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a b s t r a c t

To investigate the acoustic and mechanical properties of shale gas reservoir rocks, fracture experiments
under triaxial compression were conducted using Sinian shale samples collected from the Sichuan Basin
and cored along an angle of ~15� with respect to bedding orientation. Ultrasonic transmission (UT) and
Acoustic emission (AE) were used to monitor the response of anisotropic wave velocity and fracture
behavior to elevated stress. X-ray CT (computed tomography) scan was used to explore the heteroge-
neous structure and geometric property of the fracture zone that ultimately developed in the sample.
The evolution of microstructure such as closure of pores, development of microcracks and formation of
macro fractures at elevated stress is likely responsible for the observed responses of elastic wave velocity
and AE activity. During the hydrostatic compression stage, the closure of cracks and pores leads to a little
bit of increase of velocity and a small number of AE events. As the mean effective stress further increases,
there is no significant change in the microstructure of shale sample derived from the non-response of
velocity to elevated stress. During the dynamic fracture stage, the generation of macro-fracture along the
bedding plane accounts for the decrease of velocity as well as the rapid increase of AE activity. Our results
indicate that the Sinian shale of the Sichuan Basin is characterized by weak anisotropy and strong
heterogeneity in core scales. The intrinsic anisotropy keeps almost unchanged to the elevated stress,
while significant increase in velocity anisotropy is induced by shear fracture. Moreover, the fracture
experiments show that the shale sample performs a purely brittle fracture behavior, which is beneficial
for the hydraulic fracturing stimulation of shale gas reservoirs. Both AE hypocenters and X-ray CT scan
image show that the deformation and fracture process correlates strongly with the bedding structure in
the sample.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Because excessive exhaustion of conventional fossil energy and
large demand for energy as a result of the rapid development of
global economy, the exploration and exploitation of shale gas have
become imperative over the past several decades. China has the
largest potential shale gas reserves and the biggest energy market
in the world (Wang et al., 2014). The Sichuan Basin in south-
western China has been identified as one of the areas with the
greatest potential for shale gas development (Jiang et al., 2010; Zou
et al., 2011). A key target for shale gas exploration in South China,
, Wuhan 430071, China.
the Lower Silurian Longmaxi Formation has been studied as a
source rock in great detail for several years (Chen et al., 2013;
Huang et al., 2012; Lv et al., 2013; Wang et al., 2012; Yang et al.,
2014; Zou et al., 2010). Besides the Silurian formation, the Sinian
shale is another potential target formation in the Sichuan Basin
(Wei et al., 2013; Zou et al., 2014). However, existing reports mainly
consider its lithological characteristics, depositional environment
and evaluation of shale gas reserves (Dai et al., 1999; Gen et al.,
2008; Liu et al., 2009). The acoustic and mechanical properties of
the Sinian shale have not yet been systematically investigated.

Anisotropy has been recognized as a significant factor for
seismic exploration and hydraulic fracturing (Pan et al., 2015; Yang
et al., 2015, 2016; Zhou et al., 2016). Shale is characterized by high
anisotropy since bedding structure is well developed in shale
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formations (H. Einstein, 2015; Martin et al., 2015). Such strong
bedding structure is well known as a significant factor for velocity
anisotropy. The degree of shale anisotropy under different stress
environment need to be well understood for designing hydraulic
fracturing processes, and updating seismic velocity models for
micro-seismic monitoring (Liu et al., 2016). Velocity measurements
on a suite of shales performed by Johnston and Christensen (1995)
indicated that these shales can bemodeled as transversely isotropic
(TI) materials with the main symmetry axis perpendicular to
bedding plane. The alignment of clay mineral is cited as the un-
derlying cause of the anisotropy of shale. The effect of clay-particle
interaction on the anisotropy of shale had been detailed investi-
gated by Sayers (2005) in terms of the Thomsen's parameters.
Elastic wave velocity was measured for Kimmeridge shale to
investigate the influence factors of elastic anisotropy, such as single
crystal elastic properties, grain shapes, preferred orientation, and
volume and shapes of pores (e.g. Vasin et al., 2013). Both velocity
and attenuation anisotropy of P- and S-wave were measured in dry
shale sample fromWhirby, UK. The result shows that the degree of
anisotropy can be large as 70% and the change of P-wave velocity is
more apparent than that of S-wave (Zhubayev et al., 2015).

Acoustic and mechanical properties are sensitive to the evolu-
tion of microstructure and damage in rocks (Liu et al., 2016; Wang
et al., 2007, 2010a, 2010b; Yang and Zoback, 2015). P-wave velocity
is found to be more sensitive to the development of pores and
microcracks than S-wave under changing stress field (Zhubayev
et al., 2015). Therefore, continuous ultrasonic measurements un-
der triaxial compression are widely used for the estimation of the
evolutions of velocity anisotropy and microstructure of shale
sample. Dewhurst and Siggins (2006) performed a set of experi-
ments on Muderong shale with the maximum principle stress
parallel to bedding plane and then evaluated the response of ul-
trasonic velocity to anisotropic stress field. Kuila et al. (2011)
investigated the ultrasonic velocity response of low porosity
shales with orientation of bedding plane normal to the maximum
principal stress to both isotropic and anisotropic stress fields under
multi-stage triaxial tests. The result demonstrates that the intrinsic
anisotropy caused by laminations and particle alignment can be
further modified by the application of differential stress. Elastic
velocity and anisotropy were measured by Piane et al. (2011) on
two shale samples with different bedding orientations to the
maximum principle stress under undrained multistage triaxial
tests. In vertically cored sample (the direction of the maximum
stress is normal to bedding plane), vertical velocity (Vpv) increases
and horizontal velocity (Vph) decreases monotonically with
increasing effective stress, inducing a decrease of velocity anisot-
ropy. The reverse occurs when themaximum stress is parallel to the
fabric, where Vph increases and Vpv decreases with increasing
effective stress. Anisotropy of elastic wave velocity decreases with
applied axial stress perpendicular to bedding plane within both dry
and wet shale samples (Sarout and Gu�eguen, 2008). However, the
anisotropy of the wet sample is always lower than that of the dry
one.

The above researches show that the stress-induced ultrasonic
anisotropy depends on the magnitude of the principal stress, and
its orientation with respect to the bedding plane of the sample.
However, most experiments were performed with the maximum
axial stress either normal or parallel to the bedding plane of the test
sample. Thus a problem raises that what is the response of velocity
anisotropy to elevated stress when the axial stress is skewed to the
bedding plane. Furthermore, previous attempts were primarily
devoted to the response of velocity anisotropy before fractured.
Studies on the response of anisotropy induced by the formation of
macro fracture are limited.

Microseismicity is another indicator for the evolution of
microcracks and damage. In brittle rocks, microcrack activity,
which can be monitored by AE technique, leads to macroscopic
inelastic strain (Amitrano, 2003; Fortin et al., 2009; Ishida et al.,
2012; Stanchits et al., 2011). Rock failure begins with microcrack
activity, and fracture initiation and growth (e.g. Heggheim et al.,
2005). In addition, the orientation of bedding structure under a
given stress field plays a dominate role in the fracture process and
in determining fracture zone properties (Fjær and Nes, 2014; Lei
et al., 2013b; Meier et al., 2015; Wasantha et al., 2014). Thus,
detailed spatiotemporal distribution of AE events, in combination
with X-ray CT scan image of fractured sample, will be helpful in
elucidating the evolution of microcracks and the geometry of the
final fracture.

The purpose of this paper is to investigate the acoustic and
mechanical properties of Sinian shale from the Sichuan Basin in
response to differential stress based on continuous ultrasonic
transmission (UT) measurement and acoustic emission (AE)
monitoring. The remainder of this paper is organized as follows.
First, a short description of the Sinian shale reservoir in the Sichuan
Basin and the characteristics of sample are presented. Then, the
experimental apparatus and procedures are followed. The experi-
ment results of UT measurement and AE monitoring will be
analyzed. Finally, an estimation of the evolution of induced
microstructure under the elevated stress field is in the discussion.
2. Geological background and experimental procedure

2.1. Geological background

The Sichuan Basin, located in southwestern China, is a tectoni-
cally stable and structurally complex basin that develops on the
Yangtze craton (Liu et al., 2009; Wang et al., 2014; Zou et al., 2011).
The basin covers an area of over 18 � 104 km2 with sedimentary
rocks ranging from 6000 to 12,000 m in thickness (Zou et al., 2014).
As aforementioned, it is a prolific hydrocarbon region and is
currently the largest gas-producing area in China. Thick marine
formation deposits are located widely around the Sichuan Basin
spanning the Sinian to Middle Triassic period. Sinian shale, devel-
oped in the Dengying and Doushantuo Formation with the thick-
ness ranging from 300 to 1200 m, has been considered as a
potential target for shale gas exploration (Dai et al., 1999; Wei et al.,
2013; Zou et al., 2014). To evaluate the exploitation potential of
Sinian shale formation, Wei et al. (2013) had investigated the tec-
tonic characteristics, sedimentary environment, and preservation
condition of Sinian shale formation. Furthermore, four favorable
prospective areas were selected for future shale gas exploitation.

The Sichuan Basin is a relatively stable region in China showing
very low level of background seismicity. However, during the past
three decades, a number of seismic sequences had been observed
with sizable earthquakes ranging up toM4~5. Their timing, location
and occurrence pattern involved in statistical models, convincingly
suggest that these sequences were induced by injections of un-
wanted water in deep wells in depleted gas fields (Lei et al., 2008,
2013a). Detailed studies on some recent and well monitored cases
demonstrate that most events, particularly larger ones, mirror the
reactivation of pre-existing faults (including joints and fractures) in
the sedimentary formations or faults underlying/overlying the
reservoir (Lei et al., 2013a). Following the breakthrough of the shale
gas industry in China in 2010, fracking-induced earthquakes are
suspected to be partially responsible for the increase in seismic
activity in recent years. Earthquakes with sizeable magnitude up to
ML4.3 have been observed in a fracking site.



Table 1
Mineral composition of the Sinian shale (measured by X-ray fluorescence
spectrometer).

Minerals SiO2 Al2O3 Fe2O3 MgO CaO K2O Others

Fraction (%) 70.46 5.75 8.59 1.91 2.57 3.43 7.29
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2.2. Test samples

The test samples were cored from the middle part of a large
block collected from a fresh outcrop, which was exposed by house
construction, of Sinian shale formation in Zhengyuan Town in the
northern Sichuan Basin (Fig. 1). These shale rocks contain mainly
quartz, dolomite, and pyrite (Table 1) and have a density of
approximately 2650 kg/m3. The dominant element in shale sam-
ples is SiO2 with the content over than 70%. The samples were
shaped into right circular cylinders with a length of 125 mm and a
diameter of 50 mm. From photographs of both field (Fig. 1) and
sample (Fig. 2), the shale samples are characterized by strong
bedding structure. The angle between bedding plane and the axis
(i.e. the direction of the maximum principal stress) of shale sample
is approximately 15�, which falls in the range of optimal angles for
shear fracturing. According to a study by Lei et al. (2013b), the
orientation of bedding structure plays a key role in determining the
peak strength, the precursory behavior preceding the final fracture,
the spatiotemporal distribution of AE events, the damage zone and
the geometry of the final fault plane.

To monitor AE activity and P-wave velocity, 24 piezoelectric
transducers (PZT) with a diameter of 5 mm and a resonant fre-
quency of 2 MHz were installed on the surface of each sample
(Fig. 2). The specific arrangement of PZTs permits the measurement
of velocities along various directions on a single core sample rather
than using a number of cores cut along varying angles to the
principal axes. Six cross-type strain gauges were glued on the
central surface of the sample to measure the local strains in the
axial and circumferential directions. The measured axial Sa and
circumferential Sc strains allow for the estimation of volumetric
strain: Sv ¼ Saþ 2Sc. Two stainless steel end pieces were attached
to both ends of the test sample. The diameter of the end pieces is
the same as that of the sample. Finally, the sample assembly
including the attached AE sensors and strain gauges was sealed
with a silicone sealant to prevent the penetration of oil, which was
used as the hydrostatic pressure medium.
Fig. 1. Map of sample collection in the Sichuan Basin. Test samples were collected from Zhe
shale is characterized by strong bedding structure.
2.3. Experimental apparatus

Experiments were performed under a triaxial compression
condition (Li et al., 2015). Fig. 3 shows a schematic of the experi-
mental apparatus (Lei et al., 2000, 2011). The apparatus allowed for
confining pressure and axial pressure to be applied independently
on the test samples. The axial loading frame was equipped with a
capacity of 2000 tf. The sample assembly was placed in a high
pressure vessel, and the confining pressure was controlled by a
syringe pump. A 24-channel high-speed A/D system with a sam-
pling rate of up to 100 MHz and a dynamic range of 96 dB (16-bit
resolution) were used to monitor AE events and ultrasonic veloc-
ities during the test. In this study, the applied sample rate is 25MHz
and the sample length is 4096 words. Signals from four selected
sensors of Nos.2, 3, 14, 15 labeled by a “t” (Fig. 2), were used to
trigger the recording system. The triggering logic was “(2 OR 3)
AND (14 OR 15)” and the triggering threshold was 100 mV (after
pre-amplification by 20 dB).

The data acquisition system was capable of capturing many AE
events with no major loss, even for the burst occurrence during
catastrophic failure when the AE rate may reach several thousand
events per second. Therefore, the processes of pre-failure damage,
fault nucleation, and dynamic failure could be revealed in detail by
analyzing AE data. Furthermore, to monitor velocity change during
axial loading and measure velocities in different directions, 12
sensors of No.6 to No.17 labeled by a “p” (Fig. 2) were consecutively
switched at scheduled times to a pulse generator through a number
of automatically controlled switches, allowing for the selected
transducers to act as sources as well as receivers during the
ngyuan Town in the northern Sichuan Basin. The picture of shale formation shows that



Fig. 2. (a) Photograph of the shale sample. (b) Arrangement of PZT sensors and strain gauges mounted on the surface of the sample. Sensors labeled with a “p” were selected to be
connected to a pulse generator for velocity measurements. Signals from sensors labeled with a “t” were used to trigger the waveform recording system.

Fig. 3. Schematic of experimental apparatus.
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experiment. Waveforms radiated by AE events and artificial sources
could be automatically discriminated after the experiments. In
addition, a recording system with 16-bit resolution and sample
interval on the order of milliseconds was used to record the axial
stress, local strains, and other signals.
2.4. Test and data processing procedure

In this study, we focused on the experimental results of two
samples with the same bedding orientation. The test and data
processing procedure used in this study are given as follows.

(1) First, samples were hydrostatically compressed by gradually
increasing the confining pressure to 22.5/10 MPa,
respectively.

(2) Then, the axial load was increased at a rate of 2 MPa/min
until failure, while the confining pressure was kept constant.
During this stage, ultrasonic transmission measurements
were performed repeatedly to monitor the change of P-wave
velocity induced by axial loading.

(3) After the experiment, a three-dimensional (3D) X-ray
computed tomography (CT) scan was carried out on broken
samples to reconstruct the heterogeneity, fault geometry,
and damage zones within the samples.

(4) Data processing was conducted to elucidate the acoustic and
mechanical properties of the shale samples.
3. Experimental results

3.1. Properties of deformation and fracture

The deformation and fracture behaviors of two shale samples
during the test are shown in Figs. 4 and 5, which show stress, local
strains, total AE count and P-wave velocities with respect to elapsed



Fig. 4. Experimental results of shale sample under a confining pressure of 22.5 MPa. (a) Axial stress (Pa), confining pressure (Pc), axial (Sa), circumferential (Sc), and volumetric (Sv)
strains against elapsed time. (b) Total AE count and P-wave velocities along different ray paths plotted against time. W1, W2, and W3 are three typical times indicating the initial,
peak stress and post-failure stage, respectively. Sa, Sv and Sc indicate axial, volumetric and circumferential strain, respectively. Pa and Pc indicate axial stress and confining pressure,
respectively. NAE is total AE count. The ray path is denoted by the PZT sensor numbers (Fig. 2) from source to receiver at either end of the path.
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time. Two samples under different confining pressures show
similar deformation and fracture behaviors. As we can see, samples
were compressed in the axial direction and dilated in the circum-
ferential direction. Moreover, both axial and circumferential strains
performed a linear behavior with respect to axial stress until to the
peak stress in two samples. The axial strain played a more impor-
tant role in volumetric strain than circumferential strain, leading to
a compression of sample volume in two experiments. For shale
samples under the confining pressure of 22.5/10 MPa, the
maximum values of axial, volumetric, and circumferential strain at
the peak axial stress are 0.38%/0.33%, 0.26%/0.18%, and �0.062%,/-
0.074% respectively.

Note that during the initial stage of axial loading in two exper-
iments, the loading rate was larger than 2 MPa/min, which was
result from the loading control system. At first, manual operations
are required before the axial stress reached to ~70 MPa. Then, the
loading rate could be precisely controlled by computer. In addition,
there was a pulse of axial stress around 7 min for shale sample
under a confining pressure of 22.5 MPa (Fig. 4), which was induced
by an incorrect operation during the experiment. However, it has
no effect to the mechanical behavior of the sample since the stress
level, as compared with the strength, is very low and the sample is
under the very early stage of elastic deformation.

Repeated velocity measurements were performed when
confining pressure and axial stress increased prior to the dynamic
fracture and during the post-failure stage. For sample under a
confining pressure of 22.5 MPa (Fig. 4(b)), P-wave velocities
increased slightly during the hydrostatic compression stage and
then kept almost constant when axial stress increased from
22.5 MPa to peak stress. There were decreases of P-wave velocities
with different degrees along different ray paths during the post-
failure stage. Examples of waveforms of paths S16‒R1 and S16-R2
at three typical times defined asW1,W2 andW3 in Fig. 4 are shown
in Fig. 6. Both arrival times of two paths in W2 were a little smaller
than those of W1. However, compared with path S16-R2, a much
larger increase of the arrival time of path S16-R1 in W3 was
observed. For sample under a confining pressure of 10 MPa, there
was a slight difference of P-wave velocity under hydrostatic
compression stage. P-wave velocities along all directions were
almost unchanged to both hydrostatic and subsequent axial loading
stages. In addition, the velocity measurement during the post-
failure stage had not been performed.

The response of AE count to the applied stress was in agreement
with that of P-wave velocity in two experiments. In the experiment
under a confining pressure of 22.5 MPa, the count of AE events
increased slowly as confining pressure increased from 0 to
22.5 MPa and then no significant AE activity prior to the peak axial
stress was observed. While for sample under a confining pressure
of 10 MPa, the variation of total AE count increased slowly during
the entire loading process. Dramatic increases of AE events were
observed in both experiments during the very short period of the
dynamic fracturing and the post-failure stages. Thus, it is clearly
shown that the Sinian shale demonstrates very brittle and unpre-
dictable fracturing behavior under our experimental condition.



Fig. 5. Experimental results of shale sample under a confining pressure of 10 MPa. (a) Axial stress (Pa), confining pressure (Pc), axial (Sa), circumferential (Sc), and volumetric (Sv)
strains against elapsed time. (b) Total AE count and P-wave velocities along different ray paths plotted against time.

Fig. 6. Examples of waveforms for paths S16‒R1 (left) and S16‒R2 (right) at three typical times (W1, W2, and W3 shown in Fig. 4). The arrival time is picked up by the red line. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Similar pattern of AE activity has been observed in homogeneous
rocks and rocks with fewer pre-existing microcracks (Lei et al.,
2000).

In additionwith the stress-strain curve (Fig. 7), we see that both
shale samples failed without notable inelastic strain before the final
failure, demonstrating purely brittle behavior. To calculate the
elastic modulus, the stress-strain curve was fitted by a straight line.
For sample under a confining pressure of 22.5 MPa, there were
some discrepancies during the early stage, which was related to the
stage when both confining pressure and axial stress increased. As
mentioned above, both P-wave velocity and AE events increased
with the increasing stress during the initial stage (Fig. 4), which
were induced by the closure of primary microcracks. Therefore, the
evolution of microstructure within the sample is considered to be
an important reason for the discrepancies of stress-strain curve
from the fitted line during the early stage. The peak axial stress and
static elastic modulus are 239/196 MPa and 61.139/58.627 GPa for
samples under a confining pressure of 22.5/10 MPa, respectively.



Fig. 7. Axial stress with respect to axial strain and linear best-fit curve for the linear elastic stage for samples under confining pressure of 22.5 MPa (a) and 10 MPa (b), respectively.
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Both samples failed without significant pre-failure dilatancy.
There are sufficient velocity data during the linear elastic stage,

while lack of velocity data during the short period of dynamic
fracture. On the contrary, the high-speed waveform recording
system makes it possible to record enough AE events during the
short dynamic fracture period. Therefore, a combination of P-wave
velocity measurement and AEmonitoring allows a detail analysis of
the deformation and fracture process for the shale sample. The test
process is divided into two stages: the linear elastic and dynamic
fracture stage.
3.2. The anisotropy and heterogeneity of shale sample derived from
P-wave velocity

Owing to the array of PZT sensors, P-wave velocities with
different orientations with respect to the bedding plane can be
measured on a single shale sample, allowing to assess the anisot-
ropy and heterogeneity of test sample and associated responses to
the elevated stress. The P-wave velocity responses observed for two
samples are relatively consistent with each other. For brevity, we
will mainly present the results of the shale sample under the
confining pressure of 22.5 MPa.

The response of P-wave velocities along different paths to
increasing mean effective stress for sample under confining pres-
sure of 22.5 MPa can be seen in Fig. 8. Here, the mean effective
stress sm is defined as sm ¼ s1þ2s3

3 . P-wave velocities of four ray
paths S16-R1, S16-R2, S16-R3 and S16-R4 are with different ori-
entations against the bedding plane. P-wave velocity of path S11-
R19 is parallel to the bedding plane. Five P-wave velocities
increased by 50e150 m/s as mean effective stress increased from
0 to 22.5 MPa, which is related to the hydrostatic compression
stage. However, P-wave velocities remained almost constant as
axial stress subsequently increased. P-wave velocities of paths S16-
R1, S16-R2 and S16-R3 were nearly equal and lied between 5.8 and
6 km/s. P-wave velocity of horizontal path S16-R4 was a little bit
smaller and lied between 5.7 and 5.8 km/s. However, P-wave ve-
locity of path S11-R19 was much bigger than other velocities and
ranged from 6.3 to 6.4 km/s.

Significant difference between P-wave velocities along different
ray paths was also observed in shale sample under a confining
pressure of 10 MPa (Fig. 5). P-wave velocity of path S12-R24 normal
to the bedding plane lied between 5.5 and 5.6 km/s, while velocity
of path S13-R5 parallel to bedding plane changed around 6.2 km/s.
Other velocities along paths skewed to the bedding plane lied be-
tween the velocities of paths S12-R24 and S13-R5. These results
indicate that the Sinian shale shows anisotropic P-wave velocity.

Four horizontal paths with the same angle to bedding plane and
three paths parallel to bedding plane in different heights give a
straightforward view of velocity anisotropy and heterogeneity of
test sample. For clarity, these ray paths are plotted over the X-ray CT
scan images of broken sample (Fig. 9). The CT scan image shows
that the sample is characterized by very strong heterogeneity. In
the locations of Z¼ 15,�15 and�45, velocities along the horizontal
paths perpendicular and parallel to the bedding plane had been
obtained (Fig. 10). For P-waves propagating nearly perpendicular to
the bedding plane, except for the velocity of path S14-R2 which
ranged from 5.6 to 5.7 km/s, the other three velocities were almost
same with each other and lied between 5.7 and 5.8 km/s as the



Fig. 9. X-ray scan images of broken sample under a confining pressure of 22.5 MPa and geometry of ray paths associated with ultrasonic transmission measurements. Four
horizontal ray paths S13-R1, S14-R2, S15-R3 and S16-R4 are against bedding plane. Three ray paths S6-22, S11-R19 and S12-R24 are paralleled to bedding plane at different heights.

Fig. 8. (a) Geometry of ray paths associated with ultrasonic transmission measurements. Four ray paths S16-R1, S16-R2, S16-R3 and S16-R4 from the source PZT No.16 to receivers
PZT No.1, 2, 3 and 4, respectively, are against to the bedding plane. One ray path S11-R19 is paralleled to the bedding plane. (b) P-wave velocities along five ray paths plotted against
the mean effective stress during the linear elastic stage in the experiment of shale sample under a confining pressure of 22.5 MPa.
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mean effective stress ranged from 0 to 90 MPa. For P-wave prop-
agating parallel to the bedding plane, variation in different paths is
noticeable. Velocity of path S11-R19 was the largest and ranged
from 6.3 to 6.4 km/s. P-wave velocity of path S6-R22 in the height of
Z ¼ 15 had the smallest value and ranged from 5.9 to 6 km/s over
the 0e90 MPa stress range.

For sample under a confining pressure of 10 MPa (Fig. 11), P-
wave velocities along the horizontal paths, which have an angle of
75� with respect to the bedding plane, increased from 5.5 to 5.6 km/
min as the mean effective stress changed from 0 to 70 MPa. For
paths parallel to the bedding plane, P-wave velocities increased
from 5.8 to 6.2 km/min over the same range. Two samples under
different confining pressures show some common results. One is
that P-wave velocities in parallel to the bedding direction are al-
ways larger than those normal to the bedding, indicating the shale
sample is characterized by velocity anisotropy. Another common
result is that both samples show significant heterogeneity. Varia-
tion of velocities parallel with the bedding was as large as 0.4 km/
min, greater than that of velocities, which was 0.1 km/min, normal
to the bedding. Therefore, our experimental results indicate that
heterogeneity in Sinian shale is also very important upon aniso-
tropic bedding structure even in core scales.

To quantitatively describe the anisotropy properties of rock
sample, Thomsen's anisotropy parameters (ε, g and d) extracted
from velocity measurements had been widely used (Dewhurst and
Siggins, 2006; Sarout and Gu�eguen, 2008; Zhubayev et al., 2015). In
a transversely isotropic elastic material, the P-wave velocity along
different directions can be written conveniently as

VPðqÞzVð90�Þ
�
1þ dsin2qcos2qþ εcos4q

�
(1)

Where, q is the angle between ray path and bedding plane, and thus
Vð90�Þ is the P-wave velocity propagating normal to bedding plane.
An approximation of P-wave velocity is the case of d ¼ ε.



Fig. 10. P-wave velocities of four horizontal ray paths against the bedding plane (a) and three ray paths paralleled to the bedding plane (b) at different heights plotted against the
mean effective stress during the linear elastic stage for sample under a confining pressure of 22.5 MPa.
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VPðqÞzVð90�Þ
�
1þ εcos2q

�
(2)

Thus, we can use the parameter ε to describe the degree of
anisotropy, which is given by

ε ¼ Vð0�Þ � Vð90�Þ
Vð90�Þ ¼ Vph � Vpv

Vpv
(3)

In our experiment, the angle between the horizontal path and
bedding plane is 75�, which is the largest angle among all ray paths.
The anisotropy parameter ε can be estimated by

ε ¼ Vð0�Þ � Vð75�Þ
Vð75�Þ � Vð0�Þcos275� (4)

Note that for sample under the confining pressure of 10 MPa,
velocity measurement had not been performed during the post-
failure stage. Only the result of sample under the confining pres-
sure of 22.5 MPa related to anisotropy is presented here. Fig. 12
shows the response of ε to changing mean effective stress for
sample under the confining pressure of 22.5 MPa. The anisotropy
parameters calculated in different heights were different. In the
height of Z ¼ �15, the value of εmaintained constant and scattered
around 0.1 as mean effective stress increased from 0 to 90 MPa and
increased to 0.15 at the post-failure stage. In the heights of Z ¼ 15
and Z ¼ �45, ε scattered around 0.05 during the loading stage and
increased to 0.12e0.14 in post-failure stage. Therefore, we can
conclude that the anisotropy of shale sample induced by elevated
stress prior to dynamic fracture is almost unchanged but increases
rapidly due to the formation of macroscale fracture. The difference
of ε in different heights can be ascribed to the heterogeneity of this
shale sample.

Owing to the arrangement of PZT sensors, some ray paths have
the same angle with respect to the bedding plane, which is, in turn,
helpful for examining the spatial heterogeneities of the shale
sample at core scales. Fig. 13 shows the velocities along different
paths as a function of angle at three typical times. There were
significant differences of P-wave velocities with the same angle to
the bedding plane, indicating spatial heterogeneity in the shale
sample. A relationship between velocity and angle could be fit by
the equation of (2). In agreement with the anisotropy parameters
for different heights, the estimated anisotropy parameters ε at W1,
W2, andW3 are 0.040, 0.044, and 0.086, respectively. However, the
values of the coefficient of determination (R2) are quite small
(approximately 0.32e0.38), also indicating that the spatial het-
erogeneity is significant. The largest differences of P-wave velocity
propagating along an angle of 54.8� with respect to bedding plane
in W1, W2 and W3 are 0.21, 0.23 and 0.69 km/s, respectively. The
difference in W3 is much bigger than those in W1 and W3.
Therefore, we can conclude that the finally formed macroscale
shear fracture has an important influence on the P-wave velocity,
and apparently enlarge the anisotropy.

Because the fracture plane and its damage zone are character-
ized as low-velocity zones, elastic waves of large incident angles
(the angle between the ray path and the normal of the bedding
plane) would be trappedwithin the fracture zone. This type of wave
trapping has been observed in sandstone samples (Xue and Lei,
2006). In this experiment, the incident angles of path S16-R1 are
larger than other paths, leading the elastic wave to be trapped in
the fracture zone. Therefore, the low-velocity response of path S16-



Fig. 11. P-wave velocities of four horizontal ray paths against the bedding plane (a) and four ray paths paralleled to the bedding plane (b) at different heights plotted against the
mean effective stress during the linear elastic stage for sample under a confining pressure of 10 MPa.

Fig. 12. P-wave velocity anisotropy ε with respect to mean effective stress at heights of Z ¼ 15, �15 and �45, respectively for sample under the confining pressure of 22.5 MPa.
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R1 are significant during the dynamic fracture stage.

3.3. The initiation and propagation of shear fracture

Figs. 14 and 15 show the key results of the two experiments
related to AE activity during the dynamic fracture stage. The AE
hypocenters occurred during the dynamic fracture stage were
projected onto a vertical cross section, perpendicular to the fracture
and bedding planes (Figs. 14 (d) and 15(d)). X-ray CT scan images
reconstructed along the same cross section on broken samples are
shown for comparison (Figs. 9 and 15 (e)). The fracture zones have
the lowest CT value and are colored red. For sample under the
confining pressure of 22.5 MPa, only a simple fracture plane was
observed.While for sample under the confining pressure of 10MPa,
there were several fracture planes with more complex geometry.
Most fracture planes coincided with the bedding plane of the
samples, indicating the fact that such bedding structure plays an
important role in the deformation and fracture behavior of shale
sample.

For sample under a confining pressure of 22.5 MPa, no signifi-
cant AE events occurred before the peak stress was reached (Fig. 14
(b) and (c)). The axial stress dropped very quickly from its peak
value (239 MPa) to approximately 100 MPa. Significant AE activity
initiated immediately preceding this major stress drop, and then



Fig. 13. P-wave velocity plotted against the angle between the ray path and bedding plane at times W1(a), W2(b), and W3(c) (shown in Fig. 4) for sample under the confining
pressure of 22.5 MPa.
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the AE rate peaked (P1 in Fig. 14 (b) and (c)). The hypocenters of
earlier AE events show that the events were concentrated in the
middle of the sample and along the bedding plane. At the same
time, a slight increase in the confining pressure, which resulted
from rapid dilatancy due to the release of compressional strain, was
also observed. The syringe pump used to keep the confining pres-
sure constant had a relatively slow response compared with the
dynamic fracture process.

Following the major stress drop, there was a period showing
slowly increasing axial stress with a relatively high AE rate (P2 in
Fig. 14 (b) and (c)). The fault encountering the hard end pieces on
both sides caused the occurrence of additional AE events associated
with aftershocks along the shear fracture zone, and over damages
at the ends of the sample (P2 and P3 in Fig. 14 (d)). Additional and
minor stress drops associated with further failures at the end were
also observed.

Fig. 15 shows the key results of the experiment under a
confining pressure of 10 MPa. Similar with the experiment under
22.5 MPa, the stress, strain, and AE data demonstrate very brittle
failure behavior. No significant AE events occurred before the peak
stress, and AE activity was initiated immediately preceding the first
stress drop and maintained a high rate during the failure process,
which contained several dynamic stress drops (Fig. 15 (b) and (c)).
Fig. 15(c) demonstrates that each stress drop was followed imme-
diately by a tiny increase in the confining pressure, which was
induced by the dilatancy of the sample. During the first stress drop,
AE events were concentrated along two minor fractures along two
bedding planes located in the upper and lower parts of the sample
(P1 in Fig. 15 (d)). In the following stage (P2), which is associated
with the formation of the main fracture plane, the AE rate was at a
high level. The main fracture demonstrated several bends or step-
overs, which linked shear zones along the bedding planes. In the
last period, several minor stress drops associated with additional
sub-fractures were observed (P3 in Fig. 15 (d)). Finally, a main fault



Fig. 14. Spatio-temporal distribution of AE hypocenters for sample under a confining pressure of 22.5 MPa. (a) Axial stress (Pa), confining pressure (Pc), axial (Sa), circumferential
(Sc), and volumetric (Sv) strains against elapsed time. (b) Close-up view of axial stress and confining pressure during dynamic fracture stage. (c) Close-up view of AE rate against
time during dynamic fracture stage. (d) Projections of AE hypocenters during stages P1, P2, and P3 marked in (b).
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and several sub-fractures formed in the sample. These faults were
basically governed by the bedding planes and were complicated by
bends, step-overs, and linkages between nearby fractures. Such
complicated geometries were observed in not only vertical but also
horizontal cross sections. As a result, the distribution of AE events
projected onto the vertical section shows that the events were
scattered in broad clouds.
4. Discussion

In general, application of elevated stress will lead to a change of
microstructure within rocks which in turn results in a change of
seismic wave velocity and the generation of micro-seismicity. In-
crease in velocity with increasing mean effective stress usually be
ascribed to porosity loss, grain contact stiffening and microcrack
closure (Benson et al., 2006; Dewhurst and Siggins, 2006; Lei et al.,
1992).

P-wave velocity of Sinian shale ranges from 5.5 to 6.4 km/s and
is much bigger than many other shale samples with different
composition and age, which show P-wave velocities in a range from
3.0 to 5 km/s under confining pressure up to 100MPa (Johnston and
Christensen, 1995; Kuila et al., 2011; Piane et al., 2011; Zhubayev
et al., 2015). In the same Sichuan basin, the Longmaxi shale of
younger age also shows a P-wave velocity in a range between 3.0
and 4 km/s (Chen et al., 2013). Furthermore, only a minor increase
(~2.5%) in velocities and a small number of AE events were
observed in response to the hydrostatic loading stage for sample
under the confining pressure of 22.5MPa (Fig. 4). The non-response
behaviors of P-velocity and AE activity to the elevated stress during
the subsequent axial stress loading stage indicate no significant
change of microstructure to the applied stress, suggesting a high
grain contact stiffness of Sinian shale sample.

The anisotropy of the Sinian shale is about 0.05. It is significant
smaller than the typical values of many other shale samples which
shows a range from 0.15 to 0.25 (Dewhurst and Siggins, 2006; Kuila
et al., 2011), and could reach to 0.5 (Sarout and Gu�eguen, 2008).

During the dynamic fracture stage, a decrease in velocity,
resulting into an increase in anisotropy (from 0.05 to 0.12e0.14),
and a rapid increase in AE activity were observed. Such dramatic
changes are resulted from the formation of the macro fracture
along the bedding plane (Fig. 4).

Previous studies have shown that the application of stress will
induce a change in anisotropy (Kuila et al., 2011; Piane et al., 2011).
Bedding-parallel loading tends to induce dilatancy of bedding-
parallel fissures therefore increasing elastic anisotropy, while
bedding-normal loading tends to close such bedding-parallel fis-
sures and reduce elastic anisotropy. In our experiment, the angle
between the maximum principal stress and bedding plane is 15�,
which is favorable for shear fracturing (Lei et al., 2013b). As Fig. 6
shows, the Sinian shale demonstrates a high elastic modulus



Fig. 15. Spatio-temporal distribution of AE hypocenters for sample under a confining pressure of 10 MPa. (a) Axial stress (Pa), confining pressure (Pc), axial (Sa), circumferential (Sc),
and volumetric (Sv) strains against elapsed time. (b) Close-up view of axial stress and confining pressure during dynamic fracture stage. (c) Close-up view of AE rate against time
during dynamic fracture stage. (d) Projections of AE hypocenters during stages P1, P2, and P3 marked in (b). (e) X-ray CT scan image for broken sample.
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(61.139 and 58.627 GPa for the confining pressure of 22.5 and
10 MPa, respectively), a small value of pre-failure volumetric strain
(0.26% and 0.18% for two tests), and very small amount of inelastic
deformation. The sample fractured with no significant dilatancy.
Thus it is reasonable that the anisotropy of the Sinian shale does not
change with elevated stress during the loading stage.

In summary, all experimental results conclusively show that the
Sinian shale is characterized by a high brittle behavior and grain
contact stiffness. Thus the Sinian shale has a very high initial ve-
locity which does not change with increasing differential stress.
5. Conclusion

The increasing demand for shale gas as an energy resource has
brought about the need for a thorough investigation of the Sinian
shale in the Sichuan Basin in China, which is believed to be one of
the largest shale gas basins. Controlled laboratory experiments on
Sinian shale samples were performed to investigate the response of
P-wave velocity to external pressure and the property of AE activity
during the deformation and damage stage.

The results are summarized as follows.

(1) For sample under the confining pressure of 22.5 MPa, as
mean effective stress increased from 0 to 22.5 MPa, all P-
wave velocities increased slightly by 50e150 m/s while
remained constant as mean effective stress subsequently
increased. A rapid decrease of velocities was observed during
the dynamic fracture stage. The shear fracture has an
important influence on the P-wave velocity. The fracture
trapping of elastic wave plays an important role in the frac-
ture process when incident angle is larger than 40�. For
sample under the confining pressure of 10 MPa, all P-wave
velocities kept almost unchanged to the applied stress.

(2) Microstructure features such as laminations, development of
microcracks are responsible for the response of velocity to
the elevated effective stress. At hydrostatic compression
stage, the increases of velocity and AE events are an indicator
of closure of pores with high aspect ratio and cracks. As the
mean effective stress further increases, the non-response of
velocity to elevated stress indicates no change on micro-
structure of Sinian shale sample. During the dynamic frac-
ture stage, a decrease observed in velocity and a rapid
increase in AE activity result from the formation of the shear
fracture along the bedding plane.

(3) The intrinsic anisotropy ε of the shale sample ranges from
0.05 to 0.1, indicating a weak anisotropy of the Sinian shale
sample. In addition, ε is insensitive to elevated stress prior to
dynamic fracture while increased rapidly to 0.15 after frac-
tured. Heterogeneity derived from P-wave velocity mea-
surements is significant and can be large as much as 12%
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when the angle is 54.8�. The effect of heterogeneity on wave
transmission is also important upon anisotropic bedding
structure even in core scales.

(4) The Sinian shale sample demonstrates brittle fracturing
behavior with high strength and elastic modulus. The
deformation and fracture process correlates strongly with
the bedding structure, as is confirmed by the spatiotemporal
distribution of AE events and X-ray CT scan image.
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