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Abstract 21 

The width and degree of connectivity of coal and rock joints directly affect the seepage ability 22 

of gas and other mobile energy. In order to study the damage law and mechanism of coal and rock 23 

joint structure under the action of liquid nitrogen, two methods of non-liquid nitrogen loading and 24 

liquid nitrogen freezing and thawing are used for different water content. The joint structure damage 25 

modification test of the saturation coal and rock was performed. The OLS4000 laser confocal 26 

microscope and the MH-25 universal tensile testing machine were used to observe the changes in 27 

the joint width and the Young's modulus of the coal surface before and after the test, and analyzed  28 

the influence of ice wedge expansion stress on coal and rock structure damage by establishing a 29 

physical and mechanical model. The test results found that the expansion stress, confining pressure, 30 

and temperature stress of the ice wedge in the joint affect the damage of the coal and rock joint 31 

structure, and the expansion stress of the ice wedge contributes the most. With the increase of water 32 

saturation, the damage to the joint structure of coal and rock is intensified. The expansion stress of 33 

the ice wedge under water saturation affects the damage of the joint structure of coal and rock most 34 

obviously. The physical mechanics model of coal and rock joints is used to reveal the damage 35 

mechanism of the ice wedge expansion stress affecting the coal and rock joint structure. The 36 

establishment of damage criteria provides new ideas for the mining of clean energy such as coalbed 37 
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methane and the prevention of rock bursts. 38 

 39 

Keywords: Ice wedges; coal and rock joints; liquid nitrogen; freezing and thawing; damage 40 

 41 

1. Introduction 42 

 43 

Due to the special geological structure and burial conditions of CBM, CBM reservoirs have the 44 

characteristics of low porosity, low permeability, and low reservoir pressure, which seriously hinder 45 

the exploitation of CBM [1-5]. At present, hydraulic fracturing technology, which uses 46 

high-pressure injection of fracturing fluid to produce cracks, is used to mine coalbed methane and 47 

improve coal seam permeability [6]. However, traditional hydraulic fracturing technology faces 48 

problems such as high water consumption, water blocking effect, and environmental pollution 49 

caused by fracturing fluid, which restricts the large-scale application of this technology in coalbed 50 

methane mining [7-14]. In recent years, in order to overcome the above shortcomings, anhydrous 51 

fracturing technology based on liquid nitrogen, liquid carbon dioxide, and liquid ammonia has been 52 

developed, which is suitable for coal reservoirs with different geological conditions to improve its 53 

permeability, and has attracted the attention of scholars and experts [15]. 54 

Liquid nitrogen is a low-temperature fluid with a gasification temperature of -195.8°C, which 55 

expands 694 times after being gasified at room temperature [16-23]. There are many influencing 56 

factors in the waterless fracturing technology that uses liquid nitrogen as the fracturing fluid to 57 

improve the permeability of coal and rock, among which the most critical factor is the moisture in 58 

the coal and rock. Using different saturation water-bearing coal and rock cyclic freeze-thaw tests 59 

[24-27], measuring coal and rock pore-fissure changes, wave velocity changes, uniaxial 60 
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compressive strength before and after liquid nitrogen cold shock, it is found that  coal and rock 61 

with different water saturations are circulating under the effects of freezing and thawing, the coal 62 

and rock structure is damaged, and with the increase of saturation, the damage to the coal and rock 63 

structure intensifies, and the coal and rock permeability increases exponentially. 64 

In addition, under the action of a low temperature environment, the water in the coal and rock 65 

will freeze, expand by 9% in volume and generate an ice expansion force of 210 MPa [28]. The ice 66 

swelling force is the result of the water-ice phase transition in coal and the growth of ice wedge 67 

[29-35]. When the ice swelling force exceeds the ultimate tensile strength of coal and rock, the 68 

internal structure of coal and rock will be destroyed, resulting in pores and cracks. Using laser 69 

confocal microscopy, CT imaging, infrared thermal imaging, and nuclear magnetic resonance 70 

technology measured the expansion and distribution of new pores and fissures in water-bearing coal 71 

and rock after cyclic freezing and thawing. It is found that the swelling force generated by the 72 

freezing of water in the pores and cracks into an ice wedge plays a key role in the damage of the 73 

coal and rock structure. The joint structure presents a three-dimensional shape in the coal and rock, 74 

and it is relatively rare to study the expansion force of the coal and rock ice wedge to construct a 75 

three-dimensional model. At the same time, the ultra-low temperature environment produced by 76 

liquid nitrogen can quickly freeze the water in the coal and rock joints, causing greater squeezing of 77 

the coal and rock joint walls, causing damage to the low-permeability coal and rock joint structure, 78 

and accelerating the energy of gas and liquid phases efficient seepage through joint channels . This 79 

has important engineering significance for energy extraction and prevention of rock bursts. 80 

The ice wedge effect refers to the effect that the melted ice water contained in the joints, pores 81 

and fissures of coal and rock undergoes repeated freezing and thawing, and its volume increases and 82 

shrinks to squeeze the joint walls and cause the coal and rock to break. Coal rock becomes a 83 
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discontinuous medium with complex joints under the action of geological tectonic stress. 84 

Low-permeability coal reserves account for a large proportion of the global remaining reserves. At 85 

the same time, the joints of different coal reservoirs contain water with different saturations, which 86 

makes the coal rock permeability more serious. The expansion of targeted coal and rock joints 87 

caused by the water-ice phase transition can achieve the effect of damage enhancement. As an 88 

efficient green energy source, CBM is mainly stored in coal and rock joints, pores and fissures, but 89 

the low permeability of coal and rock seriously hinders the efficiency of energy extraction. At 90 

present, the safe and efficient mining of coalbed methane in low-permeability coal rock has become 91 

a key research direction of scientific researchers. 92 

This paper studies the damage law and mechanism of coal and rock joint structure under the 93 

action of liquid nitrogen. Firstly, it introduces the preparation of coal rock and the saturation 94 

treatment of coal rock. The two methods of non-liquid nitrogen loading and liquid nitrogen freezing 95 

and thawing are used to conduct coal and rock with different water saturations joint structure 96 

damage modification test. Secondly, it introduces the test results and establishes the physical and 97 

mechanical model; discusses the law and mechanism of ice wedge-induced damage to the saturated 98 

coal and rock joint structure; finally draws conclusion. 99 

2. Materials and methods 100 

 101 

2.1 Sample preparation 102 

 103 

This test uses Fuxin long flame coal as the research object. The corresponding confining 104 

pressure is 5 MPa, the Young’s modulus E is 3.43 GPa, the Poisson’s ratio μ is 0.34, and the volume 105 

compressibility C is 4.02×10-4 MPa-1. The tensile strength is 0.52MPa. Cut the raw coal into a 106 
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100mm×100mm×100mm cube sample with a flat surface, drill holes in the vertical coal rock 107 

sample bedding direction, with a diameter Φ of 33mm and a height H of 66mm. The coal rock 108 

samples are numbered, as shown in Table 1. Mark the surfaces of the coal and rock samples, specify 109 

the vertical bedding direction as z, and the parallel bedding directions as x and y, and delineate the 110 

observation area with a diameter of 5mm at the more obvious part of the fissure. 111 

Table 1 Coal sample number 112 

Specimen 

type 

Water saturation 0% Water saturation 50% Water saturation 100% 

Dry sample Liquid 

nitrogen 

injection 

Saturation 

treatment 

Liquid 

nitrogen 

injection 

Saturation 

treatment 

Liquid 

nitrogen 

injection 

serial 

number 
P5S0L0 P5S0L1 P5S50L0 P5S50L1 P5S100L0 P5S100L1 

 113 

2.2 Test plan 114 

 115 

A single-period comparison group test: ①Saturate the coal sample, apply a 5MPa confining 116 

pressure to the coal rock sample using a liquid nitrogen cracked borehole coal test device, and apply 117 

a load of 24h as a cycle. The observation method is to use OLS4000 laser confocal microscope to 118 

observe the changes of joint width on the surface of coal and rock samples. After the confining 119 

pressure is withdrawn, the coal and rock samples are subjected to a uniaxial compression test using 120 

the MH-25 universal tensile testing machine. According to the characteristics of the stress-strain 121 

curve, it is verified that the expansion stress of the ice wedge affects the damage law of the coal and 122 

rock joint structure. ②Saturate the coal sample, apply a 5MPa confining pressure to the coal rock 123 
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sample using the liquid nitrogen cracking drilled coal test device, and then freeze and thaw the 124 

water-bearing coal rock with liquid nitrogen, inject liquid nitrogen for 4 hours, at a room 125 

temperature of 25°C placed in the environment for 20 hours is a freeze-thaw cycle, and the 126 

observation method is the same as ①. Through comparative experiments, it is revealed that the 127 

expansion stress of ice wedge affects the damage regularity of coal and rock joint structures. The 128 

specific process is shown in Figure 1. 129 

 130 

 131 

 132 

 133 

Figure 1 Test flow chart 134 

 135 

2.3 Test principle 136 

 137 

A vacuum pump is used for water saturation treatment of coal and rock samples to simulate the 138 

water saturation of coal and rock samples under different geological conditions. Samples of coal 139 

and rock with different water saturations were put into a liquid nitrogen cracked borehole coal test 140 

device and liquid nitrogen was injected. When liquid nitrogen is injected into the coal sample, the 141 

liquid water in the joint becomes solid ice in a short period of time, and the volume expands by 142 

about 9%, forming an ice wedge expansion force in the joint and pore-fracture structure of the coal 143 

sample. The expansion force of the ice wedge produces a squeezing effect on the joints and 144 

pore-fissure structure of the coal and rock specimens. When the expansion stress of the ice wedge is 145 

greater than the tensile strength limit (0.52 MPa) of the coal and rock specimens, the coal and rock 146 

Preparation 

of coal 

Mirror 

morphology 

Acoustic 

Velocity 

Saturation 

treatment 

5MPa 

confining 

② 

Liquid 

nitrogen 

Mirror 

morphology 

Acoustic 

Velocity 

Uniaxial 

compression 

Reveal the 

mechanism 

① 
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specimens are squeezed out and damaged even split and damage. When the solid-phase ice heats up 147 

and turns into liquid-phase water, the structural deformation of the coal and rock samples cannot be 148 

fully recovered, resulting in permanent plastic deformation. Under the combined action of ice 149 

wedge expansion stress, temperature stress and confining pressure, the volumetric expansion and 150 

deformation of coal and rock samples are limited, and the inner side of the borehole is first 151 

deformed and damaged in the normal direction under the action of confining pressure. 152 

 153 

2.4 Damage detection equipment and principle 154 

 155 

The OLS4000 laser confocal microscope was used to observe the joint morphology of the coal 156 

sample surface magnified 100 times, as shown in Figure 2. By measuring the three joint observation 157 

points A, B, and C fixed on the surface of the coal and rock sample, the joint width of the coal and 158 

rock sample is determined according to the corresponding scale, and the amount of crack width 159 

expansion Δd on the surface of the coal and rock sample can be expressed as 160 

01 ddd  (1) 161 

In the equation, Δd is the extension of the joint width on the surface of the coal and rock sample 162 

before and after the test, μm; d0 is the joint width before the test, μm; d1 is the joint width after one 163 

cycle of the test, μm. 164 
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 165 

Figure 2 Observation of the joint width of coal and rock samples using OLS4000 laser confocal 166 

microscope 167 

MH-25 universal tensile testing machine is used for uniaxial compression test of coal and rock 168 

samples, as shown in Figure 3. When the primary joints, pore-fissure structure of the coal and rock 169 

samples are damaged or the weak surfaces of the coal and rock samples are deformed or brittle to 170 

form new joints, the load-bearing capacity of the coal and rock samples will change and the 171 

mechanical properties (such as The uniaxial compressive strength) also weakened. Therefore, the 172 

uniaxial compressive strength of the coal and rock samples after the test is measured, and the 173 

stress-strain curve is drawn according to the data, which can verify the degree and law of the 174 

damage of the coal and rock sample structure after freezing and thawing. 175 

 176 

Figure 3 MH-25 Universal Tensile Tester 177 

 178 
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2.5 Freeze-thaw damage physical and mechanical model 179 

 180 

According to the surface joint structure damage and uniaxial compressive strength analysis of 181 

the coal sample, it is found that the liquid phase water freezes into solid phase ice in the coal sample 182 

joint, and the resulting ice wedge expansion stress causes the joint wall to squeeze. Under the effect 183 

of freezing and thawing, the theoretical expansion stress produced by 1 g of water in a completely 184 

enclosed condition is about 96 MPa, which is far greater than the tensile strength of the joint 185 

structure of coal and rock samples of 0.52 MPa. Therefore, when the joint structure of coal and rock 186 

samples is subjected to the combined action of temperature stress σt, ice wedge expansion stress Pf 187 

and confining pressure σ3, the ice wedge expansion stress plays a decisive role. Therefore, when 188 

studying the freeze-thaw damage of the joint structure of coal and rock samples, the expansion 189 

stress of the ice wedge is the key to the study of the damage mechanism. 190 

The joint structure of the water-bearing coal and rock sample is mainly affected by the 191 

temperature stress σt, the expansion stress Pf of the ice wedge, the confining pressure σ3 and the 192 

vertical compressive stress σ1 under the action of liquid nitrogen freezing and thawing. In the test, 193 

σ1 only plays a role in limiting the displacement, so it can be ignored. Assuming that the research 194 

object is impermeable, the water saturation in the joint is 100%, the volume and mass of the water 195 

remain unchanged during the squeezing process, and the process of water mass migration conforms 196 

to the cubic law; ice and coal matrix are both isotropic elastic media materials; Due to the unfrozen 197 

water film attached to the ice surface, it is believed that there is no friction between the ice and the 198 

joint wall of the coal sample, and the water pressure is evenly distributed along the joint direction 199 

during the volume expansion process; the cross section of the joint remains elliptical, and the 200 

physical mechanics model is shown in Figure 4. 201 
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Joint

2a

2d

lf

l

σ3

σ1

Pf

vt

σ3

σ1

vt

 202 

Figure 4 Physical and mechanical model of coal and rock joints under load 203 

 204 

3.Results 205 

 206 

3.1 Damage of joint structure on the surface of coal and rock samples 207 

 208 

Under the action of a confining pressure of 5MPa, two sets of tests were carried out 209 

respectively for saturation treatment of coal and rock samples with water saturation of 0%, 50% and 210 

100% and liquid nitrogen injection freezing and thawing, the joints whose angles between the joints 211 

and the bedding are both greater than 45° and less than 90° are selected as the research object, 212 

observe the expansion effect of the joints on the surface of coal and rock samples by 100 times 213 

before and after the test, as shown in Figure 5, Figure 6 and Figure 7. Measure the joint width at 214 

fixed positions (A, B, C) on the surface of the coal and rock sample, and calculate the average 215 

expansion of the joint on the surface of the coal and rock sample, as shown in Table 2. 216 
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 217 

Figure 5 Comparative test of coal and rock samples with 0% water saturation 218 

 219 

Figure 6 Comparative test of coal and rock samples with 50% water saturation 220 

 221 

Figure 7 Comparative test of coal and rock samples with 100% water saturation 222 

Table 2 Surface crack growth of coal samples with different saturations 223 

Sample 

number 

d0/μm d1/μm Expansion 

Δd/μm A B C average A B C average 

P5S0L0 316.17 248.67 377.83 314.22 340.52 294.24 401.91 345.56 31.34 

P5S50L0 170.68 198.75 176.81 182.08 181.39 219.92 245.94 215.75 33.67 

P5S100L0 132.75 151.50 135.25 140.84 172.28 188.50 178.23 179.67 38.83 

P5S0L1 336.32 331.27 323.08 330.22 373.57 350.47 388.51 370.85 40.63 

P5S50L1 211.51 292.48 305.29 269.76 303.63 318.24 345.85 322.57 52.81 

P5S100L1 280.06 280.57 317.53 292.72 349.68 368.67 383.24 369.20 74.48 



13 

 

The saturation of the coal and rock sample is fitted with the joint width extension, and the 224 

fitted curve is shown in Figure 8. 225 

 226 

Figure 8 The relationship curve between saturation and joint width expansion 227 

It can be seen from Figure 8 that under the action of freezing and thawing of liquid nitrogen, 228 

the expansion of joints on the surface of coal and rock samples gradually increases with the increase 229 

in saturation, while the expansion width of joints on the surface of coal and rock samples that have 230 

not passed the freezing and thawing of liquid nitrogen changes little with the increase of saturation. 231 

The growth rate difference between the two is 0.43. The study found that when the joints of the dry 232 

coal and rock samples are only under the action of liquid nitrogen, the coal and rock tests are only 233 

affected by the temperature stress, and the joint width is expanded by 5.32 μm; under the action of 5 234 

MPa confining pressure, the joint width of the coal and rock samples expands significantly. The 235 

expansion is 31.34 μm, which shows that the confining pressure has a promoting effect on the 236 

damage of the joint structure of dry coal and rock. It also shows that compared with the confining 237 

pressure, the effect of temperature stress on the joint structure damage of coal and rock specimens is 238 

weak. 239 

3.2 The influence of coal rock structure on coal rock mechanical performance 240 
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After the freezing and thawing test of liquid nitrogen injection, the confining pressure was 241 

withdrawn, and the uniaxial compression test of coal and rock samples was carried out using a 242 

universal tensile testing machine at a loading rate of 0.1mm/min, and the stress-strain curve was 243 

drawn as shown in Figure 9. 244 

 245 

Fig. 9 Stress-strain curve of joint damage of water-bearing coal and rock 246 

It can be seen from Fig. 9 that in the test of the comparative group ①, when there is no effect 247 

of liquid nitrogen, as the water saturation increases, the joint structure damage of the coal and rock 248 

samples intensifies, the uniaxial compressive strength gradually decreases, and the Young's modulus 249 

gradually decreases. The uniaxial compressive strength of water saturation of 0%, 50% and 100% 250 

are 11.6MPa, 7.7MPa and 5.1MPa respectively, and the Young's modulus are 3.15GPa, 2.92GPa 251 

and 2.37GPa respectively; in the test of the comparative group ②, under freezing and thawing 252 

conditions of liquid nitrogen, with the increase of water saturation, the degree of damage to the joint 253 

structure of coal and rock samples gradually increases, and the uniaxial compressive strength is also 254 

significantly reduced. The uniaxial compressive strength of water saturation of 0%, 50% and 100% 255 

are 9.8MPa, 6.4MPa and 4.4MPa, and the Young's modulus are 2.98GPa, 2.57GPa and 1.84GPa, 256 

respectively. Compared with the condition of no freezing and thawing of liquid nitrogen, the 257 
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uniaxial compressive strength after freezing and thawing of liquid nitrogen decreases more. 258 

 259 

3.3 Coupling equation for volume expansion of water-ice phase change in coal and rock samples 260 

 261 

The transformation of liquid-phase water into solid-phase ice in the joint structure of coal and 262 

rock samples is not instantaneous, and is accompanied by a process of change. In the phase change 263 

process, the water that first contacts the liquid nitrogen forms ice, which expands in volume and 264 

increases the water pressure, causing the expansion force to drive the water mass in the joints of the 265 

coal and rock samples (the water mass includes liquid water, ice-water mixture and initial ice) 266 

extruding outward along the joint or hole-fissure channel, the amount of extruded water mass is 267 

affected by temperature and phase change rate, and the amount of water mass also affects the 268 

expansion stress, which can be deduced by the expansion pressure formula. 269 

If neglecting the influence of free water gravitational potential and capillary potential, the flow 270 

rate of the water mass in the joints and pores-fissures of the coal and rock samples can be expressed 271 

as 272 

3 3

f

' '

4
2 d d

3
T T

Pa d
Q a q t t

l





  

   (2) 273 

     3
2 12

f
q c P l      g    (3) 274 

In the equation, T' is the time, min; Q is the volume of the water mass that is squeezed out during 275 

the time T', ml; q is the flow rate per unit width of the joint along the direction of the joint within a 276 

unit time. μ is the dynamic viscosity coefficient; Pf is the expansion stress of the ice wedge during 277 

freezing and thawing (the same as the hydraulic stress during freezing and thawing), MPa; γ is the 278 

joint water gravity, g/cm3; λ is the related correction coefficients such as joint width. If the 279 
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equivalent hydraulic width is used for correction, it is advisable to: 
3 3π 16 

 
280 

If the length of the freezing-thawing section in the joint of the coal and rock sample is lf and 281 

lf<l, the volume expansion of the water-ice phase transition under unconstrained conditions in the 282 

freezing-thawing section is 283 

 ' 0

f f

t
V V Q u    (4) 284 

In the equation, β is the volume expansion coefficient of water-ice phase transition under free state 285 

conditions, which is a dimensionless quantity; ut is the freezing rate of freezing and thawing at 286 

temperature t, %; 0

fV is the joint volume before freezing and thawing. Joint volume before freezing 287 

and thawing 0

fV
 

288 

0

f fπV adl  (5) 289 

Because the joint wall has a restraining effect on the ice body, under the action of uniform 290 

expansion stress, the volume of the ice in the joint will be squeezed and deformed relative to the 291 

unconstrained condition. From the elastic mechanics, it can be known that the body strain under 292 

plane strain is 293 

 
i f

3 1 2 t

iV

t

i

P
E





 （6） 294 

In the equation, t

i
E is the Young's modulus of ice at temperature t, GPa; t

i
  is the Poisson's ratio of 295 

ice. 296 

Under the constraints of the joint wall, the actual volume of ice in the joint is 297 

  0 '

f f f 1 V

i
V V Q V       (7) 298 

After 1 cycle of freezing and thawing, the joint volume is 299 

   
f

1

fπV a a d d l      (8) 300 

In the equation, Vf
1 is the joint volume of the coal and rock sample after one cycle of freezing and 301 
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thawing, μm3; Δa and Δd are the changes in the long-axis and short-axis dimensions of the joint 302 

cross-section of the coal and rock sample under the action of swelling stress, μm. 303 

After freezing and thawing, the ice in the joint should be filled with a joint with a length of lf. 304 

The volume of ice in the joint of the coal and rock sample is equal to the volume of the joint, so 305 

there is an expansion coupling relationship. 306 

f

1

fV V  (9) 307 

 308 

3.4 Calculation of Expansion Stress of Ice Wedge in Joint 309 

 310 

The water in the joints of coal and rock samples forms ice under the action of liquid nitrogen to 311 

form ice wedges, which are embedded in the joints of the coal and rock samples and cause 312 

compressive stress on the joint walls and joint tips, that is, the expansion stress of the ice wedge. 313 

After freezing and thawing, the volume of liquid water into solid ice has been calculated, and the 314 

geometric relative expansion of joints in coal and rock samples must be solved. For a planar 315 

elliptical joint under uniform internal pressure, the displacement of the long axis and the short axis 316 

of the joint can be calculated using elastic mechanics combined with the theory of complex 317 

variables, as shown in Figure 10, points A and D. 318 
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X
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 319 

Figure 10 Schematic diagram of the oval joint plan 320 

The displacement at the center point A of the major axis is obtained by calculation as: 321 

A Sf

S S

3
1

2 1

t

r t t

P R
u m

G




 
   

 (10) 322 

The displacement at the center point D of the short axis is: 323 

D Sf

S S

3
1

2 1

t

r t t

P R
u m

G




 
   

 (11) 324 

In the equation,  S S S1 2t t t
G E  

 
is the shear modulus of the coal sample at temperature t, GPa;  325 

S

t
E  is the Young's modulus of the coal sample at temperature t, GPa; 

S

t  is the Poisson's ratio of 326 

the coal sample at temperature t. 327 

In the above formula    m a d a d   ,   2R a d  , when a is much larger than d, the 328 

joint width can be ignored, so m=1, 2R a . The joint width change at the center of the short axis 329 

and the long axis can be simplified as 330 

f

S S1

D

r t t

P a
d u

G 
  


 (12) 331 
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 SA f

S S

1

2 1

t

r t t

aP
a u

G






   


 (13) 332 

When d is much smaller than a, the change of the length of the approximately straight ellipse 333 

joint in the x direction  S1 2t
a d      is a minimum value, so it is considered that 334 

0a d   , the formula (13) can be simplified as 335 

 
f

1

fπV ad a d ad l     (14) 336 

Incorporating equations (12) and (13) into equation (14), then 337 

f

1 Sf f
f

S S S S

1π
1 2 1

t

t t t t

P Pa
V a d d l

G G


 

 
     

 (15) 338 

Substituting formula (4), formula (6), formula (7) and formula (15) into formula (9) can obtain 339 

the expansion coupling relationship 340 

   
f f

S0 0 Sf f
f ft

S S S S S

3 1 2 1
1 π

1 2 1

t t
t

t t t t

P Pa
V Q V Q u P a d d l

E G G

 
 

                    
 (16) 341 

Assuming that the ratio coefficient between the outflow water volume and the original volume 342 

water is ξ, then 343 

0

fQ V  (17) 344 

In the equation, 0

fV is the volume before freeze-thaw action. 345 

Substituting formula (7) and formula (15) into formula (17), the relationship between the 346 

expansion stress and the mechanical parameters and joint geometric parameters of the ice wedges in 347 

the coal and rock samples is obtained 348 
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f

S

S S

1

1 1

2 1

i

t

i

t t t
i

k
P

k a

K d G







 
    

 (18) 349 

In the equation,   1 1t

i
k u    is the volume expansion coefficient of the water in the joint 350 

after the water mass is squeezed out;  
i

1 2 3
i

t t t

i
K E  

 
is the bulk modulus of the ice wedge in 351 

the joint. 352 

Formula (18) can be used to calculate the frost heave pressure caused by the freezing of water 353 

in a coal rock sample joint with a water saturation of 100% under the action of liquid nitrogen, 354 

where ρ is the polar diameter and θ is the polar angle. According to fracture mechanics, under the 355 

action of swelling stress Pf, the theoretical solution of the stress field at the tip of the joint in the 356 

coal and rock sample can be expressed in the polar coordinate system as 357 

  f,0 P    (19) 358 

In the equation, the expansion stress Pf of the ice wedge is the tensile stress, MPa. 359 

It can be seen that there is a tensile stress perpendicular to the long axis at the joint tip of the 360 

coal and rock sample, and its value is the same as the expansion stress. Therefore, it is possible to 361 

establish a criterion for joint damage under freezing and thawing of coal and rock samples 362 

1 ft
P   (20) 363 

In the equation, σ1t is the tensile strength of coal and rock samples, MPa. 364 

Under the action of the expansion stress of the ice wedge, the tip of the joint structure of the 365 

coal and rock sample is first damaged by the stress. The tensile strength of the long-flame coal in 366 

the Fuxin Basin is about 0.52 MPa. After the freezing and thawing of liquid nitrogen injection, the 367 
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liquid water in the joints of the coal and rock samples turns into solid ice and squeezes the joint 368 

walls. The expansion stress of the ice wedge generated after a single period of freezing and thawing 369 

exceeds the tensile strength of the coal and rock samples, which will cause local damage to the joint 370 

tip. With the increase of the length and width of the joints, the expansion stress of the ice wedge 371 

gradually weakened, but the joints still gradually expanded, converged and penetrated. While 372 

increasing the permeability, the coal and rock samples were finally destroyed. 373 

 374 

4. Discussions 375 

 376 

Observing the coal and rock samples of the test comparison group ①, it is found that with the 377 

increase of water saturation, the joint width of the coal and rock samples gradually increases. The 378 

joint width of the coal sample with water saturation of 50% and the coal sample with water 379 

saturation of 0% differed by 2.33 μm, and the joint width of the coal sample with water saturation 380 

of 100% and coal sample with water saturation of 0% differed by 7.49 μm, this is because the liquid 381 

phase water has a lubricating effect on the relative movement of coal and rock matrix particles. 382 

Under the action of confining pressure, coal rock matrix particles accelerate slip along the defect 383 

direction, resulting in increased damage to the joint structure; while the expansion of the joint 384 

structure of the coal and rock sample with a water saturation of 100% is also affected by the liquid 385 

pressure, so the joint width changes more obvious; at the same time, it also shows that the 386 

liquid-phase water in the joint has a weak effect on the structural damage of the coal and rock 387 

samples when the phase transition has not occurred. 388 

Observing the coal and rock samples of the test comparison group ②, it is found that under 389 

the action of liquid nitrogen freezing and thawing, the volume of the liquid phase water becomes 390 
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larger after freezing into ice, which causes squeezing of the joint walls. At this time, the joints of the 391 

coal and rock samples have both the lubrication effect of the liquid phase water on the coal matrix 392 

particles before freezing, and the comprehensive effect of the expansion stress of the ice wedge, 393 

which causes the joint expansion of the coal and rock samples. From the test results, the joint width 394 

extension of the coal sample with 50% water saturation is 52.81 μm, while the joint width extension 395 

of the sample with 100% water saturation is 74.48 μm. It can be seen that the higher the saturation, 396 

the more obvious the extension of the joint width. The reason for the increase in joint width of coal 397 

and rock samples with a saturation of 50% is that the saturation of the joint is greater than 91.7%. 398 

When liquid nitrogen quickly freezes liquid phase water into solid phase ice, it also causes frost 399 

heave damage to local joints, while coal and rock are brittle materials, and local damage can cause a 400 

chain reaction of low temperature brittle material damage, causing a certain area of damage to 401 

increase . From the perspective of the entire test system, the main reason for the increased damage 402 

of coal and rock samples is the expansion stress of the ice wedge caused by the freezing of liquid 403 

water into ice, which results in increased damage to the joint structure of the coal and rock samples. 404 

Therefore, it will be more practical to study the damage mechanism of the ice wedge expansion 405 

stress on the joint structure of coal and rock samples. 406 

According to Griffith's theoretical analysis, it is believed that the deterioration of the uniaxial 407 

compressive strength of the coal and rock samples is caused by the further destruction of the 408 

pore-fracture structure of the rock mass. The freezing and thawing of liquid nitrogen caused damage 409 

to the joint structure of the coal and rock samples. With the increase of water saturation of the coal 410 

and rock samples, after a single cycle of freezing and thawing, the overall joint and pore-fissure 411 

structure damage of the coal and rock samples increased, and the expansion of the original joints on 412 

the surface of the coal and rock sample and the generation of new joints cause damage to the 413 
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supporting coal matrix skeleton part, which leads to a decrease in the uniaxial compressive strength 414 

of the coal and rock sample and a smaller Young's modulus. 415 

 416 

5. Conclusions 417 

 418 

The conclusions of this study are as follows: 419 

(1) The water in the coal rock joints forms an ice wedge under the action of liquid nitrogen 420 

freezing and thawing, and the resulting ice wedge expansion stress is greater than the tensile 421 

strength of the coal and rock, which causes damage and expansion of the water-bearing joints and 422 

pores-fissures in the coal rock matrix. As the water saturation increases, the degree of damage 423 

gradually intensifies, and the Young's modulus of coal and rock becomes smaller. 424 

(2) Through calculation and analysis of the physical and mechanical model of coal and rock 425 

joints under load, it is found that the tip of coal and rock sample joints is more prone to stress 426 

concentration and damage, and the damage of coal and rock joints is damage propagation along the 427 

joint direction. 428 

(3) Under the combined action of temperature stress, confining pressure, and ice wedge 429 

expansion stress, the ice wedge expansion stress generated by water in the liquid nitrogen 430 

freeze-thaw joint is the most important stress form of coal and rock structure damage. This is of 431 

great significance to the transformation of coalbed methane and other energy mining technologies 432 

and the prevention and control of rock bursts. 433 

 434 

 435 

 436 
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