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Assessment of Interacting
Corrosion Defects
in Thin-Walled Pipes
Corrosion in pipes is usually found in the form of closely spaced defects, which eventually
reduce the pipe pressure carrying capacity and piping planned useful life. Codes and
standards have been developed to evaluate the effect of such form of metal loss on the
piping pressure carrying capacities. However, predictions of such codes are usually con-
servative, and hence, there is a need to assess their degree of conservatism. The present
paper utilizes nonlinear finite element analysis (FEA) in estimating pressure carrying
capacities of defective pipes, and hence provides an evaluation of codes degree of conser-
vatism. Shell elements with reduced thickness at the corrosion defect are adopted and
their accuracy is assessed by comparison with those of solid elements as well as experi-
mental test results. The influence of defects interaction is investigated by considering two
neighboring defects in an inclined direction to each other. The influence of inclination
angle, inclined proximity distance between the two defects, and the defect depth to wall
thickness ratio are investigated. Comparisons were made with predictions of codes of
practice in all cases. Code predictions were found to be conservative compared to FEA
results. Furthermore, the interaction rule embedded in the codes for checking for interac-
tion leads to inaccurate predictions for closely spaced defects as it does not include the
effect of defect depth. [DOI: 10.1115/1.4048635]

Introduction

Corrosion defects leading to significant pipe wall thinning are
found to be the main cause of pipelines failures [1]. Corrosion
defects are usually found in groups or colonies and not just indi-
vidual isolated defects. These corrosion defects may interact with
each other leading to pipelines failure at pressures well below the
estimated limit pressure in the case of a single isolated defect.
Efforts have been made to estimate the remaining strength of cor-
roded pipelines to avoid pipe bursting. Such efforts resulted in
development of various codes of practice employing either ana-
lytically or empirically developed formulae. Examples of such
codes and standards are the Modified ASME B31G [2] and DNV-
RP-F101 [3].

Experimental and numerical analyses have been conducted to
evaluate pressure carrying capacities of corroded pipes with single
and interacting corrosion defects. For a single defect, the effect of
defect width, length, and depth are studied [4–6]. The results
obtained has shown that the defect depth is the most influential
parameter, while the width and the length of the defect have less
effect on pressure carrying capacity of corroded pipes. The ideali-
zation of irregular corrosion defects into regular rectangular
defects by Mokhtari and Melchers [7] has shown to be very con-
servative. When pitting is found in the form of colonies of pits, it
is essential to consider interaction between closely spaced pits
instead of treating each defect as a single pit. Chen et al. [8] have
conducted numerical investigation based on FE analysis to study
the effect of longitudinal and circumferential spacings between
two rectangular defects on the failure pressure of defective pipes.
Interaction between longitudinally spaced defects was found to be
more significant compared to circumferentially spaced defects.
Benjamin et al. [9] carried out a series of tests to study the effect

of interaction between two rectangular defects. The machined
defects were either isolated, longitudinally spaced or circumferen-
tially spaced defects. Experimental results were compared with
predictions of ASME and DNV codes. It has been observed that
interaction between closely spaced defects led to pipe rupture at
the region of interaction. Li et al. [10] performed experimental
and numerical studies to assess colonies of rectangular defects,
where both longitudinally spaced and circumferentially spaced
defects are considered. Based on the obtained results, they pro-
posed a new assessment method, which provided better predic-
tions as compared to DNV-RP-F101 code. Generally, in the case
of interacting defects, previous studies [11–15] have shown that
with increasing the number of interacting defects, the failure pres-
sure of the pipe decreases. The spacing between longitudinally
aligned pits has significant interaction effect between closely
spaced pits as compared to circumferentially aligned pits, leading
to lower failure pressure as compared to a single pit having the
same depth. For a set of closely spaced pits in longitudinal direc-
tion, the central pit will tend to fail first. These studies recom-
mended carrying out the assessment of a set of circumferentially
aligned pits based on the worst single pit within the group of pits.

In this paper, the interaction between closely located defects on
the burst pressure of corroded pipes, in particular, the influence of
both inclination angle and inclined spacing between two closely
spaced defects are investigated. To the best of our knowledge, no
previous published research could be found on such cases of
neighboring defects. Nonlinear finite element analysis (FEA)
using shell elements with reduced thickness at the pit location is
adopted due to their computational efficiency and accuracy as
compared to three-dimensional (3D) continuum elements [5].
Assessment studies are conducted for different defect depths cov-
ering the effect of both shallow and deep defects on the interaction
phenomena. Predicted failure pressures using codes are compared
with results of nonlinear FE analysis. The degrees of conservatism
of DNV-RP-F101 and the modified ASME B31G, referred here-
after by DNV and ASME, respectively, are evaluated in the pres-
ent work.
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A Nonlinear Finite Element Model of Corroded Pipes

With Simplified Rectangular Defects: Modeling and

Verification

Two nonlinear FE models are developed here to simulate defec-
tive pipes using ABAQUS Version 6.14 software [16]. The first
model employs solid elements while the second uses shell
elements. This strategy aims at comparing the accuracy of burst
pressure predictions of both models, as well as their computa-
tional cost.

Solid Elements-Based Model. In this model, a 3D continuum
brick element with reduced integration is utilized. The geometri-
cal parameters of the pipe and the rectangular corrosion defect
shown in Fig. 1 are taken from the experimental work of Benja-
min et al. [9], where, (D), (L), and (t) are pipe outside diameter,
pipe length, and pipe wall thickness, respectively. Geometrical
parameters of a defect are; defect length (l), width (w), and
depth (d).

The full solid model of the pipe with a single rectangular metal
loss defect is shown in Fig. 2. The full length of the pipe is taken
as 3.4D, to allow for a spacing of approximately 1.7D between
pipe edge and defect sides as recommended by Benjamin et al.
[9]. This precaution ensures no interaction between the pipe ends
and the defect edges.

The quality of the mesh at the defect edges is controlled by par-
titioning and the use of a biased mesh to obtain a finer mesh at the
corroded region. The pipe wall thickness was meshed using six
solid elements to capture the stress variation through thickness.
Realistic boundary conditions are adopted where one side of the
pipe is fully fixed using a kinematic coupling constraint between
all edge nodes and a fixed reference node at the centerline of the
pipe, as shown in Fig. 3. The other side of the pipe is a free end at
which an axial stress is applied to simulate a closed end condition
and then an internal pressure is applied at the inner surface of the
pipe.

Developing the Shell Element-Based Model. In the shell
element-based model, a four-node reduced integration element is
employed with five integration points through thickness. The full
model is developed as shown in Fig. 4, where the pipe wall is
modeled by constant thickness elements except at the locally
thinned regions of the wall, where thinner elements are adopted.
Loads and boundary conditions similar to the solid model are
adopted. The nonlinear FEA adopts both geometrical and material
nonlinearity assumptions.

Verification Study: Failure Pressures of Corroded Pipes
Using Finite Element Analysis Versus Experimental Results.
Results of the two FE models are verified utilizing results of full
scale tests conducted on pipes containing machined rectangular
defects presented in Ref. [9]. The material used in the experimen-
tal work is API 5 L X80; a ductile carbon steel material commonly
used in the oil and gas industry. The material properties and pipe
dimensions are given in Tables 1 and 2, respectively. Benjamin
et al. [9] used Ramborg–Osgood relation [18] to describe the true
stress–true strain relationship of API 5 L X80 as follows:

e� ¼ r�

E
þ 0:0788174

r�

r�u

� �12:642026

where e*, r*, and r*u are the true strain, true stress, and the true
ultimate tensile strength, respectively.

Three samples of Benjamin et al. [9] work are used in the pres-
ent verification study. The first sample, labeled by IDTS 2, is a
pipe with an external single rectangular machined defect. The sec-
ond sample, labeled by IDTS 3, is a pipe containing two longitudi-
nally spaced rectangular defects. The third sample, labeled by
IDTS 4, is a pipe containing two circumferentially spaced rectan-
gular defects. The orientation, dimensions of the defects and
experimental burst pressure are given in Table 3. The spacing
between the two defects in the longitudinal and circumferential
directions of the pipe are referred to by SL and SC, respectively,
and shown in Fig. 5. The experimental burst pressure is deter-
mined at the initiation of leakage within the defective region. The
shaded rectangles in Table 3 represent the defect in which failure
and leakage had occurred during the test.

Fig. 1 Pipe and defect geometrical parameters

Fig. 2 Meshing of the different regions within the solid model
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Results for Solid and Shell Models. The failure criterion
adopted here is known as the “ligament stress criterion,” presented
by Batte et al. [19]. In this criterion, pipe failure occurs when the
von Mises stress within the defect ligament reaches the material’s
true ultimate strength and the internal pressure at this loading
increment represents the failure pressure, Pf. The ligament stress
criterion has been recently adopted work by Li et al. [10], Chen
et al. [8], and Han [20] and has showed excellent predictions for
failure pressures of corroded pipes.

Figures 6 and 7 show the von Mises stress distribution as pre-
dicted by the solid element-based model and shell element-based
model, respectively, for the three samples IDTS2, IDTS3, and
IDTS4 at loading increments corresponding to maximum von
Mises stress within the remaining ligament of the defect.

The results from both solid and shell models for the three sam-
ples IDTS 2, IDTS 3, and IDTS 4 are presented in Table 4. Solid
element-based models show higher deviations from test results for
samples IDTS 2 and IDTS 4 than shell element-based models.
Shell element model shows conservative results for samples IDTS
3 and IDTS 4 while solid model over predicts for the values of
failure pressure. The difference between shell and solid models
based on computational cost can be noticed in the size of each
model, see Table 5. The size of the solid model was nearly four
times the size of shell model based on the number of degrees-of-
freedom (DOF). This caused nearly ten times increase in the com-
putational time (CT) of the solid model in comparison with the
shell model. It is thus concluded that the shell element-based
model is used in subsequent parametric studies.

Assessment of Interaction Between Two Inclined

Rectangular Defects on Failure Pressure

This study investigates the interaction between two identical
rectangular defects spaced on inclined direction with respect to
the pipe longitudinal direction. The inclined defects are illustrated
in Fig. 8. The spacing between the two defects in the inclined

Fig. 4 Shell model of the corroded pipe with rectangular metal
loss defect

Table 1 Material Properties of API 5 L X80 [9,17]

Yield strength (ry)
(MPa)

Ultimate tensile
strength (ru) (MPa)

Young’s
modulus (E) (GPa)

Poisson’s
ratio (�)

534.1 661.4 200 0.3

Table 2 Pipe dimensions of experimental work used in Ref. [9]

D (mm) L (mm) t (mm)

458.8 1700 8.1

Fig. 3 Representation of loading and boundary conditions

Table 3 Configurations and dimensions of the defects in each sample tested in Ref. [9]

Sample Configuration d/t l (mm) w (mm) SL (mm) SC (mm) Pb (MPa)

IDTS 2 0.665 39.6 31.9 — — 22.68
IDTS 3 0.657 39.6 31.9 20.5 — 20.31
IDTS 4 0.694 39.6 32 — 9.9 21.14

Fig. 5 Representation for the spacing between two defects: (a)
longitudinal spacing and (b) circumferential spacing
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Fig. 6 Distribution of von Mises stress at failure pressure for the three solid models

Fig. 7 Distribution of von Mises stress at failure pressure for the three shell models

Table 4 Results of solid models and shell models of samples IDTS 2, IDTS 3, and IDTS 4 for pipe made of API 5 L 380

Numerical failure pressure (MPa) Deviation from experimental results %

Sample Experimental burst pressure (MPa) [9] Solid model Shell model Solid model Shell model

IDTS 2 22.68 23.4 22.08 3.17% �2.65%
IDTS 3 20.31 20.4 19.89 0.44% �2.07%
IDTS 4 21.14 22.89 21.5 8.28% 1.7%
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direction is referred to by SD, and the inclination of spacing is
denoted by the angle . Material model, pipe dimensions, loading
technique, and boundary conditions are the same as those adopted
in the verification study while Fig. 9 shows the FE mesh used.
Defect length and width are taken as 40 mm and 32 mm,
respectively.

Each group of samples possesses a uniform defect depth, repre-
sented here by the defect depth (d) to wall thickness (t) ratio (d/t).
Four values of (d/t) are investigated here; 0.2, 0.4, 0.6, and 0.8.

For each defect depth, four inclination angles are tested;
¼ 20 deg, 40 deg, 60 deg, and 80 deg and for each inclination

angle, seven inclined spacing (SD) are studied. These values are
taken as multiples of the pipe wall thickness (t); 1t, 3t, 6t, 10t, 15t,
20t, and 25t. Such a wide range of (SD) is chosen to cover all
defect spacing possibilities from “closely spaced defects” to
“widely separated defects.” Thus, a total of 4� 4� 7¼ 112 FE
models have been constructed in the present work. This large
number of computer runs requires a designation system to sim-
plify data handling. The designation system used here is shown in
Fig. 10, where it starts with the two letters (SD) to indicate
inclined spacing, followed by three digits. The first digit refers to
(d/t) ratio, the second digit refers to the inclination angle ( ) and
the third digit refers to spacing multiplier in terms of wall thick-
ness (t). It should be noted that, the cases of ¼ 0 deg and 90 deg
represent full longitudinal and circumferential overlap, respec-
tively. Study of overlap between two closely spaced defects is not
covered in the current work.

Influence of Inclined Spacing on Failure Pressure for Dif-
ferent (d/t) Values. For each group of samples with the same (d/t)
ratio, 28 FE models are developed. Failure pressures are deter-
mined using the same procedures as adopted in the verification
study. Failure pressures (Pf) are normalized with respect to failure
pressures (Ps) of a single rectangular defect with the same length,
width and depth ratio. Table 6 shows the values of Ps used for nor-
malization. The degree of interaction between two inclined
defects is characterized here by the ratio between Pf/Ps. A case of
no interaction corresponds to a pressure ratio Pf/Ps of 0.99 or
greater, and values less than this ceiling of pressure ratio means
existence of interaction. This assessment rule is in line with the
interaction criterion adopted by Li et al. [10].

Table 5 Comparison between solid and shell models based on
number of elements and computational time

Solid model Shell model

DOF CT (s) DOF CT (s)

IDTS 2 287,727 3371 75,762 326
IDTS 3 298,080 2745 80,010 331
IDTS 4 294,216 3469 78,708 314

Fig. 8 Representation for the inclined spacing between two
defects

Fig. 9 Meshing of the shell model with two defects separated
by inclined spacing

Fig. 10 An illustration of sample designation system

Table 6 Dimension of the single rectangular defects of the
models used in normalization

Sample d/t l (mm) w (mm) Ps (MPa)

S.2 0.2 40 32 25.22
S.4 0.4 23.70
S.6 0.6 22.00
S.8 0.8 19.75

Fig. 11 Effect of the inclined spacing on bursting pressure for
different values for samples of d/t 5 0.8 (FEA)
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Results for Samples With d/t 5 0.8. The most remarkable
effect for defect depth on interaction corresponds with the case of
deeper defects (d/t¼ 0.8). Therefore, this case will be given prior-
ity in presentation here. Figure 11 illustrates the degree of interac-
tion between two defects on inclined spacing with d/t ¼0.8 as
represented by Pf/Ps versus SD/�Dt for the four values of . The
term �Dt represents the distance within which discontinuities of
localized stresses may exist [21]. The points below the upper

ceiling of Pf/Ps¼ 0.99 indicate existence of interaction since Pf

becomes less than Ps.
As shown in Fig. 11, interaction exists for almost all cases of

d/t ¼0.8. This observation reflects the importance of considering
defect depth in investigating the interaction phenomenon. When a
defect is deeper, the remaining ligament at the bottom the defect
becomes weaker and more sensitive to any interaction with neigh-
boring defects. Interaction predictions presented in Fig. 11 are

Fig. 12 Representation for von-Mises stress distribution for the samples of d/t 5 0.8 at failure pressure
(FEA)

Fig. 13 FEA, DNV-RP-F101, and the Modified ASME B31G results for the inclined spacing for
the samples of d/t 5 0.8
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visualized in Fig. 12 by the contours of von-Mises stress within
the defective region at P ¼ Pf. Existence of interaction is marked
by a check mark �in Fig. 12. Figure 13 presents results obtained
using ASME and DNV codes of practice versus FEA results. The
marks � and � denote existence or absence of interaction,
respectively.

Figure 13 indicates the high conservatism of ASME code for
cases exhibiting interaction between the two defects. The highest
deviation between ASME code predictions and FEA results
reaches 43%. However, for the cases in which ASME code pre-
dicts no interaction, the deviation reduces to only about 6%.
Despite the improvements in ASME code predictions in the cases
of no interaction, such predictions are in contradiction with corre-
sponding FEA results.

With increasing values of the angle , deviation of DNV code
predictions from FEA results keeps increasing. This deviation
varies from 1% to 9% for the samples of ¼ 20 deg but it keeps
increasing at higher inclinations until it reaches 13–25% at
¼ 80 deg. Despite the conservatism of both ASME and DNV

codes, DNV follows similar trend to FEA results, while ASME
results deviate significantly from FEA results.

Results for Samples With d/t 5 0.6, d/t 5 0.4, and d/t 5 0.2.
Figure 14 shows results for the effect of the inclined spacing on
the failure pressure for the samples having d/t¼ 0.6. The effect of
defect depth on the failure pressure is less remarkable than for the
case of d/t¼ 0.8. Figure 15 shows the interaction results for the
case of d/t ¼0.4 where the interaction effects are less significant
than the two cases of d/t¼ 0.8 and 0.6. When (d/t) is reduced
from 0.6 to 0.4, the failure pressure increases by �20%. This
increase of Pf is attributed to the decreased interaction between
the two defects as well as the reduction of defect’s depth. The

Fig. 14 Effect of inclination spacing on bursting pressure for
different inclinations angles ( ) for samples with d/t 5 0.6

Fig. 15 Effect of inclination spacing on bursting pressure for
different inclinations angles ( ) for samples with d/t 5 0.4

Fig. 16 Representation for von-Mises stress distribution for the samples of d/t 5 0.4 at Pf
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cases of interactions for d/t¼ 0.4 are illustrated in Fig. 16 in terms
of von-Mises stress contours at a pressure of Pf.

The FEA results obtained for the case of d/t¼ 0.4 are compared
to Pf values predicted by DNV and ASME codes of practice in
Fig. 17. Trends similar to that obtained in Fig. 13 are obtained.
Failure pressure predictions provided in Fig. 17 for d/t ¼0.4 for
DNV and ASME codes exhibit conservative predictions compared
to FEA results. DNV code predictions deviate by 4–11% from
FEA predictions, while ASME code predictions deviates by
8–22% from corresponding FEA predictions. In case of shallow
defects with d/t¼ 0.2, the influence of defect depth reaches its
lowest level and becomes negligible, as can be seen from Fig. 18.
It is thus concluded that the interaction states provided by DNV
and ASME codes are independent of defect depth. This is attrib-
uted to the sole dependence of interaction in the formulas of the
two codes on the spacing between the two defects.

Discussions on Deviations of ASME and DNV Codes From
Finite Element Analysis Results. Table 7 provides the four pos-
sibilities for interaction pattern that are encountered among all
cases considered. The marks � and � denote presence or absence
of an interaction, respectively. Each pattern is a combination of
different interaction predictions. DNV predicts interaction in all
cases, and hence a comparison in Table 7 will be between FEA
and ASME. Deviation of code prediction of Pf depends on the
patterns of interaction presented in Table 7. Such deviations are
presented in Table 8 in terms of the maximum deviation for each
(d/t) ratio. Cells indicated by (NA) refer to absence of the pattern
within the group of models with the same (d/t) ratio.

Based on the above tables, the followings are noted:

(i) For pattern 1 both codes of practice predict interaction
trend similar to FEA, with DNV providing closer estima-
tion to Pf to FEA than ASME code. The difference
between deviation levels varies from 6% for shallow
defects (d/t¼ 0.2) to 18% for deep defects (d/t¼ 0.8).

(ii) For pattern 2, the difference between deviation levels
varies from 7% for shallow defects (d/t¼ 0.2) to around
10% for moderately deep defects (d/t¼ 0.6).

(iii) For pattern 3 FEA and DNV predict similar interaction
trends, contrary to the predictions of the ASME code. The
two codes provide similar deviations for shallow defects.
However, for deeper defects, ASME code predictions
become closer to FEA than DNV ones.

(iv) For pattern 4, FEA and ASME code predict no interaction
for deep defects. Both DNV and ASME codes predict
almost identical Pf for shallow defects. For deeper defects
(d/t¼ 0.6), ASME code provides closer estimation for Pf

to FEA compared to DNV.

The main difference between both codes in assessing two inter-
acting defects is a result of the interaction rule of each code. It is
noticed that for the cases in which the ASME code predicts inter-
action between the two defects, it provides over-conservative
results. Even with increased spacing between the two defects, pre-
dicted Pf keeps decreasing instead of increasing. This can be
attributed to the procedure adopted in predicting Pf where it con-
siders the two interacting defects as one defect enclosing both
defects, which results in a bigger area of metal loss and hence
highly reduced failure pressure. Contradictory, DNV-RP-F101
treats the interacting defects as an equivalent single defect of
equivalent length and depth which leads to less conservative
results. The difference in the results obtained by FEA compared
to both codes is attributed to the interaction rule adopted by each
code. The interaction rules of DNV-RP-F101 and modified ASME

Fig. 17 FEA, DNV-RP-F101, and the modified ASME B31G results for the inclination spacing
for samples with d/t 5 0.4

Fig. 18 Effect of inclination spacing for different inclinations
angles ( ) for samples with d/t 5 0.2

Table 7 Four possibilities for interaction predictions

FEA ASME code

Pattern 1 � �
Pattern 2 � �
Pattern 3 � �
Pattern 4 � �

031504-8 / Vol. 143, JUNE 2021 Transactions of the ASME



B31G depend only on the spacing between the defects. Interaction
rules of both codes are independent of defect depth which leads to
predictions of interaction that are different from the more accurate
FEA solutions. While increasing defects depth, the existence of
interaction keeps increasing as the remaining ligament becomes
thinner and more sensitive for interaction with near defects. Such
an effect of the depth is shown in FEA only.

Conclusion

In this paper, finite element analysis of corroded pipes is con-
ducted to study the interaction rules adopted by codes of practice.
The following conclusions can be drawn:

� Adoption of shell-based FE model with reduced thickness at
the location of the corrosion defect showed better perform-
ance than solid-based element, with regard to both correla-
tion with test results and computational cost.

� The highest degree of interaction between closely spaced
inclined defects is obtained with the deepest defects consid-
ered with (d/t¼ 0.8). This observation reflects the importance
of considering defect depth in investigating the interaction
phenomenon. When a defect is deeper, the remaining liga-
ment becomes weaker and more sensitive to further interac-
tion with neighboring defects.

� As defect depth is increased, interaction severity is subse-
quently increased since the remaining ligament becomes
lesser and more sensitive to further interaction with nearby
defects. Interaction is almost absent for the shallowest
defects considered with (d/t¼ 0.2).

� Predictions of failure pressures by both codes of practice
considered: DNV-RP-F101 and the Modified ASME B31G
exhibit conservative results for all the cases considered.

� The cases in which both codes of practice exhibit interaction
between the two defects, the results obtained using the DNV
code are less conservative than the ASME code. However,
the cases in which the ASME exhibits no interaction, it pro-
vides less conservative estimates for failure pressure.

� The effects of defect interaction in the failure pressure pre-
diction formulas adopted by both codes ignore.

� The effects of defect interaction in the failure pressure pre-
diction formulas adopted by both codes ignore the influence
of defect depth. This leads to predictions of interaction that
are different from the more accurate FEA solutions.

Nomenclature

d ¼ defect depth
D ¼ pipe outer diameter
E ¼ Young’s modulus

Pb ¼ burst pressure
Pf ¼ failure pressure
Ps ¼ failure pressure of a pipe defective with a single defect

l ¼ defect length
L ¼ pipe length

SC ¼ circumferential spacing

SD ¼ inclined spacing
SL ¼ longitudinal spacing

t ¼ pipe wall thickness
w ¼ defect width
e* ¼ true strain
ry ¼ yield strength
ru ¼ ultimate strength
� ¼ Poisson’s ratio

r* ¼ true stress
r*u ¼ true ultimate tensile strength
¼ inclination angle
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