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ABSTRACT

Accurately forecasting the sealing failure behavior of the casing-cement sheath-formation assembly
under various steam injection operational parameters and cyclic steam stimulation conditions remains
challenging. Such unpredictability heightens the risk of seal integrity compromise in the wellbores of
thermal heavy oil production. This paper develops a numerical simulation and analytical approach
based on heat-fluid-solid interactions within the casing-cement sheath-formation system. It assesses
the impact of potential cement sheath and interfacial failures in response to differing steam injection
pressures, temperatures, injection rates, and cyclic steam volumes. This assessment leverages the
established relationships between the temperature-dependent elastic modulus and Poisson’s ratio of
cementitious materials, as well as the dynamics of wellbore pressure, temperature, and steam quality
during steam injection. Experimental findings suggest that maintaining steam injection temperatures
between 340 °C and 380 °C can effectively mitigate the risk of shear-induced damage and enhance the
safety of the cementing interface. The injection rate appears to have a minimal impact on interface
integrity. The extent of plastic strain in the cement sheath is proportionate to the size of the micro-
annular gap at the interface. When the initial formation has an elastic modulus of 15 GPa, variations
in the cement sheath’s elastic modulus do not influence the micro-annular gap size. However, in for-
mations with an initial elastic modulus of 5 GPa, a lower elastic modulus of the cement sheath corre-
sponds to a smaller micro-annular gap. The study concludes that a higher initial geostress and
temperature, coupled with a high elastic modulus of the surrounding strata, are conducive to main-

taining the integrity of the cement sheath interface.
© 2026 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).

1. Introduction

steam injection and steam flooding, which involve pumping
heated fluids into the subterranean formation. This process re-

With the decreasing production of conventional crude oil,
countries around the world are focusing on the exploitation of
unconventional energy resources, and thick oil resources are the
top priority for the exploitation of unconventional oil and gas re-
sources [1]. Tight oil extraction primarily employs methods like
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duces the thick oil’s viscosity and taps into the reservoir’s elastic
energy. The temperatures of these fluids can soar as high as 380 °C,
posing significant challenges to the integrity of standard oil well
cement. Under such extreme conditions, conventional cement can
suffer a reduction in strength, leading to compromised wellbore
seals, vapor leakage at the wellhead, and overall stability degra-
dation. The formation itself is a porous medium saturated with
fluid. When hot fluids are introduced, the thermal expansion co-
efficient of the fluids greatly exceeds that of the rock matrix,
increasing the pore pressure within both the cement and the
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Nomenclature

Abbreviations

API American Petroleum Institute
C/S ratio Calcium-to-silica ratio

CSS Cyclic steam stimulation

FEM Finite element method

SAGD Steam-assisted gravity drainage

Greek letters

8 Micro-annular gap size, pm

flc Shear failure factor, dimensionless

Nt Tensile failure factor, dimensionless

0 Circumferential angle coordinate, degrees

v Poisson’s ratio, dimensionless

Pm Density of steam-water mixture, kg-m >

61,62,03 First, second, and third principal stresses, MPa

oc Uniaxial compressive strength of cement, MPa

oc1,0c2,0c3 Compressive strength of set cement at different
temperature ranges, MPa

OH Maximum circumferential tensile stress in the
cement sheath, MPa

Ormax Tensile strength of cement, MPa

or Radial stress, MPa

ot1,012,6t3 1ensile strength of set cement at different
temperature ranges, MPa

T Friction loss gradient

Tmax Maximum shear stress, MPa

Toct Octahedral shear stress, MPa

@ Internal friction angle, degrees

surrounding formation. This escalation in pore pressure subjects
the cement to amplified stress levels [2]. Field data from the
Xinjiang Oilfield and Western Drilling Engineering Co., Ltd. high-
light three primary issues post-exploitation of thermal wells: (1)
wellhead lifting, (2) oil and gas are channeling outside the pipe-
line, and (3) the wellhead oil and gas channeled outside. These
issues are intricately linked to the quality of the cementing job and
subsequent destruction of the cement sheath. Addressing the
high-temperature-induced destruction of cement integrity is vital
for the long-term safe operation of oil and gas wells. To ensure
safety and operational efficiency, it is crucial to prevent the
weakening of cement strength under high-temperature condi-
tions, accurately forecast cement failure under operational
stresses, and develop strategies to mitigate the risks of annular
pressure build-up due to cement deterioration [3] [4].

At present, scholars have carried out a lot of research on
cementation seal integrity failure, and the main research methods
are focused on two categories. The first employs the principles of
elastic-plastic mechanics to formulate an elastic-plastic mathe-
matical model, which facilitates a theoretical exploration of the
failure mechanisms of cementation seals. The second method le-
verages this elastic-plastic model in conjunction with finite element
software to numerically calculate the stress states within the
complex system comprising the casing, cement sheath, and for-
mation. In 1962, Zinkham, Goodwin [5] established a mechanical
model of casing-cement sheath-formation combination and dis-
cussed the influence of cement sheath and stratum on the pressure-
bearing capacity of casing. In 1993, Liu Pinglin [6] deduced the
mathematical expression for the permissible internal pressure of
the casing-cement sheath-formation assembly through reasonable
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8 Micro-annular gap size, pm

e Shear failure factor, dimensionless

e Tensile failure factor, dimensionless

[ Circumferential angle coordinate, degrees

Variables /| Symbols

Ap Tubing sectional area, m?

c Cohesion, MPa

C1,C2,C3 Intermediate calculation coefficients

d Inner diameter of steam transmission pipeline, m

E Young’'s modulus, GPa (or MPa)

AEy Accelerational (kinetic energy) pressure drop, Pa

AF Frictional pressure drop, Pa

fm Friction resistance coefficient of wet steam,
dimensionless

fr Interfacial bonding strength, MPa

AG Gravitational (potential energy) pressure drop, Pa

g Gravitational acceleration, m-s 2

hm Total enthalpy of steam-water mixture, kJ-kg™!

hs Latent enthalpy of vaporization, k]-kg™!

hw Sensible enthalpy of water, kJ-kg !

is Steam mass flow rate, kg-h™!

p Average pressure, Pa

Q Wellbore heat loss, W

e Steam volume flow rate, m>-h~!

r Radial distance, m

T Temperature (or curing temperature), °C

Vin Velocity of steam-water mixture, m-s~!

bY Steam quality, dimensionless

z Depth of well, m

assumptions and also deduced the stress-strain state on the inner
and outer surfaces of the cement sheath. In 1998, Thiercelin et al. [7]
considered the assemblies as elastomers, and the failure of the
cement sheath was considered as cement failure and intrinsic
damage and established a mechanical analytical model for the
interaction of assemblies. In 1999, Bosma et al. [8] considered the
cement sheath as an elastic material, and evaluated the failure
forms of cement sheath in tension, compression, and interfacial
detachment by using DIANA software. In 2002, PhiliPPacoPoulos
et al. [9]developed a finite element model of a cement sheath and
analysed the effect of temperature change on the stress distribution
of cement sheath. In 2008, Saint-Marc J. et al. [10] considered the
initial stress distribution downhole in the study of the mechanical
integrity of the cement sheath and concluded that the cement
sheath stress distribution is based on the initial stress equilibrium
state. In the same year, Gray et al. [11] pointed out that the stresses
and displacements at the interface of cement sheath I and II are
coupled with each other and change continuously with the changes
of casing internal pressure, pore pressure, temperature and other
factors, and also proved that the study of the failure mechanism of
cement sheath seal is very complicated. In 2009, Li Jing et al. [12]
derived the theoretical calculation formula of thermal stress and
thermal displacement of the casing-cement sheath-formation as-
sembly, and explored the influence of elastic modulus, Poisson’s
ratio and other parameters on the thermal stress and thermal
displacement of the casing. In 2013, Guo Xinyang, Bu Yuhuan et al.
[13] Considered the initial stress state of the assemblage, and
investigated the effects of creep geostress, temperature and other
changes on the stress state and interfacial cementation of the
sealing system. In 2015, Yuan Jun, Feng Jin et al. [14] Using ANSYS
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software to simulate the integrity of the assemblage, and comparing
and analysing with the experimental results, the real reliability of
the software simulation was proved. In 2021, Wu et al. [15] con-
ducted experimental analyses on the properties of cement paste
containing heat stabilizer CF40L under ultra-high temperature
conditions (>200 °C) using CT, SEM, and XRD techniques. Their
findings confirmed that this additive can mitigate the microstruc-
tural defects of cement paste, significantly enhance the resistance to
high-temperature degradation, and ensure wellbore integrity
throughout the entire life cycle. In 2022, BU Yuhuan et al. [16]
established a thermal fluid-solid coupling model for the casing-
cement sheath-formation assembly that is congruent with the
operational conditions of thermal extraction wells [17], proposing a
solution methodology for the finite element model that prioritizes
fluid-solid coupling, followed by sequential coupling. In 2023, Yan
et al. [18] used a thermal-hydro-mechanical coupling model to
simulate fracturing of horizontal well perforated sections. They
confirmed that shear failure occurs at first/second interfaces and
perforations under high-pressure fracturing fluid [19], with tran-
sient thermal-mechanical coupling increasing seal failure risk. In
2024, Deng K et al. [20] established a temperature-pressure cyclic
coupling (T-P-C) model for geothermal well casing-cement sheath-
formation (C-S—F) systems. They revealed cumulative plastic strain
from temperature cycles as the main cause of interface debonding,
proposing optimization of cement slurry parameters to control seal
integrity failure. In 2025, Cao et al. [21] utilized finite element
method to analyze the impact of cement sheath loss (location, radial
thickness, circumferential angle) on casing strength under thermal-
solid coupling. They found that 30° loss at the first cementation
interface with 1/5 thickness loss results in a maximum equivalent
stress of 696.7 MPa in the casing, exceeding the minimum yield
strength of the pipe material.

The construction environment is harsh and the subsurface
conditions are complex during the exploitation of hot extraction
wells, and factors such as construction parameters, thermody-
namic changes, and mechanical properties of cementite will affect
the integrity of cementing seal. Most of the current studies focus
on discussing the force on the cement sheath body or analysing the
force on the casing-cement sheath-formation assembly, ignoring
the influence of various working conditions on the combination
and so on in thick oil hot recovery. Therefore, they cannot repre-
sent the failure of cement sheath more comprehensively and
accurately, and cannot accurately predict the failure of cemented
seal integrity and give solutions.

This paper presents an experimental investigation into the
strength and mechanical behavior of cement stone within a silicate
with sand cement paste system across a temperature range from 50
to 380 °C. This study has enabled the acquisition of mechanical
parameters such as elastic modulus and Poisson’s ratio for the
cement stone as they vary with curing temperature. Utilizing
commonly employed construction data from thermal extraction
wells, the influences of wellhead steam injection temperature,
pressure, and velocity on the bottomhole conditions have been
deduced and established, leading to the derivation of a theoretical
model for construction parameter load. This model provides the
necessary load boundary conditions for the creation of a thermal-
fluid-solid finite element model. Employing a heat-fluid-solid
coupling finite element model for the casing-cement sheath-for-
mation assembly, this study analyzes cement sheath failure by
varying steam injection construction parameters, selecting different
mechanical and thermodynamic parameters for the casing and
cement sheath, and taking into account the mechanical properties
of the formation as well as complex geological conditions. Using the
J&G classical experiment for validation, the paper confirms the
viability of employing numerical simulation to study the failure
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state of the cement sheath under cyclic throughput conditions and
analyzes the effects of micro-annular gaps in the cement sheath.

2. Numerical simulation and analysis method for thermal
recovery well cementing assemblies

2.1. Model and parameter settings

In this paper, ABAQUS software is used to establish the finite
element model of the casing-cement sheath-formation assem-
blage [16,17]. The geometry and data from a SAGD hot recovery
well in Xinjiang oilfield are employed, as detailed in Table 1, while
the mechanical properties of the finite element model are outlined
in Table 2. The thermal recovery well has a bottom depth of 600 m,
with the formation experiencing uniform geostress. The model’s
top position is situated at a depth of 600 m, with the pressure
gradient of the overlying formation calculated at 21.67 kPa-m™,
resulting in an overlying formation pressure of 13 MPa. The ratio of
far-field stress to the overlying formation pressure is 0.85, leading
to a far-field stress of 11 MPa acting on the formation. Additionally,
the pore fluid pressure gradient is 10 kPa-m~, the fluid gravity is
9.81 kN-m~>, and the internal pressure and temperature of the
casing vary based on construction parameters. The outer boundary
of the formation is designated as a drainable boundary, and the
initial temperature of the wellbore is set at 50 °C.

To eliminate boundary effects and ensure the accuracy of
calculation outcomes, the formation size was determined based on
the Kirsch solution for stress distribution around a circular open-
ing. Theoretically, stress perturbations induced by the borehole
become negligible when the model radius exceeds 10 times the
borehole radius. In this study, a formation diameter of 3500 mm
was employed, which is approximately 16.2 times the borehole
diameter of 215.9 mm. This ensures that the external boundary
conditions do not interfere with the thermo-mechanical response
of the casing-cement sheath-formation assembly. To enhance
computational efficiency and expedite convergence, a quarter of
the study domain is utilized. The casing is modeled as a rigid en-
tity, employing the 3D stress family C3D8R element type. The
cement sheath and formation are characterized as water-bearing
rocks, with the pore fluid/stress C3D8P element type employed.

The model is based on several assumptions: (1) The presence of
water in both cementite and formation rock pores within the
coupled system; (2) adherence to Darcy’s law for fluid flow in the
rock pore space; (3) the unrestricted transfer of heat within the
reservoir in accordance with the principles of thermodynamics.
The three-dimensional geometric representation of the model was
constructed utilizing ABAQUS finite element software, as depicted
in Fig. 1.

The coupling method used in the model [16], the process begins
with the establishment and computation of a temperature field
heat conduction finite element model. This model yields the tem-
perature distribution across various points of the casing-cement
sheath-formation assembly at different times. Subsequently, a full
coupling method is employed to construct a fluid-solid coupling
finite element model. The temperature distribution load gleaned
from the initial calculations is then integrated into an ODB (Output
Database) file. This file, encompassing the thermal load data, is
eventually re-integrated into the fluid-solid coupling finite element
model for further computation, enabling the acquisition of
simplified heat-fluid-solid coupling calculation results.

2.2. Failure criteria

There are two main types of cement sheath body failures,
including tensile and shear failures. Longitudinal tensile rupture of
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Table 1
Model dimensions parameter.
Material External diameter/mm Internal diameter/mm Thickness/mm
Casing 177.8 152.5 12.65
Cement sheath 2159 177.8 19.05
Stratum 3500 215.9 -
Table 2 Define shear failure factor 5. (magnitude 1):
Material properties used in the FEM simulations.
_ Toct 4
Material Casing Cement sheath  Stratum = ( )
Tmax
Density/kg-m—> 7900 1800 1900 . . .
Elastic modulus/GPa 210 6 3 The judgement criteria for the failure factor are as follows: a
Poisson’s ratio 0.3 0.23 0.23 negative value for the circumferential failure factor indicates that
Internal friction angle ° - 263 30.0 no tensile failure of the cement sheath will occur. A positive value
Yield stress/MPa ) S, 24639 406 indicates that there is a possibility of tensile failure of the ring, and
Coefficient of thermal expansion/K  1.3x10 9.5x10 1.08x10 . . . .
Permeability coefficient/m-s ! - 12%10° 65%10-% avalue greater than 1 is considered to be a shear failure of the ring.
Thermal expansion of pore fluid/K  — 7.0x10-4 7.0x10-4 The larger the shear failure factor, the more likely it is that the ring

Cement|
sheath
7 Bushing

Fig. 1. Model of the combination of casing-cement sheath-formation assembly.

the cement sheath is formed when the circumferential stress in
the ring is greater than the tensile strength of the cement stone.
The shear failure is associated with three principal stresses:

(1) Tensile failure judgement criteria are relatively simple,
considering the relative magnitude of circumferential ten-
sile stresses within the cement sheath to the tensile strength
of the cement stone. The criterion for circumferential tensile
failure can be expressed as:

OH

Omax

U (1)

oy :the maximum circumferential tensile stress in the cement
sheath calculated by the model, MPa [16], omax:tensile strength of
cement, MPa.

(2) Shear failure. For shear failure of cement sheath, the failure
criterion is relatively complex. In this paper, Mogi Coulomb
strength criterion derived by Mogi et al. is used for calcu-
lation [22]:

(2)

The maximum shear stress that the material can withstand can
be expressed as [15]:

1
Toct = §\/(61 —03)* + (01 — 62)° + (62 — 03)°

oc(1 — sing)
2 cosp

sing (o1 + 03)

] 3)

Tmax =

oc:uniaxial compressive strength of cement, MPa [16]; ¢:in-
ternal friction angle.

326

will fail in shear.

2.3. Feasibility analysis of numerical simulation study of cyclic
throughput conditions

This subsection analyses the feasibility of the simulation
methodology adopted in this paper to simulate the failure of
cement sheaths under cyclic throughput conditions by using the
experimental results derived from the classical ] & G experiments.

Jackson and Goodwin classic experiment [23][24] was designed
as follows: cement slurry was injected between the inner and
outer casing, and the internal pressure in the annulus was main-
tained at 3.5 MPa until the cement solidified. After the cement
solidified, the pressure in the inner casing was reduced to 0 MPa,
and the permeability of the cement sheath was measured. Sepa-
rate cycles of pressure loading and pressure relief, applied pressure
changes as shown in Fig. 2, each loading to the maximum value
and unloading to the minimum value are measured permeability.

In the numerical simulation study, five loading and unloading
processes are simulated by setting 10 analysis steps, each loading
and unloading time is 12 h. The loading and unloading pressures
are shown in Fig. 2, and the rest of the model and parameter set-
tings are shown in Tables 1 and 2 The mechanical integrity of the
cement sheath is assessed using the failure factors described in
section 2.2. Specifically, the dimensions of the micro-annular gap
are determined based on the interfacial failure criterion.

The interface between the casing, cement sheath, and forma-
tion is modeled with a surface-to-surface contact algorithm. The
formation of a micro-annular gap is governed by the interfacial

80r

D (o)
(= (=
T T

Pressure/MPa

3
(=
T

0 1 1 1 1 ]
Beginning L1 Ul L2 U2 L3 U3 L[4 U4 L5
Alternating loading and unloading processes

Fig. 2. Cyclic internal pressure process in Jackson and Goodwin classic experiments.
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tensile strength. When the radial stress at the interface (o;) ex-
ceeds the bonding strength (f;), debonding occurs:

After debonding, the gap size § is defined as the radial sepa-
ration distance between the slave and master surfaces.

A comparison of the simulation results with the classical
experimental results is shown in Fig. 3.

As illustrated in Fig. 3, discrepancies are observed between the
simulated and experimental results, likely due to variations in the
physical parameters and formulation of the cement sheath system,
as well as the differing simulation parameters. Nevertheless, the
trend of the simulation results at the casing-cement sheath
interface corresponds precisely with the trend of annular perme-
ability measured by classical experiments. The simulation in-
dicates that during the pressurisation phase, the contact distance
is negative, signifying a close contact and overfill condition at the
casing-cement sheath interface. Conversely, at the third unloading,
the contact distance turns positive, signaling the presence of a
micro-annular gap at the cement sheath interface. It is observed
that the size of this micro-annular gap increases progressively
with each loading and unloading cycle. These findings validate the
feasibility of utilizing ABAQUS finite element software to simulate
cementing failure at the cement sheath interface.

3. Effect of steam injection conditions on temperature and
pressure in the wellbore

When executing steam injection operations in a thermal re-
covery well, it’s essential to meticulously design the injection
pressure, temperature, and rate to maximize crude oil extraction
efficiency. The construction parameters at the wellhead, such as
pressure, temperature, and flow rate, significantly impact the
stress exerted on the bottomhole cement sheath. Within this
framework, we establish a construction parameter load model that
utilizes derived equations to compute bottomhole pressure drop
and steam quality. These calculated variations serve as inputs for
the finite element load analysis module, ensuring that the simu-
lated load conditions align with the actual operational
requirements.

3.1. Construction parameters and assumptions

Some reasonable assumptions need to be made before the
model is built, mainly 4 points: (1) the insulated tubing is
completely insulated, ignoring the heat transfer along the well
depth cross-section direction; (2) the tubing column will not be
deformed under pressure and temperature; (3) the water vapor
transfer is isothermal seepage, and there is no heat exchange be-
tween the gas and the outside world during the flow process; (4)

55 - 80
[ Simulated results
b — Classical experimental results Jea
£
=N ] a
;333 48 g
E z
522+ 432 =
: E
Q
Sup H 116 §
o~
0 1 —J == — —3 —3 0
L1 Ul L2 U2 L3 U3 L4 U4 L5 US
-11 -16

Alternating loading and unloading processes

Fig. 3. Comparison of simulation results with classic experimental results.
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the cement sheath and the stratigraphic parameters are ignored to
be varied with the temperature along with the other parameters.

(1) Temperature and pressure changes in the steam injection
wellbore

According to the assumption, in the first few minutes of
injecting steam into the wellbore, the oil pipe absorbs heat from
the steam, causing the temperature of the injected steam to
decrease and transform into water. Once the wellbore wall reaches
a certain temperature, the flow of steam mainly causes a change in
the steam quality, while the temperature of the injected steam
does not change much. Therefore, the temperature of the steam
inside the oil pipe can be considered to be consistent with the
surface temperature. Additionally, due to the relationship between
temperature and pressure, when the temperature is at its
maximum, the steam quality changes, but the temperature does
not change significantly, resulting in only a small change in pres-
sure. The time it takes for the pressure to reach its maximum is the
same as the time it takes for the temperature to reach its
maximum, so for calculation purposes, the time it takes for the
temperature and pressure to reach their maximum values from the
wellhead to the bottom of the well can be ignored.

As shown in Fig. 4, the pressure drop of steam water two-phase
pipe flow in the wellbore is comprehensive results of friction loss
AF. potential energy change AG and kinetic energy change AE,
.The kinetic energy balance is the basis for calculating the pressure
drop, and the momentum balance equation followed is [25] [26]:

(5)

p:the average pressure, Pa; z:depth of well,m; vy :speed, m-s™;
pm:density, kg-m~3; z:friction loss gradient, and there are

relationships:

dp = —7¢dz + pp,€dz — pymdvm

_ fm/’mvgn

o (6)

Tt
fm: friction resistance coefficient of wet steam fluid; d:inner
diameter of steam transmission pipeline, m,

Substitute Equation (6) into Equation (5), and sort it out

Fig. 4. Two phase flow diagram of steam and water in wellbore.



F. Ding, H. Liu, Z. Liu et al.

d v2 dv
—£ :Lg’g = pmg + pmva;n (7)
therefore
Is
=2 8
qg P (8)
Substitute Eq. (8) into Eq. (7) and get
_d_p :fm/)m”rzn - l d(isvm) (9)
dz 2d e A, dz

Ap:tubing sectional area, m?,

Eq. (9) is the first item on the right is the friction pressure drop,
the second item is the gravity pressure drop, and the third item is
the acceleration pressure drop. positive in orientation.

Because:

Um = /’mAP (10)
is dis i2 ( 1 )

PmVmdvm = pp—o— — = >d| — (11)

mmm mpmAp dpmAp AI% Pm

According to the principle of contrast state:
d i d (12)

pmvmdvm = — —>—dp 12

meme A}%Pmp

is:steam mass flow, kg-h™!; gg:steam volume flow, m>h1;
Ap:tubing sectional area, m?

Substituting Eq.(12) into Eq.(2.8)(7), there is a pressure drop
calculation formula for steam water two-phase flow:

fnisvm
Pm& —
Ap = miizq‘“ﬁAz (13)
_ g
1 2

(2) Change in dryness in steam injection wellbore

The flow of steam in the wellbore is a two-phase flow of steam
and liquid, which is accompanied by energy loss. According to the
energy balance equation:

dQ o . dhm . d Um2

@z 8z gz (T) (14)
Q:wellbore heat loss, W; hm, Total enthalpy, k]-kg™!

hm=xhs + (1 —x)hy (15)

x:steam quality; hs:Latent enthalpy of vaporization, hy:sensible
enthalpy of water.

Eq. (14)is a first-order ordinary differential linear equation, the
solution of which is:

e o3 C
x=e G| - Z2eC% L xy + 2 16
Dot x4 2 (16)
Cy = is(hs — hw) (17)

Petroleum 12 (2026) 323-338

. [(dhs dhy\ dp

o=i|(G -5 &) (18)
~dQ  .dhydp i d (1 .

GG it A () (19)

According to equation (16), the steam quality value at any time
t and wellbore depth z can be obtained.

3.2. Relationship between construction parameters and changes in
wellbore temperature and pressure

Through formula derivation, it is understood that variations in
the temperature, pressure, and velocity of steam injected at the
wellhead lead to changes in the temperature, pressure, and steam
quality at the bottom of the well. Using the above equations, we
can plot the influence of the steam injection rate, steam injection
pressure, and steam injection temperature on the bottomhole
pressure and steam quality, as shown in Figs. 5-10.

Figs. 5 and 6 present the relationship curves between the well
depth and steam quality, and wellbore pressure under different
steam injection velocities, with a steam injection temperature of
300 °C and a steam injection pressure of 15 MPa.

From Fig. 5, it is observed that under the same steam injection
pressure and temperature conditions, the dryness at the bottom of
the well decreases with the increase of well depth when the steam
injection rate is constant; the higher the steam injection rate, the
smaller the decrease in steam quality within the wellbore. This is
because a faster steam injection rate allows for replenishment of
steam, causing the dryness to decrease more slowly; additionally,
when the steam injection rate is high, the enthalpy transfer per
unit mass of steam decreases slowly, which in turn results in a
smaller decrease in steam quality.

Fig. 6 illustrates that under the same steam injection pressure
and temperature conditions, when the steam injection rate is
constant, the bottomhole pressure decreases with the increase in
well depth; the lower the steam injection rate, the smaller the
reduction in steam pressure along the well depth. This is because
when the flow rate is low, the two-phase flow frictional resistance
is small, which leads to a slow decrease in pressure. As the flow
rate increases, the frictional resistance gradually increases, and
thus the pressure consumed at the same well depth is greater.

801

Dryness/%
N ~J
N )

wn
N

I~
=3

40

1 1 1 1
600 800 1000 1200
Depth/m

1 1
0 200 400
Fig. 5. The relationship between wellbore depth and dryness at different steam in-
jection speeds.
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Fig. 8. The relationship between wellbore depth and wellbore pressure at different
steam injection pressure conditions.

Figs. 7 and 8 present the relationship curves between well
depth and steam quality, and wellbore pressure under different
steam injection pressures, with a steam injection temperature of
300 °C and a steam injection rate of 10 t-h~.

The impact of different steam injection pressures on the steam
quality inside the wellbore, as shown in Fig. 7, is that under the
same steam injection rate and temperature conditions, when the
steam injection pressure is the same, the bottomhole steam
quality decreases with the increase in well depth. The steam
quality gradually decreases along the well depth, and the higher
the steam injection pressure at the wellhead, the faster the
decrease in steam quality. This is because the higher the gas
pressure, the greater the gas density at the same well depth,
making it easier for steam to condense into liquid water.

Fig. 8 shows that under the same steam injection rate and
temperature conditions, when the steam injection pressure is the
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Fig. 10. The relationship between wellbore depth and wellbore pressure at different
steam injection temperatures.

same, the bottomhole pressure initially decreases and then slightly
increases. At the same position in the wellbore, different steam
injection pressures result in different steam pressure drops. The
higher the steam injection pressure, the smaller the pressure drop
of the steam.

Figs. 9 and 10 provide the relationship curves between well
depth and steam quality, and wellbore pressure under different
steam injection temperatures, with a steam injection pressure of
18 MPa and a steam injection rate of 10 t h™1.

The impact of different steam injection temperatures on the
steam quality inside the wellbore, given a constant steam quality,
is shown in Fig. 10. Under the same steam injection rate and
pressure conditions, when the steam injection temperature is the
same, the bottomhole steam quality decreases with the increase in
well depth. The higher the steam injection temperature at the
wellhead, the slower the decrease in steam quality. This is because
when the steam injection temperature is low, the water molecules
move slowly, leading to an increase in two-phase flow density, and
more steam is converted to water within the wellbore.

Fig. 10 indicates that under the same steam injection rate and
pressure conditions, when the steam injection temperature is the
same, the bottomhole pressure decreases with the increase in well
depth. When the steam injection temperature is lower, the pres-
sure drop within the wellbore is smaller, and the bottomhole
pressure is higher. This is because when the steam temperature is
low, the overall viscosity of the two-phase flow increases, which
leads to a decrease in the friction coefficient, and thus less pressure
is consumed at the same well depth. However, a lower steam in-
jection temperature may also result in a slower two-phase flow
rate, which could increase the pressure loss in the wellbore.
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4. Analysis of mechanical properties of cementite for
thermal extraction wells

In response to the phenomenon where ordinary cement expe-
riences a decrease in strength and an increase in permeability at
high temperatures [27], scholars from domestic and international
communities have primarily developed three different cement-
based systems resistant to high temperatures. These systems are
the silicate sand oil well cement system [28], [29], the aluminate
cement system [30], [31], and the phosphate cement system [32].
Among them, the silicate system is the most commonly used
cement slurry system in thermal recovery wells. However, it
cannot address the problem of corrosive gas damage downhole.
The phosphate aluminate system has strong resistance to H,S and
CO, corrosion but has issues of a strong phase transition with
strength retrogression, poor contamination resistance, and
generally high prices [33]. The oilfield region studied in this article
contains few corrosive gases; therefore, the silicate sand cement
slurry system was selected for experimental research.

4.1. Determination of experimental formulations

The formulation of Jiahua G grade oil well cement system was
optimised, mainly the size of silica sand particles and the amount
of addition. The chemical composition and main parameters of the
cement and silica sand are shown in Tables 3 and 4. It can be seen
that the cement used in this paper has the highest content of CaO,
which is 64.20%, and the content of SiO; is 19.40% and the main
composition of silica sand is SiO;, which accounts for 98.7%.

Firstly, the grain size of silica sand in the cement paste system
was selected as 180 mesh, 200 mesh, 350 mesh and 500 mesh. The
dosage was 30% of the mass of the dry cement with a water-
cement ratio of 0.44 according to the recommendation of the API
standard. The curing method was as follows: curing for 2d at a
reservoir temperature of 50 °C to make it solidify, and then
removing it and placing it in the high-temperature curing kettle to
curing at high temperatures again (50 °C and 380 °C) for 2d to test
its compressive strength, and the experimental results are shown
in Fig. 11. The difference in compressive strength of cement stone
with different silica sand grain size at 50 °C is small, and the
maximum is 37.9 MPa when the silica sand grain size is 180 mesh,
while there is a significant difference in compressive strength
when comparing with the cement stone maintained at a high
temperature of 380 °C, the maximum is 53.1 MPa when the silica
sand grain size is 200 mesh, and the minimum is 45.0 MPa when
the silica sand grain size is 500 mesh. Thermal mining of the harsh
environment, the highest strength of the selected conservation
temperature of 380 °C for the standard, that is, silica sand particle
size of 200 mesh.

Secondly, the addition of silica sand in the cement paste system
was preferred, through the analysis of the composition of Jiahua G
grade cement and silica sand, the ratio of CaO and SiO, was taken
as the calcium-silica ratio, the calcium-silica ratio was taken to be
0.7, 0.8, 0.9, 1.0, 1.1, 1.2, the water-solid ratio was 0.44, the silica
sand particle size was 200 mesh, and the test was performed to
determine the cement stone strength of the cement stone cured
for 2d at 50 °C and 380 °C, respectively. Strength, and the exper-
imental results are shown in Fig. 12. The compressive strength of
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Table 4

Chemical composition and main parameters of silica sand.
Chemical composition/% SiO, Cao Al,03 Fe,03 Else
Grade G cement 98.7 0.02 0.01 0.01 1.26
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Fig. 11. Effect of silica sand particle size on compressive strength.
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Fig. 12. Effect of the amount of silica sand on compressive strength.

cement stone increases and then decreases with the increase of
silica sand, the compressive strength of cement stone is the
highest when the calcium-silicon ratio is 1, and the compressive
strength of cement stone at 50 °C and 380 °C is 38.5 MPa and
56.6 MPa, respectively. The compressive strength of cement stone
at 50 °C and 380 °C is the lowest when the calcium-silicon ratio is
0.7, and the compressive strength of cement stone at 50 °C and
380 °Cis 29.9 MPa and 42 MPa, respectively. therefore, it is chosen
to choose a calcium-silicon ratio of 1.

The formula was finally determined as follows: Jiahua G grade
cement +200 mesh silica sand +0.5% defoamer +0.44 water-
cement ratio, where the calcium-silica ratio is 1. It is known
from the calculation that the addition of silica sand is 50.04% of the
addition of dry cement mass.

Table 3

Chemical composition and main parameters of cement.
chemical composition/% Cao SiO, SO3 Fe,03 Al;03 MgO Na,O0 K;0 Loss
Grade G cement 64.20 19.40 2.80 5.52 4.48 1.98 0.12 0.60 0.48
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4.2. Study of mechanical properties of cement stones

(1) Cement stone compressive strength test. The compressive
strength test of cement stone was carried out using the
preferred cement paste formulation, and in order to prevent
the interference of invalid data, the strength of three spec-
imen blocks was tested at each curing temperature to obtain
the compressive strength of cement stone at different curing
temperatures. In order to combine the simulation results
with the experimental results and to fit the results to the
equation, the fitting equation is:

o = 0.1124T +33.129 50 < T<90
6c = —0.0746T + 50.457 90 < T<190
63 = 0.1257T +10.104 190 < T < 380

(20)

The results of fitting the compressive strength of cement stone
at different curing temperatures are shown in Fig. 13. The curing
temperature is 50-90 °C,the compressive strength of cement stone
increases with the increase of temperature. The curing tempera-
ture is 90-190 °C, the compressive strength of cement stone de-
creases with the increase of temperature, and the minimum value
of compressive strength of cement stone occurs at 190 °C, which is
34.75 MPa.The strength of cement stone cured at 190-230 °C does
not change significantly and the curing temperature is 230-380 °C,
the compressive strength of cement stone increases with the in-
crease of temperature, and the maximum value of compressive
strength occurs at 380 °C, which is 57.47 MPa.

Maintenance temperature of 50-90 °C, the higher the mainte-
nance temperature, the higher the strength of the cement stone,
this is due to the lower temperature, the silica sand involved in the
reaction speed is very slow, or even not involved in the reaction, at
this time the strength gained is mainly caused by the initial early
hydration of the cement formed by the product. Maintenance
temperature of 90-190 °C, with the increase in maintenance
temperature cement stone strength gradually decreased. This is
because in this maintenance temperature, silica sand a large
number of participation in the hydration reaction, the higher the
maintenance temperature, silica sand involved in the reaction
faster, and the hydration of the cement is carried out at almost the
same time, the generation of sparse hard calcium silica and
rhombohedral calcium silica, resulting in a lower strength.
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Fig. 13. Fitting results of compressive strength of cement sheath at different curing
temperatures.
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(2) Cementite tensile strength test. Using the preferred cement
paste formulation for cement stone tensile strength testing,
three specimen blocks were tested at each curing temper-
ature, and the tensile strength of cement stone at curing
temperatures of 50-190 °C and 230-380 °C was fitted line-
arly to connect the tensile strength of cured 190-230 °C
cement stone, and the fitting formula is:

o1 = 0.0079T +4.3962 50 <T<190
—0.0397T +13.412 190 < T<230
0.0261T — 1.3757 230<T <380

oH2 (21)

OH3

The fitting results of the tensile strength of cement sheaths at
different curing temperatures are shown in Fig. 14. At a curing
temperature of 50-190 °C, the tensile strength of the cement stone
increased with the increase of curing temperature, and at a curing
temperature of 190-230 °C, the tensile strength of the cement
stone showed a “cliff-like” decrease. The minimum value of tensile
strength of cementite occurred at 230 °C, which was 4. 27 MPa. The
tensile strength of cementite increased with increasing curing
temperature at curing temperatures of 230-380 °C, and the
maximum value of tensile strength occurred at curing temperature
of 380 °C, which was 9. 01 MPa.

(3) Cementite elastic modulus and Poisson’s ratio testing. In the
thermal recovery process of heavy oil, temperature fluctu-
ations are pronounced, substantially impacting the elastic
modulus and Poisson’s ratio of cementite—vital parameters
that influence the seal integrity of the assembly. These
values have a direct correlation with temperature variations,
indicating that the elastic modulus and Poisson’s ratio of
downhole cementite are not fixed constants but vary with
temperature changes. To ensure that computational results
align more accurately with real conditions and to facilitate
their integration into finite element model parameters, this
study considers the interdependency between the elastic
modulus of cementite, Poisson’s ratio, and temperature
when formulating the sealing failure model of the assembly.

To assess the impact of various curing temperatures on the
elastic modulus and Poisson’s ratio of cementite, cement blocks
initially cured at the reservoir temperature of 50 °C for 2 days were

Compressive strength/MPa
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0 70
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Curing temperature/°C
Fig. 14. Fitting results of tensile strength of cement sheath at different
temperatures.

curing
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subjected to additional curing under temperatures of 50 °C, 90 °C,
150°C, 230 °C, 300 °C, and 380 °C for another 2 days. Subsequently,
a triaxial strength tester was employed to evaluate the stress pa-
rameters at these different curing temperatures, with the
confining pressure maintained at 11 MPa. Figs. 15 and 16 depict the
resulting elastic modulus and Poisson’s ratio of cementite across
the range of curing temperatures.

As observed in Figs. 15 and 16, the elastic modulus of cementite
exhibits an initial increase followed by a decrease in response to
rising curing temperatures. Specifically, between 50 and 90 °C,
both the elastic modulus and Poisson’s ratio data show an uptrend
with temperature elevation. Conversely, between 90 and 380 °C,
the values of the elastic modulus and Poisson’s ratio demonstrate
an inverse relationship with temperature changes. However, it is
important to note that the variations in cementite’s Poisson’s ratio
are relatively minor, consistently ranging between 0.235 and 0.241.

5. Analysis of the effect of steam injection conditions on
cement sheath failure

Using cement stone mechanical property test results (elastic
modulus, Poisson’s ratio), this chapter builds a thermal-fluid-solid
coupling numerical model to explore how construction conditions
affect bottom-hole loads.

Adopting “fluid-structure coupling first, then sequential
coupling”, the heat conduction model is coupled with the fluid-
structure model to establish a thermal-fluid-solid finite element
model. It correlates thermal recovery well construction parame-
ters (wellhead steam temperature, pressure, velocity) with
bottom-hole loads (temperature, pressure, dryness) to derive in-
fluence laws, providing model boundary conditions. Additionally,
finite element results are compared with cement stone mechanical
test data (compressive/tensile strength) to establish cement
sheath failure factor evaluation criteria.

In this part, the transverse coordinate indicates the change of
the distance between the cement sheath and the outer wall of the
casing, i.e., the transverse coordinate indicates the change of
different positions on the radial direction of the cement sheath.
When the value of the transverse coordinate is 0, it means that the
cement sheath is at the first interface, the larger the value of the
transverse coordinate, it means that the cement sheath is closer to
the second interface, and when the value of the transverse coor-
dinate is maximum, the cement sheath is at the second interface.

5.1. Cement sheath forces at different steam injection pressures

In this section, the effect of steam injection pressure on cement
sheath failure is investigated. The parameters used were: steam
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Fig. 15. Elastic modulus of cement stone at different curing temperatures.
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Fig. 16. Poisson’s ratio of cement stone at different curing temperatures.

injection time 5 d, steam injection temperature 300 °C, and steam
injection rate 15 t-h~1.

(1) Effect of steam injection pressure on circumferential failure
of cement sheaths

Fig. 17 displays the circumferential failure potential of the
cement sheath under various steam injection pressures. According
to the figure, higher steam injection pressures correlate with
increased circumferential failure factors; however, even at an in-
jection pressure of 18 MPa, the factor remains below 1, indicating
that circumferential failure is unlikely. The risk of failure escalates
closer to the second interface.

(2) Effect of steam injection pressure on cement sheath shear
failure

Fig. 18 illustrates the shear failure potential of the cement
sheath at different steam injection pressures. The data indicates
that near the first interface, varying steam injection pressures have
a minimal impact on the shear failure potential of the cement
sheath, with all conditions leading to a state of shear failure. Near
the second interface, higher steam injection pressures result in
larger shear failure factors, yet the conditions remain within the
safe zone, preventing shear failure.

In summary, within the range of 10-18 MPa for steam injection
pressures, the impact on the failure of the cement sheath is rela-
tively minor. Shear failure is anticipated near the first interface,
while the area near the second interface is safe from shear failure,

1.8
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—— 12MPa
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0.008 0.012  0.016 0.020
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Fig. 17. The circumferential failure of the cement sheath at different steam injection
pressures.
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Fig. 18. The shear failure of cement sheath at different steam injection pressures.

and the cement sheath is unlikely to undergo circumferential
failure.

5.2. Cement sheath stresses at different steam injection
temperatures

In this section, the effect of steam injection temperature on
cement sheath failure is investigated. The parameters used were:
steam injection time 5 d, steam injection pressure 18 MPa, and
steam injection rate 15 t-h™.

(1) Effect of steam injection temperature on circumferential
failure of cement sheaths

Fig. 19 shows the circumferential failure of the cement sheath
at different steam injection temperatures.

As seen in Fig. 19, the circumferential failure factor of the
cement sheath increases with the increase of the steam injection
temperature. At the same steam injection temperature, the
circumferential failure factor gradually increases as the cement
sheath passes from the first interface to the second interface. At a
steam injection temperature of 380 °C, the cement sheath near the
second interface has the largest circumferential failure factor of
0.79, and no circumferential failure occurs.

(2) Effect of steam injection temperature on cement sheath
shear failure
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Fig. 19. The circumferential failure of cement sheath at different steam injection
temperatures.
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As seen in Fig. 20, the smaller the steam injection temperature,
the larger the cement sheath shear failure factor. At the same
steam injection temperature, the shear failure factor of the cement
sheath gradually decreases as it passes from the first interface to
the second interface. At a steam injection temperature of 220 °C,
the maximum shear failure factor of the cement sheath near the
first interface is 1.15, and at steam injection temperatures lower
than 300 °C, shear failure occurs in the cement sheath near the
first interface. This is due to the fact that the higher the steam
injection temperature, the higher the strength of the cement
sheath, while the shear strength remains basically unchanged.

Considering all the variables, when the steam injection tem-
perature ranges from 220 to 380 °C, it is advisable to either elevate
the steam injection temperature or maintain a high bottomhole
temperature. Otherwise, the cement sheath near the first interface
is likely to succumb to shear failure. However, the cement sheath
near the second interface is safe from shear failure, and the cement
sheath as a whole is not prone to circumferential failure.

5.3. Cement sheath forces at different steam injection rates

In this section, the impact of steam injection rate on the
integrity of cement sheaths is examined under specific conditions:
a steam injection duration of 5 d, pressure set at 18 MPa, and a
temperature maintained at 300 °C. The associated circumferential
and shear failure factors for the cement sheaths are illustrated in
Figs. 21 and 22.

From Figs. 21 and 22, as one moves radially from the first
interface to the second, the circumferential failure factor of the
cement sheath incrementally increases, whereas the shear failure
factor shows a decreasing trend. Shear failure is observed in the
region of the cement sheath near the first interface, while the area
proximal to the second interface remains free from failure.
Notably, the steam injection rate appears to have a negligible in-
fluence on the occurrence of failure within the cement sheath. This
is attributed to the minor effect that the steam injection rate,
within the range of 9 tth~! - 17 t-h~, has on the pressure drop,
causing only slight variations in bottomhole pressure at different
rates. Consequently, this results in a relatively consistent load
being applied to the cement sheath, regardless of the steam in-
jection speed.

6. Analysis of the effect of cyclic throughput conditions on
cement sheath failure

In the process of steam throughput of heavy oil thermal re-
covery, the alternating changes of pressure and temperature will
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Fig. 20. The shear failure of cement sheath at different steam injection temperatures.
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Fig. 22. The shear failure of cement sheath at different steam injection speeds.

lead to plastic strain in the cement sheath, generating additional
stresses and accelerating the failure of cementing isolation. At the
same time, it will lead to the emergence of micro-annular gaps at
the first and second interfaces of the cement sheath, and the
possibility of the emergence of micro-annular gaps at the first
interface is much larger than that at the second interface. When
there is a micro-annular gap at the interface, the ring air may
escape, which may affect the normal production and construction
and personnel safety. In order to investigate the influence factors
of cement sheath interface cement failure, this section combines
the steam throughput of the thermal recovery well construction
process, to carry out targeted research.

6.1. Analysis of cement sheath micro-annular gap state under
cyclic throughput conditions

This section focuses on the changes in the interfacial cemen-
tation state when the temperature and pressure cycles change.
Assuming that the bottomhole injection steam temperature is
300 °C, and the temperature decreases to the initial bottomhole
temperature (50 °C) after mining, Zhao Xiaofeng et al. [34] study
the effect of pressure on micro-annular gaps found that only the
re-pressurisation value is greater than the previous pressurisation
value will lead to the generation of interfacial annular gaps. In
order to better investigate the effects of temperature and pressure
on the interfacial annulus, the pressures were taken as 15 MPa,
21 MPa, 27 MPa, 33 MPa, 39 MPa, 45 MPa, 51 MPa, and the initial
formation pressure at the bottom of the well was 8 MPa, and the
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cycle of boosting and relieving was carried out for a total of 7 cy-
cles. In order to simulate the real situation as much as possible, it is
assumed that the time of steam injection (including the time of
well stabilisation) is 15 d, the time of extraction is 285 d, and one
cycle is 300 d, which makes the total simulation time 2100 d.

The parameters used are: internal friction angle of the cement
sheath 26.3 °C, cohesion 24.639 MPa, internal friction angle of the
formation 30.0 °C, cohesion 40.6 MPa, elastic modulus of the
cement sheath 7.5 GPa, and the elastic modulus of the formation
3 GPa. The stresses at the no-loaded casing-ring interface and the
cement sheath-floor interface are obtained assuming that there is
only a bond at the casing-ring interface, and the bonding force is
0.1 MPa, as shown in Fig. 23. The forces at the unloaded casing-
cement sheath interface and the cement sheath-strata interface
are shown in Fig. 23. The relationship between the size of the
micro-annular gap and the equivalent plastic strain at one inter-
face is shown in Fig. 24.

As can be seen from Fig. 23, with the increase of unloading
times, the outer wall of the casing is transformed from compres-
sive stress to tensile stress, and the radial force on the inner wall of
the cement sheath is close to 0 after unloading for 3 times. This is
because annular gap appears at the interface after three times of
cyclic loading and unloading, and the tensile stress of the casing
cannot be transferred to the cement sheath. The outer wall of the
cement sheath is always closely connected with the stratum, so
the force is the same and remains basically unchanged.

Comparing the size of the micro-annular gap with the equiva-
lent plastic strain curve in Fig. 24, it can be found that there is a
direct relationship between the plastic strain and the generation of
the micro-annular gap, and the size of the plastic strain de-
termines the size of the micro-annular gap at one interface. After
the completion of the 1st loading and unloading process, the
cement sheath did not enter the plastic stage, and at this time, the
one-interface is in close contact with the overfilled state. Starting
from the 3rd pressure and temperature increase, the cement
sheath produces plastic strain, and there is a micro-annular gap in
the cement sheath when the pressure is relieved. Thereafter, with
the joint action of pressure and temperature in the loading stage,
the plastic strain of the cement sheath increases continuously,
which leads to a simultaneous increase in the size of the micro-
annular gap when it is unloaded.

6.2. Analysis of the effect of micro-annular gaps under cyclic
throughput conditions

According to the actual working conditions of hot extraction
wells, this section investigates the effect of cement sheath elastic
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—e— Cement ring inner wall
04} —a— Cement ring outer wall
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Radial stress/MPa
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Fig. 23. The stress change of cementing interface during unloading.
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modulus on the size of interfacial micro-annular gaps at different
initial temperatures, initial stresses and different formation elastic
moduli. The simulated parameters are: the internal friction angle
of cement sheath is 26.3°, the cohesion is 24.639 MPa, the internal
friction angle of formation is 30.0°, the cohesion is 40.6 MPa.
Taking the elastic modulus of formation as 3 GPa and the elastic
modulus of cement sheath as 7.5 GPa as an example, the effects of
different initial temperatures and initial stresses on the size of the
micro-annular gaps were obtained, which are shown in Figs. 25
and 26.

From Figs. 25 and 26, it can be seen that the time and size of the
appearance of microcyclic gaps have a clear relationship with the
initial temperature and the size of the initial pressure. The higher
the initial ground stress, the later the microcyclic gap appears and
the smaller the dimension. The higher the initial temperature, the
later the microcyclic gap appears and the smaller the dimension.

Considering the changes of the “soft and hard” characteristics
of the formation, the elastic modulus of the formation was set to
3 GPa and 15 GPa. In order to obtain the results of the influence of
the changes of the elastic modulus of cementite on the interfacial
micro-annular gaps under the elastic modulus of different
formations.

Fig. 27 shows the influence of the change in the elastic modulus
of the cement sheath on the size of the micro-annulus at the
interface during the final unloading under the conditions of “hard
formation” (with a formation elastic modulus of 15 GPa) and “soft
formation” (with a formation elastic modulus of 3 GPa). In the “soft

—=— 50
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Fig. 25. The effective of different initial temperatures on interfacial micro-annular
gap.
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Fig. 26. The effective of different initial stress on interfacial micro-annular gap.
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Fig. 27. The effect of different elastic modulus of formation on interfacial micro-
annular gap.

formation”, there is an obvious relationship between the elastic
modulus of the cement stone and the size of the micro-annulus;
the smaller the elastic modulus of the cement sheath, the
smaller the size of the micro-annulus. This phenomenon occurs
because the soft formation, due to its low elastic modulus, is prone
to large deformation under wellbore pressure fluctuations or
thermal stress loads. The cement stone with a lower elastic
modulus can significantly improve the strain compatibility at the
cement sheath-formation interface, effectively inhibit the forma-
tion of micro-annuli between the soft formation and the cement
sheath, and maintain the cementing integrity of the interface.

In the “hard formation”, there is no obvious change in the size
of the micro-annulus under different elastic moduli of the cement
stone, and the size of the micro-annulus in the “hard formation” is
generally smaller than that in the “soft formation”. The second
interface of the cement sheath always remains in an interference
fit state, and no micro-annulus will appear.

7. Application of simulation analysis of failure modes of
cement sheaths

Cement sheath integrity failure in field operations is primarily
evaluated through sustained annular pressure or interzonal flow
manifestations, exemplified by surface hydrocarbon seepage at
thermal recovery wellheads. However, empirical observations
inherently lack resolution to identify precise failure localization or
characterize specific failure modes. Consequently, validating
computational models and analytical formulations necessitates
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Table 5
Formation stress distribution.

Petroleum 12 (2026) 323-338

Stratum Vertical depth Minimum stress Vertical stress Crack condition
/m /MPa J(kPa-m™) /MPa /(kPa-m™)
718 450 6.3 14.61 9.24 21 Vertical crack
Table 6
Well bore structure data.
Drilling sequence Drillsize/mm Well deep/m Casing size/mm Wall thickness/mm Casing depth/m
1 Design 444.50 184.50 339.70 9.65 184.50
Actual 444.50 175.00 339.70 9.65 174.55
2 Design 311.20 524.84 244.50 10.03 524.84
Actual 311.20 530.00 244.50 10.03 528.63
3 Design 215.90 1005.57 177.80 8.05 1005.57
Actual 215.90 1011.00 177.80 8.05 1009.00
demonstrable concordance between simulated predictions and
field observations. This alignment establishes essential theoretical Table 7

foundations for engineering applications.

This study examines Well FHW3057P within China National
Petroleum Corporation’s Xinjiang Oilfield, a representative ther-
mal recovery installation exhibiting operational steam venting. By
integrating site-specific geological profiles and thermomechanical
parameters, we quantify cement sheath seal degradation under
cyclic thermal loading, determine the governing failure mecha-
nism, and demonstrate operational efficacy of the cement failure
mitigation strategies proposed previously.

7.1. FCZ18 well area parameters
(1) Stratum stress parameters

The middle depth of the J3g3 oil reservoir in the Qigu Forma-
tion of the deployment area is 460 m, with an original formation
pressure of 4.5 MPa and a pressure coefficient of 0.98. The for-
mation temperature is 21.42 °C, which belongs to a normal tem-
perature and pressure system. The formation stress distribution is
shown in Table 5.

(2) Steam injection construction parameters

Cyclic steam stimulation operations were conducted in Well
F341479 across three cycles, cumulatively injecting 3504 t of steam
at an average wellhead pressure of 7.4 MPa. Steam was delivered at
an average rate of 121 t-d~! over 29 cumulative operating days,
with injection temperature maintained at 260 °C and the steam
dryness was greater than 95%.

(3) Structural data of the well shaft

The shaft structure data of Well FHW3057P are shown in
Table 6.

(4) Formation mechanical parameters

The lithologic parameters of the strata near Well FHW3057P
are shown in Table 7.

7.2. Analysis of the failure of the body after parameter
optimization

Using the optimal parameters selected from previous stud-
ies—including a wellhead steam injection pressure of 6 MPa, a

Formation mechanical parameters.

Lithology Natural mudstone
Mud content/% 45-50

Porosity/% 2-10

Young’s modulus/MPa 1000-2000
Poisson’s ratio 0.25-0.3

Internal friction angle/° 60

Cohesion/MPa 5.87

Dilatancy angle/° 14

steam injection temperature of 320 °C, and a steam injection rate
of 5 th~'—the thermal expansion coefficients of the cement
sheath and casing are set to 0.85 x 107> K~ ! and 1.2 x 107> K™,
respectively, based on experimental results. The elastic modulus of
the cement sheath is taken as 6.5 GPa, while that of the formation
is assigned the maximum local value of 2 GPa. The thickness of the
cement sheath is set to 19.05 mm, and the eccentricity of the
casing is not considered in this analysis. By comparing the simu-
lation results with actual field data, the validity of the model
proposed in this paper can be confirmed, demonstrating its
applicability to real-world conditions and providing practical
guidance for engineering operations.

Fig. 28 illustrates the circumferential failure distribution of the
cement sheath at various positions along the horizontal well after
parameter optimization, where the horizontal axis represents the
angular variation around the cement sheath.

1.5r L .
—o— The cement ring is close to the second interface
The cement ring is close to the first interface
5 —o— The middle position of the cement ring
g 1.0
o
5
;E, 0.5+
=
g ~
& 00f
£
g
O -0.5
-1.0 1 1 1 1 Il ]
0 30 60 90 120 150 180
Angle/°

Fig. 28. Circumferential failure of cement sheath in horizontal well after optimization
of parameters.
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0.68 —2 The cement ring is close to the second interface

Shear failure factor

0.52 ! L

90 120 150 180
Angle/®

30 60

Fig. 29. The shear failure of cement sheath in horizontal well after optimization of
parameters.

As illustrated in Fig. 28, the circumferential angle \theta is
defined such that 0° corresponds to the high side (top) of the
wellbore and 180°corresponds to the low side (bottom). This
orientation is critical for evaluating the mechanical integrity of the
casing-cement sheath-formation assembly under the non-uniform
stress field typical of horizontal wells.

As shown in Fig. 28, the circumferential failure index of the
cement sheath reaches its maximum near the first interface and its
minimum near the second interface. After parameter optimiza-
tion, the maximum circumferential failure index near an interface
is 0.89928, which is below the critical threshold of 1. This indicates
that the cement sheath will not experience circumferential tensile
failure, and the likelihood of structural failure near the interface is
significantly reduced.

Fig. 29 presents the shear failure distribution of the cement
sheath at various positions along the horizontal well after
parameter optimization, with the horizontal axis indicating the
angular variation of the cement sheath.

As shown in Fig. 29, the shear failure factor reaches its
maximum near the second interface and its minimum near the
first interface. Following the optimization process, the maximum
shear failure factor near both interfaces was reduced to 0.66519,
indicating a further decrease in the potential for shear failure and
confirming the effectiveness of the optimization strategy.

After the implementation of the parameter optimization plan,
the casing damage rate of the thermal recovery well dropped from
38% to 12%, and the average annual maintenance cost of a single
well was reduced by 2 million yuan. Meanwhile, the circumferential
failure factor of cement was controlled at 0.899, which was less than
the critical value, and the shear failure factor was reduced to 0.665.
This ensured that the safe production cycle of heavy oil thermal
recovery Wells was extended by more than three years, achieving a
dual improvement in economic benefits and safety reliability.

8. Conclusions

(1) Jiahua Grade G oil well cement and silica sand were selected
as the fundamental constituents. Through optimization of
the silica sand addition and grain size, it was determined
that the ideal silica sand grain size and dosage are 200 mesh
with a calcium-silicate ratio of 1. These parameters formed
the basis for the experimental formulations. The cement
stone underwent curing at temperatures ranging from 50 °C
to 380 °C, during which its compressive and tensile
strengths were tested. Elasticity modulus and Poisson’s ratio
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curves were derived from triaxial tests as the cement stone
was subjected to varying curing temperatures, providing
essential mechanical parameters for the thermo-fluid-solid
coupling finite element model.

(2) Utilizing standard operational parameters for thermal extrac-
tion wells, the influences of steam injection temperature,
pressure, and flow rate at the wellhead on the bottomhole
conditions (temperature, pressure, and steam dryness) were
explored through formula derivation. The relationship between
these operational parameters and changes in bottomhole
loading was established, offering the requisite load boundary
conditions for the heat flow solid finite element model.

(3) Modifications in steam injection conditions and the selec-
tion of various casing and cement sheath mechanical and
thermal properties enabled an analysis of cement sheath
failure. The results indicated that with a steam injection
duration of 5 days, pressure at 18 MPa, and flow rate at
15 t-hl, the shear failure factor of the cement sheath
decreased as the steam injection temperature increased.
Specifically, steam injection at 380 °C effectively minimized
the risk of shear failure, enhancing the safety of the first
cementing interface. Additionally, the steam injection rate
was found to have a negligible impact.

(4) Classical ] & G experiments were replicated to confirm the
simulation’s viability in studying cement sheath interfacial
cementation failure. The research assessed the influence of
the cement sheath’s micro-annular gap state, along with
different initial temperatures and stresses, on the develop-
ment of the interface micro-annular gap under cyclic
throughput conditions. It was observed that the magnitude
of the cement sheath’s plastic strain is intrinsically linked to
the initial interface’s micro-annular gap dimensions.

(5) The onset of the micro-annular gap is delayed and its
magnitude is reduced when the initial ground stress and
initial temperature are higher. Furthermore, in formations
with a lower elastic modulus, a smaller cement sheath
elastic modulus corresponds to a reduced micro-annular
gap. Consequently, a formation with a higher elastic
modulus is more conducive to maintaining the integrity of
the first interface of the cement sheath. The second interface
of the cement sheath perpetually remains in an overfilled
state, precluding the formation of a micro-annular gap.
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