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a b s t r a c t

Shale gas is becoming an important energy source worldwide. The geomechanical properties of shale
rocks can have a major impact on the efficiency of shale gas exploration. This paper studied the
mineralogical and mechanical characteristics of a typical gas shale in Ohio, USA. Scanning electron mi-
croscope (SEM) with energy dispersive X-ray (EDX) analyses was employed to measure the micro-
structure and material composition of the shale rock. The anisotropic behaviors of shale rock, including
compressive and tensile strengths, were experimentally measured. The characteristics of shale rock were
also studied by nondestructive wave speed measurements. The shale demonstrated strong anisotropic
behaviors with the tensile strengths perpendicular to the bedding plane around 300e360 times of that
parallel to bedding plane. Results of ultrasonic tests indicated that both compression and shear wave
velocities show strong anisotropic patterns. The compression wave speed was the smallest in the di-
rection perpendicular to the bedding plane; while the shear wave speed was the smallest in the direction
parallel to the bedding plane. The ratio of wave speed anisotropy is around 1.3e1.4 for compression
wave; the ratio of shear wave speed anisotropy is larger and more diverse compared with the
compression wave anisotropy. This might be related to the larger variability in the frictional adhesive
strength along bedding plane than the compressive adhesive strength.
� 2015 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by

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

Shale gas has aroused significant interest worldwide due to its
potential as a major natural gas supply source. It is geographically
widely distributed with major capacities in USA (Peebles, 1980;
Donohue et al., 1981; Zielinski and McIver, 1982; Selley, 2012), UK
(Brooks et al., 2001; Swann and Munns, 2003; Selley, 2012), China
(Zou et al., 2010; Chen et al., 2011; Huang et al., 2012), and other
countries. Geomechanics study of shale gas is important for the
effective recovery of shale gas such as wellbore instability, opti-
mization of hydraulic fracture, etc. All of these require to under-
stand the mechanical properties of shale rocks surrounding the
wellbores (Ibanez and Kronenberg, 1993; Horsrud et al., 1998; Al-
Bazali et al., 2008).

A number of publications have focused on understanding the
physical, electrical, thermal and geochemical properties of shale
ock and Soil Mechanics, Chi-

ics, Chinese Academy of Sci-
hts reserved.
rocks. For example, Al-Harahsheha et al. (2009) studied the
dielectric properties of Jordanian shale and the effect of organic
content, temperature, and moisture content on its dielectric
constant. Other researchers (Jones and Wang, 1981; Holt et al.,
1991; Hornby et al., 1994; Liu et al., 1994; Johnston and
Christensen, 1995; Vernik and Landis, 1996; Hornby, 1998;
Sayers, 1999; Kuila et al., 2011) studied factors such as the
preferred orientation of clay minerals, presence of fluid filled
microcracks, stress state and stress history, and physicochemical
interactions with pore fluids on the rock behaviors. These factors
were believed to affect shale anisotropy. Sonibare et al. (2005)
studied the thermal breakdown of shale. Researchers such as
Low and Anderson (1958), Pashley and Israelachvili (1984)
investigated the swelling behaviors of shale. The results showed
that capillary suction, osmotic pressure and hydraulic pore
pressure imbalance were the possible causes of observed
swelling phenomena in shale rocks. However, limited experi-
mental data on shale are available due to the difficulty in pre-
serving shale rock sample caused by its fragile nature (Hornby,
1998; Kuila et al., 2011).

Understanding the anisotropic behaviors of shale rock has
important impacts on shale energy exploration, wellbore sta-
bility, interpretation of microseismic monitoring, etc. This paper
studied the anisotropic behaviors of shale rocks at both small
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Table 1
Chemical element constitution of the shale rock.

Element Weight (%) Weight error (%) Atom (%) Atom error (%)

O 30.15 �1.9 48.9 �3.08
Al 6.02 �0.32 5.79 �0.31
Si 31.62 �0.77 29.22 �0.71
K 4.03 �0.52 2.68 �0.35
Ca 1.81 �0.26 1.17 �0.17
Fe 26.37 �1.76 12.25 �0.82
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strain and large strain levels. A unique characteristic of shale
rock is its anisotropic behavior, which has important impacts on
the fracture pattern and consequently the efficiency in shale gas
exploration. Anisotropic compression and tensile strengths of
shale rocks were measured by uniaxial compression test as
well as direct and indirect tensile tests. Directional compression
wave velocities of shale were measured using ultrasonic
technology.
2. Mineral composition analysis

Samples used in this study are typical gas shale rocks in
Northeastern Ohio region. Scanning electron microscope (SEM)
with energy dispersive X-ray (EDX) analyses was employed to
measure its surface topography, microstructure and chemical
composition. Fig. 1 shows the SEM images of typical shale sample
at different magnification factors (�500, �1000, �2000,
and �5000). With increasing magnification, the crystal structure
can be clearly observed. The crystals tend to be in platy structure,
which might correspond to the direction of the bedding plane.
Element composition of the sample was analyzed with EDX
module and the results are presented in Table 1. This table in-
dicates that oxygen (O), silica (Si) and ferrum (Fe) are the primary
elements in this shale rock, accounting for nearly 90% of the gross
weight. Other elements, such as aluminum (Al), potassium (K)
and calcium (Ca), can be also observed but with low content. No
appreciable organic components were observed, possibly due to
the fact that the entrapped gas might have escaped during
storage.
Fig. 1. SEM images of shale specimen at different magnificatio
3. Experimental design for mechanical tests

3.1. Specimen preparation

Three types of specimens were prepared for different types of
destructive or nondestructive mechanical tests (Fig. 2). According
to ASTM D3967 and D4543, cylindrical specimens with height-
diameter ratio of 2:1 and 1:2 were prepared for direct and indi-
rect tensile tests, respectively. According to the standards, for
diameter of the cylindrical specimens of 5 cm, the height of spec-
imens for direct and indirect tensile tests needs to be at least 10 cm
and 2.5 cm, respectively. The anisotropic properties (specially the
extremely low interlaminar strength) of this type of shale make it
very difficult to prepare testing specimens with the exact length
required. Therefore, the height of prepared specimens for uniaxial
compression test and direct tensile test was within the range of
80e100 mm. Prismatic specimens were prepared for wave velocity
measurements (Fig. 2). The top and bottom surfaces of the speci-
mens were prepared as smooth and flat as possible so that both
n factors: (a) �500, (b) �1000, (c) �2000, and (d) �5000.



Fig. 2. Photos of representative specimens prepared for different types of mechanical
tests: (a) Uniaxial compression and direct tensile test; (b) Indirect tensile test; and (c)
Compression and shear wave velocity measurement.

Fig. 3. Setup of ultrasonic testing system.

Table 2
Summary of specimens for uniaxial compression tests.

Sample
No.

Diameter
(mm)

Height
(mm)

Failure strength
(MPa)

Ave. failure
strength (MPa)

Y-04 50.2 101.3 46.1 47.9
Y-05 50.3 100.8 54.4
Y-06 50.3 101 43.3
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ends were parallel to each other. Three duplicate specimens were
prepared for each type of test. The average density of the shale rock
was measured to be around 2.503 g/cm3.

3.2. Testing program

A series of laboratory mechanical tests were conducted on the
prepared shale rock specimens, including uniaxial compression
tests, direct tensile tests, and indirect tensile tests. The strengths
and stressestrain relationships were obtained from the experi-
mental data. A MTS testing system was employed for the testing.
The loading rate was set as 0.002 mm/s in both compression and
tensile tests. Superglue was applied on both ends of the specimen
during direct tensile tests.

The wave speeds in the specimens were measured by
nondestructive ultrasonic measurements. Both compression and
shear wave modes of ultrasonic transducers were used to mea-
sure the compression and shear wave velocities, respectively.
Wave velocities in the directions parallel and perpendicular to
bedding plane were measured to evaluate the anisotropic be-
haviors of the shale rock. Fig. 3 shows the setup of ultrasonic
measuring system, which includes a pulse transmitter, an ultra-
sonic transducer (with frequency of 0.5 MHz), and a PC
oscilloscope. Typically, there are three modes of operation in an
ultrasonic test system (Kundu, 2000), i.e. pulse echo, through-
transmission, and pitch catch. Through-transmission mode of
the ultrasonic system was used in this study, where two ultra-
sonic transducers served as transmitter and receiver, respectively.
The transmitter sends a wide-band acoustic signal into the
testing specimen from one surface, which propagates in the
testing material and is picked up by the receiver on the opposite
surface of the testing specimen. From these, the travel time of
the acoustic signal in the testing specimen is determined. The
wave velocity can then be calculated from the travel time and the
thickness of the specimen. For compression wave tests, the ul-
trasonic tests were conducted underwater to facilitate the
coupling of wave with the testing specimens. For shear wave
testing, a special couplant for the shear wave transducers was
used.

4. Experimental results and analysis

4.1. Uniaxial compression test

Uniaxial compression tests were performed on three groups of
specimens. Table 2 presents the summary of the specimens for
this type of tests. The stressestrain curves are shown in Fig. 4.
With the increment of compression strain, stress increases to a
peak and then decreases rapidly. The average peak strength is
47.9 MPa.

Fig. 5 shows the crack patterns at failure. As can be seen, the
crack patterns in anisotropic shale under compression loads are
more complex than those observed in a homogenous specimen. In
general, the initiation and propagation of cracks play a significant
role in the failure behaviors of the anisotropic shale samples. The
direction of cracks can be initialized along the circumferential or
perpendicular to the bedding plane. As stress increases, more
microcracks initiate and propagate in the specimens. When the
number of microcracks in the sample exceeds the threshold, the
microcracks start to connect with each other, and thewhole sample
would break into pieces. This corresponds to the collapse failure
point in stressestrain curves.



Fig. 4. Stressestrain relationships of shale in uniaxial compression test.

Table 3
Summary of specimens in direct tensile tests.

Sample
No.

Diameter
(mm)

Height
(mm)

Failure strength
(kPa)

Ave. tensile
strength (kPa)

L-01 50.1 80 39.4 25
L-02 50.1 80 27.3
L-03 49.8 95.6 8.4

Q. Gao et al. / Journal of Rock Mechanics and Geotechnical Engineering 7 (2015) 213e219216
4.2. Direct tensile test

Table 3 shows the results of direct tensile tests conducted on
three duplicate specimens. The results show large variability, which
is indicative of the inherent geological variability in the strength of
bedding planes. Fig. 6 shows the measured stressestrain curves. All
curves show brittle types of failure. The following failure mode was
observed during the testing process: with the increases in the axial
loading, a microcrack firstly occurred at a certain location in the
specimens, and then propagated along the circumference and from
the outer circumference to the center of the specimens until the
specimen was split into two parts (Fig. 7).

There were significant variations in the tensile strength, which
is possibly due to the intrinsic variability of rock specimens
resulting from the geological process or sample coring procedures.
The average tensile strength is 25 kPa, which is the average adhe-
sion strength along the bedding plane. The tensile strength is
significantly lower than the compression strength.

4.3. Indirect tensile test

Two groups of specimens (each with 4 duplication) were pre-
pared for indirect tensile tests. The first group (P-02, P-03, P-04, P-
05) was performed without loading beams at the top or bottom of
the specimens; whereas the second group (P-07, P-08, P-09, P-10)
was tested with the use of loading beams at both the top and
bottom of the specimens. The results are summarized in Table 4.
The measured indirect tensile strengths were 7.4 MPa and 9.1 MPa,
respectively (Table 4), around 300e360 times of the average tensile
strength perpendicular to the bedding plane.
Fig. 5. Typical failure mode of samples after uniaxial compression test.
Fig. 8 shows the measured loadedisplacement curves, in which
Fig. 8a is for testing without loading beams and Fig. 8b is for testing
with loading beams. The observed failure trends are similar to that
of direct tensile tests and compression tests, i.e. the specimens
showed brittle types of failures. Secondary peak appears in the
loadedisplacement curves for specimens without loading beams
(Fig. 8a) compared with those with loading beams (Fig. 8b). The
reason might be that without loading beams, it is difficult for
specimens to be in complete contact with loading platens due to
surface roughness of the specimens. This might lead to stress
concentration and local failure. For example, the secondary peak in
the stressestrain curve is likely caused by the unbroken part of the
sample. Specimens with loading beams ensure good contact to
avoid local failures. This mobilizes the strength of the specimen and
results in slightly higher average strengths.

The failure mode of anisotropic shale (due to the low inter-
laminar strength) under indirect tensile loading is different from
and much more complex than that of isotropic rocks (Erarslan and
Williams, 2012). Fig. 9 shows photos of representative types of
failure modes. Based on the Hooke’s law, compression stress s1
along the radius direction will lead to tensile stress in the direction
perpendicular to the loading direction, i.e. in directions of s2 and s3
shown in Fig. 9a. Both can lead to failures in respective directions.
Therefore, besides the typical failure pattern of split tensile tests
Fig. 6. Tensile stressestrain relationships of specimens for direct tensile test.

Fig. 7. Typical failure mode of specimens after direct tensile test.



Table 4
Summary of specimens for indirect tensile tests.

Sample
No.

Diameter
(mm)

Height
(mm)

Failure
load (kN)

Tensile strength
(MPa)

Ave. tensile
strength (MPa)

P-02 52.3 30.8 20.3 8 7.4
P-03 50 30.2 21 8.9
P-04 50.1 30.9 13.6 5.6
P-05 50.1 29.7 16.2 6.9

P-07 50.1 25.6 21.1 10.5 9.1
P-08 50 25.6 17.7 8.8
P-09 50.1 25.7 15.6 7.7
P-10 50.1 26.1 19.3 9.4

Fig. 9. Typical failure mode of specimens after indirect tensile tests.
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(Fig. 9b), split cracks and failure between layers are intertangled in
anisotropic shale (Fig. 9c, d and e). It was observed in the tests that
the crack or failure parallel to the bedding layers tends to slightly
reduce the measured indirect tensile strength. Therefore, it is very
difficult to accurately determine the indirect tensile strength of
anisotropic shale rock by indirect tensile tests without observing/
specifying the actual fracture patterns. The fracture mechanism of
anisotropic shale under complex stress conditions is a challenging
topic that deserves further investigations.

4.4. Ultrasonic wave velocity measurement

Four prismatic specimens were prepared for ultrasonic mea-
surements on the wave speeds of the shale rock. The two surfaces
perpendicular to the bedding plane were marked as 1-1 and 2-2,
whereas the surface parallel to the bedding plane was marked as 3-
3. Wave velocity from three pairs of surfaces was measured with
ultrasonic technology as described previously. Fig. 10 shows a
Fig. 8. Loadedisplacement curves of indirect tensile tests. (a) Without loading beams
and (b) with loading beams.
typical output waveform for compression wave. The red and blue
lines are the signals by the transmitter and receiver, respectively.
The travel time of the wave between the two opposite surfaces can
be determined from the signal arrival analyses.

Fig. 11 plots the measured travel time of compression wave as a
function of the travel distance (or the dimension of the specimen)
in each direction. From this figure, the average compressional wave
velocity in the shale rock along each direction can be easily calcu-
lated from the slope of the fitting line. Similar analyses were con-
ducted on the shear wave signals. Reverse polarity method was
used to identify the arrival shear waves. The results of compression
and shear wave velocities are summarized in Table 5.

The compression wave velocities in the direction parallel to the
bedding plane, i.e. 1-1 and 2-2 directions, are similar. They are
typically 1.3e1.4 times of that perpendicular to the bedding plane,
i.e. 3-3 direction. Themeasured shear wave velocity, however, is the
smallest in the 2-2 direction (one of the directions parallel to the
bedding plane). The ratios of wave speed in different directions are
larger and more diverse. That is possibly due to the relatively weak
bonding between bedding layers, history of geological formation,
etc. This leads to larger variability in the frictional adhesive
strength along bedding plane than the compressive adhesive
strength. The fundamental mechanism for the observed anisotropic
wave speed patterns needs to be further understood.
Fig. 10. Example of measured ultrasonic waveforms.



Table 5
Summary of shear and compression wave velocity measurements.

Sample No. Vp (km/s) Vs (km/s) Vp/Vp, min Vs/Vs, min

B-1-1 4.227 2.288 1.37 1
B-2-2 4.154 2.292 1.34 1
B-3-3 3.093 2.492 1 1.09
C-1-1 4.265 e 1.43 e

C-2-2 4.168 e 1.39 e

C-3-3 2.990 e 1 e

D-1-1 4.233 2.833 1.35 1.43
D-2-2 4.101 1.983 1.31 1
D-3-3 3.128 2.406 1 1.21
E-1-1 4.154 2.621 1.33 1.59
E-2-2 4.144 1.647 1.33 1
E-3-3 3.122 2.487 1 1.51

Note: Vp/Vp, min is the ratio of measured compression wave velocity to the smallest
compression wave velocity in three directions, and Vs/Vs, min is the ratio of measured
shear wave velocity to the smallest shear wave velocity in three directions.

Fig. 11. Measured travel time as a function of the travel distance (or the dimension of
the specimen) in each direction.
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5. Conclusions

This paper studied the experimental characterization of the
anisotropic behaviors of shale rock at both large strain and small
strain levels. The compression and tensile strengthsweremeasured
by uniaxial compression tests and direct/indirect tensile tests. From
these, the stressestrain behaviors and strength characteristics
along different directions were obtained. In general, the compres-
sion strength of shale is much higher than tensile strengths. The
failure patterns are more complex than those observed in a ho-
mogenous specimen. Besides, the tensile strengths of shale rocks
are different in the direction parallel to the bedding layers versus
those in the direction perpendicular to the bedding layers. From the
results of direct and indirect tensile tests, the tensile strength along
the bedding layer is around 300e360 times of that perpendicular to
the bedding layer. The phenomena observed from indirect tensile
test revealed that the tensile strength along the bedding plane
might be underestimated due to the influence of interlaminar
failure along the bedding plane. Results of ultrasonic testing indi-
cated that both compression and shear wave velocities show strong
anisotropic patterns. The compressionwave speed is the smallest in
the direction perpendicular to the bedding plane. The shear wave
speed, however, is the smallest in the direction parallel to the
bedding plane. The ratio of wave speed anisotropy is around 1.3e1.4
times for compression wave. The ratio of shear wave speed
anisotropy is larger and more diverse, which is indicative of the
larger variability in the frictional adhesive strength along bedding
plane than the compressive adhesive strength. The fundamental
mechanism of the observed anisotropic wave speed patterns and
the implications for the engineering practice need to be further
studied.
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