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Abstract:  
 

During multi-stage hydro-fracturing operation, casing deformation issues have widely 

occurred in the Weiyuan-Changning National Shale Gas Demonstration Area, which 

dramatically reduce the productions of shale gas wells. It is important to access the 

influence of multiple factors on casing during fracturing operations. In this paper, a stage 

finite element method is presented to establish three-dimensional physical and finite 

element casing-cement sheath-formation (CCF) models during volume fracturing 

processes. It considers the influences of initial stress and displacement state at and near 

the wellbore. Loads from the initial stress field, fracturing pressure, and transient 

temperature changes are incorporated in the models. Cement channelling, cement elastic 

modulus, casing eccentricity, and fracturing pump rate are also the variables taken into 

account. Sensitivity analyses are conducted to reveal which one has the greatest 

influence on casing stress. The results indicate that casing stress is highly affected by 

cement channelling. Low casing stress can be guaranteed by high cement sheath 

modulus and optimal fracturing pressure. Casing transient temperature is significantly 

reduced by the large pump rate, then a certain thermal stress generating in the casing. 

Among all the factors, casing eccentricity has a minor influence on casing stress. 

  
 

1. Introduction 
 
The characteristics of geological conditions of shale 

formation are “poor storage environment”, “buried 

deep”, “severe fault structure”, “heterogeneous 

production layer” [1]. Horizontal well drilling and 

multi-stage fracturing are two key techniques for the 

development of shale gas [2]. During multi-stage 

fracturing processes, a large amount of fracturing 

fluids are injected into the borehole in large pump 

rate and high pressure [3]. High pressure and 

complex downhole conditions would increase the 

risk of casing integrity [4, 5]. 

From 2009 to 2016, 101 fracturing wells have been 

drilled by Petro-China in Weiyuan-Changning 

National Shale Gas Demonstration Area, including 

90 horizontal wells, while 32 wells of which faced 

with casing deformation failure problems with 47 

deformation points, shown in Figure 1. Wells with 

casing deformation failure account for 31% [6],  

 

 
Figure 1. Casing deformation in shale gas play 

 

which shown serious casing deformation failure 

problems during fracturing of shale gas. Finite 

element method is an effective way to accurately 

calculate casing stress in a complex downhole 

condition. In this paper, three-dimensional physical 

and finite element models of casing-cement sheath-

formation (CCF) are established based on the stage 

finite element method. Cement channelling, cement 

elastic modulus, casing eccentricity, and fracturing 
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pump rate are the variables taken in account to reveal 

the influences in casing deformation. 

 

2. Model and Development 
 

The researchers did not consider the influence of 

initial geo-stress, they loaded the stress directly after 

establishing the CCF model [7]. Only a few scholars 

loaded the stress in the formation before drilling, 

which is called stage finite element method (FEM) 

[8]. 

 

2.1. Stage finite element method 

The whole drilling, casing, cementing, and 

fracturing processes are considered by the stage 

FEM. Before drilling, the initial stress has already 

existed in the formation. So it is loaded and the 

displacement field is zero in the formation. The rock 

originally occupied borehole volume. When a 

wellbore is drilled, it is removed, which results in 

stress concentration around the hole. After drilling, 

mud exerts some pressure-Pi on the borehole wall, 

which will reduce the stress concentration around the 

hole. After setting casing and cementing the annulus, 

the disturbance to the stress field still exists. During 

fracturing process, the casing pressure increases 

dramatically and the casing string is cooled, the 

stress disturbance around the hole will be amplified, 

possibly leading to the casing integrity problem. For 

the conventional method, the initial stresses are 

directly loaded in the model after drilling. 

 

2.2. Model establishment 

SLG (Solid Liquid Gas) Map can be obtained from 

the IBC (Isolation Scanner), shown in Figure 2. 

Three kinds of colors represented the gas, liquid, and 

cement sheath, respectively. Casing deformation has 

occurred in 2 579 m and 2 331m, where the cement 

channel and casing eccentricity are serious. 

 

 
Figure 2. SLG (Solid Liquid Gas) Map from the IBC 

(Isolation Scanner) 

 

Based on the stage FEM, a three-dimensional 

physical CCF model is established considering 

transient thermal-pressure coupling effect, shown in 

Figure 3. The parameters of cement channelling 

angle and casing eccentricity are defined as e and θ, 

respectively. Other factors, like pump rate-Q, 

fracturing pressure-Pf, and cement elastic modulus-

Ec are also taken into account to investigate the 

influences on casing stress. The stress boundaries are 

σH, σh, σv, which represent the maximum horizontal 

stress, minimum horizontal stress, and vertical 

stress, respectively. 

 

 
Figure 3. Three-dimentional CCF physical model 

 

The finite element model is analysed using the 

ABAQUS finite element software to investigate the 

influence on casing, shown in Figure 4. The 

geometrical dimensions of the CCF model are shown 

as following: the wellbore diameter is 215.9 mm, the 

casing diameter is 139.7 mm, and the casing 

thickness is 9.17 mm. According to the Saint-Venant 

principle, the formation boundary dimension should 

be 5-6 times larger than that of the well-bore 

geometry. In view of this, the model geometry is 2×2 

m, while the corresponding wellbore diameter and 

axial length are 0.2159 m and 2 m, respectively. The 

stress boundaries are loaded using the key words 

*Predefined Field.  

 
Figure 4. Three-dimentional CCF finite element model 

 

2.3. Control equations 

The pump rate can influence the convective heat 

transfer coefficient- h. When large amounts of 

fracturing fluids are injected into the wellbore, they 

are usually in a turbulent state. The transient heat 

transfer model is shown in Figure 5. Heat transfer 

coefficient between the fracturing fluid and the inner 

casing wall can be calculated using Marshall Model, 

shown in Eq. (1). [9] 
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 (1) 

Where h is the heat transfer coefficient, W·m-2·℃-1; 

D is the pipe diameter in calculation, m; Deff is the 

equivalent diameter, m; ρ is the drilling mud density, 
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kg·m-3;μw,app is the apparent viscosity, Pa·s; Q is the 

fracturing pump rate, m3·min-1; Cm is the fluid 

specific heat capacity, J·kg-1·℃-1; n is the fluid 

rheological index, for fracturing fluid n<1; K is the 

fluid consistency coefficient, Pa·s-n.  

 

 
Figure 5. The transient heat transfer process 

 

For the CCF model, the solution of unidimensional 

time-dependent equation in cylindrical geometry, 

the heat transfer equation, is obtained as time-

dependent temperature distribution by Eq. (2). [10-

12] 
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where ki is the coefficient of thermal conductivity, 

W·m-1·℃-1; Cpi is the specific heat capacity, J·kg-1·℃-

1; ρi is the density, kg·m-3; qi is The heat source 

density, W·m-3; Ti is the thermal field, ℃; i=1, 2, 3, 

is represented the casing, cement sheath, and 

formation, respectively; t is the time, s; r is the radius 

of the CCF model, m. 

After calculating the thermal field, the stress of CCF 

under thermal-pressure coupling in cylindrical 

geometry can be obtained by Eq. (3). 
ε = Dσ                                        (3) 

where ε is the strain array under the condition of 

thermal-pressure coupling; σ is the stress matrix; D 

is the elastic matrix. 

Shale formation contains numerous inherent 

bedding planes [13], so it can be seen as the 

transverse isotropy material. D can be written by: 
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D       (4) 

where Ei is the elastic modulus, GPa; Gi is the shear 

modulus, GPa; μi is the Poisson's ratio; 

G1=E1/2(1+μ1); G2=E1E2/(E1+E2+2μ2E2); i=1,2 

represent the parameters of parallel and vertical 

shale bedding. 

 

2.4. Parameter setting 

The internal casing pressure is obtained from the 

pump pressure plus the hydrostatic fluid pressure 

downhole. The external boundary stress is the geo-

stress of shale reservoir. Taken different pump rates, 

cement channelling angles, casing eccentricities, 

fracturing pressures, and cement moduli into 

consideration, the casing stresses are calculated to 

reveal which factor is the most important for casing 

deformation. 

Unless otherwise mentioned, the applied maximum 

horizontal stress σH is 82 MPa, the minimum 

horizontal stress σh is 55 MPa, the vertical stress σv 

is 57 MPa, the formation temperature T∞
3 is 100 ℃, 

and the fluid temperature Ta is 20 ℃. The thermal and 

mechanical properties of different materials are 

presented in Table 1. 

 
Table 1. Thermal and mechanical properties 

Parameters 
Casi
ng 

Cem
ent 
Shea
th 

For
mati
on 

Fluid 

Elastic Modulus 
Ei/ (GPa) 

210 10 
22-
40 

- 

Poisson's ratio μi 0.3 0.15 0.23 - 
Coefficient of 

Thermal 
Expansion 

αi/(10-5·℃-1) 

1.06 1.0 1.02 - 

Coefficient of 
Thermal 

Conductivity ki 
/(W·m-1·℃-1) 

58.2 1.74 1.0 1.73 

Specific Heat 
Capacity Ci / 
(J·Kg-1·℃-1) 

460 1830 1043 4200 

Density ρi / 
(kg·m-3) 

7850 1800 2500 1000 

 

3. Results and Analysis 

 
3.1. Transient temperature and stress 

A total of 5 simulations were performed to 

investigate numerically the transient temperature 

and stress of casing during fracturing process. 

Simulations were conducted using ABAQUS 

program. The pump rates were set as 0/1/3/16 

m3/min. The results are shown in Figure.7. It is seen 

that the downhole temperature would drop 

dramatically in a few minutes when the pump rate is 

larger than 3 m3/min, while casing stress increases 

dramatically. If there is no thermal transferring, 

temperature will be in the same and the stress will 

increase linearly. The larger the pump rate, the lower 

the downhole temperatures and the higher the casing 

stress. 
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(a)  

 
  (b) 

Figure 6. The Influence of Pump Rate on Casing. 

(a) Transient Temperature. (b) Transient Mises Stress. 

 
3.2. The Influence of Different Factors on Casing 

Stress 

Using the thermal-pressure coupling model, 

simulations for different cement channelling-θ, 

cement sheath elastic moduli-E, casing eccentricity-

e, and fracturing pressure-Pm are conducted to 

investigate the influences on casing stress. The 

results are shown in Figure 7. 

 

 
(a)  

 
 (b)  

 
(c)  

 
 (d)  

Figure 7. The Influence of Different Factors on Casing 

Stress (a) Cement Channelling. (b) Cement Modulus. (c) 

Fracturing Pressure. (d) Casing Eccentricity. 

 

Figure 7 (a) shows that the casing stress will 

increase dramatically with the increasing of θ. For 

the casing of P110 steel grade, the yield stress is 

758MPa, shown as the red line. The largest Von 

Mises stress of casing 750MPa appears at the angle 

of 90°, which is almost close to the yield stress. The 

risk of casing failure is very high. Figure 7 (b) shows 

that the lower the cement modulus, the higher the 

casing stress. When the cement modulus is larger 

than that of formation-22GPa, the stress could hardly 

decrease. Figure 7 (c) shows that lower and higher 

pressure can increase the casing stress. Obviously, 

suitable pressure can guarantee a low casing stress. 

Figure 7 (d) shows that no matter how serious casing 

eccentricity is, casing stress is almost the same. The 

casing eccentricity has minor influence on casing 

stress. 

 

3.3. Comparison of different factors 

The maximum stresses of each factor are presented 

in Figure 8. It is seen that the cement channel has 

the greatest influence on casing stress, while the 

casing eccentricity has the least influence on casing 

stress. Cement modulus, fracturing pressure, and 

pump rate have some influences on casing stress. 
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Figure 8. The Maximum of Mises Stress of Different 

Factors 

 

4. Conclusions 

 
Based on stage finite element method, three-

dimensional transient thermal-pressure CCF models 

are established. The effects of different factors on 

casing stress are conducted to reveal which one has 

the greatest influence on casing stress. Conclusions 

can be drawn from the former analyses results. 

(1) Casing stress can dramatically increase with the 

increasing of cement channelling. The largest casing 

Mises stress-750 MPa appears at the channelling 

angle of 90°, which is almost the same as the yield 

stress.  

(2) Large cement sheath modulus, optimal fracturing 

pressure can guarantee a lower casing stress. 

(3) The transient temperature drops dramatically 

with the increase of pump rate, leading to a certain 

thermal stress. Casing eccentricity has a minimum 

influence on casing stress. 
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