
 
 

Delft University of Technology

Residual ultimate strength of seamless metallic pipelines under a bending moment-a
numerical investigation

Cai, Jie; Jiang, Xiaoli; Lodewijks, Gabriel; Pei, Zhiyong; Wu, Weiguo

DOI
10.1016/j.oceaneng.2018.06.044
Publication date
2018
Document Version
Final published version
Published in
Ocean Engineering

Citation (APA)
Cai, J., Jiang, X., Lodewijks, G., Pei, Z., & Wu, W. (2018). Residual ultimate strength of seamless metallic
pipelines under a bending moment-a numerical investigation. Ocean Engineering, 164, 148-159.
https://doi.org/10.1016/j.oceaneng.2018.06.044

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.oceaneng.2018.06.044
https://doi.org/10.1016/j.oceaneng.2018.06.044


Green Open Access added to TU Delft Institutional Repository 

'You share, we take care!' - Taverne project  
 

https://www.openaccess.nl/en/you-share-we-take-care 

Otherwise as indicated in the copyright section: the publisher 
is the copyright holder of this work and the author uses the 
Dutch legislation to make this work public. 

 
 



Contents lists available at ScienceDirect

Ocean Engineering

journal homepage: www.elsevier.com/locate/oceaneng

Residual ultimate strength of seamless metallic pipelines under a bending
moment-a numerical investigation

Jie Caia,∗, Xiaoli Jianga, Gabriel Lodewijksb, Zhiyong Peic, Weiguo Wuc

a Department of Maritime and Transport Technology, Delft University of Technology, 2628 CD Delft, The Netherlands
b School of Aviation, University of New South Wales, NSW 2052, Sydney, Australia
c Departments of Naval Architecture, Ocean and Structural Engineering, School of Transportation, Wuhan University of Technology, PR China

A R T I C L E I N F O

Keywords:
Pipelines
Dent
Residual ultimate strength
Nonlinear FEM
Pipe experiments

A B S T R A C T

Numerical investigation is conducted in this paper on both intact and dented seamless metallic pipelines (dia-
meter-to-thickness ratio D t/ around 21), deploying nonlinear finite element method (FEM). A full numerical
model is developed, capable of predicting the residual ultimate strength of pipes in terms of bending capacity
(Mcr) and critical curvature (κcr). The simulation results are validated through test results by using the measured
material properties and specimen geometry. An extensive parametric investigation is conducted on the influ-
ences of material anisotropy, initial imperfection, friction of the test set-up and dent parameters. It is found that
the structural response is quite sensitive to the frictions that have been introduced by the test configuration. For
a pipe with a considerable dent size, the effect of manufacturing induced initial imperfection is insignificant and
can be neglected in the FEM simulation. The material yield stress in the pipe longitudinal direction dominates
the bending capacity of structures. In the end, formulas are proposed to predict the residual ultimate strength of
dented metallic pipes under pure bending moment, which can be used for practical purposes. A satisfying fit is
obtained through the comparison between the formulas and FEM methods.

1. Introduction

In previous work of Cai et al. (2017b), an experimental investigation
on the bending capacity of the damaged seamless metallic pipelines has
been completed. Artificial damage such as a dent, metal loss, a crack
and their combinations thereof is properly introduced on specimens.
Meanwhile, an initial numerical investigation on the dented pipes has
been performed based on a simplified FEM model from the former re-
search of the authors Cai et al. (2018a). However, some influential
factors such as the real boundary effect, and the frictions from the test
configuration have not been accounted for due to simplifications. As
one of the numerical investigation series, the present research focus on
both the intact and the dented pipes in order to compare with test and
further quantify the dent effect.

In pipelines, structural damage cannot be avoided during their en-
tire life time, which may compromise the structural safety and leads to
large loss of assets (Ghaednia et al., 2015; Cai et al., 2017a). It is es-
timated by PHMSA (2017) that about 23% of all the reported structural
damage on pipelines in US in the past 20 years was caused by me-
chanical interference. Scenarios in practice such as dropping of foreign
objects, fishing equipment impact, dragging anchors under water and

sinking vessels (Bjørnøy et al., 2000; Macdonald and Cosham, 2005;
DNV, 2010) can probably introduce large dent damage to pipes so that
the residual ultimate strength of structure may be considerably af-
fected. As simply stated in the rule of DNV (2013a,b), the maximum
accepted permanent dent depth due to impact accident should not be
larger than 0.05D in a low impact frequency.

Considerable research on the ultimate strength behavior of pipes
without structural damage subjected to bending moment has been
conducted in the past (Jones and Kitching, 1966; Weiner and Smith,
1976; Sherman, 1976; Gellin, 1980; Murphey and Langner, 1985).
During the last twenty years, Bai et al. (1994) proposed prediction
equations of ultimate limit states of intact pipes with D t/ ratios from 10
to 40 based on an existing experimental database. Gresnigt and Van
Foeken (2001) discussed the governing parameters such as geometrical
deviations and material properties on pipes with D t/ from 22 to 45. It
was highlighted that the manufacturing methods had considerable in-
fluences on the governing parameters and the pipe local buckling re-
sistance. Experimentally, Es et al. (2016) extensively investigated the
ultimate structural behaviors of pipes without structural damage sub-
jected to bending moment, deploying a spiral-welded steel tubes with
42-inch-diameter and D t/ between 65 and 120. Based on the test
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results, Vasilikis et al. (2016) conducted a consecutive numerical in-
vestigation. The effect of spiral-welded manufacturing method has been
described in detail. Other relevant research can be seen from literature
(Vitali et al., 2005; Guarracino et al., 2009; Hilberink, 2011; Bai and
Bai, 2014a; b). Nevertheless, the investigations on the residual ultimate
strength of damaged metallic pipes subjected to bending moment are
relatively rare. The majority of the research on damaged pipes con-
centrated on the bursting of pipe subjected to internal pressure or
collapse capacity subjected to external pressure, such as Park and
Kyriakides (1996) and Bjørnøy et al. (2000).

Therefore, in the present research, on the basis of both the experi-
mental investigation and the former research of the dented pipes, the
simulations of intact seamless metallic pipes and pipes with artificial
dent are conducted in order to compare with test and further quantify
the dent effect on pipes under pure bending moment. The full numerical
models are developed, capable of accounting for the variation of pos-
sible parameters such as material, geometrical nonlinearality, damage
type and damage size in an efficient way. The nonlinear finite element
method (FEM) is deployed for the simulation.

The structure of this paper is arranged as follows. In Section 2, the
test set-up and the specimens that are deployed are briefly reviewed.
Section 3 comprehensively describes the developed full numerical
models for simulation of different types of specimens, including intact
model without damage and the dented model. Furthermore, the nu-
merical predictions are validated by the test results in terms of struc-
tural failure modes, strain variation, and bending moment-curvature
diagrams in Section 4. In Section 5, a parametric investigation is per-
formed, accounting for the influential parameters such as material an-
isotropy, initial imperfection and friction of the set-up that have been
observed in the physical test. Afterwards, the effects of dent parameters
including dent depth, length and width are analyzed and discussed in
Section 6. Empirical formulas are then proposed to predict the residual
ultimate strength of metallic pipes under bending moment. Finally, this
paper ends with some concluding remarks.

2. Tests and specimens overview

In this section, the set-up of four-point bending tests and specimens
are briefly reviewed. The details of the pipe test have been presented in
the relevant experimental investigation part of Cai et al. (2017b).

Fig. 1 shows the designed four-point bending test set-up. The prin-
cipal dimensions and specific geometrical distribution of specimens are
listed in Table 1. During the physical test, 39 seamless specimens in
terms of both intact and the ones with artificial damage on their surface
were used. The D t/ ratio of the specimens varied around 21 due to the
manufacturing deviation. The deployed specimen material is Q345B
(GB/T 1591, 2008), which is a typical material for transmission pipes
with a minimum yield stress of 345MPa.

Four specimens are intact with no structural damage, whereas 35
specimens are intentionally damaged through carefully designed test in
the laboratory. All the structural damage is introduced properly on each
specimen before the strength test, located at the center of specimen
either on the compression side or on the tensile side. The test data are
measured and documented extensively. In this paper, only the type of
dent structural damage, as shown in Fig. 2, has been accounted for.
Other types of damage have been investigated separately by the authors
Cai et al. (2018b, c). As seen in Fig. 3, the dent is introduced by a quasi-
static indentation with different types of indenters. In this paper, the
dent on specimens is produced by the indenter with an arc-shape.

The specimens that will be deployed for the following validation are
categorized into two groups (all the series numbers of specimens in this
paper are exactly the same with the ones in the experimental in-
vestigation of Cai et al. (2017b)): (a) specimens within the first group
without artificial structural damage, including S1N1, S1N2, S1N3 and
S1N4; (b) dented specimens within the second group with dent in dif-
ferent dent angle and size, including S2N1, S2N2, S2N3 and S2N5.

Nomenclature

κ0 the referential curvature of pipe [1/m]
κi critical curvature of intact pipe (either from test or simu-

lation) [1/m]
κcr critical curvature of pipe [1/m]
λl normalized dent length
λw normalized dent width
λcl critical half-wavelength
ω dent depth variation [mm]
σy material yield stress [MPa]
σh material yield stress in the pipe hoop direction [MPa]
θd dent angle [deg]
ε11 strain component in pipe axial direction
ε22 strain component in pipe hoop direction

D outer diameter of pipe [mm]
dd dent depth [mm]
L full length of specimen [mm]
L1 half length of specimen under pure bending [mm]
L L2/ 4 length of the loading/support strip [mm]
L3 original bending arm [mm]
L5 side length of specimen [mm]
ld dent length [mm]
Mi ultimate bending moment of intact pipe (either from test

or simulation) [kNm]
My plastic bending moment [kNm]
Mcr residual ultimate bending moment
R pipe outer radius [mm]
t pipe thickness [mm]
wd dent width [mm]

Fig. 1. The configuration of four-point bending test: (a) the sketch of test set-
up; (b) the real test set-up in laboratory.
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3. Finite element models

The numerical models have been developed in ABAQUS/Standard
(Abaqus6.13, 2013) through python for the simulation of test speci-
mens and the investigation of parameters effects. Symmetry has been
introduced in the models of intact specimen for the sake of simulation
efficiency, whereas full models have been deployed for the damaged
specimens to avoid the possible boundary effect on damage. A strip that
is used to mimic the loading head and support base from test is in-
troduced for both the loading and the supporting of the specimens in
numerical predictions, as illustrated in Fig. 4. A friction coefficient of
0.26, as estimated in engineering practice for steel, is deployed for the
contact between specimen and strips. Moreover, a surface-to-surface
contact strategy with finite sliding is used during simulation. In this
way, the bending moment has been produced through the two vertical
downward forces, leading to the same four-point loading pattern as
used in the physical test.

In order to avoid the pre-failure that is caused by the loading heads,
the structures, other than the central bending parts, are reinforced by
increasing of the wall thickness which is equivalent with the function of
half-sleeves in the physical tests. Furthermore, the initial imperfection
in terms of a wave-type is introduced for all the models in the form of
the combination of the first two orders of the eigenvalue buckling
modes. The imperfection amplitude is set to t3% (t is the pipe thickness)
based on the recommendation from Es et al. (2016) due to the lack of
data in current test, as seen in Fig. 5.

An elastic-plastic material with von Mises yield criterion and

isotropic hardening is deployed. When the anisotropy characteristic in
terms of different material yield stress between specimen hoop and
longitudinal direction is accounted for, the Hill48 criterion (Hill, 1948)
is deployed. For both intact and dented models, the cylindrical shells
are modeled with a curved three-dimensional shell element (S8R5)
which is a 8-node, quadrilateral element with reduced integration and
five degrees of freedom in each node (three displacement components
and two in-surface rotation components), providing an accurate and
economical simulation. The discrete rigid element R3D4 (Abaqus6.13,
2013) is employed for the loading and support strips.

3.1. Intact model

For the intact model that does not contain any artificial damage, the
symmetry and shell element are deployed as mentioned above. The
entire model has been partitioned into four basic segments for different
mesh strategy, as shown in Fig. 4 (a). In Segments 1 and 3, a relative
dense mesh is assigned with the size of 4mm in hoop direction and
3mm in logitudinal direction, while a coarse mesh is assigned to Seg-
ments 2 and 4 with the largest size of 12mm in logitudinal direction
through a double-bias strategy. In other words, there are at least
twenty-one elements within a half-wave length (expressed as

=λ Rt1.728cl (Prabu et al., 2010)) of refined regions, while there are
at least five elements within a half-wave length of the coarse regions.
An overall of 100000 elements for each model is therefore produced. A
displacement-control strategy with a maximum of 0.001mm downward
displacement in each increment is deployed for loading so that every
detail variation of the structural behavior of specimens can be traced. A
central reference point that is coupled with the corresponding cross-
section has been employed for the symmetrical boundary condition
through the kinematic coupling method. Material type L7 from the test
of Cai et al. (2017b) is deployed for all the specimens, with the yield
stress of 378MPa, the ultimate tensile stress of 542MPa and the max-
imum elongation of 24.6%. A slight anisotropy in terms of yield stress
ratio of 1.063 (σ σ/h y) is set for the intact model due to the observation
from material tensile test.

3.2. Dented model

On the basis of the numerical model of the intact pipe, the full
model of specimen with dent is developed, accounting for the variation
of dent angle and size, as seen in Fig. 6. Here, the dented region has not
been specially partitioned as in the former research (Cai et al., 2018a),
instead, a general refined mesh strategy is assigned in this region. The
mesh is largely refined in the damaged region in order to avoid the
artificial bending moment, with the minimum mesh equal to 2mm, i.e.
less than 3.2% of the half-wave length =λ Rt( 1.728 )cl of cylindrical
shells. The symmetry strategy has not be deployed any more due to the
introducing of structural damage. An overall of 170000 elements for
each dented model is therefore produced.

The shape of the dent is based on the physical test (see Figs. 2 and
3). An indenter with the arc-shape is used for the produce of the dent in

Table 1
The geometrical distribution of specimens for four-point bending test.

Parameters Value

Full length of specimen (L) (mm) 2200
Half length under pure bending (L1) (mm) 400
Length of loading\support strip (L2 \ L4) (mm) 100
Length of original bending arm (L3) (mm) 300
Side length (L5) (mm) 200
Specimen type Seamless (hot-rolled)

Fig. 2. The schema of dent damage on both test specimen and numerical model
( =θ 45d

o, ld: dent length, wd: dent width).

Fig. 3. The indentation test set-up and the used indenters in the test.

Fig. 4. FEM model according to test set-up.
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this paper. It is assumed that such physical shape is similar to the co-
sinusoidal shape from original design, as expressed in Eq. (1). The
impact-induced residual stress has not been taken into account in this
paper. An initial exploration for such residual stress has been completed
in the former research by Cai et al. (2016), which reflects that a little
effect has been produced by such residual stress. The dent angle (the
range of θd is between 0o and 900) is defined as the angle between the
dent axis in its length direction and the pipe axis in the longitudinal
direction, increasing in a clockwise direction, as illustrated in Figs. 2
and 6. Hence, a dent with angle of 90o locates in the pipe hoop direc-
tion, while a dent with angle of 0o locates in the pipe longitudinal di-
rection. Dent parameters including length (ld), width (wd) and depth
(dd) are also defined.

= ⋅ + ⋅ +ω d πx l πy w(1 cos(2 / )) (1 cos(2 / ))/4d d d (1)

4. Simulation of experiments

In this section, the structural behavior of the specimens from ex-
periments are simulated based on the developed numerical models in
the previous section. The simulation results have been compared with
the test data in terms of the structural failure modes, strain distributions
and bending moment-curvature diagrams.

4.1. Reference values

The bending moment is generally normalized by the plastic bending
moment =M R tσ4y y

2 ; Meanwhile, the bending curvature κ is normalized
by the curvature-like expression =κ t R/40

2. It should be noted that only
global curvature is selected for comparison between test and numerical
simulation. The selected locations for calculation of the global curva-
ture in simulation are exactly the same with tests, while the bending
moment is the resultant of all the node forces multiplying their

corresponding force arms in the central cross-section of the specimen.
Moreover, for the proposed formulas of damaged pipes, the results from
the intact pipes are used as the reference value, expressed as Mi and ki,
respectively.

4.2. Structural failure modes

The comparison results of structural failure modes of specimens
between numerical prediction and test are illustrated in Fig. 7 and
Fig. 8. As a result of the increase of the structural deformation in the
form of ovalization in the pipe cross-sections, the specimens fail due to
the increasing of bending moment. The initiation of failure for an intact
specimen happens on the top region far from the center of the specimen
with an extra large ovalization in the same cross-section, as shown in
Fig. 7, whereas the damaged specimen fails in the center of specimen
due to the occurrence of dent, as seen in Fig. 8. All the failure modes are
in the form of an inward bulge on the pipe top and an outward bulge on
the pipe lateral sides. The occurrence of dent has produced a rapid
increase of the ovalization in the dented cross-section, introducing a
large concentration of the lateral displacement. The failure mode and
failure location between the test and the simulation have a good
agreement with each other.

Fig. 9 shows the evolution of axial strain (ε11) along the pipe

Fig. 5. (a) the initial imperfection in terms of wave-type on the pipe specimens
(imperfection amplitude has been zoomed in for the sake of clarity); (b) the
details of imperfection.

Fig. 6. Schema of mesh distribution of dented specimen and dent parameters
( =θ 90d

o).

Fig. 7. The comparison of failure mode of intact specimen without damage
(S1N4, the color distribution denotes the lateral displacement). (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 8. The comparison of failure mode of specimen with dent damage (S2N2,
the color distribution denotes the lateral displacement). (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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longitudinal path (AB) and the hoop strain (ε22) along the pipe hoop
path (CD) in four different loading stages of specimen S1N4, respec-
tively. The test results from the measurement of strain gauges in specific
points and corresponding stages (such as stage1, stage2, and stage3) are
also presented, accompanying by the simulation results. Fig. 10 shows
the corresponding locations for strain measurements on an intact spe-
cimen. Along the longitudinal direction of the specimen, including
Point A (pipe center), 05D (∽ AB0.21 ), and 1D (∽ AB0.42 ), the strain
gauges are put on the top side (compression side) of the pipe. Only axial
strains are presented due to the lack of data. The numbers in this figure
indicate the measured directions of the strain gauges. It is observed that
the variation of ε11 in the beginning is quite benign with a uniform
distribution, whereas a large increase and localization of strain happen
in the critical region that initiates structural failure (Fig. 9 (c)). The
critical region that has the largest variation along the pipe axis is

between L0.60 and L0.80 , matching well with the location of inward
bulge in the test. Most of the strains that were measured from test (point
A, 05D, and 1D) lie on or close to the predictions curves, as seen in
Fig. 9 (c). However, an exception of strain distribution happened in
point A, which locates in the central cross-section of the pipe. Such
discrepancy may be introduced by the use of the symmetrical boundary
condition during simulation. For the hoop strain ε22, as shown in Fig. 9
(d), it starts with a small tension value on point C in the beginning
stages, and then turns to a large compression value from the lateral
region ( L0.2 ) all the way to the bottom ( L0.5 ), where L is the cir-
cumference length of the pipe cross-section. This phenomenon de-
monstrates that the ovalization largely increases in such regions.

Fig. 9. (a) sketch of representative paths on specimen surface; (b) four stages during the loading of specimen S1N4; (c) strain along longitudinal path of pipe
specimen (AB, S1N4); (d) strain along hoop path of specimen (CD,S1N4).

Fig. 10. Strain gauge distribution on intact specimen in the test (Point A is the center of the specimen).
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4.3. Moment-curvature diagrams

The comparison of bending moment-curvature diagrams between
test data and numerical predictions is presented in Figs. 11 and 12,
which shows a good agreement. Only small scatters happen in the
hardening and post-buckling stages. As observed in Fig. 11, there is a
slight recovery in terms of the bending moment in the test. This is due
to the instability of the real support boundary conditions when the
specimen suffers from large curvature. Such system error has been
detailed discussed in the former work about the test by Cai et al.
(2017b). Instead, there is no such recovery in the simulation results due
to its boundary stability. Three dented specimens including S2N1, S2N2
and S2N5 have a dent in 90o on the compression side, whereas specimen
S2N3 has a dent in 45o. The occurrence of dent has changed the var-
iation tendency of the bending moment-curvature diagram, initiating a
rapid failure of specimen and considerably reducing the critical bending
curvature. Compared with the intact specimens, Mcr decreases by
5%–10% due to the occurrence of a dent.

Tables 2 and 3 list all the comparison results in terms of bending
capacity (Mcr) and critical curvature (κcr). For the prediction result of
Mcr , less than 2.25% discrepancy has been obtained for the intact
specimen, while less than 3.75% discrepancy has been observed for the
damaged specimen. The discrepancy of κcr is less than 2.95% for intact
specimen, whereas the prediction results for the damaged specimens
presents a relative large scatter. The discrepancies may be introduced
by the discrepancies in material properties, the measurement method
for the curvature, etc, as discussed in the experimental investigation
part of Cai et al. (2017b).

The elastic-plastic failure pattern is dominant with a smooth failure
procedure. For an intact specimen, Mcr is larger than 1.32 times of My,
while for the damaged specimen, Mcr is more than 1.12 times of My
based on the simulation predictions. It is found that the occurrence of a
dent on the compression side reduces the bending capacity of specimen
Mcr and κcr by at least 8.62% and 60.85%, respectively, compared with
the intact specimen S1N4.

5. Parametric investigation

Based on the comparison between the simulation results and the test
data in the previous section, sufficient confidence has been gained to
use the developed numerical models for further investigation.
Therefore, the investigation of several parameters that could affect the
structural behavior of specimens will be conducted in this section.

5.1. Anisotropy effect

As indicated from the material tensile tests in experimental in-
vestigation of Cai et al. (2017b), anisotropy in terms of different ma-
terial yield stress in hoop and longitudinal direction of specimen has

been observed. It may be induced by the manufacturing workmanship
of the pipes, such as the thermo-mechanical rolling. In spite of a slight
anisotropy of seamless pipe compared with the welded-pipe, such effect
is investigated in this section. The Hill48 yield criterion (Hill, 1948) is
deployed to take into account the anisotropy feature in numerical si-
mulation. In this place, the material yield stress in the pipe hoop di-
rection varies when the stress keeps constant in the pipe longitudinal
direction. As seen in Fig. 13 (a), the effect of anisotropy on such relative
thick pipe is insignificant. The results imply that the yield stress in the
pipe longitudinal direction dominates the pipe strength.

5.2. Initial imperfection effect

The initial imperfection in terms of a wave-type (Fig. 5) is in-
vestigated. The comparison results are shown in Fig. 13 (b) and (d). Six
types of initial imperfection with different imperfection amplitude-to-
thickness ratios are accounted for. The variation of amplitude lies be-
tween 3%t-15%t (t is the pipe thickness, the variation range is based on
research from Es et al. (2016).), while the specific shape of imperfection
is from the eigenvalue buckling analysis of the same model under unit
bending moment. The combination of the first two-order eigenvalue
shape is used. Both the intact specimen S1N4 and dented specimen
S2N1 are adopted with the same friction coefficient and material
property (L7) in each case. A very interesting phenomenon has been
observed from the simulation results. It can be seen that the initial
imperfection has a negative effect on both bending strength and cur-
vature of a pipe without damage, whereas it can hardly affect the
structural strength of a dented pipe. Moreover, such effect is still small
for an intact specimen, when the imperfection is no larger than 0.06t. A
much larger effect happens when the imperfection is larger than 0.11t.
For instance, for the case with imperfection of 0.15t, the decrease of
critical curvature reaches by 17% compared with the perfect case.
Therefore, it can be briefly concluded that the effect of manufacturing
induced initial imperfection is insignificant and can be neglected in the
FEM simulation for a pipe with a considerable dent size.

5.3. Friction effect

The friction of test set-up between the strip and the specimen may
affect the strength behavior and corresponding curvature variation.
Therefore, an investigation of the friction effect has been carried out
with the variation of friction coefficient between 0 and 0.9. As seen in
Fig. 13 (c), the introduction of friction results in a considerable varia-
tion of the moment-curvature diagram compared with the friction free
case. However, the effect is small when the friction coefficient lies in
the normal engineering domain, say 0.2–0.4. Then, a significant effect
has been observed with the further increase of friction coefficients. For
instance, the decrease of critical curvature reaches as large as 30.33%
compared with the case with 0.26 friction, and the decrease of bending

Fig. 11. Comparison between numerical and test results in terms of bending moment-curvature diagram for intact specimens: (a) specimen S1N2; (b) specimen S1N3.
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moment has also reached by 5.22%. The reason can be explained as
follows: an equivalent axial compression force has been introduced by
the loading heads with the increase of rotational angle of the specimen
during the quasi-static loading procedure, as seen in Fig. 1 (a). Under a
center range, the axial force is small and can be counterbalanced by the
friction force. Hence, the structure stays stable. The friction force helps
to maintain such stability to some extent. Therefore, the larger the
friction force is, the larger the introduced equivalent axial force the test
set-up can counterbalance. As a consequence, a lower bending capacity
of the specimen is produced due to the effect of such equivalent com-
pression force. It can be concluded that the structural response is quite
sensitive to the frictions that have been introduced by the test config-
uration.

6. Simulation results of dent and proposed formulas

A series of numerical simulation are conducted based on the

validated model, changing the geometrical size of dent parameters. The
selection of dent follows two aspects. On the one hand, the small dent
may not produce significant effect on the structural strength. It is
generally accepted by the rules, for instance, the maximum acceptable
dent depth is 5%D after impact (DNV, 2013a,b). On the other hand, it is
also impractical to account for an extra large dent, which may in-
troduce a rapid failure of the structures in a very short time. Therefore,
in this paper, the selected dent depth (d t/d ) is between 0.1 and 2.2
(∼ D11% ), while the selected dent length (λl) is between 0.8 and 5.2
(∼ D0.81 ). The selected dent width ( =λ w Rt/w d ) is between 1.0 and
3.7.

6.1. Simulation results of dent

In this section, the effect of a dent on the pipe behavior with respect
to dent length (ld), dent depth (dd) and dent width (wd) is investigated
based on the developed numerical model (S2N1, 3%t initial imperfec-
tion, material L7 (Cai et al., 2017b), anisotropy, central location and
compression side, 90o dent). Tables 4–7 list the simulation data. Pre-
diction formulas are then proposed based on these simulation results.
The referential values Mi and κi are 108.9 kNm and 0.367 based on the
intact FEM model, respectively. The value of dd is normalized by the
pipe thickness t, while ld and wd are normalized by Rt , expressed as

=λ l Rt/l d and =λ w Rt/w d , respectively.
Fig. 14 shows the normalized bending moment-curvature diagrams

with the variation of the dent depth, length and width. Compared with
the intact pipe, it is found that the occurrence of a particular dent af-
fects its strength, Furthermore, as obtained from the former research

Fig. 12. Comparison between numerical and test results in terms of bending moment-curvature diagram for specimens with dent on the compression side: (a)
specimen S2N1 with 900 dent; (b) specimen S2N2 with 900 dent; (c) specimen S2N3 with 450 dent; (d) specimen S2N5 with 900 dent.

Table 2
The results on intact specimens (dimension unit: mm).

S·N. D t D/t Mcr (Test) Mcr (FEA) κcr (Test) κcr(FEA)

(kNm) (kNm) (1/m) (1/m)

S1N1 168.09 7.90 21.28 104.37 103.39 0.422 0.421
S1N2 167.36 7.87 21.27 103.65 102.43 0.439 0.428
S1N3 167.55 7.92 21.16 103.21 101.35 0.441 0.428
S1N4 167.01 7.84 21.30 102.71 100.40 0.401 0.412

Table 3
The results of specimens with dent damage (dimension unit: mm; angle unit: degree.

S·N. D t D/t Dent Dent Mcr (Test) Mcr (FEA) κcr(Test) κcr(FEA)

( × ×l w dd d d) angle (kNm) (kNm) (1/m) (1/m)

S2N1 169.21 8.25 20.51 × ×89 68 10.3 90 92.57 93.86 0.154 0.143
S2N2 168.23 8.13 20.69 × ×100 75 10.3 90 93.55 90.04 0.109 0.124
S2N3 169.38 7.90 21.44 × ×130 60 10.3 45 91.65 94.83 0.158 0.157
S2N5 168.74 8.15 20.70 × ×110 85 10.3 90 90.97 89.18 0.164 0.107
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by Cai et al. (2018a), it is also observed from Fig. 15 that both the dent
depth (dd) and length (ld) have a considerable influence on the bending
behavior, decreasing both the ultimate bending moment and critical
curvature significantly. For instance, a dent length equal to 3.37 times
of Rt can reduce the Mcr and κcr by more than 14% and 61%, re-
spectively, and a dent depth equal to 0.73 times of the pipe thickness

(∼ D0.35 ) can reduce the Mcr and κcr by more than 9% and 50%, re-
spectively. Meanwhile, the dent width (wd) has a slight effect, as can be
seen in Figs. 14 (c) and Fig. 15. Comparing results with the variation of
dent width in a large domain show that the variation values are less
than 3% and 1% for Mcr and κcr , respectively. It is plausible to neglect
the dent width effect on the structural behavior of such pipes.

Fig. 13. Normalized bending moment-curvature diagram with the changing of different parameters: (a) the varying of material anisotropy (based on specimen
S1N4); (b) the varying of initial imperfection (based on specimen S1N4); (c) the varying of friction coefficient (based on specimen S1N4); (d) the varying of initial
imperfection (based on specimen S2N1).

Table 4
Residual ultimate strength of pipes with varying of dent depth.

Capacity ld =89mm, wd =68mm

d t/d

0.12 0.36 0.48 0.61 0.73 0.85 0.97 1.25 1.33 1.45 1.58 1.70

M M/cr i 0.998 0.968 0.943 0.922 0.905 0.891 0.880 0.862 0.856 0.852 0.848 0.844
κ κ/cr i 1.001 0.736 0.586 0.510 0.452 0.431 0.398 0.390 0.381 0.379 0.387 0.368

1.82 1.94 2.06 2.18
M M/cr i 0.843 0.841 0.840 0.839
κ κ/cr i 0.384 0.392 0.395 0.392

Table 5
Residual ultimate strength of pipes with varying of dent length.

Capacity dd =5.3mm, wd =68mm

=λ l Rt/l d

0.8 1.5 2.0 2.3 2.5 3.4 4.2 4.5 4.7 5.0 5.2

M M/cr i 0.998 0.992 0.975 0.961 0.952 0.916 0.890 0.879 0.875 0.869 0.864
κ κ/cr i 1.011 0.978 0.771 0.689 0.638 0.488 0.401 0.381 0.354 0.349 0.360
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6.2. Proposed formulas

Based on the former research and the simulation data, it is reason-
able to propose formulas as function of ld and dd. The formulas are

constructed as follows:

= −M M κ κ f λ d t/ ( / ) 1 ( , / )cr i cr i l d (2)

where λl is the normalized dent length in the pipe hoop direction, Mi
and κi are the ultimate bending moment and the critical curvature from

Table 6
Residual ultimate strength of pipes with varying of dent length.

Capacity dd =10.3mm, wd =68mm

=λ l Rt/l d

0.80 1.51 1.60 1.70 1.80 1.90 2.00 2.20 2.30 2.40 2.50 2.90

M M/cr i 0.997 0.980 0.975 0.969 0.962 0.956 0.949 0.935 0.928 0.921 0.914 0.888
κ κ/cr i 0.980 0.888 0.845 0.785 0.741 0.703 0.670 0.586 0.567 0.520 0.501 0.436

3.37 3.79 4.16 4.54 4.70 4.80 5.00 5.10 5.20
M M/cr i 0.862 0.838 0.81 0.803 0.797 0.793 0.785 0.783 0.780
κ κ/cr i 0.390 0.338 0.302 0.286 0.270 0.264 0.253 0.251 0.267

Table 7
Residual ultimate strength of pipes with varying of dent width.

Capacity dd =10.3mm, ld =89mm

=λ w Rt/w d

1.06 1.44 1.89 2.04 2.20 2.35 2.95 3.33 3.71

M M/cr i 0.856 0.853 0.855 0.855 0.857 0.858 0.865 0.870 0.875
κ κ/cr i 0.395 0.381 0.376 0.371 0.379 0.384 0.390 0.395 0.403

Fig. 14. Normalized bending moment-curvature diagrams with varing of dent parameters (S2N1, 90o): (a) diagrams with variation of normalized dent length (λl,
dd =10.3mm, wd =68mm); (b) diagrams with variation of normalized dent depth (d t/d , ld =89mm, wd =68mm); (c) diagrams with variation of normalized dent
width (λw, ld =89mm, dd =10.3mm).
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the simulation of intact pipes, respectively.
A regression analysis on the FEM results is undertook to build up the

relationship between the prediction values and the significant dent
parameters.

= −M M a d t λ/ 1 ( / ) ( )cr i d
b

l
c

1 1 1 (3)

= − +κ κ a b t d λ/ 1 ( / )( )cr i d l
c

2 2 2 (4)

Where a1, b1 and c1 is 0.017, 0.696 and 1.48, respectively; a2, b2 and

Fig. 15. The effect of dent parameters: (a) dent length; (b) dent depth; (c) dent width.

Fig. 16. Comparison between prediction of proposed equations and both experimental and numerical results: (a) normalized residual ultimate moment (M M/cr i); (b)
normalized critical curvature (κ κ/cr i).

Table 8
Model uncertainties of the proposed formulas.

X Moment, Eq. (3) COV Curvature, Eq. (4) COV

Mean (Bias) Mean (Bias)

FEM 1.0014 0.0124 1.024 0.1541
Test 1.0068 0.0459 0.892 0.2563
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c2 is 0.192, −0.026 and 0.955, respectively.
In order to validate the accuracy of the proposed formulas, the

prediction results are compared with both the test and simulation re-
sults, as shown in Fig. 16. It shows that the two proposed equations
have a satisfying comparison with the simulation results. Compared
with the test results, the formula has a little pessimistic estimation for
some cases, which is probably due to the discrepancies in test such as
material, and geometry measurement. Furthermore, following the de-
finition from Bai et al. (1994), the model uncertainty parameter can be
written as:

=X X X/true predict (5)

Where Xtrue is the data from either experimental test or numerical
simulation, and Xpredict is the prediction values due to the proposed
equations. It is assumed that both Xtrue and Xpredict are from the same
cases with the same material properties and geometry. Hence, the mean
value (bias), standard error of X, and the coefficient of variation (COV)
are statistically calculated, as shown in Table 8.

The model uncertainties of the proposed equations indicate that the
extent of variability for the prediction of residual bending moment is
smaller than 5% in relation to the mean bias value. For the critical
curvature, the equation provides a predcition with a relative large
scatter, as seen from the mean bias value of 0.892 and the COV of
0.2563 from the comparison with test data.

Fig. 17 shows the prediction results of dented metallic pipes with
the changing of dent parameters. Two different dent depth including

=d t/ 1.25d and =d t/ 0.64d are used when the normalized dent length is
varying (Fig. 17 (a)), while the normalized dent length is fixed to

=λ 3.37l when the dent depth is varying (Fig. 17 (b)). The FEM results
are also presented in these figures. The R square of the fitted equation
are 0.971 and 0.903, respectively, which reflects a higher precision of
prediction.

In practice, the proposed equations can be used when a dent is
produced due to a sudden mechanical interference such as the impact
between fishing boat and pipes, and the dropping of foreign objects.
Only a simple measurement of the damage length and depth is needed
to estimate the reduction ratio of pipe strength under dominated
bending moment. It should be noted that, the length of dent should be
projected to the hoop direction of pipe if there is a rotational angle on
the dent. The impact induced residual stress has not been accounted for
in these equations due to the lack of test data. Further extensions of the
application domain on pipes with different D t/ and different materials
are needed.

7. Conclusions

On the basis of an experimental investigation, this paper has pro-
vided an extensive numerical investigation on seamless pipes with low
diameter-to-thickness ratio that suffered from dent damage. Numerical
models accounting for the structural damage have been developed,
which can provide a parametric modeling tool based on the nonlinear
FEM. Based on the numerical models, an investigation of influential
parameters has been conducted. The conclusions of this paper are as
follows:

1. The developed numerical models are capable of providing a rea-
sonable prediction on the bending behavior in terms of bending
moment, critical curvature and failure mode.

2. The occurrence of a dent damage accelerates the failure of pipe due
to the rapid localization of the damaged region with an elastic-
plastic failure mode.

3. The material yield stress in the pipe longitudinal direction dom-
inates the bending capacity of the structures. For a pipe with a
considerable dent size, the effect of manufacturing induced initial
imperfection is insignificant.

4. The dent length (ld) and depth (dd) have significant effects on the
pipe strength, whereas the dent width (wd) only slightly affects the
strength.

5. Based on the FEM results, empirical formulas are proposed to pre-
dict the residual ultimate strength of metallic pipes in terms of
bending moment (Mcr) and critical curvature (κcr) under pure
bending moment. These formulas could be utilized for practice
purposes to estimate the residual bending strength of pipes after the
suffering of dent damage.
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