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Abstract: Hydraulic fracturing is an important means for the development of tight oil and gas
reservoirs. Laboratory rock mechanics experiments can be used to better understand the mechanism
of hydraulic fracture. Therefore, in this study we carried out hydraulic fracturing experiments on
Triassic Yanchang Formation tight sandstone from the Ordos Basin, China. Sparse tomography
was used to obtain ultrasonic velocity images of the sample during hydraulic fracturing. Then,
combining the changes in rock mechanics parameters, acoustic emission activities, and their spatial
position, we analyzed the hydraulic fracturing process of tight sandstone under high differential
stress in detail. The experimental results illuminate the fracture evolution processes of hydraulic
fracturing. The competition between stress-induced dilatancy and fluid flow was observed during
water injection. Moreover, the results prove that the “seismic pump” mode occurs in the dry region,
while the “dilation hardening” and “seismic pump” modes occur simultaneously in the partially
saturated region; that is to say, the hydraulic conditions dominate the failure mode of the rock.

Keywords: hydraulic fracturing; acoustic emission; sparse tomography; tight sandstone

1. Introduction

Tight oil and gas reservoirs are an important part of mineral energy in China. However,
their low permeability (<0.5 mD) makes it difficult to exploit them. Therefore, it is necessary
to improve the reservoir and enhance oil recovery by hydraulic fracturing. The process of
hydraulic fracturing involves not only solid deformation caused by fluid pressure before
fracture, but also fracture initiation and propagation during fracture, as well as fluid flow
and seepage after fracture [1]. If these key mechanical problems can be grasped and
understood, the process of fracture development can be predicted and evaluated, thus
providing important references for optimizing hydraulic fracturing plans and improving
recovery efficiency. By conducting hydraulic fracturing experiments in the laboratory, the
influence of environmental factors can be reduced, and the dynamic development process
and distribution ranges of fractures can be obtained using multiple physical means, such
as acoustic emission monitoring, ultrasonic velocity, and X-ray tomography [2–5].

Acoustic emission events (AEs) originate from crack rupture induced by mechanical,
thermal, or hydraulic factors [6–9]. By investigating the AE characteristics (including
count, amplitude, and location), we can obtain the failure law of hydraulic fracturing
indirectly [10]. AE count is always used to quantify the AE activity [8], which represents
the occurrence of the microcrack during the loading tests. AE peak amplitudes reflect
the magnitude of fracture. The slope of the frequency magnitude distribution, b-value, is
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considered to represent the states of fracture [8,11]. Numerous laboratory studies provide
that the b-value always decreases when the stress increases [12–16], which makes it possible
to predict failure using precursory changes in the b-value. Except for the AE amplitude,
the characteristics of the AE waveform can be used to identify the fracture mode by
moment tensor inversion [17–21]. Since the AE is associated with the fracture of the rocks,
analyzing the spatiotemporal distribution of AE can capture the initiation and propagation
of hydraulic fractures. In fact, AE location has been widely used to study the process of
hydraulic fracturing in the laboratory [22–29]. In addition, AE source localization could be
used to determine the location of the fracture surface [22].

Although AE can explain the fracture process very well, it cannot fully reveal the
fracture evolution of hydraulic fracturing, especially the mechanism of interaction between
hydraulic fracturing and fluid flow. Therefore, to more fully understand the dynamic
process of hydraulic fracturing, it is necessary to determine the distribution of fluid and
flow process within the rock. As fluid could cause changes in the ultrasonic velocity of
the rock [30–35], the fluid distribution in the rock could be known if the 2D/3D rock
velocity images can be obtained. For example, ref. [36] obtained the rock velocity structure
using ultrasonic tomography (UT) and analyzed the process of fluid penetration in dry
Oshima granite. Therefore, as a traditional means of studying rock deformation and
fracture [7,37–41], ultrasonic tomography can also be used to study the hydraulic fracturing
of rocks.

Joint analysis of AE and UT can help to understand the micromechanical response of
rock to the stress field and fluid penetration effect [6]. AE and UT have brought us many
interesting findings about the process of hydraulic fracturing. For example, a positive
feedback mode between hydraulic fracturing and fluid flow was found in [42]. The
investigation of [43] proved that the injected high-pressure oil would cause AE activities
when the rock was at low-stress levels. A dynamic coupling process of fluid flow and rock
deformation can also be found in [6,44].

Apart from AE and UT, X-ray computerized tomography (µCT) is often used to depict
and analyze the fractures induced by hydraulic fracturing [2,45–49]. Due to the detailed
description of fractures by µCT, this technology can also be applied to prove the relationship
between fracture and AE focal mechanism [21], AE location [44,46–48,50–52], or ultrasonic
imaging [44,49].

Because hydraulic fracturing is very complex, research methods using a single means
cannot fully explain this process, so research methods combining multiple means are
becoming a trend. For example, ref. [53] proved that the waterfront position is closely
related to the tip of the AE cloud by monitoring the temporal and spatial variation of
acoustic emission, velocity, and fluid injection volume of porous sandstone during hy-
draulic fracturing. In this paper, a laboratory hydraulic fracturing experiment was carried
out on tight sandstone. Combining rock mechanic parameters, hydraulic fracture CT
scan images, acoustic emission density images, and 3D ultrasonic velocity images, we
analyzed the fracture mode and fracture development process of tight sandstone during
hydraulic fracturing. The experimental results in this paper are of great significance for the
understanding of the fracture mechanism of hydraulic fracturing.

2. Methodology
2.1. Acoustic Emission Location

The arrival time of the acoustic emission signal can be expressed as:

t = t(s) + f
(

x(s), y(s), z(s), s
)

(1)

where, t(s) and
(

x(s), y(s), z(s)
)

represent the original time and location of acoustic emission,
respectively. The function f represents the propagation time of AE, which is related to
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the source position and the slowness s (reciprocal of the velocity v). For an isotropic
homogeneous medium with velocity v, it can be written as:

f =

√
(x(r)i − x(s))

2
+ (y(r)i − y(s))

2
+ (z(r)i − z(s))

2
/v (2)

where
(

x(r)i , y(r)i , z(r)i

)
is the position of the ith receiver. Substitute Equation (2) into

Equation (1) and simplify it; then, the following expression can be obtained:

gi1m1 + gi2m2 + gi3m3 + gi4m4 + gi5m5 + gi6m6 = di (3)

where

gi1 = 1, gi2 = −2xi, gi3 = −2yi, gi4 = −2zi, gi5 = 2ti, gi6 = −t2
i ,

m1 =
(

x(s)
)2

+
(

y(s)
)2

+
(

z(s)
)2
−
(

vt(s)
)2

m2 = x(s), m3 = y(s), m4 = z(s), m5 = t(s)v2, m6 = v2, di = −(x2
i + y2

i + z2
i )

(4)

The matrix form of Formula (3) can be expressed as:

Gm = d (5)

Set the solution of the linear equations as m̃, then the source parameters and velocity
can be expressed as:

xs = m̃2, ys = m̃3, zs = m̃4, ts = m̃5/m̃6, v =
√

m̃6 (6)

2.2. Sparse Tomography

The inversion problem of rock ultrasonic velocity tomography can be expressed as the
minimization problem:

~
s = argmin

s

1
2
‖As− Tobs‖2

2 (7)

where A is the sensitive kernel matrix, representing the length of rays in the spatial grid; s is
the slowness in each grid; and Tobs is the observed travel time. Inversion problems such as
(7) are often ill-conditioned due to limited observation angles and noise interference, which
makes them very difficult to solve. To obtain a stable and unique solution, a regularization
term Ω(s) could be added to the right side of Equation (7) [54,55]. The most classical
regularization method is Tikhonov regularization [56], whose regularization term is the
2-norm of the model. However, its solution is too smooth. If we take the regularization
term as the 0-norm of the model or its approximation (such as total variation, TV), we can
obtain a sparse solution. Then, the minimization problem (7) becomes:

argmin
s

1
2
‖As− Tobs‖+ λ

∫
‖∇s‖

1

1
dV (8)

where the second term is the TV regularization term and λ is the regularization parameter,
which balances the fits of the data and the weights of the regularization term. Since this
method adopts the sparse regularization term, we call this method sparse tomography.
The work in [57] proved that this method can be used to reconstruct hydraulic fracturing
fractures, so we used this method to obtain the 3D ultrasonic velocity imaging in the sample.

3. Experiment
3.1. Specimen Details

The test sample (Figure 1a) is a tight sandstone cored from an outcrop of the Triassic
Yanchang Formation in the Ordos Basin, China. It had a diameter of 50 mm and a length
of 125 mm. The density and the porosity of the sample were about 2.39 g/cm3 and 5.7%,
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respectively. The strength of the dry sample was about 270 Mpa under confining pressure
of 35 Mpa. Moreover, a borehole with a diameter of 6 mm and a depth of 80 mm was
drilled into the sample.
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of the installation position of transducers and strain gauges.

To monitor AE and ultrasonic velocity during the experiment, 24 piezo electrical
transducers (PZTs, of which the resonant frequency was 2 MHz) with a diameter of
5 mm were arranged on the rock surface (Figure 1c). Four pairs of mutually orthogonal
strain gauges e1~e4 were arranged around the sample to monitor the change in axial and
circumscribed strains. To prevent the confining oil from leaking into the sample, a silicone
sealant with a thickness of 5~6 mm was coated on the sample and the two end pieces
(Figure 1b).

3.2. Experimental Set-Up

The experimental system consisted of the stress-loading system (Figure 2a, the maxi-
mum load was 2000 tons), the acoustic emission acquisition system (Figure 2b, the maxi-
mum sampling rate was 100 MHz, this experiment used 25 MHz), and the stress and strain
monitoring system (Figure 2c, the resolution was 16 bit).
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As shown in Figure 3, the experiment lasted 7.5 h and could be roughly divided into
five stages: hydrostatic loading stage (L0), water-saturation stage (L1), axial loading stage
(L2), hydraulic fracturing stage (L3), and rock fracture stage (L4). In the L0 stage, the axial
(Pa) and confining pressure (Pc) were simultaneously increased to 35 MPa at a loading rate
of 2 MPa/min. At the L1 stage, we kept Pc at 35 MPa and increased the axial pressure
to 132 MPa at a loading rate of 2 MPa/min. Then, distilled water was injected into the
borehole continually. About half an hour later, the water injection pressure (Pin) reached
4.7 MPa, and the flow rate was stabilized at 0.001 mL/min. In the L2 stage, we kept Pc
and Pin constant and increased Pa to 176 MPa (65% of the strength of dry rock under the
same confining pressure). In the L3 stage, we kept Pa and Pc constant, and water was
injected into the sample gradually. After about half an hour, the flow rate was stabilized at
0.02 mL/min, and after about 100 min, the water pressure was increased to 16.25 MPa. In
the L4 stage, the water injection pressure began to decline slowly, and about 13 min later,
the water injection pressure and axial pressure suddenly decreased rapidly, and the rock
ruptured. Finally, axial loading stopped automatically.
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Figure 3. The loading history of the sample. The temporal variations of (a) stress; (b) water injection
rate and volume; (c) strain and acoustic emission count. The experiment can be roughly divided
into four stages: hydrostatic loading stage (L0), water-saturation stage (L1), axial loading stage
(L2), hydraulic fracturing stage (L3), and rock fracture stage (L4). The black dotted line marks the
demarcation points for each stage.
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3.3. AE Monitoring

After acoustic emission signals arrived at 24 PZTs, they were firstly pre-amplified by
45 dB and then digitized at a sampling rate of 25 MHz. To count the AE events, AE signals
from two selected sensors were amplified by 20 dB and then fed to peak detectors with a
dynamic range of 100 dB. There were only 1720 AE event waveforms recorded in our test.
The P-wave’s first motions of AE were selected using the automatic method based on the
Akaike information criterion (AIC) [58]. Then, manual checks were performed to prevent
the wrong picks. To obtain better location precision, only the source locations of AE events
with more than eight P-wave arrival times were determined. The location errors for most
AEs were better than 2 mm. To highlight the spatial distribution of AE events, AE density
at each voxel was calculated as the reciprocal of the sum of squared distances from each
AE location.

We determined the magnitude M of AE events following [59]:

M = log(Amax/A0) + M0 (9)

where Amax is the maximum amplitude of the AE signal, A0 is the threshold for detection,
and M0 = −11 is a calibration parameter to roughly estimate the absolute AE magnitude.
Based on the AE data recorded, the maximum likelihood method was used to estimate the
frequency magnitude distribution. The temporal changes in b-values were calculated for a
running window of a constant AE number n = 500. According to the overall AE activity
in a specific time window, we calculated the b-values for the n (≥50) closest AEs to each
voxel within a maximum radius of Rmax = 25 mm. The b-map is beneficial for explaining
stress redistribution during the fracture.

3.4. UT Imaging

Twelve PZTs (Num. 1~12 in Figure 1c) were selected as sources to emit the ultrasonic
wave. The waveform acquisition system for the UT was the same as that for AE. Ultrasonic
measurements were performed at a time interval of 2 min during water injections. To
utilize the sparse tomography introduced above, the onset time was picked using the AIC
method, and ray paths were obtained using the fast-marching method [60]. According
to our previous research, the root-mean-square error of the inverse velocity is lower than
100 m/s.

3.5. µCT Imaging

The internal structure of the sample was obtained using medical CT scanning equip-
ment (Toshiba Aquilion ONE TSX 301A, Tokyo, Japan) before and after the experiment.
The scanning voltage was 135 kV, slice thickness was 0.5 mm, the sampling interval was
0.106 mm, and the pixel grid was 512 × 512.

4. Results
4.1. Mechanical Response

The temporal variations in axial (εa), lateral (ε l), and volumetric strain (θ) are shown
in Figure 3c. In the L0 stage, the sample was compacted rapidly due to the isotropic
stress. At the beginning of the L1 stage, the sample exhibited elastic deformation. With
the increase in differential stress, the sample gradually deviated from elasticity (Figure 4).
The deviation from elastic strain (dotted line in Figure 4) represents the inelastic increase in
rock volume (∆ = θe − θ), which is called volumetric dilation. At the L3 and L4 stages, the
water injection further promoted volumetric dilation (Figure 5b).
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Figure 5. Close-up view of rock loading history (L3 and L4 stages in Figure 3): (a) pressure; (b) volu-
metric dilation, the cumulative AE number, and change in b-value; (c) change in ultrasonic velocities
(different colors represent different paths). According to water injection pressure and the time distri-
bution of acoustic emission, the experiment at this stage can be roughly divided into four phases:
pore pressure increasing phase (H0), pre-fracture phase (H1), fracture nucleation phase (H2), and
post-fracture phase (H3). The black dotted lines represent the boundaries of the phases.
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4.2. Evolution of P-Wave Velocity

Only the P-wave velocities at the L3 and L4 stages were measured. Figure 5c shows the
velocities measured along eight horizontal ray paths. For the convenience of description,
Ra and Rb refer to the regions above and below the bottom of the borehole, respectively.
The unequal velocities were observed along the ray paths located in Ra. In contrast, almost
equal velocities were found along the ray path (S6-R18, S7-R19, S8-R20) located in Rb at
the early period of the water injection. Additionally, we found that the former (excepting
S1-R13 and S5-R17) was higher than the latter. Since the velocities were dependent on
the microcrack distribution and water saturation, it can be inferred that Ra has a more
heterogeneous microcrack distribution and a higher water saturation than Rb. Before AE
initiation, all the P-wave velocities along these ray paths decreased slightly with increasing
injection pressure. After that, no significant decrease was observed in the P-wave velocities
along ray path S8-R20, but the other velocities decreased continuously. The most significant
decreases in the velocities were observed along ray paths S3-R15, S4-R16, S6-R18, and
S7-R19. By comparing with the spatial distribution of AE, we found that these ray paths
corresponded to the region where AE activities were clustered. After rock failure, all
the velocities dramatically declined, but they increased again after a few minutes. These
increases indicated that the rupture-induced decrease had been restrained by the entry of
the water.

4.3. Hydraulic Fracture Morphology

Figure 6 shows the 3D borehole surface and hydraulic fracture surface extracted from
the 3D CT scan images for the intact and fractured tight sandstone, respectively. Three-
dimensional fracture morphology presents that the hydraulic fracture has a rough curved
surface, which is centered on the bottom of the borehole and propagates to both sides
at an angle. Figures 7 and 8 show slice planes orthogonal to the x-, y-, and z-axis for
volumetric CT data. As can be seen from these figures, the CT values in the fracture zone
were very low, which indicated that the densities in these zones were very low. The dip
angle differences between the upper and lower wing of the final fracture indicated that Ra
and Rb had different fracture behaviors.
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and CT scan images of rocks before the experiment. The orange dotted line represents the boundary
between region Ra and Rb.

4.4. Acoustic Emission

As shown in Figure 3c, two peaks of AE activity were observed in the L0 and L4 stages,
respectively. The first peak was initiated at a low-stress level. Compared with the X-ray
CT scan images of rock before the experiment (Figure 7), the locations of these acoustic
emission events were randomly distributed inside the sample. However, the increasing
volumetric strain indicated that the rock was undergoing more volume compaction than
solid elasticity. This behavior is attributed to the closing of preexisting cracks [61]. Hence,
it can be considered that the first peak of the AE activity in this stage was mainly caused
by the closure of natural microcracks. Under high differential stress, the second AE peak
was initiated when the injection pressure approached 75% of its peak. From Figure 8, we
can see that the second AE activity was clustered around the fracture surface. Additionally,
more clusters can be observed at Ra, but the fewer clusters at Rb have a narrower offset
range along the fracture surface.
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4.5. Fracture Process

This study focused on the hydraulic fracturing process, so L3 and L4 stages are
described in detail below. According to the evolution of the dilation, the AE counts, b-
value, and ultrasonic velocity, these two stages can be further divided into four phases:
pore pressure increasing phase (H0), pre-fracture phase (H1), fracture nucleation phase
(H2), and post-fracture phase (H3).

In phase H0, the axial and confining pressure remained constant, and the pore pressure
gradually increased. The rock dilation gradually increased and the velocities slowly
decreased (Figure 5c). It is worth noting that the water injection pressure suddenly dropped
by 2 Mpa when it reached 5.84 MPa. However, no obvious acoustic emission events were
recorded at this time, and no significant changes were observed in velocities. The evolution
of axial pressure, confining pressure, and dilation demonstrated that all of these decreased
slightly before the decrease in the injection pressure (Figure 9a,b). Three-dimensional UT
images (Figure 9d) show that an obvious low-velocity zone was below the borehole (shown
by the white dotted line box) at the initial time. This indicates that there may have been
defects or microcracks below the borehole. Nevertheless, with the increasing pore pressure,
the velocities in this area increased at Time B but dropped again at Time C.
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Figure 9. Mechanical response and velocity images of rock in H0 phase: (a) axial (red line) and
confining pressure (green line); (b) dilation (purple line) and water injection pressure (blue line);
(c) b-value (red line) and AE rate (green line); (d) slices of the 3D ultrasonic velocity images at
different times (the initial time refers to the time when H0 starts, and the times A–C correspond
to the times marked by black dotted lines in the left subfigure). The orange dotted line in the left
picture marks the moment when pore pressure starts to drop. The orange dotted line in the subfigure
(d) represents the boundary between region Ra and Rb. The white dotted line box represents the
low-velocity zone below the borehole.

In phase H1, the second AE activity was initiated when the injection pressure reached
75% of its peak. Figure 5c shows that the sample underwent drastic variations in velocities
in this phase. As shown in Figures 10 and 11, the AE events in this phase were clustered
around the lower borehole. To better explain these variations, phase H1 has been further
divided into two sub-phases: phase H1-1 and phase H1-2.

Phase H1-1 corresponds to the increasing injection pressure from 12.33 Mpa to its
peak 16.25 Mpa (Figure 10). The value of b increased from 1.93 to 1.99 (Time D~F), then
dropped to 1.94 when Pin approached its peak (Time G). In combination with the UT image
AE locations in Figure 10d, it can be inferred that a localized deformation had occurred at
the bottom of the borehole. The increasing AE activity and dilation and decreasing velocity
demonstrated that intensive microcracks were in progress. The most striking result to
emerge from the UT images was that the velocity drop was restrained to some extent by
the entry of water at the region marked by the dashed white box in Figure 10d.
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Figure 10. Mechanical response and velocity images of rock before water injection pressure reached
peak value in H1 phase: (a) axial (red line) and confining pressure (green line); (b) dilation (purple
line) and water injection pressure (blue line); (c) b-value (red line) and AE rate (green line); (d) slices
of the 3D ultrasonic velocity images at different times (Times D~G, respectively, correspond to the
times marked by the black dotted lines in the left subfigures, and the magenta circles represent the
positions of acoustic emission events occurring before the corresponding times). The orange dotted
line in the subfigure (d) represents the boundary between region Ra and Rb. The white dotted line
box represents the low-velocity zone below the borehole.

In Phase H1-2, accelerated energy release caused the decline in the axial pressure and
pore pressure (Figure 11). Injection-induced stress variation was reflected by the b-value
(Times H~K). Increasing AE activity and dilation demonstrated that the generation of the
microcracks was accelerating. From the UT images, we can see that the velocity in the Ra
region was higher than that in Rb. This can be explained as the higher water saturation in
Ra than Rb. Interestingly, although the velocity declined overall in the sample, the velocity
drop in the Ra region was suppressed so much as its velocity increased obviously at Time K.
Together with the mechanical response in this phase, we believe that “dilation hardening”
started. Besides, the local low-velocity zone and its suppressed velocity drop could still be
observed below the bottom of the borehole.
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Figure 11. Mechanical response and velocity images of rock after water injection pressure reached
peak value in H1 phase: (a) axial (red line) and confining pressure (green line); (b) dilation (purple
line) and water injection pressure (blue line); (c) b-value (red line) and AE rate (green line); (d) slices
of the 3D ultrasonic velocity images at different times (Times H~K, respectively, correspond to the
times marked by the black dotted lines in the left subfigures, and the magenta circles represent the
positions of acoustic emission events occurring before the corresponding times). The orange dotted
line in the subfigure (d) represents the boundary between region Ra and Rb. The white dotted line
box represents the low-velocity zone below the borehole.

Phase H2 corresponds to the fracture nucleation, in which the water injection pressure
dropped from 15.02 to 13.02 Mpa rapidly, and the axial pressure dropped from 175.6 to
129.4 Mpa, but the confining pressure rose from 35.57 to 36.05 Mpa (Figure 12). The AE
rates reached their peak before the maximum stress drop. Acoustic emission first gathered
near the upper wing of the final shear fracture (Times L and M) and then nucleated in the
Rb region (Times N and O). The AE density maps show that the intense AE activity not only
congregated on the fracture surface but also gathered around the bottom of the borehole
(Figure 12c). Additionally, some newly generated AEs were continuously observed to
cluster around the lower part of the borehole after the initiation of the fracture nucleation.
With the intense generation of the microcracks, an increasing amount of fluid penetrated the
sample through these newly generated microcracks in Ra, which reduced the rock strength
in this region and further promoted microcracks. Conversely, the far distance of Rb from
the injection source and the low permeability made it difficult for the water to diffuse into
this region. Hence, it can be considered that Ra has a better local drainage condition than
Rb [51,62,63]. Surprisingly, the value of b increased to 2.56 and then decreased gradually to
1.36. From the spatio-temporal maps of the b-value (Figure 13), we can see that the higher
b-value was concentrated in the Ra region before the fracture propagated to the Rb region
(Times L~N), which demonstrated the better drainage condition in Ra. However, a higher
b-value was observed to be concentrated at the tip of the fracture (Time O). Since the higher
b-value corresponds to the lower stress, we can infer that the stress release had occurred at
the corresponding region. Moreover, the regional low b-value indicated that the water had
moved into a fractured region at Time O. All these variations in the b-value indicated that
the “seismic pump” mode occurred.
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Figure 12. Mechanical response and acoustic emission density images of rock in H2 phase: (a) axial
(red line) and confining pressure (green line); (b) dilation (purple line) and water injection pressure
(blue line); (c) b-value (red line) and AE rate (green line); (d) slices of the 3D AE density images at
different times (Times L~O correspond to the time points marked by black dotted lines in the left
subfigures). The orange dotted line in subfigures (d) represents the boundary between region Ra
and Rb.
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boundary between region Ra and Rb. The dotted box represents the region with borehole.
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Phase H3 can be divided into two subphases: H3-1 and H3-2 (Figure 14). In phase H3-
1, Pa, Pin, and ∆ decreased slightly before the confining pressure dropped to 35.6 Mpa. After
the AE rate reached its second peak, the b-value increased from 1.36 to 2.27. Interestingly, a
peak of b-value was observed before the third peak of the AE rate. As shown in the UT
images in Figure 14d, an obvious low-velocity zone was below the borehole at Time P. In
fact, this zone corresponds to the macroscopic shear fracture. In the phase H3-2, Pa, Pc, and
∆ dropped to a constant, but Pin increased to a constant. Meanwhile, AE activity calmed
down, and the velocity inside the rock, especially near the macro shear zone, gradually
rose (Times Q~S).
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Figure 14. Mechanical response and velocity images of rocks in H3 phase: (a) axial (red line) and
confining pressure (green line); (b) dilation (purple line) and water injection pressure (blue line); (c) b-
value (red line) and AE rate (green line); (d) slices of the 3D ultrasonic velocity images at different
times (Times P~R correspond to the times marked by black dotted lines in the left subfigures, and
Time S corresponds to 5 min past Time R). The orange dotted line in the subfigures (d) represents the
boundary between region Ra and Rb.

5. Discussion

According to the above experimental results, we found some phenomena worthy of
discussion during water injecting into tight sandstone. First of all, under high differential
stress, a local fracture occurred at the bottom of the borehole at the initial H0 phase.
However, no significant CT abnormality was observed below the borehole before the
test, which indicated that these defects were unlikely to have been generated naturally.
Earlier drops in Pa, Pc, and ∆ than Pin demonstrated that this local fracture was not caused
by the water injection. Therefore, it can be considered that these defects or microcracks
were caused by uneven stress distribution at the bottom of the borehole. Although the
fracture was small in scale and did not cause obvious acoustic emission activity, it still
increased the permeability in this area and eventually led to the flow and diffusion of
the fluid. Interestingly, the entry of water reduced the rock strength and promoted the
occurrence of microfractures, which, in turn, accelerated the entry of water. Hence it can be
considered that there was continuous competition between micro-fracture and water flow
in this region. Moreover, this competition also occurred in the fracture nucleation phase,
in which the intense microcracks increased the porosity, decreased the pore pressure, and
increased the effective stress.
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Secondly, a rupture occurred earlier in the Ra region than Rb. Since the drainage
condition plays an important role in fracture behaviors, the fracture mechanism in these
two regions should be carefully considered. Consistent with [62], our results also verified
that the nucleation dimension and duration could be enlarged by good drainage conditions.
In addition, the earlier fracture in Ra proved that the rupture could be premature in good
drainage conditions. In our test, the high differential stress caused the sample to dilate
before water injection. Hence, the competition between the microcrack and fluid flow
started at the beginning of the water injection. Due to the better drainage conditions in Ra
than in Rb, diffusion of the pore pressure was faster in Ra than in Rb. The faster diffusion
meant the faster reduction in the rock strength. Hence, an earlier rupture was observed in
Ra than in Rb. This finding may improve the predictability of the fracture induced by the
fluid injection, which has a great significance in the risk assessment of hydraulic fracturing.

Thirdly, our test showed that both “dilation hardening” and “seismic pump” modes
were observed in different parts of the tight sandstone. This can be also be explained
by the difference in drainage conditions. Although the “dilation hardening” had been
well-established in the region Ra, the good drainage conditions caused it to be greatly
suppressed by the dilatancy-driven flowing fluid. When fracture nucleation initiated in Rb,
the water stored in the pore space of Ra was pumped into the newly generated fracture
at Rb, which promoted the rupture process in Rb. These findings suggest that the local
hydraulic condition dominated the fracture evolution. Hence, underground hydraulic
conditions must be considered when designing field hydraulic fracturing schemes. After
rock failure, the macroscopic shear failure greatly improved the permeability of the tight
sandstone, which led to the rapid movement of water into the damaged area in the sample.

Fourthly, the evolution of the b-value was quite different from the previous under-
standing: the b-value decreased when the acoustic emission rates reached their peak due
to the release of stress, and then gradually returned to the levels before the fracture. In this
experiment, the b-value rose rapidly to its peak after the AE rate peaked. We infer that it
was determined by the water injection mode. As the high-pressure fluid was injected from
the borehole, the fracture before Time M mainly occurred in Ra, and the change in b-value
is consistent with previous understanding (such as [51,63]). When the fracture propagated
to the Rb region, the stress accumulated in this area was released. Thus, the b-value quickly
reached its peak. Moreover, after rock failure, the high-pressure fluid entered the dry area
quickly and led to the rapid increase in pore pressure which, in turn, caused the stress to
increase and the b-value to decrease.

Finally, one may argue that the loading conditions applied to this test cannot be
encountered in the field, which makes it difficult to find direct applications for this result to
field conditions. In fact, our study can provide some implications for hydraulic fracturing
construction in field. On one hand, our investigation proved that multiple physical means
can illuminate the fracture evolution processes more comprehensively. Hence, different
physical means should be used as much as possible in practice. On the other hand, the
inhomogeneous distribution of fluid in the sample led to different fracture modes in
different regions. This finding suggested that the fracture mechanism may be different
in the reservoirs with different saturation. Additionally, the competition between solid
dilatancy and fluid diffusion suggested that the real-time control of the injection pressure
may be helpful to control the scale of the fracture networks.

6. Conclusions

In this study, the hydraulic fracturing process was analyzed and interpreted using
multiple physical parameters including rock mechanics parameters, 3D ultrasonic velocity
imaging results, acoustic emission activities, and X-ray CT scanning images. Although
only one test was presented in our study, the combination and mutual corroboration of
different physical parameters provide us with reliable conclusions. Firstly, the experimental
results show that multiple physical means are beneficial for the interpretation of the rupture
process. Secondly, we observed an obvious competition mechanism between stress-induced
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dilation and fluid diffusion. However, due to the low permeability of the tight sandstone,
the fluid diffusion lagged behind the deformation of rock. This finding reaffirmed the
importance of adjusting the water injection reasonably. Thirdly, the difference in drainage
conditions also directly led to the difference in fracture mode of Ra and Rb. The former was
accompanied by “dilation hardening” and the “seismic pump” mode, while the latter was
mainly the “seismic pump” mode. An implication of this is the possibility that the drainage
conditions control the fracture mode of rock. Hence, hydraulic fracturing schemes need to
be adjusted according to underground hydraulic conditions in the field.
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