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Abstract: To investigate the deformation-failure process of Longmaxi shale under uniaxial
compression conditions from the mesoscopic and macroscopic points of view, novel X-ray
micro-Computed Tomography (micro-CT) equipment combined with unique loading apparatus
was used. Cylindrical shale samples (4 mm in diameter and 8 mm in height) were produced to
perform a series of uniaxial compression tests. CT scanning images at different time points during
the loading process were obtained to study the characteristics of the progressive failure. In addition,
stereograms were reconstructed and vertical slices were selected to explain the failure mechanism.
From the results of the testing the low-density area, local per-peak cracks, numerous post-peak cracks
and secondary cracks consecutively appeared in the CT images. Vertical and inclined fissures in the
samples could be observed from the stereograms’ surfaces and from internal slices. The cracking
indicates that the failure process of shale is progressive and the failure mechanism of shale under
uniaxial compression is mainly tension destruction or comprehensive tension-shear destruction.
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1. Introduction

Shale gas is one of the most promising unconventional natural gas resources, with huge reserves
located around the world [1]. It has been widely recognized that shale gas will play a large role in
meeting future worldwide energy demands and become a significant part of the energy policy mix of
many countries [2–4]. Owing to the geological characteristics of shale in gas reservoirs that generally
show low penetrability and remarkable brittleness, large-scale hydraulic fracturing treatments are
usually essential in the development of shale gas [5–7]. However, the efficiency of the fracturing
technology is mainly dependent on a clear understanding of rock mechanical properties. Thus, it is
necessary to know about the failure process and the fracture mechanism of shale, which contributes to
guiding the fracturing engineering.

Experimental methods are the most important ways to study the rock properties and rock failure
mechanisms [8]. So far, scholars have conducted a series of experiments to interpret the shale failure
process. Patricia et al. [9], Dewhurst et al. [10] and Yan et al. [11] investigated the ultrasonic velocity
response of shale under different stress conditions and evaluated the impact of stress anisotropy on
the dynamic elastic properties of the shale. Amann et al. [12] and Qiao et al. [13] utilized acoustic
emission (AE) measurements to study the clay shale under uniaxial compression tests and concluded
that quantified stress levels are associated with the crack propagation patterns. Niandou et al. [14] and
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Li et al. [15] carried out comparison tests of four different kinds of shale under triaxial compression and
observed splitting, shear and splitting-shear mixed failure modes under different confining pressures.
Jia et al. [16], Hou et al. [17] and Zhang et al. [18] investigated Longmaxi shale under uniaxial
compression and observed three failure modes associated with the bedding angles. Ma et al. [19] and
Zou et al. [20] used micro-CT and a scanning electron microscope (SEM) to analyze the results of
true triaxial fracturing experiments and explained the failure mechanism of shale by observing the
geometrical morphology and structure of the fracture.

Experimental methods for understanding the progressive process of rock failure can be classified
into three categories. The first category is an inverse problem from the physical properties of rocks,
such as the P-wave velocity and the AE events. However, this is an indirect method for explaining the
failure mechanism by analyzing the evolution of physical parameters. The second category is a surface
process to observe the geometrical morphology of cracks by means of optical instruments. However,
the internal failure mechanism only can be conjecture, owing to the surface cracking phenomena.
The third category is a scanning process with special equipment such as X-ray CT. While the fractured
rocks are observed using CT after failure occurred, the failure process and mechanism also depend
on the conjecture of failed samples. Because of these problems, it is necessary to use in-situ X-ray
tomography [21] to fully understand the mechanism of deformation. Although this method has been
applied in the experimental researches of some rocks [22–27], it has not been carried out to study
the progressive deformation-failure process of compact shale due to the limitation of X-ray scanning
energy and loading apparatus capacity.

A novel X-ray micro-CT combined with the special loading apparatus was used to conduct the
uniaxial compression tests of Longmaxi shale for the first time. The scanning experiments were carried
out under loading conditions and the development of internal cracks under uniaxial loading stress
could be directly observed, instead of being open to conjecture. The progressive failure characteristics
of shale specimens under uniaxial loading process were obtained. Those results make important
contributions to the understanding of shale failure mechanism, and guide fracturing engineering
towards discovering more unconventional energy sources.

2. Experimental Set-Ups and Methods

2.1. The Tested Materials

The shale samples for this experiment were obtained from the outcrop of Longmaxi formation
in Sichuan Basin, China. The values of quartz content and other brittle minerals (such as plagioclase,
potassium feldspar, calcite, dolomite and pyrite) within Longmaxi shale was 55.5% and 72.94%,
respectively [28]. Cylindrical samples were cored from the same block of shale to analyze the
mechanical response. In order to keep the shale sample from weathering, it was sealed by plastic
film and wax. There were no obvious cracks in the shale block with horizontal bedding. The relation
between the drilling direction and the bedding is shown in Figure 1. Five experimental specimens
with a diameter of 4 mm and a height of 8 mm were made using a hand-operated electric drill with
a diamond coring bit. The top and the bottom of those specimens were then smoothed to achieve
parallel surfaces for testing using a cutting-grinding machine, which had a precision of 60 µm. Table 1
shows the basic physical and mechanical parameters of Longmaxi shale.
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Figure 1. Directional coring diagram of specimen and the final specimens. Figure 1. Directional coring diagram of specimen and the final specimens.

Table 1. Basic physical and mechanical parameters of the made shale samples.

Sample
Number

Mass
(g)

Height
(mm)

Diameter
(mm)

Height/Diameter
Ratio

Density
(g/cm3)

Uniaxial Compression
Strength (MPa)

Elasticity
Modulus (GPa)

Sample 1 0.26 8.347 4.007 2.08 2.470 93.102 10.38
Sample 2 0.24 8.030 4.050 1.98 2.320 75.301 4.19
Sample 3 0.24 8.001 4.023 1.99 2.360 83.226 5.74
Sample 4 0.25 7.935 4.017 1.98 2.486 100.104 6.62
Sample 5 0.26 8.584 4.022 2.13 2.384 standby sample

2.2. Experimental Equipment

The experiments in this study were carried out on the uniaxial loading device integrated with
the X-ray micro-CT in the Institute of Geology and Geophysics, Chinese Academy of Science, Beijing,
China. The X-ray micro-CT device used here comprises three main parts: X-ray source, the rotated table
and the detector (Figure 2). The energy of the X-ray source can range from 30 to 160 kV, from which
high resolution CT images can be obtained. The rotary table was designed to record the radiographies
of a specimen at different angular positions as it rotates and reconstructs the external and internal
geometries of the specimen. The detector used a two-stage magnification principle to achieve higher
resolution (unique spatial resolution of <50 nm), this process is different from the conventional X-ray
CT. Figure 3 shows the schematic diagrams of the difference between them. In this study, cone beam
X-ray was used for scanning, and its energy reached 90 kV in voltage and 88.9 µA in current. The voxel
size is 11.27 × 11.27 × 8 µm3 by combining the high energy of X-ray with the unique detector, which
is sufficient to observe the internal cracks during the failure process of shale.
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Figure 3. Schematic diagrams of the difference between the conventional X-ray CT and the X-ray
micro-CT: (a) the conventional X-ray CT; (b) the X-ray micro-CT in this test. (Dss means the distance
between the X-ray source and the scanning sample, Dds means the distance between the detector and
the scanning sample.)

The loading device was specifically designed for a CT scanner with a rigid frame, which is
generally similar to the conventional testing system except for its much smaller size and a confining
cell that is transparent to the X-ray. This loading system has a maximum loading capacity of 5 kN
(equivalent to a stress of 398 MPa for a sample of 4 mm diameter). The constant displacement rate can
be adjusted in the range of 0.03–3 mm/min. This loading apparatus was placed on the rotary table
of the X-ray micro-CT for scanning during the uniaxial loading process. In this study, the loading
was performed under a minimal constant displacement rate of 0.03 mm/min in order to get more
information during the loading process. This loading rate corresponds to a nominal axial strain rate of
6.25 × 10−5 s−1 for a specimen of 8 mm height.

2.3. Experimental Procedures

Four uniaxial compression tests were conducted by X-ray micro-CT equipment. Coupling agents
were used on both ends of the cylindrical samples to reduce the end friction effect. The displacement
rate remained the same during the loading process but temporary pauses were required for CT
scanning, in order to obtain the progressive failure characteristics of the shale, and to determine the
right moment (when loading was stopped to conduct the CT scanning) for CT scanning during the
whole process of deformation and failure. Uniaxial compression tests on samples 1 and 2 were firstly
conducted to obtain the complete stress-strain relationship on the conventional uniaxial tests without
CT scanning. Each test takes about seven minutes. Then the right moments for CT scanning during
the loading process were determined based on those complete stress-strain relationships of samples 1
and 2. Then the uniaxial compression tests on samples 3 and 4 were conducted with some temporary
pauses at the right moments for CT scanning during the loading process.
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In order to get the progressive development of the cracking process at different levels of axial
stress, samples 3 and 4 were both scanned at seven different steps, which is numbered from step 1
to step 7. Because each scanning step takes about 40 minutes, such a test with seven scanning steps
takes 3–4 hours. These different steps include an intact status at step 1 before the loading, five steps at
different axial stress during the loading process and a failed status at step 7 after the loading. As shown
in Table 2, the values of scanning stress and their ratios of the UCS (Uniaxial Compression Strength) for
CT scanning are listed. Samples 3 and 4 were both scanned at four pre-peak steps and three post-peak
steps during the testing (Figures 4a and 5a). The numbers marked on the stress-strain relationships
are the step numbers of the temporary pauses for CT scanning. It is worth noting that the specimen
was scanned while the strain held constant, which unavoidably causes some amount of axial stress
relaxation during scanning. However, this relaxation is relatively small in the view of the complete
stress-strain relationship of samples 3 and 4 (Figures 4a and 5a) and can be ignored [29]. Additionally,
in order to get the progressive failure characteristics of shale, the pauses during the loading process
were necessary and the relaxation was unavoidable.

Table 2. Scanning stress and the ratios of UCS under in-situ tests.

Scanning Steps 1 2 3 4 5 6 7

Sample 3 Scanning stress
0

19.68 59.59 80.61 10.22 10.22
0Ratios of UCS 23.64% 71.6% 96.85% 12.28% 12.28%

Sample 4 Scanning stress
0

18.26 49.63 70.28 97.42 15.5
0Ratios of UCS 18.23% 49.55% 70.16% 97.26% 15.48%

3. Selected Results

3.1. The Meso-Damage Cracks and the Macro Deformation

Since X-ray micro-CT uses cone beam for scanning, 1000 horizontal 2-D images can be collected
by the detector at each right time for CT scanning. Figures 4 and 5 show the experimental results of
samples 3 and 4, respectively. Firstly, the complete stress-strain relationship and some corresponding
X-ray tomography images were shown. Those images were from the same elevation (6 mm from the
bottom of the original specimen) in different scanning steps. Secondly, the evolution of partial CT
images at different elevations (6.0 mm, 5.8 mm, 5.6 mm, 4.8 mm, 4.0 mm and 3.2 mm from the bottom,
respectively) throughout the test were selected.

As shown in Figures 4 and 5, the failure process of shale can be divided into six stages according
to the change of the CT images and the stress-strain relationships during the uniaxial compression tests.
The meso-damage evolution of cracks and the macro characteristics of deformation in each scanning
stage are described as follows:

1. Initial compression stage, OA: Some low-density regions, as shown in the tomography sections
at scanning step 1 of sample 3, disappear at step 2. This change is obvious at elevations
between 5.8 mm and 6.0 mm. It indicates that the original small pores and defects in the
shale specimen were compacted. Concave-shape stress-strain relationships were caused by this
irrecoverable deformation.

2. Linear elastic deformation stage, AB: Once the shale was compacted and low-density regions
disappeared, linear elastic deformation takes place. Those CT images from scanning step 2 to
step 3 do not show any major change. There are not any new cracks generated. The stress-strain
curves exhibit a linear elastic relationship and occupy the main parts of the pre-peak curves.

3. Crack initiation and growth stage, BC: There are some small cracks (widths of 50 µm in sample 3
and 30 µm in sample 4) appearing at the edge of the CT images at scanning step 4. Cracks occur
in the upper portion of the samples and disappear at elevations between 5.6 mm and 4.8 mm.
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The initiation and growth of cracks causes convex-shape curves after the stress exceeded the
elastic limit.

4. Strain-softening stage, CD: A large number of cracks arise in all CT scanning results at scanning
step 5. Some cracks penetrate throughout the samples to form the splitting or shearing
fracture. This phenomenon is generated by macro failure and causes negative slope steep
curves. The strain-softening stage is the most unstable stage during the loading process.

5. Residual deformation stage, DE: The number of cracks has no distinct change and the morphology
of cracks remains almost the same from scanning step 5 to step 6. The stress-strain curves tend to
be horizontal and the value of the residual stress in our tests is 5–10 MPa.

6. Unloading stage, EF: Some secondary cracks are produced, but the phenomena of cracks closure
still exist from scanning step 6 to step 7. Those changes are complex and indicate that unloading
of the axial stress has a dual effect. The springback of the stress-strain curves shows that restorable
elastic deformation still exists, although the rock specimens have been destroyed.
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3.2. Three Dimensional (3-D) Reconstruction and Failure Mechanism

The horizontal X-ray CT images reflect the density variation of cross sections, which lose the
information of the vertical cracks. Software named VG Studio MAX 2.1 was used to reconstruct
stereograms, from which the surface characteristics of the vertical cracks can be revealed. Some virtual
slices can then be obtained from those stereograms in order to analyze the situation of the internal
cracking. Five hundred CT images in the middle of samples (corresponding to height of 2–6 mm) at each
scanning step were chosen for reconstruction. A cylindrical stereogram of approximately 4 × 4 mm
was obtained for each step. Here only the results of the failed samples were shown. Figure 6 shows
the 3-D reconstruction and some slices of sample 3, Figure 7 shows the results of 3-D reconstruction
and some slices of sample 4. Those slices were selected using an aligned clipping box (the name of
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an operational tool in VG Studio), from which the internal slices at the specified coordinates in the
reconstructed stereograms can be obtained. There are three slices in each direction.

The characteristics of the surface cracks at different view directions in sample 3 are shown in
Figure 6a. The phenomenon of spalling at the left edge is most obvious from the front view, the surface
damage is serious at the right view and the left view, and cracks are much complex at the top by
comparing the top view and the bottom view. As shown in Figure 6b, the internal cracks at different
slices can be analyzed. There are many inclined and short vertical cracks occurring in the top quarter
of the sample where the shale is seriously destructed. A main slightly tilted crack occurs in the bottom
three quarters of the sample. There is also a short inclined crack at the bottom edge.
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Figure 7. Results of the 3-D reconstruction of sample 4 after failure: (a) the stereograms at different
directions of view; (b) virtual slices and their locations at the stereogram.

The characteristics of surface cracks at different view directions of sample 4 were shown in
Figure 7a. There is an obvious “Y”-shaped crack in the front view, and small spalling at the top edge
can also be observed. A vertical crack exists from the left view and a slightly tilted crack exists from
the back view. As shown in Figure 7b, the internal cracks can be analyzed. There are four main cracks
in sample 4. One of them is a single inclined crack at the left part, which has a 15◦ angle to the vertical
direction. While the other three have spatial syntagmatic relations, two inclined cracks in opposing
directions occur at the top, then they slowly close into each other. The two inclined cracks finally
intersect into an oblique line. Lastly, a vertical crack along the intersected line to the bottom of the
sample forms the “Y” pattern of failure [30].
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Combining the characteristics of cracks in the stereograms’ surfaces with the internal slices, the
failure mechanism of shale can be analyzed. Vertical and the inclined cracks both occurred in two
samples. These cracks constitute quite complex crack networks, especially at the upper edge of the
samples. However, the spatial relations of those cracks show some differences between samples
3 and 4. On the one hand, there is a main slightly tilted crack in sample 3, however there is the
“Y” failure pattern in sample 4. According to the previous research results, when the fractured
plane is perpendicular to the bedding plane, it is easy to produce tensile cracks; however when the
fractured plane has an angle of about 45◦ with the bedding plane, tensile and shear cracks often occur
concomitantly [31]. Thus, a main slightly tilted crack in sample 3 indicates that tension destruction
caused by the axial splitting is the main mechanism. The “Y” failure pattern in sample 4 indicates that
the failure mechanism is tension-shear composite destruction. On the other hand, the shape change of
the pyrite inclusions band is powerful evidence for the mechanism of sample 4. As shown in Figure 8,
the original pyrite inclusions band was horizontal, but this band was staggered by two inclined cracks
after the test. The displacement of this stagger is approximately 0.2 mm and confirms the existence
of shear rupture in sample 4. There may also be shear rupture in sample 3 but evidence is lacking.
Thus, the mechanism of sample 3 is mainly tension destruction while in sample 4 it is comprehensive
tension-shear destruction.
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4. Discussion

The characteristics of the stress-strain relationship are the important basis for analyzing the rock
deformation-failure system [32]. Since the 1970s, Brady et al. [33], Jaeger and Cook [34] and Brace and
Kohlstedt [35] have discussed the full process of rock damage behavior. Ge et al. [36] summarized that
the shape of curves is related to the changing of physical parameters. Pan et al. [37] and Luo et al. [38]
researched that the stress-strain relationship corresponds with AE events. However, that research
cannot reflect the real propagation of the internal cracks by the measurement of indirect physical
quantities. The results of X-ray micro-CT in this study intuitively reflect the evolution process of cracks.
Some low-density regions in the CT images exist and disappear, some small cracks appear at the upper
edge of the CT images at the pre-peak scanning steps and some secondary cracks are produced in
the CT images after unloading. Those phenomena verify the correctness of the pre-peak stages and
enrich the post-peak failure characteristic of shale. The evolution process of cracks corresponds with
stress-strain curves.

The testing results of samples 3 and 4 share a similar shape of the stress-strain relationship.
The progressive failure process can be divided into six stages according to the stress-strain relationship
and cracking development, but the values of peak strength and elastic modulus of sample 4 are greater
than sample 3, in comparison to the testing results from the mesoscopic point of view by analyzing
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the CT scanning images (Figures 4b and 5b). Some light-colored minerals are scattered in the scanned
samples (samples 3 and 4). Small cracks occurred at the upper edge of the specimens before peak and
many more cracks occurred after failure, as shown in the CT images of the both scanned samples.
However, the distributions of the initial defects are different: there is a pyrite inclusions band in sample
4 whereas low-density regions are present in sample 3. The differences in initial defects can influence
the characteristics of initial cracks. Two initial cracks occurred at the upper edge in sample 4 while
only one initial crack occurred in sample 3. Thus, the differences of the initial cracking really influence
the failure patterns of the two shale samples. The finial cracks in the CT images of sample 3 are more
complex on the upper side. By contrast, the cracks are simpler at the bottom when compared with
sample 4, because there is a crack at the bottom of sample 3, as opposed to two slightly wider cracks
in sample 4. The spatial relations of cracks are different, although there are the vertical and inclined
cracks occurring in both samples. There is a main slightly tilted crack in sample 3, while the “Y” failure
pattern in sample 4 corresponds to the morphology of cracks in the stereograms’ surfaces and the
internal slices. The meso-characteristics of the two samples mark the differences in the form of the
crack initiation, which directly leads to the differences in the form of the final crack networks and the
macroscopic mechanical behavior. The failure mechanisms of the two samples are different in nature.
They are mainly single tension destruction and comprehensive tension-shear destruction, respectively.

5. Conclusions

A new test system with high resolution and loading capacity was used to conduct indoor real-time
tests. Compact and high-strength Longmaxi shale was first studied under in-situ uniaxial compression.
High-resolution CT images at different scanning steps were obtained to analyze the shale progressive
failure. Then stereograms were constructed and some slices were selected to observe the internal
cracks and explain the failure mechanism of the shale. The main conclusions obtained in this study are
as follows:

1. Through the analysis of stress-strain relationship and consecutive CT images obtained during
the loading process, the deformation and failure process of shale can be divided into six stages.
They are initial compression stage, linear elastic deformation stage, crack initiation and growth
stage, strain-softening stage, residual deformation stage and unloading stage.

2. Compaction of the low-density area and the appearance of small cracks could be observed through
the CT images before peak stress during the loading, as well as the emergence of numerous
cracks after failure and the dual effect of unloading were discovered. These phenomena can
not only verify the pre-peak evolution process of cracks, but also enrich the post-peak failure
characteristics of shale.

3. The different initial meso-characteristics of the shale samples really can make the differences for
the crack initiation, which directly leads to the differences between the macroscopic mechanical
behavior and the final crack networks. A main slightly tilted crack and a “Y” failure pattern crack
were respectively observed in shale samples. The failure mechanisms were judged by the failure
pattern of cracks and the staggering of the pyrite inclusions band. It is concluded that the failure
mechanisms of shale can be different in nature. They include mainly tension destruction and
comprehensive tension-shear destruction.

4. This real-time CT scan of shale samples under uniaxial loading conditions reveals the
characteristics of the internal cracks and the gradual evolution of the cracking during the loading
process. The progressive failure process can be used for correctly understanding the progressive
failure and mechanism of shale. Then it can make a meaningful contribution to fracturing
engineering and discover more unconventional energy sources.
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