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Abstract

Experiments and a numerical simulation were conducted to investigate the deformation and impact behavior of a corroded pipe, as corrosion,
fatigue, and collision phenomena frequently occur in subsea pipelines. This study focuses on the deformation of the corrosion region and the
variation of the geometry of the pipe under impact loading. The experiments for the impact behavior of the corroded pipe were performed using
an impact test apparatus to validate the results of the simulation. In addition, during the simulation, material tests were performed, and the results
were applied to the simulation. The ABAQUS explicit finite element analysis program was used to perform numerical simulations for the
parametric study, as well as experiment scenarios, to investigate the effects of defects under impact loading. In addition, the modified ASME
B31.8 code formula was proposed to define the damage range for the dented pipe.
Copyright © 2017 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

A study on a submarine oil field was spotlighted as the
occasion of a massive oil spill in the Gulf of Mexico. Subsea
energy development is a business that several countries and the
petrosaurus have their sights set on. It has been called the next
frontier and is well under way without opposition from envi-
ronmentalists despite the environmental contamination it
causes. To exploit the deep ocean energy sources, the petro-
saurus have performed research and development for a subsea
production system. As a result, oil and liquefied natural gas
can be extracted from a depth of several kilometers under the
sea surface. In addition, it is well known that the installation of
subsea pipelines for subsea production systems has rapidly

increased in subsea region, particularly, difficult area such as
the Arctic Ocean and extremely deep subsea regions.

In 2012, Infield Systems, which is an energy research and
analysis firm, estimated that the deep oceans of the world may
hold as much as 5 billion barrels of oil and 2 trillion cubic
meter of liquefied natural gas, as shown in Fig. 1. They also
announced that more than 89,000 km of the subsea pipelines
and control lines would be installed from 2012 to 2016
(Infield, 2012). Currently, many companies are preparing to
develop techniques and equipment for subsea production
systems, such as subsea trees, subsea manifolds, etc.

However, engineers and technicians, who involved in the
design, construction, or operation of oil and gas subsea pro-
duction systems, must consider field safety, as many lives can
be lost because of the accidents such as explosions in the
development and installation of such systems. Especially in
the design and installation of pipelines for subsea production
systems, risk factors such as corrosion and collision must be
considered. Corrosion and collision change the material
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properties and shape of pipes, and can lead to explosion
hazards caused by variations in the pressure due to the
reduction of the pipe thickness.

To overcome these problems, studies on the corrosion and
the impact behavior of pipes have been performed in the past
few decades. Rajani et al. (2000) investigated the variation of
the structural capacity of pipes according to the corrosion pit
and proposed an assessment method for estimating the
remaining service life of pipes. The variation in the capacity of
the pipes was estimated using a model based on corrosion pit
measurement and the expected corrosion rate. Li and
Mahmoodian (2013) presented a method for quantitatively
estimating the risk of collapse for a pipe and predicting the
endurance time of a pipe using a time-dependent reliability
theory. In addition, they defined a failure criterion for collapse
reported that the risk of pipe collapse increases with the pipe
diameter under external and internal corrosion. Ji et al. (2015)
investigated the stress concentration factors of an ovoid shaped
corrosion pit and performed simulations on buried pipes for
various corrosion patterns. Studies have been conducted on the
failure pressures and the fracture shape depending on the
shape, number, and dimensions of the corroded areas in the
corroded pipe tests and simulations, in addition to studies on
the assessment method and failure criterion of corrosion
(Qleksiy et al., 2016; Adilson et al., 2016; Al-Owaisi et al.,
2016). Furthermore, the impact response of pipes under
impact loading has been investigated in many studies. Jones
et al. (1992) performed experiments for the lateral impact of
fully clamped mild steel pipes. They investigated the impact
response from 130 impact tests on mild steel pipes in two drop
hammer rigs and various impact velocities. Zeinoddini et al.
(2002, 2008) examined the experimental studies and numeri-
cal simulation for the impact behavior of the steel pipe ac-
cording to the specimen squash load. Ng and Shen (2006)
conducted impact tests and numerical simulations for the
failure of pipe specimens with different internal pressure
levels and foundation supports. They presented the dynamic
inelastic response and failure prediction of a pipe under impact

loading at the mid-span position. To investigate the impact
behavior of a pipe, Yang et al. (2009) performed experiments
and numerical simulations for a pipeeonepipe impact event.
The energy dissipated in the target pipe and the local inden-
tation zone of the impactor was calculated for different impact
conditions.

In addition, studies on the effects of soilepipe interaction
and empty, concrete, cement composite and water-filled pipes
have been conducted with regard to the dynamic response of
the pipe (Palmer et al., 2006; Bambach et al., 2008; Bambach,
2011; Zeinoddini et al., 2013; Martin et al., 2014; Wang et al.,
2014, 2015).

However, collision and corrosion may occur concurrently
in subsea pipelines, and it is not large enough to study the
deformation or the effects of corrosion for a pipe under impact
loading. The main objectives of this study are to investigate
the shape and impact behavior of a corroded pipe through
impact testing and simulation. Experiments concerning the
defects of the pipe specimen were performed, and the results
were compared with the results of a nonlinear finite element
analysis. In addition, simulations were conducted with sce-
narios other than the existing scenarios to examine the effects
of defects caused by impact loading, and the modified ASME
B31.8 (2010) formula was proposed to define the damage
range for the dented pipe according to the defect dimension.

This study is part of studies for a failure of the subsea
pipelines under an impact load, and the geometries for the
corrosion defect were considered to simulate a real condition.
In addition, in previous study, a dynamic response of the
subsea pipelines according to the foundation under the impact
load had been investigated in order to determine the effect of
the soil (Ryu et al., 2015). A study to estimate a burst pressure
in corroded pipe is also performing as well as the studies for
an impact behavior. Therefore, the results of this study will be
reflected in a design of the subsea pipelines with the results of
the previous study, and a structural integrity assessment for the
subsea pipelines will improve based on the results of these
studies, as shown in Fig. 2.

Fig. 1. Proven reserves in the deep-sea oilfield (Infield, 2012).
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2. Experiment details

2.1. Material test

Thematerial model of the subsea pipelines used in the field is
X-series, but it is difficult to purchase a small X-series pipe for a
laboratory-scale test. In this study, the material used is ASTM
A53Grade B steel, which can be purchased on themarket. It has
a yield stress of 411 MPa, an ultimate tensile strength of
443 MPa, and a Young's modulus of 199,810 MPa, as shown in
Table 1. A static tensile test for the material was performed prior
to the impact test in order to observe the characteristics of the
material and obtain the material properties of the pipe model
that is applied to the simulation. Fig. 3 shows the pipe that was
used and the specimen prepared from the pipe in the study. Static
tensile tests were conducted at a displacement speed of 1 mm/
min in accordance with the ASTMeE08 standard (2008). The
tensile tests were conducted five times in order to obtain reliable
results. Fig. 4 shows the true stressestrain curves based on the
tests except the maximum and the minimum strain results.

2.2. Experimental apparatus

In this study, the strain and the geometry of the pipe were
investigated at an impact test facility using a free falling mass

to identify the behavior of the pipe, as shown in Fig. 5. In the
impact test apparatus, the same loading condition was exam-
ined using the reaction force sensor (Model 200C50 S/N 4553,
4554) in order to ensure the reliability for the experiment. In
addition, the employed free falling mass had a weight of
300 kg and the drop height was 1 m; both the drop height and
weight can be controlled. The selected drop height, for which
the strain of the pipe owing to the collision was 5e10%, was
calculated from the simulation, as shown in Fig. 6. In addition,
the simulations to determine the drop height were conducted,
after the mesh size is defined from the mesh convergence
study based on the strain history as shown in Fig. 9. In the
field, the assessment for the operation of pipelines according
to their deformation is performed by engineers, but in the
present study, the assessment for the operation was based on
ASME code (2010) and DNV code (2010), which specify a
strain of 5e10% as the criterion for operation. Additionally, a
falling object was designed to replicate an anchor, which has
the possibility of colliding with subsea pipelines. Strain
gauges were attached to the pipe along the longitudinal and
circumferential directions to observe the strain in the pipe, as
shown in Fig. 7. They were also attached near the collision
area to protect the gauges from the falling object, and the
strain gauge type was a FLA 3e11 Lot No (A51551A). The
deformation of the pipe was observed using a high-speed
camera (Model IDT Y5 that provides high definition with a 4-
megapixel sensor capable of 68,000 fps), and was measured
with the strain gauge as well.

2.3. Impact test

The impact experiments were designed to identify the
impact behavior associated with the corroded pipe and to

Fig. 2. The flow chart for the studies of subsea pipeline failure.

Table 1

Mechanical properties of the material used in the impact test and material

tests.

Material Young's
modulus

E (MPa)

Yield stress

sy (MPa)

Ultimate stress

su (MPa)

ASTM A53 Grade B steel 199810 411 443

511D.-M. Ryu et al. / International Journal of Naval Architecture and Ocean Engineering 9 (2017) 509e524



validate the simulation method. All the pipe specimens had a
length (L) of 500 mm, an outside diameter (D) of 60 mm, and
a thickness (T) of 5 mm, respectively. To simulate corrosion,
curved boxed defect geometries with corrosion lengths (l) of
30 and 60 mm, corrosion depths (d) of 3 and 4 mm, and a
corrosion width (w) of 12 mm were precisely manufactured, as
shown in Table 2 and Fig. 7. In addition, the rounded corners
were manufactured to avoid stress concentration, and the radii

for the defect edges constrained between on 1 and 2 mm
because of limitations in the manufacturing process for the
experimental specimens. In the impact test, the ends of the
pipe were fixed using a fixing apparatus that kept the pipe in
place via bolts, as shown in Fig. 7.

3. Simulation details

3.1. FEA method for the impact tests

The finite element analysis program ABAQUS was used for
comparison with the results of the impact tests and for the
assessment of the safety of the pipeline under an impact load.
The geometries for the corroded pipe used were set by
considering the dimensions of the experiment. Moreover, the
material properties and the stressestrain curve measured in the
static tensile tests were applied to the simulation. Thus, sim-
ulations considering the material nonlinearity, which includes
strain hardening, were performed.

As indicated in Section 2.2, the velocity of the falling ob-
ject corresponding to a drop height of 1 m was 4.429 m/s, and
the loading contact condition and weight of the falling object
were also considered based on the impact experiments. In the
loading condition, the tangential behavior, which is the prin-
cipal contact property in the explicit contact condition, was
considered. Moreover, the falling object and the foundation
were assumed to be rigid bodies, which led to neglecting the
deformation in the material property settings for the indenter
and foundation (Zeinoddini et al., 2013). Therefore, the effect
according to the mesh shape and size for the indenter was not
considered.

Fig. 3. (a) Pipe used in the impact test and (b) specimen geometry for the tensile test.

Fig. 4. True stressestrain curves obtained from the static tensile tests.
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Fig. 5. Schematic diagram for the impact test.

Fig. 6. (a) Measurement point and (b) variation in the strain value of the pipe versus the drop height.
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Quarter-pipe 3D FE models for the corroded pipe were
created to reduce the simulation time, and symmetry condi-
tions were applied as the boundary conditions. Fig. 8 shows
the boundary conditions for the pipe according to the direc-
tion. The symmetric condition and fixed condition were
applied at both ends of the pipe, and half of the geometry was
designed in the x-direction because of the symmetry condition.

3.2. Element convergence study

In the numerical analysis, the results, such as the stress and
strain, were significantly affected by the size or number of

elements. Therefore, an element convergence study in which the
number of elements increased from 44,088 to 607,680 was
performed, and the optimum size and number of elements for the
corroded pipe model were determined, as shown in Fig. 9. The
optimum number of elements in the pipe is 223,392 according to
the results of the element convergence study. The element used
was C3D8R, which is a general purpose linear brick element
with reduced integration and hourglass control. The element
used was the 8-node brick element with a reduced integration
(C3D8R), which is a general purpose linear brick element with a
reduced integration and an hourglass control. C3D8R elements
have the same shape functions as the 8-node brick elements
(C3D8), which use linear interpolation in each direction, and are
often called linear elements or first-order elements. In addition, it
consumes less simulation time than the C3D8 in the numerical
analysis (Lapidus and Pinder, 1982; ABAQUS, 2013).

3.3. Comparison of results of impact tests

For the results of the finite element analysis to be
demonstrated as reliable, the results of the simulation must

Fig. 7. Shape for the corrosion and the strain gauge attachment position.

Table 2

Impact test scenario and geometric properties for the defects.

Specimen Dimension for the defect (in mm)

Length (l) Depth (d) Width (w) Inside

radius (r)

Outside

radius (R)

d3el30 30 3 12 1 2

d3el60 60 3 12 1 2

d4el30 30 4 12 1 2
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be validated by comparison with the experimental results.
Therefore, the results of the simulation were compared with
the experimental results for the quantitative and qualitative
analysis, as shown in Figs. 10 and 11 and Tables 3 and 4. In
the quantitative analysis, the results of the simulation and
impact tests were compared with the strain results with
respect to the location, and no significant differences were
observed. The correlation between them had a maximum
error rate (1 � (simulation result/experiment result)) of 0.13
and an average error rate of 0.053. In the qualitative analysis,
the outside diameters for the deformed geometries from the
simulation and experiment were compared, and there were
also no significant differences. The outside diameters were
measured as the major and minor axes of an ellipse.

However, the phenomenon that both ends of the outside
edge in the corrosion region are close to each other because of
the collision with the falling object was observed in the
qualitative analysis. This phenomenon was observed in both
the impact test and the simulation, and it further validates the
numerical simulation method.

4. Results and discussion

4.1. Simulation scenarios for the parametric study

As indicated in the previous section, the reliability of the
simulation method was confirmed from the verification phase
that the experimental results were compared with the

Fig. 8. Boundary conditions according to direction.

Fig. 9. (a) The strain history and (b) the result of the element size convergence study.
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simulation results, and the impact behaviors of the pipe ac-
cording to the corrosion geometry were assumed from other
simulation results because of the limited manufacture of
corroded specimens. Therefore, numerical simulations for the
scenarios were performed as shown in Table 5. In the simu-
lation scenarios for the parametric study, the geometrical
parameter values for the length and the depth of the defect
were set in accordance with the further research, in which the
burst pressure of the dented pipe is evaluated. The results of
the effect of the defect width on the limit pressure are not
significant (Leis and Stephens, 1997; Ma et al., 2013).

4.2. Simulation results

Fig. 12 shows the deformation of the corroded pipe ac-
cording to the corrosion depth and length under impact
loading at the end of the analyses. Clearly, the dimensions for
both ends of the outside edge decreased as the depth and the
length of the defect increased from 2 to 4 mm and 30 to
80 mm, respectively. In addition, the reduced rate of the
deformation of the corrosion width increased from 30.81 to
39.53% and 34.04 to 42.74% with the increase of the
corrosion depth and length, respectively. It is clear that the

Fig. 10. Comparison between the simulation and experiment according to the strain number in the results for the d3el30 samples.
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decrease in the defect's width can cause the hazard under
impact loading.

According to the line graph, when the length of the
corrosion defect exceeds 100% of the diameter, the corrosion
width decreased rapidly from 7.04 to 6.87 mm. This may have

been due to the falling object pushing the outside of the pipe
into the inside, as shown in Fig. 13. Therefore, these results
show that the corrosion length may have significantly effect as
well as the corrosion depth in the deformation of the corrosion
width.

Fig. 11. Comparison between the experiment and simulation for the final shape in the results for the d3eL30 samples (a: major axis, b: minor axis, c: corrosion

width).
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Moreover, because of this phenomenon, the thickness in the
middle part of the corrosion region varied. The given line
graph compares the thicknesses of the pipe specimens, at the
end of the analyses, over the corrosion depth and length, as
shown in Fig. 14. It is clear that the thickness of the corroded
pipe decreased from 0.18 to 4.00% as the corrosion depth
increased from 2 to 4 mm, as shown in Table 6. However, the
thickness of pipe in the d2el30 sample increased from its
initial value of 3 mm. It appears that the thickness of the pipe
increased in the early stage because of a force directed toward
the center of the defect and caused by the falling object; and
then the thickness of pipe was reduced by the deformation of
the inside edge with crushing from the impact load, as shown
in Fig. 13.

Table 3

Maximum strain according to the corrosion geometry in the FEA and experiment.

Specimen Strain No. 1 Strain No. 2 Strain No. 3 Strain No. 4

Experiment Simulation Experiment Simulation Experiment Simulation Experiment Simulation

d3el30 0.00838 0.00801 0.07234 0.07293 0.02653 0.02315 �0.06586 �0.07362

d3el60 0.00460 0.00478 0.06965 0.06998 0.03471 0.03350 �0.08619 �0.08543

d4el30 0.00890 0.00935 0.07329 0.07247 0.04866 0.05025 �0.03633 �0.04192

Table 4

Dimensions for the final shape of the pipe in the FEA and experiment.

Specimen Major axis [mm] Minor axis [mm] Corrosion width [mm]

Experiment Simulation Experiment Simulation Experiment Simulation

d3el30 71.91 72.15 41.20 40.41 7.86 7.92

d3el60 71.97 72.27 41.55 40.31 6.88 6.87

d4el30 70.98 70.90 42.91 42.73 7.40 7.26

Table 5

Simulation scenario for the parametric study.

Specimen Dimension for the defect (in mm)

Length (l) Depth (d) Width (w) Inside

radius (r)

Outside

radius (R)

d2el30 30 2 12 1 2

d3el30 30 3 12 1 2

d4el30 30 4 12 1 2

d3el40 40 3 12 1 2

d3el50 50 3 12 1 2

d3el60 60 3 12 1 2

d3el70 70 3 12 1 2

d3el80 80 3 12 1 2

Fig. 12. Dimension variations of both ends of the outside edge according to the corrosion (a) depth and (b) length.
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The data for samples d3el30, d3el40, and d3el50
exhibited a reduction in the thickness of the defect from
approximately 0.03 to 0.06 mm, and the thickness of the
defect clearly increases from approximately 0.01 to 0.02 mm
in the results for d3el60, d3el70, and d3el80 samples as
shown in Table 6. Especially, there is a significant difference
between the d3el50 and d3el60 samples. These results are
directly related to the variation of the corrosion width ac-
cording to the corrosion length. In the results of the d3el30,

the d3el40, and the d3el50 samples, it could be seen that the
defect edge, which is located near the collision area, affects
the variation of the corrosion width. However, in the d3el60,
d3el70, and d3el80 samples, the effect of the defect edge
could not be found because the samples have long-corrosion
lengths, as shown in Fig. 15(b).

Nevertheless, in the results for the d3el60, d3el70, and
d3el80 samples, the thickness variation of pipe showed a
downward trend with the results for the d3el30, d3el40, and

Fig. 13. Deformation of the geometry for the corroded pipe under impact loading.

Fig. 14. Variation of the thickness of the corroded pipe according to the corrosion (a) depth and (b) length.
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d3el50 samples as the corrosion length increases. It is clear
that the d3el50 sample had the most reduced rate of 3.11% for
the deformation of pipe whereas the d3el60 sample occupied
the most rate of increase of 1.06% for the thickness variation
of pipe, as shown in Table 6.

Therefore, the thickness and the width of the corroded pipe
are affected by the corrosion depth and length under impact
loading. In particular, it is clear that the thickness of the
corroded pipe temporarily increases from the collapse phe-
nomenon by the indenter, when the length of the corrosion
defect exceeds 100% of the diameter. However, in general, it
can be seen that the thickness of the pipe in all samples has a
tendency to decrease.

Fig. 15 shows the optical variation in the geometry of the
corroded pipe under impact loading, and the deformation of
the intact pipe from the parametric study in order to present
the criteria for the deformation. It is clear that the samples had
similar deformed pipe geometries, although there were dif-
ferences in the geometry deformation. The minor radius of the
ellipse decreases as the depth and length of the defect increase
from 2 to 4 mm and 30 to 80 mm, respectively. Especially, in
the results of the samples for which the length of the corrosion
defect exceeded 100% of the diameter, the displacements for
the minor radius rapidly decreased from 23.11 to 24.08 mm.
Therefore, the increase of the thickness in the d3el60,
d3el70, and d3el80 samples can be attributed to their sharp
dimension variation for both end of the outside edge and rapid
displacement variation for the minor radius of the ellipse.

Moreover, the most vulnerable parts of the corroded pipe
were on the inside edge of the defect, as shown in Fig. 15(b).
This may have been due to the deformation where the outside
edge of the defect was moved inward by the falling object.
Therefore, the inside edge of the defect experienced the largest
stress and strain value from the deformation. This phenome-
non can cause leaks owing to the pressure difference when oil
and gas are moved in subsea pipelines.

In the study, to identify the risk from the impact load, the
simulations according to the location of the impact load were
also conducted as well as the simulations on the defected pipe
located directly under the impact position, as shown in Fig. 16.
As a result, there were various outcomes for the deformation
of the geometry in cases according to the loading position;

however, the defected pipe to be located directly under the
impact position experienced the largest deformation of defect
width and strain value for the corner. Therefore, these results
indicate the hazards of the pipe according to the location for
the impact load, and it can become an important database in
the operation conditions and the design of pipes.

4.3. Comparison with codes

In the codes, the safety for the pipe operation condition is
assessed by the various methods using pressure, impact en-
ergy, deformation of pipe, etc. In particular, in ABS code, the
maximum allowable operating pressure is calculated using
dent length, defect depth, and flow stress (ABS, 2008). The
ultimate tensile strain capacity of the corroded pipe is calcu-
lated using yield strength, tensile strength, defect length,
defect height and defect depth in CSA Z662 code (2007). In
addition, it should be noted that ASME B31G code is appli-
cable for grinding in which an indentation of the pipe does not
exceed a depth of 4% of the pipe diameter, and the grinding is
permitted to the depth greater than 10% up to a maximum of
40% of the pipe thickness given by the following equation
(ASME, 2010):

L¼ 28:45

"

ðDtÞ
 

� a
t

1:1a
t
� 0:11

�2

� 1

!#1
2

ð1Þ

where a is the measured maximum depth of ground area, D is
the nominal outside diameter of the pipe, L is maximum
allowable longitudinal extent of the ground area, and t is pipe
thickness, respectively.

In DNV RP F107 code, the dent-absorbed energy rela-
tionship are calculated using plastic moment capacity of the
wall, pipe thickness, dent depth, yield stress and steel outer
diameter, and the impact capacity and damage classification as
well as these codes, as shown in Table 7 (DNV, 2010).

Therefore, in this study, the assessment methods of the
existing codes were investigated, and the formula for the
grinding in ASME B31G was modified in order to define the
dent range for the corroded pipe under impact loading. The
dent range is based on the damage level in DNV RP F107
code, and the formula can be defined as follows:

L¼ n

"

ðDtÞ
 

1�
� a

t

1:1a
t
� 0:11

�2
!#1=2

ð2Þ

where n is the failure coefficient, and it is determined by the
simulation results.

Fig. 17 shows the explanation for the modified formula, and
the damage levels are evaluated by the dent depth and the
diameter of the pipe, as shown in Table 7. In addition, Table 8
shows the measured dent depth, the calculated results, and the
simulation results. In this study, dent range is evaluated ac-
cording to the damage level by the formula and measured dent
depth. In addition, the study for the safety assessment with the
pressure will be conducted in further research.

Table 6

Variation of the thickness according to the corrosion depth and length.

Specimen Thickness of pipe (in mm) Rate for deformation

of thickness (in %)

((T/t�1) � 100)
Initial state (T) Final state (t)

d2el30 3 3.0055 þ0.18

d3el30 2 1.9741 �1.29

d4el30 1 0.9600 �4.00

d3el30 2 1.9741 �1.29

d3el40 2 1.9674 �1.63

d3el50 2 1.9378 �3.11

d3el60 2 2.0212 þ1.06

d3el70 2 2.0105 þ0.53

d3el80 2 2.0069 þ0.35
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Fig. 15. Deformation of the geometry of the corroded pipe under impact loading.
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5. Concluding remarks

In this study, simulations to investigate the impact behavior
of a corroded pipe according to the corrosion depth and length
were conducted. In addition, impact tests were conducted in
some cases to determine the reliability of the simulation
method; the results were compared with the simulation results.
Tensile tests were performed to obtain the material properties
prior to the impact simulations, and the results were used in a

nonlinear analysis. The impact behavior of the corroded pipe
was assumed based on the corrosion depth and length obtained
from the parametric study. In addition, to define the failure for
the geometry of pipe, the formula of ASME B31.8 code was
modified and the damage range was suggested with DNV RP
F107 code.

� According to the impact test and simulation results, it can
be seen that the outside edge of the defect moved inward.

Fig. 16. Deformation of the corroded pipe according to the location for the impact load.
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The displacements between the outside edges decreased
from 30.81 to 39.53% and 34.04 to 42.74% as the depth
and length of the corrosion defect increase. This may have
been due to the phenomenon that the falling object forced
the outside edge into the inside of pipe during the defor-
mation of pipe into an ellipse.

� The thickness decreased from 1.63 to 4.00% as the
corrosion depth increased in the middle part of the
corrosion region, and the thickness of 0.01 mm increased
from the initial thickness in the case that the corrosion
depth is 2 mm. It appears that the thickness is affected by
the force that is directed toward the middle part of the
defect during the deformation of pipe into an ellipse, and
is then reduced by the deformation of the inside edge of
the defect.

� The thickness of the pipe in the defect decreased from 1.29
to 3.11% as the corrosion length increased from 30 to
50 mm, and the thickness increased from 0.35 to 1.06% in
the case that corrosion lengths are 60, 70, and 80 mm. It
appears that the deformation of the geometry affects the
variation of the thickness significantly more than the effect
of the deformation of the edge of the defect.

� It is found that the inside edge of the defect experienced
the largest stress and strain from these results, and it will
be a source of information for engineers, as the inside edge
of the defect is the most vulnerable part when subsea
pipelines collide with a falling object.

As corrosion occurs frequently in subsea pipelines, the re-
sults of this study are expected to be applied in the safety
design of subsea pipelines and enhance the present under-
standing of the structural behavior of corroded pipes. This
study represents the fundamental research phase for validating
the simulation results for the impact response with impact tests
and provides a basis for a subsequent comparative study
involving the development of a design formula for the pre-
diction of the burst pressure in corroded pipes with a dent
caused by an impact load. The decrease of the pipe thickness
was validated using an indirect validation method, whereby
the major and minor axes of the dented pipe and the dis-
placements of both ends of the outside edge in the corrosion
region were measured; this was done because the dented pipes
employed in this study will be used in the subsequent
comparative study.

Table 7

Damage classification for dented pipe (DNV RP F107).

Dent/diameter

(%)

Damage description Conditional probability

D1 D2 D3 R0 R1 R2

<5 Minor damage 1.0 0 0 1.0 0 0

5e10 Major damage

Leakage anticipated

0.1 0.8 0.1 0.9 0.1 0

10e15 Major damage

Leakage and rupture

anticipated

0 0.75 0.25 0.75 0.2 0.05

15e20 Major damage

Leakage and rupture

anticipated

0 0.25 0.75 0.25 0.5 0.25

>20 Rupture 0 0.1 0.9 0.1 0.2 0.7

Fig. 17. The explanation for the modified formula.

Table 8

The measured dent depths and the calculated damage range by the modified formula.

Specimen Dent depth

(mm)

Minor damage

(n ¼ 30.23) (mm)

Major damage

(1) (n ¼ 18.29) (mm)

Major damage

(2) (n ¼ 13.21) (mm)

Major damage

(3) (n ¼ 9.14) (mm)

Rupture (mm)

For. Sim. For. Sim. For. Sim. For. Sim. For. Sim.

d2el30 19.28 311.98 312.06 74.26 76.89 31.60 26.94 25.31 27.25 56.85 56.86

d3el30 21.51 308.51 309.65 75.63 75.21 32.18 30.71 25.78 27.04 57.90 57.39

d4el30 22.45 307.28 307.07 76.12 74.85 32.39 32.93 25.94 27.36 58.27 57.79

d3el30 21.51 308.51 309.65 74.89 75.21 32.92 30.71 25.78 27.04 57.90 57.39

d3el40 22.61 307.08 308.14 76.20 74.95 32.42 32.39 25.97 26.67 58.33 57.85

d3el50 22.79 306.86 307.63 76.29 74.90 32.45 32.73 26.01 26.50 58.39 58.24

d3el60 23.11 306.48 306.12 76.43 76.21 32.52 32.77 26.06 26.32 58.51 58.58

d3el70 23.64 305.88 305.99 76.67 75.98 32.62 33.02 26.14 26.11 58.69 58.90

d3el80 24.08 305.40 305.85 76.86 75.87 32.70 33.08 26.20 26.13 58.84 59.07
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