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Abstract
To determine the role of LN2-cooling in the fracturing process of the coal, the LN2-cooling process of the coal samples is 
divided into three states: initial state, frozen state, and freeze–thaw state. Changes in the mechanical properties and fracture 
behaviors of the coal samples under three states are systematically evaluated by a series of laboratory experiments. The 
thermal cracking behavior of the coal during LN2 freeze–thaw is revealed through a crack phase-field model. The results 
indicate that the compressive strength, elastic modulus, and fracture toughness of the frozen coal significantly increase, while 
they decrease for the freeze–thaw coal. The tensile strength of the coal under the freeze and freeze–thaw states has an obvi-
ous reduction, where a greater decrease for the freeze–thaw coal is induced. The fracture propagation process and induced 
fracture morphology of the coal under both the freeze and freeze–thaw states become complex, in which a greater change 
for the freeze–thaw coal is presented. The micro-fracture in the coal during LN2-cooling mainly comes from the temperature 
gradient and mismatch of thermal stress between adjacent mineral particles. Both fracture growth rate and fracture area in 
the LN2 thaw process are larger than that in the LN2 freeze process. The variations in the fracturing behaviors of the coal 
with different LN2 treatment states in the mechanical experiments are well explained by the numerical simulation results.

Highlights

•	 The mechanical properties of the coal with different LN2 cooling states are studied systematically through laboratory 
experiments.

•	 Effects of the LN2 cooling state on the crack propagation and fracture morphology of the coal in the mechanical tests are 
analyzed.

•	 The micro-crack evolution process of the coal during the LN2 freeze–thaw is revealed through a crack phase-field model.
•	 Both the crack propagation rate and induced crack area inside the coal during the LN2 thaw process are greater than that 

during the LN2 freeze process.
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Abbreviations
CBM	� Coalbed methane
QSGS	� Quartet structure generation set
RA	� Rise time/amplitude

List of symbols
�t 	� Tensile strength
KI 	� Mode I fracture toughness
Pmax 	� Maximum loading
D 	� Diameter of the disk
YI 	� Geometry factor
t 	� Time
T  	� Temperature
T  	� Specified boundary temperature
Q 	� Specified boundary heat source
h 	� Convective parameter of heat exchange
Q 	� Heat source
cp 	� Heat capacity
� 	� Density of the coal
k 	� Heat conductivity
�T 	� Normal unit vector
� 	� Stress tensor
�V 	� Volumetric force tensor
� 	� Elasticity modulus tensor
� 	� Displacement tensor
SEM	� Scanning electron microscope
AE	� Acoustic emission
ISRM	� International Society for Rock Mechanics
AF	� AE counts/duration
�e 	� Elastic strain
�th 	� Thermal strain
T0 	� Reference temperature
�T 	� Thermal expansion tensor.
� 	� Phase field
d(�) 	� Damage function
lint 	� Internal length scale
Hd 	� State variable function
Gc 	� Critical energy release rate
Gc0 	� Strain energy threshold
W+

s0
 	� Tensile part of the undamaged elastic strain 

energy density
�
+
el
 	� Tensile part of the elastic strain tensor

�el,pi 	� Principal value of the elastic strain tensor
�i 	� Direction vector
� 	� 4th order elasticity tensor
k0 	� Initial thermal conductivity
g(�) 	� Stiffness weakening function
�0 	� Initial elasticity modulus tensor
� 	� Poisson’s ratio
E 	� Elastic modulus

1  Introduction

Since conventional energy resource is increasingly 
exhausted, coalbed methane (CBM), as an unconventional 
resource with enormous reserves, has attracted more atten-
tion around the world. CBM extraction can not only reduce 
gas outburst risk greatly but improve greenhouse gas emis-
sion positively (Dong et al. 2017; Liu et al. 2018; Pan et al. 
2014). However, CBM adsorbed in micro-pore and micro-
crack of coal is difficult to extract economically due to the 
low permeability feature of coal (Li et al. 2017; Liu et al. 
2009), thus stimulation technologies of CBM reservoir are 
urgently needed. Currently, hydraulic fracturing (Liang 
et al. 2021a, b), as a relatively mature fracturing method, 
is widely used in CBM extraction and effectively increases 
CBM extraction efficiency. Nevertheless, during hydraulic 
fracturing, the invasion of the water phase causes water lock 
and water-sensitivity damages to the reservoir (Anderson 
et al. 2010). Moreover, lots of water resources are con-
sumed and the proppant carried in water-based fracturing 
fluid enters the aquifer to pollute the groundwater (Pelak 
and Sharma 2014). Thus, many investigations on waterless 
fracturing techniques have developed rapidly, such as the 
high energy gas fracturing technology (Liew et al. 2020), 
the CO2/N2 fracturing technology (Hou et al. 2018; Middle-
ton et al. 2014), the cryogenic fracturing technology (Cha 
et al. 2014; Su et al. 2020, 2022), and so on. Liquid nitrogen 
(LN2) with ultra-low cryogenic temperature of -196 °C can 
promote cracks appearing and extending in rocks due to the 
huge thermal stress (Wu et al. 2019; Hou et al. 2021c, 2022), 
and it has been proved feasible to use thermal treatment 
technology to improve CBM production (McDaniel et al. 
1998). In summary, LN2 fracturing offers many advantages 
in enhancing the stimulation effect, saving water resources, 
and protecting reservoirs.

In the LN2 fracturing of coal, the cryogenic fracturing 
effect of LN2 plays a key role, which has been studied by 
many scholars. Previous studies can be mainly divided 
into three aspects: structural alteration, mechanic property 
change, and heat transfer characteristics of coal before and 
after LN2 cooling. The heat transfer law in coal during LN2 
fracturing has been reported from the perspective of numeri-
cal simulation and experiment, which is helpful to under-
stand the damage mechanism of coal during LN2-cooling 
(Li et al. 2020a; Wu et al. 2018). Through the LN2 soaking 
tests of the coal, the temperature changes of coal can be 
divided into three stages: accelerated cooling, decelerated 
cooling, and low-temperature maintenance (Liu et al. 2021). 
Based on the isotropy assumption and thermo-mechanical 
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coupling model, Du et al. (2020b) found that the surface and 
central parts of the coal sample are subjected to tensile stress 
and compressive stress, respectively. The maximum thermal 
stress induced by LN2 cryotherapy occurred at the surface of 
the specimens. The permeability of coal is closely related to 
the degree of pore-fracture development (Hou et al. 2021a, 
b). Ren et al. (2013) performed the ultrasonic wave veloc-
ity tests on coal and found that both the wave velocity and 
amplitude of coal decrease after LN2-cooling. Coetzee et al. 
(2014), Zhai et al. (2016), and Qin et al. (2021, 2022) dis-
covered that LN2-cooling treatment can greatly increase 
the number and connectivity of pores inside coal. Chu and 
Zhang (2019) and Chu et al. (2020) compared the changes in 
the pore/fracture structure inside coal before and after LN2 
thermal shock load. Yan et al. (2020a, b) explored the evolu-
tion characteristics of fractures inside coal after LN2-cooling 
using micro-X-ray computed tomography, including the 
porosity, fracture volume, fracture thickness, and fracture 
connectivity. Therefore, the permeability of coal subjected 
to LN2-cooling is improved due to the increase of pore con-
nectivity and the generation of microcracks. The mechani-
cal properties of coal will be deteriorated due to changes 
in its internal structure after LN2-cooling treatment. The 
elastic modulus, compressive strength, and tensile strength 
of coal subjected to LN2 cryotherapy decrease significantly 
(Cai et al. 2016, 2018; Jin et al. 2019; Li et al. 2020b), and 
the fracture propagation becomes more active during the 
mechanical experiments.

Although the above studies have provided some note-
worthy information about the LN2 fracturing of coal, the 
coal stimulation using such a method still needs a better 
understanding to be encouraging practically. Previous labo-
ratory experiments are mainly focused on the changes in 
physical and mechanical characteristics of coal before and 
after LN2-cooling. However, few investigations have paid 
attention to the influence of the LN2-cooling state (namely, 
temperature change) on the physical and mechanical prop-
erties of coal. During LN2 fracturing, coal is actually sub-
jected to two thermal shock loadings: freeze process and 
thaw process (Liu et al. 2020b, 2021). Cai et al. (2018) found 
that the P-wave velocity and tensile strength of the frozen 
coal decreased by 14.46 and 17.39%, respectively, 14.46 and 
17.39% for the freeze–thaw coal, respectively. The results 
indicate that the LN2-cooling state plays an important factor 
in LN2 fracturing. Currently, there also has been no system-
atic study on the effects of LN2-cooling on different mechan-
ical parameters of coal. For example, fracture toughness, as 
one parameter of rock mechanical properties, reflects the 
resistance of the rock to crack growth and plays a key role 
in the design of fracturing technology. However, it is rarely 
reported. Meanwhile, the damage mechanism of coal sub-
jected to LN2-cooling also needs to be further studied. In the 
previous isotropic thermal–mechanical coupling model, only 

the temperature gradient effect is studied. However, the mis-
match of thermal stress between adjacent mineral particles 
has also a significant influence on the rock cracking due to 
the anisotropic characteristics of the rock (Wu et al. 2019). 
Therefore, this study aims to systematically investigate the 
mechanical properties and fracture behaviors of coal sub-
jected to different LN2 cooling states, and quantificationally 
reveal the thermal damage evolution process of coal during 
LN2 thermal shock.

In this study, the LN2-cooling process of the coal samples 
is divided into three special states: initial state, frozen state, 
and freeze–thaw state. Then, systematic mechanical experi-
ments are carried out on the coal under these three states, 
including the uniaxial compression experiment, Brazilian 
splitting experiment, and three-point bending experiment. 
The crack propagation and failure characteristics of the coal 
samples under the three states are compared through a series 
of auxiliary experiments. Finally, the micro-fracture propa-
gation mechanism of the coal during LN2 thermal shock is 
quantificationally revealed based on a thermo-mechanical 
coupling phase-field model, the change in the fracturing 
behavior of the coal under three states is explained. The 

Fig. 1   Coal samples
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results are expected to have a strong guiding role for the 
development of LN2 fracturing in the low-permeability coal.

2 � Material Preparation and Methods

2.1 � Sample Preparation

The experimental coal samples are all taken from the Yulin 
mining area of Shanxi Province. After the coal is mined, 
it is transported to the laboratory under sealed conditions, 
and then the equipment is used to drill, cut, grind, and slit 
the raw coal. After the processing, the coal samples are 
shown in Fig. 1. The moisture content of the coal is 5.47%. 
In addition, the coal samples are taken from the same raw 
coal to reduce the influence of the coal heterogeneity on the 
experimental results. The standard cylinder sample with a 
height of 100 mm and a diameter of 50 mm is used in the 
uniaxial compression experiment. The disc sample with a 
thickness of 25 mm and a diameter of 50 mm is employed in 
the Brazilian splitting experiment. The semi-disc specimen 
with a thickness of 25 mm and a diameter of 50 mm is used 
in the three-point bending experiment, where the width and 
length of the artificial slit are 1 and 12.5 mm, respectively. 
The surface flatness, width, and verticality of prefabricated 
cracks of the coal samples are within the tolerance range rec-
ommended by the International Society for Rock Mechanics 
(ISRM). The processed coal samples used in the experiment 
are all dried and then sealed with plastic wrap for later use.

2.2 � Experimental Methods

In the LN2 cooling tests, three LN2-cooling states are 
designed (Fig. 2), that is, untreated state, LN2 freeze state, 
and LN2 freeze–thaw state. The untreated group is the 
control group. The coal samples on the frozen group are 

immersed in LN2 for 1 h until completely frozen. To reduce 
deviations caused by the exposure of the frozen coal sam-
ples to room temperature, the structural and mechanical 
tests are carried out immediately when the frozen coal 
samples are taken out of LN2. Based on the results of a 
continuous ultrasonic test during the thawing process of 
the coal samples, this short exposure process has a slight 
effect on the surface structure of the coal sample, result-
ing in a 5.96% reduction in the P-wave velocity in 10 min. 
However, we believe that this is not enough to affect the 
overall structure of the sample. In the freeze–thaw group, 
the coal samples are frozen in the LN2 container for 1 h, 
then put into a sealed bag and warmed to room tempera-
ture (about 4 h). Therefore, there are two thermal shock 
processes during the freeze–thaw. In addition, the mass 
and P-wave velocity of the samples in the freeze–thaw 
group are measured by the electronic scale and ultrasonic 
detector, respectively; their values under three states are 
taken from the same specimen. The changes in the micro-
structure of the coal before and after LN2-cooling treat-
ment are observed by the scanning electron microscope 
(SEM). Three samples were tested for each case.

In the uniaxial compression experiment, the TAWD-
2000 electro-hydraulic servo rock mechanical properties 
testing system is employed. The axial force control is used, 
and the loading rate is 100 N/s. The loading stops when 
the sample is destroyed. At the same time, the acoustic 
emission (AE) probe of the AE system PCI-2 is installed 
on the surface of the sample to monitor the crack propaga-
tion in real-time. To ensure the accuracy of the results, the 
Brazilian split and three-point bending experiments are 
performed using the CSS-88020 universal test machine, 
because the tensile strength and fracture toughness of the 
coal samples are relatively small. In both of these experi-
ments, the axial displacement control is adopted, and the 
control speed is 0.005 mm/s. The distance between the 

Fig. 2   Sketch map of three LN2-cooling states
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next two supports is 12.5 mm in the three-point bend-
ing test. The load, displacement, and other information 
in the loading process are observed and recorded in real-
time. The tensile strength (Garcia et al. 2017) and fracture 
toughness (Lim et al. 1993) of the coal samples are calcu-
lated by Eqs. (1) and (2), respectively:

where �t is the tensile strength, KI is the mode I fracture 
toughness, Pmax is the maximum loading, D is the diameter 
of the disk; B is the disk thickness, YI is the geometry factor 
that depends on the normalized crack length and normalized 

(1)�t =
2Pmax

�DB
,

(2)KI =
Pmax

DB
YI

√
�a,

span ratio. Based on the study of Lim et al. (1993), the value 
of YI is 3.61 in this study.

After the completion of the mechanical test, the broken 
rock samples are sealed in a bag and marked well for sub-
sequent analysis. As to the failure specimen after the uni-
axial compression test, the fragment sizes of the coal are 
graded through the particle sizing screen, and five grades 
are used (that is: < 2 mm, 2–5 mm, 5–10 mm, 10–15 mm, 
> 15 mm). The total crack length of the damaged specimen 
after the Brazilian splitting experiment is calculated based 
on the binarization image of the failure pattern. After the 
three-point bending experiment, the main fracture surface 
of the sample is scanned by the 3D profilometer VR-5000, 
and then the fractal dimension of the 3-D fracture surface 
is calculated.

3 � Experimental Results

3.1 � Structure Damage

Figure 3 shows changes in the surface structure of the coal 
sample under different states. Lots of thermal cracks on the 
coal sample surface after freezing are observed, indicating 
that the low temperature can promote the initiation and prop-
agation of cracks during the freezing process. After the LN2 
thaw, the crack width on the specimen surface significantly 
reduces, and some weakly cemented matrix particles fall 
off. There may be two reasons for the crack closure during 
the thawing process. The first is that the low temperature in 
the frozen state will lead to the shrinkage of the coal matrix. 
After thawing, the coal matrix will resume deformation, 
leading to the crack closure. The second is the melting of 
the ice that supports the crack opening of the coal during the 

Fig. 3   Changes in the surface structure of the coal sample under dif-
ferent states

Fig. 4   Variation of the P-wave velocity and mass of the coal samples
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thawing process. The result shows that the LN2 freeze–thaw 
has a better cracking effect on the coal.

The P-wave velocity and mass of coal samples under 
three states are shown in Fig.  4. Compared with the 
untreated coal sample, the P-wave velocity and mass 
of the freeze–thaw coal sample are reduced, especially 
the P-wave velocity, with an average decrease of about 
26.14%. It is generally believed that there is a negative 
correlation between P-wave velocity and damage degree 
of rocks. It is worth noting that the P-wave velocity and 
mass of the frozen coal samples increase, and the average 
increase of the P-wave velocity is about 10.97%. During 
the freezing process, although many cracks are produced, 
the pores and cracks in the coal are filled with ice due to 
the phase transformation of free water and bound water 
in the coal sample (Qin et al. 2022), which will improve 
the P-wave conductivity. There may be two reasons for 
the mass increase of the frozen coal samples: residual 
LN2 and frost forming on the surface of the frozen coal 
samples in the air. The decrease of the coal mass after 
the freeze–thaw is mainly due to the shedding of weakly 
cemented matrix particles under the action of the thermal 
shock load.

To further understand the damage characteristics of the 
coal caused by LN2 thermal shock, the microscopic struc-
ture changes inside the coal samples are observed. Since 
it is hard to observe the micro-structure of the frozen coal, 
the SEM experiments of the untreated and freeze–thaw 
coal samples are carried out in this study. Considering 
the different temperature gradients at different positions 
of the coal sample during LN2 thermal shock, samples 
are taken at two locations of the freeze–thaw coal sam-
ple, one on the surface of the coal sample and the other 
in the center of the coal sample. The results are shown 
in Fig. 5. At the magnification of 200 times, there was 
no obvious crack in the untreated sample. However, the 
obvious thermal cracks in the center and surface loca-
tions of the freeze–thaw coal sample are found, and the 
larger crack width is induced in the coal surface. At the 
1000- and 3000-times magnification, there are obvious 
cracks in all samples. The initial cracks of the untreated 
samples are relatively straight, while the obvious inter-
granular crack and trans-granular crack are generated on 
the center and surface locations of the freeze–thaw coal 
samples, respectively. Compared with intergranular fail-
ure, trans-granular failure is more difficult to produce, 
indicating that the damage caused by the LN2 treatment 
of the coal is not uniformly distributed in space, and the 
damage degree of the coal matrix that first contacts LN2 
is larger. The coal matrix after the freeze–thaw shows a 
scaly surface, and many crack tips are presented in the 
surface microstructure of the coal sample. At the mag-
nification of 6000 times, the untreated sample has no 

obvious cracks, and the coal matrix morphology is flat. 
In the center location of the freeze–thaw coal sample, the 
micro-cracks and pore damage caused by the tensile fail-
ure of the coal matrix can be observed. The number and 
size of micro-cracks further increase in the surface loca-
tion of the freeze–thaw coal sample. The results indicate 
that the internal structures of the coal samples after the 
LN2 treatment are improved to a large extent, which may 
lead to the change of mechanical properties and failure 
characteristics of the coal. The damage induced by LN2 
freeze–thaw is different in the spatial distribution of the 
coal. The damage degree on the surface of the coal sam-
ple is greater than that in the center of the coal sample, 
which is mainly because the thermal shock loading on the 
sample surface is the largest.

3.2 � Mechanical Properties

The loading curves in the mechanical experiments are pre-
sented in Fig. 6. Figure 6a shows the stress–strain curves 
of the coal samples under three states in the uniaxial com-
pression experiment, they can be roughly divided into four 
stages: compaction, elasticity, yield, and failure. In the 
compaction stage, the average strain of the untreated coal 
sample, frozen coal sample, and freeze–thaw coal sample is 
0.0039, 0.0023, and 0.0042, respectively. Compared with the 
untreated coal sample, the compaction stage of the frozen 
coal sample is shortened obviously, while the compaction 
stage of the freeze–thaw coal sample is increased. Since 
there are free water and bound water in the coal, the ice 
can be observed on the surfaces of the frozen coal sam-
ples. Hence, the internal pores and cracks inside the fro-
zen coal sample can be also filled with ice, thus, the open 
space is reduced. However, the internal open space of the 
freeze–thaw coal sample increases due to the increase of 
pore size and the generation of cracks, further resulting 
in the increase of compressibility. After entering the elas-
tic stage, the stress response sensitivity of the coal sam-
ples under the three states is also different, and their stress 
response sensitivity is in order: frozen state > untreated 
state > freeze–thaw state. In the three states, the plastic 
yield stage of the frozen coal sample is the most obvious, 
and it rises in a jagged way. During the freezing process, 
the microcracks can be produced inside the coal, while the 
stiffness of the coal matrix increases. Therefore, under an 
external load, the crack initiation positions and the required 
stress of the matrix crack propagation increase. When the 
crack propagation encounters the pretreatment crack, a local 
stress concentration region will be generated, which will 
accelerate the crack propagation. Once the crack propaga-
tion reaches the coal matrix, the load required for the crack 
propagation increases again. Thus, a serrated load curve is 
formed in the yield stage. In the failure stage, the untreated 
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coal sample almost falls from the peak stress. The stress of 
the frozen coal sample decreases step by step, and its peak 
strain increases obviously. The freeze–thaw coal sample also 
presents similar results in the failure stage with the frozen 
coal sample, but the curve fluctuation is not so strong.

Figure 6b shows load–displacement curves of coal sam-
ples with different states under the Brazilian splitting tests. 
The loading curves of the untreated coal samples are smooth, 

and brittle failure occurs. The load–displacement curves of 
the frozen coal samples have obvious inflection points before 
the failure, indicating that multistage crack propagations are 
present inside the samples. The smoothness of the loading 
curves of the freeze–thaw coal samples decreases greatly, 
which indicates that there are many defects induced by the 
freeze–thaw treatment inside the coal. During the loading 
process, the damage regions promote each other, resulting 

Fig. 5   Micro-structure characteristics of the coal samples
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in the decrease of the cohesion between matrix particles and 
the gradual decrease of bearing capacity.

The load–displacement curves of the coal samples 
with different states in the three-point bending tests are 
shown in Fig. 6c. It can be found that the load–displace-
ment curve shapes of both the untreated and frozen coal 
samples are relatively smooth, the peak load and axial dis-
placement of the coal sample significantly increase after 
the freeze treatment. However, the loading curves of the 
freeze–thaw coal samples present a distinct jagged shape 
near the failure, and the maximum load decreases and 
axial displacement increases obviously. It is shown that 
the crack propagation path is complex during the loading 
process, and the damage induced by the LN2 freeze–thaw 
affects the crack propagation.

Through the calculation, the compressive strength and 
elastic modulus of coal samples in three states are shown 
in Fig. 7a, b respectively. Compared with the untreated coal 
samples, the compressive strength and elastic modulus of 

the frozen coal samples increase by 52.85 and 38.76% on 
average, respectively. While the compressive strength and 
elastic modulus of the freeze–thaw coal samples decrease 
by 21.20 and 23.20%, respectively. The tensile strength 
and fracture toughness of the coal samples with different 
states are shown in Fig. 7c, d, respectively. It can be found 
that the tensile strength of the coal in the three states is 
arranged from high to low: untreated state, frozen state, and 
freeze–thaw state. Compared with the untreated coal sample, 
the tensile strength of the frozen and freeze–thaw coal sam-
ples decreases by 26.17 and 42.99% on average, respectively. 
By the freeze treatment, the fracture toughness of the coal 
sample increases by 495.07%, while the fracture toughness 
of the coal samples through freeze–thaw treatment decreased 
obviously by 58.33%.

According to the above results, the influence of the LN2 
cooling state on the mechanical properties of the coal is very 
significant. Although cracks occur in the frozen coal sam-
ples, the stiffness of the coal matrix becomes also greater 

Fig. 6   Loading curves in the mechanical experiments



3825Influence of Liquid Nitrogen Cooling State on Mechanical Properties and Fracture…

1 3

due to the action of the freezing. The former can increase 
the crack initiation positions, while the latter can increase 
the compressive strength of the frozen coal sample and the 
stress required for the matrix crack initiation and propaga-
tion. As a result, the compressive strength, elastic modulus, 
and fracture toughness of the frozen coal sample show an 
obvious increase. Compared with the increase of the coal 
matrix stiffness, the generated cracks inside the frozen coal 
sample are more sensitive to the tensile stress, so its tensile 
strength decreases. Under the action of two thermal shocks 
of cooling and rewarming, the structure of the freeze–thaw 
coal sample is seriously damaged, the damaged area and 
damage degree will be further increased compared with a 
single freezing process. Hereby, the cohesion of the inter-
nal structure of the freeze–thaw coal sample will be greatly 
weakened. Naturally, all mechanical characteristic param-
eters are weakened.

3.3 � Fracture Propagation Characteristics

During the process of rock failure, the energy gathered 
inside the rock will be released in the form of elastic waves 

due to the initiation, development, and expansion of micro-
cracks. This phenomenon is called the AE phenomenon (Du 
et al. 2020a). Therefore, the AE can be used to qualitatively 
analyze the evolution process of rock internal cracks.

The variations in the ringing count of the AE under the 
uniaxial compression of the coal samples are shown in 
Fig. 8. The ringing count of the untreated coal presents a 
significant sudden increase, where the ring count is in a 
relatively low active state before the failure and becomes 
extremely active near the failure. After the LN2 treatment, 
the frequency of the ringing count events increases signifi-
cantly during the compression and elastic stages, while the 
magnitude of the ringing count has an obvious reduction 
near the failure. It can be also observed that the frequency 
of the ringing count events of the freeze–thaw coal is greater 
than that of the frozen coal. For the ring count distribution 
above the blue dotted line, both the event and magnitude 
of the ringing count of the frozen coal before the failure 
are larger than that of the freeze–thaw coal. At the failure 
stage, the ringing count of the freeze–thaw coal shows a 
small sharp increase, while this phenomenon has not been 
presented for the frozen coal. There is a positive correlation 

Fig. 7   Mechanical parameters of the coal samples
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between the ring count and crack propagation. The damage 
caused by the LN2 treatment leads to the increase of micro-
cracks inside the coal, and then the initiation and propaga-
tion activities of the cracks are enhanced under the action of 
the external loading, where the more serious the damage is, 
the higher the crack activity is. As the pretreatment micro-
cracks in the frozen coal samples continue to expand, the 
AE becomes active. However, at the same time, as the coal 
matrix becomes more brittle, in turn, it inhibits the propaga-
tion of cracks, and the cracks continue to expand only when 
the stress reaches a certain value. This is mainly the reason 
for the difference in the AE between the frozen coal and 
frozen–thaw coal under the uniaxial compression test. Based 
on the change of cumulative ringing count, the AE of the 
untreated coal increases suddenly in a short time, showing 
brittle failure characteristics. The development of internal 
cracks for the treated coal always maintains a high activity, 
showing a certain ductility failure. The ductility character-
istics of the freeze–thaw coal are more obvious compared 
with the frozen coal. Due to the increase of both cracks and 
matrix brittleness inside the frozen coal, the frozen coal 

sample shows a special failure behavior of the brittleness 
and ductility at the same time.

Based on the AE information, the distribution charac-
teristics between rise time/amplitude (RA) and AE counts/
duration (AF) are often employed to determine the clas-
sification of tensile and shear cracks (Ohtsu et al. 1998). 
In general, the propagation process of tensile cracks inside 
rocks corresponds to high AF values and low RA values, 
while shear cracks are characterized by high RA values and 
low AF values (Lu et al. 2021). As shown in Fig. 9, the rela-
tionship between AF and RA, namely, AF = 0.037 × RA is 
taken as a boundary between tensile and shear cracks under 
different cases. The proportions of tensile and shear fractures 
in the uniaxial compression experiments are summarized 
in Table 1. As shown in Table 1, the average proportion 
of shear fractures of the untreated coal, frozen coal, and 
freeze–thaw coal is 37.6%, 59.9%, and 65.8%, respectively. 
The shear crack becomes more active after LN2-cooling, 
and the proportion of shear fractures after LN2 freeze–thaw 
is the largest with an increase of 75.0% compared with the 
untreated coal. With the development of the LN2-cooling 

Fig. 8   Changes in the AE ringing count of the coal during the uniaxial compression. For comparison, the blue dotted line represents the same 
level of ringing count, which has a value of 50
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state, more micro-fractures are induced by thermal shock, 
and then the number of shear fractures under uniaxial com-
pression stress also becomes larger. Compared with the 
untreated coal, LN2-cooling can reduce cementation degree 
between mineral particles, and it is easy to cause unsteady 
slip propagation along the pretreated crack. Therefore, there 
are many shear failures from micro-fractures formed inside 
coal samples after the freeze–thaw treatment.

3.4 � Failure Mode

The morphology and distribution of the macroscopic cracks 
after the coal failure have an important reference role in 
studying the formation of the crack network during the reser-
voir fracturing, and the structural characteristics of the crack 
network have a direct impact on the exploitation efficiency 
of CBM. Therefore, the experimental study on the failure 
characteristics of the coal samples with different states can 
better provide relevant guidance for the LN2 fracturing of 
coal seams. Figure 10 shows the failure modes of the coal 
samples.

Under the uniaxial compression, the failure of the 
untreated coal samples is dominated by a single main frac-
ture surface, and meanwhile, some secondary cracks are 

generated. Most cracks are parallel to the direction of the 
axial load, which indicates that the failure process is mainly 
controlled by the tensile stress. The coal samples after the 
destruction are relatively complete, accompanied by a small 
number of fragments. The frozen coal samples are seriously 
damaged with no main fracture surface, and many fragments 
from the surface of the coal samples during the loading pro-
cess peel off. The fracture surface is very rough, in which 
there are a lot of secondary cracks. The failure model of 
the freeze–thaw coal samples is similar to the frozen coal 
samples. The coal sample was almost destroyed, and a lot 
of debris is formed. As to the freeze and freeze–thaw coal 
sample, the crack propagation process is disordered under 
uniaxial compression due to the existence of quite a few 
pre-cracks induced by the LN2 cooling. The cracks are more 
likely to grow along the pre-cracks, and the crack growth 
mode also becomes more complex.

In the Brazilian splitting experiment, it can be found that 
the untreated coal sample is a typical tensile failure. The 
crack is destroyed from the center point and runs through 
the coal sample, forming a single main crack without any 
redundant branch cracks. The crack propagation path of 
the frozen coal samples is relatively complex, and there are 
many small branch cracks near the main crack. As to the 
freeze–thaw coal samples, several main cracks and some 
branch cracks appear. The branch cracks and the main cracks 
are connected in series, which forms a considerable damage 
effect. In the three states, the freeze–thaw coal samples have 
the greatest crack growth, indicating that the pre-cracks of 
the freeze–thaw coal are larger than that of the frozen coal.

In the three-point bending test, the untreated coal samples 
present a typical tensile failure. The crack expands along the 
artificial crack to the loading point, and the induced crack 
is relatively flat and smooth. Compared with the untreated 
coal samples, the crack propagation path of the frozen coal 
samples becomes tortuous, and the concavity of the fracture 
surface morphology increases. The crack extension path of 
the freeze–thaw coal sample is the most tortuous, and there 
is obvious steering in the crack propagation process. After 

Fig. 9   Crack classification through the RA–AF correlation distribution

Table 1   Proportion of tensile and shear fractures in the uniaxial com-
pression experiments

State Sample no Tensile (%) Shear (%)

Untreated state U-U-1 58.4 41.6
U-U-2 62.7 37.3
U-U-3 66.1 33.9

Freeze state F-U-1 42.7 57.3
F-U-2 36.5 63.5
F-U-3 41.0 59.0

Freeze–thaw state FT-U-1 40.2 59.8
FT-U-2 33.8 66.2
FT-U-3 28.7 71.3
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Fig. 10   Failure modes of the coal samples

Fig. 11   Fracture parameters of the coal samples
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the freeze–thaw treatment, the roughness degree of the 3D 
fracture surface is also the largest. Obviously, the more pre-
cracks inside coal samples, the more turning opportunities 
of crack propagation, further resulting in the more tortuous 
the crack profile and the rougher the crack surface.

To quantitatively analyze crack morphology, the char-
acteristic parameters of the fracture modes are shown 
in Fig. 11. After the coal sample is destroyed, different 
size fragments are formed. Fractal theory can be used to 
describe the distribution characteristics of rock fragments, 
and the fractal dimension can be calculated based on the 
mass, quantity, and size of fragments. The fractal dimen-
sion of the coal fragments after the uniaxial compression 
experiments is shown in Fig. 11a. The larger the fractal 
dimension is, the larger the span between adjacent frag-
ment sizes is, and there are fewer fragments between the 
largest fragment and the smallest fragment. Therefore, 
in this case, the crack network is mainly composed of 
main cracks, and the branch cracks are few, so it is dif-
ficult to form a complex crack network. On the contrary, 
the smaller the fractal dimension is, the more uniform the 
debris size distribution is, and the smaller the size differ-
ence is. Therefore, it is easy to form a complex "tree-like" 
fracture network. The experimental results show that the 
fractal dimension of the coal fragments has a significant 
reduction trend with the development of the LN2 cooling 
state, and the high-volume rupture is induced after the 
freeze–thaw treatment. As shown in Fig. 11b, the total 
fracture length of the coal in the three states under the 
Brazilian splitting experiments is arranged from low to 
high: untreated state, frozen state, and freeze–thaw state. 
The fractal dimension of the 3D fracture surface in the 
three states under the three-point bending test also has 
a similar trend. In a word, the complexity of the induced 
crack in the mechanical tests of the coal increases after 
the LN2-cooling pre-treatment, especially the freeze–thaw 
coal sample which has experienced two thermal shocks. 
LN2 thermal shock can effectively stimulate the dam-
age potential of initial defects in coal. Under the action 
of external force, these induced micro-cracks gradually 
expand, resulting in more damage areas and more complex 
crack morphology.

4 � Thermal Damage Mechanism

In the process of the LN2 thermal shock, the initiation and 
propagation of cracks in rocks are closely related to the heat 
transfer mechanism and mineral distribution. To explain the 
change of the fracturing behavior of the coal under three 
states, the micro-fracture mechanism of the coal during 
the LN2 freeze–thaw is quantificationally evaluated and 

discussed in this section based on the thermo-mechanical 
coupling phase-field model.

4.1 � Thermo‑mechanical Coupling Phase‑Field 
Model

Heat transfer of LN2 thermal shock in the coal is governed 
by a thermal diffusion equation (Liu et al. 2020a):

where t is the time, T is the temperature, Q is the heat source, 
cp is the heat capacity, � is the density of the coal, and k is 
the heat conductivity.

The thermal boundary is as follows:

where T  is the specified boundary temperature, h is the 
convective parameter of heat exchange, Q is the specified 
boundary heat source, and �T is the normal unit vector.

The mechanical equation of the coal is given as follows:

where � is the stress tensor, �V is the volumetric force tensor 
and it is zero in this study.

The stress tensor is given based on Duhamel–Hooke’s 
law:

where � is the elasticity modulus tensor, � is the displace-
ment tensor, “:” denotes the double-dot tensor product. 
Assume that the coal is a linear thermo-elastic material, 
then the elastic strain �e can be calculated by the difference 
between the linearly elastic strain and thermal strain �th:

The thermal strain can be expressed as follows:

where T0 is the reference temperature, �T is a thermal expan-
sion tensor.

In the phase-field model, the essence of the crack propa-
gation is the minimization process of the total Lagrange 
energy functional that is equal to the difference between 
the total kinetic energy and total potential energy (Liu 
et al. 2020a; Nguyen et al. 2019). By the calculation, the 
phase-field equation can be expressed as follows:

(3)∇(k∇T) + Q = �cp
�T

�t
,

(4)

{
T = T → �ΩD

�T ⋅ (−k∇T) = Q + h

(
T − T

)
→ �ΩN,

(5)0 = ∇ ⋅ � + �V,

(6)� = � ∶ �
e(�, T)

(7)�
e =

1

2

[
(∇�)T + ∇�

]
− �

th.

(8)�
th = �T

(
T − T0

)
,



3830	 P. Hou et al.

1 3

where � is the phase field, d(�) is the damage func-
tion, lint is the internal length scale that characterizes the 
width of the discrete fracture. The phase-field boundary is 
−∇� ⋅ � = 0 → �Ω

N
 . By selecting Power-law, the damage 

function d(�) is defined as

where m = 2 means that a quadratic function is employed.
Hd is a state variable function that characterizes the 

local history strain field, and it depends on the crack driv-
ing force Dd (Liu et al. 2020a):

The crack driving force is a function of the elastic strain 
energy density, and it can be defined as

where Gc is the critical energy release rate, Gc0 is the strain 
energy threshold and it is set as zero in this study, W+

s0
 is the 

tensile part of the undamaged elastic strain energy density 
and its expression is given based on the spectral decomposi-
tion of the elastic strain tensor:

The tensile part of the elastic strain tensor �+
el

 can be 
given:

where �el,pi is the principal value of the elastic strain tensor, 
and �i is the direction vector.

The tensile part of the undamaged stress tensor can be 
defined as

where � is the 4th order elasticity tensor.
In the thermal diffusion equation, the thermal conduc-

tivity k depends on the crack phase-field � (Nguyen et al. 
2019):

where k0 is the initial thermal conductivity, � is set as 1 in 
this study assuming no heat flow through cracks, g(�) is the 
stiffness weakening function and it is given:

(9)
�d(�)

��
Hd − � + l2

int
∇2� = 0,

(10)d(�) = 1 − (1 − �)m,

(11)Hd(t, �) = max�∈[0,t]Dd(�, �).

(12)Dd =
lint

Gc − Gc0

⟨W+
s0
−

Gc0

lint
⟩,

(13)W+
s0
=

1

2
�
+ ∶ �

+
el
.

(14)�
+
el
=

3∑

i=1

�el,pi�i ⊗ �i,

(15)�
+ = � ∶ �

+
el
,

(16)k = k0
[
�(g(�) − 1) + 1

]
,

where � is a parameter that is employed to avoid the numeri-
cal singularity in the simulation when � is close to 1.

Since the coal is assumed as the linear elastic material, 
the elasticity tensor � also needs to be updated using the 
phase-field � (Liu et al. 2019):

where �0 is the initial elasticity modulus tensor.
In addition, the critical energy release rate Gc in the 

plane strain condition can be expressed by the fracture 
toughness (Liu et al. 2019)

where � is the Poisson’s ratio, E is the elastic modulus.

4.2 � Model Implementation

Figure 12 shows the implementation process of the crack 
phase-field modeling. The coupled thermo-mechanical 
phase-field model mainly consists of the heat transfer equa-
tion, solid mechanics equation, local history strain equation, 
and phase-field equation, and they are independently solved 
through the segregated coupling solver. The thermal strain 
first is calculated by the heat transfer equation to update 
the solid mechanics’ field. Then, the stress and strain are 
extracted and stored in the variable list. Subsequently, the 
strain energy density is calculated based on the called stress 
and strain values, and the local history strain field is updated. 
The updated Hd is applied to solve the crack phase field. In 
every step, the updated crack phase field is used to modify 
the thermal conductivity in the heat transfer equation and 
the elasticity tensor in the solid mechanics’ equation. In this 
study, the Anderson acceleration is employed to accelerate 
the convergence process due to the low iterative convergence 

(17)g(�) = (1 − �)(1 − �)2 + �,

(18)� = �0

[
(1 − �)(1 − �)2 + �

]
,

(19)Gc =
(
1 − �2

)
K2
I
∕E,

Fig. 12   Implementation process of the crack phase-field model
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in the crack propagation, and the dimension of the iteration 
space is set as 60.

4.3 � Model Verification

In this section, the quenching test of the ceramic slab is sim-
ulated to study the capability and accuracy of the thermo-
mechanical coupling phase-field model in terms of modeling 
thermal cracking issues of brittle solids under thermal shock. 
According to the previous experiment study (Li et al. 2013), 
the ceramic slab first is heated to a specified temperature and 
then placed into a water bath at room temperature. Since 
an intensive temperature change occurs, the ceramic slab 
significantly shrank during the quenching test. As a result, 
many parallel and periodic fractures with different lengths 
are induced in the ceramic slab.

Considering the symmetry feature of the ceramic slab in 
the previous experiments, only half of the ceramic slab with 
a width of 10 mm and a length of 50 mm is used to simulate 
the quenching process. The plane strain condition is assumed 
in this study. In the crack phase-field model, the initiation 
and propagation of cracks are not only associated with the 
thermal shock degree and geometry of the model but also 
highly dependent on the finite element mesh and length scale 
parameter (Chu et al. 2017; Wang et al. 2020). Thus, the 
length scale parameter lint is set as 5 × 10−2 mm that is typi-
cally small enough to ensure the number of the induced short 
cracks in the simulation, and the maximum element size 
hmax = lint∕2 is applied. As a result, the geometry domain 
with the dimension of 10 mm × 25 mm is uniformly rep-
resented by 400,000 quadrilateral elements. The initial 

temperature of the ceramic slab is set as 600 K before the 
quenching. The temperature of the water bath is maintained 
at 300 K. The thermal shock loads and mechanically free 
conditions are applied to the top, bottom, and left boundaries 
of the domain. The adiabatic condition and no normal dis-
placement are assumed in the right boundary of the ceramic 
slab due to the symmetry of the domain. Meanwhile, the heat 
convection conditions are enforced on the top, bottom, and 
left boundaries of the domain. According to previous studies 
(Chu et al. 2017; Wang et al. 2018, 2020), the water seepage 
on fracture surfaces is neglected in this simulation due to 
no significant effect of the water flow on the thermal crack 
patterns. The other simulation parameters are list as follows 
(Wang et al. 2018): α = 7.5 × 10−6 1/K, cp = 880 J/(kg K), 
k0 = 31.0 W/(m K), h = 1.0 × 104 W/(m2 K), ρ = 3980 kg/m3, 
E = 370 GPa, ν = 1/3, and Gc = 42.47 J/m2.

The comparison of the crack patterns among the previous 
experimental observation (Li et al. 2013), reported numeri-
cal results (Tang et al. 2016; Wang et al. 2018), and current 
numerical result is shown in Fig. 13. The current numerical 
result agrees reasonably well with both the previous experi-
mental result and reported thermal crack patterns. The simu-
lation result shows that a series of the periodic parallel short 
crack is first induced initiation, and then selective stagnation 
and propagation of the cracks are presented. The above phe-
nomenon indicates that the cracking behaviors of the brittle 
ceramic slab during the quenching process can be captured 
by our model. Therefore, the capability and accuracy of our 
model in terms of dealing with thermal crack issues are 
qualitatively verified.

Fig. 13   Comparison of the fracture patterns obtained from different methods
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4.4 � Reconstruction of Coal Matrix

To reconstruct the coal matrix at the micro-level, the X-ray 
diffraction experiment of the coal is first performed, and the 
result is shown in Fig. 14a. The mineral composition of the coal 
mainly contains quartz, albite, and kaolinite by the qualitative 
analysis, and a small amount of calcite is present. Therefore, 
the former three minerals are mainly considered in this study.

The coal matrix at the micro-scale is reconstructed by the 
quartet structure generation set (QSGS) proposed by Wang 
et al. (2007). In the QSGS method, the non-growing and grow-
ing phases need to be first determined. In general, the growth 
phase can be called the nth phase ( 2 ≤ n ≤ N ), where N is the 
total number of phases in the reconstruction model. Normally, 
discrete phases are often taken as the growth phases, and their 
growth process is presented as follows.

	 (i)	 The growth cores in a grid system are defined by a dis-
tribution probability that is usually less than the volume 
fraction of the growth phase. The initial growth phases 
are randomly generated by the reformation of the grow-
ing core.

	 (ii)	 The growth direction of each growth core is set as eight 
directions. The growing probability of each direction is 
specified, which can characterize the anisotropic feature 
of the reconstructed coal matrix.

	 (iii)	 Repeat the step (ii) until the volume fraction of the 
growth phase reaches the specified value, and the grow-
ing process is performed.

	 (iv)	 As to three or more growth phases in the reconstructed 
model, two cases need to be considered. If the current 
growth phase is a discrete phase, it corresponds to the 
existing growth phase. Then, its growth process is the 
same as the first growth phase, it can also be generated 
by steps (i)–(iii). Otherwise, the interaction between the 
next growth phase and the existing phase should be con-
sidered.

Based on the QSGS method, the reconstructed coal 
matrix is shown in Fig. 14b, where the white, gray, and black 
represent quartz, albite, and kaolinite, respectively. The size 
of the coal matrix is 1.12 mm × 0.84 mm. The proportion of 
the quartz, albite, and kaolinite is set as 40%, 32%, and 28%, 
respectively. The simulation parameters of each mineral used 
in the crack phase-field model are listed in Table 2, which 
are obtained from previous references (Christensen 1996; 
Dal Bo et al. 2013; Hulan and Stubna 2020; Lao et al. 2020; 
Linvill et al. 1984; Liu et al. 2020a; Michot et al. 2008; Sin 
et al. 2012; Tenner et al. 2007). The critical crack energy 
release rate values of minerals are calculated by Eq. (16).

4.5 � Simulation Results

The numerical simulation can not only accurately evaluate 
the local stress caused by the complex thermal history but 
also provide a method for studying the thermal crack process 
in detail. Thus, the coal matrix subjected to the freeze–thaw 
process is simulated in this section by the coupled thermo-
mechanical phase-field method. The length scale parameter 
lint is set as 0.5 × 10− 2 mm, and the maximum element size 

Fig. 14   Composition and distribution of minerals

Table 2   Simulation parameters in the crack phase field model

Parameter Quartz Albite Kaolinite

�s (kg/m3) 2650 2620 2650
E (GPa) 96.0 63.6 21.4
� (1) 0.08 0.28 0.36
KI (MPa·m1/2) 0.24 0.78 0.10
Gc (J/m2) 0.60 8.82 0.41
�T (1/K) 11.0 × 10–6 6.6 × 10–6 1.7 × 10–6

cp (J/(kg·K)) 700 794 945
k0 (W/(m·K)) 7.69 2.80 3.71
h (W/(m2/K)) 50 50 50
� (1) 1 × 10–9 1 × 10–9 1 × 10–9
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hmax = lint∕2 is applied. As a result, the geometry domain is 
uniformly discretized by 150,528 quadrilateral elements. The 
initial temperature of the coal matrix is set as 298.15 K. The 
thermal shock loads shown in Eq. (20) and mechanically free 
conditions are applied to the four boundaries. To reduce the 
computational workload, the time boundaries of 10 and 16 s 
are selected based on the simulation experience, and the cri-
terion of selection is that both temperature and damage are in 
equilibrium.

The micro-crack initiation and propagation in the coal 
matrix during the LN2 freeze–thaw process are shown in 
Fig. 15. The crack phase-field mainly concentrates at the 
region of the maximum tensile strain energy. It can be 
observed that cracks are mainly initiated and propagated 
in and around quartz grains. In the freezing process, some 
micro-cracks on the coal matrix are first generated when 
LN2 is in contact with the surface of the coal matrix. With 
the increase in the freeze time, the typical trans-granular 
cracks can be found in quartz particles during the initiation 
of cracks, and the intergranular cracks also appear around 
some quartz grains. It is noted that thermal cracking is also 
easily induced in some edges and sharp corners of quartz 
particles because of the singularity of stress at these loca-
tions. With the passage of the freeze time, the temperature 
in the coal matrix becomes almost uniform, and the crack 
propagation rate obviously decreases. Therefore, the het-
erogeneity behaviors of mineral particles and temperature 
gradient cause cracks to occur randomly in the coal matrix. 
In the thawing process, the cracks continue to initiate and 
propagate, and the thermal cracking is much more active 
than the freezing process. However, this thermal cracking 

(20)

{
T = 77 K if t ≤ 10 s

T = 298.15 K if 10 s < t ≤ 16 s
.

process is very short. The main reason is that the thermal 
shock load will be significantly reduced when the tempera-
ture of the coal matrix is closer to the ambient temperature. 
In the thawing process, thermal cracking mainly comes from 
two aspects: the continuous propagation of previous cracks 
and the generation of new cracks. By comparing the micro-
structure changes of the coal between the experiment and 
numerical simulation during the LN2 freeze–thaw, they have 
two obvious similarities. The first one is that the obvious 
structural damage including the generated microcracks and 
pore damage is induced by LN2 freeze–thaw. The second 
one is that the damage of the coal surface structure is more 
serious than that of the coal internal structure, because the 
thermal stress induced by LN2 is maximum at the initial 
contact surface between LN2 and coal (Du et al. 2020b). 
The results not only further verify the effectiveness of the 
crack phase-field model but also make up for the lack of 

Fig. 15   Micro-crack initiation and propagation during the LN2 freeze–thaw process (red: fracture, blue: coal matrix)

Fig. 16   Changes in the fracture region area and average temperature 
with time
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dynamic observation of microcrack evolution in the experi-
mental process.

The evolution of the damage region area and average 
temperature over time are shown in Fig. 16. In this study, 
the damage region area is calculated by the sum of the local 
areas, where phase-field � is larger than 0.95. The tem-
perature balance time of the coal matrix in both the freeze 
and thaw process is about 6 s. The changes in the damage 
region area with the increase in the freeze time presents a 
multi-stage, and it is closely related to the change of the 
temperature gradient. In the initial freeze stage, the growth 
rate of the damaged area is the largest because of a very 
large thermal shock loading induced by a rapid temperature 
change. The growth rate of the damage area decreases as 
the temperature gradient reduces. It can be also found that 
there is a small sudden increase in the damage region area 
after the temperature balance, which may be induced by the 
mismatch of the thermal stress between adjacent mineral 
particles. Although the temperature balance time between 
the freeze and thaw process is almost the same, the thermal 
cracking behavior in the thawing process occurs mainly in 
the first one second. The damage region area in this time 
reaches 0.0151 mm2, which is 1.61 times the damage area 
in the whole freezing process. The result indicates that the 
growth rate of the micro-cracks in the LN2 thaw process 
is larger than that in the LN2 freeze process. Based on the 
previous crack pattern analysis, we can find that the con-
tinuous propagation of cracks induced by the LN2 freeze 
significantly accelerates the increase of the damage area.

By the numerical simulation of the thermal cracking pro-
cess, the damage mechanism of the coal matrix during the 
freeze–thaw is revealed. From a temperature point of view, 
the damage of the coal in the LN2 fracturing can be divided 
into two stages: freeze stage and thaw stage. The latter is 
often ignored, in fact, its contribution to the coal damage is 
the largest. The simulation results well explain the changes 
in the fracturing behavior of the coal under the three states 
in the mechanical experiments. The larger the initial damage 
in the coal samples is, the more crack propagation paths and 
the more complex the crack morphology are in the fractur-
ing tests.

5 � Conclusions

To study the effect of the LN2-cooling state on the mechani-
cal properties and fracture characteristics of the coal, a series 
of laboratory experiments on the coal specimens with dif-
ferent LN2 treatment methods is performed. The fracture 
mechanism of the coal subjected to LN2-cooling is revealed 
from microscale. The conclusions can be shown as follows:

1.	 Compared with the untreated coal sample, the P-wave 
velocity, compressive strength, elastic modulus, and 
fracture toughness of the frozen coal sample have been 
greatly increased by 10.97%, 52.85%, 38.76%, and 
495.07%, respectively, while its tensile strength has been 
reduced by 26.17%. The P-wave velocity, compressive 
strength, elastic modulus, tensile strength, and fracture 
toughness of freeze–thaw coal samples decreased sig-
nificantly, with an average decrease of 26.14%, 21.20%, 
23.20%, 42.99%, and 58.33%, respectively. It indicates 
that the physical and mechanical properties of the 
freeze–thaw coal are deteriorating. The low-temperature 
freezing environment produced by LN2 has a certain 
strengthening effect on the mechanical properties of 
coal.

2.	 At the micro-level, the damage of the coal induced 
by LN2-cooling is different in the spatial distribution. 
The damage of the coal surface is the largest, in which 
the trans-granular microcrack can be found and the 
number and size of micro-cracks also increase. After 
the LN2-cooling treatment, the failure mode, failure 
path, crack propagation direction, and fracture surface 
morphology of the coal in the mechanical experiment 
become more complex, in which the freeze–thaw coal 
samples have the best failure effect.

3.	 The thermal shock damage caused by LN2-cooling is 
mainly manifested in two aspects: temperature gradient 
inside the coal and mismatch of thermal stress between 
adjacent mineral particles due to the heterogeneity fea-
tures of mineral particles. The damage region area in 
the LN2 thawing process is 1.61 times that in the whole 
freezing process, and the growth rate of the micro-cracks 
in the LN2 thawing process is also larger than that in the 
LN2 freezing process. The LN2 thawing process cannot 
be ignored. The above results can well explain the vari-
ations in the fracturing behaviors of the coal with differ-
ent LN2 treatment states in the mechanical experiments.
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