and TPR experiments. Figure 4 presents the detected
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AEs and the cumulative AEs against the borehole pressure evolution for the VPR and TPR
experiments, respectively. The AEs amplitude from the 40-gain experiments were divided by 10
for comparison with the 20-gain experiments. Fracture initiation was detected following the
increase in the number of detected AEs. BP was the highest pressure recorded in a particular
experiment.

Table 1. Experimental parameters and the scaling analysis summary

Properties Experimental Setting 1 Experimental Setting 2
Injection fluid SAE 85w-140 Gear oil Water
Fluid viscosity (cP @ 20°C) 1450 1
Flow rate (ml/min) 1 0.1
o3 (MPa/Psi) 3.45 MPa (500 Psi)
o2 (MPa/Psi) 8.625 MPa (1250 Psi)
o1 (MPa/Psi) 17.25 MPa (2500 Psi)
Propagation time (sec)
through AE data and far field | 45 3
stress
K 1.2 7

Toughness dominated

Propagation regimes ~Viscosity dominated regime regime

It is important to emphasize here that the fracture propagation time (time from initiation to
fracture reaching boundaries), which is a significant parameter in the scaling analysis, was
determined using the pressurization rate (0P/ot), detected AEs and the o3 Stress measurements.
Figure 5 shows the 0P/ot, o3 stress measurements along with the AEs for VPR_Test#1_20 gain
and TPR_Test#1 20 gain experiments. Fracture initiation was detected earlier by the AE system,
where no change in the borehole pressure, OP/0t or o3 stress could be observed. The fracture
reaching the boundaries of the specimen can be almost deduced from the lowest points of OP/ox,
peak o3 stress, and reduction of AEs to a minimal. Overall, the fracture initiation and propagation
coincided well with the increase in the AE rate and o3 and the drop in the oP/ot. These propagation
times (Table 1) were quite different from what could be determined through the pressure curve
analysis alone (departure from linearity to a constant value after BP). The same method was used
to determine the fracture propagation time for all other experiments as well.
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383  Figure 3. Borehole pressure evolution with actual experimental time for different (a) VPR and
384  (b) TPR experiments. (c) Borehole pressure evolution against normalized time for a pair of VPR
385 and TPR experiments. On average, VPR experiments resulted in higher BPs and gradual pressure
386  drop after the breakdown, relative to TPR experiments. For all the experiments, the borehole
387  pressure reached a constant value after breakdown. However, this pressure was higher for VPR
388  experiments (~6.5 MPa) as compared to the TPR experiments (~1), which represents the ease

389  with which the injection fluid can excrete out from the generated fracture
390

391

392 Slight differences of 3-4 MPa in the BP for similar experimental conditions were observed
393  and can be attributed to either the heterogeneities of the rock or the minor differences in the drilled
394  borehole for different specimens. It can also be deduced from Figure 4 that the pressure decay was
395  abrupt for experiments conducted with low viscosity fluid and gradual with higher viscosity

396 injection fluid. This gradually decreasing borehole pressure also allowed for relatively more data
397  collection time.

398
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401  Figure 4. Detected AEs and the cumulative AEs along with the borehole pressure evolution against
402  normalized time for (a) VPR_Test#1 20 gain, (b) VPR_Test#4 40 gain, (c) TPR_Test#1_20 gain
403  and (d) TPR_Test#4_40 gain; FI (fracture initiation) represents the point where the AE rate started
404  to increase, BP (breakdown pressure) was the highest recorded borehole pressure for a particular
405  experiment, and FRB (fracture reaching boundaries of the specimen) was determined using the
406  pressurization rate (OP/0t), detected AEs and the o3 stress measurements (see figure 5). AEs
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amplitude from the 40-gain experiment was divided by 10 for comparison with the 20-gain
experiment. The number of AEs detected for VPR and TPR experiments, with 40-gain setting,
were approximately 2 and 7 times higher than those detected with the 20-gain VPR and TPR
experiments, respectively

(a) VPR_Test#] 20 gain (b) TPR_Test#1_20 gain
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Figure 5. Progression of 0P/0t and o3 stress with detected AEs for (a) VPR_Test # 1_20 gain and
(b) TPR Test # 1 20 gain. The peak increase in o3 almost coincided with the termination of
significant AE activity for all the experiments. Also, this reduction of AE rate to a minimum
overlapped with the inflection point in OP/ot as it approached a constant value

3.3 Determination of Gutenberg-Richter b-value

The frequency-magnitude Gutenberg-Richter (GR), b-value, determines the ratio between
the large and small seismic events and is a fundamental observation in seismology and seismic
risk analysis (Gutenberg & Richter, 1954). The GR distribution relates the number of seismic
events (N) equal to or greater than a given magnitude, to the magnitude of the event (M), as
(Gutenberg & Richter, 1942, 1944, 1956):

log(N)=a—bM (3)

where, a and b are constants, which depends on the seismicity rate and properties of the
focal material, respectively (Olsson, 1999). A higher b-value corresponds to a higher frequency of
small magnitude events, whereas a lower b-value points towards the relative abundance of higher
magnitude events. These AE events, which are much more representative of the rock damage
relative to AEs detected by individual sensors, were determined using a minimum of six sensors.
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The focal amplitude (Ao) of the AE events was determined following Zang et al. (1998) and
McLaskey & Lockner (2014), assuming spherical spreading around a reference sphere of 10 mm.

1 ri 2
Ao = J;Zﬁl (Aiﬁ) (4)
where k = number of sensors detected the AE event; A; is the maximum signal amplitude

recorded at the i sensor; r; is the distance between source and the ith sensor.

In this study, b-values were calculated using the maximum likelihood method described by
AKi (1965), Utsu (1965), and Woessner & Wiemer (2005):

b= logio(e) (5)

TR

where, M., < M > and AM,,;,, are the magnitude of completeness, mean magnitude, and
the binning width of the seismic data, respectively. M, is defined as the lowest magnitude at which
100% of the seismic events can be detected in space and time volume (Rydelek & Sacks, 1989;
Wiemer & Wyss, 2000). In the current study, M. was determined using Woessner & Wiemer
(2005) method which identifies the point of maximum curvature by computing the maximum value
of the first derivative of the frequency-magnitude curve. This maximum curvature point, taken as
M., is a fast estimate which has been reliably and successfully applied to natural earthquakes
sequences (Gulia & Wiemer, 2019), using the slope of the logarithm of the cumulative number of
the detected seismic events, i.e., {log (X N)}. For the determination of b-value, the AE event
magnitude was obtained by dividing the determined focal amplitude (from Eq 5) in dB by 20,
which also led to the logical selection of 0.05 as the AM,,;,,. Figure 6 represents the determined b-
value for both the VPR tests and one TPR test with 40 gain only. The number of AE events (30)
detected for TPR_Test#1_20 gain were insufficient for the b-value analysis.

3.4 Spatiotemporal Evolution of AE events

The spatiotemporal evolution of AE events inside the rock specimen during the hydraulic
fracturing experiments are presented in Figure 7. In the field, fracture initiates and propagates near
the wellbore plug, which are the zone of stress concentrations (Hampton et al., 2013), whereas in
the laboratory, stress concentration occurs near the top and bottom edges of the open borehole
region. After fracture initiation, HF propagates stably and steadily till BP, which is followed by
the unstable fracture propagation and a rapid decrease in the borehole pressure. In the laboratory
experiments, with finite specimen dimensions, this unstable fracture propagation terminates when
the fracture reaches the boundaries of the specimen. However, even after the fracture reaches the
boundaries of the specimen, some residual fracturing continues till sometime after the borehole
pressure reaches a constant value. Therefore, for all the experiments, the complete propagation of
a hydraulic fracture was divided into three distinct phases: (1) initiation to breakdown, (1)
breakdown to fracture reaching boundaries of the specimen, and (I11) the post fracturing phase, till
the end of the experiment. For TPR_Test # 1_20 gain, Figure 7c, AE events were only detected in
phase (I1) of the HF experiment.
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Figure 6. b-value calculation for (a) VPR_Test#1 20 gain, (b) VPR_Test#4 40 gain, and (c)
TPR_Test#4 40 gain experiments. N is the number of seismic events equal to or greater than a
given magnitude (M). M was obtained by dividing the determined focal amplitude in dB by 20 and
AM,,;,, was selected as 0.05. The b-value was determined for the linear portion of the log (£ N)
and the M plot

Figures 8 and 9 present the complete HF propagation until the termination of the
experiment, marked by the constant borehole pressure and absence of any significant AE activity,
from 3 different views (o3, o1 and 3D). The event amplitude, which was normalized as per Eqg. (3),
generally increased as the fracture started propagating away from the borehole, as illustrated by
the size of the circles in Figure 8. It can be deduced from these figures 7 - 9 that for VPR
experiments, phases (1) and (111) of HF were clearly and more elaborately identified in the 40-gain
experiment. However, experiment with 20-gain presented a better view of the phase (I1) of HF.
For TPR experiments, with much lower input energy (product of fluid viscosity and injection rate),
40 gain presented a much better picture of the HF operation. However, the drawback of the 40 dB
gain setting is that the AE system get saturated during uncontrolled fracturing after breakdown and
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therefore only able to record the data before and after this unstable fracturing phase, i.e., the sudden

drop in the borehole pressure.
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Figure 7. Spatiotemporal evolution of the AE events at different stages of the HF for (a)

VPR_Test#1l 20 gain, (b)

VPR_Test#4_40 gain,

(c) TPR_Test#1 20 gain,

and (d)

TPR_Test#4 40 gain; Phase (I) initiation to breakdown, (1) breakdown to fracture reaching
boundaries of the specimen, and (111) the post fracturing phase. The size of the circles represents
the relative AE event amplitude in any particular experiment. The 40-gain experiments were better
at capturing the phase I and the post fracturing phase Il periods. AE events were only detected
during phase Il for the TPR_Test#1 20 _gain experiment
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Figure 8. 2D and 3D view of the complete HF propagation for the (a) VPR_Test#1_20 gain, (b)
VPR_Test#4_40 gain. The HF propagated almost perpendicular to the minimum stress (o3) for
both experiments. The occurrence of the AE events with respect to the normalized time is indicated
through the colorbar. Majority of the detected AE events were in the blue and green shade in (a)
and (b), respectively, which indicates that 40-gain setting was able to comprehensively capture the
initial HF portion, whereas the 20-gain was better at identifying the later portion of the HF
propagation

3.5 Fracture mechanisms

The identification of fracture mechanisms in a hydraulic fracturing operation can inform
the hydraulic conductivity of the generated fracture and ultimately the efficiency of the stimulation
operation. These damage mechanisms, classified as tensile, shear and mixed mode, along with
their orientation, were determined using the MTA and are presented in Figures 10 and 11. The
number of AE events for HF experiments with TPR were much lower in number and amplitude
for all types of fracture mechanisms. In all the experiments, majority tensile fractures, oriented in
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524 the direction of maximum horizontal stress (c2) were observed near the borehole and in phase | of
525  the HF experiment. The percentage of shear and mixed-mode fracture increased in phases Il and
526 Il of the HF propagation; however, tensile fracturing still remained as the dominant type for all
527  the experiments.
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532 Figure 9. 2D and 3D view of the complete HF propagation for (a) TPR_Test#1 20 gain and (b)
533  TPR_Test#4 40 gain. The occurrence of the AE events with respect to the normalized time is
534 indicated through the colorbar. In comparison to the VPR experiments, the detected AE events in
535  the TPR experiments were widely dispersed over the normalized time color spectrum

536
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Figure 10. Damage mechanisms determined for different phases for VPR_Test#1 20 gain and (b)
VPR _Test#4 40 _gain experiments; tensile, mixed and shear mode in the top, middle and bottom
rows respectively. The percentage of tensile events in the initiation to breakdown phase was
relatively high. However, this percentage decreased as the fracture propagated away from the
borehole

4 Discussion
4.1 Source mechanisms in HF: tensile or shear?

In all the experiments of the current study, whether in the VPR or the TPR, tensile
fracturing events were found to be dominating. Hampton et al. (2014) encountered similar results
of about 70.5% tensile in hydraulic fracturing of South Dakota granite. Yamamoto et al. (2019)
observed very strong dominance of tensile fracturing in Kurokami—jima granite, when the rift
(weakest) plane was orthogonal to the fracturing direction. Recently, Naoi et al. (2020) also
experienced similar tensile dominant HF in low permeability eagle ford shale even with low
viscosity injection fluid and concluded that fracturing mechanisms depend on the interaction of
the fracturing fluid and the pre-existing micro-discontinuities. It may be reasonable to believe that,
if the material is impermeable or have very low permeability, the viscosity of the injection fluid
has negligible effects on the fracturing patterns and in that scenario the traditional HF philosophy
could explain the modes of induced seismic events.
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Figure 11. Damage mechanisms determined for different phases for (a) VPR_Test#1 20 gain and
(b) VPR_Test#4 40 gain experiments; tensile, mixed and shear mode in the top, middle and
bottom rows respectively. AE events were only detected in phase 1l of the 20-gain experiment (a),
where tensile dominance near the borehole region could be observed. The absence of AE events
pointed towards the saturation of the AE system and the relatively high percentage of tensile events
in phase Il of the 40-gain experiment (b).

Apart from the early tensile fracturing events dominance, the current study also highlights
how this dominance is reduced as the fracture is propagating away from the injection source. Such
evolution has not been reported in previously conducted HF experiments. Figure 12 presents the
evolution of the fracturing mechanisms from the borehole till the boundaries of the specimen in
the direction of fracture propagation. This varying fracture pattern can be attributed to the pressure
gradient, as the pressure is largest near the injection source (borehole) and decreases as the fracture
propagates away from the borehole. Also, the hydraulic properties of the injection fluid (viscosity
& rate) and the surrounding rock have an increased influence on the fracture propagation away
from the injection source (Stoeckhert et al., 2015). All these factors contribute to HF becoming
complex and a combination of different types of fracturing mechanisms as the perimeter of the HF
increases.
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4.2 Viscosity vs Toughness propagation regime

It is important to assess the results from the HF experiments, with respect to their position
in the propagation regime spectrum. The experimental settings used in this study resulted in
drastically different viscosity (or viscosity-transitional) and toughness dominated propagation
regimes, both of which are encountered during the field HF propagation. Table 2 presents a
summary of results for the VPR and TPR experiments. As expected, the VPR experiments, with
higher energy input, resulted in a higher number of AE events and the highest-magnitude event.
On average, the BP and the injected volume were also considerably higher for the VPR
experiments.
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Figure 12. Damage mechanisms (tensile, shear, and mixed mode) with distance from the borehole
for (@) VPR_Test#1 20 gain (b) VPR _Test#4 40 gain (c) TPR_Test#1 20 gain and (d)
TPR_Test#4 40 gain. The distance is from the center (0) to the boundaries of the specimen in the
direction of fracture propagation. Relatively more events were detected in the post fracturing phase
by the 40-gain experiments. The absence of events in (b) and (d) for a small period is due to the
saturation of the AE system

The classical HF models (Nordgren, 1972; Perkins & Kern, 1961) and the scaling analysis
(Detournay, 2004) assume that HF is occurring in mode-l (tensile fracturing). Therefore,
theoretically, the determined propagation regime, either VPR or TPR, should follow this basic
assumption and almost all detected AE events should be tensile fractures. However, as already
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identified, for all the experiments performed in this study, mostly tensile fractures dominated near
the borehole (75-85%) and both tensile and shear fractures occurred at some distance (20-30 mm)
on either side of the borehole (Figures 12). There can be a number of possible explanations for this
discrepancy between the theoretical expectations and the experimental results. The scaling analysis
calculations assume that the material is completely isotropic, homogeneous, and impermeable,
which can never be the case for a natural rock. Even the micro-flaws in the rock specimen can
have a significant impact on the fracturing patterns, depending on the experimental conditions
(injection fluid / rate). Secondly, this inconsistency may be attributed to the fact that even though
the fluid flow is assumed to be constant throughout the fracturing process, the fluid flow and
consequently the fluid pressure, decreases as the fracture propagates away from the borehole,
depending on the injection rate and also the fluid infiltration in the surrounding rock. Also, when
the perimeter of the HF is small (i.e., at early stages), the energy required to propagate the fracture
is small and viscous flow dominates; however, as this perimeter increases, the required energy also
increases and becomes greater than that required to drive the injection fluid through the fracture
(Lecampion & Desroches, 2015). Therefore, the extent of pure HF (formation of new mode-I
fractures) depends on the pressure losses and the pre-existing faults/discontinuities and might only
be relevant near the borehole region only (Amann et al., 2018). Zhuang & Zang (2021)
hypothesized that for pure viscosity dominated regimes, tensile fractures dominate for the whole
duration of the fracturing operation. However, a pure viscosity dominated regime requires almost
zero penetration of fluid in the surrounding material, which can be achieved only through sleeve
fracturing. For all the other cases, the fractures follow a path from being tensile dominant, near the
borehole, to a combination of fracturing mechanisms, as represented by the results in this study.

Table 2. Summary of results for VPR and TPR experiments

Propagation | Test BP | Injected | Number | Maximum | b-value Fracturing
regime number | (MPa) | Volume | of AE | amplitude mechanisms
till BP | events | of the AE (%)
(ml) #) event
(Volts) | 2 =
2| 8| &
o o
VPR 1 19.8 | 15.6 1491 5.6 1.82 57.8 | 14.6 | 27.6
4 245 | 14.6 4205 34 1.62 59.2 | 18.4 | 22.4
TPR 1 16.6 |12.1 30 0.85 * 52.2 113.0 | 34.8
4 18.6 11.3 597 14 2.35 56.5 | 20.2 | 23.3

*h-value was not determined due to insufficient number of determined AE events for
TPR_Test#1 20 _gain experiment
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By comparing the fracturing patterns for different experiments, the percentage of tensile
fractures decreased with the transition from VPR to TPR, as represented by the slight decrease in
overall tensile events between different regime experiments (Figure 9 and 10; Table 2). Even
though the viscosity of injection fluid is much lower in the TPR, still it is not low enough to easily
penetrate the micro-flaws in Barre granite and cause a drastic difference in the fracturing
mechanisms as compared to the VPR experiments. It can be expected that a much lower viscosity
fluid (for example, CO2) may be able to stimulate those micro-size pre-existing discontinuities
and present a case where shear fractures are dominant. Also, the fractures created in the VPR, are
expected to be planar and smooth with a wider aperture compared to the complex and torturous
fractures with more branches, in the toughness domain. This can be confirmed through a micro-
structural analysis of the generated HF and is a focus of a future study.

The b-value calculated for the two VPR tests and one TPR test was 1.82, 1.62, and 2.35,
respectively. A b-value close to unity is normally encountered for natural earthquake sequences.
However, Schorlemmer et al. (2005) have suggested that the b-value varies depending on the style
of faulting, with highest b-values for normal (tensile) faulting, intermediate values for strike-slip,
and lowest for thrust type events. Generally, a b-value of 2 is obtained from the seismicity induced
by the main fracturing portion of the field HF operations (Maxwell et al. 2009; Downie et al. 2010).
Wessels et al. (2011) observed a b-value of ~2 for seismic events generated as a result of HF in
the Barnett shale formation in Ft. Worth Basin, Midcontinent USA. Eaton et al. (2014) calculated
the b-value for three different HF projects (Horn river basin, central Alberta, and Cotton valley),
with different geological settings. The seismic data from the gas fields resulted in a b-value which
varied from 1.63 to 2.61. In the Soultz-sous-Fore"ts (Alsace, France) and Basel (Switzerland) EGS
projects, Cuenot et al. (2008) and Bachmann et al. (2011) obtained an overall b-value of 1.29 and
1.56, respectively. Recently, mine-scale HF experiments at the Aspo Hard Laboratory (Sweden)
were carried out to evaluate the applicability of different injection schemes for EGS (Niemz et al.,
2020). The cyclic progressive injection scheme resulted in higher b-values (2.34 - 2.51) relative to
the conventional continuous injection schemes (1.72-1.95). The b-value determined for the
experiments in current study are in line with what should be expected for HF operations. The
higher b-value of 2.35 for the TPR experiments indicates the presence of high number of small
magnitude events or the absence of large magnitude events, which is expected due to the fact that
the energy input and the consequent seismic energy release in TPR experiments is much lower
when compared to the VPR experiments.

4.3 Implications for field HF operations

In the field, it is commonly accepted that HF stimulation, in the oil and gas settings
(sedimentary rocks), is achieved through the generation and propagation of new fractures (tensile),
whereas for the EGS (crystalline rocks), it is achieved through the slipping along the pre-existing
fractures (shear) (Economides & Nolte, 1989; McClure & Horne, 2013). However, some
researchers (Jung, 2013; McClure, 2012; McClure & Horne, 2014a, 2014b) have argued against
this pure shear stimulation supposition for the granitic rocks. They have proposed that HF in
granitic rocks contains a much higher percentage of new fracturing than what is believed by the
community and is actually a combination of both the tensile fractures and shearing of pre-existing
fractures. Observations from large scale HF projects, Fenton Hill EGS (Norbeck et al. 2018) and
Sanford Underground Research facility (Schoenball et al. 2020), have also supported this notion
of combined type fracturing. Even though the near borehole tensile dominance is not accounted
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for, the fracturing patterns observed from the experiments in this study, away from the injection
source, follows this hypothesized concept. The relatively low percentage of shear fractures, in the
current experiments, can be attributed to the almost absence of pre-existing faults/discontinuities,
relative to the field.

Contrary to the theoretical predictions and the observed laboratory results, the tensile
dominance or even a combined type fracturing is rarely observed in the field and shear fracturing
is found strongly dominating through the recorded seismic data (Maxwell, 2011a, 2011b). This
discrepancy between the laboratory and field scale can be attributed to several factors:

First, the material tested in the laboratory is mostly intact without any pre-existing
faults/discontinuities. In the field, the rock mass contains numerous fractures of
different scales, which can significantly influence the HF propagation. In other
words, the experiments performed in the laboratory with intact material represents
pure HF experiments, whereas in the field, it can be a combination of both HF and
hydro-shearing (HS). This was represented by a small field-scale experimental
study (Ishida et al., 2019), which pointed towards initial tensile dominancy
followed by majority shear fractures as the fracture propagated. Therefore, it can
be hypothesized that the stimulation operation can initiate as HF and transitions
into a HS mechanism, farther from the injection source.

Secondly, factors contributing towards the highlighted inconsistency can be related
to the scale of the experiments/operations. The finite sized specimen tested in the
laboratory may only be able to replicate only the near borehole phenomena. The
increase in shear fractures observed in the current experiments away from the
borehole might have even increased to a greater extent if the dimensions of the
specimen were not limited. This was also observed in the Basel EGS project (Zhao
et al., 2014), where seismic events with significant isotropic components (fracture
opening or closing) were found to be dominating only near the injection well.
Another drawback of these finite specimen dimensions and the resulting low
percentage of shear fractures in the laboratory can be related to the saturation of the
AE recording system in the uncontrolled fracturing phase, which is a major portion
of HF propagation in the field. The clipped amplitudes (Figure 4b) and long-
duration signals (Figures 7b & d), that happen at or just after the BP, overwhelm
the AE system and cause system saturation. This is due to the superimposition of
many large AEs and their reflections and can result in loss of significant quantity
of micro-seismic data. Majority of these missing AE events are expected to be shear
fractures, as they are the likely fracture mode at the failure point.

Lastly, the extensive and very sensitive AE monitoring from all the sides of the
specimen in the laboratory, is almost never possible in the field. Also, a significant
portion of the deformation occurring during the HF stimulation is aseismic
(Goodfellow et al., 2015a; Villiger et al., 2020), which is also influenced by the
distance of the field seismic recording setup from the propagating HF. These
conditions may result in a situation where only the high energy seismic events,
resulting from the interaction of propagating fractures and pre-existing
faults/discontinuities, are detected by the seismic sensors, whereas the relatively
low energy tensile events are left undetected.
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5 Conclusions

This study focused on controlled laboratory HF of true triaxially loaded crystalline rock
cubes with different experimental settings. The selected experimental setting resulted in two
drastically different HF propagation regimes: viscosity and toughness dominated propagation
regimes. Real-time AE monitoring successfully mapped the generated, almost planar, bi-wing
fracture at different instances along the fracture initiation and propagation time, until the fracture
reached the specimen boundaries. The main conclusions are presented as follows:

e VPR experiments were characterized by having higher BPs and injected volume to
reach the BP. Also, the released seismic energy (number of AE events and the
highest-magnitude event) was found to be greater for the VPR experiments. The
low viscosity of injection fluid in the TPR experiments assisted in the relatively
easier stimulation of the micro-flaws in granite and consequently resulted in early
breakdown of the specimen utilizing a lower volume of the injection fluid.

e The frequency-magnitude Gutenberg-Richter b-value for the TPR experiments
(2.35) was much higher than the VPR experiments (1.62-1.82). These b-values are
in line with what is expected for HF operations. Higher b-values for the TPR
experiments pointed towards the increased number of low magnitude events and a
relatively lower stress perturbation in the damaged region.

e Overall, tensile dominated fracturing patterns were obtained for both the VPR and
TPR experiments, in line with the theoretical expectations of HF in impermeable
rocks. This tensile dominance was most pronounced near the injection source and
a combination of fracture types were encountered as the perimeter of the HF
increased.

e The scaling law, which assumes tensile HF, may only be applicable near the
borehole region. Farther from the borehole, HF propagation follows a path of least
resistance, depending on the material strength, pre-existing faults/discontinuities,
and is most likely be a combination of different fracturing mechanisms.

e The released seismic energy is a very small portion of the input hydraulic energy
in HF. The laboratory results, with much sensitive and extensive micro-seismic
monitoring system, can provide significant information about the HF operation,
which may not be available from the field. These results can have important
implications in assessment of a HF operation in granite as the fracture pattern and
morphology vary depending on the underlying damage mechanism and ultimately
decide the permeability increase achieved through the stimulation operation.
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Figure 1. (a) Schematic of the specimen and borehole configuration used for the HF experiments. A small
borehole with a radius of 5 mm was selected with respect to its distance to the boundaries of the cubic block
(82.55 mm) (b) The location of 16 Nano-30 AE sensors, with an aperture of 8 mm, selected for the HF
experiments providing sufficient coverage of the entire block. Eight sensors were located In the direction of
fracture propagation (c2), and four each in the 63 and o1 directions (¢) Schematic of the complete experimental
setup. The data from the AE sensors were amplified and recorded In the computer for post-experiment analysis.
The data from the hydraulic pistons and the pressure sensor, located near the borehole entrance, was also
recorded In the same computer to achieve synchronization between the pressure, confining stress, and the AE data
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Figure 2. The dimensionless toughness parameter, k, determined for different experimental settings and fracture
propagation times and different injection rates. High viscosity injections are presented In solid lines and low
VIscosity Injections In dashed lines. The points in the graph (X) Indicates the determined state of the HF operation
for experimental settings used In this study. A k value of 1.27 corresponded to an almost viscosity dominated
propagation regime, whereas a value of 7.0 resulted in the toughness dominated propagation regime
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Figure 3. Borehole pressure evolution with actual experimental time for different (a) VPR and (b) TPR
experiments. (c) Borehole pressure evolution against normalized time for a pair of VPR and TPR experiments.
On average, VPR experiments resulted In higher BPs and gradual pressure drop after the breakdown, relative to

TPR experiments. For all the experiments, the borehole pressure reached a constant value after breakdown.
However, this pressure was higher for VPR experiments (~6.5 MPa) as compared to the TPR experiments (~1),

which represents the ease with which the injection fluid can excrete out from the generated fracture
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Figure 4. Detected AEs and the cumulative AEs along with the borehole pressure evolution against normalized
time for (a) VPR Test#1 20 gain, (b) VPR Test#4 40 gain, (c) TPR Test#1 20 gain and (d) TPR Test#4 40
gain; FI (fracture initiation) represents the point where the AE rate started to increase, BP (breakdown pressure)
was the highest recorded borehole pressure for a particular experiment, and FRB (fracture reaching boundaries of
the specimen) was determined using the pressurization rate (0P/ot), detected AEs and the 63 stress measurements
(see figure 5). AEs amplitude from the 40-gain experiment was divided by 10 for comparison with the 20-gain
experiment. The number of AEs detected for VPR and TPR experiments, with 40-gain setting, were
approximately 2 and 7 times higher than those detected with the 20-gain VPR and TPR experiments, respectively



19 20 L 1 .

04 18 X
3.9
-14=<16 0.75
— )
= 2138
244 14 . >
= w o
7 uo
34012 o 0.5 2 3.7
‘310 DD 3
4470 =
S i 3.6
5 <
5q4m 8 N . 0.25
6 g 0 - 3.5
6 6 s &
B © g O .
i EHA y EE
74 4R 0 3.4
-0.1 -0.05 0 0.05 0.1 0.15
(a) Normalized time

19 20 1
04 138
-19='16 e
- )
245 14 :
S >
% o
3q 012 ‘ 0.5 =2
§ 10 \ g
44 O :
: —
S <
54 3
-6 6
-0.005 0
®) Normalized time

3.9

3.8

3.7

3.6

3.5

3.4
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gain experiments. N Is the number of seismic events equal to or greater than a given magnitude (M). M was
obtained by dividing the determined focal amplitude in dB by 20 and AMbin was selected as 0.05. The b-value
was determined for the linear portion of the log (X N) and the M plot
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Figure 7. Spatiotemporal evolution of the AE events at different stages of the HF for (a) VPR Test#1 20 gain,
(b) VPR Test#4 40 gain, (c) TPR Test#1 20 gain, and (d) TPR Test#4 40 gain; Phase (l) initiation to
breakdown, (Il) breakdown to fracture reaching boundaries of the specimen, and (111) the post fracturing phase.
The size of the circles represents the relative AE event amplitude In any particular experiment. The 40-gain
experiments were better at capturing the phase | and the post fracturing phase 111 periods. AE events were only
detected during phase Il for the TPR Test#1 20 gain experiment
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Figure 8. 2D and 3D view of the complete HF propagation for the (a) VPR Test#1 20 gain, (b) VPR Test#4 40
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able to comprehensively capture the initial HF portion, whereas the 20-gain was better at identifying the later
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Figure 9. 2D and 3D view of the complete HF propagation for (a) TPR Test#1 20 gain and (b) TPR Test#4 40
gain. The occurrence of the AE events with respect to the normalized time Is indicated through the colorbar. In
comparison to the VPR experiments, the detected AE events in the TPR experiments were widely dispersed over
the normalized time color spectrum



(a) VPR Test#1 20 gain (b) VPR Test#4 40 gain
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Figure 10. Damage mechanisms determined for different phases for VPR Test#1 20 gain and (b)
VPR _Test#4 40 galn experiments; tensile, mixed and shear mode in the top, middle and bottom rows
respectively. The percentage of tensile events in the Initiation to breakdown phase was relatively high. However,
this percentage decreased as the fracture propagated away from the borehole



(b) TPR Test#4 40 gain

(a) TPR Test#1 20 gain
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Figure 11. Damage mechanisms determined for different phases for (a) VPR Test#1 20 gain and (b)
VPR Test#4 40 gain experiments; tensile, mixed and shear mode In the top, middle and bottom rows
respectively. AE events were only detected in phase Il of the 20-gain experiment (a), where tensile dominance
near the borehole region could be observed. The absence of AE events pointed towards the saturation of the AE
system and the relatively high percentage of tensile events in phase Il of the 40-gain experiment (b).



(a) VPR Test#1 20 gain
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Figure 12. Damage mechanisms (tensile, shear, and mixed mode) with distance from the borehole for (a)
VPR Test#1 20 gain (b) VPR Test#4 40 gain (c) TPR Test#1 20 gain and (d) TPR Test#4 40 gain. The
distance Is from the center (0) to the boundaries of the specimen In the direction of fracture propagation.
Relatively more events were detected In the post fracturing phase by the 40-gain experiments. The absence of
events In (b) and (d) for a small period Is due to the saturation of the AE system



