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Abstract: An experimental study was performed to investigate the effect of subcritical carbon dioxide
(CO2) adsorption on mechanical properties of shales with different coring directions. Uniaxial
compressive strength (UCS) tests were conducted on shale samples with different CO2 adsorption
time at a pressure of 7 MPa and a temperature of 40 ˝C. The crack propagation and the failure
mechanism of shale samples were recorded by using acoustic emission (AE) sensors together with
ARAMIS technology. According to the results, samples with parallel and normal bedding angles
present reductions of 26.7% and 3.0% in UCS, 30.7% and 36.7% in Young’s modulus after 10 days’
adsorption of CO2, and 30.3% and 18.4% in UCS, 13.8% and 22.6% in Young’s modulus after 20 days’
adsorption of CO2. Samples with a normal bedding angle presented higher brittleness index than
that with a parallel bedding angle. The strain distributions show that longer CO2 adsorption will
cause higher axial strains and lateral strains. The AE results show that samples with a parallel angle
have higher AE energy release than the samples with a normal angle. Finally, samples with longer
CO2 adsorption times present higher cumulative AE energy release.

Keywords: shale; subcritical carbon dioxide; mechanical properties; coring direction; Chinese shale;
unconventional gas

1. Introduction

With the spread of fracking techniques, shale gas production has increased rapidly in the past ten
years. The greater consumption of natural gas could decrease the amount of coal used in fossil-fuel
power plants, which is one of the main sources of greenhouse gas emissions. For example, based on
the transition from coal to gas-fired electricity generation, the USA has reduced 15% of its total carbon
dioxide emission from 2417 million metric tons in 2005 to 2053 million metric tons in 2013 [1]. However,
the high demand for water for shale gas exploration is one of the biggest challenges for countries like
China where the majority of shale reservoirs are located in arid areas. Carbon dioxide (CO2), which is
one of the main components in greenhouse gases, has shown better drilling and fracturing ability than
water and can be used for shale gas exploitation [2–9].

As characterized by the heterogeneity in composition and structure at all scales, shales are rocks
with complex properties. Many studies have been conducted to analyse the mechanical properties
of shale [10–13] and its adsorption/desorption abilities [14,15]. Gas adsorption/de-sorption which
will cause swelling/shrinkage of the organic matters in coal has been well documented in many
studies [16–21]. However, the structure of shale is significantly different from the coal. Shale is a
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kind of fine-grained, clay-rich sedimentary rock, while coal is a porous mixture of inorganic minerals
and organic material in a complex, three-dimensional network [22]. Due to the relatively lower total
organic carbon (TOC) (usually less than 10% in shale compared with about 50%–60% in coal) and the
constraints from the framework rocks, the strain from the shrinkage/swelling of the organic matter
due to gas desorption/adsorption is expected to be much lower in the shale formations as observed by
the geo-mechanical communities [23–26].

Although shale has small swelling/shrinkage after gas adsorption/desorption, it will generate
large variations in compressive strength. Choi and Song [27] stated that the adsorption of CO2

and water in shales leaded to significant decrease of compressive strength. Therefore, it is of great
importance to investigate the effect of CO2 adsorption on mechanical behaviours of shale.

The relationship between shale strength and the chemical potential of an adsorbate can be
expressed by Gibbs [28] (Equation (1)) and Griffith [29] (Equation (2)) theories, which has been used to
analyse coal mass strength after adsorption [19].
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ÿ
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σ “

c

2γE
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where γ is the surface energy per unit crack length, Γi and dµi are the surface concentration and change
in the chemical potential of the ith adsorbate component, respectively, σ is the tensile stress at an
existing crack tip required to form a new crack surface, E is the Young’s modulus of the material and l
is the crack half length.

According to Equation (1), surface energy will decrease due to the increase of the adsorbate’s
chemical potential or replacement with a more reactive adsorbate with great chemical potential.
Griffith’s equation (Equation (1)) states that tensile stress will decrease with lower surface energy.
Thus, modifications that will decrease the surface energy in adsorbate–adsorbent system will weaken
the material’s strength. The experimental results from Rebinder [30] and Likhtman et al. [31]
collectively indicated that the CO2 adsorption induced a weakening effect in material summarized by
Equations (1) and (2).

When CO2 is injected into shale reservoirs, it moves along the shale fracture systems and adsorbs
onto the cores, replacing naturally existing CH4, as CO2 has a greater chemical potential. Since
CO2 is more reactive than CH4, this process causes the overall strength of the shale to be reduced.
A number of studies have explored the influence of CO2 adsorption on coal. Aziz and Li [32] observed
an increase in CO2 adsorption-induced strength reduction of coal with increasing CO2 pressure.
Brochard et al. [33,34] theoretically and numerically investigated the swell of microporous medium like
coal after CO2 adsorption at a molecular level. The results showed that the adsorption of CO2 caused
coal samples’ volumetrical strains to increase and cleat system to close. Viete and Ranjith [35] conducted
uniaxial tests to examine the effect of CO2 saturation on coal strength. With a gas saturation pressure
of 1Mpa for 3 days, the testing results showed that the reduction of uniaxial compressive strength
(UCS) and Young’s modulus of the coal were around 13% and 26%, respectively. Perera, Ranjith [19]
investigated the effects of subcritical and supercritical CO2 (SC-CO2) saturation on the mechanical
properties of bituminous coal. According to the results, super-critical CO2 adsorption caused higher
reduction of Young’s modulus and lower UCS compared to gaseous CO2 adsorption. Meanwhile,
much research of water or salinities adsorption-induced strength reduction on shale has been done
by scholars. Chenevert [36] tested montmorillonitic, illitic and chloritic shales reacted with fresh
water. The adsorption results showed a significant compressive strength reduction. Hale et al. [37]
demonstrated that compressive strength and mechanical properties of shale decreased upon water
adsorption. Wong [38] conducted a series of experiments on La Biche shale samples with different
salinities. The test results indicate that the Young’s modulus decreases with increasing swelling.
Ghorbani et al. [39] demonstrated desiccation-driven hardening of clay-rock samples could increase
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the dynamic shear modulus when the degree of water saturation decreases in the range 0%–50%.
Choi and Song [27] investigated the influence of SC-CO2, water and brine on the swelling of shale. The
experimental results suggested that SC-CO2 has a greater effect on the swelling of the shale than pure
water and brine. However, little consideration has been given to the influence of CO2 adsorption on
shale strength. Meanwhile, shale strength is also influenced by the bedding angles. When the loading
direction changes from parallel to normal to the bedding plane inclination, the shale strength will
increase dramatically [40–42]. Therefore, the bedding angles for shale should also be considered while
studying its mechanical properties.

In this study, we extend these previous works and investigate how subcritical CO2 saturation
affects the mechanical properties of shale with coring angles parallel and normal to the beddings. The
study involves an experimental program of UCS testing on shale samples saturated with subcritical
CO2 at different durations. An acoustic emission (AE) system and ARAMIS technology are applied
during the experiments.

2. Experimental Methodology

2.1. Sample Preparation

Shale samples used for the study were obtained from Sichuan basin, China. Figure 1 shows the
paleogeographic and geological map of the location of the samples. This kind of Longmaxi shale
has a moderate clay fraction of 40%. The initial water content and TOC content are 15% and 3.35%,
respectively. The vitrinite reflection (Ro) is 2.1%. As a kind of outcrop shale, the samples have high
moisture content. Referred to the ASTM standards, the specimens were cored with a diameter of
38 mm and a length of 78 mm. The top and bottom of the cored samples were ground to achieve
smooth parallel surfaces for testing using a face grinder. These completed samples were double-sealed
in polyethylene bags and stored in a fog room in Monash University.
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2.2. Experimental Procedure

Before applying strength tests, samples were placed in a pressure cell which was filled with CO2.
For the saturation process, the pressure cell with a newly developed high-pressure triaxial device was
used, the details of which can be seen in [43]. With an advanced temperature control system, this
device could offer a precise temperature of 40 ˝C.

While performing the saturation, samples were placed inside the pressure cell and then gas was
injected into the cell until the target saturation pressure was achieved. CO2 adsorption of shale samples
was conducted using a pressure of 7 MPa and adsorbing time of 10 days and 20 days. In addition,
control tests were carried out on unsaturated shale samples with temperatures of 40 ˝C and 22 ˝C
(room temperature). After the saturation period, the pressure cell was slowly depressurized to avoid
any sudden change in pressure, which could damage the physical structure of the shale samples.

Then, UCS testing was carried out on the saturated samples. Axial load was applied at a constant
strain rate of 0.24 mm/min until sample failure. Axial load and axial displacement were measured
using a load cell. Axial and lateral strain were obtained by ARAMIS digital cameras. During the tests,
an advanced acoustic emission (AE) system was used to detect energy release corresponding with the
processes of fracture initiation, propagation and damage. The details of uniaxial compression machine,
AE system and ARAMIS photogrammetry equipment are shown in [40].

3. Results and Discussion

Sixteen samples were tested; eight of them were compressed with a parallel direction to the
beddings (group 1) and the others were tested with a normal direction (group 2). The axial stress and
strain and AE response were recorded during the process. For each group, four unsaturated shale
samples (two were heated by a temperature of 40 ˝C and the other were tested with a room temperature
of 22 ˝C) were tested to compare with specimens with different sorption time. The experimental results
will be discussed under three categories: (1) stress-strain characteristic; (2) acoustic emission response
and (3) failure pattern.

3.1. Mechanical Characteristics

Table 1 lists the UCS and Young’s modulus values obtained from the tests. The variations in
the two parameters are presented in Figure 2. The Young’s modulus was calculated by choosing the
average value among the half peak axial strength point on the stress-strain curves. As we can see from
Table 1, the differences in values for mechanical properties between samples in each group (with same
saturating condition) are minor. Thus, the tested samples are assumed to be uniform and close to their
initial, intact condition. The average values of each group are considered in the following discussion
as these results are suitable to represent the properties of samples under certain conditions.
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Table 1. The values of uniaxial compressive strength (UCS) and Young’s modulus (E) obtained from all
the tested samples.

Direction
Temperature Sorption

Time UCS Average
UCS ∆UCS E Average E ∆E

(˝C) (Day) (MPa) (MPa) % (GPa) (GPa) %

parallel

40 0
92.2 93.0 - 12.8 12.7 -
93.7 (0.75) 12.6 (0.10)

22 0
71.7 73.2

21.3%
9.0 9.4

26.0%74.6 (1.45) 9.8 (0.40)

40 10
67.5 68.2

26.7%
9.0 8.8

30.7%68.8 (0.65) 8.6 (0.20)

40 20
65.3 64.8

30.3%
10.7 11.0

13.8%64.2 (0.50) 11.2 (0.26)

normal

40 0
225.9 226.8 - 13.9 14.2 -
227.6 (0.85) 14.4 (0.26)

22 0
191.3 192.8

15.0%
12.2 11.9

15.9%194.2 (1.46) 11.6 (0.30)

40 10
220.8 219.9

3.0%
8.6 9.0

36.7%218.9 (0.95) 9.3 (0.40)

40 20
186.3 185.0

18.4%
11.2 11.0

22.6%183.7 (1.30) 10.7 (0.26)

According to Table 1 and Figure 2a, the UCS values of samples with a normal loading direction to
beddings are much higher than that with a parallel direction. This is in accordance with the previous
studies [40,41]. For the group with a parallel direction, when samples were heated in the oven with a
temperature of 40 ˝C for 24 h, the UCS value increases from 73.2 MPa to 93.0 MPa. The reason for this
strength enhancement is mainly because of the decrease of water content in shale samples after heating.
Water content of shale is one of the main factors that will influence shale’s swelling potential and
strength [44,45]. After 10 days’ CO2 adsorption within a temperature of 40 ˝C, the UCS value presents
a reduction of 26.7% from 93.0 MPa to 68.2 MPa. While extending the adsorption time to 20 days, the
UCS value continues to decrease and reaches 64.8 MPa. The decrease of water content after heating
also causes the reduction of UCS value for samples compressed normal to the beddings. The values
before and after heating are 192.8 MPa and 226.8 MPa, respectively. While adsorbing CO2 for 10 and
20 days, the strength decreases to 219.9 MPa and 185.0 MPa, respectively. According to Middleton and
Carey [9], shale gas exists in natural fractures, porous matrix and kerogen. Methane, which is a major
component of shale gas, has only 1/3 to 1/2 adsorptive capacity when compare to carbon dioxide [14].
The adsorption of carbon dioxide will cause shale swelling [46], and then the strength decreases. From
Figure 2a, we can also see that, for samples tested parallel to the beddings, the uniaxial compressive
strength decreases dramatically in the first 10 days, then the curve turns gentle in the second 10 days.
However, for samples loading at a perpendicular angle, the large variation in strength happens at the
second 10 days. This is because shale samples have a high level of permeability. Carbon dioxide first
adsorbed by macro and micro fractures and porous matrix and it will take a long time for kerogen to
capture CO2. In the first 10 days, CO2 is mainly adsorbed by fractures and matrix; the adsorption by
kerogen mostly happens in the second 10 days. For samples with a parallel bedding angle, more axial
splitting fractures appear when failures occur. While for samples with a normal bedding angle, the
brittle break patterns are complex, seldom axial artificial fractures occur. Therefore, in the first 10 days,
the swelling caused by the natural fractures and matrix has higher influence on the strength of shale
samples with a parallel bedding angle.

The adsorption of subcritical carbon dioxide also creates a variation of Young’s modulus of shale
samples, as shown in Table 1 and Figure 2b. According to Table 1 and Figure 2b, after 24 h’ heating,
both the samples with parallel and normal angles present increasing trends on Young’s modulus.
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Specifically, the value for samples with a parallel bedding angle increases from 9.4 GPa to 12.7 GPa,
while the normal one changes from 11.9 GPa to 14.2 GPa. It can be seen that water content will influence
the plasticity of shale. Lower water content shows higher stiffness of shale samples. Within 10 days’
CO2 adsorption, the Young’s modulus of the parallel group decreases 30.7% to a value of 8.8 GPa, and
the normal group presents a higher reduction of 36.7%. Interestingly, after 20 days’ adsorption, the
two kinds of shale reach to the same value of Young’s modulus (11.0 GPa). The difference of Young’s
modulus between samples with a parallel bedding angle and a perpendicular bedding angle is because
samples with a perpendicular bedding angle have much higher UCS values, while the axial strains
for the two kinds of shales are similar. With longer saturation time, more carbon dioxide will diffuse
into pore network, which is absorbed on the surface of pores. The adsorption of CO2 will increase the
volumetric strains of shale [34], and will decrease shale’s elasticity and enhance the stiffness. As the
adsorption continues to a more sufficient level, the rearrangement of shale’s microstructure weakens
the anisotropy. The increase of Young’s modulus for parallel bedding samples saturated in CO2 for
20 days may be caused by the swelling of samples extended the crack closure stage but shortened the
unstabled crack propagation stage. During the linear elastic period, same axial strain needed more
axial load.

From the testing results, it is clearly that carbon dioxide saturation has significant effect on shale
strength, and samples with different coring directions have similar variation trends. However, the
decrease of strength with CO2 saturation is obtained from insufficient saturation time. For carbon
capture storage (CCS), the adsorption time should be much longer.

The axial/lateral strain-axial stress curves can be used to explain the difference of strain variations
for shale samples with parallel and normal bedding angles before and after CO2 adsorption. The
stress-strain behaviours of the two kinds of samples are shown in Figure 3. Because the artificial
fractures appear on the surface of the samples with a parallel angle during the UCS tests, the ARAMIS
camera cannot obtain enough data to draw the strain variations, while samples with a normal angle
reach the failure suddenly, therefore the complete stress-strain curves are available. According to
Figure 3, it is clear that, for samples with a normal bedding angle, the axial strains are higher than
the lateral strains when the axial loadings and saturation conditions are the same. Meanwhile, for
samples with a parallel bedding angle, the lateral strains are higher than the axial strains. Lyu and
Ranjith [40] showed that, for samples with a parallel bedding angle, the axial stress will break the
beddings or bend the beddings which will increase the lateral strain, while the variation of axial strain
is very small. However, for samples having a normal bedding angle, the cracks between beddings
is easily compressed. The closure of cracks will increase the axial strain while the lateral strain is
hard to be changed. When the two kinds of samples are heated for 24 h, the axial and lateral strains
will be smaller than the samples with room temperature. This is mainly because the loss of water in
shale causes the sample shrinkage. During the compressing test, it will take more axial stress to bend
beddings for samples with a parallel bedding angle and the cracks between beddings and fractures in
samples with a normal bedding angle become smaller. Therefore, the strains of samples decrease after
heating. When samples absorb CO2, the stress-strain variations will be different. As the lack of data
for samples in the parallel group, we can only analyse the results of samples with a normal bedding
angle. When the adsorption time is 10 days, the samples’ axial and lateral strains increase and the
stress-strain curves are basically in coincidence with the results of samples at room temperature. After
20 days’ adsorption, shale samples have the highest axial and lateral strains among the specimens
when the axial stress is the same. This is mainly due to the adsorbed CO2 changing the pore structures
of shale samples, causing shale swelling.



Energies 2016, 9, 516 7 of 15

Energies 2016, 9, 516  6 of 15 

 

longer saturation time, more carbon dioxide will diffuse into pore network, which is absorbed on the 

surface of pores. The adsorption of CO2 will increase the volumetric strains of shale [34], and will 

decrease shale’s elasticity and enhance the stiffness. As the adsorption continues to a more sufficient 

level, the rearrangement of shale’s microstructure weakens the anisotropy. The increase of Young’s 

modulus for parallel bedding samples saturated in CO2 for 20 days may be caused by the swelling of 

samples  extended  the  crack  closure  stage  but  shortened  the  unstabled  crack  propagation  stage. 

During the linear elastic period, same axial strain needed more axial load. 

From the testing results, it is clearly that carbon dioxide saturation has significant effect on shale 

strength, and samples with different coring directions have similar variation trends. However, the 

decrease of strength with CO2 saturation  is obtained  from  insufficient saturation  time. For carbon 

capture storage (CCS), the adsorption time should be much longer. 

The  axial/lateral  strain‐axial  stress  curves  can  be  used  to  explain  the  difference  of  strain 

variations  for  shale  samples  with  parallel  and  normal  bedding  angles  before  and  after  CO2 

adsorption. The stress‐strain behaviours of the two kinds of samples are shown in Figure 3. Because 

the artificial fractures appear on the surface of the samples with a parallel angle during the UCS tests, 

the ARAMIS camera cannot obtain enough data to draw the strain variations, while samples with a 

normal angle reach  the  failure suddenly,  therefore  the complete stress‐strain curves are available. 

According to Figure 3, it is clear that, for samples with a normal bedding angle, the axial strains are 

higher  than  the  lateral  strains when  the  axial  loadings  and  saturation  conditions  are  the  same. 

Meanwhile, for samples with a parallel bedding angle, the lateral strains are higher than the axial 

strains. Lyu and Ranjith [40] showed that, for samples with a parallel bedding angle, the axial stress 

will break the beddings or bend the beddings which will increase the lateral strain, while the variation 

of axial strain is very small. However, for samples having a normal bedding angle, the cracks between 

beddings is easily compressed. The closure of cracks will increase the axial strain while the lateral 

strain is hard to be changed. When the two kinds of samples are heated for 24 h, the axial and lateral 

strains will be smaller than the samples with room temperature. This is mainly because the loss of 

water in shale causes the sample shrinkage. During the compressing test, it will take more axial stress 

to bend beddings for samples with a parallel bedding angle and the cracks between beddings and 

fractures in samples with a normal bedding angle become smaller. Therefore, the strains of samples 

decrease after heating. When samples absorb CO2, the stress‐strain variations will be different. As the 

lack of data  for samples  in  the parallel group, we can only analyse  the  results of samples with a 

normal bedding angle. When the adsorption time is 10 days, the samples’ axial and lateral strains 

increase and the stress‐strain curves are basically in coincidence with the results of samples at room 

temperature. After  20 days’  adsorption,  shale  samples  have  the  highest  axial  and  lateral  strains 

among  the  specimens when  the axial stress  is  the same. This  is mainly due  to  the adsorbed CO2 

changing the pore structures of shale samples, causing shale swelling. 

(a)  (b)

Figure 3. Average Stress–strain curves: (a) parallel; (b) normal. 

0

20

40

60

80

100

-2 -1.5 -1 -0.5 0 0.5

A
xi

al
 S

tr
es

s 
(M

P
a)

Lateral Strain (%)                                        Axial Strain (%)

22℃, 0 Day

40℃, 0 Day

40℃, 10 Days

40℃, 20 Days

0

50

100

150

200

250

-0.4 -0.2 0 0.2 0.4 0.6 0.8

A
xi

al
 S

tr
es

s 
(M

Pa
)

Lateral Strain (%)                                        Axial Strain (%)

22℃, 0 Day

40℃, 0 Day

40℃, 10 Days

40℃, 20 Days

Figure 3. Average Stress–strain curves: (a) parallel; (b) normal.

During the UCS tests, the crack initiation, which can cause shale dilatancy, can be depicted by
volumetric strain. For the calculation, we define the axial and lateral strains as positive for compression
and negative for expansion [47].

The axial stress-volumetric strain curves for the two kinds of samples are shown in Figure 4.
A positive value of volumetric strain means compaction and negative values present dilatancy.
As shown in Figure 4a, all samples with a parallel bedding angle show dilatancy during the UCS
tests. From Figure 4b, one can see that compaction is the main characteristic for sample with a normal
angle. Specifically, for samples with room temperature, the volumetric strain increases with increasing
axial stress. It reaches the maximum value when the stress is about 155 MPa, then the volumetric
strain begins to decrease. Similar trend happens to samples absorbed 10 days of CO2 which have
an inflection point under an axial stress of 195 MPa. For samples just heated for one day, dilatancy
happens at the beginning of compression. When the loading increases to 90 MPa, the volumetric strain
is equal to the value before compression, and then samples present compaction characteristics. As
samples saturated in CO2 for 20 days, the maximum volumetric strain occurs when the axial stress is
130 MPa. Then, the strain begins to decrease and ends with a negative value. The results show that
CO2 adsorption can enhance the dilatancy of shale samples in UCS tests, especially for samples with a
normal bedding angle.
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Figure 4. Axial stress-volumetric strain curves: (a) parallel; (b) normal.

There are several methods that can be used to measure the brittleness index of rocks, like the
strain based approach, reversible energy based approach, Mohr’s envelope based approach, strength
ratio based approach, special test based approach and petrophysical interpretation [48,49]. In this
study, the strain based approach which is defined by [50] is shown in Figure 5.
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Figure 5. Determination of brittleness from a stress-strain diagram.

The brittleness can be calculated by the following equation [50]

BI “
Reversible strain

Total strain
“

DE
OE

(3)

The brittleness indices for all groups of samples were calculated from the stress-strain curves, as
listed in Table 2. From Table 2, we can see that, samples with a normal bedding angle have higher
brittleness index than that with a parallel bedding angle. This is in accordance with the results that
samples with a normal bedding angle have higher UCS values than that with a parallel bedding angle,
while the strains for the two kinds of samples are similar. More interestingly, temperature change
and CO2 adsorption have little effect on the brittleness of shale samples with a normal bedding angle.
This is mainly because the brittleness for such shale samples is ultrahigh and stable. The change of
adsorbing conditions can only produce a very small fluctuation which could be ignored as errors
in experiments and the anisotropy of samples. However, for samples with a parallel bedding angle,
the increase of temperature causes a decrease of brittleness index from 64.31% to 57.92%. This may
be because the loss of water when temperature increases leads to shale shrinkage. The cracks in the
samples become smaller and the ductility increases. When samples adsorbed CO2 for 10 and 20 days,
the brittle index increased to 62.98% and 70.26%, respectively. This tendency is caused by the swelling
of shale after absorbing CO2.

Table 2. Brittleness determination from stress-strain curves for all samples.

Direction
Temperature Sorption

Time
Strain
(DE)

Strain
(OE)

Brittleness
Index

Average
Brittleness Index

(˝C) (Day) (%) (%) (%) (%)

parallel

40 0 1.28 2.21 57.92

63.87
22 0 1.82 2.83 64.31
40 10 1.82 2.89 62.98
40 20 1.89 2.69 70.26

normal

40 0 1.92 2.58 74.42

74.74
22 0 2.11 2.78 75.90
40 10 2.06 2.81 73.31
40 20 2.23 2.96 75.34
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3.2. Acoustic Emission Response

AE technology is used to identify the fracture propagation during the uniaxial compressive
strength tests. Based on the previous study, the compression of brittle rocks can be divided into three
stages: crack closure, stable crack propagation and unstable crack propagation [19,40,51]. The rock
sample in the crack closure stage shows no significant AE energy release. Then, as the axial loading
increases gradually, the AE released energy will increase at the same time and the rock mass goes
into the second stage- stable crack propagation. When the sample comes into the unstable crack
propagation stage, the AE energy release will increase exponentially until the failure occurs. The
cumulative AE energy versus axial strain of samples with parallel and normal bedding angles under
different saturation conditions are shown in Figure 6. The strain variations in the first and last stages
and the peak cumulative AE energy release are listed in Table 3.
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Figure 6. Variation of cumulative AE energy with axial strain: (a–d) are for parallel samples; (e–h) are
for normal samples. (a) Temperature: 40 ˝C; Adsorption time: 20 days; (b) Temperature: 40 ˝C;
Adsorption time: 10 days; (c) Temperature: 22 ˝C; Adsorption time: 0 day; (d) Temperature: 40 ˝C;
Adsorption time: 0 day; (e) Temperature: 40 ˝C; Adsorption time: 20 days; (f) Temperature: 40 ˝C;
Adsorption time: 10 days; (g) Temperature: 22 ˝C; Adsorption time: 0 day; (h) Temperature: 40 ˝C;
Adsorption time: 0 day.

Table 3. The strain and peak energy release of the AE results.

Direction Temperature
(˝C)

Sorption Time
(Day)

Strain Variations in
Crack Closure (%)

Strain Variations in
Unstable Crack
Propagation (%)

Peak
Cumulative

AE Energy (µJ)

parallel

40 0 1.27–1.52 2.01–2.59 793168
22 0 1.01–1.46 2.09–2.86 1104306
40 10 1.15–1.58 2.18–2.67 1110382
40 20 1.20–1.66 2.34–2.80 1230716

normal

40 0 0.77–1.57 2.14–2.49 436088
22 0 0.92–1.75 2.33–2.64 511007
40 10 0.89–1.75 2.25–2.65 552154
40 20 0.78–1.82 2.40–2.73 672011

According to Figure 6 and Table 3, for each kind of bedding direction, samples adsorbed CO2

for 20 days have the highest cumulative AE energy, while the no-adsorption but heated samples have
the lowest values. Samples with room temperature have the similar cumulative AE energy release to
samples adsorbed 10 days’ CO2 with a temperature of 40 ˝C. The results show that the decrease of
water content will reduce the total released AE energy and the adsorption of CO2 will enhance the AE
energy release. This is mainly because water in fractures and pores contributes the conductivity of
acoustic emissions. Meanwhile, hydrocarbons created by the combination of CO2 and water enhance
the AE energy conductivity, even small acoustic emissions can be obtained by the AE sensors. Also,
the crumbling of hydrocarbons can create more AE energy. Moreover, lower brittleness index means
higher plasticity. Samples with a parallel bedding angle can bear loading after the peak axial strength,
and the counts and acoustic energy keep increasing, while samples with a perpendicular bedding
angle fail after the peak UCS value. This can also be seen from the ARAMIS results in Table 4.



Energies 2016, 9, 516 11 of 15

Table 4. The strain distribution and failure mechanism of samples saturated in different conditions.
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When comparing the AE results between samples with a parallel angle and a normal angle, we 
can see that the parallel group has higher AE energy release than the normal group. Considering the 
fractures created by the uniaxial compression, as shown in Table 1, it is clear that samples with a 
parallel bedding angle exhibit more fractures than those with a normal angle. The appearance of 
fractures can produce much AE energy release. This is why the paralleled samples have higher AE 
energy release. Because of the anisotropic of the shale samples, the strain regions of samples with the 
same bedding angles have no obvious regulation in crack closure stage and unstable crack 
propagation stage. However, for samples with different bedding angles, the gaps are considerable. 
Samples with a parallel bedding angle have narrower strain variations in the crack closure stage and 
wider strain variations in the unstable crack propagation stage than the samples with a normal 
bedding angle. When the loading direction is normal to the beddings, the cracks between beddings 
will close in the crack closure stage. For samples with a parallel bedding angle, this kind of crack will 
exist even if the failure occurs. Therefore, the first stage for samples with a normal bedding angle is 
much wider. When samples are in the unstable crack propagation stage, many fractures will appear 
for samples with a parallel bedding angle, while the normal angle samples will reach the failure 
suddenly, as shown in Table 1. Thus, samples with a parallel bedding angle will spend a longer time 
in the unstable crack propagation stage. 

3.3. Failure Pattern 

ARAMIS digital image technology was used in the study to investigate the failure mechanism 
of specimens saturated in different conditions. Table 1 shows the ARAMIS images of the strain 
distribution and failure mechanism of samples at failures during UCS tests. According to Table 1, 
samples with a parallel bedding angle have much more fractures than the samples with a normal 
bedding angle, and most of the fractures appear on the weakest parts of the samples and have the 
same direction as the beddings. The fractures through the whole sample show that samples with a 
parallel bedding angle have an axial splitting failure pattern. Samples with a normal bedding angle 
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When comparing the AE results between samples with a parallel angle and a normal angle, we
can see that the parallel group has higher AE energy release than the normal group. Considering
the fractures created by the uniaxial compression, as shown in Table 4, it is clear that samples with
a parallel bedding angle exhibit more fractures than those with a normal angle. The appearance of
fractures can produce much AE energy release. This is why the paralleled samples have higher AE
energy release. Because of the anisotropic of the shale samples, the strain regions of samples with the
same bedding angles have no obvious regulation in crack closure stage and unstable crack propagation
stage. However, for samples with different bedding angles, the gaps are considerable. Samples with
a parallel bedding angle have narrower strain variations in the crack closure stage and wider strain
variations in the unstable crack propagation stage than the samples with a normal bedding angle.
When the loading direction is normal to the beddings, the cracks between beddings will close in the
crack closure stage. For samples with a parallel bedding angle, this kind of crack will exist even if the
failure occurs. Therefore, the first stage for samples with a normal bedding angle is much wider. When
samples are in the unstable crack propagation stage, many fractures will appear for samples with a
parallel bedding angle, while the normal angle samples will reach the failure suddenly, as shown in
Table 4. Thus, samples with a parallel bedding angle will spend a longer time in the unstable crack
propagation stage.

3.3. Failure Pattern

ARAMIS digital image technology was used in the study to investigate the failure mechanism
of specimens saturated in different conditions. Table 4 shows the ARAMIS images of the strain
distribution and failure mechanism of samples at failures during UCS tests. According to Table 4,
samples with a parallel bedding angle have much more fractures than the samples with a normal
bedding angle, and most of the fractures appear on the weakest parts of the samples and have the
same direction as the beddings. The fractures through the whole sample show that samples with a
parallel bedding angle have an axial splitting failure pattern. Samples with a normal bedding angle
all broke into pieces when failure occurred. Therefore, it is difficult to define their failure patterns.
The effect of CO2 saturation on shale samples’ failure patterns is not significant. This may be because
the images only show the macro fractures of the surface, and the micro fractures inside the samples
cannot be obtained. Moreover, the bedding angles have much more influence on the failure patterns
on samples than the CO2 adsorption.

4. Conclusions

The influence of subcritical carbon dioxide on the mechanical properties of shale obtained from
the Sichuan basin in China was investigated by a series of uniaxial compressive strength tests together
with AE technology and an ARAMIS photogrammetry system. Some essential conclusions can be
drawn as follows:

Samples with a normal bedding angle have much higher UCS values than the samples with a
parallel bedding angle. When compared to samples heated by a temperature of 40 ˝C, samples with
parallel and normal bedding angles at a room temperature of 22 ˝C showed a reduction of 21.3%
and 15.0% in uniaxial compressive strength, and 26.0% and 15.9% in Young’s modulus, respectively.
A 10-day CO2 adsorption with a temperature of 40 ˝C and pressure of 7 MPa caused 26.7% uniaxial
compressive strength reduction, and 30.7% Young’s modulus reduction for samples with a parallel
bedding angle, respectively. When the adsorption time was extended to 20 days, both the values saw
reductions of 30.3% and 13.8%, respectively. For samples with a normal bedding angle, reductions of
3.0% and 18.4% for uniaxial compressive strength and 36.7% and 22.6% for Young’s modulus were
observed after 10 days and 20 days’ adsorptions, respectively. The mechanical properties weakening
is partially due to the temperature changing and causing water content variation and the swelling
caused by CO2 adsorption, which created hydrocarbons. The increase of Young’s modulus from 10-day
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adsorption to 20-day adsorption is mainly because the penetration of CO2 into pores weakens the
elasticity and enhances the stiffness of shale.

For samples with a normal bedding angle, the axial strains were higher than the lateral strain
when the axial loading and saturation conditions were the same, while for samples with a parallel
bedding angle, the lateral strain was higher. Meanwhile, longer CO2 adsorption caused higher axial
strains and lateral strains for the two kinds of samples under the same loadings. The adsorption of
CO2 also enhanced the occurrence of dilatancy for shale samples in UCS tests. Samples with a normal
bedding angle presented a higher brittleness index than those with a parallel bedding angle. The
increase of temperature and adsorption of CO2 have no effect on the brittleness values of samples with
a normal bedding angle. However, for samples with a parallel bedding angle, the brittleness value
decreases with the increase of temperature and increases with increasing adsorption time.

AE tests results showed that samples with a parallel angle had higher AE energy release than
the samples with a normal angle, and samples with longer CO2 adsorption times presented higher
cumulative AE energy release. This is due to the hydrocarbons in shale samples, which increase
the acoustic emission conductivity and create more AE energy while being crumbled. The strain
distribution and failure mechanism obtained from ARAMIS cameras showed that CO2 adsorption has
no significant effect on shale failure pattern. Samples with a parallel bedding angle presented splitting
breaks and more fractures appeared on the surface, while samples with a normal angle broke into
piece instantaneously and few fractures occurred during the compression.

The results of this study showed that the mechanical properties of shale are influenced by the
adsorption time of subcritical carbon dioxide. However, for carbon dioxide capture and storage, the
adsorption time should be much longer, and carbon dioxide with a supercritical phase should also be
considered as it is much closer to the real underground environment.
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