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Mechanical Analysis of the Coupled Gas-Solid-Thermal
Model during Rock Damage
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Abstract: Gas fracturing technology is the key to the exploration for unconven-
tional petroleum resources and other engineering industries, so the research on the
coupled gas-solid-thermal model during rock damage has the important signifi-
cance to the development of gas fracturing technology. By introducing rock damage
variable, the coupled gas-solid-thermal model during rock damage is established in
this paper, besides, the rock damage constitutive is written with MATLAB soft-
ware, which is embedded in the multi-physics coupling software COMSOL in the
process of numerical computation. Based on this, the damage rule of rock mass
around drilling under high pressure gas is analyzed. The results show when the
ratio between x direction local stress o, and y direction local stress oy is 1, the rock
failure is dominated by shear damage due to the effect of gas; when the ratio be-
tween x direction local stress o, and y direction local stress oy is 1/10, pull damage
appears on both sides of drilling in the direction of ¥ because of the effect of gas;
with the passage of time, the pore pressure in the rock mass increases gradually,
while the pressure gradient decreases gradually; the primary temperature of rock
mass has little influence on the pore pressure.

Keywords: gas-solid-thermal model, rock damage, gas fracturing technology,
damage variable.

1 Introduction

As the successful exploitation of shale gas is launched extensively in America in re-
cent year, the shale gas resource is increasingly becoming an important supplement
for conventional energy sources, which has revolutionized a new energy industry
in the world [Li, Yang, Tang, Huang and Li (2006); Tong, Jing and Zimmerman
(2010); Ge, Mei, Jia, Lu and Xia (2014)]. It is commonly known that the perme-
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ability of shale rock is very low (less than 1mD) and most of the shale gas reservoirs
need stimulation to enhance the gas productivity [Fowler and Scott (1996); Zhu
and Tang (2004); Pankow, Waas and Yen (2012); Ning, Wang, Liu, Qian and Sun
(2014)]. After the completion of shale gas drilling, only the drilling with natural
fractures which are well developed can be put into production directly, more than
90% of the wells need to process through acidizing, fracturing and other stimulation
to get the ideal output [Li, Kong and Lu (2003); Xia (2010); Wang, Zhang, Shao,
Li and Zuo (2015)]. According to the experience of United States, the conventional
hydraulic fracturing technology, which requires large quantities of water, can make
the clay in the reservoir swelled seriously and decrease the permeability of shale
rock, thereby reducing the gas productivity [Shen, Zhao and Duan (1997); Zhu,
Wei, Tian, Yang and Tang (2009); Zhou, Guo, Cao and Zhang (2013)]. Besides,
many shale gas formations are water-wet and under-saturated where the initial wa-
ter saturation in the reservoir is less than the capillary equilibrium irreducible water
saturation. The use of water-based fracturing fluids causes water to be trapped in
the near-wellbore region, thereby significantly impairing the ability of gas to flow
[Tang, Ma, Li and Liu (2007); Al-Ajmi and Benjeddou (2011); Cao, Zhou, Xu and
Li (2014)].

In view of the weakness in hydraulic fracturing technology, the gas fracturing tech-
nology is introduced to improve the reservoir penetration to increase to shale gas
production [Mahadevan, Sharma and Yortsos (2007); Xie, Gao, Ju, Fu and Zhou
(2012); Xie, Xu, Wang, Guo and Liu (2014)]. The related experiment results indi-
cate that the high pressure gas, with the characteristics of low viscosity and surface
tension, will penetrate into the rock easily during the gas fracturing processes, and
its threshold pressure is far smaller than that of water, especially with a high pene-
tration rate. By introducing rock damage variable, the paper builds the coupled gas-
solid-thermal mechanical model during rock damage, and the damage constitutive
is written with Matlab, which is embedded in the multi-physics coupling software
COMSOL in the process of numerical computation, then rock mass damage rule
around drilling under high pressure gas is analyzed.

2 The coupled gas-solid-thermal model during rock damage

Since the gas seepage flow, rock deformation and heat flow process are involved
in the coupled gas-solid-thermal process during rock damage, the paper establish-
es a gas-solid-thermal coupling mechanical model during rock damage, based on
the seepage mechanics equation, the thermodynamic principle and elastic damage
theory.
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2.1 The control equation of rock deformation

The rock mass is simplified to be a linear elastic isotropic porous medium, then
the constitutive equation of rock mass involving stress, strain, pore pressure and
temperature is obtained,
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In equation (1), G represents the shear modulus; u represents Poisson’s ratio; 0;;
represents Kronecker symbol; o = 1 — K /K represents Biot’s coefficient; K repre-
sents the bulk modulus; o represents the thermal expansion coefficient.
According to the deformation continuity conditions, the geometric equation is shown
as follows,
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Putting equation (1) and equation (2) to the equilibrium equation, the modified
form of the Navier equation involving displacement, pore pressure and temperature
18 deduced as follows,
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2.2 The gas seepage equation

The conservation of mass is satisfied in the process of gas seepage,

0
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In equation (4), m represents the gas mass per volume of rock; p, represents the
gas density; g, represents the Darcy seepage velocity of the gas; Q,, represents the
source origin; ¢ represents the time variable.

The gas seepage flow in fractured medium under the drive of pressure gradient is
commonly used as follows,

k
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In equation (5), us represents the dynamic viscosity coefficient; k represents the
permeability of gas.
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Since the gas is compressible, it could be regarded as the ideal gas, therefore the
relationship between the density and pressure is obtained,

M oD
- 6
Pe= pr (6)
In equation (6), M, represents relative molecular mass of the gas; R represents the
constant value of ideal gas; T represents the absolute temperature.
Putting equation (5) and equation (6) into equation (4), the gas seepage continuity
equation is deduced as follows,
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The deformation of rock mass occurs under the action of gas pressure, thus chang-
ing the porosity of rock mass, and affecting the gas seepage in rock mass. The

dynamic evolution model of rock porosity is obtained as follows,

l1—¢o . Ap
=1- 1—— 8
¢ e Tk, ®)
In equation (8), ¢y represents the initial porosity; €, represents the volume strain;
Ap represents the variation of gas pressure; K; represents the bulk modulus of basic
frame of rock mass.

According to the Kozeny-Carman equation in seepage mechanics, the permeability
expression k could be obtained as follows,

ko & Ap(1—¢o),;
k_1+8v(1+¢o K ¢o ) ®

2.3 The law of energy conservation

According to the Fourier’s law, the constitutive equation of heat transfer is shown
as follows,

qgr = —AuVT + pyCoq,T 10)

In equation (10), g7 represents heat flow amount; Ay = (1 — ¢)A; + @A, A, and
A, are the heat transfer coefficient of the solid (rock mass) and the fluid (gas),
respectively.

As the thermal equilibrium between rock mass and the gas is constantly kept, the
heat balance equation can be expressed as follows,
oT k 88‘/

(pC)My—TKgagV-(u—pr)thKaTW =-V.gr (11)



Mechanical Analysis of the Coupled Gas-Solid-Thermal Model 207

In equation (11), (pC)y represents the heat capacity; the first item is the variable
rate of internal energy, and the second item is the heat dissipation caused by thermal
expansion, and the third item is the additional item caused by deformation energy.
If the internal heat source, the initial conditions and boundary conditions are given,
the temperature in the rock mass in different time can be obtained.

2.4 The damage evolution equation

The tensile damage and shear damage in rock mass occur if the maximum ten-
sile stress criterion and Mohr-Coulomb criterion is satisfied, respectively, which is
shown in figure 1.

F1:G1—ft=O (12)
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In equation (12), o7 and o3 is the maximum principal stress and minimum principal
stress, respectively; f; and f. is the uniaxial tensile strength and uniaxial compres-
sive strength, respectively.
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Figure 1: The constitutive law of rock under uniaxial stress condition

According to the elastic damage theory, the modulus of elasticity is shown below,
E=(1-D)E, 13)

In equation (13), Ey represents the modulus of elasticity before the damage occurs.
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The damage variable of rock mass is shown in the following equations,
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In equation (14), € and &; is the maximum principal strain and minimum princi-
pal strain, respectively; & and &, is the maximum tensile principal strain and the
maximum compressible principal strain.

Due to the highly nonlinear characteristics in coupled equations, the finite element
numerical method is introduced. COMSOL Multiphysics is the finite element nu-
merical analysis software designed for multiphysical field coupling problem, and
it also owns the powerful programming function based on MATLAB language or
COMSOL script. In this paper, the rock damage constitutive is written with MAT-
LAB, which is embedded in the multiphysics coupling software COMSOL in the
process of numerical computation.

3 The rock damage simulation under high pressure in different in-situ stress

In order to research the rock mass damage rule under high pressure, high pressure
gas is injected in drilling under the condition of initial ground stress, and then rock
mass damage rule around drilling under high pressure gas is analyzed.

The numerical model is the cube 10m x 10m x 1m, whose center is the borehole
(the radius 0.1 m). The elastic modulus and strength of the model unit present the
rule of Weibull distribution. Assume that the initial temperature of rock mass is
55°C, and the mechanical parameters of rock mass and the coupling parameters are
shown in table 1. The left and lateral boundary condition of the numerical model
is the displacement constraint, while the right and upper boundary condition of the
numerical model is applied external boundary stress; the pressure in the borehole
increases gradually.

In order to study the influence of the gas pressure on rock mass in different in-situ
stress level, two numerical models are established as follows, the stress ratio in case
Iis oy/0y, = 1/1, and the stress ratio in case Il is 6, /0y, = 1/10. For each case, two
kinds of working condition are discussed. The first working condition is to simulate
the damage zone distribution of surrounding rock in the stress ratio without the gas
pressure, and external boundary stress (Ao, = 1MPa) increases according to the
stress ratio (0,/0y). The second working condition is to simulate the influence
of gas pressure on rock mass, and initial boundary stress (6, = 10MPa) increases
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Table 1: Physical-mechanical parameters of rock and gas

The parameter value
The uniaxial compressive strength s./MPa 60

The uniaxial tensile strength s;/MPa 6

The initial permeability ko /m> 1x10°1
The initial porosity ¢ 0.01
The dynamic viscosity coefficient s /Pa-s 1.79 x 1073
The rock elastic modulus E/GPa 37.5
Poisson’s ratio v 0.33
The air density p,,/Kg-m™3 1.29
The heat transfer coefficient A;/J - (m-s-K)~! 0.2
The rock thermal expansion coefficient a7 /K~! 2.4 x 1073
The rock heat capacity Cy/J - (kg-K)~! 1.25 % 10°
The air heat capacity C,/J - (kg-K) ™! 1.005 x 10°

according to the stress ratio (0y/0y), and the gas pressure in the drill hole increases
gradually (Ap = 0.1MPa).
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Figure 2: The distribution of damage zone without gas pressure for case I (o, =
24MPa)

In order to distinguish the tensile crack and shear crack, the damage value in tensile
crack is negative, while the damage value in shear crack is positive. The distribution
of damage zone without gas pressure for case I (0, = 24MPa) is present in figure 2.
A great deal of shear crack appears around the borehole rock mass under the effect
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of in-situ stress, without the tensile crack. The crack and damage area increase
gradually with the increase of boundary stress. The shear damage is the dominant
fracture form of surrounding rock in the increase process of boundary stress, and
the stress concentration appears in surrounding rock mass around the drill hole,
destroying the surrounding rock mass and the overall damaged area appears.
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Figure 3: The distribution of damage zone with gas pressure for case I (0, =
10MPa, p = TMPa)

The distribution of damage zone with gas pressure for case I (0, = 10MPa, p =
7MPa) is shown in figure 3. 0o, is the boundary stress in Y direction, and p is
the gas pressure injected in the borehole. When the gas pressure is applied, the
effective stress reaches the tensile strength of rock mass gradually with the increase
of pore pressure. Tensile crack occurs in the rock mass around borehole, and it
expands along with the increase of pore pressure. Compared with the figure 2,
tensile damage is the dominant form in this working condition, and some tensile
cracks appear. It is believed that the existence of pore pressure has the inhibitory
effect on the shear damage. Since the uniaxial tensile strength of rock mass is far
less than the uniaxial compressive strength, the gas pressure for rock damage is
smaller.

The distribution of damage zone without gas pressure for case II (o, = 22MPa)
is shown in figure 4. Since the in-situ stress in X direction stress is less than that
in Y direction, the tensile crack appears in the upper and down sides of drill hole
due to the tensile stress, while the compression-shear crack occurs in the left and
right sides under compressive stress in Y direction, and the dominant damage area
appears around the drill hole.
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Figure 4: The distribution of damage zone without gas pressure for case Il (o), =
22MPa)
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Figure 5: The distribution of damage zone with gas pressure for case II (0, =
10MPa, p = 6.2MPa)

The distribution of damage zone with gas pressure for case II (o, = 10MPa, p =
6.2MPa) is shown in figure 5. When the gas pressure is applied, the tensile crack
occurs in upper and down sides, and expands in Y direction. Since the in-situ stress
in Y direction is larger than that in X direction, the maximum principal stress in
upper and down sides is greater than the maximum principal stress in left and right
sides of the rock drilling. When the high pressure gas is injected in the drill hole,
the rock mass in upper and down sides tends to be destroyed.
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Figure 6: The distribution of fluid pressure around the borehole at different times
(T =328K)
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Figure 7: The distribution of temperature around the borehole under different tem-
perature (¢ = 1e6s)

The gas (2MPa) is injected in the drill hole in different initial temperature, the
pore pressure of rock mass from different distances of borehole is observed. The
distribution of fluid pressure around the borehole at different times (7' = 328K) is
shown in figure 6, and the distribution of temperature around the borehole under
different temperatures (¢ = 1e6s) is shown in figure 7. In figure 6, as time goes on,
the pore pressure in rock mass increases gradually. The farther the distance from the
borehole is, the smaller the pressure gradient is, and the pressure curve is leveling
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off. In figure 7, it is believed that the change of pore pressure from the different
distances of borehole with temperature is not significant in initial temperature 25°C,
55°C and 85°C. Therefore, the initial temperature of rock mass has little influence
on the pore pressure.

4 Conclusions

Based on the rock mechanics, elastic mechanics and thermodynamics theory, the
coupled gas-solid-thermal model during rock damage is established, and the rock
damage constitutive is written with MATLAB, which is embedded in the multi-
physics coupling software COMSOL in the process of numerical computation, then
damage rule of rock mass around drilling under high pressure gas is analyzed. The
conclusions are shown as follows,

(1) When the ratio between x direction local stress and y direction local stress is 1,
the rock failure is dominated by shear damage due to the effect of gas; when
the ratio between x direction local stress and y direction local stress is 1/10,
pull damage appears on both sides of drilling in the direction of ¥ because of
the effect of gas.

(2) The tensile damage is the dominant form of rock mass under high gas pressure,
as the pore pressure has the inhibitory effect on the shear damage. Since the
uniaxial tensile strength of rock mass is far less than the uniaxial compressive
strength, the gas pressure for rock damage is smaller.

(3) As time goes on, the pore pressure in the rock increases gradually, while the
pressure gradient decreases gradually. Besides, the initial temperature of rock
mass has little effect on the pore pressure.
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