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Abstract: To investigate the effect of liquid nitrogen on the granite failure process, the deterioration
effect of liquid nitrogen on heated granite was investigated from experimental and theoretical
perspectives. The mechanical properties of heated granite (25, 100, 200, 300, and 400 ◦C) after different
cooling treatments (air cooling and liquid nitrogen cooling) were investigated by uniaxial compression
tests. The damage evolution analysis was performed by a statistical damage constitutive model
and the dissipation energy ratio was newly defined. The results show that there is an increase in
the uniaxial compressive strength of heated granite before 200 ◦C, which is due to the competitive
relationship between the thermal cracking and crack closure. Liquid nitrogen cooling can deteriorate
the mechanical properties of heated granite in terms of strength and deformability. At 400 ◦C, the
reduction rates of compressive strength and stiffness between air cooling and liquid nitrogen cooling
reached 32.36% and 47.72%, respectively. Liquid nitrogen cooling induces greater initial thermal
damage and, consequently, leads to a greater degree of total damage before the peak stress and makes
rock easier to be damaged. At 400 ◦C, the total damage at the peak stress increased from 0.179 to 0.587
after the liquid nitrogen cooling. The difficulty of damage can be quantified by the dissipation energy
ratio. In addition, the deterioration of liquid nitrogen on granite is positively related to temperature.
This study confirmed the deterioration effect of liquid nitrogen and promoting effect of temperature,
providing a theoretical approach to the degradation mechanism of liquid nitrogen.

Keywords: liquid nitrogen; degradation; statistical damage constitutive model; damage; dissipated
energy ratio

1. Introduction

The exploitation of geothermal energy is currently facing great challenges, as the
utilization of geothermal energy is limited by the current fracturing capacity [1,2]. The
efficiency of thermal extraction depends on the complexity of the fracture network [1].
The application of liquid nitrogen (LN2) in fracturing engineering is being focused on
and studied as a supplement or alternative to conventional hydraulic fracturing [3–6].
The low-temperature properties of LN2 can lead to thermal stresses in contact with rock,
especially high temperature rocks, which can induce thermal cracks within rock [7,8]. This
can be very helpful in improving the efficiency of reservoir fracturing.

The degrading effect of LN2 on the mechanical properties of rock is generally inves-
tigated experimentally. It has been demonstrated that LN2 can degrade the mechanical
properties of different types of rocks [9–11]. The sensitivity to LN2 damage is different
for rock types [11]. Especially, geothermal reservoir rocks have high temperature proper-
ties [2]. The mechanical properties of high temperature rock are different from those of
room temperature rock [12–14]. The initial temperature of the rocks affects the degradation
of LN2 [15–17]. Benefiting from the current experimental means, the relationship between
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the temperature and the degradation of LN2 has been investigated objectively from various
aspects. Many studies [15–18] found that the mechanical properties degraded by LN2 can
be enhanced with an increasing temperature. Especially over 400 ◦C, the degradation of
LN2 is obvious [16,17,19]. This is explained in that way that an increase in the initial tem-
perature can enhance the induced thermal stress, and thus a more significant degradation
effect [20]. In addition to the experimental means, numerical simulation is adopted to study
the thermal treatment process [7,21,22] and reveals the positive correlation between the
thermal damage and temperature in the process of LN2 cooling. Current studies revealing
the deterioration effect of LN2 are mainly divided into two aspects: one is the mechanism
of the initial damage caused by LN2 [17,20,23,24], and the other is the mechanical behavior
of rocks after the LN2 damage [18,19,25]. The current studies mostly focus on the effect of
LN2 on mechanical parameters, such as porosity, P-wave velocity, strength, and peak strain.
The effect of LN2 on the whole failure process is not sufficient.

The mechanical behavior can be described as a constitutive model [26]. There are many
approaches to building a constitutive model, such as the Neural network-based constitutive
model [26], elastic damage constitutive model [27], and statistical damage constitutive
model [28,29]. In the mesoscopic perspective, the mechanical parameters of rock matrixes
can be regarded as satisfying a certain mathematical function distribution [30]. Assuming
that the mechanical parameters of the rock matrix satisfy the Weibull distribution [31–33].
The failure process of rock is represented by the number of failure matrices; the number
of failure matrices is calculated using the statistical method [30]. Combining the theory
of continuum mechanics, the statistical damage constitutive model can be established.
The statistical damage constitutive model has been widely adopted [32–34]. The damage
evolution of rock can be analyzed by establishing a damage constitutive model. At present,
investigating the degradation of LN2 on rock by the damage constitutive model has not
been focused on.

To help fill those gaps, the deterioration effect of LN2 on heated granite was inves-
tigated from experimental and theoretical perspectives. The effect of LN2 on the whole
failure process was investigated by a statistical damage constitutive model. Through a
damage evolution analysis and a newly defined energy parameter, the softening effect
of LN2 and the role of temperature were confirmed. This study provides a theoretical
approach to the degradation mechanism of LN2.

2. Materials and Methods
2.1. Materials Preparation and Experimental Procedure
2.1.1. Materials Preparation

The granite used in the experiment was obtained from Rizhao City. According to the
uniaxial compression test in this study, the average density of the granite is 2654 kg/m3.
The uniaxial compressive strength is 98 MPa. Young’s modulus and Poisson’s ratio are
20.04 GPa and 0.13. The specimens are 50 mm in diameter and 100 mm in height. The
machining accuracy meets the ISRM standard [35]. To reduce the experimental discrete,
all specimens are taken from the same rock, and the specimens with small differences in
density and wave velocity are selected for further experiments.

In order to study the degradation of mechanical properties induced by LN2 cooling,
specimens cooled under natural conditions are used as the experimental control group. In
order to investigate the relationship between the temperature and cooling degradation, five
temperature levels (25, 100, 200, 300, and 400 ◦C) were set for the experiment. The experi-
ment contains two parts (Figure 1): the thermal treatment and uniaxial compression test.
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After the thermal treatment, the uniaxial compression test is performed by a TAW-
2000 rock test system. Axial displacement is applied to the specimens at a rate of 0.2 
mm/min until their failure. The axial stress, axial strain, and lateral strain are recorded 
and calculated. 

  

Figure 1. Experimental procedure.

2.1.2. Experimental Procedure

Before the uniaxial compression test, the specimens are heated to the target temper-
ature and then cooled (Figure 2). The heating rate and maintenance time of the target
temperature are 2–4 ◦C/min and 2 h [36]. After heating, specimens in the air-cooling group
are placed in the air for cooling, and those of the LN2-cooling group are immersed in
LN2 for cooling. When finishing cooling for 1 h, all specimens are placed under natural
conditions for 24 h to ensure that all specimens can have subsequent mechanical property
tests performed on them at the same temperature.
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Figure 2. Thermal treatment schedule.

After the thermal treatment, the uniaxial compression test is performed by a TAW-2000
rock test system. Axial displacement is applied to the specimens at a rate of 0.2 mm/min
until their failure. The axial stress, axial strain, and lateral strain are recorded and calculated.

2.2. Statistical Damage Constitutive Model
2.2.1. Damage Variables and Statistical Damage Constitutive Equation

The thermal damage variable DT can be defined by Young’s modulus [17,33,37]:

DT = 1 − ET

E0
(1)
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where ET is Young’s modulus after heating and cooling, and E0 is Young’s modulus of the
untreated rock.

The mechanical damage produced by loading is a continuous process, and mechanical
damage can be used to describe the cumulative effect of the matrix damage under loading.
Assuming that the strength of the rock matrix satisfied the Weibull distribution [31–33]:

P(ε) =
m
f0

(
f
f0

)m−1
exp

[
−
(

f
f0

)m]
(2)

where P(ε) is the probability density function of the matrix strength, m and f0 are the
distribution parameters, and f is the strength variable of the rock matrix.

The total number of rock matrices is N, and the number of failure matrices is Nf( f ).
The mechanical damage variable Dm is defined as [32,33]:

Dm =
Nf( f )

N
(3)

The number of failure matrices in the interval [0, f ] can be calculated by Equation (2):

Nf( f ) =
∫ f

0
NP(y)dy = N

{
1 − exp

[
−
(

f
f0

)m]}
(4)

Substituting Equation (4) into Equation (3), Dm is:

Dm = 1 − exp
[
−
(

f
f0

)m]
(5)

The maximum tensile strain yield criterion is assumed to determine the matrix
strength [32,33], that is, f = ε1. Equation (5) can be written as:

Dm = 1 − exp
[
−
(

ε1

f0

)m]
(6)

According to the hypothesis of strain equivalence from Lemaitre [38], in uniaxial com-
pression, the damage constitutive equation for heated granite after cooling the treatments
is [32]: {

σ1 = (1 − Dm)ETε1
ET = (1 − DT)E0

(7)

where σ1 is the axial stress and ε1 is the axial strain.
The total damage variable D is defined as the damage caused by the thermal treatments

and loading. Equation (7) can be written as:{
σ1 = (1 − D)E0ε1

D = DT + Dm − DTDm = 1 − ET
E0

exp
[
−
(

ε1
f0

)m] (8)

2.2.2. Determination of m and f0

The distribution parameters m and f0 can be determined from the geometric properties
of the experimental stress–strain curve. At the peak point of the stress–strain curve, the
derivative of peak stress with respect to the strain is zero [32,33]:{

ε1 = εp, σ1 = σp

ε1 = εp, dσ1
dε1

= 0
(9)

where σp is the peak stress and εp is the strain corresponding to the peak stress.
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Substituting Equation (9) into Equation (8), we get:

σp =
ET

E0
exp

[
−
(

ε1

f0

)m]
E0εp (10)

ET exp
[
−
(

εp

f0

)m][
1 − m

(
εp

f0

)m]
= 0 (11)

We can derive from Equation (11):(
εp

f0

)m
=

1
m

(12)

Combining Equations (12) and (10), we get: m = 1
ln

ETεp
σp

f0 = εpm
1
m

(13)

According to the peak stress and its corresponding strain, the distribution parameters
m and f0 can be calculated by Equation (13), and the damage constitutive equation is
determined by Equation (8).

2.3. Calculation of Energy Dissipation Ratio

The energy conservation of the rock failure process is [39]:

U = Ue + Ud (14)

where U is the total energy absorbed by the rock, Ue is the elastic energy, and Ud is the
dissipated energy.

In uniaxial compression, U can be calculated by:

U =
∫ a

0
σ1dε1 (15)

where a is the upper limit of the integration, taking any moment strain.
Ue can be calculated by:

Ue =
σ1

2

2E0(1 − D)
(16)

where D is calculated by Equation (8).
Combining Equations (14)–(16), Ud can be calculated by:

Ud = U − Ue =
∫ a

0
σ1dε1 −

σ1
2

2E0(1 − D)
(17)

The evolution of damage is associated with energy dissipation. To demonstrate the
difficulty of damage, the ratio of dissipated energy to damage is defined as the dissipation
energy ratio α in this paper:

α =
Ud
D

(18)

3. Mechanical Properties of Heated Granite after Different Cooling Treatments
3.1. Stress–Strain Curves

The stress–strain curves of the specimens under different cooling treatments are shown
in Figure 3. For a clear comparison, one typical curve of the specimens under the same
conditions (same temperature and cooling method) is plotted in the figure. Compared
with the specimens after air cooling (Figure 3a), the uniaxial compressive properties of the
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specimens after LN2 cooling (Figure 3b) are more obviously affected by the temperature.
Above 200 ◦C (Figure 3c,d), the peak stress and Young’s modulus after LN2 cooling are
generally lower than those after air cooling, and the lateral strain after LN2 cooling is larger.
The reduction in the peak stress indicates that the LN2 treatment can make specimens easier
to fail. The reduction of Young’s modulus and the increase in lateral strains indicate that
the LN2 treatment can enhance the deformation properties, causing the softening effect,
which is also founded by Hou et al. [15]. These results indicate that the LN2 treatment
can deteriorate the mechanical properties of granite, and the degradation is affected by
the temperature. Therefore, the uniaxial compressive strength, Young’s modulus, and
Poisson’s ratio will be compared in the following analysis to illustrate the degradation
effect of LN2 cooling on the mechanical properties of heated granite specimens.
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Figure 3. Stress–strain curves in uniaxial compression of specimens under: (a) air cooling and
(b) liquid nitrogen cooling (c) at 300 ◦C and (d) at 400 ◦C.

3.2. Uniaxial Compressive Strength

The average compressive strength of the specimens under different cooling treatments
is shown in Figure 4a. It can be seen from the curve of the air-cooling group that there
is an increase in the strength before 200 ◦C, which is due to the competitive relationship
between the thermal cracking and crack closure. The thermal cracking leads to a strength
deterioration. However, the deformation of the mineral particles inside the specimen due
to the temperature change leads to the closure of some of the cracks, which leads to a
strength increase. The deformation of the crack closure is more prominent than thermal
cracking when the temperature is moderate; at this time the increase in strength will occur.
Above 200 ◦C (Figure 4a), the compressive strength decreases, which suggests that the



Appl. Sci. 2022, 12, 10615 7 of 17

thermal cracking is more prominent. The critical temperature is where the mechanical
transition from strengthening to weakening is related to the grain size distribution [12] and
usually occurs below 500 ◦C [12,40]. The critical temperature declines with the increase in
the heterogeneity of the grain size [12]. The coarse granite used in this study has a larger
heterogeneity of grain size, leading to a lower critical temperature. From the LN2-cooling
group, there is also an increase in strength before 200 ◦C, but the strength after the LN2
cooling is generally lower than that after the air cooling. After 200 ◦C, the compressive
strength after the LN2 cooling decreases significantly with the temperature increase and is
significantly lower than that after the air cooling. The reduction rate of the compressive
strength for LN2 cooling compared with air cooling is given in Figure 4b. The reduction
rate tends to improve with the increasing temperature, especially at 300 and 400 ◦C, the
reduction rates reach 19.06% and 32.36%, respectively. These indicate that LN2 cooling can
deteriorate the compressive strength, and the deterioration is enhanced with the increasing
temperature. The thermal damage is related to the temperature [7,21]. As the initial
temperature increases, the temperature difference between the LN2 and granite becomes
larger. This leads to a larger temperature gradient and thermal deformation [7], which
induces greater thermal stresses within the granite, and therefore the deterioration is
more obvious.
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Figure 4. Effect of liquid nitrogen cooling on uniaxial compressive properties: (a) uniaxial compres-
sive strength and (b) reduction rate of compressive strength between air and liquid nitrogen cooling.

3.3. Deformability in Uniaxial Compression

The average Young’s modulus of the specimens under different cooling treatments
is shown in Figure 5a. Young’s modulus of the specimens after LN2 cooling is lower than
that after the air cooling, which indicates that the LN2-cooling treatment can decrease the
granite stiffness. Above 200 ◦C, the softening effect due to the LN2 is more obvious. The
reduction rate of Young’s modulus for the LN2 cooling compared with the air cooling is
given in Figure 5b. The reduction rate is more significant with the increasing tempera-
ture. At 300 and 400 ◦C, the reduction rates reach 22.36% and 47.72%, respectively. These
indicate that the softening effect due to the LN2 is enhanced with the temperature. The
softening effect of the LN2 is also observed in Poisson’s ratio. The LN2-cooling treatment
can increase Poisson’s ratio (Figure 5c) and the increase rate by LN2 is positively related to
the temperature (Figure 5d), which suggests that the LN2-cooling treatment can enhance
the deformation properties and the improvement of deformability is more significant with
the temperature. The increase in the initial temperature leads to a larger temperature
difference between the LN2 and granite. The larger the temperature difference, the greater
the thermal-induced stresses within the granite, leading to a more obvious softening effect.
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Figure 5. Effect of liquid nitrogen cooling on deformability: (a) Young’s modulus, (b) reduction rate
of Young’s modulus between air and liquid nitrogen cooling, (c) Poisson’s ratio, and (d) increase rate
of Poisson’s ratio between air and liquid nitrogen cooling.

4. Discussion on Damage Evolution

It is shown that the LN2 treatment can deteriorate the mechanical properties of the
heated granite in terms of strength and deformability, indicating that the LN2 cooling
can lead to damage to the granite. The stress–strain relationship reflects the mechanical
behavior of the damage. The statistical damage constitutive model can describe the stress–
strain relationship effectively and can be used for damage analysis [28]. Therefore, the
damage evolution of granite under different cooling treatments is analyzed by a statistical
damage constitutive model.

4.1. Model Validation

The statistical damage constitutive model (Equation (8)) has been widely adopted [32–34].
This model has been proved to describe the stress–strain relationships of rock [32,33]. For
different types of rocks, Pan et al. [34] found that this model fitted well with hard rock with
few voids, but it did not fit well with rock with high voids. This is because the current
model cannot describe the void deformation during the initial compression stage. Granite
is one kind of hard rock with few voids. Due to the thermal treatment, some cracks are
induced within granite, which results in an obvious initial crack closure in the experimental
stress–strain curves (Figure 6). Notably, the initial crack closure in the experimental stress–
strain curves contains two forms of strain: the void deformation and elastic deformation
of the rock matrix. It is assumed that the initial void deformation does not affect the
damage evolution of the rock. The focus of our study is to analyze the damage evolution of
granite. Thus, the void deformation is not considered in the established theoretical curve;
the void deformation is subtracted from the experimental curve. The experimental and
theoretical stress–strain curves for heated granite after different cooling treatments are
shown in Figure 6. The theoretical curves are in a good agreement with the experimental
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curves. On the one hand, the theoretical curves can accurately show the peak stress and
its corresponding strain and can correctly reveal the effect of the temperature and cooling
treatments on the stress–strain relationship. On the other hand, the theoretical curve can
correctly describe the transformation from linear to nonlinear in the stress–strain curves,
which successfully reflects the whole failure process: elasticity, damage, failure, and strain
softening. The theoretical curves are in a good agreement with the experimental curves
before the peak stress, which correctly reflects the damage behavior before the peak stress.
The post-peak theoretical curves have a similar trend to the experimental curves, which
can reveal the strain softening post-peak.
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ing treatments.

The reason for the difference between the theoretical and experimental curves in that
the post-peak is analyzed. Firstly, the granite used in the experiment is brittle and more
likely to have sudden unstable failure after the peak stress, resulting in a large slope of the
post-peak curve for certain specimens. The theoretical curves describe the cumulative effect
of matrix damage and represent the ideal mode of failure, which leads to a smaller slope
of the post-peak theoretical curves (Figure 6e,h). Secondly, sliding deformation occurs
between the splitting cracks within uniaxial specimens before the failure (Figure 6b,e,h),
however, the sliding deformation is not considered in the theoretical curves. This leads to a
higher strain of failure than the theoretical value. The parameters of the theoretical curve
are determined by the tested strain, and a higher tested strain results in a slower slope of
post-peak theoretical curves. In order to improve the description accuracy of the uniaxial
post-peak curve by the theoretical model, the peak strains of certain specimens are reduced
and then used to calculate the theoretical curves. Specimens without a significant sliding
deformation need not do so, and their tested strain can be used to directly determine the
theoretical curves.

The distribution parameters m and f0 of the theoretical model depend on the measured
data. In order to reduce the dispersion of the measured data, the average values of the
peak stress and strain under the same working conditions were adopted to calculate the
distribution parameters and the damage constitutive model (Figure 7). The theoretical
curves shown in Figure 7 are used in the following damage evolution analysis.
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Figure 7. Theoretical stress–strain curves of heated granite after different cooling treatments (calcu-
lated by average value).

4.2. Damage Evolution Analysis
4.2.1. Damage Variable

The total damage variables are calculated by the second equation in Equation (8). The
damage evolution of the heated granite after the different cooling treatments is shown in
Figure 8. The total damage variables show an S-shaped trend with the increasing strain.
The initial unchanged stage reveals the values of the thermal damage variables, where
the mechanical damage variables are close to 0. The thermal damage variables increase
significantly with the increasing temperature (especially at 300 and 400 ◦C), indicating that
the temperature contributes to the increase in the thermal damage. The thermal damage
variables are all higher after the LN2 cooling than air cooling, indicating that the LN2
cooling aggravates the degree of the thermal damage.
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Figure 8. Total damage variables of heated granite after different cooling treatments.

To further analyze the damage evolution after the different cooling treatments, the
specimens at 25, 200, and 400 ◦C are chosen for a specific analysis. To easily distinguish the
pre- and post-peak damage curves, the strains are standardized by dividing them by the
strains at the peak point. The total damage variable versus the normalized strain curves
is presented in Figure 9. It can be found from the pre-peak curves that the total damage
variables of the granite after the LN2 cooling are all higher than the air cooling, which
indicates that the LN2 cooling induces a greater initial thermal damage and, consequently,
leads to a greater degree of damage in the failure process. Comparing Figure 9a–c, the
improvement in the total damage variables due to the LN2 gradually increases with the
increasing temperature. At 400 ◦C, the total damage at the peak stress increased from 0.179
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to 0.587 after the LN2 cooling. These indicate that the increase in temperature contributes
to the thermal damage by the LN2 cooling. From the post-peak curves, the slope of the
damage variables after the LN2 cooling is generally lower than that after the air cooling.
The LN2 cooling induces thermal cracks, which reduces rock brittleness and consequently
makes rock “softer”.
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4.2.2. Damage Evolution Rate

The damage evolution rate is the derivative of the total damaged variables with respect
to the strain:
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∂ε1

=
ET

E0

m
f0

(
ε1

f0

)m−1
exp

[
−
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)m]
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The damage evolution rate versus the normalized strain curves is presented in
Figure 10. The damage evolution rate can be divided into four stages: unchanged, in-
creased, decreased, and unchanged. The initial stage represents the rock in the linear
elastic stage, at this time the evolution rate is almost 0. The onset of an increase in the
evolution rate represents the beginning of stable crack growth. The evolution rate increases
significantly as the strain continues to increase; especially, the evolution rate increases
rapidly after the peak stress. When numerous cracks coalesce and the rock bearing capacity
decreases significantly, the evolution rate reaches a maximum. Afterwards, the evolution
rate gradually decreases to 0. From the pre-peak curves, the increase in the evolution rate
after the LN2 cooling occurs earlier than that after the air cooling, indicating that granite is
more easily damaged after the LN2 cooling. From the post-peak curves, the evolution rate
after the LN2 cooling is generally lower than that after the air cooling, suggesting that LN2
reduces the rock brittleness. Comparing Figure 10a–c, the damage evolution rate of granite
after the LN2 cooling gradually decreases with the increasing temperature. This means that
the increasing temperature promotes the reduction in the brittleness due to LN2, making
the rock easier to be damaged.
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4.2.3. Energy Dissipation Ratio

The dissipation energy at the peak stress can be calculated by Equation (17). It is
found that the dissipation energy is discrete under the different temperatures and cooling
methods. The dissipation energy is related not only to the damage degree but also to the
difficulty degree of the damage. The damage degree is analyzed by the damage variable in
Section 4.2.1. To demonstrate the difficulty degree of the damage, the dissipation energy
ratio (Equation (18)) is defined and calculated. The smaller the energy dissipation ratio,
the smaller the energy dissipation required to attain the same damage degree, suggesting
that rock is more easily damaged. The energy dissipation ratio under different cooling
treatments is shown in Figure 11. The energy dissipation ratio after the LN2 cooling is
lower than that after the air cooling, which indicates that rock is more easily damaged
after the LN2 cooling. At 200 ◦C, the air-cooled specimen has a maximum value, which is
related to the improvement of the mechanical properties due to the crack closure during
the heating process. However, the energy dissipation ratio is significantly reduced with the
LN2 cooling. The energy dissipation ratio after the LN2 cooling is the lowest at 300 and
400 ◦C, indicating that high temperatures can promote the degradation of LN2.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 15 of 18 
 

 
Figure 10. Damage evolution rate versus standardized strain. 

4.2.3. Energy Dissipation Ratio 
The dissipation energy at the peak stress can be calculated by Equation (17). It is 

found that the dissipation energy is discrete under the different temperatures and cooling 
methods. The dissipation energy is related not only to the damage degree but also to the 
difficulty degree of the damage. The damage degree is analyzed by the damage variable 
in Section 4.2.1. To demonstrate the difficulty degree of the damage, the dissipation en-
ergy ratio (Equation (18)) is defined and calculated. The smaller the energy dissipation 
ratio, the smaller the energy dissipation required to attain the same damage degree, sug-
gesting that rock is more easily damaged. The energy dissipation ratio under different 
cooling treatments is shown in Figure 11. The energy dissipation ratio after the LN2 cool-
ing is lower than that after the air cooling, which indicates that rock is more easily dam-
aged after the LN2 cooling. At 200 °C, the air-cooled specimen has a maximum value, 
which is related to the improvement of the mechanical properties due to the crack closure 
during the heating process. However, the energy dissipation ratio is significantly reduced 
with the LN2 cooling. The energy dissipation ratio after the LN2 cooling is the lowest at 
300 and 400 °C, indicating that high temperatures can promote the degradation of LN2. 

 
Figure 11. Effect of liquid nitrogen cooling on energy dissipation ratio. 

4.3. Further Discussion on the Current Work 
In this paper, it was found that the deterioration of LN2 on granite is significantly 

affected by the temperature, and the deterioration effect is positively related to the tem-
perature, which is also confirmed in the current studies [15–17]. LN2 can not only deteri-
orate mechanical parameters, but also affect the failure process [8]. At present, the failure 

0.0 0.5 1.0 1.5 2.0

0

200

400

600

800

1000

D
am

ag
e 

ev
ol

ut
io

n 
ra

te

Standardized strain

 Air cooling
 Liquid nitrogen cooling

(c) 400 °C

Before peak stress

25 100 200 300 400
0.0

0.2

0.4

0.6

0.8

1.0

En
er

gy
 d

is
si

pa
tio

n 
ra

tio
 (M

J/
m

3 )

Temperature (°C)

 
Air cooling

 Liquid nitrogen cooling

Figure 11. Effect of liquid nitrogen cooling on energy dissipation ratio.

4.3. Further Discussion on the Current Work

In this paper, it was found that the deterioration of LN2 on granite is significantly
affected by the temperature, and the deterioration effect is positively related to the temper-
ature, which is also confirmed in the current studies [15–17]. LN2 can not only deteriorate
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mechanical parameters, but also affect the failure process [8]. At present, the failure process
is mostly analyzed by acoustic emission techniques [17]; theoretical analysis is inadequate.
To help fill those gaps, the statistical damage constitutive model [33] is adopted to describe
the damage evolution. According to the derived damage variables and damage evolution
rate, the softening effect [15] of LN2 on granite is confirmed. In addition, the softening
effect can be characterized by the difficulty of damage, which is quantified by the energy
dissipation ratio newly defined in this paper. This study provides a theoretical approach to
the degradation mechanism of LN2.

In further studies, the statistical damage constitutive model adopted in this paper
will be improved in several aspects. First, the initial void deformation was ignored in this
study. The related works have focused on the void deformation in the literature [34,41].
The initial void deformation will be considered in the further model to make the model
more reasonable. Second, different failure criterion types, such as the maximum tensile
strain criterion [33], Mohr–Coulomb criterion [28], Drucker–Prager criterion [41], and
Hoek–Brown criterion [29], are adopted to describe the matrix strength of the rock. The
further model will choose a more reasonable strength criterion to determine the model
parameters and improve the applicability of the model. Third, the model can be modified
with the help of computer methods, such as the Neural network algorithm [26] and machine
learning algorithm [42]. Finally, the damage constitutive model can be applied to numerical
simulation analysis under complex working conditions.

5. Conclusions

Our study investigated the deterioration effect of LN2 on heated granite from experi-
mental and theoretical perspectives. The effect of LN2 on the whole failure process was
investigated by damage analysis. The softening effect of LN2 on granite was confirmed. The
role of the temperature in promoting a deterioration was revealed. The main conclusions
are summarized below:

1. There is an increase in the uniaxial compressive strength of the heated granite before
200 ◦C, which is due to the competitive relationship between the thermal cracking
and crack closure. When the temperature is high enough that the thermal cracking is
more prominent, the compressive strength decreases.

2. The LN2 cooling can deteriorate the mechanical properties of the heated granite
in terms of strength and deformability. This softening effect is improved with the
increasing temperature. At 400 ◦C, the reduction rates of the compressive strength
and stiffness between the air cooling and LN2 cooling reached 32.36% and 47.72%,
respectively.

3. The LN2 cooling induces greater initial thermal damage and, consequently, leads to
a greater degree of total damage before the peak stress and makes rock easier to be
damaged. The increase in temperature contributes to these deterioration effects. At
400 ◦C, the total damage at the peak stress increased from 0.179 to 0.587 after the LN2
cooling.

4. Through the dissipation energy ratio, which was newly defined, the difficulty of the
damage was revealed to characterize the softening effect of LN2. It is proved that
granite is more easily damaged after LN2 cooling and a high temperature can promote
the degradation of LN2.
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