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,e experimental part in this companion paper revealed that the macroscopic mechanical performance of corroded pipes follows a
decreasing trend with the increasing corrosion rate. Inspired by the surface topology by scanning electronic microscopy (SEM) and
the scattered distribution of test data, a computational procedure based on theMonte Carlo simulationmethod was developed in this
paper to understand the randomness of the crack propagation process and the performance degradation mechanism of the corroded
pipelines. A total of 2700 random samples, which contain three corrosion rates of 15%, 45%, and 70%with each corrosion rate having
three variances of 0.02mm, 0.06mm, and 0.10mm, were generated and then were mapped to the shell section of the FEmodel. In the
application of the material model considering the damage, a series of “numerical” tensile experiments were carried out. ,e
simulation analysis indicated that the corrosion rate and the standard variance of the thickness collaboratively dominated the
mechanical performance of the corroded specimen. Under the same standard deviation, the wall corresponding to the higher
corrosion rate is more likely to cause stress concentration in the weak position, which makes the pipe more prone to fail. Fur-
thermore, under the same corrosion rate, the increase of the standard deviation will aggravate the unevenness of the wall thickness
distribution, and then the lower tensile load will cause damage at weak locations and lead to randomness of the crack propagation
path, thereby reducing the pipe’s macroscopic strength and fracture strain.,e analytical methods in this paper have the potential of
being a useful tool for structural reliability assessments of aged pipelines and the full life cycle design of new pipeline networks.

1. Introduction

Owing to its large transportation volume, continuity, and
economic efficiency, metal pipelines have become the artery
of modern industrial fluid transport. However, due to the
working conditions and aging, these pipelines are extremely
vulnerable to external environmental erosion, which causes
defects in the components and reduces its reliability. Re-
search studies by Ossai [1], Fekete and Varga [2], and Pilkey
et al. [3] showed that corrosion is becoming a severe threat to
the safety of pipelines.

Extensive research on the performance of corroded
pipelines focuses on the burst pressure [4–9] and bending
capacity [10–16], and there are few studies on their tensile
behavior. In the experimental part of this companion paper

[17], a total of 210 pipes were corroded from grade 10% to
70%, and the tensile test was carried out according to the
standard experimental method. ,e observation based on
the fracture patterns of corroded pipelines shows that the
corrosion transits the fracture mode from the transverse
crack in the middle of the specimen to a multiple fracture
mode in which the position and angle are randomly dis-
tributed. ,ese transitions significantly affect the macro-
scopic mechanical properties such as yield strength and
tensile strength of the pipeline, and the magnitude of this
influence increases sharply with the increase of the corrosion
rate. However, due to the limitations of experimental
conditions and observational measurement techniques, the
experimental results and conclusions obtained would be not
comprehensive and objective. Detailed numerical
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simulation is needed to gain more accurate understanding of
the pipe’s stretching behavior. ,is need motivates the
present study.

Presently, there are two main challenges in the appli-
cation of numerical means to study the mechanical be-
havior of corroded pipes. One is the characterization and
simulation of the corrosion characteristics of the pipe’s
surface. Some scholars believe that the degree of reduction
in section thickness caused by corrosion is a critical factor
in determining the behavior of the pipeline. ,erefore, the
rust of a specific shape such as a semielliptical, parabolic,
rectangular, or conical shape with varying depth is used to
construct the numerical model [18–22]. ,is method cal-
culates the geometry of the corroded area based on a simple
geometric formula without fully considering the ran-
domness of the wall thickness distribution. ,is is signif-
icantly different from the real characteristics caused by the
intrusion of pipes in a complex natural environment. And,
the second difficulty is reflected in how numerical calcu-
lations accurately consider the damage behavior of mate-
rials and how to statistically analyze the discreteness of
calculation results caused by the random distribution of
wall thickness.

,is paper develops a simulation method based on
Monte Carlo simulation (MCS). Based on the stochastic
theory, the wall thickness field which has three kinds of
corrosion rates including 15%, 45%, and 70% with each of
the corrosion rate having three standard deviations of
0.02mm, 0.06mm, and 0.10mm, was generated. And a
corresponding number of FE analyses were carried out.
Based on the comparison of the fracture mode and mac-
roscopic strength evolution, the mechanism of the corrosion
degrades the macroscopic mechanical behavior of the
pipeline was studied.

,e outline of the paper is as follows: in the next section,
FE modelling and construction of a random thickness
distribution that matches the surface topology of the cor-
roded specimen are described. ,e analysis of typical nu-
merical results is presented in Section 3 to discuss the
fracture mechanism of corroded pipes. ,e MCS results are
discussed in Section 4 to demonstrate the importance of
corrosion rate and standard variance, which is followed by
conclusions.

2. FE Model and Analysis Method

2.1. Modelling Procedure. In the present study, the general
FE analysis package, ABAQUS [23], was used to conduct the
simulation. Inspired by the scattered distribution of test data
and SEM photographs of the corroded surface topology, the
following simulation strategy was designed to investigate the
thickness heterogeneity induced from the corrosion on the
performance degradation and fracture behavior of the
pipeline:

(i) ,e pipeline was constructed and meshed using
ABAQUS/CAE, and an input file was generated that
included the node and element information. Since
the fracture path is always dependent upon the

initial mesh, a triangular element type S3 was
adopted for the entire model to ensure that the
curved crack could be modelled with high accuracy.

(ii) A series of random fields were generated that in-
cluded the thickness of the specimen according to
the original dimension of pipe, grid point, and the
control parameters related to the corrosion rate and
the standard deviation. It should be noted that
material properties, such as elastic modulus, Pois-
son’s ratio, and strength, may decrease due to the
process of the corrosion, but these were not the
focus of the present study and were not considered.

(iii) ,e distribution of thickness generated in (ii) was
mapped to the FE model to complete the shell
section definition. As discussed in the test section
presented in Part 1 of this companion paper [17],
this study only aimed to understand the mechanical
behavior of the outside surface corroded specimen,
so the shell section offset technique was activated to
ensure all inside surfaces of the pipe were in the
same circumstance plane.

(iv) An analysis was performed using the ABAQUS
solver considering the material degrading.

(v) Steps (ii)–(iv) were repeated for a sufficient number
of random samples as required by the MCS method,
and then statistical analysis was performed.

2.2. Mechanical Model and Loading Strategy. Figure 1 Il-
lustrates the mechanical model of a corroded pipe whose
geometry dimension and boundary conditions are strictly
consistent with the description in the experiment part [17].
,e model was subjected to uniformly distributed axial
displacement at the right side of the specimen. To investigate
the mesh dependence, the following models were used to
conduct the mesh sensitivity analysis: the coarse mesh had
2,349 nodes and 4,356 shell elements, the intermediate mesh
had 8,374 nodes and 16,256 shell elements, and the finemesh
had 32,424 nodes and 64,256 shell elements.

In addition, since the implicit solver may encounter
convergence difficulties after initiation of damage, the
ABAQUS/Explicit module was used to conduct the present
analysis. To ensure the accuracy of the results, sufficient
loading time was required in simulation analysis to eliminate
the influence of the inertia effect. A loading period of 0.1
second for the model with intermediate mesh and lc of
1.5mm (discussed in Section 2.3) was finally selected for the
following simulation analysis after a comparison of the time
histories of the reaction force obtained from the batch of
results for the periods of 0.01 s, 0.03 s, 0.05 s, and 0.1 s for
three models.

2.3. Corroded Surface Characterized as a Random Field.
,e scanning electron micrographs and experimental results
of the corroded pipelines indicated that the thickness of the
tube wall is nonuniform due to environmental erosion,
which can be described by a random distribution field.
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Without loss of generality, the thickness T can be
described by

T � T(x,ω), (1)

where x and ω are the pipe size vector and random field,
respectively.

,e spectral decomposition described in [24] was used to
generate a stationary Gaussian random field, T(x,ω), with
zero mean and unit variance. In this process, the correlation
function ρ(x1, x2) was chosen as

ρ x1, x2(  � exp −
x1 − x2



2

lc
2

⎡⎣ ⎤⎦, (2)

where x1 andx2 represent the coordinate position of the
tube wall in the longitudinal and circumferential directions.
And lc is the characteristic length whose value is closely
related to the degree of corrosion. ,ree sets of constant
values of lc, i.e., 3mm, 1.5mm, and 0.75mm, were set to
generate the random thickness field. ,ey are within the
range of corroded pit sizes that normally existed in the
pipeline.

Considering the wall thickness does not strictly follow a
stationary random distribution, equation (1) is transformed
to a nonstationary distribution using equation (3) [25]:

T(x,ω) � T0 + F
−1

(Φ(X(x,ω))), (3)

where Φ(·) is the standard normal cumulative density func-
tion, F(·) is the marginal cumulative probability density
function, andT0 is themean value of thickness.,e readers are
suggested to refer to paper [25] for more detailed description.

A MATLAB [26] script was written based on the above
procedure to generate the random distribution of the ele-
ment thickness. Figure 2 presents a typical field of wall
thickness for a pipe that has an average thickness of 0.85mm
and standard variance of 0.06mm. ,en, the random field
can be mapped to the shell section of the FE model. Figure 3
shows a typical FEmodel with intact and corroded walls with
the shell thickness shown in Figure 2. It can be seen that the
thickness of each element of the intact pipeline model is
uniform in both the inside and outside surfaces compared to
the corroded one with a “rugged” outside and smooth inside
surface. Furthermore, Figures 4 and 5 show a plurality of sets
of pipe sections along the axial and vertical axes. ,ese
arrangements are consistent with the observations from the
SEM photographs as described in Part 1 of this companion
paper [17].

In addition, since the original pipeline wall thickness
used in this experiment and simulation was 1mm, the
“perforation” and “overflow” phenomenon of the pipe
needed to be avoided during the assignment step. In this
simulation, a value bigger than 1mm was set to 1mm and a
value less than or equal to 0 had a value of 10−3mm.

2.4. Modelling of Tensile Failure in ABAQUS Environment.
As shown in Figure 6, the progressive damage model
provided by ABAQUS [23] was used in the present model
to detect and trace damage initiation and evolution in the
material at integration points in the element until complete
failure. ,e model used the equivalent plastic strain at the
onset of damage, εpl

0 , as the failure initiation criterion.
Research by Mirza et al. [27] and Wierzbicki et al. [28]
indicated that the value of rupture strain is sensitive to the
strain rate and stress triaxiality, and there does not exist a
formula to be used to define it. However, for the pipe
studied in the present paper, the hoop stress is small since
the pipe only subjected to uniaxial tension, and the stress
state of the pipe is approximately considered as a uniaxial
stress state. In this paper, the plastic fracture strain mea-
sured by the tensile test for original steel pipe material (see
Figure 7) is selected as εpl

0 , and the corresponding stress
triaxiality is 0.33.

Material degradation starts when the damage initiation
criterion is met based on the following condition:

Φf �
Δεpl

εpl
0

� 1, (4)

where Δεpl is an accumulative value of the equivalent
plastic strain at the integration points.

Once damage initiation has been detected, the damage
process continues, and the damage evolution can be traced
assuming a linear relationship of the damage variable with
the effective plastic displacement [23]. ,e damage variable
represents the accumulated ratio of the effective plastic
displacement, upl, at integration points to the total plastic
displacement at the point of failure u

pl

f , expressed as

u
pl

f � Le εpl

f − εpl
0 , (5)

where Le is the characteristic length of the element defined in
the current model along the axial direction of the pipe. εpl

f is
the equivalent plastic strain at complete failure of the ma-
terial taken from the uniaxial stress-strain curve. During
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Figure 1: Pipe specimen under uniaxial stretch loading.
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(a)

η = 15%,
δ = 0.06mm

(b)

Figure 3: Comparison of surface topologies of an intact and corroded pipe in FE model. (a) Uncorroded. (b) Corroded.
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Figure 2: Generated random field of wall thickness along with the axial and hoop directions of a pipe with η � 15% and var � 0.06mm.
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Figure 4: Continued.
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damage evolution, the stress of the material at each inte-
gration point can be expressed as

σ � (1 − D)σ, (6)

where D is the degradation parameter, and its value ranges
from 0 to 1, where 0 represents the onset of damage and 1
represents complete failure.When the element fails completely
(D � 1), the failed element was removed from the model.

Table 1 shows the relevant parameters of the material
used in the simulation. It should be emphasized that the
stresses and strains listed in Table 1 are derived from the
actual tensile stress and strain obtained by the standard
tensile test of the pipe sheet directly. Due to the structural
effect and the shrinkage effect of the failure surface, these
parameters are quite different from the data directly mea-
sured from the pipe.
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Figure 4: ,e topology of corroded section along the axis of pipe. (a) X� 0. (b) X� L/5. (c) X� 2L/5. (d) X� 3L/5. (e) X� 4L/5. (f ) X� L.
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Figure 5: ,e topology of corroded section along the axis of pipe. (a) Section 1-1. (b) Section 2-2.
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3. Analysis of the Results of a
Numerical Example

3.1. Tensile Fracture in an Intact Pipe. To verify the feasibility
of the model and analysis method, a numerical simulation of
an intact specimen was performed. ,e thickness of all shell
sections in the FE model was defined as 1mm. Figure 8
shows a comparison of the simulated stress-strain curve with
that from a test of an intact specimen. It can be seen that the
two curves agree well with each other both in stiffness and
strength. ,erefore, this result confirms the validity of the
present simulation.

,e sequence of the fracture pattern is illustrated in
Figures 9(a)–9(c). It was found that the damage variable, D,
increased along with an increase in the axial strain, but the
position of the fracture was located in the middle of the

model, and its shape was neat. A comparison of the failure
model shown in Figure 9(c) with the real test specimen (see
Figure 9(d)) shows it is consistent with the neat fracture of
the intact pipeline. ,is indicates that the force was uni-
formly concentrated in the middle section.

,e above comparison of stress-strain relationship
and fracture behavior confirms that the numerical
models and methods used in this paper are feasible. ,is
method was applied to subsequent analysis for the cor-
roded pipes.

3.2. Significance for Modelling 8ickness Heterogeneity. To
investigate the influence of pipe wall corrosion on its tensile
behavior, Figure 10 shows a stress-strain curve and crack
development process of a corroded pipe under uniaxial
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Figure 6: Progressive damage degradation model in ABAQUS [23].
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Table 1: Material failure parameters used in present numerical model.

ρ(kg/m3) E (GPa) ] σy(MPa) σu (MPa) εpl
0 εpl

f u
pl

f (m) Stress triaxiality

7800 200 0.3 304 554 0.24 0.44 0.0004 0.33
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tension. ,e thickness field of the pipe is shown in
Figure 10(a), which has a corrosion rate of η � 70% and
standard deviation of δ � 0.10mm. Figure 10(b) shows the
stress-strain relationship between the corroded and
uncorroded pipe. It was found that the yield strength and
tensile strength of the model are markedly reduced to
232.7MPa and 373.4MPa, respectively, and the strain
corresponding to the peak stress was significantly reduced to
0.076, these suggesting that the corrosion of the section
remarkably affects the pipe’s plastic properties.

,e fracture instants marked in Figure 10(b) are plotted
in Figure 10(c). ,ese figures indicate a remarkable differ-
ence from the results shown in Figure 9. For the corroded

pipe shown in Figure 10, the initial fracture does not occur
uniformly in the middle of the specimen, but on its right part
in a scattered manner. As the fracture progressed, more
adjacent cracks appeared, until two main paths were gen-
erated. ,ese phenomena are consistent with the observa-
tion in the test (see Figure 10(c)).

As the service time increases, the pipe is inevitably
nonuniform in thickness due to corrosion which is fre-
quently controlled by various factors such as the external
environment and materials properties. When subjected to
stretching, the stress concentration tended to occur at the
weaker part, which in turn leads to new stress concentrations
in the adjacent pipe wall and successive failures. Such
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Figure 9: Evolution of fracture and failure mode of an intact pipe.
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Figure 11: Continued.
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reciprocation causes an overall progressive fracture at the
weak section of the entire tube wall. ,en, it is reflected
macroscopically as a decrease in strength and plasticity.
,ese observations indicate that proper consideration of the
heterogeneity of the wall thickness distribution of the model
is critical to the accuracy of the prediction results when
simulating the macroscopic mechanical properties of the
corroded pipeline.

3.3. Influence of Randomness on the Distribution Field. To
study the effect of the randomness of the thickness distri-
bution on the surface field, two random distribution fields
were generated using the same corrosion rate of η � 45% and
variance of δ � 0.1mm, and then the simulation was

conducted. ,e random field, reconstituted stress-strain
curve, and the fracture process are shown in Figure 11. ,e
yield stress and ultimate strengths are 285.7MPa and
425.2MPa, respectively, for the specimen with a left random
distribution field, compared to 284.2MPa and 419.6MPa for
the right one. For the specimen on the left column, the crack
generated and evolved in the middle and right section of the
specimen, compared to the left part for the right specimen.

It can be easily concluded that although the random field
had the same parameters and obeyed the same generation
principal, it did not yield the same strength and fracture
strain and did not have the same failure process. In fact,
although the random field was controlled using the same
parameters, the arrangement of the thickness was quite
different. In this case, the weakest single element or area in
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Figure 11: Damage evolution and fracture mode of corroded pipes with the same corrosion rate and variance. (a) Random field with a value
of η � 45% and var � 0.10mm, (b) simulated stress-strain curve, and (c) crack propagation at the points marked in (b).
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the model frequently fractures first and then quickly expands
into the surrounding regions. ,erefore, this phenomenon
makes it difficult for the specimen to exhibit the same failure
mode under the same boundary and loading conditions.

3.4. Influence of Variance. To investigate the influence of the
variance on the macroscopic properties of the corroded
specimen, a comparison was performed on the simulation
results with variables, η � 70% and δ � 0.02mm, as shown in
Figure 12, and the results with variables
η � 70% and δ � 0.10mm, as shown in Figure 10.

A careful comparison of these two series of figures shows
that under the same corrosion rate, a difference in standard
variance may lead to a markedly different strength, fracture

strain, and fracture modes. ,is is because when the stan-
dard variance is small, the thickness difference of each el-
ement is slight. While the pipe model is stretched, there are
more elements close together to resist the generation and
development of cracks. Additionally, with an increase in
standard variance, the difference in the thickness of the
element also increases, and the thinner elements are inclined
to fail under a relatively small stretching strain. Hence, only
the remaining parts continue to resist the development of
the crack, thereby causing a decrease in the strength and
plastic deformation. ,is indicates that the standard vari-
ance of the distribution of different thickness elements has
an essential influence on the mechanical properties and
stability of the pipeline.
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Figure 12: Damage evolution and fracture mode of a corroded pipe. (a) Random field with a value of η � 70% and var � 0.02mm, (b) stress-
strain curve, and (c) crack propagation at points marked in (b).
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Figure 13: Effect of sample number on the mean value of ultimate tensile strength. (a) η � 15% and (b) η � 70%.
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Figure 14: Stress-strain curves predicted using MCS with 300 samples (η � 45%).
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It should be noted that the use of the macroscopic stress
in this work was established using σC � F/AC to evaluate the
performance of the corroded specimen. ,erefore, theo-
retically, the area reduction should not cause a reduction in
the strength and plastic deformation. ,e degradation in the
strength and change of failure modes are results of the
unevenness of the thickness along the surface of the
specimen.

4. Results Based on Monte Carlo Simulation

To explore the influence of the corrosion rate and stan-
dard variance on the thickness in the random distribution
field, three series of pipelines with average wall thick-
nesses of 0.3 mm, 0.55mm, and 0.85mm, name-
ly,η � 70%, 45%, and 15%, and three variances,

δ � 0.02, 0.06, and 0.10mm, were considered in the gen-
eration of the random distribution. In one MCS, 300
random typology samples were generated. In total, 9
MCSs were conducted with 2,700 random samples gen-
erated, and the same number of nonlinear analyses was
performed.

4.1. 8e Influence of Simulation Number. To guarantee the
results reflected the trend of the corroded specimen in a
stable manner, the mean value of stress in the previous m

simulations was defined as

σ �
1
m



m

i�1
σi


m�1,300

. (7)
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Figure 15: Stress-strain curves predicted using MCS with 300 samples (η � 15%).
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,e average values of the stress for two corrosion rates
and three standard variances as a function of number of
the simulations are summarized in Figure 13. It can be seen
that the mean value of the stress fluctuates significantly
when the number used in the analysis is small and becomes
stable when the number is bigger than 200. ,is phenom-
enon hints that, for the corroded specimen, the separated
analysis may only reveal the variation of the degradation in
the specimen in a qualitative way but cannot capture it in
quantitative way.

4.2. Results of Monte Carlo Simulation. ,e results of the
MCS method with a corrosion rate of η � 45% and three
variances are summarized in Figures 14(a)–14(c), and the
mean stress-strain curves are calculated and compared in

Figure 14(d). ,e random distribution of the results con-
firms the observation of the test data and the separate
analysis of the simulation.,e average ultimate strengths are
430.0MPa, 427.2MPa, and 416.2MPa for the specimen with
three variances, respectively. Clearly, the variance of the
random field had a dominant effect on the yield and ultimate
strength, as indicated by the mean stress-strain curve. ,e
high variance of the random distribution yielded lower peak
stress due to the uneven thickness distribution that covered
the entire specimen.

,e results for the corrosion rate η � 15% and η � 70%
are shown in Figures 15 and 16, from which one can observe
a similar trend as shown in Figure 14.

Comparatively, it is interesting to note that when the
variance is the same and the corrosion rate is different, the
yield stress and ultimate strength are quite different. ,is is
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Figure 16: Stress-strain curves predicted using MCS with 300 samples (η � 70%).
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because even if the variance is the same, the higher the
corrosion rate, the smaller the overall wall thickness of the
element, and the lower the ability to resist crack generation
and development.,is implies that the corrosion rate also has
an important influence on the performance of the pipe when
the variance of the wall thickness distribution is the same.
,erefore, the corrosion rate and variance will collaboratively
affect the macroscopic properties of a corroded specimen.

From the viewpoint of the engineering, when the cor-
rosion rate and variance of the aged pipelines are tremen-
dous, the weakest section or crack path can be more easily
detected as fewer weak elements contributed to fracturing
resistance and then result in a lower peak strength. ,e
present simulation indicates that a higher corrosion rate
with high heterogeneity in the thickness always makes the
pipeline have a lower yield and ultimate strength from the
macroscopic view. In many structural design codes and
research reports, the design strength of a corroded pipe is
evaluated based on some specific defect shapes (e.g.,
[19, 22]), which is frequently obtained from the mechanical
process. ,is may not truly reflect the real corroded surface
caused by environmental erosion, nor can it be used to
predict the degrading behavior of such components with
high accuracy.

In addition, as an extension of the deterministic analysis
method adopted in this series of paper, the probabilistic
physical modelling method presented in [29, 30] has been
proven to be a powerful tool for assessment of the lifetime
risk of cast iron pipelines. It provides a new perspective to
explore the long-term mechanical behavior and fragility of
the pipeline in a statistical way and deserves further
attention.

5. Conclusions

Inspired by the SEM photographs of the surface topology of
the corroded specimen and the scatter distribution of the test
results, a computational procedure was developed to sim-
ulate the randomness of the crack propagation process in a
corroded specimen with random heterogeneous surface
thicknesses. A total of 2,700 numerical pipeline models,
which have three corrosion rates and three standard vari-
ances, were subjected to tensile tests. ,e following main
conclusions can be drawn:

(1) ,e dispersion of wall thickness caused by envi-
ronmental erosion will lead to stress concentration at
the weak position of the pipeline and then induce the
randomness of the crack propagation, which gives a
reasonable explanation for the experimental failure
mode of the corroded pipe.

(2) ,e corrosion rate and standard deviation of the wall
thickness will jointly control the tensile behavior of
the corroded pipe. When the corrosion rate is the
same, the dispersion of the cross-section represented
by the increase of the standard deviation is easy to
generate stress concentration in the weak part and
leads to the chain fracture phenomenon in the
subsequent section. When the standard deviation is

the same, the pipe with a higher corrosion rate is
more likely to break at the weak part, resulting in a
decrease in the macroscopic strength. ,is mecha-
nism reasonably explains the performance degra-
dation trend exhibited by tensile tests on 210
corroded pipes.

(3) Due to the discreteness of the wall distribution, a
single simulation can only obtain a qualitative
analysis of this problem and fail to quantify its
performance trends. ,e Monte Carlo theory-based
simulation method developed in this paper provides
the possibility for this work.

It is worth noting that the cross-section changes caused
by natural environmental erosion are very complicated.
Despite that the experiment and simulation work is carried
out on the wide range of corrosion rate, it is still in the scope
of general corrosion, and the tensile behavior of the pipe
under the condition of pitting corrosion also needs extensive
research work. In addition, during the service of the pipeline,
it may be under the combined stress state of tensile (or
compression), bending, or internal (external) pressure. ,e
mechanism of mechanical behavior affected by the envi-
ronmental erosion needs to be paid attention to in future
research.
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