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ABSTRACT: This study presents a comprehensive mechanical analysis of P110S oil tubing subjected to thermal and
chemical coupling effects, with particular attention to the presence of rectangular corrosion defects. Drawing on the
material’s stress–strain constitutive behavior, thermal expansion coefficient, thermal conductivity, and electrochemical
test data, the research incorporates geometric nonlinearities arising from large deformations induced by corrosion.
A detailed three-dimensional finite element (FE) model of the corroded P110S tubing is developed to simulate its
response under complex loading conditions. The proposed model is rigorously validated through full-scale burst
experiments and analytical calculations based on theoretical formulations. Building upon this validation, the Extended
Finite Element Method (XFEM) and a failure criterion grounded in damage evolution mechanics are applied to
investigate the mechanical behavior of the tubing under the coupled influences of temperature, stress, and chemical
corrosion. Special emphasis is placed on the role of rectangular corrosion features in determining failure mechanisms.
To further elucidate the impact of multiple interacting parameters, a sensitivity analysis is performed by integrating
grey correlation theory with simulation outcomes. Based on these findings, the study systematically explores the
elastic–plastic deformation process, crack initiation and propagation behavior, and the burst failure response of tubing
specimens with varying axial lengths and depths of corrosion. The proposed methodology provides a robust predictive
framework for petroleum engineers to evaluate fracture pressure, diagnose failure modes, assess operational risks, and
optimize production strategies.
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1 Introduction
CCUS (CO2 capture, utilization, and storage) and CO2-EOR (CO2 enhanced oil displacement) tech-

nologies are widely used globally. CO2 flooding has many advantages, including significantly enhancing oil
recovery with low cost. However, the combination of concentrated CO2 and free water inevitably causes
severe CO2 corrosion of tubing steel, threatening oil and gas production safety. Severe corrosion can lead to
tubing failure, substance leaks, economic losses, environmental pollution, and even fatalities [1–3].

At present, many scholars have carried out a lot of research in the field of corrosion defect assessment
in the world. Sedmak et al. [4] have revealed the impact of geometric features on the residual strength of
the J55 casing and verified the ASME B31G standard for predicting failure pressure by using experiments
and simulation. A three-dimensional numerical model of the tubing has been constructed by Mondal and
Dhar [5,6] based on fracture mechanics theory, which provides a new means for the visual analysis of the
dynamic failure process. The multiple regression model has been established by Fahed et al. and Heggab
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et al. [7,8] for rapid engineering assessment of tubing. The mechanical model with longitudinal rectangular
cracks was developed by Okodi et al. [9–12], which can provide an important reference for the revision of
industry standards. The equivalent stress of tubing with rectangular corrosion defect under internal pressure
has been investigated by Cao and Yang [13–17], by which the relationship between the maximum equivalent
stress and the length and depth of corrosion defect has been revealed. A numerical simulation model of
tubing with corrosion defects has been established by Chen et al. [18–21] to analyze the influence of different
parameters on collapse pressure, by which the safety assessment system under multi-defect conditions has
been presented. The distribution and variation of equivalent stress for high-grade steel tubing have been
investigated by Olatunde et al. [21–24]. The structure integrity of tubing with corrosion defect under thermo-
mechanical coupling has been investigated by Soares et al. [25] based on FEM, by which the interaction
mechanism between temperature and stress has been revealed. The FEM model of a pipeline with corrosion
defect has been created by Feki et al. [26–28], under mechanical-chemical coupling to predict corrosion
parameters. A nonlinear 3D thermal-mechanical coupling model has been presented by Deng et al. [29]
to simulate the burst behavior of corroded tubing. In conclusion, those models and methods can provide
important references for failure analysis and safety assessment of corroded tubing.

Although many studies on the failure analysis of tubing with corrosion defects have been carried out
by many predecessors, the current research mainly focuses on static analysis. On the basis of the previous
researchers, the dynamic simulation method has been presented based on the actual corrosion behavior of
downhole tubing, by which the three-dimensional dynamic mechanical model has been established under
the thermal-mechanical-chemical multi-field coupling by developing the stress-corrosion subroutine. This
method has significant advantages with due consideration of the interactive effect among the corrosion rate,
evolving structural morphology in the corrosion region, and stress distribution with service time.

2 Mechanical and Thermodynamic Parameters of Tubing
The mechanical and thermal properties of P110S tubing has been measured following the national

standards [30,31]. The tensile performance test has been conducted by an MTS machine, the thermal
expansion coefficient test was conducted by a NETZSCH DIL 402C thermal expansion instrument, and the
thermal conductivity test was conducted by an LFA427 laser thermal conductivity meter. Based on those
tests, the stress-strain constitutive relationship, thermal expansion coefficient, and thermal conductivity
of P110S tubing material are obtained. The specific test results are shown in Fig. 1. The main chemical
composition of P110S tubing is as follows: w(Mn) = 1.29%, w(Cr) = 0.50%, w(Si) = 0.35%, w(C) = 0.23%,
w(P) = 0.01%, w(S) = 0.01%, w(Mo) = 0.11%, w(Ni) = 0.07%, and the remaining is w(Fe).

Figure 1: (Continued)
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Figure 1: Thermodynamic properties of P110S tubing

3 Numerical Model
The three-dimensional mechanical model of corroded tubing with rectangular corrosion defect under

thermal-mechanical-chemical multi-field coupling has been established by using the nonlinear finite element
method with due consideration of the geometric non-linearity caused by large deformation. The influence
of thermal-mechanical-chemical multi-field coupling on damage evolution has been investigated by the
user-defined mechanical-chemical damage control subroutine (S-C-UMESHMOTION) and adaptive grid
technology (Arbitrary Lagrangian-Eulerian, ALE). The subroutine does not alter the original stress and strain
distribution during the node position adjustment process. Due to this characteristic, the subroutine can be
used for wear and ablation simulation. To a certain extent, corrosion could be regarded as a special ‘abrasion’.
Therefore, it is feasible and scientific to apply this subroutine in tubing corrosion simulation. Simultaneously,
the extended finite element (XFEM) method in ABAQUS has been employed to simulate crack initiation
and propagation of corroded tubing under internal pressure.

3.1 Classification and Standardization of Corrosion Defects
(1) Classification of corrosion defects

Due to the complex service environment, there are many reasons for tubing corrosion, but the corrosion
morphology of tubing is mainly divided into three types, including uniform corrosion, localized corrosion,
and pitting. Uniform corrosion and localized corrosion are the most common, and they mainly reduce the
service life and strength of tubing, and localized corrosion can lead to the perforation of tubing too. Pitting
corrosion mainly produces stress concentration and leads to perforation and fracture of tubing [32,33]. In
this paper, the mechanical behavior of tubing with uniform corrosion and local corrosion of tubing is the
focus of investigation.
(2) Standardization of corrosion defects

The corrosion defects on the tubing surface are complex and random in shape and size, which makes
it challenging to quantitatively characterize their geometric parameters. In this study, the regularization
method for local wall thinning defects proposed in GB/T 19624-2019 is adopted to simplify localized
corrosion defects. It has been demonstrated that the simplified model has no impact on the engineering
results [34,35]. Uniform corrosion and localized corrosion are equivalently modeled as rectangular defects
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with equal depth. The rotary cutting method is employed in three-dimensional modeling to generate equal-
depth rectangular corrosion on the inner wall of tubing [34]. The simplified schematic diagram is presented
in Fig. 2.

Figure 2: Schematic diagram of a simplified rectangular concave model of equal depth

3.2 Establishment of Finite Element Model of P110S Tubing
(1) Model parameters of P110S tubing

Based on the test results, the geometric, mechanical, and thermodynamic parameters of the P110S tubing
material are shown in Table 1. To eliminate boundary effects, the tubing length is set to 500 mm based on
the Saint-Venant principle. A three-dimensional geometric model of the P110S tubing is established by using
SolidWorks software, as shown in Fig. 3a.

Table 1: Geometrical and mechanical parameters of P110S tubing

External
diameter

(mm)

Wall
thickness

(mm)

Yield
strength
(MPa)

Tensile
strength
(MPa)

Elasticity
modulus

(GPa)

Poisson
ratio

Thermal
conductivity

(K−1)

Coefficient
of Thermal
expansion
(W⋅(m⋅K)−1)

88.9 6.45 895 990 210 0.3 1.0 ∗ 10−6 49.4
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Figure 3: Geometric model and mechanical model. (a) 3D model diagram of P110S tubing with rectangular corrosion
defect; (b) Mesh sensitivity analysis; (c) Meshing of P110S tubing with rectangular corrosion defects; (d) P110S tubing
boundary condition setting

(2) Element meshing
In finite element simulations, the mesh quality is an important factor that directly affects computational

accuracy. Generally, a higher number of mesh elements improves the precision of results, but it also increases
computational time. Therefore, reasonable element meshing and scientific validation are key to ensuring
simulation accuracy. Fig. 3b and Table 2 show that the mesh quality and simulation accuracy could meet the
requirements by adopting the mesh density with 195 elements in the corrosion area, by which the axial length
of corrosion regions is partitioned into 13 segments, the circumferential length was split into 5 sections, and
the radial thickness is divided into 3 layers, as shown in Fig. 3c.

Table 2: Mesh sensitivity analysis

Number of
element

Pressure
(MPa)

Mises
equivalent

stress (MPa)

Pressure
(MPa)

Mises
equivalent

stress (MPa)

Pressure
(MPa)

Mises
equivalent

stress (MPa)
30 30 718.5 40 931.4 50 976.8
54 30 724.1 40 926.7 50 981.3
96 30 738.6 40 941.2 50 986.4
195 30 743.1 40 943.5 50 984
825 30 765.5 40 946.2 50 987.6

(Continued)
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Table 2 (continued)

Number of
element

Pressure
(MPa)

Mises
equivalent

stress (MPa)

Pressure
(MPa)

Mises
equivalent

stress (MPa)

Pressure
(MPa)

Mises
equivalent

stress (MPa)
30 60 931.4 90 946.3 120 953.7
54 60 926.7 90 952.4 120 961.2
96 60 941.2 90 959.1 120 965.7
195 60 943.5 90 965.7 120 974.3
825 60 946.2 90 969.3 120 986.7

After undergoing scientific validation, the C3D8 hexahedral element was employed to mesh the finite
element model. Given the substantial stress and strain gradients in the corrosion zone, the area with
corrosion was extracted, further divided, and locally refined to achieve the required accuracy. To enhance
computational efficiency, the tubing body distant from the corrosion area was meshed using a sparse grid.
For the P110S tubing, its axial length outside the corrosion regions is partitioned into 80 segments, the
circumferential length is split into 40 sections, and the radial thickness is divided into 4 layers, as shown
in Fig. 3c.

(3) Load and boundary conditions
The tubing is subjected to multiple loads including tubing weight, internal pressure, and annular

pressure in an actual service environment. Among these, internal pressure has the most significant influence
on tubing stress. Consequently, only the effects of internal pressure are paid great attention in the simulation
while other loads are neglected. The uniform internal pressure is applied on the inner wall of corroded tubing,
as shown in Fig. 3d. The displacement constraint is imposed on both ends of the corroded tubing [36], as
shown in Fig. 3d.

(4) Stress-corrosion subroutine
At present, many scholars have conducted extensive research on stress corrosion, such as Li, Sun, and

Cheng [37–39]. The methodologies have been proposed by Li, Sun, and Cheng including a relatively complex
computational process (solving the stress distribution, calculating the electric field, and determining the
local corrosion current density based on Gutman’s mass transfer theory). Based on the Stress-Corrosion
(SC) rate model proposed by Yang [40], as shown in Eq. (1), the customized subroutine (stress-corrosion
subroutine) has been developed by using Fortran language and embedded into ABAQUS to simulate stress-
corrosion interactions.

lg Vcr = a exp(b σ
σy
) (1)

where Vcr denotes the corrosion rate, mm/y; σ denotes the applied stress (i.e., the Von-Mises equivalent
stress in the simulation), MPa; σy denotes the yield stress of the material, MPa; and a and b denote the
electrochemical empirical parameters, where a = −0.71557 and b = −0.69148.
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The realization of mechanical-chemical coupling includes three main processes based on the stress-
corrosion subroutine as follows. Firstly, the corresponding Von-Mises equivalent stress σ is obtained by finite
element analysis at the initial time step. Secondly, the local corrosion rate Vcr can be obtained based on the
stress-corrosion rate model, and the displacement increment of the element nodes in the finite element model
is driven by the corrosion rate to realize the dynamic update of the corrosion defect morphology. Finally,
the updated morphology is used as the new initial condition and the stress field-corrosion rate-corrosion
morphology is repeatedly updated based on the cyclic iteration, by which the dynamic evolution of corrosion
morphology of tubing can be realized under multi-field coupling.

4 Model Validation
(1) Comparison with classical model

In this study, the effects of uniform corrosion defects with a size of 50 mm (axial) ∗ 50 mm (circum-
ferential) ∗ 2 mm (depth) on the integrity of P110S and N80 tubing were investigated. The burst pressure
was calculated by ASME B31 G [41], PCORRC [41], and DNV-RP-F101 [42], and compared with the finite
element simulation results. The STATUSXFEM parameter (0–1.0) was used to quantitatively characterize the
crack propagation state during the research process, which shows that the corrosion depth is the key factor
affecting the residual strength. The results show that different evaluation models have good consistency with
the simulation data, which provides a reliable basis for the safety evaluation of tubing with corrosion defects,
the results are shown in Table 3 and Fig. 4.

Table 3: Comparison between simulation results and calculation results

Classical model ASME B31G PCORRC DNV-RP-F101 Simulated result

Burst pressure/MPa P110S 117.3 131.5 133.5 126.2
N80 87.87 76.77 85.2 81.3

Figure 4: STATUSXFEM of P110S tubing with uniform corrosion under different internal pressure
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For the P110S tubing, the comparison shows that the differences between the burst pressure of simulation
results (126.2 MPa) and calculation results from the ASME B31G standard, PCORRC method, and DNV-
RP-F101 standard are only 9.9, 8.3, and 6.3 MPa, respectively, and all the errors are less than 10%. Similarly,
for the N80 tubing, the difference between simulation results and calculation results is only 6.57, 4.53, and
3.9 MPa, respectively. It demonstrates that the finite element model could be used to investigate the burst
mechanical behavior of corroded tubing, and the simulation results are accurate and reliable.
(2) Comparison with experimental result

In this study, P110 tubing (outer diameter 73 mm, wall thickness 5.5 mm, yield strength 760 MPa,
tensile strength 890 MPa) was used as the experimental material. The accuracy of the model was verified
by comparing the simulation results of the finite element model with the experimental data of the burst
pressure of the corroded tubing in Reference [43]. The simulation results show that the crack and blasting
morphology of the T25/T26 corroded tubing are highly consistent with the experimental morphology [44],
as shown in Fig. 5, and the error between the simulated value of the blasting pressure and the experimental
data is less than 10%, as shown in Table 4. This shows that the finite element model has high accuracy and
reliability, and is suitable for predicting the mechanical properties of corroded tubing.

Figure 5: Comparison of simulation results and experimental results of T25 and T26 corrosion tubing

Table 4: Comparison of finite element simulation results with experimental results

Serial
number

Corrosion
length (mm)

Corrosion
width (mm)

Corrosion
depth (mm)

Experimental
value (MPa)

Finite element
value (MPa)

T25 100 5 4 37.6 41.2
T26 200 5 3 55.27 61.5

5 Study on the Mechanical Behavior of Tubing with Rectangular Corrosion

5.1 Affecting Factor of Mechanical Behavior
The mechanical behavior of corroded tubing is affected by many factors, such as operating pressure,

corrosion defect depth, ambient temperature, corrosion time, circumferential length, and axial length, and
the effect of those factors on mechanical behavior is determined by calculating the Von-Mises equivalent
stress (VMES) and the volume loss rate is under specific conditions. The detailed simulation analysis is
as follows.
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5.1.1 Effect of Operating Pressure on Mechanical Behavior
A three-dimensional finite element model of tubing with rectangular corrosion defect (The circumfer-

ential corrosion length is 50 mm, and the axial corrosion length is 50 mm, the corrosion depth is 2.5 mm.)
has been established. The service temperature is set to 60○C, and the service time is set to 2 years. The VMES
and volume loss rate before and after tubing corrosion under different operating pressures of 30, 35, 40, 45,
and 50 MPa have been simulated, as shown in Figs. 6 and 7.

Figure 6: VMES of tubing under different operating pressure. (a) Pi = 30 MPa; (b) Pi = 35 MPa; (c) Pi = 40 MPa;
(d) Pi = 45 MPa; (e) Pi = 50 MPa

Figure 7: Volume loss rate of tubing under different operating pressure

Figs. 6 and 7 show that the corroded tubing is in the elastic deformation stage under different operating
pressures because the maximum VMES (874 MPa) under operating pressures of 50 MPa is less than the yield
strength (895 MPa), and the maximum VMES appears in the left and right sides of rectangular corrosion
area, and the VMES and volume loss rate of tubing increases linearly with increase of operating pressure.
The maximum VMES increases by 48.5% when the operating pressure ranges from 30 to 50 MPa, and the
volume loss rate increases by 13.4% from 30 to 50 MPa, which demonstrates that the increasing operating
pressure increases the VMES and aggravates the tubing corrosion.
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5.1.2 Effect of Corrosion Morphology on Mechanical Behavior
(1) Influence of corrosion depth (Ld) on mechanical behavior

A three-dimensional finite element model of tubing with rectangular corrosion defect (The circumfer-
ential corrosion length is 50 mm, the axial corrosion length is 50 mm, and the corrosion depths are 1, 1.5, 2,
2.5, and 3 mm.) which has been established. The service temperature is set to 60○C, the service time is set to
2 years, and the operating pressure is set to 40 MPa. The VMES and volume loss rate before and after tubing
corrosion under different corrosion depths of 1, 1.5, 2, 2.5, and 3 mm have been simulated, as shown in Figs. 8
and 9.

Figure 8: VMES of tubing under different corrosion depths. (a) Ld = 1 mm; (b) Ld = 1.5 mm; (c) Ld = 2 mm;
(d) Ld = 2.5 mm; (e) Ld = 3 mm

Figure 9: Volume loss rate of tubing under different corrosion depth

Figs. 8 and 9 show that the corroded tubing is in the elastic deformation stage under different corrosion
depths because the maximum VMES (867 MPa) under a corrosion depth of 3.0 mm is less than the yield
strength (895 MPa) of tubing material, and the maximum VMES also appears in the left and right sides
of rectangular corrosion area, and the VMES and volume loss rate of tubing increases almost linearly with
increase of corrosion depth. The maximum VMES increases by 131% when the corrosion depth ranges from
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1.0 to 3.0 mm, and the volume loss rate increases by 12.6% from 1.0 to 3.0 mm, which demonstrates that the
increasing VMES aggravates the tubing corrosion. Namely, stress and corrosion promote each other.
(2) Influence of circumferential corrosion length (Lh) on the mechanical behavior

Similarly, the service temperature is set to 60○C, the service time is set to 2 years, the operating pressure
is set to 40 MPa, the corrosion depth is 3 mm, and the axial corrosion length is 50 mm. The VMES and
volume loss rate before and after tubing corrosion under different circumferential corrosion lengths of 20,
25, 30, 35, and 40 mm have been simulated, as shown in Figs. 10 and 11.

Figure 10: VMES of tubing under different loop corrosion lengths. (a) Lh = 20 mm; (b) Lh = 25 mm; (c) Lh = 30 mm;
(d) Lh = 35 mm; (e) Lh = 40 mm

Figure 11: Volume loss rate of tubing under different loop length

Figs. 10 and 11 show that the corroded tubing is in the elastic deformation stage under different
circumferential lengths because the maximum VMES (814 MPa) under corrosion depth of 3.0 mm is less
than the yield strength (895 MPa) of tubing material, and the maximum VMES also mainly appears in the
left and right sides of rectangular corrosion area, and the VMES and volume loss rate of tubing increases
almost linearly with increase of corrosion depth too. However, the maximum VMES increases only by 14.3%
when the circumferential length ranges from 20 to 40 mm, and the volume loss rate increases by 1.1% from
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20 to 40 mm, which demonstrates that the stress and corrosion promote each other, but the circumferential
length has a small effect on the VMES and corrosion of tubing.
(3) Influence of axial length (La) on the mechanical behavior

Similarly, the service temperature is set to 60○C, and the service time is set to 2 years, and the operating
pressure is set to 40 MPa, and the corrosion depth is 3 mm, and the circumferential length is 50 mm. The
VMES and volume loss rate before and after tubing corrosion under different axial corrosion lengths of 20,
25, 30, 35, and 40 mm have been simulated, as shown in Figs. 12 and 13.

Figure 12: VMES of tubing under different axial lengths. (a) La = 20 mm; (b) La = 25 mm; (c) La = 30 mm;
(d) La = 35 mm; (e) La = 40 mm

Figure 13: Volume loss rate of tubing under different axial length

Figs. 12 and 13 show that the corroded tubing is in the elastic deformation stage under different
circumferential lengths because the maximum VMES (839 MPa) under corrosion depth of 3.0 mm is less
than the yield strength (895 MPa) of tubing material, and the maximum VMES also appears in the left and
right sides of rectangular corrosion area, and the VMES of tubing increases almost linearly with increase of
axial length, but the volume loss rate of tubing increases non-linearly. The maximum VMES increases only
by 30.3% when the axial length ranges from 20 to 40 mm, and the volume loss rate increases by 4.0% from
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20 to 40 mm, which demonstrates that the stress and corrosion promote each other, but the axial length has
a certain effect on the VMES and corrosion of tubing.

5.1.3 Effect of Service Temperature on Mechanical Behavior
A three-dimensional finite element model of tubing with rectangular corrosion defect (The circumfer-

ential corrosion length is 50 mm, and the axial corrosion length is 50 mm, the corrosion depth is 2.0 mm.)
has been established. The service time is set to 2 years, and the operating pressure is set to 40 MPa. The VMES
and volume loss rate before and after tubing corrosion under different service temperatures of 60○C, 75○C,
90○C, 105○C, and 120○C have been simulated, as shown in Figs. 14 and 15.

Figure 14: VMES under different service temperatures. (a) Temp = 60○C; (b) Temp = 75○C; (c) Temp = 90○C;
(d) Temp = 105○C; (e) Temp = 120○C

Figure 15: Volume loss rate of tubing under different service temperature

Figs. 14 and 15 show that the corroded tubing is in the elastic deformation stage under different
circumferential lengths because the maximum VMES (653 MPa) under a service temperature of 120○C is
much less than the yield strength (895 MPa) of tubing material, and the maximum VMES also appears
in the left and right sides of rectangular corrosion area, and the VMES and volume loss rate of tubing
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increases almost linearly with increase of service temperature. The maximum VMES increases only by 14.9%
when the service temperature ranges from 60○C to 120○C, and the volume loss rate increases by 6.7% from
60○C to 120○C, which demonstrates that the temperature and corrosion promote each other, but the service
temperature only has a certain effect on the VMES and corrosion of tubing.

5.1.4 Effect of Service Time on Mechanical Behavior
A three-dimensional finite element model of tubing with rectangular corrosion defect (The circumfer-

ential corrosion length is 50 mm, the axial corrosion length is 50 mm, and the corrosion depth is 2.0 mm.)
has been established. The operating pressure is set to 40 MPa, and the service temperature is set to 60○C.
The VMES and volume loss rate before and after tubing corrosion under different service times of two years,
three years, four years, five years, and six years, have been simulated, as shown in Figs. 16 and 17.

Figure 16: Von-Mises equivalent stress contours corresponding to different service times. (a) Time = 2 years;
(b) Time = 3 years; (c) Time = 4 years; (d) Time = 5 years; (e) Time = 6 years

Figure 17: Volume loss rate of tubing under different service time

Figs. 14 and 15 show that the corroded tubing has successively gone through the elastic stage and the
plastic stage, and it is in the elastic deformation stage when the service time is no more than five years, but it
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is in the plastic deformation stage when the service time is more than five years because the maximum VMES
(912 MPa) is more than the yield strength (895 MPa) of tubing material. Similarly, the maximum VMES also
appears on the left and right sides of the rectangular corrosion area. The VMES and volume loss rate of tubing
increas almost linearly with the increase in service time. The maximum VMES increases by 60.5% when the
service service time is from 2 years to 6 years, and the volume loss rate increases by 264% from 2 years to 6
years. It is concluded that the corrosion morphology develops rapidly and causes great damage to the metal
matrix with the increase in service time, which indicates that the service time has a serious influence on the
tubing corrosion, and the service time and corrosion promote each other.

5.2 Grey Relational Analysis of Influencing Factors
The grey correlation analysis method is a systematic method for studying the degree of correlation

between the reference sequence and comparison sequence based on the similarities and differences in their
development trends. It quantifies the correlation degree between the reference sequence and comparison
sequence by calculating the grey correlation coefficient R. In this paper, the corrosion depth, circumferential
length, axial length, service temperature, service time, and operating pressure are defined as comparison
sequence, and the volume loss rate is defined as reference sequence, and all the grey correlation coefficients
(R1, R2, R3, R4, R5, R6) of comparison sequence have been calculated based on the simulation results, as
shown in Table 5, by which the correlation degree between the reference sequence and comparison sequence
can be analyzed.

Table 5: Grey correlation coefficient of comparison sequence

Influencing factors

Type of corrosion Operating
pressure R1

Corrosion
depth R2

Axial
length R3

Circumferential
length R4

Temperature
R5

Service
time R6

Rectangular
corrosion

0.953 0.947 0.868 0.859 0.757 0.753

It can be seen from Table 5 that the grey correlation coefficient R1 of operating pressure is the largest,
and the grey correlation coefficient R6 corrosion time is the smallest, and the other are between them, which
indicates that the operating pressure has the greatest influence on the mechanical behavior of the tubing, and
the service time has the least influence.

5.3 Time-Varying Strength of Tubing under Different Corrosion Defects
5.3.1 Time-Varying Strength under Different Circumferential Corrosion Length

A three-dimensional mechanical model of tubing with rectangular corrosion defect (The axial corrosion
length is 50 mm, and the corrosion depth is 3.0 mm.) has been established. The service temperature is set to
60○C, and the operating pressure is 70 MPa. The VMES of tubing under different circumferential corrosion
lengths (20 and 40 mm) and service time (2 years and 4 years) have been simulated, as shown in Fig. 18.
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Figure 18: VMES of tubing under different circumferential corrosion lengths and service time. (a) Lh = 20 mm,
Time = 2 years; (b) Lh = 20 mm, Time = 4 years; (c) Lh = 40 mm, Time = 2 years; (d) Lh = 40 mm, Time = 4 years

Fig. 18a,c shows that the maximum VMES (957 and 964 MPa) is greater than the yield strength
(895 MPa) but less than the tensile strength (990 MPa) of the tubing material, which indicates that the tubing
is in the plastic deformation stage, and its structure is intact without crack, but there is a certain degree of
safety risk for the tubing such as deformation and burst failure when the service time is 2 years. Fig. 18b,d
shows that the maximum VMES (996 and 1081 MPa) is greater than the yield strength (895 MPa) and tensile
strength (990 MPa) of tubing material, and the longitudinal cracks appear obviously from the inner wall
of tubing so that burst failure occurs, by which the service life of P110S tubing has been predicted under
different circumferential corrosion lengths based on time step for crack initiation, as shown in Table 6.
In addition, it can be seen from Fig. 18 that tubing has undergone severe plastic deformation so that the
corrosion morphology extends outward resulting in an increase in the corrosion area.

Table 6: Prediction of service time for P110S tubing under different circumferential lengths

Circumferential
length (mm)

Service time
(Year)

Total time step Time step for
crack initiation

(Year)

Service life
(Year)

20 4 1 0.77 3.08
40 4 1 0.84 3.36

5.3.2 Time-Varying Strength under Different Axial Corrosion Lengths
A three-dimensional mechanical model of tubing with rectangular corrosion defect (The circumfer-

ential corrosion length is 50 mm, and the corrosion depth is 3.0 mm.) has been established. The service
temperature is set to 60○C, and the operating pressure is 70 MPa. The VMES of tubing under different axial
corrosion lengths (20 and 40 mm) and service time (2 years and 4 years) have been simulated, as shown
in Fig. 19.
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Figure 19: VMES of tubing under different axial corrosion lengths and service time. (a) La = 20 mm, Time = 2 years;
(b) La = 20 mm, Time = 4 years; (c) La = 40 mm, Time = 2 years; (d) La = 40 mm, Time = 4 years

Fig. 19a,c shows that the maximum VMES (952 and 982 MPa) is greater than the yield strength
(895 MPa) but less than the tensile strength (990 MPa) of the tubing material, which indicates that the
tubing is in the plastic deformation stage, and its structure is intact without crack, but there is a certain
degree of safety risk for the tubing such as deformation and burst failure when the service time is 2 years.
However, in Fig. 19b,d, the maximum VMES (1001 and 1000 MPa) is greater than the yield strength (895
MPa) and tensile strength (990 MPa) of the tubing material, and the longitudinal cracks appear obviously
from the inner wall of tubing so that burst failure occurs, by which the service life of P110S tubing has been
predicted under different axial corrosion lengths by analyzing the initial crack-related parameters, as shown
in Table 7. Similarly, it can be seen from Fig. 19 that tubing has undergone severe plastic deformation so that
the corrosion morphology extends outward and the corrosion area increases.

Table 7: Prediction of P110S tubing service life under different axial lengths

Axial length
(mm)

Service time
(Year)

Total time step Time step for
crack initiation

(Year)

Service life (Year)

20 4 1 0.82 3.28
40 4 1 0.76 3.04

5.3.3 Time-Varying Strength under Different Corrosion Depths
A three-dimensional mechanical model of tubing with rectangular corrosion defect (The circumferen-

tial corrosion length is 50 mm, and the axial corrosion length is 50 mm.) has been established. The service
temperature is set to 60○C, and the operating pressure is 65 MPa. The VMES of tubing under different
corrosion depths (2.0 and 3.0 mm) and service time (2 years and 4 years) have been simulated, as shown
in Fig. 20.
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Figure 20: VMES of tubing under different corrosion depths and service time. (a) Ld = 2 mm, Time = 2 years;
(b) Ld = 2 mm, Time = 4 years; (c) Ld = 3 mm, Time = 2 years; (d) Ld = 3 mm, Time = 4 years

Fig. 20a,c shows that the maximum VMES (929 and 953 MPa) is greater than the yield strength
(895 MPa) but less than the tensile strength (990 MPa) of the tubing material, which indicates that the
tubing is in the plastic deformation stage, and its structure is intact without crack, but there is a certain
degree of safety risk for the tubing such as deformation and burst failure when the service time is 2 years.
However, Fig. 20a,c shows that the maximum VMES (1027 and 999 MPa) is greater than the yield strength
(895 MPa) and tensile strength (990 MPa) of tubing material, and the longitudinal cracks appear obviously
from the inner wall of tubing so that burst failure occurs, by which the service life of P110S tubing has been
predicted under different circumferential corrosion lengths based on time step for crack initiation, as shown
in Table 8. In addition, it can be seen from Fig. 20 tubing has undergone severe plastic deformation so that
the corrosion area extends and increases.

Table 8: Prediction of the service life of P110S tubing under different corrosion depths

Corrosion depth
(mm)

Service time
(Year)

Total time step Time step for
crack initiation

(Year)

Service life (Year)

2 4 1 0.85 3.40
3 4 1 0.62 2.48

6 Discussions
In this paper, the effects of defect morphology (circumferential corrosion length, axial corrosion length,

corrosion depth), service temperature, and operating pressure on the mechanical behavior of tubing have
been investigated. It has been found that the VMES at the corrosion defect varies to varying degrees with the
changes in morphology, service temperatures, and operating pressures. The degree of correlation between
operating pressure and VMES is the highest, the next is corrosion depth, and the service time is the lowest. In
other words, the operating pressure and corrosion depth have the greatest contribution to tubing failure. As a
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result, Oil and gas engineers should attach great importance to monitoring operating pressure and corrosion
depth, along with related production parameters under actual working conditions.

At the same time, it is necessary to maintain the tubing section with deep defects in a timely
manner. Furthermore, accurately predicting the service time of corroded tubing is crucial for ensuring
production safety. For solving this problem, the time-varying strength could be simulated based on the three-
dimensional mechanical model proposed by this paper, and the service life of corroded tubing under different
service environments could be obtained, this enables engineers to develop maintenance plans based on the
predicted lifespan.

However, the research in this paper has some limitations. Firstly, the ranges of the current temperature,
pressure, and service time are limited, so the effect of the higher temperatures, pressures, service time, and its
coupling on the mechanical behavior of tubing requires further investigation based on the experiment and
simulation because the service environment is becoming increasingly harsh. Secondly, the three-dimensional
finite element model needs to be improved for tubing made of new materials, such as titanium alloy. Finally,
the three-dimensional finite element model is unsuitable for analyzing the mechanical behavior of tubing
with pitting and mixed corrosion.

7 Conclusions
(1) Mechanical and thermodynamic parameters of P110S tubing material have been measured, and

the three-dimensional thermal-mechanical-chemical multi-field coupling mechanical model of P110S
tubing with rectangular corrosion defect has been established based on XFEM by developing
stress-corrosion subroutine with due consideration of the geometric non-linearity caused by large
deformation, and its accuracy and reliability are validated by using calculation results form the classic
standard and full-scale burst experimental data.

(2) Effects of operating pressure, corrosion depth, circumferential/axial lengths, service temperature, and
service time on the mechanical behavior and corrosion rate of tubing have been obtained, by which
the sensitivity analysis of the corrosion rate and VMES has been conducted by using the grey relational
analysis method. The results show that the operating pressure has the greatest impact on the corrosion
rate and VMES of the tubing, and the service time has the least impact corrosion rate and VMES.

(3) Elastic-plastic deformation, crack propagation, and burst failure behavior of tubing under different
corrosion defects have been simulated, by which the effect of circumferential corrosion length and axial
corrosion length as well as corrosion depth on time-varying strength of tubing has been obtained, and
the service life has been predicted.
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