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Abstract 
 

At present, collapse of perforated casing of some wells in shale formation during high-pressure fluid injection of massive 
hydraulic fracturing has been commonly observed. In order to accurately predict the stress state of the perforated casing 
during shale fracturing and identify the key factor affecting the perforated casing stress, a finite-element-method (FEM) 
mechanical model of perforated casing in anisotropic formation was established through staged finite element method 
(FEM). With this model, this study analysed the mechanism underlying the effects of injection fluid temperature, internal 
casing pressure, and cement properties on the stress of the perforated casing. Results show that thermal loading 
significantly affects the stress of perforated casing. The wellbore temperature decreases by 80 °C, and the stress of 
perforated casing increases by 11.9 % correspondingly. The reduction in internal casing pressure and appropriate increase 
in cement stiffness can greatly reduce the perforated casing stress. The appropriate Young’s modulus of the cement for 
field operations ranges from 30 GPa to 45 GPa. Variations in in-situ stress and pore pressure slightly influence the stress 
of perforated casing. Moreover, the stress of perforated casing decreases with increasing Young’s modulus of formation. 
The stress of perforated casing reduces by 24 % when the anisotropy index reaches 1.2. The findings of this study can be 
used for the risk evaluation of the perforated casing failure during hydraulic fracturing, and also provide theoretical 
guidance for parameter optimization of field practices in cementing and hydraulic fracturing. 
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1. Introduction 
 
Shale reservoirs, featured by development of natural 
fractures and horizontal bedding planes, have extremely low 
porosity and permeability. Perforated casing completion of 
the horizontal wells plus multi-stage hydraulic fracturing is 
now the major technical means used in the exploitation of 
shale reservoirs.  

In multi-stage fracturing, one or more main fractures are 
created in shale reservoirs, and meanwhile connectivity to 
natural fractures and bedding planes is generated by 
pumping diverting agents and large amounts of low-
viscosity fluids at high pump rates through multi-stage 
completions. Consequently, the effective reservoir is broken 
up and complex fracture networks are formed, which lead to 
the 3D overall stimulation of shale reservoirs [1]. 

However, with the increasing shale gas production due to 
introduction of multi-stage hydraulic fracturing, downhole 
casing is subjected to complex stress state during the 
fracturing process characterized by high injection pressure, 
high pump rates and extensive stimulation scale. Meanwhile, 
as for the perforated casing completion of the horizontal 
wells, casing structural integrity is compromised and casing 
performances are impacted, particularly the collapse 
resistance, after the perforating charge penetrates the casing. 
Under the combined effects mentioned above, the 

deformation and collapse of the perforated casing frequently 
occur during volume hydraulic fracturing in shale formation, 
which further result in the failure of bridge plugs to reach 
their designed setting depths as well as difficulties in 
running subsequent completion tools. The failure could 
influence the performance of fracturing treatments, increase 
the operation cost and complexity, and introduce tremendous 
risks to following production operations [2-4]. Currently, the 
models to predict the perforated casing stress are mainly the 
2D elasto-plastic model and 3D finite-element model. Given 
that the perforation of horizontal wells of shale reservoirs 
often requires to create multiple perforation holes in the 
casing, the 2D model neglects the interaction among 
perforations and is incapable of visually displaying the stress 
state of the perforated casing. Furthermore, unlike fracturing 
homogeneous formation, volume hydraulic fracturing in 
shale reservoirs is practiced in formation with strong 
anisotropy, and is accompanied by drastic variations in 
temperature, pressure and formation properties. Therefore it 
is a prior task to accurately calculate the stress state of the 
perforated casing in shale formation, so as to identify the 
primary factors that affect the perforated casing stress during 
volume hydraulic fracturing. Given the above-mentioned, 
this study established the 3D finite-element mechanical 
model of the perforated casing in anisotropic formation 
through staged finite element method (FEM). It aims to 
provide more accurate prediction of the stress state of 
perforated casing in shale formation during multi-stage 
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fracturing, and further optimize the operation parameters of 
cementing jobs and fracturing treatments. 
 
2. State of the Art 
 
In the completion of horizontal wells of shale reservoirs, the 
casing need to be perforated [5]. It is shown in massive field 
practices that after the perforation completion, the created 
holes in the casing may damage the cylindrical consistency 
and affect tube strength [6, 7]. The stress model of 
perforated casing has been highlighted for a long time. Tang 
[8] simplified the 3D mechanical model of the perforated 
casing into the planer model with a hole in a plate, and 
derived the theoretical formula of the collapse resistance 
factor of the perforated casing, on the basis of the theory of 
elasticity. Liu [9] on the basis of the elastic-plastic theory 
concerning a cylindrical shell with a hole, established the 
theoretical mechanical model of the perforated casing with a 
single perforation hole and developed a mathematical 
expression of the theoretical stress concentration factor. The 
stress distribution around the round hole was calculated, the 
position with the highest stress was identified, and a formula 
for effective stress concentration factor was proposed, in 
view of the sensitivity factor recommended according to 
materials and their specific application conditions. 
Nevertheless, the above analyses were all limited to the 
stress concentration induced by a single hole from the 
elastic-plastic point of view. The requirements for 
perforating multiple holes through the production casing in 
completion of shale gas horizontal wells impose certain 
limitations on the application of the 2D model to predict the 
stress of perforated casing in shale formation. While the 
FEM analysis can overcome the challenges aroused by the 
complex model, numerous parameters and long time span, 
and moreover allow real-time visualization of the casing 
deformation to elucidate the mechanical behavior of the 
perforated casing. Wang et al. established a 3D FEM model 
of perforated casing-cement sheath-formation by using 
nonlinear elastic-plastic theory, and analyzed the effects of 
perforation parameters on the perforated casing strength and 
also the resistance of the casing in the perforated interval to 
the non-uniform loading [10-13, 15].  

Previous studies show that although studies on the stress 
models of the perforated casing have been carried out by 
many scholars all around the world, the following limitations 
still exist: on one hand, the formation is often assumed to be 
isotropic and homogenous. Only few studies have focused 
on anisotropic formation. Moreover, in terms of the 
modelling, the conventional 3D FEM model considers 
casing, cement sheath, and formation as a whole, and applies 
internal casing pressure and in-situ stress directly to the 
inside and outside boundaries of the model, which ignores 
stress accumulation caused by rock excavation in drilling to 
hydraulic fracturing in the casing-cement-formation system, 
and is hence incapable of accurately predicting the stress of 
perforated casing in shale formation.  

In terms of factors that affect the perforated casing stress, 
massive studies have also been conducted in an experimental 
or FEM. Wang et al. [10] and Ding et al. [11] used FEM to 
analyze the effects of perforation diameter, perforation 
density, and perforation phase angle on casing strength. Of 
these parameters, phasing angle has the greatest influence on 
casing strength, followed by perforation density and 
perforation diameter. Li et al. [14] reported that increasing 
the Young’s modulus of cement strengthens the collapse 
resistance of the perforated casing. Wang et al. [16] 

concluded that non-uniform in-situ stress primarily affects 
the collapse of perforated casing. Qiu et al. [17] analyzed 
thermal stress distribution in perforated casing interval 
during thermal recovery of heavy oil and identified the 
thermal loading is the main factor that influences the stress 
of perforated casing. King, Hair, Schwind, Godfrey and 
Methven performed massive experimental studies and found 
that the strength weakening of the perforated casing is 
mainly affected by the perforation spacing between 
perforation holes [18-20]. Overall, narrow spacing can 
considerably decrease the casing strength.  

In general, previous studies mostly concentrated on the 
thermal production of heavy oil and the effects of 
perforation parameters, casing materials, cementing quality, 
in-situ stress, and thermal loading on the perforated casing 
during the subsequent production stage of the oilfield 
development. However, factors affecting the stress of 
perforated casing in shale formation have been rarely 
investigated. Therefore, the effects of operation parameters 
in volume hydraulic fracturing and variations in fracturing 
mechanical environment on the stress of perforated casing in 
shale formation must be determined. Hence, this study, in 
view of limitations of previous studies, established a 
mechanical model of perforated casing through staged FEM 
based on the anisotropy of shale. The proposed model 
considered stress variation in the casing-cement-formation 
system from well construction to hydraulic fracturing. The 
model was used to analyze the effects of operational 
parameters (pump pressure and temperature) and fracturing 
mechanical environment (in-situ stress, properties of cement 
and formation) on the stress of perforated casing in shale 
formation. Results provide a theoretical basis for future 
perforation parameter optimization to decrease the operation 
blindness, improve the performance of fracturing treatments, 
and avoid damages to the perforated casing. 

The remainder of this study is organized as follows. In 
Section 3, a perforated casing stress model of horizontal 
wells in anisotropic formation is set up; then in Section 4, 
the corresponding single-factor analysis and a case study are 
presented; finally the summary of this study is offered in 
Section 5, which lists the relevant conclusions. 
 
3. Methodology 
 
3.1 Developing FEM model of the perforated casing in 
shale formation 
3.1.1 Transversely isotropic model of shale formation 
From an engineering point of view, shale formation is 
considered as typical laminated formation, and accordingly 
can be regarded as transversely isotropic material. Then, 
shale formation can be described using five independent 
elastic parameters. The stress-strain constitutive equations 
are as follows [21]: 
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Where zx EE =  refers to the transverse Young’s modulus 

(parallel to the isotropic plane); yE  is the longitudinal 
Young’s modulus (perpendicular to the isotropic plane); xzv  
represents the transverse Poisson’s ratio parallel to the 
isotropic plane; xyyz vv =  refers to the Poisson’s ratio for 
loading perpendicular to the transverse plane. The shear 
modulus within the plane of isotropy, XOZ , is given by: 
 

)1(2 h

h
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==                                (3) 

 
Where hG  indicates the transverse shear modulus 

(GPa ); hE  is the transverse Young’s modulus (GPa ); hv  is 
the transverse Poisson’s ratio. Batugin and Nirenburg 
performed experiments and concluded the fifth longitudinal 
elastic constant, xyyzv GGG == [22]. 
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3.1.2 Establishing the FEM coordinate system and 
determining mechanical parameters 
Shale formation is featured by transverse anisotropy; hence, 
rock material orientation shall be defined after defining 
material parameters in establishing the numerical model.  

A local coordinate system was set up, which, for 
simplicity, is consistent with the original coordinate system 
of the model (that is to say, X - 'X , Y - 'Y and Z - 'Z ). The 
XZ - plane is the plane with isotropy (the transverse plane), 

and the Y - axis is perpendicular to the transverse plane. The 
minimum horizontal principal stress is along the X - axis, 
while the maximum horizontal principal stress, lies along the 
Y - axis (Fig. 1). 

The defined model parameters are listed below: Among 
the five engineering elastic parameters, the longitudinal 
Poisson’s ratio and Young’s modulus are respectively 
vv =0.223, vE =40GPa ; the transverse Poisson’s ratio and 

Young’s modulus are hv =0.22, hE =35 GPa ; hG  and vG  
can be calculated using the Eq. (3) and Eq. (4). The 
permeability of shale formation is 0.1× 23um10− ; the 
porosity, 3% ; the fluid saturation, 100% ; the fluid density, 
1 3g/cm ; the overburden pressure, 30MPa ; the minimum 
horizontal principal stress, 24 MPa ; the maximum 
horizontal principal stress, 30 MPa ; the fluid injection 
pressure, 80MPa ; the shut-in static pressure, 20MPa ; the 
initial reservoir temperature, 100 C° . The geometric 
parameters, material characteristics, and thermodynamic 
properties are specifically shown in Tables 1 and 2 [23]. 
 

 
Fig. 1.  Coordinate systems of laminar shale formation 
 

 
 
Table1.  Geometry parameters and material characteristics of the model 

Medium OD/ 
( mm ) 

ID/ 
( mm ) 

Young’s Modulus/ 
( GPa ) Poisson’s Ratio 

Internal Friction Angle/ 
( ° ) 

Cohesion/ 
( MPa ) 

Casing 139.7 131.98 210 0.3 - - 
Cement sheath 215.9 139.7 9 0.15 17.1 21.6 

Formation 1270 - 
vE : 20 
hE : 17 

vv : 0.20 
hv : 0.18 

30 59.3 

 
Tab. 2.  Thermodynamic parameters of the model 

Medium 
Density/ 
( 3mkg −⋅ ) 

Expansion Coefficient/ 
( 1C−° ) 

Specific Heat Capacity/ 
( 11 CkgJ −°− ⋅⋅ ) 

Thermal Conductivity Coefficient/ 
( 11 CmW −°− ⋅⋅ ) 

Casing 7800 1.22 5e−  460 45 

Cement sheath 1800 1.05 5e−  865 0.9 

Formation 2300 1.03 5e−  896 2.2 

 
 
3.1.3 Establishment procedures of the FEM model 
1) Building the geometric model 
 
Based on the three-dimensional consolidation theory, a 3D 
thick-walled cylinder model was built, with an external 
diameter of 3m  and the wellbore diameter of 0.1397m . The 
perforation tunnels, which were presented as small cylinders, 
were orthogonally well-connected to the wellbore, and had a 
symmetrically uniform distribution along the direction of the 

minimum horizontal principal stress. The perforation tunnels, 
which were presented as small cylinders, were orthogonally 
well-connected to the wellbore, and had a symmetrically 
uniform distribution along the direction of the minimum 
horizontal principal stress. The axes of perforation tunnels 
were perpendicular to the horizontal wellbore. The meshing 
required high precision, given the complexity of the 
geometric model and the partially interpenetrating wellbore 
and perforation tunnels that require removal. Therefore, the 
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initial geometric model has been through multiple times of 
cutting, in order to refine the meshing of the wellbore and 
perforation holes. 
 
2) Initializing the stress of the cement sheath  
 
During oil and gas well cementing process, the static 
pressure imposed on the external surface of the casing and 
the internal surface of the formation by the cement slurry 
vanishes, and the elastic deformation as well as the initial 
compressive stress occurs in the cement sheath compressed 
by the casing and formation, after the cement solidifies. An 
assumption in this study is that the cement sheath would be 
under the hydrostatic state and subjected to no shear stress, 
after the cement solidification. In such cases, the initial 
stress state and the interface conditions cannot be 
determined if the loading and deformation histories are 
unknown. The reasonable stress initialization of the cement 
sheath was accomplished by the staged FEM. As the cement 
slurry hardens during the cementing process, it changes from 
liquid into solid and its mechanical properties also evolve. 
To simplify the calculation, the following assumption has 
been made in this study: in the analysis step of cementing, 
the cement instantly solidifies and changes into the cement 
sheath under the initial stress state, based on which further 
analyses are conducted. Compared with the models in 
previous studies, this model is more close to practical 
conditions. 
 
3) The staged FEM analysis 
 
The entire simulation can be divided into four stages, as 
shown in Fig. 2: 

First, as shown in Fig. 2(a), the far-field horizontal 
principal stresses, overburden pressure, and pore pressure 
are applied to the formation and reach the equilibrium state. 

Second, as shown in Fig. 2(b), the wellbore is removed 
from the model, and the static pressure of the drilling fluid 
column is imposed on the borehole wall to imitate the 
wellbore deformation and the corresponding stress state 
during drilling. 

Third, as shown in Fig. 2(c), the cement sheath and 
casing are simultaneously introduced into the model, which 
leads to perfect matching between the outer boundary of the 
cement sheath and the deformed wellbore. 

Fourth, pressures are applied to the interior wall of the 
casing to simulate the variations in downhole conditions 
during the subsequent operations. The interface elements 
based on the Coulomb’s friction model, were used to capture 
the behavior of the interfaces of the cement sheath. 
 

 
 

(a) The 1st step                              (b) The 2nd step 
 

 
(c) The 3rd step                            (d) Removed parts 

Fig. 2.  Schematic diagrams of the staged FEM analysis 
 
3.2 Failure criteria for the perforated casing 
According to the Von Mises yield criteria, the von Mises 
stress under the triaxial stress state at any point of the casing 
can be given as: 
 

( ) ( ) ( )[ ] 212
13

2
32

2
21

/
e σσσσσσσ --- ++=                          (5) 

 
Where 1σ , 2σ  and 3σ  are respectively the three 

principal stresses imposed on the casing; eσ  is the Von 
Mises stress of the casing under the triaxial stress state. 

The casing starts to yield, as the Von Mises stress 
satisfies Eq. (6): 
 

ye σσ ≥                                        (6) 
 

Where yσ  is the yield strength of the casing [24]. 
 
 
4. Results and Discussion 
 
The lithology of formation, the distribution of in-situ stress, 
and operation parameters all affect the stress variation of the 
perforated casing during operation. Accordingly, focused 
discussion was made on the effects of the aforementioned 
factors on the stress of perforated casing. 
 
4.1 Effect of temperature variation on the stress of 
perforated casing 
Based on preliminary calculation, the wellbore temperature 
vs. time is shown in Fig. 3. During the multi-stage hydraulic 
fracturing process, the wellbore temperature fluctuates and 
gradually decreases. The maximum wellbore temperature is 
80 C°  in the injection process, while the largest temperature 
difference found in the shut-in period is 40 C° . Therefore, it 
is safe to say that the effect of temperature variation on the 
perforated casing stress cannot be ignored.  

 
Fig. 3.  Wellbore temperature vs. time 
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Conventional models often absorb the thermal transfer 

through the internal surface of the casing, but neglect the 
transfer through perforation tunnels and consequent 
influences on the temperature field distribution of the 
casing-cement-formation system, in terms of the effects of 
temperature on the perforated casing. Two thermal loading 
patterns were performed in this study, as shown in Fig. 4(a), 
in the first pattern, the thermal loading was only imposed on 
the internal surface of the casing, and Fig. 4(b), in the 
second pattern, the thermal loading was applied to both 
internal casing surface and connected perforation tunnels.  
 

 
(a) Heat transfer through the casing internal surface 

 

 
(b) Heat transfer through the casing internal surface plus the perforation 

tunnels 
Fig. 4.  Defined heat transfer patterns 

 
As shown in Fig. 5(b), where the temperature field from 

the inside wall of casing to the formation is uniform, 
provided that only the temperature of the insider wall of 
casing is taken into consideration, and the lowest 
temperature is found to reduce to 20 C° . However, when the 
heat transfer through the perforation tunnel is considered, the 
temperature of the perforated casing declines and cement 
sheath grows, with the lowest temperature reaching 9 C°  
(Fig. 5(c)), and the near-wellbore temperature changes 
obviously. This leads to the conclusion that the wellbore 
temperature field distribution predicted by conventional 
models has certain errors, compared with the reality, and 
hence affects the accuracy of the simulation to the effects of 
wellbore temperature variation on the stress of perforated 
casing.  
 

 
(a) The initial stage ( C:11NT ° ) 

 

 
(b) Results of heat transfer only through the casing internal surface 

 

 
(c) Results of heat transfer through the casing internal surface plus the 

perforation tunnels 
Fig. 5.  Temperature field distribution of the casing-cement-formation 
system, with varied heat transfer areas 

 

 
 (a) The initial stage 
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(b) Heat transfer through the casing internal surface 

 

 
(c) Heat transfer through the casing internal surface plus the perforation 

tunnels 
Fig. 6.  Variation patterns of the stress of perforated casing, under 
varied heat transfer patterns 
 

The effects of wellbore temperature drop on the stress of 
the perforated casing concerning the two thermal loading 
patterns are shown in Fig. 6. It is illustrated that the 
perforated casing stress continuously increases with the 
falling temperature, respectively by 33%  (Fig. 6(b)) and 
23 %  (Fig. 6(c)) in the two heat transfer patterns. The 
conventional heat transfer setting overestimates the 
increased degree of the stress of perforated casing, and 
inevitably affects the determination of some subsequent 
operation parameters. 
 
4.2 Effect of in-situ stress on the stress of perforated 
casing 
The local in-situ stress field can be altered by fluid injection 
in fracturing operations of adjacent wells [25-27], so that it 
is necessary to understand how the reservoir stress 
distribution affects the perforated casing stress in the 
targeted wellbore interval prior to the stimulation of the 
reservoir. The changing patterns of the stress of perforated 
casing with the in-situ stress of two types of models are 
presented in Fig. 7. With high-pressure injection of fluids, 
the gap of the stress of perforated casing between the 
conventional model and the proposed new model gradually 
expands with the constantly growing in-situ stress. Therefore, 
it is seen that a higher initial in-situ stress of formation leads 
to a higher tendency of conventional models to 
underestimate the stress of perforated casing, during the 
high-pressure injection, which causes unfavorable influences 
on the design of operation parameters. 
 

 
Fig. 7.  Stress of perforated casing vs. In-situ stress 
 
4.3 Effect of pore pressure on the stress of perforated 
casing 
Fracturing fluid flow into the formation during multi-stage 
fracturing locally alters pore pressure in the near-wellbore 
region. Fig. 8 shows the pattern of influences of pore 
pressure altered by fracturing operations in adjacent wells on 
the perforated casing stress of the perforated wellbore 
interval of the target well. It is shown that as the pore 
pressure rises, the perforated casing stress calculated using 
the conventional model grows slowly, but is still far below 
that predicted by the new model. 
 

 
Fig. 8.  Stress of perforated casing vs. Pore pressure 
 
4.4 Effect of formation properties on the stress of 
perforated casing 
The anisotropy index in this study was defined as vh EEk /= , 
namely the ratio of the Young’s modulus of shale formation 
along the bedding planes to that Young’s modulus 
perpendicular to the bedding planes. The index k  implies 
the degree of anisotropy, with higher k  value indicating 
stronger anisotropy. As shown in Fig. 9, the stress of 
perforated casing during high-pressure fluid injection in a 
conventional model grows with the strengthening anisotropy 
of rock properties. However, as the anisotropy of the 
Young’s modulus intensifies in the staged FEM model, the 
stress of perforated casing slowly decreases before sharply 
declining. The trend is a result of anisotropy of Young’s 
modulus changing the near-wellbore stress distribution, 
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which exaggerates the in-situ stress heterogeneity and leads 
to decreases in the stress of perforated casing during fluid 
injection. It is also shown that with low degrees of 
anisotropy, the perforated casing stress calculated by the 
conventional model is severely underestimated, while it is 
considerably overrated in cases of anisotropy indexes over 
1.2. The overvalued stress of perforated casing results in 
conservative operation parameters of following procedures, 
which affect hydraulic fracturing performance. 
 

 
Fig. 9.  Stress of perforated casing vs. Anisotropy index (k) 
 

 
Fig. 10.  Stress of perforated casing vs. Rock Young’s modulus 
 
 

Moreover, complex fracture networks form during 
fracturing operations of adjacent wells, as the hydraulic 
fractures connect the bedding planes and natural fractures in 
formation. Fracture networks generated in formation can 
decrease the overall Young’s modulus of formation [25-27]. 
The effect of varying formation properties on the stress of 
perforated casing are shown in Fig. 10. As illustrated, the 
conventional model predicts that the stress of perforated 
casing falls gradually with the declines in the Young’s 
modulus, which can be attributed to that the ability of 

formation to bear the in-situ stress drop due to weakening 
rock mass and the casing and cement sheath enduring more 
formation pressure. As for the staged FEM analysis, results 
have shown that the perforated casing stress rises with the 
decreasing Young’s modulus. This is because the decrease 
of the rock Young’s modulus relaxes the constraints of 
formation on the casing and the cement sheath, which are 
therefore subjected to more effects of the internal casing 
pressure. Given the above analysis, the conventional model 
may produce a wrong estimate of the practical condition, 
and meanwhile adjustments of perforation cluster parameters 
and optimization of the operation design based on the 
practical conditions of formation are necessities to avoid 
failure of the perforated casing induced by excessive 
stimulation of shale formation or post-frac non-uniform 
loading. 
 
4.5 Effects of cement properties on the stress of 
perforated casing 
The cement sheath is an important barrier to protect the 
casing and maintain the wellbore integrity. It is also an easy-
to-control factor, in view of practical operations. Therefore, 
properties of the cement have significant impacts on the 
perforated casing stress [28]. The evolutionary pattern of the 
stress of perforated casing with the Young’s modulus of 
cement is shown in Fig. 11. Analyses based on the two 
models are in agreement about that the perforated casing 
stress slowly declines with the growth of the cement 
Young’s modulus. According to field situations, the cement 
Young’s modulus ranging from 30 GPa  to 45GPa  is the 
most appropriate, so as to ensure the perforated casing safety 
with reference to its strength. It is notable that with a cement 
Young’s modulus of 10GPa , the perforated casing stress 
forecasted on the basis of the conventional model is 
exceedingly lower than the yield strength of the casing while 
the result of the new model has approached that. This 
observation demonstrates the tremendous significance of a 
perforated casing stress model as well as appropriate values 
of the cement Young’s modulus to the forecast of the 
perforated casing stress, the resultant improvement on the 
underground stresses state of the perforated casing and 
reduction of the odds of the perforated casing failure. 
 

 
Fig. 11.  Stress of perforated casing vs. Cement sheath Young’s 
modulus 
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4.6 Effect of internal pressure variation on the stress of 
perforated casing 
Simulations of changes in the stress of perforated casing 
with the internal casing pressure based on the conventional 
and new models are shown in Fig. 12. It can be seen that the 
predicted stress variation tendencies are the same. The 
perforated casing stress grows, as the internal casing 
pressure increases. It is also found that under circumstances 
of internally pressurizing the casing, the stress of perforated 
casing in the conventional model is still far less than that the 
approach taking the practical operation process into 
consideration. The conventional model implies that the 
perforated casing is still safe when the internal casing 
pressure reaches 110MPa , and yet the stress of perforated 
casing based on the new model has reached the yield 
strength. 
 

 
Fig. 12.  Stress of perforated casing vs. Internal casing pressure 
 
 
4.7 Casing study 
In the field operation, it is believed that the casing failure 
during fracturing can be effectively avoided, provided the 
casing has sufficiently high collapse resistance. However, in 
fact, the casing failure happens to the perforated interval of 
many shale gas wells during fracturing, in some part of 
Sichuan Province, China. This is because inaccurate 
mechanical models may lead to inaccurate estimations of the 
perforated casing stress, which in turn, affects the 
determination of subsequent operation parameters.  

This case study targeted a horizontal well in the 
Changning-Weiyuan shale gas district, Sichuan, China. This 
well, fractured in the first quarter of 2014, has a vertical 
depth of 3065m  and a horizontal section of 810 m . The 
yield strength of the N80 casing is 551 MPa . Shaped 
charges were used for perforation. Each fracturing stage had 
three 1.2m  long clusters. The perforation density was 10 
shots/ m , the penetration depth was 600 mm , and the 
phasing angle was 180 ° . The mini-frac testing was 
conducted prior to the massive hydraulic fracturing. During 
the fracturing operation, the pump rate was 10 /minm3 , and 
the operation pressure was 71.02-100MPa . The total fluid 
injection reached 1269 3m , while the total injected proppant 
reached 60 t . The frictional resistance in the perforation 
tunnels was 15MPa . For the third stage of fracturing, the 
maximum operation pressure was 100MPa . The average 

Young’s modulus of the shale formation is 36GPa , and the 
Poisson’s ratio averages 0.307. In terms of the in-situ stress, 
the vertical stress is 30 MPa , and the maximum and 
minimum horizontal principal stresses are 40 MPa  and 
30MPa , respectively. After accomplishing the four stages 
of fracturing and the individual flowback operation of each 
fractured wellbore stage lasting 12 hours, the bridge plug 
milling started and slight obstructions were observed in the 
third perforated interval. Four casing sections in this stage 
were severely deformed, according to the multi-arm caliper 
logging (Fig. 13). 

The aforementioned two perforated casing models 
calculate the stress of perforated casing in the fracturing 
stage. In the calculation, the internal casing pressure was set 
at 100 MPa , the injection time at 1.5 hours and the 
formation as anisotropic elastic material. Results are shown 
in Figures 14, 15 and 16. After 1.5 hours of fluid injection, 
the minimum wellbore temperature decreases to 12 C° . The 
conventional model demonstrates that the stress of 
perforated casing is 531MPa  during the high-pressure fluid 
injection. This value is lower than the yield strength of 
551MPa , which indicates no failure of the casing in the 
perforated interval and hence is inconsistent with the field 
observation. The predicted stress based on the new model is 
775 MPa , which suggests the yield failure of perforated 
casing. The results of the new model relatively agree with 
the actual situation.  

Effects of operation parameters and the cementing 
quality on the stress of perforated casing are shown in Table 
3. Increasing the injected fluid temperature by 40 C°  leads to 
a reduction of about 40 MPa  in the stress of perforated 
casing. The Young’s modulus of the cement greatly affects 
the stress of perforated casing. By raising the cement 
Young’s modulus to 45GPa  or so, the stress of perforated 
casing maintains at below the yield strength and thus the 
following operations can proceed. 
 

 
Fig. 13.  Schematic diagrams of the fracturing operation in the 
horizontal well 
 

 
Fig. 14.  Wellbore temperature distribution (after the 1.5-hour fluid 
injection) 
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Fig. 15.  Stress distribution of the perforated casing based on the new 
model 
 

 
Fig. 16.  Stress distribution of the perforated casing based on the 
conventional model 
 
Table 3. Operation parameter optimization 
Casing   Injected Fluid 
Stress         Temperature 
/MPa                / C°          
 
Cement  
Young’s  
modulus/GPa  

0 10 20 30 40 

9 775 764 753 742 731 
30 643 631 619 607 576 
40 605 593 582 571 560 
45 589 577 566 555 544 
50 574 563 552 541 530 

 
 
5. Conclusions 
 
In order to accurately predict the casing stress in the 
perforated interval during the hydraulic fracturing of shale 
gas wells, this study established the FEM analysis model of 
the perforated casing in the anisotropic formation, on the 
basis of the staged FEM. The variation regularity of the 
stress of perforated casing with  temperature drop, pump 

pressure, and fracturing mechanical environment during the 
multi-stage fracturing have been analyzed. Conclusions of 
this study are listed below: 
 

1) The FEM perforated casing stress model concerning 
shale formation, developed on the basis of the staged FEM, 
is capable of accurately calculating the perforated casing 
stress in shale formation, and well capturing the stress 
variation of the perforated casing during fracturing. 

2) The volume hydraulic fracturing can cause excessive 
temperature changes in the casing and cement sheath. By 
increasing the temperature of the fracturing fluid and 
controlling the pump rate, the bottom hole temperature drop 
decreased, which favorably offsets the effects of thermal 
stress on the perforated casing of shale gas wells. 

3) The reduction in internal casing pressure during 
operation can significantly lower the growth of stress of 
perforated casing induced by the decreasing Young’s 
modulus of formation. 

4) In view of the field operation, appropriate increases in 
the cement Young’s modulus and improvement of the 
cementing quality can greatly reduce the odds of collapse of 
perforated casing. 

This study comprehensively considered the stress 
variation of the perforated casing during drilling, completion, 
and fracturing, realistically reflecting the mechanical 
response characteristics of the perforated casing during the 
multi-stage hydraulic fracturing, and hence providing 
theoretical foundations for the operation parameter 
optimization in the development of shale reservoirs. 
However, given the insufficient data with regard to the 
stimulation volume of naturally fractured shale formation in 
the multi-stage fracturing and difficulties in real-time 
surveillance of downhole pressures and temperature, certain 
errors may exist between model parameters and practical 
situations. Hence, characterizing mechanical parameter with 
the help of the fracturing monitoring data and accurately 
capturing the underground temperature changes and stress 
fields by improving relevant mathematical models in future 
studies will greatly help in understanding the regular 
variation of stress of perforated casing during the multi-stage 
fracturing in shale formation. 
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