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Abstract: Different operations make the borehole temperature change and cause periodic stresses,
which often cause variations in the stress state of the sheath or damage. In this paper, the effect
of temperature on sheath integrity is investigated. First, the mechanical model of sheath is es-
tablished and analyzed by shakedown theory. Then, compression experiments of well cement at
different temperatures are carried out, and the law of mechanical properties with temperature is ob-
tained. Finally, combining the theoretical analysis and mechanical experiments, the results show that
(1) when only the temperature inside the sheath cyclically varies, the negative influence of tem-
perature caused by the practical operations can be negligible. (2) When the internal pressure and
temperature act together, the effect of temperature on the sheath is reflected in temperature stress and
the change of the cement properties. (3) With the increase of temperature difference (∆T), the cohesion
of cement decreases while the internal friction angle increases, and the plasticity characteristics of
the cement are enhanced, and the negative effect on the Pmax ascends slowly. (4) The temperature
stress is in a positive relationship with the ∆T, and its weakening on the Pmax is about 6% to 7%.
(5) Combining the temperature stress and the change of the cement properties, total negative effect of
temperature on the sheath accounts for 10% to 12%, when ∆T ranges from 60 to 110 ◦C.

Keywords: sheath; cement; shakedown theory; temperature

1. Introduction

For ensuring the long-term and safe production of gas well, the integrity of sheath
has obtained more emphasis in recent years. Field experiences and laboratory experiments
have both demonstrated that the sheath is likely to fail after downhole operations [1–3]. The
cement sheath fails mainly because of the loads from variations of wellbore temperature
and pressure [4].

In recent years, with the recognition of the important influence of temperature on
the sealing failure of sheath, many scholars around the world have carried out a series of
research on the mechanical properties of cement at high temperature, the characteristics
of cement solidification, the cement slurry formula system and the failure mechanism of
sheath seal. Wang Lei and Zeng Yijin [5] carried out triaxial compression and cyclic loading
tests under multi-temperature conditions. The results show that the cement paste exhibits
elastic brittleness at room temperature, the strength of the cement decreases obviously
when the temperature rises to 130 ◦C, and the elastic modulus also decreases at the same
time; the deformation of cement paste at high temperature is mainly axial compression
deformation, which has the characteristics of ideal plasticity. Lian [6] carried out the
cyclic loading experiments and scanning electron microscopy to focus on microannulus
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and microcracks in the sheath. Liu Yang and Ai Zhengqing et al. [7] proposed a new
two-dimension simulator according to the underground heat transfer construction process.
The results show: circulating drilling fluid several times and increasing the pump rate
will reduce circulating temperature, and the circulating maximal temperature in winter is
lower than in summer, especially for a shallow well. Thus, suitably reducing the design
temperature in winter could not affect the pump safety; the temperature coefficient in
deep wells is higher than in shallow wells, and the circulating temperature is lower if the
borehole size is bigger. Kuanhai [8] set the mechanical model considering the casing and
cement sheath as well as formation under non-uniform in situ stress. The influence of many
factors on the integrity of cement sheath has been systematically studied. Zhao hu, Wen
Daquan [9] et al., investigated temperature distribution on the wellbore in the cementing
process and developed a two-dimensional approach of transient heat transfer based on the
first law of thermodynamic to predict the wellbore temperature distribution. It is indicated
that the hottest temperature is at a point some distance higher than the casing shoe, and the
wellbore temperature distribution will be significantly different for different well structures.
Water depth, flow rate of booster and density of cementing slurry will also affect the
temperature distribution of the wellbore to some degree. Kruszewski [10] created a new
method to evaluate integrity by utilizing the wire-line acoustic measurements. It can help
to optimize the drilling operation and production. Wang Chunquan and Liu Shibin [11]
discussed the influence of different types of wells and annular clearance on cementing
circulating temperature. The results show that the temperature coefficient increases with
the increase of well depth and decrease of annular clearance in horizontal or high-angle
wells. Yu Yongjin and Ding Zhiwei et al. [12] have developed a high temperature filter
loss reducer DRF-1 S, a high temperature retarder DRH-2 L and other high temperature
cement additives. The cement slurry system is excellent enough to meet the cementing
requirements of wellhole circulating temperature 210 ◦C and the static temperature 230 ◦C,
except for not declining at 230–250 ◦C. Ye Zhonglang, Zhu Zehua [13] conducted research
on the effects of curing temperature, curing pressure and pH value of the slurry water
on the curing process of cement slurry. The results show that, in the curing temperature
range lower than 110 ◦C, the compressive strength of cement increases with the rising of
temperature, but at higher than 110 ◦C, it decreases with the increase of temperature. In the
curing pressure range of 2 to 8 MPa, the compressive strength increases with the increase of
curing pressure; under the same conditions, the compressive strength cured by the cement
slurry prepared with acidic slurry water is the highest. LI Haiqing, Yao Yan [14] studied
thermal expansion properties of hydraulic cement paste. The results show that thermal
expansion curve increases at the initial stage and then decreases, with the temperature
increasing in both heat systems, but the temperature of the former heat system at which the
thermal expansion ratio reaches a maximum is 70 ◦C lower than that of the latter. Deng [15]
conducted a mechanical model considering the repairing force of the deformation casing
with cement sheath according to the inversion method. The results showed that there are
three types of damage called micro-annulus, transverse fracture, and longitudinal fracture,
which is caused by high contact pressure and pressure fluctuation during repairing. Megan
L [16] studied the effect of curing on the mechanical properties of concrete under the
condition of effective stress and temperature by using a temperature-controlled hydration
cell. Gao Baokui [17] performed an ideal casing–cement–formation system to investigate its
integrity under periodic temperature change, which indicates that when the temperature
declines, the casing–cement sheath interface will separate because of the radial residual
stress. Abdullah S. [18] carried out a finite element modeling to analyze the stress exerted
on the casing during the whole life of the well in order to evaluate the influence of pressure
and temperature cycles on the long-term integrity of the well. Fred Sabins [19] developed
an improved ultra-lightweight cement using ultra-lightweight hollow glass spheres (ULHS)
and tested ULHS systems along with other lightweight cement systems, including foamed
and sodium silicate slurries to obtain several properties: tensile strength, Young ’ s modulus,
and shear bond. Chengwen Wang, Xin Chen [20], by experiments, clarified the influence of
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nano-SiO2 sol on the strength of Class-G oil well cement considering the microstructure
of the cement more compact through impaction and filling into the pore among cement
hydration products, which helps to prevent cement from strength retrogression under high
temperatures. Wu et al. [21] focused on the effect of heat flow direction and temperature
difference on the sheath integrity by an accurate 2D model. They concluded that the
heat is from the formation to the casing, which is worse to cement integrity than the
opposite direction. Deng Kuanhai [22] carried out the collapsing test for a cemented casing
under non-uniform load (NFL). The plastic limit load of a sheath–casing system have been
obtained. Zheng Youzhi [23] performed simulations and experiments to compare the many
properties of the cement. It is shown by the stress–strain curve that the lower loading rate
of set cement is not smooth, but distorted. Moonseo PARK [24] investigated the strength
decline of cement caused by temperature cycling. The results show that the unconfined
compressive strength declines with the growth of compression ratio ranging from 5 to 50 ◦C.
Hager I [25] performed the impact of high temperature on cement. The results indicate
that the effect of a high temperature on concrete involves cement paste and aggregates, as
well as the interaction of these two constituents. Patel [26] studied the effect of pressure,
mechanical properties, and sheath size on the integrity of sheath. Results indicate that
flexible and expanding cement tend to be reliable for the structure versus brittle and non-
expanding cement. Andrade [27] created an extensive finite element to assess the law of a
casing–cement–formation system, geometric information, and characteristic well-loading
events, which will contribute to clarifying the failure mechanisms.

2. Basic Mechanical Model and Hypothesis

The dimensions of sheath are generally fixed with an inner diameter of 139.7 mm and
an outer diameter of 233.5 mm, which can be regarded as a thick-walled cylinder. As a kind
of artificial material, the cement shows extremely strong plasticity characteristics under
this high temperature and pressure environment [28]. The mechanical model of the sheath
constructed in this paper is based on the following assumptions:

1. The components of sheath are mixed evenly. Therefore, the sheath is isotropic.
2. The cement can be regarded as an ideal elastic-plastic material under the high temper-

ature and pressure environment.
3. Before the formation–sheath–casing system bears the load, it is intact. The cementing

quality is good, and both formation–sheath and sheath–casing interfaces maintain
deformation coordination before yielding of the sheath occurs.

4. The yielding of the sheath follows the Mohr–Coulomb yielding criterion.
5. The temperature of the outer wall of the sheath is always the same as the conditions

of the formation in which it is located, and the temperature change of the inner wall
varies periodically with the fracturing process.

According to the recent research of [29,30], Mohr–Coulomb is not the best theory
to describe the mechanical behavior of cement paste, some better criteria have been put
forward. Although Mohr–Coulomb has its limitations, some scholars, such as Xi [31], still
use this method to analyze the issue. For theoretical analysis, Mohr–Coulomb is relatively
simple to apply and can still meet approximate accuracy requirements in engineering.
For numerical stimulation, it is a better choice to adopt the criterion more suitable for the
properties of cement.

3. Analytical Method

Shakedown theory, as one of the limit analysis methods of structures, aims to investi-
gate the plastic deformation behavior under periodic loading [32]. It can be applied to the
structure undergoing repeated load.

Shakedown theory can be expressed as follows: if a self-equilibrium stress field time-
independent can be obtained, which does not reach the yield conditions everywhere after
adding up the elastic stress field generated by any unexpected load in a given load range,
the structure is safe. The formula is expressed as follows:
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max: ν
sets f

[
νσE

ij (x, t) + ρij(x)
]
≤ 0 ∀x ∈ V

ρij,j(x) = 0 ∀x ∈ V

ρij,j(x)nj = 0 ∀x ∈ Sσ

where, ν is the load multiplier; νσij
E (x,t) is the elastic stress field under any loading path

in any loading domain within a given load; ρij is the self-equilibrium residual stress field; f
is the yield function [33].

We can use the direct construction of the residual stress method (DCRS) [34] to obtain
the self-equilibrium stress field. It means that there is some elastic–plastic material subjected
to volume force F and surface force T, and its displacement boundary is clear. If we can
find a virtual residual stress dependent of time t, it makes the complete elastic solution
anywhere in the object meet

f

(
−
σr

ij +
−
σE

ij

)
≤ 0

Then, the structure will be safe under the repeated loading. Plastic deformation will
no longer be accumulated [35].

Applying shakedown analysis to the sheath can bypass the loading history and directly
obtain the shakedown load as well as other necessary inelastic responses.

4. Theoretical Analysis of Cement Sheath Integrity

According to the above method, the integrity of cement sheath under different practice
conditions is analyzed.

4.1. Temperature Requirement of the Sheath Considering Only Temperature Effect

When no fracturing is carried out, the temperature of the whole cement sheath is the
same as that of the formation where it is located, and the temperature of the whole sheath is
the outer wall temperature Tb. When the fracturing process begins, the temperature at the
inner decreases to Ta due to the heat exchange between the inner of sheath and fracturing
fluid. The temperature of the outer wall is unchanged. The temperature distribution of the
sheath is

T =
Tbln r

a + Taln b
r

ln b
a

(1)

The stress generated by this temperature field is

σe
Tr = κ

[
m2

1−m2

(
b2

r2 − 1
)

ln 1
m − ln b

r

]
σe

Tθ = −κ
[

m2

1−m2

(
b2

r2 + 1
)

ln 1
m + ln b

r − 1
] (2)

Among them,
κ = αE(Ta−Tb)

2(1−µ)ln 1
m

m = a
b

(3)

where a is the coefficient of thermal expansion (1/◦C); a and b are the size of inner and
outer diameter of sheath (mm); σe

Tr and σe
Tθ are the elastic radial stress and circumferential

stress (MPa) caused by temperature, respectively; Ta and Tb are the temperature of inner
and outer sheath (◦C); ρ is the radius vector (mm); E is the elastic modulus of sheath (GPa);
µ is the Poisson’s ratio of sheath.

As can be seen from Formula (2), the stress distribution of the sheath is only related to
the temperature difference (∆T) between the inner and outer walls. When the difference
between the inside and outside of the sheath reaches a certain value, the inner wall of the
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sheath is the first to enter the plastic stage. At this time, the plastic zone will meet the
equilibrium Equation (4) and Moore–Coulomb yield condition (5),

dσr

dr
+

1
r
(σr − σθ) = 0 (4)

σr = σθtg2
(

45
◦
+

φ

2

)
− 2ctg

(
45
◦
+

φ

2

)
(5)

Here, makes
K = tg2

(
45
◦
+ φ

2

)
B = −2ctg

(
45
◦
+ φ

2

) (6)

Substituting Equation (2) into the equilibrium Equation (4), the stress distribution
under the effect of temperature only in the plastic zone is obtained

σ
p
Tr =

1
2

κm2b2lnm
1−m2

(
1
a4 − 1

r4

)
+ κln a

r

σ
p
Tθ = 1

2
κm2b2lnm
K(1−m2)

(
1
a4 − 1

r4

)
+ κln a

r −
B
K

(7)

Therefore, the residual stress can be obtained

σr
Tr =

1
2

κm2b2lnm
1−m2

(
1
a4 − 1

r4

)
+ κln a

r − κ
[

m2

1−m2

(
b2

r2 − 1
)

ln 1
m − ln b

r

]
σr

Tθ = 1
2

κm2b2lnm
K(1−m2)

(
1
a4 − 1

r4

)
+ κln a

r −
B
K + κ

[
m2

1−m2

(
b2

r2 + 1
)

ln 1
m + ln b

r − 1
] (8)

If reverse yielding occurs, Formula (8) will satisfy (9), and obtain (10) after substituting

σθ = σrtg2
(

45
◦
+

φ

2

)
− 2ctg

(
45
◦
+

φ

2

)
(9)

κ = B
(

1 +
1
K

)(
2

1−m2 ln
1
m
− 1
)−1

(10)

Thus, the reverse yielding of the sheath does not occur when the κ0 ≤ κ. That is, ∆T
between the inside and outside of the sheath in various production processes needs to
be satisfied

4 T ≤ 2Blnm(1− µ)

αE

(
1 +

1
K

)(
2

1−m2 ln
1
m
− 1
)−1

(11)

4.2. Simultaneous Action of Temperature and Internal Pressure

During the fracturing, as shown in Figure 1, the inner wall of the sheath is subjected to
simultaneous addition and removal of thermal stress and internal pressure, i.e., the inner
wall of the sheath is subjected to 0→(κ,Pi)→0→(κ,Pi) cycles. Due to the in situ stress, the
outside of the sheath is subjected to external pressure P0, (MPa).
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Figure 1. Schematic diagram of cement sheath model.

When the internal pressure Pi and temperature changes are not large enough, the
stress generated by both is small, the sheath is in an elastic state at this time, and its stress
distribution is

σr =
m2

1−m2

(
1− b2

r2

)
Pi − 1

1−m2

(
1− a2

r2

)
P0 + κ

[
m2

1−m2

(
b2

r2 − 1
)

ln 1
m − ln b

r

]
σθ = m2

1−m2

(
1 + b2

r2

)
Pi − 1

1−m2

(
1 + a2

r2

)
P0 − κ

[
m2

1−m2

(
b2

r2 + 1
)

ln 1
m + ln b

r − 1
] (12)

when they become larger, Equation (12) will satisfy the yield condition (5) at the outer
boundary of the sheath, where the ultimate elastic internal pressure Pe can be deducted.

When the internal pressure Pi > Pe, the sheath will form a plastic zone inside, and ρ is
the yield radius (a < ρ < b). Within its plastic zone, satisfying the equilibrium Equation (4)
and satisfying with σr (a) = Pi = −p at the boundary, the stress distribution in the plastic
zone of the sheath under the coupling between temperature and stress can be obtained
as follows,

σpr = −
(

p + B
1−K

)( r
a
) 1−K

K + B
1−K + 1

2
κm2b2lnm

1−m2

(
1
a4 − 1

r4

)
+ κln a

r

σpθ = − 1
K

(
p + B

1−K

)( r
a
) 1−K

K + B
1−K + 1

2
κm2b2lnm
K(1−m2)

(
1
a4 − 1

r4

)
+ κln a

r −
B
K

(13)

The force Pρ, which is the elastic zone acting on the elastic zone, according to
Equation (13), can be obtained at the elastic–plastic radius ρ.

Pρ =

(
p +

B
1− K

)(ρ

a

) 1−K
K − B

1− K
− 1

2
κm2b2lnm

1−m2

(
1
a4 −

1
ρ4

)
− κln

a
ρ

(14)

The stress distribution in the elastic zone can be obtained,

σer =
M2

1−M2

(
1− b2

r2

)
Pρ − 1

1−M2

(
1− ρ2

r2

)
P0 + κ

[
M2

1−M2

(
b2

r2 − 1
)

ln 1
M − ln b

r

]
σeθ = M2

1−M2

(
1 + b2

r2

)
Pρ − 1

1−M2

(
1 + ρ2

r2

)
P0 − κ

[
M2

1−M2

(
b2

r2 + 1
)

ln 1
M + ln b

r − 1
] (15)

At r = ρ, the yield radius ρ can be solved from the continuity of stress.
If unloaded following the elastic law, the residual stress distribution can be obtained

according to Equations (12) and (13),

σr
r = σpr − σrσr

θ = σpθ − σθ (16)
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when the internal pressure reaches the maximum Pmax, the internal boundary r = a tends to
reverse yield, Pmax can be calculated by putting (16) into the reverse yield condition (9),

Pmax =

[
2P0

1−m2 −
B(1 + K)

K
−
(

2
1−m2 +

1
lnm

)
αE∆T

2(1− µ)lnm

](
1
K
+

1 + m2

1−m2

)−1

(17)

The pressure Pmax on the sheath is converted into pressure Pm (fracturing pressure)
inside the casing

Pm =

(
1− 2µ

E
αPmax −

2− µ

E
ρ2

a
P′ +

1 + µ

E
ρ2

a
P0 +

1 + µ1

E1

a2
i a + (1− 2µ1)a3

a2 − a2
i

Pmax

)(
1 + µ1

E1

2(1− µ1)a2
i a

a2 − a2
i

)−1

(18)

E1 and µ1 are the elasticity modulus and Poisson’s ratio of the casing, respectively, and ai is
the inner diameter of the casing.

If we only consider the cyclic internal pressure of sheath, Equation (17) will degenerate to

Pmax =

[
2P0

1−m2 −
B(1 + K)

K

](
1
K
+

1 + m2

1−m2

)−1

(19)

where

γ =

(
2

1−m2 +
1

lnm

)
αE∆T

2(1− µ)
(20)

γ can be regarded as the temperature-stress factor of the sheath (MPa/mm2), and
Equation (20) reflects the adverse effect of temperature as a kind of loading on the sheath.
The greater γ is, the greater the impact of temperature changes on the sheath during
the fracturing process is. Conversely, the effect of temperature on the sheath is not only
involving temperature load. Apart from this, the cement properties are affected by the
formation temperature and its material parameters are changed; thus, Equation (18) can be
rewritten as

Pmax =

[
2P0

1−m2 −
B(T)[1 + K(T)]

K(T)
− γ

](
1

K(T)
+

1 + m2

1−m2

)−1

(21)

From Equations (6) and (21), it can be seen that the main material properties affected
by temperature are cohesion and internal friction angle.

5. The Influence of Temperature on Cohesion and Internal Friction Angle of Cement

According to Equation (21), the temperature will affect the mechanical properties
of cement and change the bearing capacity. Thus, the compression tests under different
conditions are carried out to study its characteristics law with the temperature.

5.1. Samples Preparation

The samples were made of G-grade oil well cement, mixed with a certain proportion
of silica powder (200 mesh), fluid loss reducer, SFP (a kind of cement admixture) and water.
It is a formula suitable for high temperature formation. The detailed proportion is shown
in Table 1. Then, the resulting cement paste was poured and molded in a cylindrical mold.
In order to simulate the temperature and pressure environment of cement hydration and
hardening in the deep part of the ground, the specimens were maintained in a water bath
at a temperature of 130 ◦C and a pressure of 20.7 MPa for 72 h, and after maintenance, they
were cooled in a water bath at 27 ◦C ± 3 ◦C and stored.
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Table 1. Formula of cement slurry system.

Cement Slurry System Formula

High temperature and high-pressure resistant
formula

G-grade oil well cement
35%SiO2 (silica powder)

6% SFP-1
4%DZJ-Y (fluid loss reducer)

0.2% SFP-2
42% H2O

After the specimen maintenance is completed and demolded, further processing is
required to ensure that: 1. the error of non-parallelism of both ends of the specimen is
not more than 0.05 mm, 2. along the height of the specimen, the error of the diameter is
not more than 0.3 mm, 3. the end face is perpendicular to the axis of the specimen, the
maximum deviation is not more than 0.25◦.

5.2. Tests Results and Analysis

The specimens were subjected to compression experiments at different temperatures
of 25.95 and 130 ◦C. The test parameters and results are shown in Table 2. The stress–strain
curves of the experiments and the damage morphology of the specimens are shown in
Figures 2–4.

Table 2. Specimen parameters and experimental results.

Sample Number Diameter
(mm)

Height
(mm)

Confining
Pressure
σ3(MPa)

σ1–σ3
(MPa) µ

E
(GPa)

Temperature
(◦C)

C-1-2 49.89 99.91 0 39.80 0.152 4.85 25
C-1-7 50.01 100.07 15 63.23 0.133 6.86 25
C-1-8 50.06 99.85 25 81.50 0.121 9.90 25
C-1-3 49.92 99.85 0 30.96 0.124 4.32 95
C-1-10 49.89 100.02 15 56.89 0.111 5.96 95
C-1-18 49.96 100.02 25 76.02 0.103 8.14 95
C-1-5 50.07 99.94 0 19.98 0.097 3.01 130
C-1-6 50.01 100.00 15 47.11 0.075 3.96 130
C-1-4 49.89 99.93 25 70.94 0.062 5.81 130

Figure 2. Compression test at 25 ◦C. (a) Stress–strain curves; (b) samples morphology after test.
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Figure 3. Compression test at 95 ◦C (a) Stress–strain curves; (b) samples morphology after test.

Figure 4. Compression test at 130 ◦C (a) Stress–strain curves; (b) samples morphology after test.

The relationship between compressive strength σ1 and confining pressure σ3 is es-
tablished according to the experimental results as shown in Figure 5, through which the
cohesion and internal friction angle of sheath at different temperatures can be calculated
using Equations (22) and (23).

ϕ = arcsin
(

k− 1
k + 1

)
(22)

c =
σc(1− sinϕ)

2cosϕ
(23)

where k is the slope of the fitted curve and σc is the intercept of the fitted curve.
The results of the fitted junction are shown in Table 2, plotted as a scatter plot and

fitted with a simple quadratic curve in the Figure 6, the approximate laws of cohesion and
internal friction angle of sheath with temperature can be roughly obtained.
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Figure 5. Fitting curve of confining pressure and σ1 at different temperatures.

Figure 6. The relationship between cohesion, internal friction angle and temperature.

The cohesion reflects the mutual attraction between adjacent parts within the stone,
and it is a manifestation of molecular forces between the same substance. It can be seen
from Table 3 and Figure 6 that, with the increase of temperature, the cohesion c of sheath
tends to be downward. The cohesion is 12.20 MPa at 25 ◦C, 9.20 MPa at 95 ◦C, and 8.67 MPa
at 130 ◦C and decreases by 24.59% and 28.93% compared with the normal temperature.
This indicates that high temperature reduces the intermolecular attraction force inside the
cement and makes the connection decline. That is similar to Bitouri’s result [36].

Table 3. Fitting parameters and results.

Temperature
(◦C) k σc

(MPa)
C

(MPa)
φ
(◦)

25 2.63 39.57 12.20 26.68
95 2.79 30.74 9.20 28.17

130 3.02 19.05 8.67 30.13

The internal friction angle ϕ reflects the internal friction between the particles in the
rock, including the sliding friction caused by the roughness of the particle surface and the
occlusal friction caused by the movement of particles due to the embedding, interlocking
and disengagement of particles. As shown in Figure 6 and Table 3, the internal friction angle
of the cement is 26.68◦ at room temperature, 28.17◦ at 95 ◦C, and 30.13◦ at 130 ◦C, which
are 5.58% and 12.93% higher than that at room temperature respectively. This indicates that
although the high temperature causes the connection of the cement to become relatively
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loose, the frictional resistance inside the cement increases relatively. Due to the great
difference in composition, this result is opposite to Bitouri’s [36].

Under uniaxial condition, the failure mode of cement is tensile failure. With the
increase of temperature, the strength of cement decreases, but its plastic properties grad-
ually appear. With the increase of pressure, the samples mainly have axial compression
deformation, and the lateral expansion is small. After the test, no macro-cracks are ob-
served on the sample surface, which shows a good ability to resist deformation and failure.
The value of σ1–σ3 is in accordance with 2% of the plastic strain and σ1 is the compres-
sive strength. Combined with the stress–strain curve, it can be seen that the cement has
strong ideal elastic–plastic characteristics, which also verifies the accuracy of the cement
mechanical model.

6. Analysis Based on Multiple Factors

Equation (18) shows that the effect of temperature on the maximum cyclic load of the
sheath is reflected in two aspects; first, the change of temperature can be seen as a load on
the sheath, namely the magnitude of γ. Second, with the change of temperature, the main
material characteristics of the sheath is not immutable.

1. When temperature alone acts:

When downhole non-fracturing operations such as water injection, acidification, hole
filling, etc. are carried out, the sheath is only subjected to periodic temperature variations.
According to Formula (11), the critical value of the sheath during the temperature cyclic
variation is calculated by the shakedown theory. It is found that the order of ∆T is 103, far
from possible to make the sheath yield only at the temperature changes. Therefore, it is
not necessary to consider the influence of individual temperature factors on the sheath in
all procedures.

2. When fracturing and temperature cycling act simultaneously:

(1) The case of temperature as stress

Equation (19) can be used to express that the negative effect of temperature change is
related to the elasticity modulus, Poisson’s ratio, linear expansion coefficient and tempera-
ture difference of the cement. From the previous compression tests, the elasticity modulus
ranges from 4 to 10 GPa, Poisson’s ratio ranges from 0.19 to 0.06, and the coefficient of ther-
mal expansion of cement is about 1.5 × 10−5/◦C. The variation range of the above-related
material parameters is limited, the influence of them on the deep well environment is not
maximal. For deep wells or ultra-deep wells, the temperature difference may reach 100 ◦C
or higher and is the most important factor.

With the hike of temperature, as shown in Figure 7, the γ gradually increases. When
the ∆T is from 60 to 110 ◦C, γ rises from 5.28 to 9.68 MPa, increasing by 83.33%. However,
the external pressure P0 and the temperature increase with the increase of depth, and the
external pressure plays a positive role in controlling the deformation of cement sheath.
Therefore, although γ varies greatly with depth, the impact is limited, as shown in Figure 8.
The negative impacts account for 6–7% of the Pmax, slowly increasing with depth.

(2) The influence of temperature on the properties of cement materials:

Some researchers, such as Xu [4], analyze with the perspective of a stress state and
do not involve material properties. However, as the depth increases, the formation tem-
perature gradually rises, material properties of the cement will change, and its cohesion
declines and the internal friction angle goes up, which directly affects the maximum cyclic
stress (Pmax) of the sheath. The effect of temperature change on the Pmax is roughly calcu-
lated according to the fitting equations of cohesion and internal friction angle of cement in
Section 7.

The in-depth extension magnifies the maximum cycle, regardless of the change of
cement material properties, as shown in Figure 9. This is because the growing of depth will
heighten the external pressure, which can protect the sheath. However, since the material
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properties are affected by temperature, the curve considering material damage is always
below the red one without considering material property damage. That indicates that the
Pmax is weakened due to the change of cement properties. After subtracting the two, as
shown in Figure 10, it is found that the difference shows a non-linear increase with the
temperature difference and its growth trend gradually slowing down.

Figure 7. The relationship between temperature difference and γ.

Figure 8. The relationship between temperature difference and γ/PMAX.

(3) The result of the combined effect of temperature:

In practical engineering, the influence of temperature on cement sheath is the com-
bination of temperature stress and material property influence. It can comprehensively
reflect the dynamic effects of temperature on cement sheath; however, it can provide a
reliable reference for engineers.

The effect of temperature stress and material properties on the total maximum cycle
load Pmax of the sheath rises with the temperature difference, as shown in Figure 11, the
temperature-induced reduction of the bearing capacity accounts for 10–12% of the total
bearing capacity of the sheath.
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Figure 9. The influence of temperature on material properties.

Figure 10. The relationship between negative effect and temperature difference.

Figure 11. The total influence of temperature material properties on Pmax.
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7. An Engineering Example

The J well, with an altitude of 734 m in Fuling, Chongqing, is a conductor hole (vertical
well) with horizontal well. The target formation is the shale gas reservoir in the lower part
of Upper Ordovician Wufeng Formation and lower Liuzhou Longmaxi formation. After
inspection, the cementing quality of each casing and well section is qualified

From 25 November 2015 to 19 December 2015, a total of 27 sections of the shale gas well
were fractured. The first section to the 27th section has an inclination angle of about 15◦ and
the depth range is 3533–5530 m. According to the relevant geological data, the remaining
parameters (see Table 4 below) are obtained for the calculation. The formation temperature
gradient is 3 ◦C/100 m, and the rock mechanical parameters of cement and their variation
pattern with temperature are obtained based on the present formula system. Except for
the 8th, 9th and 11th fracturing sections, the maximum average operating pressure of each
section is within their respective theoretical load range. The calculated safety loads of the
8th, 9th and 11th fracturing sections are 96.6, 95.85, and 91.55 MPa, and the actual operating
pressures are 108.1, 106.3, and 97.23 MPa, which are respectively 10.21%, 10.09%, and 6.15%
higher than the theoretical values. Therefore, in the 8th, 9th and 11th fracturing section, it
is likely that after multiple fracturing, the stress state of cement will exceed the yield state,
which will lead to large plastic deformation and cementing failure.

Table 4. Related calculation parameters.

Casing Parameters Environmental Parameters Structure Parameters

E1 = 210 GPa Depth; 3533–5530 m ai = 127.36 mm
bi = 139.7 mm

µ1 = 0.2 P0 = 74–116 MPa a = 139.7 mm
b = 233.45 mm

According to field observation, after a series of fracturing operations, the J well
annulus sealing problems came out. Therefore, to a certain extent, it can be verified that
the analysis method has a certain reference value.

8. Conclusions

According to the actual engineering problems, this paper establishes a mechanical
model of the cement sheath based on the properties of cement and the actual engineering
practice. In addition, shakedown theory is conducted on the sheath, combining the com-
pression experiments under different conditions. Thus, the influence of temperature on
the sheath has been clarified. Based on the present cement formula system and geological
environment, we can conclude:

1. When only the temperature inside the sheath varies cyclically, the range of cyclical
changes in temperature brought about by the operation process has a negligible effect
on the sheath.

2. When the fracturing pressure and temperature act together on the sheath, the effect
of temperature on it is reflected in two aspects. The temperature stress due to the
existence of the difference between the internal and external surface causes the maxi-
mum cyclic load declining; however, the change in temperature causes the material
parameters of the cement to change.

3. The effect of temperature stress on sheath is proportional to the ∆T. The larger the
temperature difference is, the greater the γ is. When the ∆T ranges from 70 to 110 ◦C,
the negative effect of temperature stress on the total stress accounts for about 6–7%.

4. The influence of temperature on the material properties of cement is as follows: with
the rising of temperature, the cohesion of cement declines, and the internal friction
angle increases. The plastic characteristics of the cement can be enhanced. With the
change of ∆T, the negative effect of the Pmax ascends slowly.

5. Comprehensive consideration of the role of temperature on the sheath, their total bad
impact grows with the increase of the temperature difference. In the range of 60 to
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110 ◦C, the temperature-induced reduction of the bearing capacity accounted for 10%
to 12% of the total bearing capacity of the sheath. Therefore, during fracturing design,
the engineer should reasonably design the fracture scheme according to the formation
temperature and the characteristics of the cement.
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