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Abstract: The rock medium has the characteristics of heterogeneity, opacity and porosity. Fluid 

injection (such as hydraulic fracturing technology) can make the tight rock mass form a gas 

permeability enhancement zone near the borehole, which is conducive to unconventional natural gas 

extraction. Compared with experimental research, numerical simulation research has lower cost and 

higher efficiency, and has become an important method for research on fluid interaction and pore 

pressure. Based on this, this article mainly conducts a numerical simulation study on the changes in the 

internal pressure distribution of porous rocks under the action of high-pressure fluid (HPF). This 

article outlines the mechanism of quasi-static HPF fracturing coal and rock, and describes the 

classification of tensile fracture and shear fracture. In this paper, a numerical simulation method is 

used to construct a model of a porous rock sample, and a test of the internal pressure of the porous 

rock under the action of a HPF is carried out on the rock simulation sample. The experiment shows 

that when the intermediate principal stress σ2 is 20 MPa, the peak pressure of fluid OH2  is 12.5 MPa; 

when σ 2 is 25 MPa, the peak fluid pressure of OH2  is 12 MPa. This shows that the intermediate 

principal stress (or horizontal stress difference) is negatively related to the maximum fluid pressure. 
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1. Introduction 

A complex pore structure is formed inside the natural rock, which will affect the failure 

characteristics and mechanical properties of the rock mass, making the rock mass more complex than 

homogeneous materials, showing nonlinearity, discontinuity and anisotropy [1-2] . Fluid action and the 

pore structure inside the rock have a great influence on its physical and mechanical properties, energy 

storage efficiency and permeability characteristics under environmental factors [3-4]. In addition to the 

main components of rock blocks, rocks also contain various irregular and cross-scale pore defects. 

These structural features have a significant impact on the mechanical properties and failure modes of 

the rock [5-6]. The pore deformation caused by fluid flow will eventually cause the deformation of the 

rock. It is of great significance to explore the changes in the internal pressure distribution of porous 

rocks under the action of HPF. 

Regarding the study of pore pressure, many scholars have conducted multi-angle discussions. For 

example, Zhou ZH studied the influence of excess pore pressure on low-slope river debris flow and 

long runoff [7]; Wei C studied the influence of pressure and fluid on dolomite the influence of pore 

geometry and elasticity [8]; Wang HT considers the influence of pore water pressure, therefore, predicts 

the roof support pressure of layered soil shallow tunnels [9]. Therefore, this article focuses on the 

internal pressure distribution changes of porous rocks under the action of HPF, which is of great 

significance to underground engineering, mining engineering, foundation engineering, rock crushing 

and blasting engineering, etc. 

The purpose of this paper is to study the numerical simulation of the pressure distribution changes 

in porous rocks under the action of HPF. This paper firstly takes coal and rock as an example, 

introduces the mechanism of quasi-static HPF fracturing coal and rock, and explains the stress changes 

in tensile fracture and shear fracture in all directions. This paper uses RFPA3D-CT software to 
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construct a simulation model of a rock sample, and conducts a triaxial compression numerical 

simulation test of the pressure distribution change in a porous rock under the action of a HPF. 

2. Analysis of Internal Pressure of Porous Rock under the Action of HPF 

2.1 Quasi-Static HPF Fracturing Coal 

Coal rock is a typical porous rock mass, which contains face cleats parallel to the bedding direction 

and good continuity, and also contains end cleats perpendicular to the bedding direction and poor 

continuity [10-11]. A large number of natural fractures in coal seams are conducive to the production of 

complex fracture networks, but at the same time it also increases the uncertainty of fracture 

propagation. 

Injecting fluid into the coal seam through boreholes and gradually increasing the fluid injection 

pressure to crack the coal seam [12]. This process takes a long time and can be regarded as a 

quasi-static high-pressure process. According to the stress state of the borehole wall, the fracture of the 

quasi-static high-pressure fractured coal seam can be divided into tensile fracture and shear fracture. 

(1) Tensile fracture 

Assuming that there is a circular borehole in the coal seam, the coal seam is affected by the ground 

stress, the vertical stress, the horizontal maximum and the minimum ground stress. As the fluid is 

injected, the fluid pressure continues to increase. When the stress on the borehole wall exceeds the 

tensile strength of the coal rock, the coal rock ruptures and causes cracks. This is the most commonly 

used tensile rupture criterion in many fields such as coal mines and oil and gas. Considering the fluid 

pressure when  =0, the tangential stress of the borehole wall reaches the minimum value. The 

calculation method is as shown in formula (1): 

PH   -3 h                            (1) 

θ represents the angle between a certain position in the rock mass and the maximum principal stress 

(the angle rotated in the counterclockwise direction), H  represents the maximum horizontal principal 

stress, and h  represents the minimum horizontal principal stress. When fluid fracturing a coal seam, 

as the fluid pressure P continues to increase,   gradually decreases and becomes a tensile stress. 

When   exceeds the tensile strength of the coal rock, the coal rock ruptures and causes cracks. The 

tensile rupture criterion can be expressed by formula (2): 

TP H   -3                              (2) 

In the formula, T represents the tensile strength of coal. 

(2) Shear rupture 

The coal seam structure conditions are complex, and the tensile fracture criterion only considers the 

influence of  , while ignoring the influence of 
r  (tangential stress, r=radius of the circular 

borehole) and 
z . Changes in the principal stresses in the three directions may cause shear failure of 

the borehole wall. Therefore, in this paper, the Mohr-Coulomb criterion is used to analyze the shear 

fracture in the process of fluid fracturing coal and rock. The expressions of the Mohr-Coulomb criterion 

are shown in (3), (4), (5), (6): 
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In the formula, τ represents the shear stress of the fracture surface, n  represents the normal 

stress of the fracture surface, α represents the angle between the reverse direction of the fracture surface 

and the maximum principal stress, φ represents the internal friction angle of the coal and rock, and c 

represents the rock cohesion. 

If there is only normal stress in the rock force process, and the shear stress is excluded, the principal 

stress in the three directions of the borehole wall can be calculated under the action of fluid pressure, as 

shown in formulas (7), (8), (9), respectively Shown: 

Pr                                      (7) 

Pon   2c)(2 hHhH                         (8) 

Ponv  ]2c)(2[ hHvz                          (9) 

It can be seen from the above formula that in the process of injecting fluid into the coal seam, as the 

fluid pressure increases, r  of the borehole wall continues to increase, and   and z  
continue 

to decrease. 

2.2 Porosity of Porous Coal 

The index to measure the number of pores in a coal body is porosity, which refers to the ratio of the 

sum of the volume of fine pores and cracks in the coal body to the total volume of the coal body. It is 

also called porosity and is usually expressed as a percentage. The calculation method is as shown in 

formula (10) Show: 

%100% 



p

tp

V

VV
K ）（                         (10) 

In the formula, pV  represents the total volume of the rock itself and its pores, mL; tV  represents 

the actual volume of the rock, excluding the volume of pores, mL. 

The porosity of the rock is closely related to the grade of the rock, the composition of the 

microscopic rock, and the mineral content in the rock. In addition, the degree of metamorphism of coal 

and rock also affects the porosity of the rock mass. On the whole, the porosity of rocks with moderate 

metamorphism is the smallest. The porosity of different rocks is very different, even for similar rocks, 

the porosity is also very different. According to the diameter of the pores, rock pores can be divided 

into the following categories: pores with a diameter less than 10nm are called micropores; pores with a 

diameter between 100nm and 1000nm are called small pores; pores with a diameter greater than 

1000nm are called macropores. The porosity of the same type of rock can have a considerable range of 

fluctuations. 

3. Numerical Simulation Design 

3.1 Numerical Simulation System 

In the summary of this experiment, the RFPA3D-CT software (Realistic Failure Process Analysis) 

was used to construct the model and carry out the numerical simulation experiment. The model 

constructed by this software can take into account the discontinuity and non-uniformity of the rock, and 

better simulate the whole process of the change of the internal pressure distribution of the porous rock 

under the action of the HPF. 

3.2 Numerical Model and Scheme 

First, determine the simulated sample material that can form porous rock in the system, add 
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corresponding joints on this basis to form a complete porous rock sample model, and finally get macro 

test results similar to the real test by adjusting the parameters. And then conduct follow-up analysis and 

research. 

(1) Simulation model 

The size of the model is width×height=50mm×100mm, joints are added between each layer of the 

rock sample, and the rock layer is inclined at 45°. 

(2) Simulation plan 

The loading rate of 0.05m/s in this paper is far less than 0.2m/s, so the loading rate set in this paper 

can ensure that the model sample is statically loaded. 

The interruption condition in the numerical simulation test is: when the axial stress of the sample is 

loaded to the peak and drops to 70% of the peak strength, the program stops the calculation and the 

numerical simulation test is completed. 

3.3 Experimental Protocol 

In this study, numerical simulation experiments on the influence of the interaction of pressurized 

fluids with different viscosities and intermediate principal stresses on the deformation, strength 

characteristics and crack growth behavior of rock samples under triaxial stress conditions were carried 

out. The rock samples were subjected to numerical simulation experiments in such a way that the 

bedding plane was perpendicular to the X direction, the face cleats were perpendicular to the Z 

direction, and the end cleats were perpendicular to the Y direction. The specific values of the rock 

sample strength under full stress conditions are shown in Table 1: 

Table 1: Strength of simulated porous rock samples under triaxial stress conditions (unit: MPa) 

X(σ3) Z(σ2) Y(σ1) 

15 15 50 

15 20 60 

15 30 65 

15 40 70 

15 50 75 

In addition, the study used 
OH2 , 2N

, and 2CO
 as HPFs. 

4. Numerical Simulation Experiment Results 

4.1 Deformation and Fracture Characteristics of Rock Specimens under the Action of Pressurized 

Fluid 

The experiment shows that the relationship between the peak fluid pressure and the intermediate 

principal stress σ2 and the horizontal stress difference (σ2-σ3) is shown in Table 2: When σ2 is 20MPa, 

the peak fluid pressure of 2N
 is 12MPa; when σ2 is 25MPa, the relationship between 2N

 fluid the 

peak pressure is 11MPa. When σ2 is 20MPa, the peak pressure of fluid 
OH2  is 12.5MPa; when σ2 is 

25MPa, the peak pressure of fluid 
OH2  is 12MPa. 

Table 2: The relationship between the peak fluid pressure and the intermediate principal stress σ2 (unit: 

MPa) 

σ2/MPa 
2N (Nitrogen) OH2

(Gaseous water) 
2CO (carbon dioxide) 

20 12 12.5 11.5 

25 11 12 11 

30 10 11.8 10.5 

35 9.8 11.5 10.2 

40 9.5 11.4 9.5 

45 9.2 11 9.4 

50 9 10 9.2 
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Figure 1: The relationship between the peak fluid pressure and the intermediate principal stress σ2 

(unit: MPa) 

It can be seen from Figure 1 that with the increase of the intermediate principal stress σ2 (or the 

horizontal stress difference), the maximum fluid pressure when the rock sample fails is reduced, and 

the maximum fluid pressure during pressurized water injection is stronger than that of carbon dioxide 

and nitrogen. In the numerical simulation experiment, the greater the intermediate principal stress, the 

stronger the compression effect on the cleat, and correspondingly, the expansion effect of the pore 

pressure on its deformation is weakened. 

When a large amount of fluid pressure accumulates in the bedding and the cracks distributed along 

the bedding plane, the offsetting effect on the minimum principal stress is enhanced. It can be seen that 

as the pore pressure increases, the effective stress effect of the rock sample in the direction of the 

minimum principal stress increases, which is equivalent to the minimum principal stress being 

unloaded. The larger the σ2, the more significant the unloading effect. Eventually, the rock sample was 

destabilized and damaged. Therefore, the intermediate principal stress (or horizontal stress difference) 

is negatively related to the maximum fluid pressure. 

4.2 Influence of Different HPF Injection on the Pressure Distribution inside the Rock 

In the process of pressurized fluid injection, the change values of the principal stress in each 

direction of the rock sample before failure are shown in Table 3: Among them, σ3=15MPa, σ1=50MPa. 

Table 3: Changes of principal stress in each direction of the rock sample before failure during 

pressurized fluid injection 

Pressurized fluid σ2/MPa Δε3/% Δε1/% Δε2/% 

Nitrogen 20 -0.140 0.209 -0.066 

30 -0.143 0.130 0.020 

40 -0.437 0.093 0.083 

50 -0.850 0.059 0.541 

Gaseous water 20 -0.029 0.157 -0.018 

30 -0.043 0.089 0.021 

40 -0.194 0.071 0.063 

50 -0.150 0.044 0.107 

carbon dioxide 20 -0.301 0.183 -0.129 

30 -0.471 0.129 -0.063 

40 -0.347 0.120 0.101 

50 -0.662 0.059 0.294 
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Figure 2: Changes of principal stress in each direction of the rock sample before failure during 

pressurized fluid injection 

It can be seen from Figure 2 that during the process of fluid pressurization, the deformation of the 

rock simulation specimen in the direction of the maximum principal stress is always in a compressed 

state, and the deformation Δε3 in the direction of the minimum principal stress is greater than the 

deformation Δε2 in the direction of the intermediate principal stress. Even when the intermediate 

principal stress is at a relatively low level, the rock simulation test is also in a state of expansion in the 

σ2 direction. This indicates that the offset effect of pore pressure on σ1 (effective stress effect) under 

the action of liquid pressure is weaker than the offset effect of pore pressure on σ2 and σ3, and the 

offset effect of pore pressure on σ2 is weaker than that of pore pressure on σ3. Therefore, as the fluid 

pressure and pore pressure in the rock simulation sample increase, the effective stress effects in the 

main stress directions inside the rock are from strong to weak: minimum principal stress 

direction>middle principal stress direction>maximum principal stress direction. 

5. Conclusions 

The rock has a unique bedding structure and cleat structure, and pore pressure and HPF have 

anisotropic characteristics for its action. Using numerical simulation methods, it is possible to observe 

the process of crack propagation and penetration on the surface and internal of the rock sample. 

Numerical simulation results help to reveal the influence law of rock macroscopic failure under the 

action of HPF and pores, and solve the problem that the internal structure of the rock and the failure 

process are difficult to observe. In this paper, numerical simulation method is used to test the internal 

pressure change of porous rock under the action of HPF on the rock sample. The effective stress effect 

in the principal stress direction from strong to weak is: the minimum principal stress direction>the 

intermediate principal stress direction>the maximum principal stress direction. 
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