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Abstract

Microseismic/acoustic emission (AE) monitoring is an essential technology for understanding hydraulic fracture (HF)
geometry and stimulated reservoir volume (SRV) during hydraulic fracturing in unconventional reservoirs. To investigate HF
growth mechanisms and features of induced microseismic/AE events in a layered formation, laboratory fracturing experiments
were performed on shale specimens (30 cm X 30 cm X 30 cm) with multiple bedding planes (BPs) under triaxial stresses.
AE monitoring was used to reveal the spatial distribution and hypocenter mechanisms of AE events induced by rock failure.
Computerized tomography scanning was used to observe the internal fracture geometry. Experimental results showed that
the various HF geometries could be obviously distinguished based on injection pressure curves and AE responses. Fracture
complexity was notably increased when vertically growing HFs connected with and opened more BPs. The formation of a
complex fracture network was generally indicated by frequent fluctuations in injection pressure curves, intense AE activity,
and three-dimensionally distributed AE events. Investigations of the hypocenter mechanisms revealed that shear failure/
event dominated in shale specimens. Shear and tensile events were induced in hydraulically connected regions, and shear
events also occurred around BPs that were not hydraulically connected. This led to an overestimation of HF height and SRV
in layered formations based on the AE location results. The results also showed that variable injection rate and using plug-
ging agent were conducive in promoting HF to penetrate through the weak and high-permeability BPs, thereby increasing
the fracture height.
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List of symbols P,  Breakdown pressure

E Young’s modulus N,g Accumulative number of AE events
N Poisson’s ratio

T Tensile strength

o, Compressive strength 1 Introduction

2, Horizontal minimum principal stress
2y Horizontal maximum principal stress Hydraulic fracturing is an essential technique for develop-
2,  Vertical stress ing ultra-low permeability unconventional reservoirs. Due
K,  Permeability parallel to BP to the existence of geological discontinuities such as natural
K, Permeability perpendicular to BP fractures (NFs), bedding planes (BPs), and faults, etc., both
(0] Injection rate the growth mechanism and geometry of hydraulic fractures
M Fluid viscosity (HFs) become complicated during reservoir stimulation.
A Proportion of dilatational first motions Microseismic fracture mapping results have indicated that
T Injection time multistage fracturing of a horizontal well can lead to the
generation of a complex fracture network in shale forma-
- tions (Maxwell et al. 2002; Fisher et al. 2005). Further, field
I Zou Yushi data have revealed a correlation between well production
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and stimulated reservoir volume (SRV) calculated from
the spatial distribution of microseismic events. Generally,
a larger SRV and more complex fracture geometry tend to
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result in improved well performance (Cipolla et al. 2008,
2011). Therefore, investigating the growth mechanism of
HFs is important for optimizing stimulation strategies for
unconventional reservoirs.

In unconventional reservoirs, the SRV means a complex
three-dimensional fracture network which is generated by
HFs simultaneously activating a NF system in the horizon-
tal direction and multiple BPs in the vertical direction. The
growth mechanism of the complex fracture network has been
extensively studied experimentally and theoretically. In pre-
vious decades, laboratory-based fracturing experiments were
performed to investigate intersection behavior when a HF
encountered a preexisting fracture (Warpinski and Teufel
1984; Beugelsdijk et al. 2000; Casas et al. 2006; Zhou et al.
2008; Olson et al. 2012). Further, some criteria regarding the
interaction between HFs and NFs have been proposed on the
basis of various assumptions (Warpinski and Teufel 1984;
Renshaw and Pollard 1995; Potluri et al. 2005; Zhang and
Jeffrey 2007; Weng et al. 2011). Experimental and theoreti-
cal results have shown that an HF tends to divert along and
activate a NF system at low horizontal differential stresses
and intersection angles. Under these conditions, the com-
plexity of the fracture geometry is significantly increased
in the horizontal direction. Additionally, the existence of
numerous BPs in the vertical direction is another distinct
feature of unconventional reservoirs such as shale and tight
sandstone. These natural laminated structures greatly influ-
ence the vertical growth behavior of HFs. Thiercelin et al.
(1987) suggested that four interaction modes—penetration,
diversion, offset, and termination—can occur when a ver-
tically growing HF approaches a BP in a layered forma-
tion. When the HF penetrates and opens multiple BPs, the
fracture network complexity is increased (Guo et al. 2014;
Hou et al. 2014a, b; Zou et al. 2016a). Otherwise, when
diversion and/or termination occurs, the HF height and the
SRV are limited (Li et al. 2016; Zou et al. 2017). Therefore,
understanding the influence of BPs on the fracture network
generation in a layered formation is significant. To investi-
gate the complicated growth behavior and geometry of HFs,
many techniques have been employed in laboratory experi-
ments (e.g., ultrasonic velocity measurements, computerized
tomography (CT) scanning, and AE monitoring) (Stanchits
et al. 2012, 2015; Hampton et al. 2013; Heng et al. 2014;
Hou et al. 2015; Zou et al. 2016a; Li et al. 2017). As a high-
frequency analog of induced microseismicity in the field,
AE monitoring has increasingly been used to investigate the
growth behavior and geometry of HFs (Lockner and Byerlee
1977; Stanchits et al. 2006, 2009; Hampton et al. 2013).
Stanchits et al. (2012) investigated the process of HF initia-
tion and propagation in sandstone containing an artificial
interface. Then, the influence of fracturing fluid viscosity
on the breakdown pressure and propagation speed of HFs
in shale was further analyzed (Stanchits et al. 2015). Heng
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et al. (2014) monitored the formation of fracture networks in
shale formations. Hou et al. (2015) studied the characteris-
tics of injection pressure and AE activity during the forma-
tion of fracture networks. However, the application of AE
monitoring in laboratory fracturing experiments has mainly
been focused on discerning the spatial distribution of inter-
nal fractures. Investigations about the failure modes of frac-
ture networks remain scarce. Additionally, the complexity of
HF geometries can be obviously varied in layered formations
because of the influence of BPs. On the one hand, BPs may
increase the complexity of the fracture geometry; on the
other hand, BPs may limit the HF height growth (Li et al.
2016; Zou et al. 2016b, 2017). Therefore, understanding the
characteristics of injection pressure and AE response associ-
ated with different HF geometries is conducive to evaluating
HF complexity.

In the current study, to investigate the HF growth and
AE response in a layered formation, a series of laboratory
hydraulic fracturing experiments was performed on shale
specimens using a true triaxial fracturing simulation sys-
tem. The AE monitoring technique was applied to record the
AE activity induced by rock failure throughout the experi-
ments. Spatial distribution and hypocenter mechanisms of
AE events were determined by data post-processing. After
fracturing, accurate internal complex fracture geometries
were observed by CT scanning technique and specimen
splitting. Injection pressure curves and AE response during
fracturing were analyzed to reveal the HF growth behavior
and complexity in the layered formation. Moreover, to inves-
tigate the possibility of increasing the fracture complexity,
additional experiments were conducted to study the effects
of variable injection rates and plugging the open-hole sec-
tion. The results obtained through these investigations will
provide instructional significance for hydraulic fracturing
treatments as well as the evaluation of the SRV in layered
formations.

2 Experimental Method

2.1 Experimental Equipment and Specimen
Preparation

Natural shale blocks were mined from the outcrop of the
Long Maxi shale formation, Sichuan Basin, China. Several
cores were drilled in directions parallel and perpendicular to
the BPs to characterize petrophysical properties of the shale
formation. Table 1 lists the results of mineral composition,
permeability, and mechanical parameters. Notably, the shale
used in this study showed pronounced anisotropic perme-
ability and mechanical parameters. Specifically, the perme-
ability was as low as 107! m? perpendicular to the BPs,
whereas in the range of 1071°-107!° m? parallel to the BPs.
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Table 1 Results of mineral

= -~ Parameter Units Value Parameter Units Value
composition, permeability, and
mechanical properties Quartz content % 50.6 v Decimal 0.241/0.236
Carbonate content % 9.8 T MPa 6.7/0-2.4
Clay content % 33.4 A MPa 284.1/300.9
Feldspar content % 6.2 K, m? 1071910710
E MPa 37,200/36,400 k m? 107"

Mechanical properties parallel/perpendicular to the BPs

After that, seven cubic specimens (30 cm X 30 cm X 30 cm)
were prepared. To simulate the hydraulic fracturing treat-
ment in horizontal well, a 1.6-cm central hole with a depth
of 16.5 cm was drilled parallel to the BP. Further, a 13.5-cm
wellbore (a steel tube) with internal and external diameters
of 0.8 and 1.5 cm, respectively, was glued into the hole, leav-
ing a 3-cm open-hole section in which the HF was initiated
(Guo et al. 2014; Zou et al. 2016a). Laboratory experiments
were conducted using a true triaxial fracturing simulation
system (Ma et al. 2017b), as shown in Fig. 1a.

2.2 Experimental Procedure

The specimens were placed in a core chamber with the BPs
parallel to the XY-plane. Triaxial stresses were indepen-
dently applied by a fracturing simulation system to simulate
underground stress conditions and horizontal well comple-
tion. Vertical stress (o,) was applied perpendicular to the
BP, the horizontal minimum (o;,) and maximum (o) prin-
cipal stresses were loaded along and perpendicular to the
wellbore, respectively, as shown in Fig. 1b. Low-viscosity
slickwater (4 = 2.5 mPa s), which is widely used in uncon-
ventional reservoirs, was injected into the wellbore during
fracturing. Tracer agent was added into the fluid to easily
detect hydraulically activated and connected fractures. A
16-channel AE monitoring system (Fig. 1a) was utilized
throughout the experiments to reveal the hydraulic fracturing

process and the spatial distribution of the internal fracture
network.

In general, when rock failure occurs, two polarity types
of the P-wave first motions may be detected by the AE sen-
sors, called dilatational and compressive first motions. The
ratio of these two types of first motions varies depending
on the failure modes/hypocenter mechanisms (Sato et al.
1990; Lei et al. 1992, 2001; Meglis et al. 1995; Ma et al.
2017a). Compressive first motion tends to dominate when
tensile failure occurs, whereas dilatational first motion tends
to dominate when a fracture closes; these two types of first
motions are approximately detected equally when shear
failure occurs. Therefore, investigating the statistical char-
acteristics of the first motions is helpful for determining the
failure modes/hypocenter mechanisms. In the current study,
the failure modes/hypocenter mechanisms of AE events were
statistically estimated according to the proportion of dila-
tational first motions (4) for all well-identified polarities.
We assigned 1 < 0.3,0.3 <1<0.7,and 4 > 0.7 to the ten-
sile, shear, and compressive events, respectively (Lei et al.
1992, 2001). To maintain acceptable reliability, only data
accepted by more than ten sensors were used to analyze the
spatial distribution and the hypocenter mechanism of AE
events. After the experiments, the internal fracture geom-
etry was observed by an energetic, industrial CT scanning
technique and specimen splitting. The influence of vertical
stress and injection rate on HF growth in a layered formation

Fig.1 a AE monitoring during laboratory experiments; b shale specimen (30 cm X 30 cm X 30 cm)
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was analyzed. Moreover, two additional experiments were
conducted to investigate the potential of increasing the HF
complexity. In Specimen 6, the injection rate was varied
during fracturing according to the pressure response. In
Specimen 7, the plugging agent was used in the open-hole
section to reduce fluid leak-off into the high-permeability
BPs. The experimental conditions for each specimen are
listed in Table 2.

2.3 Experimental Results
2.3.1 Effect of Vertical Stress

In this section, the influences of ¢, on the fracture geom-
etry were examined. Figure 2 shows the resulting fracture

Table 2 Experimental conditions

Specimen Stress state (MPa) Q (mL/min) u (mPa s)
oy Oh oy
1 30 10 15 20 2.5
2 25 10 15 20 2.5
3 20 10 15 20 2.5
4 15 10 15 20 2.5
5 15 10 15 5 2.5
6 25 10 15 5-50 2.5
7 20 10 15 20 2.5

geometries of Specimen 1 under a high ¢, of 30 MPa. Two
HF branches were initiated from the open-hole section due
to the strong heterogeneity of the shale formation (Fig. 2c,
f). The HFs extended upward to the boundary of the speci-
men and downward to BP5, where they terminated (Fig. 2a,
f). The BPs were inferred to be effectively compacted under
the vertical stress of 30 MPa, which was conducive to the
full extension of the HF height. In addition, the HFs tended
to penetrate through and then activate the well-cemented
BPs (Fig. 2b, e), whereas they diverted along the high-per-
meability BPs (Fig. 2f). Remarkably, BP6, a high-permea-
bility BP on the bottom of the specimen, was not connected.

Figure 3a, b shows the spatial distribution and hypocenter
mechanism of the AE events observed from different per-
spectives. The three types of hypocenter mechanisms are
distinguished by color: the black, red, and blue dots rep-
resent the compressive, shear, and tensile events, respec-
tively. As shown in Fig. 3a, shear events tended to dominate
the hypocenter mechanisms due to the strong heterogeneity
and the existence of weak interfaces (Hampton et al. 2013);
these were consecutively numerically followed by tensile
and compressive events. Most of the AE events were located
in the upper part of Specimen 1, and the events were sig-
nificantly dense in the open-hole section where the HF was
initiated (Figs. 2c and 3a). Therefore, the spatial distribution
of AE events can be useful to understand HF initiation and
the growth of fracture networks (Stanchits et al. 2012, 2015;
Hampton et al. 2013).
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Fig. 2 Fracture geometry of Specimen 1 observed by splitting and CT scanning images
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Fig.3 Specimen 1 a 3D spatial
location of AE events; b side

view of the location of the AE 30
events along the wellbore; ¢
injection pressure curve and
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Figure 3c shows the injection pressure and AE activ-
ity as functions of injection time (#) during the fractur-
ing. When ¢ = 50-200 s, the injection pressure linearly
increased and AE activities were simultaneously moni-
tored, as the fluid was injected into the wellbore. There-
after, the pressure dropped slightly and subsequently
remained stable at approximately 15 MPa, which indicated
that the BP near the wellbore was dilated and allowed
the fracturing fluid to slowly leak into it. In addition, the
AE activity weakened when the pressure was stable (in
the approximate range of r = 200-470 s). The injection
pressure surged again once the microfracture was filled
with fluid and finally reached a breakdown pressure of
27.2 MPa at t = 550 s. Intense AE activity (as high as
100 s~!) lasting for approximately 130 s (r = 470600 s)
was clearly detected when the breakdown occurred
(Fig. 3c). A complex fracture network was generated in
the range of r = 600-1500 s, and it was characterized by
frequent fluctuations in the injection pressure curve caused
by the sequential activation of BPs and NFs (Zhou et al.
2008; Hou et al. 2015), as shown in Fig. 2e, f. In general,
the AE activity agreed well with the pressure fluctuation
over time (Fig. 3c). Based on the comparison of the CT
scanning images (Fig. 2e, f) with the spatial distribution
of the AE events (Fig. 3a, b), shear and tensile events were
confirmed to be induced in the hydraulically connected
region (the upper part of BPS in Fig. 2f), whereas a shear

« Compressive  « Shear » Tensile
150
Injection pressure
— F125
- = - Injection rate
[_TAE activity

AE activity

1000 1500 2000
Time/s

event zone was also induced around BP6 (Fig. 3b), which
was not connected with the HF network.

Specimen 4 was hydraulically fractured under a lower
o, of 15 MPa (Table 2), and the internal HF geometry is
shown in Fig. 4. Similar to Specimen 1, two HF branches
were initiated from the open-hole section and reoriented
along the wellbore becoming perpendicular to the direction
in which o, was applied (Fig. 4b, c). The HF branches finally
merged away from the wellbore as shown in Fig. 4c, e. The
CT scanning image (Fig. 4f) shows that the hydraulically
connected region was confined between BP1 and BP3 in
Specimen 4. Furthermore, BP1 was not dyed by the tracer
agent, indicating that the HF terminated and did not activate
BP1. Figure 4e shows that another high-permeability BP,
namely BP4, was not connected with the HF.

Considering the fact that none of the high-permeability
BPs were directly connected with the wellbore in Speci-
men 4 (Fig. 4a, f), the injection pressure increased linearly
and reached a breakdown pressure of 20.8 MPa at = 100 s
(Fig. 5¢) during which intense AE activity (> 250 s7h
occurred and massive shear and tensile events were induced
near the open-hole section (Fig. 5a, b) as the HF was initi-
ated. Thereafter, the HF rapidly extended toward the bound-
ary of Specimen 4 without significant influence from BPs
or NFs (Fig. 4e, f). Consequently, the injection pressure was
relatively steady around 10 MPa following the HF initiation
until the injection was stopped (Fig. 5c). Few AE events
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Fig.4 Fracture geometry of Specimen 4 observed by splitting and CT scanning images

Fig.5 Specimen 4 a 3D spatial
location of AE events; b side
view of the location of the AE
events along the wellbore; ¢
injection pressure curve and
recorded AE activity
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were induced when the fracturing fluid flowed through
the HF (¢ = 200-900 s). Although the fracture geometry
of Specimen 4 was much simpler than that of Specimen 1
(Figs. 2f and 4f), the AE events in Specimen 4 were simi-
larly dispersed due to the wrapped HF surfaces, as shown in
Figs. 4b and 5a. In addition, when Figs. 4e and 5b were com-
pared, three types of AE events were located in the region
between BP1 and BP3, but no tensile events were induced
in either the top or the bottom of Specimen 4.

2.3.2 Effect of Injection Rate

To investigate the effect of injection rate, Specimen 5 was
hydraulically fractured under the same stress conditions as
Specimen 4 but with a lower injection rate of 5 mL/min.
Before the experiment, a high-permeability bedding zone
was observed near the wellbore (Fig. 6a, d). Consequently,
the HF was initiated and subsequently propagated along the
tortuous BPs under the lower injection rate when it encoun-
tered the weak bedding zone (Fig. 6b). Figure 7c shows
the injection pressure and AE activity recorded during the
experiment. The injection pressure initially increased rap-
idly and linearly until # = 100 s, and then began to deviate
from the straight line and increased in a fluctuating manner
(t = 100-160 s). This behavior indicated that the fracturing
fluid was slowly leaking into the high-permeability bedding
zone as the injection pressure increased. Finally, the injec-
tion pressure attained a breakdown pressure of 14.3 MPa,
which was lower than the breakdown pressures of Speci-
mens 1 and 4, and then sharply decreased to approximately
1 MPa (Fig. 7¢c). An extremely high rate of AE (840 s™1)
was detected at the precise moment of the breakdown. This
was most likely caused by the perturbation of multiple

Fig.6 Fracture geometry of
Specimen 5 observed by split-
ting and CT scanning images

high-permeability BPs. The spatial distribution of the AE
events (Fig. 6d) aligned closely with the location of the
high-permeability bedding zone (Fig. 7b). Few AE events
were detected around the open-hole section of Specimen 5
(Fig. 7a, b) because of the low breakdown pressure; remark-
ably, a small number of shear events were scattered around
the local position of BP1 (Fig. 7b), which tended to be
relatively unstable because of interface tortuosity (Fig. 6d).
After reaching the boundaries, the low-viscosity fracturing
fluid was able to infiltrate back into the specimen along the
NFs or BPs (Fig. 6d) and induce scattered AE events near
the surface, as shown in Fig. 7b.

2.3.3 Effect of Variable Injection Rate and Plugging Inside
the Open-Hole Section

Previous studies have suggested that BPs play a significant
role in the generation of three-dimensional complex fracture
networks (Hou et al. 2014b; Zou et al. 2016b). However, in
the current study, the HF height growth tended to be limited
by high-permeability BPs (see Specimen 5). Further, a BP-
dominated fracture geometry significantly decreases SRV
(Hou et al. 2014a; Zou et al. 2016a). Therefore, ensuring the
initiation and full extension of HF height in layered forma-
tions is important. Prior to the experiments, high-permea-
bility BPs were observed near the wellbore in Specimens 6
(see BP3 in Fig. 8) and 7 (BP3 in Fig. 10). To investigate
potential techniques to increase fracture complexity, variable
injection rate was used in Specimen 6 and plugging agent
was applied inside the open-hole section of Specimen 7.
Specimen 6 was hydraulically fractured under a verti-
cal stress of 25 MPa (Table 2). The injection rate was arti-
ficially altered according to the pressure response during
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Fig.7 Specimen 5 a 3D spatial

. - b -
location of AE events; b side ( ) S E— Shear event
view of the location of the AE o
25 4 zone
events along the wellbore;e 1 —p 7
injection pressure curve and B B
recorded AE activity = . ¢ R
%, . ° i
ellbore R 151 RS A S
N R 0 8
104 ° LY ° 3 °
5. ... Fluid infiltration
o
0 5 10 15 20 25 30
Y /cm
(c) « Compressive « Shear « Tensile
20 4 20 1000
Injection pressure

_'._:_: s g - - - Injection rate 800

e I AE activity _

= = L600 =

E 7 2

E‘; ] & 400 E‘;

= S <

2 0548 sddo b o

—— 1

.i = ' 200

K= |

0 e e 0
400 600 800

Time/s

Open:
~'section

3
3
E

ok
0 10 20 30
X /cm

Fig.8 Fracture geometry of Specimen 6 observed by splitting and CT scanning images
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the experiment. Figure 9 shows the details of the injection
scheme. The fracturing process was divided into three pump-
ing stages by twice shut-in operations (see the blue dash line
in Fig. 9). In the first stage (+ = 0-1860 s), the open-hole
section was initially pressurized with a low injection rate of
5 mL/min. At t =300 s, the pressure began to decrease from
approximately 5.0-3.0 MPa, indicating that the weak BP3
near the wellbore (Fig. 8e) was dilated and the fracturing
fluid leaked into it. Then, the injection rate was increased to
10 mL/min at # = 360 s and remained constant for approxi-
mately 5 min, after which the injection pressure gradually
increased to about 6.5 MPa and then remained constant
once again. Meanwhile, weak AE activities were detected,
as shown in Fig. 9c. When the injection rate was increased to
20 mL/min at # = 690 s, the pressure started to significantly
increase and the AE activities intensified. Specimen 6 was
ultimately fractured at a breakdown pressure of 19.5 MPa
at approximately ¢ = 910 s and was accompanied by intense
AE activity (75 s~!), as shown in Fig. 9c. This indicated that
a hydraulically induced fracture was created in Specimen 6

at this moment. Frequent pressure fluctuations and multiple
periods of intense AE activities were then simultaneously
observed in the range of r = 960-1100 s, as was seen in
Specimen 1 (compare Figs. 3c and 9c). When the pressure
tended to be stable, the injection pump was shut-in until
the pressure decreased to nearly 0 MPa to ensure that the
HF was closed. The injection pump was then restarted at a
constant injection rate of 20 mL/min for the second stage
(t = 2010-2280 s in Fig. 9c) during which the pressure
quickly increased and reached a value approximately equal
to the initial shut-in pressure. Figure 9c also indicates that
no evident AE activity was monitored during the second
injection period in Specimen 6, suggesting that the existing
HF was reopened and no new HFs were initiated. The injec-
tion pump was then shut-in again. During the third pumping
stage (t = 2420-2620 s in Fig. 9¢), a higher injection rate of
50 mL/min was used to increase the HF complexity as much
as possible. Figure 9c shows two breakdown pressures, 15.7
and 16.7 MPa, which were evident in the injection pres-
sure curve. In addition, drastic AE activities were monitored
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Fig.9 Specimen 6 a 3D spatial location of AE events; b side view of the location of the AE events along the wellbore; ¢ injection pressure curve

and recorded AE activity
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during ¢ = 2420-2500 s and ¢ = 2600-2620 s. Therefore, it
can be concluded that new HFs were induced by increasing
the injection rate. The CT scanning image (Fig. 8e) and the
specimen splitting (Fig. 8c) demonstrate that one HF was
successfully initiated and propagated upward and downward
even though BP3 was connected with the open-hole section.
In the upper part of Specimen 6, the HF encountered and
diverted along BP2, and a new HF was then re-initiated on
the opposite side of the BP2 interface (Fig. 8e, f). The spatial
distribution of the AE events also indicated the generation
of a complex fracture network in the upper side of the speci-
men, as shown in Fig. 9a, b.

Plugging agents are widely used for filtration reduction
and fracture reorientation in the laboratory and on the field
(Zhou et al. 2009; Wang et al. 2015). In the current study,
to prevent fluid leak-off into the BPs near the wellbore, in
Specimen 7, fibers were placed in the open-hole section to
plug the high-permeability BPs. A vertical stress of 20 MPa
was applied, and the injection rate was maintained at 20 mL/
min, while the injection pressure and the AE activity were
recorded (Fig. 11). The data shown in Fig. 11c demonstrate
that the injection pressure rapidly and linearly increased and
reached approximately 50.0 MPa in about 170 s. The con-
stant pressure build-up rate and the abnormally high-pres-
sure value (Fig. 11c) indicated that the weak BP3 (Fig. 10e)
was effectively plugged by the fibers and the influence of
fluid leak-off was negligible. Thereafter, microfracture was
induced near the wellbore (# = 210 s in Fig. 11c) and resulted
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in a slight decrease in the injection pressure. At ¢t = 300 s,
the pressure curve markedly decreased from the breakdown
pressure of 48.2 to nearly 2 MPa. Figure 10 shows that the
HF was initiated and grew in the vertical direction (Fig. 10b,
e) rather than along BP3, which was connected with the
open-hole section. On account of the high breakdown pres-
sure, the HF extended rapidly to the boundary of the speci-
men and resulted in a sharp pressure drop in the injection
curve. Although the fracture geometry was relatively simple,
drastic AE activity was detected at r = 200-300 s (Fig. 11c)
and numerous AE events were located near the open-hole
section. This high intensity of AE activity was explained
by the quick release of a large amount of energy that had
accumulated in the open-hole section because of the high
injection pressure.

3 Discussion

The experimental results show that high-permeability BPs
played an important role in HF geometry, especially the
growth of HF height. Various HF geometries created in
layered specimens could be obviously distinguished by the
injection pressure curve and AE response. Table 3 provides
a summary of the experimental results for each of the seven
specimens. Figure 12a depicts the geometrical information
of the internal fractures (i.e., initial weak BPs observed
before the experiments and ultimate fracture geometries

Fig. 10 Fracture geometry of Specimen 7 observed by splitting and CT scanning images
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Fig. 11 Specimen 7 a 3D (a)
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Table.3 Summary of Specimen  Fracture characterization Injection pressure response Nag
experimental results for all
specimens Dy, (MPa) Post-breakdown pressure
1 Complex fracture network (Fig. 2)  27.2 Frequently fluctuated 230
between 5 MPa and
18 MPa
2 BP-dominated fracture 4.5 Sharply dropped to 0 MPa 4
3 BP-dominated fracture 6.9 Sharply dropped to 0 MPa 7
4 Two HF branches (Fig. 4) 20.8 Stabilized at about 10 MPa 360
5 BP-dominated fracture (Fig. 6) 14.3 Sharply dropped to 1 MPa 66
6 Fracture network (Fig. 8) 19.5 (I1st pump-  Fluctuated and then stabi- 129
ing stage) lized at approximately
15.7,16.7 (3rd 7.2 MPa
pumping stage)
7 HF (Fig. 10) 48.2 Sharply dropped to 2 MPa 313

after the experiments) in five specimens. Comparing the HF
geometry results, a complex fracture network was created
when the HF penetrated through and opened multiple BPs,
as in Specimens 1 (Fig. 2) and 6 (Fig. 8). This observation
agreed well with the experimental results reported by Guo
et al. (2014), Heng et al. (2014), and Zou et al. (2016a). In
this case, frequent pressure fluctuations and multiple, intense

AE activities occurred simultaneously (# = 600-1500 s in
Fig. 3c and ¢t = 960-1100 s in Fig. 9c), which is consist-
ent with the findings reported by Hou et al. (2015). When
HF height growth was limited by a high-permeability BP
(like BP3 in Specimen 4), the injection pressure was rela-
tively steady. No intense AE activity was induced because
fluid leak-off dominated (Fig. 5¢). Remarkably, when a
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Fig. 12 a Geometries of the internal fractures before and after experiments; b statistical results of the hypocenter mechanism for all specimens
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(b)
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Fig. 12 (continued)

high-permeability BP was connected to the open-hole sec-
tion, the HF was more likely to initiate along this BP, which
resulted in a BP-dominated fracture geometry, such as that
observed in Specimen 5 (Fig. 6b, d). Once the simple frac-
ture geometry was created, the breakdown pressure tended
to be followed by a sharp decrease in the injection pressure
curve, as shown in Fig. 7c. Additionally, the spatial distribu-
tion of the AE events clearly depicted that the hydraulically
connected region was limited (Fig. 7a, b).

Varying the injection rate and plugging inside the open-
hole section were both demonstrated to be feasible tech-
niques to increase the HF height growth and the fracture
complexity in the layered formation with multiple high-
permeability BPs. The high injection rate reduced the influ-
ence of fluid leak-off and increased the pressure build-up
rate. Furthermore, varying the injection rate led to pressure
pulses, which facilitated the penetration of the HFs through
the weak BPs (Hou et al. 2014a; Zou et al. 2016a). Con-
sequently, both the HF height growth and the geometric
complexity were successfully increased, as indicated by
the CT scanning images (Fig. 8e, f) and the AE monitoring
results (Fig. 9b). In addition, plugging inside the open-hole
section effectively reduced fluid infiltration into the high-
permeability BPs that connected with the wellbore, which is
beneficial to the initiation of the HFs and prevents the gen-
eration of BP-dominated fracture geometries (see Figs. 10,
11a, b). Considering that extremely high breakdown pres-
sure (Fig. 11c) leads to difficulties in the hydraulic fracturing
treatment (Wang et al. 2015), the quantity of the plugging
agent used should be optimized through further studies.

The analysis of the experimental results suggests that
it is feasible to qualitatively evaluate the complexity of
HF geometry based on the combined characteristics of

68.06%
4.78% 15%
6.96%

Specimen 4

16.94%

24.24%
Specimen 5

.36Y ’
2.36% I compressive events

I shear events
[ tensile events
3.19%

Specimen 7

an injection pressure curve and AE response. However,
quantitatively calculating the SRV is more important for
predicting the productivity of oil and gas fields. May-
erhofer et al. (2010) suggested that the size of the SRV
could be calculated according to the 3D spatial distribu-
tion of the AE/microseismic event cloud. However, in the
current study, there were obvious differences between the
spatial distribution of AE events and the internal frac-
ture geometries observed in the CT scanning images
(Specimens 1, 4, and 5). The AE events were induced not
only within the hydraulically connected region but also
around some BPs that were not hydraulically connected.
King et al. (2008) suggested that only fractures that are
hydraulically connected with HFs can be regarded as the
effective SRV because of the ultra-low permeability of
the matrix in unconventional reservoirs. Therefore, we
can conclude that the HF height growth and/or the SRV
in a layered formation might be overestimated if based on
the spatial distribution of microseismic/AE events. There-
fore, to understand the relationship between the effec-
tive SRV (i.e., the hydraulically connected region) and
the localization of AE events, hypocenter mechanisms
were further discussed to determine the failure modes of
the fractures. Figure 12b shows the statistical results of
three types of AE events for each specimen. Shear failure
tended to dominate because of the heterogeneity of the
specimens and the existence of geological discontinuities
(Hampton et al. 2013). In five specimens, the percent-
age of shear events exceeded 60% and was particularly
high in Specimen 1, where a complex fracture was created
(Fig. 12b). This indicates that shear failure dominates
during the generation of fracture networks in shale forma-
tions (Zhou et al. 2008; Zou et al. 2016b). Remarkably, a
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comparison between the CT scanning images and the AE
monitoring results showed that shear and tensile events
were induced in the hydraulically connected region,
whereas shear event zones were located around the BPs
that were not hydraulically connected (Figs. 3¢, 5c, and
7c) because of the changes in the stress state acting on
the BP interfaces. It was well known that additional stress
field will be induced surrounding an HF because of the
high net pressure within the HF (Warpinski and Branagan
1989). Theoretical studies have shown that this stress per-
turbation will reduce the normal stress and induce addi-
tional shear stress to the BP interfaces ahead of the HF
tip. Consequently, shear instability of BPs would tend to
occur. This was also numerically determined by Agarwal
et al. (2012) and Warpinski et al. (2013). This phenom-
enon was more common in the laboratory experiments of
the current study because of many obviously weak BPs
in the specimens (Tables 1 and 2). Therefore, it is rec-
ommended that the hypocenter mechanism is taken into
account while interpreting the HF geometry and evaluat-
ing the effective SRV.

It was also observed that the appearance of a shear
event zone was closely related to the cement condition
and mechanical properties of the natural BPs. As shown
in Table 2, the mechanical strengths of some BPs were
significantly low, which is not usually the case with under-
ground rock. Thus, the influence of stress perturbation
may have been exaggerated in the current study. It is pos-
sible that shear instability can only be clearly observed
under certain conditions in the field (Agarwal et al. 2012).
Moreover, the polarity analysis (i.e., the statistical analy-
sis of the P-wave first motions) used in this study was a
qualitative method based on the hypothesis that there are
only two types of pure failure mode, namely shear and
tensile failure (Lei et al. 1992, 2001; Meglis et al. 1995;
Zang et al. 1998). Experimental and theoretical studies
have described a hybrid failure mode called tensile—shear
failure (Ramsey and Chester 2004; Zhu 2017). To distin-
guish pure and hybrid failure modes, spatial relationship
between the directions of the displacement discontinuity
vector and the normal vector to the fracture surface should
be determined (Ohtsu 1991; Baker and Young 1997). In
future studies, an alternative method called moment ten-
sor inversion (Ohtsu 1991; Hampton et al. 2013) could be
implemented to determine this quantitative information,
which could then be used to analyze the fracture growth
mechanism.

The generation process of a fracture network is compli-
cated. To obtain a detailed understanding of the dynamic
process of a fracture network generation in layered forma-
tions, sequential and spatial evolution characteristics of
AE events should be considered. Analyses to address this
are currently underway.

@ Springer

4 Conclusion

A series of laboratory experiments combining with CT
scanning and AE monitoring techniques were conducted to
investigate HF growth and AE response in a layered forma-
tion. The conclusions are as follows:

1. Fracture complexity was significantly increased when
a vertically growing HF could connect with and open
more BPs. This intersection between an HF and multiple
BPs led to frequent fluctuations in the injection pressure
curve and induced intense AE activities. In addition, the
generation of a complex fracture network is appropri-
ately reflected by the three-dimensionally distributed AE
events.

2. When an HF encountered a high-permeability BP near
the wellbore and grew along it, the breakdown pressure
tended to be followed by a sharp decrease. Thus, most
AE events were induced at breakdown, after which no
evident AE activity could be detected. The spatial dis-
tribution of the AE events showed that a BP-dominated
fracture geometry significantly decreases SRV.

3. Increasing the injection rate was beneficial to reduce
the influence of fluid leak-off and increase the pressure
build-up rate, which facilitated the penetration of an HF
through high-permeability BPs and created a complex
fracture network. This was evidently demonstrated by
the characteristics of the injection pressure curve and
the spatial distribution of AE events. Moreover, plug-
ging inside the open-hole section was demonstrated as
another effective way to reduce fluid leak-off into high-
permeability BPs. And thus, it was useful to prevent
BP-dominated fractures in the layered formation.

4. Analysis of the hypocenter mechanisms suggested that
shear and tensile events were induced in the hydrauli-
cally connected region. Shear events were also detected
around the BPs that were not hydraulically connected,
which leads to the overestimation of the HF height
growth and/or the SRV in the layered formation based
on the spatial distribution of microseismic/AE events.
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