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Abstract

This work focus on the stress distribution of the casing-cement -formation (CCF) multilayer composite system, which is a borehole
system with multiple casings and cement sheathes. Most of the previous relevant studies are based on the traditional CCF system with
the single casing and cement sheath, but these results are not adaptive to the CCF system multiple composite system. In this paper, the
FEM numerical model of CCF multilayer composite system was constructed. Numerical simulations were calculated and compared
with the system which consists of the single casing and cement sheath. Results show that the multilayer composite system possesses
better performance. On this basis, the sensitivity analysis of main influence mechanical parameters such as in-situ stress, the elastic of
cement sheathes and the elastic of formation are conducted. The cement sheath on the inside, namely cement sheath-1, is sensitive to
its elastic modulus; meanwhile, the cement sheath on the outside, namely cement sheath-2, is not so sensitive to the elastic modulus of
cement sheath-1. Cement sheath-1 and cement sheath-2 are all sensitive to the elastic modulus of cement sheath-2, and the mises stress
of them has opposite trend to the elastic modulus of cement sheath-2. The proper values of elastic modulus of cement sheath-1 and
cement sheath-2 are 5GPa and 5GPa to 30GPa, respectively. Under the in-situ stress ratio ch / cH = 0.7, the maximum mises stress of
cement sheath-1 and cement sheath-2 increase as the increase of ch, and they are nearly equal when ch=15GPa. This research can be
helpful for the design and analysis of CCF multilayer composite system.
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cement sheath under varied casing pressure. Considering
the anisotropy of formation, Wang et al. % derived
analytical solutions for cased borehole stress calculation
in general anisotropic formations, which is closer to

reality. In view of the far-field displacement boundary of
[

1 Introduction

Casing-cement-formation (CCF) system is the
borehole system commonly used for oil and gas
exploitation operations in the petroleum industry . the model of CCF is mostly not fixed, Yu et al.
This system is integral to maintaining borehole stability, proposed a modified model with a fixed far-field
ensuring the efficient production of hydrocarbons and displacement  boundary  condition.  In  addition,
providing a critical barrier against the uncontrolled flow of considering the complexity of analytical solutions, Zhou
fluids between subsurface formations. However, when the et al. ™ proposed a semi-analytical method, it should be
system is subjected to the in-situ stress and internal pressure noticed that this method can not only simplify the

of drilling fluid, the mechanical integrity, especially the
cement sheath, is often damaged. Then the formation fluid
migrates from cracks and leading to the failure of annulus
sealing [*®!. Therefore, the research on the stress field of the
CCF system is crucial to petroleum engineering.

The analytical method is one of the main methods to
obtain the stress distribution of cement sheathes and
casings. Yin et al. 7 formulated the analytical elastic
solutions for a borehole system with the single of casing
and cement sheath under the uniform and non-uniform
in-situ stress, respectively. Besides the elastic analysis,
Zhang et al. ' derived the elastoplastic solutions of

calculation but also applicable for the borehole with
multiple casings and cement sheathes.

In order to get the experimental data, many scholars
conducted mechanical experiments about CCF system #°1,
Bu et al. ¥ designed a device for testing the interface
radial bond strength, whose test results can be helpful to
study the sealing integrity of cement sheath. Wu et al. !
employed the digital image correlation (DIC) technique to
examine the strain distribution and failure of cement
sheath. Li et al. ™ studied the failures of ordinary cement
sheath and expanding cement sheath through indoor
experiments. Yan et al. ™ conducted a perforating
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experiment in real size to investigate the damage
mechanism of cement sheath. With the development of
computer technology, many numerical methods have been
favored by scholars which overcome the limit of the
expensive experimental costs and the intricacy of
analytical method. Fortunately, there are some available
numerical methods to solve the practical problems, such
as finite difference method (FDM) ), finite element method
(FEM) 223 poundary element method (BEM) [P,
meshless methods “ and so on.

The mentioned above just concentrated on the CCF
system with the single casing and cement sheath. As the
appearance of deep wells and ultra-deep wells %7, the
operational environments and conditions becoming more
complex, which is a greater challenge to the integrity of
the CCF system. The CCF composite system which
consists of multiple casings and cement sheathes is an

efficient structure in deep wells and ultra-deep wells %),

As for the existing researches for CCF multilayer
composite systems, Zhou et al. ™ proposed the
semi-analytical method which can conveniently obtain the
stress distribution on every casing and cement sheath;
based on the relevant theories of heat transfer and
elastoplastic mechanics, Li et al. B formulated the
thermal stress field of CCF multilayer composite systems;
Huang et al. B¥ conducted the application of hydra-jet
fracturing technology in CCF with three layers casings,
which provide the detailed references to simulate such
well as with multi-layer casings.

However, most of the previous studies are based on
the traditional CCF system with the single casing and
cement sheath, which are not adaptive to the CCF multiple
composite system. In this paper, the numerical model is
constructed, which can be used for the comprehensive
analyses of CCF multilayer composite system, and the
stress fields of casings, cement sheathes and formation are
calculated. A series of sensitivity analysis of main
parameters are carried out, the results are valuable and
helpful to design the CCF multilayer composite system.
The rest of this paper is as follows: Firstly, the theoretical
analysis of CCF multilayer composite system is elaborated
in Section 2. Secondly, the basic theory of FEM correlation
is stated in Section 3. Next, the FEM numerical model of
CCF multilayer composite system is constructed and the
comprehensive analyses of stress field are conducted in
Section 4. Finally, this work is summarized, and some
conclusions are concluded in Section 5.

2 Mechanical Analysis of CCF Multilayer
Composite System

Figure 1 shows a casing-cement-formation (CCF)
multilayer composite system, which subjected to the
non-uniform in-situ stress. The CCF multilayer composite
system can be seemed as a multilayer thick-walled
cylinder, in which the inner pressure of the innermost
casing, pw, is induced by drilling fluid. The inner radius of
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the innermost casing is denoted by ry, and the outer radius
of other casings and cement sheathes are denoted by r; (i =
1, 2, ..., n) in sequence. From the innermost layer, the
elastic modulus and Poisson’s ratios of the casings and
cement sheathes are denoted by E;(i=1, 2, ..., n) and ;
(i=1, 2, ..., n) in sequence, respectively. And the elastic
modulus and Poisson’s ratios of the formation are denoted
by En+1 and p.g, respectively.

In  this  section, the model of the
casing-cement-formation multilayer composite system is
simplified to a plane strain problem, and the following
assumptions are satisfied: (1) the casings, cement sheathes
and formation are uniform and isotropic linear elastic
materials; (2) the casings, cement sheathes and borehole are
concentric; (3) the bonding surface between casings, cement
sheathes and formation are completely consolidated.
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Figure 1 Diagram of CCF multilayer composite system,
where oy is the maximum horizontal in-situ stress, and oy, is the
minimum horizontal in-situ stress

According to coordinate transformation in the
elasticity theory B the in-situ stress shown in Figure 1
can be decomposed into the spherical stress tensor read as
Eg. (1) and the deviatoric stress tensor read as Eq. (2).

After the decomposition of non-uniform in-situ
stress shown in Figure 2, the initial problem can be
transferred as the sum of two subproblems, one is the
uniform load problem that the CCF multilayer composite
system subjected to the inner pressure of drilling fluid and
uniform stress shown in Eq. (2); the other is the system
subjected to the deviatoric stress shown in Eq. (1).
According to the superposition principle ), the stress
field of the CCF multilayer composite system, shown in
Figure 1, should be the sum of the uniform stress field
formulated by Eq. (3) and the deviatoric stress field
formulated by Eg. (4), then the stress field of CCF
multilayer composite system can be obtained.
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Figure 2 Decomposition of in-situ stress tensor, where (a) is
the in-situ stress tensor, (b) is the spherical stress tensor, (C) is
the deviatoric stress tensor

According to the reference Y, the solution of the
subproblem of uniform load is as

#B, ~BE+c B, =0i=1. n-1)

®)

where a;, b; and c; are coefficients related to
geometric and material parameters of casings, cement
sheathes and formation; P; is contact pressure of the
contact surface between casings, cement sheathes and
formation. When i=1, P;.;=P,,; when i=n-1, P;;;=c. Based
on the Eq. (3), an equation set with n-1 unknows about
P~ P, can be obtained, thus the contact pressure of each
contact surface can be solved. Then the stress distribution of
casings and cement sheathes can be obtained by substituting
the contact pressure into the Lamey’s formula 5%,
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where r, represents the outer radius; r; represents the
inner radius; q; represents the inner pressure; Q.
represents the outer pressure.

For the subproblem of cosine load, the stress
distribution of each contact interface is as

(G,), = (2B, +4Cr > + 6Fr ™ cos 28

(G,) = (124r* + 28, +6 Fr*ycos 28

(T = (SA!.rz +28 - 26"1-3"'2 - 65;?"_4) sin 28 5)

where A;, B;, C;, F;are coefficients related to the
geometric and material parameters of casings, cement
sheathes and formation. Using displacement and stress
continuity conditions and stress boundary conditions, the
undetermined coefficients in Eq. (5) casings, cements and
formation can be obtained.

3 FEM Basically Principle

The FEM is an efficient numerical method to find
approximated solutions of the field variables in the
problem domain. According to the FEM theory, the
problem domain is firstly divided into several elements,
as shown in Figure 3, and the connecting points between
the elements are called nodes; then the field variables to

10

be seek are set as the interpolation function of nodes;
based on the variational principle, the problem can be
transformed into a system of algebraic equations where
the field variables of all nodes are unknown; finally, the
boundary conditions are used to solve the system of
algebraic, and the approximate solution of the field
variables are obtained subsequently.
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Figure 3 AFEM discrete structure of two-dimensional
elasticity problem, which includes nodes and elements

For the two-dimension elasticity domain, the
unknown field variable is displacement component. The
displacement of a random point c in the domain shown in
Figure 4 can be expressed as

uix)= pT(x}h (6)
where P(x) is the vector polynomial basis functions,
whose number of monomials can vary from 3 to 10, as

listed in Tab. 1; b is the vector of undetermined
coefficients related to polynomial basis functions.

b =[b1’ bﬂ’ T ‘E:':w ]T (61)

>
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Figure 4 The random point c in the element
Table 1  The vectors of polynomial basis functions for

two-dimensional domains, where m is the number of monomials
[32]

m p(X)

3 [Lx y1"

4 (L% v, xy] "

5 [L %y, YT

6 [, %y, X, xy, Y

7 [, %y, x% ¥2 3, T

8 [L, %y, X% xy, Y2, x5, ¥°]"

9 [1, %y, X3, Y2 5, %y, Xy, v
10 [L, %, y, X%, xy, Y2 X3, X%y, xy2, v°1"
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Therefore, the displacement components of the point
¢ shown in Figure 4 can be represented by that of the
nodes on the element. So the displacement function can
be expressed as

»
u(x)=Na, = 3" My,
= (7
where N is the vector of shape functions, N; is the
shape function related to node I; u; is the nodal
displacement.

Substituting the displacement function into the
geometric function, we can obtain the element strain
matrix. Further, the element stiffness matrix K; is
obtained according to the variational principle 2.

The relationship between nodal displacements and
equivalent loads is expressed as

Ka=P (8)
where K is the global stiffness matrix; P is the global
vector of nodal equivalent loads; a is the global vector of

nodal displacements, read as
T

a =[1,0,8, Vs, L By Vo | ©)
M is the total number of nodes in the discrete
structure shown in Figure 3. Solving the Eqg. (8) can we
obtain the value of total nodal displacement components.
Then the nodal stress and strain components can be
obtained by substituting the above values into the
geometric function and physical function . The global
stiffness matrix is formulated as

o7
K=> X
il (10)

where K; is the elemental stiffness matrix, and N is
the total number of elements of the discrete structure in
Figure 4.

4 Numerical Analysis

In this section, a domestic oil well is taken to study
the stress field of the CCF multilayer composite system,
the structural diagram is shown in Figure 5(a). According
to the basic principle of elastic mechanics, the mechanical
problem of CCF multilayer composite system is the
axisymmetric strain in the plane. Therefore, a quarter of
the model is modeled to analyze the stress distribution.
The FEM meshing model is shown in Figure 5(b). The
inner walls between casings, cement sheathes and
formation are all set to be welded. The minimum
horizontal in-situ stress is applied to the upper boundary
of the model; the maximum horizontal in-situ stress is
applied to the right boundary; the normal displacement
constraint is applied to the bottom and left boundary of
the model, respectively.

The geometric and material parameters are listed in
Table 2; the maximum of horizontal in-situ stress is 20
MPa; the minimum of horizontal in-situ stress is 13 MPa;
the pressure of drilling fluid p,, is 30 MPa;
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Table 2 Geometric and material parameters of
casing-cement-formation multilayer composite system, where
the rinner represents the inner radius

Material Finner/MM E/ GPa n
Casing-1 162.5 210 0.21
Cement sheath-1 178.3 8.5 0.3
Casing-2 229.1 210 0.21
Cement sheath-2 248.0 8.5 0.3
Formation 298.5 3.1 0.25
e = - - - - -4
£
g ki
Cement sheath-2
0 \ Casing-2
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Figure 5 Physical model (a) and meshing (b) of
casing-cement-formation multilayer composite system
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Figure 6 Mises stress distribution on the inner walls of
multilayer composite

Figure 6 shows the mises distribution on the inner
walls of casing-1, cement sheath-1, casing2 and cement
sheath-2. It can be seen that the mises stress of casing-1 is
larger than cement-1, and the mises stress of casing-2 is
also larger than cement-2. This is because the elastic
modulus of the casing is much larger than cement sheath.
In addition, the mises stress distribution on the inner
walls of casings and cements are non-uniform, which is
caused by the deviatoric in-situ stress mentioned in Eq. 1.
The above results are consistent in the mechanical
analysis in section2, which verifies the numerical model
of the CCF multilayer composite system.
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Figure 7 Physical model of casing-cement-formation single
composite system
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Figure 8 Mises stress distribution of inner and outer walls of
cement sheathes, where 1 denote the cement sheath-1 in
casing-cement-formation single composite system, and 2 denote
the cement sheath in multilayer composite system

Based on the values listed in Tab. 2, we also
calculated a single layer CCF system without casing 2 and
cement sheath 2, as shown in Figure 7. The mises stress
distribution of cement sheathes in multilayer composite
system and single layer composite system were plotted in
Figure 8. Figure 8 indicates that the mises stress of cement
sheath in multilayer composite system is apparently
significantly small than that in single composite system.
Compared to the single composite system, the mises stress
on the inner wall of cement sheath in multilayer composite
system is decreased by 3.4MPa, and 7MPa decreased on
the outer wall. Therefore, it is easy to find that the
multilayer composite system can effectively enhance the
stability of the wellbore.

In the rest of words, the sensitivity analysis of main
influence mechanical parameters such as in-situ stress, the
elastic of cement sheathes and the elastic of formation are
conducted. Given the limited space, the cement sheathes
shown in Figure 5(a), which is the most important and easily
damaged in CCF system, is taken as the main study object.

4.1 Elastic modulus of formation

To investigate the effect of elastic modulus of
formation, a range of sensitivity analysis conducted under
the identical in-situ stress and modeling conditions.
Figure 9 and Figure 10 shows the inner wall mises stress
distribution of cement sheath-1 and cement sheath-2,
respectively, for the values of elastic modulus of
formation as 5GPa, 10GPa, 15GPa, 20GPa and 25GPa;
Figure 10 presents the simulation results of the maximum
mises stress versus the elastic modulus of formation.
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Figure 9 Mises stress distribution of cement sheath-1 inner
wall under different elastic modulus of formation
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Figure 10 Mises stress distribution of cement sheath-2 inner
wall under different elastic modulus of formation
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Figure 11 The variation of the maximum Mises stress on cement
sheathes with different formation elastic modulus

As revealed from the results, with the elastic
modulus of formation varying from 5GPa to 25GPa, the
mises stress in the cement sheath-1 and 2 decreases,
which indicates that the multilayer composite system is
endurable in the formation of high elastic modulus. The
maximum mises stress of cement sheath-1 is greater than
that of cement sheath-2 under the identical elastic
modulus of formation. The slope of the maximum mises
stress curve of cement sheath-2 is larger than that of
cement sheath-1, which demonstrates that the cement
sheath-2 is more sensitivity to the differences of the
elastic modulus of formation. Based on the above, it is
advised that the CCF multilayer composite system is
more suitable for stratum with high elastic modulus.

4.2 In-situ stress

In order to demonstrate the effects of the in-situ
stress on the stress distribution of CCF multilayer
composite system, several numerical simulations under
different in-situ stress are conducted. Under the constant
in-situ stress ratio o,/ oy = 0.7, calculations are developed
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with several value sets of maximum horizontal and
vertical in-situ stress listed in Tab. 3. Figure 12 and
Figure 13 show the inner wall mises stress distribution of
cement sheath-1 and cement sheath-2, respectively;
Figure 14 illustra;5tes the simulation results of the
maximum mises stress versus the in-situ stress.

According to the results form Figure 12 and 13, with
the oy, is altered form 3MPa to 15MPa, the mises stress in
the cement sheath-1 and 2 increases. In Figure 14, the
slope of the maximum mises stress curve of cement
sheath-2 is larger than that of cement sheath-1, which
indicates that the cement sheath-2 is more sensitivity to
the differences of the in-situ stress under the constant
in-situ stress ratio o/ oy = 0.7. Additionally, when oy,
varying from 3MPa to 15MPa, the maximum mises stress
of cement sheath-1 is greater than that of cement sheath-2,
and the difference between these tends to close as the oy,
increases. Based on the above, it is advised that more
attention should be paid to the design of cement sheath-2
strength when the value of in-situ stress is too high.

Table 3 In-situ stress of formation, where oy is the maximum
horizontal in-situ stress, oy, is the maximum vertical in-situ
stress
Number on/ MPa on/ MPa
1 43 3
2 8.6 6
3 12.9 9
4 17.1 12
5 21.4 15
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Figure 12 Mises stress distribution of cement sheath-1 inner
wall under different in-situ stress, where 1, 2, 3,4 and 5
represent the in-situ set number in Table 3
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Figure 13 Mises stress distribution of cement sheath-2 inner
wall under different in-situ stress, where 1, 2, 3,4 and 5
represent the in-situ set number in Table 3
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Figure 14 The variation of the maximum Mises stress on
cement sheathes under different formation in-situ stress listed in
Table 3

4.3 Elastic modulus of cement sheath

For the CCF multilayer composite system, the
mechanical parameter of material is one of keys to the
mechanical performance. Actually, the mechanical
properties of casing are generally constants in engineering,
and the main difference between various cement sheath is
elastic modulus. Therefore, the effect of elastic modulus
of cement sheath on the multilayer composite system is
mainly discussed in this section. A series of numerical
simulations with different elastic modulus of cement
sheath-1 and cement sheath-2 are conducted, respectively.
4.3.1 Cement sheath-1

Figure 15 and Figure 16 show the inner wall mises
stress distribution of cement sheath-1 and cement
sheath-2 when the elastic modulus of cement
formation-1 is 5GPa, 25 GPa, 45 GPa and 65 GPa,
respectively. Figure 17 exhibits the maximum mises
stress versus the elastic modulus of cement sheath-1.

Figure 15 shows that the inner wall mises stress of
cement sheath-1 decreases with the increase of elastic
modulus of cement sheath-1. According to the Figure 16,
when the elastic modulus of cement sheath-1 increases,
the values of mises stress decreases in the well angle is
45°to 135< and increases in the well angle is 135°to
225< Meanwhile, the maximum value of cement
sheath-2 stays around 27Mpa. Figure 17 presents the
simulation results of the maximum mises stress versus
the elastic modulus of cement sheath-1, it is noticeably
observed that the maximum mises stress of cement
sheath-1 is much more sensitive than that of cement
sheath-2.
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Figure 15 Mises stress distribution of cement sheath-1 inner
wall under different elastic modulus of cement sheath-1
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Figure 16 Muises stress distribution of cement sheath-2 inner
wall under different elastic modulus of cement sheath-1
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Figure 17 The variation of the maximum mises stress on
cement sheathes under different elastic modulus of cement
sheath-1

4.3.2 Cement sheath-2

Figure 18 and Figure 19 shows the inner wall mises
stress distribution of cement sheath-1 and cement
sheath-2 when the elastic modulus of cement formation-2
is 5GPa, 25 GPa, 45 GPa and 65 GPa, respectively.
Figure 20 exhibits the maximum mises stress versus the
elastic modulus of cement sheath-2.

As revealed form the results, the maximum mises
stress of cement sheath-1 decreases with the increase of
the elastic modulus of cement sheath-2. On the contrary,
the maximum mises stress of cement sheath-2 increases
with the increase of the elastic modulus of cement
sheath-2.
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Figure 18 Mises stress distribution of cement sheath-1 inner
wall under different elastic modulus of cement sheath-2
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Figure 19 Mises stress distribution of cement sheath-2 inner
wall under different elastic modulus of cement sheath-2
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Figure 20 The variation of the maximum Mises stress on
cement sheathes under different elastic modulus of cement
sheath-2

Based on the comprehensive analysis of the elastic
modulus of two cement sheathes, some suggestions are
supposed that the elastic modulus of cement sheath-1
should be set around 5GPa and the elastic modulus of
cement sheath-2 should be set around 5GPa to 30GPa.
This setting could effectively improve the stability of the
CCF multilayer composite system.

5. Conclusion

The theoretical analysis of casing-cement-formation
multilayer composite system is elaborated. The FEM
model of CCF multilayer composite system is constructed
and a series of numerical simulations are conducted.
Results indicate that the CCF multilayer composite
system possesses better performance than the CCF system
with single casing and cement sheath. Meanwhile, the
sensitivity analysis which is the main influence of
mechanical parameters of cement sheathes and formation
is conducted.

In the inner wall of cement sheath-1 and cement
sheath-2, the mises stress decreases as the elastic modulus
of formation varying from 5GPa to 25GPa; and the mises
stress increases as the in-situ stress increases, and the
cement sheath-2 is more sensitivity to the in-situ stress
under the constant in-situ stress ratio o, / oy = 0.7.
Furthermore, the elastic modulus of cement sheath is
essential for the stress distribution, in this paper, the
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proper values of elastic modulus of cement sheath-1 and
cement sheath-2 are 5GPa and 5GPa to 30GPa,
respectively. This research can be helpful to design the
structure of CCF multilayer composite system.
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