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a b s t r a c t

The failure of cement sheath integrity can be easily caused by alternating pressure during large-scale
multistage hydraulic fracturing in shale-gas well. An elastic-plastic mechanical model of casing-
cement sheath-formation (CSF) system under alternating pressure is established based on the Mohr-
Coulomb criterion and thick-walled cylinder theory, and it has been solved by MATLAB programming
combining global optimization algorithm with Global Search. The failure mechanism of cement sheath
integrity is investigated, by which it can be seen that the formation of interface debonding is mainly
related to the plastic strain accumulation, and there is a risk of interface debonding under alternating
pressure, once the cement sheath enters plasticity whether in shallow or deep well sections. The
matching relationship between the mechanical parameters (elastic modulus and Poisson's ratio) of
cement sheath and its integrity failure under alternating pressure in whole well sections is studied, by
which it has been found there is a “critical range” in the Poisson's ratio of cement sheath. When the
Poisson's ratio is below the “critical range”, there is a positive correlation between the yield internal
pressure of cement sheath (SYP) and its elastic modulus. However, when the Poisson's ratio is above the
“critical range”, there is a negative correlation. The elastic modulus of cement sheath is closely related to
its Poisson's ratio, and restricts each other. Scientific and reasonable matching between mechanical
parameters of cement sheath and CSF system under different working conditions can not only reduce the
cost, but also protect the cement sheath integrity.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

In recent years, with the deepening of exploration and devel-
opment, new oil and gas resources are mainly concentrated in
“deep, low permeability, unconventional” fields, such as deep shale
gas reservoirs, high temperature and high pressure gas reservoirs
and tight gas reservoirs. In the process of deep shale gas exploita-
tion, hydraulic fracturing is a commonly used stimulation method
(Shen et al., 2017; Yan et al., 2017). According to the fracturing
. Deng), yhlin28@163.com

y Elsevier B.V. on behalf of KeAi Co
operation characteristics of shale gas horizontal wells, it can be
seen that more than 10 well sections need to be perforated to in-
crease production during the completion of oil and gas wells.
Furthermore, the single perforation section is long and the scale of
stimulation is large. Fracturing will cause the wellbore to experi-
ence continuous and repeated pressure changes, such as alter-
nating pressure rises and falls. In addition, in the late stage of deep
shale gas wells production, due to the constantly adjusted/changed
production parameters in the wellbore, the pressure will change
frequently and periodically. These characteristics can easily lead to
the failure of cement sheath integrity in the stimulation section and
the upper well section of the oil reservoir, resulting in annular
pressure and other problems (Liu et al., 2021), which poses new
challenges to ensure the cement sheath integrity under the above-
mentioned complex working conditions. Therefore, it is of great
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significance to solve the failure of cement sheath integrity and the
resulting annular pressure problem for deep shale gas wells in
China.

In terms of theoretical analysis, the mechanical model of CSF
system under temperature and pressure has been firstly estab-
lished in 1998, in which the casing, cement sheath and formation
were all assumed to be thermos-elasticity (Thiercelin et al., 1998),
but the plasticity of cement sheath has not been considered.
Mueller et al. (2004) first assumed that the initial state of CSF
systemwas the overburden pressure, and established a CSF system
mechanics model to evaluate the sealing performance of cement
sheath under different temperatures and pressures. Some re-
searchers have established a series theoretical model of CSF system
based on elastic-plastic theory, which could simply calculate the
stress-strain and its distribution during loading, whereas these
model above could not explain interface debonding (Li et al., 2005a;
Yin et al., 2006; Chen and Cai, 2009). Zeng et al. (2019) established a
coupled mechanical model to analyze the effects of multi-layer
cemented casing, non-uniform formation stress and fracture
pressure on the mechanical characteristics of casing and cement
during fracturing of shale gas wells. Meng et al. (2021) proposed a
coupled mechanical model considering the initial stress state and
transient thermos-elastic effects. In addition, some new method
are used to study the damage to cement sheath and monitor the
integrity of cement-casing system (Zhang et al., 2022a; Li et al.,
2022). Zhang et al. (2022b) established a plastic mechanical
model of CSF system under asymmetric load based on shakedown
theory. Themechanical models established above are mainly aimed
at casing damage and body failure of cement sheath, and all focus
on the stress-strain and its distribution of CSF system under the
certain external loading (Thiercelin et al., 1998; Mueller et al., 2004;
Liu et al., 2016; Zeng et al., 2019; Meng et al., 2021). However, there
are relatively few studies on the interface debonding under variable
casing pressure, especially lacking the mechanical models that
quantitatively describe the initiation and development of interface
debonding. The formation mechanism of interface debonding un-
der variation casing pressure are successively studied by some re-
searchers (Zhao et al., 2015; Chu et al., 2015; Shen et al., 2017),
whereas the formation mechanism of interface debonding under
alternating pressure has not been explained theoretically.

In terms of the failure mechanism of cement sheath integrity,
since the 1990s, a series of CSF system test devices have been
developed based on the similarity principle, and the integrity of CSF
system (mechanical integrity and sealing integrity) has been tested
and evaluated by domestic and foreign scholars (Goodwin and
Crook, 1992; Jackson and Murphey, 1993; Boukhelifa et al., 2005;
De Andrade et al., 2016; Therond et al., 2017). In recent years, more
and more scholars pay attention to the failure of cement sheath
integrity under alternating pressure (De Andrade et al., 2015; Tao,
2018; Guan et al., 2021; Liu R. et al., 2016). Fan et al. (2016) and
Lamik et al. (2021) all believe that plastic deformation take place
inside the cement sheath under the high stress, as the alternating
goes on, the plastic deformation gradually accumulates and the
plastic deformation will be converted into residual deformation
after unloading. The deformation difference between casing and
cement sheath at the interface produces tensile stress. When
exceeding the bonding strength at the interface, the interface
debonding will occur. Wang et al. (2019) believes that cyclic loading
is the main reason for the sealing failure of cement sheath, and the
cement sheath interface failure is more likely to occur in the deep
layer. Zhou et al. (2019) and Xi et al. (2020a) studied themechanical
properties and integrity of cement sheath under alternating pres-
sure, and both believed that the cumulative plastic deformation
increasedwith the increase of the number of cycles. They all believe
that the failure of cement sheath integrity, especially the interface
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failure, is mainly caused by the accumulation of plastic strain (Fan
et al., 2016; Lamik et al., 2021; Zhou et al., 2019). In addition, the
retrogression of mechanical properties (permeability and porosity
increase, compressive and tensile strength decrease) and the
degradation of interfacial bonding strength (shear, axial and radial
bonding strength) may aggravates cement sheath integrity failure
under alternating load (Lin et al., 2020; Deng et al., 2020). There-
fore, it is urgent to prevent cement sheath of generating plastic
strain.

In preventive measures on the failures of cement sheath integ-
rity, some cement slurry systems have been developed to improve
the cement sheath integrity (Agzamov and Ismagilova, 2019;
Contreras et al., 2019; Yang et al., 2021). Li et al. (2005b) and Wang
et al. (2008) concluded that the ideal cement sheath should have
both high strength and low stiffness. Based on simulation analysis,
Bu et al. (2016) obtained that the relationship between the elastic
modulus of cement sheath and the stress distribution of cement
sheath is a positive correlation, and its Poisson's ratio is negatively
correlated with its stress distribution. Zhao et al. (2015), Li et al.
(2019), Fan et al. (2019), and Xi et al. (2020b) all proposed that
reducing the elastic modulus of cement sheath can improve its
long-term sealing capacity. They all believe that the failure of
cement sheath integrity can be solved by reducing its elastic
modulus, that is, the lower the better. However, the elastic modulus
of cement sheath cannot be indefinitely decreased (Liu et al., 2021),
that is the lower the elastic modulus, the lower the cement sheath
strength (De Andrade and Sangesland, 2016). The cost of obtaining
cement sheath with high strength and low stiffness is often high,
which obviously does not meet the requirements of cost reduction
and efficiency increase. Hence, it is particularly important to study
the matching relationship between the mechanical parameters of
cement sheath and CSF system in order to obtain the optimal of
cement sheath to ensure the cement sheath integrity under
different working conditions.

Based on these, one elastic-plastic mechanical analysis model of
the CSF system under alternating pressure is established and solved
by the MATLAB programming combining global optimization al-
gorithm with Global Search. The failure mechanism of cement
sheath integrity under alternating pressure are analyzed, and the
matching relationship between the mechanical parameters of
cement sheath and the CSF system is established.

2. Elastic-plastic mechanical model of CSF system

The casing, cement sheath and formation are closely connected
with each other after cementing, so the thick wall cylinder theory
could be used to analyze them. The thick-walled cylinder subjected
to internal and external pressure can generally be simplified as a
plane strain problem without considering the change of ground
stress along the axial direction. Themodel is shown in Fig.1, and the
three assumptions are made as follow. Firstly, the casing and for-
mation conform to the elastic law, the cement sheath conforms to
the elastic-plastic law, and the Mohr-Coulomb yield criterion was
selected for yield condition of cement sheath. Secondly, the casing,
cement sheath and formation are ideal cylinders with uniform
thickness and concentric with each other. Finally, the cement
sheath is in complete contact with the formation and casing at
casing-cement sheath interface (CS interface) and cement sheath-
formation interface (SF interface) without sliding.

2.1. Mechanical model of CSF system during first loading

Mechanical model of CSF system during first loading and
unloading of casing pressure has been derived by some scholars
(Chu et al., 2015), this paper focuses on the mechanical model of



Fig. 1. Mechanical model of CSF system.
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CSF system under alternating casing pressure, and the detailed
derivation process of formula is shown in Fig. 2.
2.1.1. Casing stress and displacement analysis
The CSF system satisfies boundary condition at the CS interface

(sra ¼ ‒P1 when r ¼ r1), the stress component and radial
displacement of casing could be obtained by adopting the thick-
walled cylinder theory (Li et al., 2005a; Chu et al., 2015).

sra ¼
r21

r22 � r21

 
1� r22

r2

!
Pc �

r22
r22 � r21

 
1� r21

r2

!
P1 (1)
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r21

r22 � r21

 
1þ r22

r2

!
Pc �

r22
r22 � r21

 
1þ r21

r2

!
P1 (2)

ua ¼ð1þ m1Þ
E1

ð1� 2m1Þr21r2 þ r21r
2
2

r
�
r22 � r21

� Pc

� ð1þ m1Þ
E1

ð1� 2m1Þr22r2 þ r21r
2
2

r
�
r22 � r21

� P1 (3)

where sra is the radial stress of casing, MPa; sqa is the circumfer-
ential stress of casing, MPa; m1 is the Poisson's ratio of casing; E1 is
the elastic modulus of casing, GPa; r is the radius of the CSF system,
mm; r1 is the inner radius of casing, mm; r2 is the outer radius of
casing, mm; Pc is the inner casing pressure, MPa; P1 is the radial
stress at CS interface, MPa; ua is the radial displacement of casing,
mm.

The radial displacement at outer wall of casing can be obtained
by Eq. (4).

uao ¼1þ m1
E1

2ð1� m1Þr21r2
r22 � r21

Pc � 1þ m1
E1

r21r2 þ ð1� 2m1Þr32
r22 � r21

P1

(4)

where uao is the radial displacement at the outer wall of casing, mm.
2.1.2. Stress and displacement of cement sheath analysis
The yield condition of cement sheath satisfies Mohr-Coulomb

yield criterion.
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1
2
Aðsqb �srbÞþ

1
2
ðsqb þ srbÞsin 4� c cos 4¼ 0 (5)

where srb is the radial stress of cement sheath, MPa; sqb is the
circumferential stress of cement sheath, MPa; 4 is the internal
friction angle of cement sheath, �; c is the cohesion of cement
sheath, MPa.

Combining Eq. (5) and Equilibrium equation with boundary
conditions at the CS interface (sr ¼ ‒P1 when r ¼ r2), the radial and
circumferential stress in plastic zone can be given as follow.

8>>>><
>>>>:

srb ¼ c cot 4

"
1�

�
1þ P1

c cot 4

��
r
r2

�B�1
#

sqb ¼ c cot 4

"
1� B

�
1þ P1

c cot 4

��
r
r2

�B�1
# (6)

where B ¼ (A-sin4)/(A þ sin4).
Combining with Eq. (6), under the boundary condition at

interface between elastic-plastic zone of cement sheath (srb ¼ Pp
when r ¼ rp), the radial stress at interface between elastic-plastic
zone of cement sheath can be obtained by Eq. (7).

Pp ¼ c cot 4

"�
1þ P1

c cot 4

��
rp
r2

�B�1

�1

#
(7)

where Pp is the radial stress at interface between elastic-plastic
zone of cement sheath, MPa; rp is the radius at interface between
elastic-plastic zone of cement sheath, mm.

Ignoring the volume change in the plastic deformation, Eq. (8)
can be obtained as follow (Chen and Salip, 2004; Chu et al., 2015).

εrb þ εqb ¼
ð1þ m2Þð1� 2m2Þ

E2
ðsrb þ sqbÞ (8)

where m2 is the Poisson's ratio of cement sheath; E2 is the elastic
modulus of cement sheath, GPa.

The displacements continuity condition at interface between
elastic zone and plastic zone of cement sheath can be given as
follow.

ubpo ¼ubei (9)

where ubpo is the radial displacement at the outer wall in plastic
zone of cement sheath, mm; ubei is the radial displacement at the
inner wall in elastic zone of cement sheath, mm.

The displacement at inner wall in the elastic zone of cement
sheath (ubei) can be obtained by thick-walled cylinder theory (Li
et al., 2005a; Chu et al., 2015).

ubei ¼
1þ m2
E2

rpr23 þ ð1� 2m2Þr3p
r23 � r2p

Pp � 1þ m2
E2

2ð1� 2m2Þrpr23
r23 � r2p

P2

(10)

where r3 is the outer radius of cement sheath, mm; P2 is the radial
stress at SF interface, MPa.

The general solution of the displacement in the plastic zone of
cement sheath can be obtained by combining Eq. (6), Eq. (8) and
Geometric equation. The integral constant can be obtained by
boundary condition (ubpo ¼ ubei when r ¼ rp). Combining with Eq.
(9) and Eq. (10), the displacement at the plastic zone of cement



Fig. 2. Formula derivation flow chart.
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sheath can be obtained as follow.
ubp ¼
ð1þ m2Þ

E2

8<
:2ð1� m2Þr2pr23�

r23 � r2p
�
r1

�
Pp � P2

�þð1�2m2Þ
"
c cot 4�ðP1 þ c
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where ubp is the radial displacement in plastic zone of cement
sheath, mm.
cot 4Þ
�
r
r2

�B�1
#
r

9=
; (11)
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The radial displacements at inner wall in plastic zone of cement
sheath can be obtained through the boundary condition (ubp ¼ ubpi
when r ¼ r1).

ubpi ¼
ð1þ m2Þ

E2

2
42ð1� m2Þr2pr23�

r23 � r2p
�
r2

ðP1 � P2Þ� ð1�2m2ÞP1r2

3
5 (12)

where ubpi is the radial displacement at the inner wall in plastic
zone of cement sheath, mm.

The principal stress at the interface between elastic zone and
plastic zone (r ¼ rp) can be obtained by adopting the thick-walled
cylinder theory (Li et al., 2005a; Chu et al., 2015) and the bound-
ary conditions (srb ¼ Pp when r ¼ rp, srb¼P2 when r ¼ r2).8>>>>><
>>>>>:

srbp ¼ r23
�
P2 � Pp

�
r23 � r2p

þ r2pPp � r23P2
r23 � r2p

sqbp ¼ �r23
�
P2 � Pp

�
r23 � r2p

þ r2pPp � r23P2
r23 � r2p

(13)

where srbp is the radial stress at interface between elastic zone and
plastic zone of cement sheath, MPa; sqbp is the circumferential
stress at interface between elastic zone and plastic zone of cement
sheath, MPa.

The radial stress P2 at SF interface can be obtained by combining
Eq. (5) and Eq. (13).

P2 ¼
1

r23ðAþ sin 4Þ
h�

Ar23 þ r2p sin 4
�
Pp �

�
r23 � r2p

�
c cos 4

i
(14)

The radial displacement at inner wall in elastic zone of cement
sheath can be obtained by boundary condition (ube ¼ ubeo when
r ¼ r2).

ubeo ¼
1þ m2
E2

2ð1� m2Þr2pr3
r23 � r2p

Pp � 1þ m2
E2

r2pr3 þ ð1� 2m2Þr33
r22 � r2p

P2

(15)

where ubeo is the radial displacement at the outer wall in elastic
zone of cement sheath, mm.

2.1.3. Formation displacement analysis
Similarly, the radial displacement at inner wall of formation can

be obtained by adopting the thick-walled cylinder theory (Li et al.,
2005a; Chu et al., 2015).

uci ¼
1þ m3
E3

r3r24 þ ð1� 2m3Þr33
r24 � r23

P2 �
1þ m3
E3

2ð1� m3Þr3r24
r24 � r23

Pf

(16)

where m3 is the Poisson's ratio of formation; E3 is the elastic
modulus of formation, GPa; r4 is the outer radius of formation, mm;
Pf is the formation stress, MPa; uci is the radial displacement at the
inner wall of formation, mm.

2.1.4. Displacement continuity conditions of CSF system
It is considered by adopting boundary conditions of ideal com-

plete contact during the loading process. Hence, the radial
displacement boundary conditions at the CS interface and SF
interface can be obtained by Eq. (17).�
uao ¼ ubpi
ubeo ¼ uci

(17)
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Therefore, the mechanical model of CSF system during loading
can be obtained by Eq. (18).

8>>>>>>><
>>>>>>>:

uao ¼ ubpi，ubeo ¼ uci

Pp ¼ c cot 4

"�
1þ P1

c cot 4

��
rp
r2

�B�1
� 1

#

P2 ¼ 1

r23ðAþ sin 4Þ
h�

Ar23 þ r2p sin 4
�
Pp �

�
r23 � r2p

�
c cos 4

i
(18)

Under the condition of knowing the casing internal pressure Pc
and formation stress Pf, the four unknowns (P1, Pp, P2, rp) can be
obtained by solving the four element equations, the stress and
displacement of the CSF system during the loading stage can be
calculated.

2.2. The yield internal pressure of cement sheath during first
loading

In the process of casing pressure loading, the cement sheath
gradually transitions from the elastic state to the plastic state. The
inner wall of cement sheath first yields and enters the plastic state.
The state that the cement sheath just enters the plastic state is
defined as the yield failure of cement sheath, and this casing
pressure is defined as SYP, which satisfies Eq. (19).

8><
>:

rp ¼ r2， Pp ¼ P1

P2 ¼ 1

r23ðAþ sin 4Þ
h�

Ar23 þ r22 sin 4
�
P1 �

�
r23 � r22

�
c cos 4

i
(19)

Then the displacement continuity condition can be obtained as
follows.

8><
>:

uao ¼ ubei， ubeo ¼ uci

P2 ¼ 1

r23ðAþ sin 4Þ
h�

Ar23 þ r22 sin 4
�
P1 �

�
r23 � r22

�
c cos 4

i
(20)

This equation system is a three-element equation system about
unknown Pc, P1, P2. The SYP can be solved by this equation under
formation pressure Pf.

2.3. Interface stress of cement sheath during unloading

The relationship between stress and strain of plastic materials is
linear when unloading, and the slope is basically the same as that of
the elastic stage when loading (Chen and Salip, 2004). Hence, this
paper assumes that the casing, cement sheath, and formation are all
in an elastically stage during unloading process (Chu et al., 2015),
and the combined stress and strain change due to the pressure
reduction in the casing can be obtained by the elastic mechanic
method. Based on the elastic-plastic theory, stress state and
deformation coordination theory of the CSF system, it can be
learned that during the unloading process of the CSF system after
loading, plastic deformation takes place inside the cement sheath,
and the interface uncoordinated deformation will produce the
phenomenon of “interface stress inversion”, which means when
unloading begins, the radial compressive stress at the interface of
cement sheath gradually decreases, and when unloading reaches a
certain degree, the radial compressive stress at the interface ap-
pears a critical phenomenon-the radial compressive stress is zero.
Then, with the unloading continues, the radial compressive stress
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turns into radial tensile stress, and the radial tensile stress increases
with the increase of unloading strength, while the elastic defor-
mation of casing can be completely recovered, resulting in
incompatible deformation of the CS interface or SF interface. When
the radial tensile stress exceeds the bonding strength of the inter-
face, the cement sheath separates from the casing or formation,
creating interface debonding and destroying the cement sheath
integrity (Xu et al., 2014; Chen, 2017).

When the casing pressure rises to Pcm for the first time, the
parameters such as the pressure at outer wall of casing (P1m) and
the pressure at inner wall of formation (P2m) can be obtained by the
CSF systemmodel. After that, the casing pressure is unloaded to Pcn,
and the corresponding pressure at outer wall of casing (P1n) and the
pressure at inner wall of formation (P2n) need to be re-solved.

The casing is an always elastomer during the loading and
unloading. The radial displacement at outer wall can be obtained by
adopting the thick-walled cylinder theory.

uaon ¼1þ m1
E1

2ð1� m1Þr21r2
r22 � r21

Pcn � 1þ m1
E1

r21r2 þ ð1� 2m1Þr32
r22 � r21

P1n

(21)

where Pcn is the casing pressure after unloading, MPa; P1n is the
radial stress at CS interface during unloading, MPa; uaon is the radial
displacement at the outer wall of casing after unloading, mm.

Similarly, the displacement at inner wall of formation can be
given as follows.

ucin ¼
1þ m3
E3

r3r24 þ ð1� 2m3Þr33
r24 � r23

P2n � 1þ m3
E3

2ð1� m3Þr3r24
r24 � r23

Pf

(22)

where ucin is the radial displacement at the inner wall of formation
after unloading, mm; P2n is the radial stress at SF interface during
unloading, MPa.

During the unloading process, the casing pressure decreased
from Pcm to Pcn, accordingly, the change value of radial stress at CS
interface is P1n�P1m, and the change value of radial stress at SF
interface is P2n�P2m. Base on the elastic unloading theory, the
variation of displacement (ubin) is determined by the plastic
displacement at inner wall of the plastic zone during loading
(ubpim) and the change of the pressure acting on the cement sheath
during unloading, which can be given as follows.

ubin ¼ubpim þ1þ m2
E2

r2r23 þ ð1� 2m2Þr32
r23 � r22

ðP1n � P1mÞ

� 1þ m2
E2

2ð1� 2m2Þr2r23
r23 � r22

ðP2n � P2mÞ (23)

where ubin is the radial displacement at the inner wall of cement
sheath after unloading, mm; ubpim is the radial displacement at the
inner wall in plastic zone of cement sheath during loading, mm; P1m
is the radial stress at CS interface under max casing pressure, MPa;
P2m is the radial stress at SF interface under max casing pressure,
MPa.

Similarly, the displacement at outer wall of cement sheath after
unloading can be given as follows.
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ubon ¼ubeom þ1þ m2
E2

2ð1� m2Þr22r3
r23 � r22

ðP1n � P1mÞ

� 1þ m2
E2

r2r23 þ ð1� 2m2Þr33
r23 � r22

ðP2n � P2mÞ (24)

where ubon is the radial displacement at the outer wall of cement
sheath after unloading, mm; ubeom is the radial displacement at the
outer wall in elastic zone of cement sheath during loading, mm.

Before the formation of micro-annulus at interface, the bonding
strength of CS interface and SF interface are still greater than tensile
stress at both interfaces when the casing pressure decreases to Pcn.
Hence, the continuous conditions can be still applicable to the CSF
system.

�
uaon ¼ ubin
ubon ¼ ucin

(25)

By solving Eq. (25), the P1n and P2n can be obtained.
2.4. Mechanical model of CSF system under alternating pressure

After the casing pressure loading, the cement sheath will pro-
duce plastic deformation and residual deformation after unloading.
During the next casing pressure loading and unloading, the residual
deformationwill be calculated into the continuity equation, and the
value of the residual deformation is the superposition of the re-
sidual deformation caused by the previous casing pressure loading
and unloading.

The casing and formation are always in an elastically stage un-
der alternating pressure, which means no residual deformation for
the casing and formation. Hence, the radial displacement at outer
wall of casing and inner wall of formation after themultiple loading
and unloading (1, 2, 3 … j) of casing pressure can still be given by
Eq. (3) and Eq. (16).

After the multiple loading and unloading (1, 2, 3 … j�1) of
casing pressure, in the elastic stage of cement sheath, the radial
displacement at inner wall of cement sheath is determined by the
radial displacement generated during the next loading of casing
pressure (j st) and the cumulative residual deformation change at
inner wall of cement sheath (ubicj) during previous loading and
unloading (1, 2, 3 … j�1) of casing pressure.

ubi ¼
1þ m2
E2

r2r23 þ ð1� 2m2Þr32
r23 � r22

P1 �
1þ m2
E2

2ð1� 2m2Þr2r23
r23 � r22

P2

þ ubicj
(26)

where,

ubicj ¼ubim1 þ ubim2 þ/þ ubimj�1

Here ubicj is the cumulative residual deformation at the inner wall
of cement sheath after the j�1 st casing pressure cycle, mm; ubimj is
the residual deformation at the inner wall of cement sheath under j
st casing pressure unloading, mm.

Similarly, after the multiple loading and unloading (1, 2, 3 …

j�1) of casing pressure, in the elastic stage of cement sheath, the
radial displacement at outer wall of cement sheath during the next
loading of casing pressure (j st) can be given by Eq. (27).
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ubo ¼
1þ m2
E2

2ð1� m2Þr22r3
r23 � r22

P1 �
1þ m2
E2

r2r23 þ ð1� 2m2Þr33
r23 � r22

P2

þ ubocj
(27)

where,

ubocj ¼ubom1 þ ubom2 þ/þ ubomj�1

Here ubocj is the cumulative residual deformation at the outer wall
of cement sheath after the j�1st casing pressure cycle, mm; ubomj is
the residual deformation at the outer wall of cement sheath under j
st casing pressure unloading, mm.

After the multiple loading and unloading (1, 2, 3 … j�1), in
elastic stage of cement sheath, the displacement continuity equa-
tion during the next loading of casing pressure (j st) can be given by
Eq. (28).
Fig. 3. Solution process for the mechanical model of CSF system.
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�
uao ¼ ubi
ubo ¼ uci

(28)

With the increase of casing pressure, the cement sheath grad-
ually transits from elasticity to plasticity. The derivation equation of
stress and strain in the plastic stage during the j st casing loading
process refers to 1.1.2, therefore, after the multiple loading and
unloading (1, 2, 3… j�1), in the plastic stage of cement sheath, the
radial displacement at inner wall of cement sheath during the
loading of casing pressure at this time (j st) can be given by Eq. (29).

ubpi ¼
ð1þ m2Þ

E2

2
42ð1� m2Þr2pr23�

r23 � r2p
�
r2

ðP1 � P2Þ� ð1� 2m2ÞP1r2

3
5þ ubicj

(29)

Similarly, after the multiple loading and unloading (1, 2, 3 …

j�1), in the plastic stage of cement sheath, the radial displacement
at outerwall of cement sheath during the loading of casing pressure
at this time (j st) can be given by Eq. (30).

ubeo ¼
1þ m2
E2

2ð1� m2Þr2pr3
r23 � r2p

Pp � 1þ m2
E2

r2pr3 þ ð1� 2m2Þr33
r23 � r2p

P2

þ ubocj
(30)

Hence, after the multiple loading and unloading (1, 2, 3 … j�1),
in the plastic stage of cement sheath, the displacement continuity
equation during the loading of casing pressure at this time (j st) can
be given by Eq. (31).�
uao ¼ ubpi
ubeo ¼ uci

(31)

By solving the above model, the stress and strain of CSF system
under alternating pressure can be obtained. In this paper the global
optimal algorithm Global Search in MATLAB is used to solve the
unknown parameters, and the solution process of mechanical
model of CSF system in this paper is shown in Fig. 3.
3. Study on the matching relationship between the
mechanical parameters of cement sheath and CSF system

3.1. Study on the matching relationship between the cement sheath
and the casing

Under high casing pressure, the casing is subjected to large
circumferential stress and prone to circumferential damage.
Therefore, based on the wellbore structure in reference (Chu et al.,
Table 1
CSF system basic data sheet.

Name of parameter Value

Inner radius of casing r1 54.3 mm
Outer radius of casing r2 63.5 mm
Inner radius of formation r3 77.39 mm
Outer radius of formation r4 386.95 mm
Elastic modulus of casing E1 210 GPa
Poisson's ratio of casing m1 0.30
Elastic modulus of cement sheath E2 5 GP~a15 GPa
Poisson's ratio of cement sheath m2 0.10e0.30
Elastic modulus of formation E3 22 GPa
Poisson's ratio of formation m3 0.30
Casing pressure Pc 40e70 MPa
Formation stress Pf 0e40 MPa



Fig. 4. Relationship between mechanical parameters of cement sheath and the casing circumferential stress (Pc ¼ 70 MPa, Pf ¼ 0 MPa).

Fig. 5. Casing circumferential stress under different casing pressure.
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2015), the matching relationship between the mechanical param-
eters of cement sheath and the casing circumferential stress is
studied. The basic data are shown in Table 1.

The relationship between the casing circumferential stress and
the mechanical parameters of cement sheath are shown in Figs. 4
and 5. As is shown in Fig. 4, the cement sheath with low Pois-
son's ratio and high elastic modulus has a protective effect on
casing, but under different elastic modulus conditions, the overall
change trend of casing circumferential stress with the Poisson's
ratio of cement sheath is slow, indicating that the casing circum-
ferential stress is less sensitive to Poisson's ratio than elastic
modulus of cement sheath. Simultaneously, the curves are almost
parallel under different casing pressure as shown in Fig. 5, which
indicates that the sensitivity of casing circumferential stress to
mechanical parameters of cement sheath is not affected by the
change of casing pressure.
3.2. Study on the failure of cement sheath integrity during
alternating pressure

The failure modes of downhole cement sheath can be divided
into two categories, the body failure of cement sheath and interface
debonding. Body failure of cement sheath includes yield failure,
tensile failure and shear failure. Interface debonding includes CS
interface debonding and SF interface debonding (Du, 2016).

During the loading process of casing pressure, the cement
sheath is prone to yield failure and tensile failure. With the increase
of casing pressure, the cement sheath gradually transits from the
elastic state to the plastic state. Firstly, the inner wall of cement
sheath commences yield failure and enters the plastic state, then as
2420
the loading continues, the plastic range gradually expands to the
outer wall of cement sheath until the entire cement sheath enters a
complete yield state (Zhang et al., 2017). At the same time, since the
tensile strength of cement sheath is far lower than its compressive
strength (Liu et al., 2018), while the tensile stress of cement sheath
is larger than the tensile strength, it will cause tensile failure, and
the cement sheath will produce tensile crack failure (Guo et al.,
2018). During casing pressure unloading, the plastic strain is
generated due to the cement sheath entering plasticity, and re-
sidual strain is generated after completely unloading, which results
in uncoordinated deformation at interface. The interface debonding
will occur when the radial tensile stress at interface exceeds the
bonding strength (Chu et al., 2015). On above basis, the matching
relationship between the mechanical parameters of cement sheath
and the failure of cement sheath integrity is studied.
3.2.1. Study on yield failure of cement sheath during loading
During the loading of casing pressure, when the inner wall of

cement sheath just enters the yield, it is defined as the yield failure
of cement sheath, and the casing pressure is defined as SYP. At
present, most scholars' research shows that the micro-annular at
interface (CS interface or SF interface) is mainly caused by the
plastic strain of cement sheath and the accumulation of residual
strain during unloading (Liu et al., 2016; Shen et al., 2017; Zeng
et al., 2019). Therefore, the SYP should be maximized to avoid or
delay the cement sheath generating plastic strain. Based on these,
the relationship between the SYP and themechanical parameters of
cement sheath is studied. Zhou's research shows that the yield
failure of cement sheath mainly occurs in the deep layer (Zhou
et al., 2019), so the formation stress is 40 MPa (Pf ¼ 40 MPa), and



Fig. 6. Relationship between the mechanical parameters of Cement sheath and SYP (Pf ¼ 40 MPa).
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other basic data is shown in Table 1, and the results are shown in
Fig. 6.

It can be known from Fig. 6(a) that under different elastic
modulus of cement sheath, the SYP increases gradually with the
increase of Poisson's ratio, but sensitivity of SYP to Poisson's ratio of
cement sheath decreases with the increase of elastic modulus. At
the same time, since the intersections of all curves are about 0.16,
the elastic modulus of cement sheath has little effect on the SYP
when its Poisson's ratio is about 0.16.

According to Fig. 6(b), when the Poisson's ratio of cement sheath
is 0.10e0.16 (m2 ¼ 0.10e0.16), the SYP increases with the increase of
elastic modulus and finally tends to be stable. When the Poisson's
ratio of cement sheath is 0.16 (m2 ¼ 0.16), the SYP hardly changes
with the increase of elastic modulus. While, when the Poisson's
ratio of cement sheath is 0.18e0.30 (m2 ¼ 0.16e0.30), the abnor-
mality occurs, with the increase of its elastic modulus, the SYP
decreases and finally tends to keep in a steady level.

Hence, it can be concluded that there is a “critical range” in the
Poisson's ratio of cement sheath. When the Poisson's ratio is higher
than the “critical range”, the SYP decreases with the increase of its
elastic modulus, at this time, reducing the elastic modulus can
effectively increase the SYP. When the Poisson's ratio of cement
sheath is lower than the “critical range”, the SYP increases with the
increase of elastic modulus, at this time, increasing the elastic
modulus can increase the SYP. When the Poisson's ratio of cement
sheath is near the “critical range”, the SYP has little change with
elastic modulus, at this time, changing the elastic modulus has little
effect on the SYP.

Comprehensively, the cement sheath integrity is closely related
to the mechanical parameters of cement sheath. They affect and
Fig. 7. Relationship between mechanical parameters of cement sheath a
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interact with each other. Reasonable matching can significantly
improve the cement sheath integrity.
3.2.2. Study on tensile failure of cement sheath during loading
Tensile failure of cement sheath is mainly affected by the

circumferential tensile stress of cement sheath, and it occurs when
the circumferential tensile stress of cement sheath is greater than
its tensile strength (Guo et al., 2018). Under casing pressure, the
circumferential tensile stress at inner wall of cement sheath is the
largest, and the tensile failure occurs firstly (Bu et al., 2016). Zhou
and Zeng et al. shows that the tensile failure mainly occurs in the
fracturing process of shallow formations (Zhou et al., 2019; Zeng
et al., 2019), the formation stress is 0 MPa (Pf ¼ 0 MPa), and the
max casing pressure is loaded to 70 MPa (Pc ¼ 70 MPa), other basic
data is shown in Table 1. The relationship between the circumfer-
ential stress of cement sheath and the mechanical parameters of
cement sheath are shown in Figs. 7 and 8.

It can be seen from Fig. 7 that the circumferential stress of
cement sheath is more sensitive to the elastic modulus of cement
sheath than the Poisson's ratio, and the cement sheath with low
elastic modulus and high Poisson's ratio is conducive to reduce the
cement sheath circumferential stress of cement sheath. When the
elastic modulus of cement sheath is 7e15 GPa (E2 ¼ 7e15 GPa), the
cement sheath has already entered plasticity under the casing
pressure of 70 MPa (Pc ¼ 70 MPa). At this time, the circumferential
stress of cement sheath decreases with the increase of its Poisson's
ratio, but the curve is almost a straight line which indicates it's less
sensitive to the Poisson's ratio of cement sheath. However, when
the elastic modulus of cement sheath is 5 GPa (E2 ¼ 5 GPa), the
circumferential stress of cement sheath decreases significantly
nd cement sheath circumferential stress (Pc ¼ 70 MPa, Pf ¼ 0 MPa).



Fig. 8. Circumferential stress of cement sheath under different casing pressures.

Fig. 9. The radial stress of CS interface during loading and unloading.
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with the increase of the Poisson's ratio of cement sheath, since it
has not yet entered the plastic stage and is in an elastic state, and
the circumferential stress of cement sheath is more highly sensitive
to the Poisson's ratio of cement sheath at this time. During the
loading process, the maximum circumferential tensile stress at
inner wall of cement sheath is the circumferential stress when the
cement sheath just enters plasticity, and then gradually decreases
with the increase of casing pressure, finally the circumferential
tensile stress will be converted into circumferential compressive
stress (Shen et al., 2017). Therefore, when the casing pressure is
40e70MPa (Pc¼ 40e70MPa), the maximum circumferential stress
of cement sheath coincides, which could be verified by Fig. 8.
Fig. 10. Relationship between the mechanical parameters of cement s
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3.2.3. Study on interface debonding during unloading
In the shallowwell section, the formation stress of CSF system is

0 MPa (Pf ¼ 0 MPa). When the casing pressure is large, the cement
sheath will deform plastically, and residual strainwill be generated
during unloading, and then the interface (CS interface or SF inter-
face) will gradually change from a compression state to a tension
state. This phenomenon is called “interface stress reversal”, which
can be shown in Fig. 9(a). However, the casing elastic deformation
can be completely recovered, so the outer wall of casing and the
inner wall of cement sheath are incompatible deformation. When
the radial tensile stress exceeds the bond strength of interface,
interface debonding will occur. With the increase of well depth, the
formation stress gradually increases (Pf > 0 MPa). After the first
heath and radial stress at CS interface (Pc ¼ 70 MPa, Pf ¼ 0 MPa).



Fig. 11. Radial stress of the CS interface under different casing pressures.
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loading and unloading of casing pressure, the interface does not
directly experience tension, even if the cement sheath generates
plastic strain. However, the residual strain accumulation will still
reduce the radial stress at interface after unloading. After multiple
loading and unloading of casing, the interface will still take place
“interface stress reversal”, as shown in Fig. 9(b). When the radial
stress at interface exceeds the bonding strength of interface,
interface debonding will equally occur at this time. This conclusion
can also be proved by the experimental research results of Liu, Zeng
and other scholars (Liu et al., 2016; Zeng et al., 2019). Hence,
whether in shallow or deep well sections, once the cement sheath
enters plasticity, there is a risk of interface debonding under
alternating pressure.

Under the high differential pressure and high pump pressure,
the cement sheath enters plasticity, resulting in the risk of interface
debonding during pressure unloading. At this time, how to reduce
the risk of interface debonding by adjusting the mechanical pa-
rameters of cement sheath. Based on this, this paper studies the
most dangerous point of the interface debonding (Pf ¼ 0 MPa), and
other basic data is shown in Table 1. The relationship between the
tensile stress of the CS interface and the mechanical parameters of
cement sheath is studied, and the results are shown in Figs. 10 and
11.

It can be seen from Fig. 10 that both high Poisson's ratio and low
elastic modulus of cement sheath can reduce the radial tensile
stress at CS interface. Generally speaking, comparing with the
Poisson's ratio of cement sheath, the radial tensile stress at CS
interface is more sensitive to its elastic modulus. At the same time,
it can be seen from Fig.11 that when the casing pressure is large, the
radial tensile stress at CS interface is more sensitive to the
Fig. 12. Relationship between mechanical paramete
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mechanical parameters of cement sheath. The higher casing pres-
sure, the higher radial tensile stress at CS interface after unloading,
and the greater risk of interface debonding.

In conclusion, the relationship between maximum casing
pressure and mechanical parameters of cement sheath should be
reasonable matched to avoid the micro-annulus of CSF system.
3.3. Study on the matching relationship between the cement sheath
and formation

As shown in Fig. 6, there is a “critical range” for the Poisson's
ratio of cement sheath. Therefore, in order to better study the
matching relationship between the formation and the cement
sheath, the formation stress was selected as 0, 10, 20, 30 MPa
(Pf ¼ 0e30 MPa), and combining with 3.2.1, the matching rela-
tionship between the mechanical parameters of cement sheath and
the SYP under different formation stress conditions is studied and
other data are consistent with Table 1. The results are shown in
Figs. 12e16.

It can be known from Fig. 12 that when the formation stress is
0 MPa (Pf ¼ 0 MPa), the “critical range” is non-existent. Therefore,
the SYP increases with the increase of the Poisson's ratio and de-
creases with the increase of its elastic modulus. When the elastic
modulus of cement sheath is from 5 to 15GPa, the sensitivity of SYP
to the Poisson's ratio decreases accordingly. It can be known from
Figs. 13e15 and Fig. 6, as the formation stress gradually increases
from 0 to 10, 20, 30 and 40 MPa, the “critical range” also increases
from non-existent to near 0, 0.04, 0.13 and 0.16. It can be seen that
the “critical range” of the Poisson's ratio is mainly affected by the
formation stress, and increases with the increase of the formation
rs of cement sheath and the SYP (Pf ¼ 0 MPa).



Fig. 13. Relationship between mechanical parameters of cement sheath and the SYP (Pf ¼ 10 MPa).

Fig. 14. Relationship between mechanical parameters of cement sheath and the SYP (Pf ¼ 20 MPa).

Fig. 15. Relationship between mechanical parameters of cement sheath and the SYP (Pf ¼ 30 MPa).

K.-H. Deng, N.-T. Zhou, Y.-H. Lin et al. Petroleum Science 20 (2023) 2413e2427
stress.
Hence, it can be known from Fig. 16, the relationship between

the SYP and the elastic modulus of cement sheath is different under
different formation stress. When the formation stress is low
(Pf¼ 0e30MPa), since the Poisson's ratio of cement sheath is above
the “critical range”, with the increase of its elastic modulus, the SYP
increases. As the formation stress gradually increases, the “critical
range” of the Poisson's ratio increases accordingly. When the for-
mation stress is 40 MPa (Pf ¼ 40 MPa), the “critical range” of the
Poisson's ratio increases to more than 0.14. At this time, the SYP
increases with the increase of its elastic modulus.

Based on the above analysis, with the increase of the well depth,
the formation stress increases, resulting in different “critical
2424
ranges” of Poisson's ratio. Hence, the relationship between the
mechanical parameters of cement sheath and the formation stress
should be reasonable matched to improve the SYP.
4. Case of matching mechanical parameters of cement sheath
with CSF system

Based on the data in Table 1, under different casing pressures,
themechanical parameters of cement sheathe is matched. Since the
yield strength of casing is mostly around 850 MPa, under the
working conditions of this paper, even if the casing pressure is as
high as 70 MPa, the maximum circumferential stress of casing is
just 370MPa, and there is no casing failure, so the casing failure can



Fig. 16. SYP under different formation stress.

Table 2
Matching between mechanical parameters of cement sheath and casing pressures.

Pc, MPa Pf, MPa m2, Dimensionless E2, GPa Tmin, MPa UCS, MPa T0, MPa

40 0 �0.10 �7.5 >1.58 42.63 5.82
50 0 �0.10 �5.0 >1.98 20.70 2.54
60 0 �0.22 �5.0 >2.16 20.70 2.54
70 0 �0.26 �5.0 >2.47 20.70 2.54
70 10 �0.28 �7.0 >1.54 27.85 3.61
70 20 �0.26 �9.0 >0.57 35.28 4.73
70 30 �0.24 �11.0 >0.31 43.01 5.88
70 40 �0.22 �5.0 >0.14 20.70 2.54

Tmin-the minimum tensile strength of cement sheath required under certain
working conditions.
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be ignored. For the failure of cement sheath integrity, the priority is
that the cement sheath does not enter the plastic state, and the
second is that interface debonding and tensile failure of cement
sheath should be avoided as much as possible. Combining with
Andrade (De Andrade and Sangesland, 2016b), the statistical rela-
tionship of compressive strength, tensile strength and elastic
modulus under different cement slurry systems after hardening
were used to establish the matching relationship between me-
chanical parameters of cement sheath and CSF system, as shown in
Eq. (32) and Eq. (33). (De Andrade and Sangesland, 2016b).

UCS¼ 0:0354E2cem þ 3:1509Ecem þ 4:0642 (32)

T0 ¼0:1502UCS� 0:5732 (33)

where Ecem is the elastic modulus of cement sheath; UCS is the
compressive strength of cement sheath; T0 is the tensile strength of
cement sheath.

The mechanical parameters of cement sheath are calculated
based on the criterion that the cement sheath does not enter
plasticity. The results are shown in Table 2. It can be seen that with
the increase of casing pressure, the performance requirements of
cement sheath are higher, but even under 70 MPa, the tensile
strength of cement sheath obtained according to Andrade's statis-
tical relationship can still meet the requirements of this working
condition. The cement sheath integrity at different well depths
have different requirements on mechanical parameters of cement
sheath, especially when Pf¼ 40MPa, it shows a reverse state. When
the elastic modulus of cement sheath is 5 GPa and Poisson's ratio is
0.26, the cement sheath integrity will not be damaged.
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5. Conclusion

(1) An elastic-plastic mechanical model of casing-cement
sheath-formation system is established with due consider-
ation of the matching relationship between mechanical pa-
rameters and integrity of casing-cement sheath-formation
system, by which the failure mechanism of cement sheath
under alternating pressure is revealed. And the matching
relationship between mechanical parameters of cement
sheath and casing-cement sheath-formation system is ob-
tained in the whole well section.

(2) The formation of interface debonding (casing-cement sheath
interface and cement sheath-formation interface) is mainly
related to the plastic strain accumulation, and there is a risk
of micro-annulus at interface under alternating pressure,
once the cement sheath enters plasticity whether in shallow
or deep well sections.

(3) It has been found that there is a “critical range” in the Pois-
son's ratio of cement sheath. When the Poisson's ratio of
cement sheath is higher than the “critical range”, the yield
internal pressure of cement sheath decreases with the in-
crease of the elastic modulus. At this time, reducing the
elastic modulus can effectively improve the yield internal
pressure of cement sheath. When the Poisson's ratio of
cement sheath is lower than the “critical range”, the yield
internal pressure of cement sheath increases with the in-
crease of elastic modulus. At this time, increasing the elastic
modulus can increase the yield internal pressure of cement
sheath.When the Poisson's ratio of cement sheath is near the
“critical range”, the yield internal pressure of cement sheath
has little change with its elastic modulus. At this time,
changing the elastic modulus has little effect on the yield
internal pressure of cement sheath.

(4) It has been found that the matching relationship between
mechanical parameters of cement sheath and casing-cement
sheath-formation system is particularly important to the
cement sheath integrity under alternating pressure, which
provides a new method and concept for the optimization
design of wellbore integrity and cement sheath integrity.
6. Discussion

Combining Section 3 and Section 4, the reasonable matching of
elastic modulus and Poisson's ratio of cement sheath can effectively
prevent the integrity failure of cement sheath. At present, tough-
ening materials (Fiber, Latex, Expansion toughening) are added to
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cement slurry to decrease the elastic modulus of cement sheath.
The Poisson's ratio of cement sheath can be changed by adding
some hard materials (Carbon nanotubes, Steel fibers, Basalt).
However, the elastic modulus of cement sheath cannot be indefi-
nitely decreased, and the Poisson's ratio of cement sheath cannot
be indefinitely increased. The reasonable matching relationship
between the elastic modulus and Poisson's ratio of cement sheath
provides a new idea for the research and development of new
cement slurry system.
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