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Abstract Injecting carbon dioxide CO, into a coal seam
is an important way to improve coalbed methane recovery
and to store geological carbon. The fracture mechanical
characteristics of bituminous coal determine the
propagation and evolution of cracks, which directly affect
CO, storage in coal seams and the efficiency of resource
recovery. This study applied CO, adsorption and three-
point bending fracture experiments using bituminous coal
samples in a gaseous state (4 MPa), subcritical state (6
MPa), and supercritical state (8 and 12 MPa) to investigate
the influence of CO, state and anisotropy on the fracture-
related mechanical response of bituminous coal. The
results show that the change in mechanical properties
caused by CO, adsorption is CO, state-dependent. The
supercritical CO, adsorption at 8 MPa causes the largest
decrease in the mode-I fracture toughness (K.), which is
63.6% lower than the toughness before CO, adsorption.
The instability characteristics of bituminous coal show the
transformation trend of “sudden-gradual-sudden fracture”.
With or without CO, adsorption, the order of the K-
associated with three types of bituminous coal specimens
is crack-divider type > crack-arrester type > crack-short
transverse  type. Phenomenologically, the fracture
toughness of bituminous coal is positively correlated with
its specific surface area and total pore volume; the
toughness is negatively correlated with its average pore
size.
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1 Introduction

As human society rapidly develops, an increasing amount
of energy is needed (Liu and Nie, 2016; Gao et al., 2021;
Liu et al.,, 2021a; Liu et al., 2022a; Liu et al., 2022b;
Souley Agbodjan et al., 2022; Zhao et al., 2022). Fossil
energy combustion creates significant greenhouse gas
emissions, causing environmental pollution (Lampert,
2019). It is generally believed that the geological storage
of carbon dioxide (CO,) is an effective way to realize
carbon neutralization (Say and Yiicel, 2006; Raza et al.,
2019). The geological storage of CO, in coal seams has
great potential, and has attracted attention around the
world (Niu et al., 2020; Mabuza et al., 2022). Due to the
strong adsorption capacity of coal, carbon dioxide is
easily adsorbed and sealed in coal seams, providing long-
term stable storage (Qiu et al., 2020; Czerw et al., 2021).
CO, is adsorbed in coal better than CH, (Liu et al,
2019¢; Omotilewa et al., 2021), and CO, also has a good
displacement effect on coalbed methane. Therefore,
carbon emissions can be reduced and Coal Bed Methane
(CBM) resources can be exploited simultaneously by
storing carbon dioxide storage in coal seams. A coal seam
that has been disturbed by geological deposition and
mining has a complex fracture network structure. When
CO, is injected and adsorbed, in situ stress and
disturbance stress act together. Once the stress at the
crack tip reaches the fracture pressure of the reservoir,
cracking and instability occur, directly affecting CO,
storage. Therefore, to better understand how a coal seam
responds mechanically to CO,, it is important to study the
influence of CO, on the fracture characteristics of a coal
seam.

It is estimated that when the buried depth of the target
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coal seam for the geological storage of CO, is = 800 m,
the temperature and pressure of the reservoir exceed the
supercritical point of carbon dioxide (temperature =
31.1°C, pressure = 7.38 MPa) (Pateletal., 2016).
Supercritical CO, (S-CO,) has a high diffusion coeffi-
cient, low viscosity, and liquid-like density (Feng et al.,
2019). This makes it easy for S-CO, molecules to
penetrate and diffuse into the micro pores in the coal
matrix, and physically and chemically react with the coal
matrix (Yinetal., 2016). In minerals rich in organic
matter, such as shale or coal, CO, can displace a certain
amount of CH, (Liu et al., 2017; Liu et al., 2019a; Cheng
et al., 2021). After carbon dioxide is injected into the coal
seam, some organic groups and mineral components in
the coal are extracted. This may trigger the shrinkage and
expansion of the coal matrix (Farmer and Pooley, 1967,
Liuetal., 2019b; Liuetal., 2021b). The change in the
coal microstructure also leads to the plasticization and
softening effect of coal (Liao etal.,2021; Niu et al.,
2021; Liu et al., 2022d).

The phase state of CO, and the saturation time
significantly impact the mechanical strength of coal
(Hedges et al., 2007; Ranjith and Perera, 2012; Perera
etal.,2013; Ranathunga et al., 2016; Zagorscak and
Thomas, 2018; Zhang et al., 2021a). This deterioration
becomes increasingly significant as the CO, saturation
pressure increases. Perera et al. (2013) and Ranathunga
et al. (2016) reported that, with the increase in adsorption
time of supercritical CO, on lignite, the uniaxial
compressive strength (UCS) and elastic modulus (E)
decrease by 46% and 22.71%, respectively. This is
because supercritical CO, has a high adsorption potential,
changing lignite from brittle to plastic state, and
expanding the coal matrix. When CO, changes from a
subcritical state to a supercritical state, the mechanical
properties rapidly deteriorate (Zagors¢ak and Thomas,
2018). Clearly, CO, adsorption impacts the physical and
mechanical properties of coal. However, the degree of
this influence and the laws governing it are also related to
the layered structure of coal. The bedding of coal has an
effect on its mechanical properties (Tan et al., 2018; Feng
et al.,, 2020c; Gao et al., 2020; Guo et al.,, 202la;
Keboletse et al., 2021; Ma et al., 2021; Nikolenko et al.,
2021). Under uniaxial compression, as the loading
direction and bedding angle increase, the variation of
compressive strength of rock follows a U-shape (Chen
etal., 2014; Houetal., 2020). The laws governing the
variations in rock when exposed to Brazilian disc splitting
are similar to the laws during uniaxial compression (Liu
etal., 2013; Zhao et al., 2017).

Past studies have found that the physical and
mechanical properties of coal are affected to different
degrees after interacting with supercritical CO,. In fact,
during the process of injecting CO, into the coal seam,
CO, changes into different states: gaseous, subcritical,
and supercritical. Due to the joint action of in situ stress,
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temperature, and the spatial deterioration of natural
fractures, few studies have reported on the characteristics
of the fracture mechanics in the coal seam. Coal has a
clear bedding structure and anisotropic characteristics,
which also affect its fracture properties. In particular, for
bituminous coal rich in organic matter, supercritical CO,
has a strong affinity for organic matter, making the
situation even more complex and unknown. This
highlights the need to consider both the CO, state and the
anisotropy of the coal.

Currently, there is a lack of research on the effects of
CO, state and coal anisotropy on the micro mechanisms
involved in fracture mechanical properties, fracture
trajectory, and macro mechanical behavior of bituminous
coal. For bituminous coal rich in gas, there is more CO,
displacement than CH,, causing a more frequent mechani-
cal response. This is a long-term process. Therefore, this
study included a long-term CO, adsorption experiment,
three-point bending fracture mechanics experiment, low-
temperature nitrogen adsorption experiment, and fracture
analysis of bituminous coal from an underground coal
mine. These tests were performed to explore the influence
of CO, state and anisotropy on the fracture
characteristics, fracture trajectory, mineral dissolution,
and action mechanisms associated with bituminous coal.
The study quantitatively evaluated the changes in fracture
mechanics parameters and microstructure of coal after
CO, adsorption in different states, to better describe the
underlying influencing mechanisms.

2 Experimental method and process

2.1 Sample preparation

The bituminous coal used in this study was collected
from the Shenfu coalfield in Yulin, Shaanxi Province,
China (Sun et al., 2022). The density of the bituminous
coal is 1.23 g/cm3. The uniaxial compressive strength
measured by uniaxial compression test is 27.8 MPa in the
horizontal bedding direction and 9.8 MPa in the vertical
bedding direction. Table 1 presents the composition and
content of the bituminous coal based on an industrial
analysis (Sunetal, 2022). Here, M,; indicates the
moisture content on air-dried basis; V,, refers to the
volatile matter content; 4, indicates the ash yield on air-
dried basis; and FC,  represents the fixed carbon content.
Natural bituminous coal samples were collected from the
mine. After removing the samples from the ground, they
were immediately sealed with plastic wrap to retain their
natural humidity characteristics.

Table 1 Industrial analysis of coal specimen
Sample M, % A% Vit % FC, /%
Bituminous coal 7.00 6.68 31.54 54.78
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According to standards recommended by the Interna-
tional Society for Rock Mechanics (ISRM) (Kuruppu
etal., 2014), a semicircular bend (SCB) specimen was
used to complete the fracture mechanics test experiment,
with three types of constructed SCB samples, as shown in
Fig. 1: crack-arrester type, crack-divider type, and crack-
short transverse type. Bituminous coal has significant
bedding, so three typical directions were selected to study
the anisotropy of its mechanical properties.

In the same bituminous coal block, a cylinder was
drilled perpendicular to the bedding plane, with a
diameter of 50 mm along the bedding plane. Then, the
cylinder was cut into a 20-mm thick disc, which was then
cut into a half disc. The central straight crack length of
the half disk was designed to align with the ISRM

(a) B

=

Fig. 1 Three SCB specimen types and loading diagram: P-Load (N);
B-Specimen thickness (mm); R-Sample radius (mm); a-Prefabricated
grooving length (mm); S-Span between two loading ends (mm).
(a) Crack-arrester type; (b) Crack-divider type; (c) Crack-short
transverse type.
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standard (Kuruppu et al., 2014). A 0.2 mm thick emery
line was used to prefabricate a 12.5 mm straight cut
groove in the center of the bottom of the half disc to form
a standard SCB sample.

2.2 CO, adsorption experiment

To explore the influence of CO, adsorption in different
states on bituminous coal, four groups of CO, pressures
were established: 4 MPa, 6 MPa, 8 MPa, and 12 MPa.
The temperature was set to 40°C. At pressure levels of
4 MPa and 6 MPa, CO, is gaseous; at pressures of 8 MPa
and 12 MPa, CO, is in a supercritical state. To fully
saturate the bituminous coal sample and allow for
sufficient reaction time, the adsorption time was set to
30 days. The experiment was conducted using an
independently developed CO, adsorption device. The
device (Sun et al., 2022), shown in Fig. 2, had four parts:
vacuum-pumping system, compression and gas injection
system, temperature and pressure control system, and
reactor.

The experimental steps were as follows. 1) The
bituminous coal samples were placed into the reactor and
air was extracted for 24 h. This allowed the interior of the
reactor and pipeline to approach a vacuum state. 2) The
temperature control system was adjusted to slowly raise
the temperature in the reactor to 40°C, at the heating rate
of 1°C/min; the temperature was then held constant. 3)
The CO, injection valve was opened suddenly to avoid
damaging the flue gas injection system due to the slow
increase in the CO, injection pressure. When the pressure
in the reactor reached the set experimental value, the gas
injection was stopped, and the system was monitored for
30 min to ensure that the temperature and pressure
remained unchanged. This confirmed that the reactor was
well sealed. 4) After the CO, had adsorbed into the
bituminous coal samples in the reactor for 30 days, the
pressure relief valve was opened to slowly discharge the
CO, in the reactor. This reduced the pressure in the
reactor to the atmospheric level. 5) The half disk
bituminous coal samples were removed, wrapped with
polyethylene film and sealed. The three-point bending
fracture test immediately followed.

2.3 Fracture mechanics experiment

The three-point bending fracture test of the bituminous
coal samples after CO, adsorption was conducted using
an INSTRON 5544 experimental machine, shown in
Fig. 3. The loading mode of constant displacement was
adopted, with a loading rate of 0.0002 mm/s. During the
experiment, the computer automatically recorded the load
and displacement data.

Experimental data were analyzed and calculated using
ISRM methods. The fracture toughness (K;-) of SCB
specimens was calculated using the following formula
(Kuruppu et al., 2014):
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Fig. 3 Fracture mechanics experiment of bituminous coal SCB sample.
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support ends. The sizes were as follows: 25/(2R) = 0.61,
a/R=0.5.

3

Mechanical experiment results and

analysis

3.1

Fracture toughness of bituminous coal

Data were substituted into Eqgs. (1)—(3) to calculate the

mode-I fracture toughness of bituminous coal. Figure 4
plots the fracture toughness of bituminous coal sample
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against the CO, saturation pressure and bedding direction,
based on the calculation results.

Figure 4(a) shows the changes in fracture toughness
value for all bituminous coal samples with pressure. The
mode-I fracture toughness of bituminous coal samples
decreases to different degrees when CO, is adsorbed at
different pressures. The maximum fracture toughness
value of bituminous coal is 5.2396 MPa-mm'/2; this is the
value when there is no adsorption. When the CO, pres-
sure is 4 MPa, the fracture toughness is 4.4294 MPa-mm!/2,
which is 15.5% lower compared to when there is no
adsorption. When the CO, pressure increases to 6 MPa,
the fracture toughness of bituminous coal samples
decreases to 3.2740 MPa-mm!?2, a decrease of 37.5%.
When the pressure increases to 8 MPa, the fracture
toughness is 1.9072 MPa-mm!/2, which is 63.6% lower
than that with no adsorption. This is the lowest value in
the range evaluated. However, when the CO, saturation
pressure increases to 12 MPa, the fracture toughness of
bituminous coal is 4.1222 MPa-mm!’2, which is 53.7%
higher than that at the pressure of 8 MPa.

In summary, the fracture toughness of bituminous coal
first decreases and then increases as the CO, pressure
increases, with 8 MPa being the inflection point of this
trend. Moreover, similar trends were also observed in the
crack-arrester, crack-divider, and crack-short transverse
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type bituminous coal samples (Figs. 4(b)—4(d)). This may
be because when the CO, saturation pressure exceeds a
certain limit (8 MPa), the increased pore pressure leads to
the compact compression of the matrix of bituminous
coal (Pan and Connell, 2007; Chareonsuppanimit et al.,
2014), which increases the fracture toughness. Ranjith
and Perera (Ranjith and Perera, 2012; Perera et al., 2013;
Ranathunga et al., 2016) tested the uniaxial compressive
strength (UCS) of low rank coal under different CO,
pressures and observed that UCS and elastic modulus (F)
decreased with the increase in CO, saturation pressure.
Comparison of the fracture toughness of the three types
of specimens indicates that they exhibit similar trends
when the pressure changes. The fracture toughness is
highest for the crack-divider type, followed by the crack-
arrester type, followed by the crack-short transverse type.
This is the case even under the same CO, pressure. The
influence of bituminous coal bedding on its fracture
mechanical properties is significant and deserves
attention. In addition, the sensitivity of the fracture
toughness of the three types of bituminous coal to CO,
saturation pressure is different. There is a large
fluctuation in the curves of the crack-arrester type and
crack-divider type, while the curve fluctuation of the
crack-short transverse type is small. Similar bedding
studies on rock fracture toughness, including research by
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Fig. 4 Variation curve of mode-I fracture toughness of bituminous coal with CO, pressure.
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Chandler et al. (2016), tested the mode-I fracture tough-
ness of shale in three bedding directions. The results
show there is significant anisotropy in the fracture tough-
ness of shale. Of these, the mode-I fracture toughness of
the crack-divider type is the highest and the fracture
toughness of the crack-short transverse type is the lowest.
To quantitatively illustrate the sensitivity of three types of
bituminous coal samples to CO, saturation pressure, the
anisotropy of fracture toughness is defined as

Y = Kimax / Kimin, (4)

where K| .. and K. represent the maximum and
minimum values, respectively, of bituminous coal
fracture toughness in three bedding directions. The
anisotropy of fracture toughness of bituminous coal
sample is calculated using Eq. (4), as shown in Fig. 5.

Figure 5 shows that when the CO, saturation pressure
increases from 4 MPa to 8 MPa, the anisotropy of
bituminous coal fracture toughness gradually decreases to
a minimum of 3.18. When the CO, saturation pressure
rises to 12 MPa, the anisotropy of bituminous coal
fracture toughness increases to 4.52. Therefore, the
bedding of bituminous coal significantly influences its
fracture toughness. Furthermore, the effect of bedding on
the fracture toughness of bituminous coal depends on the
CO, adsorption pressure. This dependence (anisotropy) is
essentially the same as the changing trend of fracture
toughness with CO, adsorption pressure.

3.2 Load-displacement curve

The load displacement curve can be obtained by the rock
loading mechanics experiment, which is often used to
analyze the mechanical characteristics of the rock failure
process (Jin et al., 2020; Guo et al., 2021b; Hu et al.,
2021; Zhang et al., 2021b; Li et al., 2022). Figure 6
shows the load displacement curve obtained during the
three-point bending fracture experiment. Bituminous coal
breaks after compaction and elastic and plastic
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Fig.5 Anisotropy of bituminous coal fracture toughness under
different CO, pressures.
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deformation. The load displacement curves are similar for
the bituminous coal sample with no adsorption and the
sample undergoing 4 MPa CO, adsorption. The plastic
stage is not significant, and all samples break suddenly
upon reaching the peak load. The plastic deformation
stage of bituminous coal is significant when the CO,
pressure increases to 6 MPa. When the pressure reaches 8
MPa, bituminous coal gradually loses its stability and
fractures after experiencing crack damage, showing a
weakening in the brittleness. This is because the CO,
adsorption gradually strengthens with the increase in
pressure. When the CO, saturation pressure increases to
12 MPa, the plastic stage of bituminous coal is no longer
significant, but the brittle fracturing property is somewhat
enhanced. Therefore, the change in CO, pressure and
phase state causes the bituminous coal to show the
following characteristics during its transformation:
“sudden fracture — gradual fracture — sudden fracture.”

Comparison of the load displacement curves of the
three types of specimens shows significant differences.
There is significantly less axial displacement of the crack-
short transverse bituminous coal compared to the crack-
arrester and crack-divider types. Therefore, the coal seam
is subject to a loading mode that can easily lead to a lack
of stability. This may be due to comprehensive factors
such as the stress balance state and CO, corrosion of the
matrix and bedding plane.

3.3 Fracture crack shape analysis

The rock’s fracture crack shape is determined by
microscopic fracture mechanisms, and it directly reflects
the fracture characteristics of rocks (Kataoka et al., 2015;
Feng et al., 2017, 2018, 2020a, 2020b). Microscopic
fractures reflect rock damage and also provide evidence
explaining the rock’s ability to resist fracture. Changes in
the mineral structure or the particle strength of the coal
affect the growth path and development morphology of
cracks. In addition to this, a weak plane structure and the
heterogeneous characteristics of coal, such as bedding,
cleat, and exogenous cracks, cause irregular fluctuations
in the process of crack initiation and propagation along
the tip. When testing the bituminous coal fracture
toughness, the sample experiences fracture failure. The
crack generally starts and expands along the tip of the
prefabricated notch, gradually penetrating the sample.
Figure 7 shows the typical fracture track and fracture
surface of three types of bituminous coal samples.

It can be seen from Fig. 7 that the crack trajectories of
the bituminous coal samples with the three bedding types
are significantly different. The overall structure of the
crack-arrester bituminous coal is broken, with a complex
crack track. There are main cracks along the prefabricated
notch direction, and secondary cracks along the weak
bedding surface on the surface of most samples. The
secondary cracks have different shapes, including: mode I
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Fig. 6 Load displacement curve of bituminous coal during loading.

cracks that wvertically pass through the bedding;
intermittent cracks that turn at the weak surface and
expand along the weak surface of the bedding; step cracks
that expand a certain distance along the weak surface of
the bedding and then turn again and continue to expand in
the vertical direction of the bedding; and composite
cracks that skew with the bedding.

The fracture morphology of the crack-arrester sample is
rough (Fig. 7(a)). There is a significant bedding cracking
phenomenon, with an irregular sawtooth shape. The
overall structure of the crack-divider bituminous coal
sample is relatively complete, and the geometric shape of
the fracture track is similar to the crack-arrester type.
However, there is a significant weakening in the stepped
degree. The fracture track growth trajectory is mainly a
single main crack, with few secondary cracks (Fig. 7(b)).
The fracture surface of the sample is relatively flat, with
few bedding cracks; however, there is a clear layered
deposition of bituminous coal. The fracture track of the
crack-arrester type mainly expands in the bituminous coal
matrix. The crack-short transverse bituminous coal
sample has a complete structure, and the fracture track
propagation trajectory is a single main crack (Fig. 7(c)).
The fracture track propagates along the tip of the
prefabricated notch and its shape is essentially linear. The
fracture surface is a weak bedding surface, which is

relatively flat. The fracture track of the crack-short
transverse bituminous coal is along the bedding plane.

4 Change in the pore structure of
bituminous coal

The matrix of the bituminous coal provides its main
bearing capacity. The coal’s fracture properties are
affected when the internal structure of the matrix changes.
Coal is a porous and fractured source rock. The natural
complex pore fracture system provides a migration
channel for coalbed methane and a place to store
geological CO,. Within the pores of the bituminous coal,
CO, undergoes complex physical and chemical reactions
with the bituminous coal matrix over a long period of
time. This changes the pore structure of the bituminous
coal. Low-temperature nitrogen adsorption experiments
were conducted on bituminous coal to test its specific
surface area, total pore volume, and pore size distribution.
Figure 8 shows the N, adsorption desorption isotherms of
bituminous coal after adsorption under different CO,
saturation pressures.

Using the BDDT classification (Brunauer et al., 1940),
the N, adsorption desorption isotherms of the tested
bituminous coal samples are classified as type 1V, with
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(b)

Fig.7 Fracture track and fracture surface morphology of the three
types of bituminous coal specimens. (a) Crack-arrester type; (b) crack-
divider type; (c) crack-short transverse type.

clear hysteresis loops. The classification of the Interna-
tional Union of Pure and Applied Chemistry (IUPAC)
(Brunauer et al., 1940; Sing et al., 1985) indicates that the
hysteresis loop can be approximately classified as the H4
type; that is, the pore geometry in bituminous coal is
mostly slit shaped pores. There is a small difference in the
shape of the hysteresis loop associated with the isotherm
of the bituminous coal samples, indicating that the change
in CO, saturation pressure has little effect on the pore
geometry of bituminous coal. The pore structure para-
meters of bituminous coal samples under different CO,
saturation pressures were determined using adsorption
isotherms according to the BET (Brunauer-Emmett-
Teller) mode and Barrett-Joyner-Halenda (BJH) mode
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(Sing et al., 1985), as shown in Fig. 9.

Figure 9 shows that the specific surface area and total
pore volume of the bituminous coal samples are lower
after CO, adsorption compared to the samples without
adsorption. As the pressure increases, the specific surface
area and total pore volume first decrease and then
increase; they reach the minimum value at 8 MPa and
then slightly increase at 12 MPa. In contrast, the average
pore size first increases and then decreases. There is also
a clear effect of the interaction between bituminous coal
and CO, on the pore size distributions. The nitrogen
adsorption capacity reflects the adsorption capacity of
bituminous coal. It can be seen that the adsorption
capacity of bituminous coal decreases first and then
increases with the change in CO, pressure, which is
consistent with the change trend of specific surface area
and total pore volume. In fact, after bituminous coal
adsorbs CO,, it suffers damage such as pores and cracks
due to complex physicochemical reactions. Moreover, the
volume of components contained in bituminous coal also
expands, which may lead to the overall softening of
bituminous coal.

The above result shows that the influence of CO,
adsorption on the pore structure of bituminous coal
differs in different CO, states. This phenomenon may be
due to the dissolution of minerals and the extraction of
hydrocarbons from coal caused by supercritical CO,
adsorption (Agartan et al., 2015; Zhang et al., 2021c¢).
There is a high level of organic matter in the pores of
bituminous coal. The dissolution of organic matter by
CO, injected into coal may cause pore expansion, and the
pores are connected with each other to form larger pores,
or even form fractures. This results in a reduced total
number of pores. a smaller pore surface area, and an
increase in the average size of the pores. However, as the
pressure continues to rise, the proportion of micropores
and mesopores does not decrease further. In contrast, the
proportion of mesopores increases significantly, while the
proportion of macropores decreases. The swelling caused
by CO, adsorption may force macropores to change into
mesopores. In addition, because the vitrinite of coal
contains many pores, the content of the macerals of coal
may also affect changes in the pores after interacting with
supercritical CO, (Liu et al., 2022c).

Next, the complex changes in pore structure in the
bituminous coal caused by CO, adsorption are further
described. Based on the experimental results of the low-
temperature nitrogen adsorption method, the fractal
dimension calculation method of the Frenkel-Halsey-Hill
(FHH) model proposed by Pfeiferper and Avnir (1983) is
used to quantitatively describe the characteristic
parameters of micropore structure of bituminous coal.
The gas adsorbed on the fractal surface is expressed as
(Avnir and Jaroniec, 1989)

InV = KIn(In(po/p1)) + C1, 5
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Fig.8 Low temperature N, adsorption-desorption isotherms of bituminous coal samples (Sun et al., 2022).

D =K+3, 6)
where V is the volume of adsorbed gas when the
equilibrium pressure is p;, cm3/g; p,, is the saturated vapor
pressure, MPa; K is the slope; C, is a constant; and D, is
a fractal dimension. Therefore, based on the N,
isothermal adsorption data measured in the experiment,
and using the fractal FHH model, Fig. 10 shows the linear
relationship curve between In}) and In(In(p/p,)). The
fractal dimension (D,) was calculated from the slope.

Figure 9 indicates that the bituminous coal sample
experiences a hysteresis loop after the relative pressure
exceeds 0.4. The adsorption branch and desorption
branch of the isothermal adsorption line do not coincide,
and the nitrogen adsorption only occurs in capillary
condensation. Therefore, adsorption data with a relative
pressure exceeding 0.4 are selected to further study the
irregularity of the pore structure of bituminous coal under

different CO, saturation pressures. Figure 10 shows that
the correlation coefficients of the fitting curves exceed
0.97, indicating that bituminous coal has fractal
characteristics. The fractal dimension of bituminous coal
is between 2.6636—2.7666 (Table 2), and the pore surface
and pore structure of bituminous coal are not uniform.

After CO, adsorption, the fractal dimension of
bituminous coal sample slightly decreases, indicating that
the pore surface roughness of bituminous coal decreases,
and the pore structure gradually changes from being
complex to being more regular. This is mainly because
the organic matter in the bituminous coal is dissolved by
CO,, resulting in a reduced number of pores. The
distribution of pore size tends to be simple, the pore
structure is more uniform, and the complexity is reduced.
However, this fractal feature is not prominent.
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Fig. 9 Pore structure parameters of bituminous coal samples. (a) Specific surface area; (b) total pore volume; (c) average pore size;

(d) nitrogen adsorption capacity (Modified from Sun et al., 2022).

5 Discussion

5.1 Effect of microscopic characteristics on fracture
toughness of bituminous coal

Fracture toughness is a basic parameter of fracture
mechanics used to measure the fracturing resistance of
materials. It is affected by pore structure characteristics.
To clearly observe the relationship between the fracture
toughness of bituminous coal and pore structure
parameters, Fig. 11 shows the microscopic characteristic
parameters of bituminous coal, the fracture toughness of
bituminous coal in the same coordinate system, and the
correlation between them.

Phenomenologically, Fig. 11 shows that the changing
trend of surface area and fracture toughness of
bituminous coal remains essentially the same with change
in CO, pressure; both first decrease and then increase.
The changing trend of total pore volume and fracture
toughness of bituminous coal with CO, pressure is also
essentially the same; it first decreases and then increases.
The volume expansion of bituminous coal is also large
due to CO, adsorption, and the bituminous coal becomes
soft as a whole. However, the average pore size first
increases and then decreases with the increase in CO,
adsorption pressure. This result is opposite to the
changing trend of fracture toughness. After adsorbing
CO,, the ability of bituminous coal to adsorb gas also

changes, and the change trend is consistent with that of
fracture toughness. However, the low-temperature
nitrogen adsorption experiment can only test the pores
within a certain size range. How the pores beyond this
range affect the mechanical properties needs further
research.

Moreover, the turning point of the changing trend with
respect to specific surface area, total pore volume,
average pore diameter, and fracture toughness is 8 MPa.
Phenomenally, there is a positive correlation between
specific surface area, total pore volume, and fracture
toughness. In contrast, there is a negative correlation
between average pore size and fracture toughness. This
may be related to the mutual transformation between
macropores and mesopores. The complex physical and
chemical reactions between CO, and the organic matter
and minerals contained in bituminous coal lead to the
change in pore structure. On the other hand, the pore
structure of bituminous coal affects its fracture
mechanical properties. Especially under the influence of 8
MPa supercritical CO,, the pore change of bituminous
coal is the most obvious, which directly leads to its loose
structure, reduces the interaction force between
molecules, and weakens the ability of bituminous coal to
resist fracture (fracture toughness). Moreover, some
closed pores are transformed into open pores, while
others become dense due to the adsorption of precipitated
materials. This process is very complex, accompanied by
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Table 2 Fractal dimension of bituminous coal samples under
different CO, pressures in the FHH model

Pressure/MPa 0 4 6 8 12
D, 2.7667 2.7452 2.7546 2.6636 2.6872

the transformation between micropores, mesopores and
macropores.

Some studies have shown that the changes in
mechanical properties caused by CO, adsorption of coal
are reversible under certain conditions, that is, after CO,
is desorbed, the mechanical properties of coal can be
partially restored (Masoudian et al., 2014). This largely
depends on the state of CO, when it interacts with coal,
that is, the CO, action in gaseous state, subcritical state
and supercritical state. The reversibility of mechanical
properties of bituminous coal is different. Liu et al.
(2022c¢) found a negative correlation between the specific
surface area of coal and the uniaxial compressive strength
when studying the effect of adsorption time on the

strength of anthracite. For bituminous coal rich in organic
matter, the complex composition and structure lead to
complex changes in its internal pore structure after CO,
adsorption. This change may differ for anthracite.
Contrary results are seen when examining the influence
of changes in the internal pores of bituminous coal and
anthracite on their respective mechanical characteristics.
This also shows that when studying the influence of CO,
adsorption on the macro mechanical behavior of coal, it is
critical to consider distinctions between different coal

types.

5.2 Influence of CO, on bituminous coal

The physicochemical effect of CO, on coal is very
complex. The above results show that the pore structure
of bituminous coal is altered, which causes changes in the
fracture characteristics of bituminous coal. On the one
hand, these results are related to the chemical reaction of
CO, corrosion of coal. On the other hand, CO, adsorption
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is related to the physical and mechanical effects caused
by coal. It is reported that mineral components in coal are
mainly comprised of calcite, clay mineral, quartz,
dolomite, aragonite, pyrite, and siderite (Mandile and
Hutton, 1995). In the acidic environment formed by CO,
dissolution in water, complex chemical reactions can
occur for the mineral components contained in coal. This
acidic environment can lead to the dissolution and
precipitation of minerals in coal, especially the
dissolution of carbonate minerals, which directly leads to
the change in coal pore structure. In particular,
supercritical CO, is a good organic solvent, which has a
significant impact on bituminous coal with high organic
content. Studies have shown that the change in pore
structure is irreversible (Liu et al., 2022c¢), more and more
weak interfaces are produced, and fracture crack
propagation occurs with loading.

In addition, the differential expansion caused by CO,
adsorption between different coal types is also the cause
of internal stress in coal (Chen et al., 2022; Kong et al.,
2022) have shown that the transition from glassy solid
state to rubber state can explain the expansion process
accompanying CO, adsorption. Masoudian et al. (2013
and 2014) found through experimental research that CO,
adsorption can destroy the coal structure, expand, soften
and weaken it. The adsorption of CO, changes the elastic
modulus and strength of coal samples, and these effects
are reversible. Therefore, they concluded that the changes

in mechanical properties and microstructure of coal
caused by adsorption were similar to the effects of
plasticizers on polymers (Fengetal., 2019). From the
above analysis, it can be seen that the structure of
bituminous coal changes due to complex physical and
chemical effects, which leads to the change in its ability
to resist fracture.

5.3 Effect of bedding on fracture characteristics of
bituminous coal

By analyzing the fracture track geometry and fracture
morphology of three different bedding types of
bituminous coal, it was found that the anisotropy
associated with the fracture toughness of bituminous coal
is mainly caused by the anisotropy of the toughening
mechanism during the propagation of the fracture track.
For a layered sedimentary rock such as bituminous coal,
there are three main toughening mechanisms in the
fracture process: the weak surface cracking of the
bedding, the deviation of the fracture path, and
delamination stripping (Heng et al., 2015). If there are
multiple toughening mechanisms, bituminous coal may
have stronger fracture toughness.

The crack-short transverse bituminous coal sample
breaks when subjected to an external load. The low
cementation strength of the bedding surface leads to
weakness, or a low ability to prevent the propagation of
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fracture trajectories. According to the Maximum
Tangential Stress criterion (Heng et al., 2015; Feng et al.,
2020a, 2020b), when the maximum circumferential stress
at the crack tip exceeds the tensile strength of the weak
bedding plane, the crack propagates along the direction of
the original mode I crack. During the fracture process, the
fracture track starts and expands along the artificial notch
tip and the weak bedding plane. There is no deflection of
the fracture path and delamination. Only the weak
bedding plane cracks, which is a toughening mechanism,
and the bedding plane shows a relatively flat crack
geometry, as displayed in Fig. 7(c). Therefore, the three-
point bending fracture test revealed that this type of
bituminous coal has the smallest fracture toughness value.
The crack-divider bituminous coal sample is subjected to
the load, and the fracture track starts to crack along the
prefabricated crack tip and propagates through the matrix.
Then, the fracture path gradually deviates from the
prefabricated notch direction, increasing the propagation
path. The mechanical structure shows that the fracture
trajectory is orthogonal to and passes through the weak
bedding plane. The cementation strength of the weak
bedding plane is significantly smaller compared to the
coal matrix. As such, the tensile stress perpendicular to
the weak bedding plane peels off the weak bedding plane
due to the stress generated by the load at the crack tip, as
shown in Fig. 12.

The generation and development of layer peeling has a
crack arrest effect, and can cause the sample crack to
create multiple lamellar structures. The separation
between lamellar structures transforms the main crack
propagation into multiple simultaneous and parallel
discontinuous cracks. The stress state at the front of these
cracks changes from three-dimensional stress to plane
strain, inhibits the deformation of bituminous coal,
increases the crack propagation resistance, and macros-
copically shows the enhanced toughness of bituminous
coal. This increases fracture resistance. The results of this
study revealed that the fracture toughness of the loading
types of bituminous coal is highest for the crack-divider
type, followed by the crack-arrester type, followed by the

Main fracture location

Fragmentation and sub crack area Layered stripping

Fig. 12 Delamination phenomenon of crack-divider bituminous coal
sample.
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crack-short transverse type. However, Wu et al. (2017)
studied the mode-I fracture characteristics of coal body in
different bedding directions, and showed that the K.
value of the crack-arrester type exceeded that of the
crack-divider type. The relative fracture toughness of
crack-arrester and crack-divider bituminous coal samples
is closely related to the strength of layered material
matrix and the degree of interlayer peeling (Heng et al.,
2015).

6 Conclusions

This study focused on CO, adsorption in bituminous coal,
and included CO, adsorption experiments, fracture
mechanics experiments and low-temperature nitrogen
adsorption experiments. The effects of the CO, state
during adsorption and bedding direction on the fracture
characteristics of bituminous coal were studied based on
analysis and discussion of the experimental data. The
main study conclusions are as follows.

1) Sub-/super-critical CO, has significant impact on
bituminous coal fracture mechanical properties. The K.
of bituminous coal first decreases and then increases as
the CO, saturation pressure increases. Especially, when
the CO, pressure is 8 MPa, the K- decreases the most
(63.6% lower than that without adsorption). This may be
due to the compression of the coal based body caused by
higher pressure. The instability characteristics of bitu-
minous coal show the transformation trend of “sudden
fracture - gradual fracture - sudden fracture.”

2) Bituminous coal samples display different abilities to
resist mode-I crack propagation along the parallel
bedding orientation, vertical bedding orientation, and
orthogonal bedding orientation. CO, adsorption does not
change the order of K. (crack-divider type > crack-
arrester type > crack-short transverse type). The
nonuniform change in pore structure caused by CO,
adsorption affects the fracture toughness of these three
types of bituminous coal samples.

3) The fracture trajectory of bituminous coal shows
significant anisotropy. The crack-arrester type fracture
trajectory presents a multi-branch and ladder shape. The
fracture track of the crack-short transverse type and the
crack-divider type bituminous coal is relatively singular,
mainly extending along the direction of the prefabricated
groove. The above results could be due to the inconsistent
stress of the bituminous coal under different loading
modes. Furthermore, there are significant differences in
the mechanical strength of the bedding plane and matrix
of bituminous coal. In particular, when there are different
CO, adsorption states, the differences in the mechanical
characteristics between the bedding plane and the
bituminous coal matrix become more significant.

4) The change in the pore structure of bituminous coal
differs under different CO, adsorption pressures, with a
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significant effect on the fracture toughness of bituminous
coal. The specific surface area and total pore volume of
bituminous coal are positively correlated with fracture
toughness. In contrast, the average pore size of
bituminous coal is negatively correlated with fracture
toughness. The change in fracture characteristics of
bituminous coal depends on the CO, adsorption state,
which may be related to mineral dissolution in coal,
organic matter extraction, and the mutual transformation
between pores with different pore sizes.
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