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This paper addresses evaluating the evolution of stress inside the casing-cement sheath-formation system during the cement
injection, setting, completion, and production stages of hydrocarbon recovery. This full-life-cycle analysis of cement sheath
integrity gives rise to assessment of potential failure mode (i.e., tensile mode, shear mode, and microannulus) in different stages,
and the prevention measures can be proposed accordingly. Considering the loading history, two regimes should be distinguished.
Before the accomplishment of cementation, as the cement slurry can merely withstand its hydraulic pressure, the in situ stress and
the wellbore pressure are withstood by the rock and the casing, respectively. Once the cementation process is completed, the stress
increment (e.g., hydraulic fracturing pressure) is withstood by the casing-cement sheath-formation system. The autogenous
shrinkage of cement adversely affects the resistance of the system to all types of failure, whereas a moderate swelling of cement is
favorable to the cement sheath integrity. In addition, the cement sheath integrity is strongly influenced by the depth: the failure is
encountered more easily at the shallow layer. Both the hydraulic fracturing pressure in the completion stage and the increase in
casing temperature in the production stage may lead to tensile circumferential stress, and the hydraulic fracturing is the most

critical stage for the integrity of cement sheath.

1. Introduction

Maintaining well integrity in the whole life of hydrocarbon
recovery is a key issue adversely impacting the effective and
economic production [1-3]. This issue becomes more severe
when exploiting deep resources in recent decades. High
temperature and high pressure (HTHP) have to be dealt with
at increasing depths, and more rigorous design is required to
ensure the well integrity [4]. In addition, hydraulic frac-
turing has been employed more and more extensively for
unconventional resources such as shale gas. The high casing
pressure encountered in hydraulic fracturing tremendously
challenges the well integrity [5-7].

The sealing failure could be in different types including
shear or tensile failure of cement sheath [8] and micro-
annulus at the cement-casing interface (first interface) or

cement-formation interface (second interface) [9-11]. If
the potential failure mode is correctly estimated, measures
can be accordingly taken to ensure the well integrity. For
instance, high-strength cement could be used to prevent
tensile and shear failure of cement sheath. To avoid the
risk of microannulus, cementing technologies that
strengthen contact force of cement sheath with casing and
formation can be taken such as using the expansive ce-
ment slurry system, applying annular pressure during
cement setting, and reducing fluid density during cement
setting. The loss of well integrity is strongly governed by
the stress.

After drilling, a well sequentially experiences cement
injection, cement setting, completion, and production
stages. Main mechanisms causing the failure of well in-
tegrity in these stages include the shrinkage of cement
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sheath due to cement hydration [9], the increase in in-
ternal casing pressure during hydraulic fracturing [7], and
the increase in casing temperature when producing deep
oil/gas [4]. These factors have been extensively investi-
gated [11, 12]. A novel cement sheath mechanical model
has been introduced to reflect the failure modes of radial
cracking, shear failure, and microannulus considering
thermal loads, wellbores fracture, and coupling loads
[13, 14]. The finite element method was useful to evaluate
wellbore and near-wellbore stresses during fracture cre-
ation and propagation [15]. However, most of these
studies focused on analysis of stress under single oper-
ating condition, but the influence of the stress state in the
previous stage to the subsequent stage has been rarely
discussed. Only a few scholars considered the entire ce-
ment injection, cement setting, completion, and pro-
duction stages. The comprehensive analytical and
numerical models for stress distributions around an in-
clined, cased wellbore by considering all wellbore pro-
cesses are developed to apply to cement sheath failure
[16]. Second, most studies applied formation stress di-
rectly to the casing-cement-formation system [12], which
may lead to an incorrect estimation of the true stress state
of the system. Actually, during cement injection, the
cement slurry is in liquid form, which can merely un-
derstand hydraulic pressure rather than the anisotropic in
situ stress in the formation. Third, conventional cement
shrinks during hydration [9, 17], which may result in
redistribution of stress. However, this factor has not been
systematically investigated in the risk assessment of well
integrity.

In the full life cycle of a well, the stress state changes in all
stages, and the stress state of the former stage will have an
impact on the subsequent stage. Therefore, a thorough
analysis of the evolution of stress in various stages of the full
life cycle is required. In this context, a full-life-cycle analysis
of the stress evolution inside the casing-cement-formation
system is conducted in this work. Possible failure mode of
cement sheath integrity at each state is analyzed accordingly,
providing reference to take effective measures for main-
taining well integrity.

2. Mathematical Modeling

Analysis in this study is based on a deep well (vertical depth
6300m) in Tarim oilfield, China. The fluid density in the
casing sp,, =1.0g/cm’, and the density of cement slurry
p.=1.9g/cm’. As the difference between the maximum and
minimum horizontal in situ stress is very small (at the depth
of 6300 m, oy =140 MPa and o}, = 134 MPa), the minimum
and maximum in situ stress of the well is considered equal,
with an equivalent density of 2.0 g/cm’.

Schematics of the casing-cement sheath-formation
(CSF) system are shown in Figure 1, where ry, 75, and r3
represent casing inner radius, casing outer radius, and
cement sheath outer radius, respectively. The elastic
properties of the casing, cement, and rock are listed in
Table 1. Considering the geometry of the system, the
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FiGure 1: Schematics of the casing-cement sheath-formation
system.

cylindrical coordinate system (r, 6, z) is used. The problem
is plane strain because the axial dimension of the well is
much larger than the in-plane dimensions. Further as-
sumptions are proposed: (1) the casing, cement, and rock
are all isotropic elastic; (2) the casing and cement sheath
are ideally cylindrical; (3) the casing is completely cen-
tered, and the cement sheath completely fills the annulus
space; and (4) the effect of outer technology casing is
ignored. In this work, tensile stress is considered positive,
and compressive stress is considered negative. The evo-
lution of stress of the system for four stages is investigated:
cement injection, cement setting, well completion, and
production.

It should be noted that the cement and rock are porous
media, and their mechanical responses are also governed by
the pressure of fluid within the pores [18-20]. However, the
casing and cement are impermeable and low permeable so
that the variation of pore pressure in the CSF system is
relatively slow [21]. In comparison, the failure commonly
occurs at the immediateness of varying boundary condi-
tions. Therefore, the poromechanical behaviors are not
considered in the present work.

3. Cement Injection Stage

In the cement injection stage, the cement slurry is in liquid
phase and can merely withstand hydraulic pressure, so the
stress state of cement slurry is o,, = gg9 = —P. = —p.gh,
where p_ is the density of cement slurry and 4 is the depth.
With regards to the formation (i.e., rock), it is subjected to in
situ stresses (the maximum and minimum horizontal
stresses oy and oy,) at the outer boundary and hydrostatic
pressure of the cement slurry (-P_) at the inner boundary.
This is a typical Kirsch problem [22], for which the solution
is as follows:
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TaBLE 1: The geometrical and mechanical properties of the CSF system.

Inner radius ~ Outer radius  Young’s modulus  Poisson’s ~ Thermal conductivity = Coeflicient of thermal expansion
(mm) (mm) (GPa) ratio (W/m:-K) (107°CC))
Casing 85.725 98.425 210 0.25 50 11.59
Cement 98.425 122,685 10 0.20 0.58 10.0
sheath
Formation 122.685 00 60 0.18 2 7
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where 0 is the angle from the maximum horizontal stress oy;. :

The casing undergoes the fluid column pressure 450 ) : ]
(P,, = —p,gh) at the inner boundary and —P_ at the outer -500 7/ : .
boundary. This is a classical Lamé problem, and the analytic 550 L4 § , , ,
solution is as follows: 100 150 200 250 300

2 2 2.2
W =Pcr2—Pwr1 _ (P = P,)rir3
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2 2 2.2
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09 = 2 _ 2 2 2\
rn—r; (ri =r3)r
| 07 = 0.

The stress state of the CSF system at the depth of 6300 m
is shown in Figure 2. In this stage, the casing, cement
sheath, and formation undertake compressive stress,
among which the maximum is the tangential stress within
the casing mainly due to the high stiffness of the casing.
Figure 3 shows the stress state of the CSF system if the
equivalent density of in situ stress is taken as 1.5g/cm’.
Comparing Figures 2 and 3, we can find that with different
in situ stress, only the stress state of the formation is
different, while the stress state of the cement and casing is
the same. This result can be explained as follows: due to
extraction of the rock initially occupying the borehole
during drilling, the pressure applied at the borehole
changes from the initial in situ stress to the hydraulic
pressure of drilling fluid. In the cement injection stage, the
cement slurry is in liquid state, and it only undertakes the
hydrostatic pressure of its own. Hence, the pressure change
at the borehole is balanced by the deformation of the rock,
whereas the initial in situ stress cannot transfer to the
cement slurry and the casing. Similarly, the fluid pressure
within the casing is only taken by the casing and cannot
transfer to the cement slurry and formation.

Radius (mm)

—— Tangential stress
—— Radial stress

FIGURE 2: The stress state of the CSF system in the cement injection
stage at 6300 m (in situ stress equivalent density of 2 g/cm’).
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FIGURE 3: The stress state of the CSF system in the cement injection
stage at 6300 m (in situ stress equivalent density of 1.5 g/cm?).

4. Cement Setting Stage

Once the cement is injected, the cement slurry gradually
changes from liquid state to solid state due to hydration;



thus, the cement will be considered as solid from now on
[23]. The volume of cement sheath will shrink or expand
according to the formula of cement slurry during the
hydration. The volume change of cement sheath can be
considered as free strain ¢, namely, strain generated
without stress. The focus of this paper is to evaluate the
evolution of the stress inside the casing-cement-formation
system during the different stages of hydrocarbon ex-
ploitation. In particular, the cement injection and setting
stages are considered here, and we reveal that the stress
evolution when considering the two stages is totally dif-
ferent from the existing analysis that commonly neglect
them [12]. This is the main originality of this paper. To
highlight the comparison with the existing model, we
prefer to obtain close-form solutions of the stress evolution.
The analytical solution cannot be obtained when consid-
ering the plasticity. With this purpose, we assume the
cement as an ideal elastic material.

Due to the axis symmetry of the CSF system and the
isotropy of free strain and of elastic material, only radial
displacement u takes place, and the increment of stress and
strain in this stage is only related with r. Basic equations of
plane axisymmetric problem in cylindrical system are as
follows:

Equilibrium equation:

do 0, —0
4o 00

_rmr (3)
or r
Compatibility relationship:
du
&y = 5’
(4)
u
Egg = —
00 r
Constitutive equations:
Oy vi i
Err ZE—E(U%HTZZ)J“?)
3 099 % i
899=F—§(0ﬂ+0zz)+5> (5)
Oz yi i
€22 :F_E (066+0rr) te.

Equation (5) is similar to the thermoelasticity problem,
in which the total strain consists of two parts: the elastic
strain (obeys Hooke’s law) and the free strain. In this work,
the most general situation is considered, where free strain
can take place in the casing, cement sheath, or formation.
The superscript i can represent casing (w), cement sheath (c),
and rock (r). In the cement setting stage, we have ¢+#0,
while ¥ =¢" = 0.

Substituting equations (4) and (5) into equation (3), we
get the general equation in terms of u:
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Basic solution of this differential equation is

=0. (6)

i

u = X'r+—, (7)
r

where X' and Y' are two constants that can be determined by
boundary conditions. Substituting equations (4) and (7) into
equation (5) yields the expression of stress component:
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zz

(8)

Equation (8) holds in the casing, cement sheath, and
formation. Each part contains two unknown parameters (X'
and Y), so there are totally six unknowns to be determined
by boundary conditions. In the cement setting stage,
compared with the cement injection stage, the pressure in
casing does not change, nor does the in situ stress applied at
the outer boundary of the formation. Meanwhile, it is as-
sumed that the casing, cement sheath, and rock are in perfect
contact, so the boundary conditions are as follows:

Stress boundary conditions:

(U:\Ir)r:rl = 0’
(o-r;)r:rz = (Uir)r:rz’ (9)
(Ofr)r=r3 = (U::r)r=r3’
(O';l’)r*)OO = 0'
Displacement boundary conditions:
(uw)r=r = (uc)r=r >
w (10)
(1), y, = (W),

The six unknowns (X", YV, X, Y€, X", Y") can be solved
from boundary condition equations (9) and (10) so that the
stress state of the CSF system in the cement setting stage is
obtained.

Considering the free strain of cement sheath 0, 0.2%
(expansion), and —0.2% (shrinkage), respectively, the radial
and tangential stress caused by free strain is as shown in
Figure 4.

In this stage, as liquid pressure in the casing and in situ
stress does not change, no stress change occurs in the system
if the volume change of the cement is null. When the volume
of cement changes, the free strain of cement is restricted by
the casing and formation, and additional stress is generated.



Mathematical Problems in Engineering

15 :I . T T T

Radial stress (MPa)

150

n 1 n
200
Radius (mm)

15 L :I

100 250 300

—— Freestrain=2e-3
—— Free strain = -2e - 3
—— Free strain = 0

(a)

80 e
0Pl |

40 |- : i

Tangential stress (MPa)

~60 [ : i

_80 I 1 1 1
100 150 200 250 300

Radius (mm)

—— Free strain=2e-3
—— Free strain = -2e -3
—— Free strain =0

(®)

FIGURE 4: Stress caused by free strain of cement sheath.

When the free strain of cement is —0.2%, radial tensile stress
is generated in the CSF system, and the maximum takes
place at the second interface. The tangential stress is tensile
in the casing and cement sheath and changes to be com-
pressive in the formation. For the cement sheath, the
maximum radial tensile stress locates at the second interface
(11.5MPa), and the maximum tangential tensile stress ap-
pears at the first interface (29.4 MPa). When the free strain of
cement sheath is 0.2%, the stress sign (tensile or compres-
sive) changes, and the absolute value remains the same as the
case of —0.2%.

Figure 4 illustrates the stress increment during the ce-
ment setting stage, and the actual stress should be the sum of
the stress state in the cement injection stage and the stress
increment in the cement setting stage. As this work focuses
on the cement sheath integrity, in the following, only the
stress distribution of the cement sheath is presented. Figure 5
illustrates the actual stress state of the cement sheath at the
end of the cement setting stage considering different volume
changes of cement.

From Figure 5, we can find that although cement
shrinkage produces radial tensile stress in the cement sheath,
the total radial stress of cement sheath is still compressive
when adding the stress state of the cement injection stage.
When the shrinkage of cement increases, the radial com-
pressive stress decreases, implying the contact stresses at the
first and second interfaces decrease. In the following
completion and production stage, if contact stress further
decreases, the appearance of microannulus might occur. The
tangential compressive stress of cement sheath also de-
creases when the cement shrinkage increases. When the free
strain attains —0.1%, the tangential will be tensile, and tensile
failure of the cement sheath would be triggered. It can also be
found from Figure 5 that when cement sheath expands, the

radial and tangential stresses become more compressive;
thus, the capacity of the cement sheath to resist micro-
annulus and tensile failure increases.

Besides the microannulus and the tensile failure, the
cement sheath integrity may be degraded also by shear
failure [24, 25]. The Mohr-Coulomb criterion is chosen as
the criterion of the shear failure in the cement sheath, which
has the following form:

F =%A(099—0N)+% (0gg + 0,,)sinp —Ccosg.  (11)

In equation (11), parameter A is used to distinguish the
maximum and minimum principal stress; A =1 when
09> 0,,, while A = -1 for oyy < 0,,. When the failure co-
efficient F is positive, shear failure occurs. We take the
internal friction angle as 30" and the cohesive force as
11.5 MPa (corresponding to uniaxial compressive strength
of 40 MPa); the value of F is given in Figure 6. It can be found
that when the shrinkage of cement sheath increases, the
failure coefficient F increases, namely, the cement sheath has
the tendency of shear failure. When cement sheath expands,
F does not change so much.

Figure 7 shows the stress at the inner surface of cement
sheath at different depths. At the shallow section, the
shrinkage of cement sheath will generate tensile stress; thus,
microannulus and the tensile failure of cement sheath occur.
This is mainly because at shallow depth, the hydrostatic
pressure that the cement sheath undertakes during the ce-
ment injection stage is small compared to the tensile stress
caused by cement shrinkage at the cement setting stage, so
the total stress is tensile. With increasing depth, the com-
pressive stress increases and the ability of cement sheath to
resist the microannulus and tensile failure increases. Figure 8
presents the shear failure coefficient at the inner interface of
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FIGURE 5: Total stress within the cement sheath in the cement setting stage at 6300 m.

6
Bl U e e e R s L
=
[=}
=)
£ -0r -
- L
<5 -100 - E
<
~ L
/
-110 F E
-120 - E
—
_130 1 1 1 1 1
100 105 110 115 120
Radius (mm)
—— Free strain=2e-3 —— Free strain=-2e-3
—— Freestrain=0 —— Free strain = -10e - 3
(a)
0 T T T T T
-10 | _
=20 _
-30 : 
-40 + _

-50 \

60 - _

Failure coefficient F (MPa)

70 £ _

T Y P U R E S
100 105 110 115 120

Radius (mm)

—— Free strain = -4e -3 —— Freestrain=2e-3

—— Free strain = -2¢ -3 —— Freestrain=0

—— Free strain =4e - 3

FiGure 6: Failure coeflicient of Mohr-Coulomb criterion in the
cement setting stage at 6300 m.

cement sheath at different depths. It can be found that the
greater the depth is, the smaller the F value is; thus, the
ability of the cement sheath to resist shear failure increases.

From the above analysis, the cement volume change in
the cement setting stage causes incremental stress within the
CSF system, which affects the sealing ability of the system.
When the cement sheath shrinks, the ability to resist tensile
and shear failures and microannulus decreases; when ce-
ment sheath expends, the ability to resist tensile failure and
microannulus increases, while the ability to resist shear
failure changes slightly. Meanwhile, with increasing depth,

the increase in the hydraulic pressure at the cement setting
stage strengthens the cement sheath from all failure modes
(tensile, shear failure, and microannulus).

5. Completion Stage

Hydraulic fracturing is commonly encountered in the
completion stage, resulting in a change of casing pressure,
ie, AP, = (p; — p,)gh + Py, where p; is fracturing fluid
density and P, is fracturing pressure applied at wellhead.
Because the symmetry of the system remains, the stress
increment of casing, cement sheath, and formation is the
same as equation (8) (with the free strain ¢i being null). The
boundary conditions are also similar to equation (9) (except
the casing pressure varies) and equation (10).

Assuming P, =100 MPa and p;=1.1g/cm’, the stress
variation caused by the internal casing pressure change in
this stage is as shown in Figure 9. Due to the increment of
internal casing pressure, radial compressive stress is gen-
erated in the CSF system. In the tangential direction, tensile
stress is generated in the casing and formation; inside the
cement sheath, tensile stress is found at internal surface and
compressive stress is found at external surface.

The total stress in this stage is the sum of initial stress and
the stress increment of the current stage. The stress evolution
with depth at the inner surface of cement sheath is shown in
Figure 10. It can be seen that due to the effect of high pressure
in casing, the radial compressive stress increases, and thus the
risk of microannulus reduces. However, the tangential tensile
stress increases, so the risk of tensile failure increases.

The evolution of the failure coefficient F with depth at the
inner surface is shown in Figure 11. In comparison with the
cement setting stage, F value increases in the completion
stage, and thus the risk of shear failure increases. For the
expanding cement sheath, the coeflicient F slightly reduces.
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From Figures 10 and 11, tensile and shear failures and
microannulus are all more prone in shallow section. The
shrinkage of cement sheath has adverse effect on the system
to resist all failure modes, whereas a moderate volume ex-
pansion of cement sheath (e.g., free strain=0.2% in this
work) is favorable for the cement sheath integrity.

When hydraulic fracturing is completed, the increase in
wellhead pressure (100 MPa) disappears. Therefore, when
calculating stress state in the subsequent stage, stress change
at this stage should not be considered. It is worth noting that

Radius (mm)

—— Tangential stress
—— Radial stress

FIGURE 9: Stress change of the CSF system in the completion stage
at 6300 m.

plastic deformation could take place in cement sheath
during the process of fracturing, and when fracturing
pressure unloads, there is a risk of microannulus in the
system. The accumulation of plastic deformation may affect
the integrity in the subsequent stage. Nevertheless, this paper
does not consider the plasticity of the cement sheath, and a
detailed study of the plastic behavior of cement sheath can be
found in Chu et al. [11].

When calculating the stress stage in the completion
stage, in situ stress and internal casing pressure are routinely
applied directly to the CSF system. However, because of the
cement being in liquid state during the cement injection
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stage, the in situ stress and fluid pressure in casing is actually
undertaken by formation and casing, respectively, and only
the stress variation (such as fracturing pressure) after cement
setting could be applied to the whole CSF system. Hence, the
routine method gives rise to an overestimation of the risk of
the cement sheath integrity, as shown in Figure 12.

6. Production Stage

In the production stage, particularly for deep well, oil, and
gas, with high temperature coming from the formation heat
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FIGURE 12: Stress state in the completion stage by different cal-
culation methods at 6300 m.

of the casing. Similar to the cement setting stage, the ex-
pansion of the casing due to heating leads to thermal stress.
As discussed previously, this problem can also be treated as
free-straining problem, and thus in equation (5), & = a!AT,
where o' is the coefficient of thermal expansion and AT is the
temperature variation.

Assuming at certain depth, temperature at the inner
surface of the casing increases 50°C, the stress variation is
as shown in Figure 13. Radial compressive stress is
generated in the CSF system, and the maximum radial
stress appears at the first interface (about 11 MPa). The
tangential stress in the casing is compressive, which has
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the maximum value at the inner surface of casing and
changes to be tensile in the formation. For the cement
sheath, the tangential stress is tensile at the inner surface
and compressive at the outer surface.

Assume that in the production stage, the wellhead
temperature increases from 20°C to 90°C, while the bottom
hole (at 6300m depth) temperature maintains 160°C.
Temperature is assumed to distribute linearly with depth.
Taking the cement inner surface as an example, the evolution
of total stress with depth is shown in Figure 14. Comparing
with the cement setting stage, radial compressive stress
increases, and thus the ability of the system to resist micro-
annulus increases. Tangential tensile stress increases, indi-
cating the tensile failure risk of the cement sheath increases.
Because temperature changes most at the wellhead, the radial
and tangential stress variation is largest at the top of the well.

The evolution of the failure coefficient at the inner surface
of cement sheath with depth is shown in Figure 15. Comparing
Figure 15 and Figure 8, one can find that F value increases for
constant volume or shrinking cement, while F decreases when
the cement sheath expands in the cement setting stage.

The temperature rise in the production stage intensifies
the risk of tensile failure and shear failure of cement sheath.
Similar to the fracturing stage, the shrinkage of cement
sheath has an adverse effect on the resistance to tensile
failure, shear failure, and microannulus, while modest
volume expansion of cement sheath is favorable to prevent
these failure modes. In comparison with the fracturing stage,
the stress variation caused by temperature difference within
the cement sheath during the production stage is smaller
than that caused by pressure difference in the fracturing
stage. Therefore, the fracturing stage is a critical stage for the
cement sheath integrity.

7. Conclusion

The evolution of stress inside the cement sheath is eval-
uated along the whole well life. Various conditions are

considered including volume variation of the cement due
to hydration during the cement setting stage, increase in
casing pressure due to hydraulic fracturing during the
completion stage, and casing heating during the produc-
tion stage. The full-life-cycle analysis of the stress state
inside the cement sheath serves to assess the potential
failure modes (shear and tensile fracture and micro-
annulus) of the cement sheath integrity, and the prevention
measures can then be proposed.

Considering the loading history, two regimes should be
distinguished. Before the solidification of cement, the ce-
ment is in liquid state and can merely withstand the hy-
draulic pressure, and thus the pressure in the casing and the
in situ stress are supported by the casing and the rock,
respectively. Only the stress increment occurring after so-
lidification (such as fracture pressure) is withstood by the
casing-cement-formation system.

The volume shrinkage of cement has an adverse effect
on the resistance of the CSF system to tensile and shear
failures and microannulus, whereas a modest volume
expansion of the cement is favorable to the cement sheath
integrity. Accordingly, the volume shrinkage of cement
should be strictly controlled, and the cement slurry sys-
tems with no shrinkage or little expansion are
recommended.

The cement sheath integrity is depth-dependent: in
general, tensile failure, shear failure, and microannulus are
more prone in the shallow layer. The pressure increase
caused by hydraulic fracturing in the completion stage and
the temperature rise in the production stage both lead to the
decrease of the circumferential stress of the cement sheath,
which adversely affects the integrity of the cement sheath. In
particular, hydraulic fracturing is the most critical stage for
the cement sheath integrity.

This article does not discuss the cement weightlessness at
cement setting stage and the accumulated plastic of cement
rings at staged fracturing process. These problems will be
turther studied in the future.
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FIGURE 14: Evolution of the stress at the inner surface of cement sheath with depth in the production stage.
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at different depths in the production stage.

Symbols

r: Inner radius of casing (mm)

1 Outer radius of casing (mm)

r3: Outer radius of cement sheath (mm)
P Cement slurry pressure (MPa)

P,: Fluid column pressure in casing (MPa)
Py: Wellhead pressure in fracturing (MPa)
pe Cement slurry density (g/cm?)

Pw Fluid density in casing (g/cm?)

Pt Fracturing fluid density (g/cm?)

Gravitational acceleration (m/s%)

g:

h: Vertical depth (m)

oy Maximum horizontal principal compressive stress
(MPa)

oy Minimum horizontal principal compressive stress
(MPa)

O Radial stress (MPa)

Ogp: Circumferential stress (MPa)

&yt Radial strain

00t Circumferential strain

0: The angle between the direction of maximum
horizontal principal compressive stress oy (rad)

€ Cement slurry free strain

e Casing free strain

et Rock free strain

u' Radial displacement of casing, cement sheath, and
rock, m; the superscript i can be representatives for
w (casing), ¢ (cement), and r (rock), the same as in
the following

' Young’s modulus of casing, cement sheath, and

rock (GPa)

v Poisson’s ratio of casing, cement sheath, and rock

X'and Unknown parameter

Yt

A: Calculation parameters used to determine the
maximum and minimum principal stress

F: Mohr-Coulomb coefficient of determination
(MPa)

@: Internal friction angle of cement (rad)

C: Cement cohesion (MPa).
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