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1 Introduction

Collapse Performance of High-
Frequency Welded Steel Pipes
for Offshore Applications:
Experiments and Numerical
Simulations

The present article investigates the collapse performance of steel pipes fabricated by the
high-frequency welding (HFW) method. Two 16-in. outer diameter HFW line pipe speci-
mens are subjected to full-scale external pressure testing in order to determine their col-
lapse pressure and propagation pressure. Prior to testing, one of the pipes has been
externally coated, which introduced a mild heat treatment to the pipe, while the other
pipe remained intact (noncoated). The full-scale test procedure is modeled with a compu-
tationally efficient finite element methodology, which accounts for the actual geometry and
material properties, and employs a simple and efficient technique for simulating pipe col-
lapse and buckle propagation. The numerical results compare very well with the full-scale
experimental results, in terms of the values of collapse and propagation pressure, the col-
lapsed shape and history of local strains at critical locations. Both experimental and
numerical results show a very good performance of HFW pipes against collapse, indicating
that those pipes can be strong candidates for offshore applications. The analytical proce-
dure for predicting the collapse and propagation pressure in DNV-ST-F101 is also evalu-
ated and shows that its conservative predictions are improved if an appropriate value of

fabrication factor is used. [DOI: 10.1115/1.4071998]

Keywords: offshore pipeline, pipe collapse, propagating instability, structural stability,
full-scale test, cold-formed pipe

a dog-bone shape, due to the accumulation of plastic deformation at

The installation of offshore pipelines in deep-water environ-
ments presents significant engineering challenges, primarily due
to the presence of high hydrostatic pressure. Under these condi-
tions, pipelines are vulnerable to structural failure in the form of
collapse, which is a special form of structural instability. It is typ-
ically manifested as localized flattening of the pipe cross section,
and upon its formation, it may propagate along the pipeline
[1-3]. Collapse occurs when the applied external pressure
exceeds the critical buckling pressure (P,), the ultimate (maximum)
pressure level, also referred to as “collapse pressure,” that the pipe
is capable to sustain. The collapse pressure is a parameter of para-
mount importance in the design of offshore pipelines [1-5] and is
also affected by the bending curvature in the sagbend region of the
pipeline. Upon reaching a maximum pressure, the pipe becomes
unstable, and its cross section obtains an oval-shape and eventually
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the locations of maximum circumferential curvature change, which
act as plastic hinges, leading to inner pipe wall contact and cross-
sectional flattening [6]. The flattened configuration is initially
limited to a few pipe diameters, and it may propagate along the
pipeline when the external pressure level exceeds the propagation
pressure P, which is significantly lower than P. (P, <P.).
Figure 1 shows the deformed configuration of a pipeline at the
onset of localized collapse and during buckling propagation.
Welded pipes undergo substantial plastic deformation during
their manufacturing due to cold forming process, which affect sig-
nificantly the material properties compared to the initial raw mate-
rial. Cold formed pipes are fabricated from steel plates or steel
coils. The most popular methods to fabricate pipes of medium or
large size are the UOE and JCO-E processes, which employ steel
plates. The acronyms of those fabrication methods refer to the
shape of the cold bent plate at each manufacturing step. Previous
works on pipes fabricated by the JCO-E and UOE process [7-10]
have demonstrated the effects of cold bending and expansion on
the collapse capacity of the final product. During the expansion
stage, the pipe material is deformed up to a high level of tensile
strain, to improve the cross-sectional imperfections, reducing
cross section out-of-roundness and alleviating residual stresses.
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Fig. 1
quasi-static steady-state conditions

However, the compressive strength, during reverse loading under
external pressurization, is degraded due to the Bauschinger effect
resulting in reduced pipe collapse capacity.

The present work investigates experimentally and numerically
the collapse performance of high-frequency welded (HFW)
pipes. Those pipes are manufactured by gradual bending of a
steel coil into a circular shape through a series of rolls. Figure 2
shows the HFW manufacturing process, which is a continuous
process, consisting of five mechanical steps [3]: (a) uncoiling,
where the base material (coil) is unfolded; (b) leveling, where
the steel sheet is flatted using a series of rollers; (c) roll-forming,
where the sheet is deformed through a series of rollers to obtain
progressively a circular shape; (d) welding of the pipe edges
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takes place using the high-frequency induction method, which
does not require welding consumables; (e) passing the circular
geometry through a series of sizing rollers (sizing process) to
reduce the geometric imperfections of the pipe after heat treatment
and inspection of the welding area. Finally, the continuous pipe is
cut into parts of appropriate length to obtain the final line pipes [3].

HFW pipes are increasingly favored in the pipeline industry for
medium size pipes (up to 26-in. diameter), due to their continuous
fabrication procedure, compared to the other cold-formed pipes
(JCO-E and UOQOE), where a specific-length plate is deformed
during different stages. Therefore, the HFW process results in
high production speed and reduced manufacturing costs, avoiding
the use of expensive forming presses and equipment for
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mechanical expansion. Additionally, high-frequency induction
welding is faster and consumes less energy than submerged arc
welding used in UOE/JCO-E processes. Previous works on HFW
pipes focused primarily on the welding process. Asperheim et al.
[11] developed a finite element model to simulate and optimize
the high-frequency induction welding process. Moreover, Kang
et al. [12] and Techmanski et al. [13,14] investigated the effect
of welding parameters on the quality assurance of the weld
related to its shape and the HAZ. On the other hand, the effect of
the HFW pipe fabrication process on pipe collapse capacity has
not been investigated in depth.

So far, the use of HFW pipes in deep offshore applications has
been limited. However, their cost-efficient fabrication makes
those pipes very promising for deep-water pipeline projects.
Toward that purpose, the structural strength and performance of
HFW pipes under external pressure should be investigated, and
this constitutes the primary motivation of the present research,
which is supported by the pipe industry. Furthermore, the research
addresses for the first time the issue of mild heat treatment effect on
HFW pipe collapse, through a comprehensive methodology that
includes full-scale and small-scale testing numerical modeling
and analytical work.

Modeling of the HFW cold forming process has attracted some
attention in the past. Wen and Pick [15] and Kiuchi et al. [16]
developed finite element models to investigate the effect of roll-
forming step (c) on pipe edge buckling. More recently, Lee et al.
[17] developed numerical models to simulate the roll forming
steps of the process and estimated the reduction of yield stress
and the Bauschinger effect during repeated cyclic loading at a
material point. Moreover, Han et al. [18,19] developed a numerical
methodology for simulating the steps of roll-forming (c) and sizing
(e) of the HFW manufacturing process. Their results show that the
sizing step is crucial for the properties of the line pipe, affecting
the compressive hoop strength and the collapse pressure, due to
the Bauschinger effect. More recently, Tran et al. [20,21] using
numerical simulation investigated the effect of the sizing process
on the collapse capacity of ERW pipes under uniform external
pressure, and combined external pressure and bending loading con-
ditions. The numerical results demonstrated that the collapse pres-
sure is affected by the compressive hoop strength degradation
during the cold-forming process, which also depends on the sizing
ratio. This effect is also documented in design standard DNV-
ST-F101 (2021) [22], considering a fabrication factor equal to
0.93 for HFW pipes which reduces the external pressure capacity.
However, the degradation of material properties of cold-formed
pipes may be mitigated by applying a mild heat treatment
process of short duration on the fabricated line pipe, as reported
in previous works [4,5,23-29]. These works have indicated that
mild heat treatment facilitates the recovery of compressive hoop
strength of the line pipe resulting in increased collapse capacity
of the “heat treated” pipe, with respect to “as fabricated” pipe. In
DNV-ST-F101, the recovery of the strength due to heat treatment
or external cold sizing (compression) allows the fabrication factor
to be increased.

The present research is motivated by the need of pipeline indus-
try to determine the collapse strength of HFW for the purpose of
using those pipes in deep offshore applications. The work com-
bines experimental work with numerical simulations to investigate
the collapse performance of HFW pipes and to verify their suitabil-
ity for use in deep-water pipeline applications. Special emphasis is
given on the recovery of compressive hoop strength and the rele-
vant increase of collapse pressure after a mild heat treatment
process, which occurs during the external coating process. Two
HFW pipes from the same heat are full-scale tested to collapse
and to subsequent buckle propagation in a special-purpose pressure
chamber. One pipe is coated (“heat treated”), using a mild heat
treatment method, while the other pipe remained uncoated (“as fab-
ricated” or “bare”). Before full-scale testing, coupon specimens are
extracted from each pipe and subjected to uniaxial compression, in
order to obtain the compressive stress—strain curve of the material
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and identify the effect of coating on the material strength recovery
compared to the material of the bare pipe. During full-scale testing,
unique strain measurements are obtained, using a strain-gauge
system that operates within a highly pressurized water environ-
ment. The full-scale collapse tests are numerically simulated
using a simple and efficient volume-control methodology, based
on a new special-purpose scheme, which overcomes numerical
convergence issues, associated with contact of deformable sur-
faces. The experimental and numerical values of collapse and prop-
agation pressure are also compared with the predictions of
DNV-ST-F101 (2021) design standard. Furthermore, the influence
of different compressive hoop stress—strain curves on the collapse
capacity, related to different levels of material strength recovery, as
well as the relevant effect of the diameter-to-thickness ratio are
investigated.

2 Experimental Procedures

The experimental work of this study involves primarily full-
scale testing for collapse and buckle propagation of two pipe spec-
imens, from the same heat, produced by Corinth Pipeworks S.A.
(CPW). One pipe is subjected to a mild heat treatment process at
230°C for approximately 1 minute which is typical for those
pipes during their coating process. This is referred to as
“coated,” while the other specimen remained “as fabricated,” also
referred to as “bare.” To support the full-scale tests and the numer-
ical simulations, material characterization of two HFW pipes is
conducted. The mechanical properties of both materials are
obtained through a series of uniaxial compression tests on
coupon specimens oriented circumferentially extracted from differ-
ent locations around the circumference of pipe samples.

2.1 Material Testing and Mechanical Behavior. To identify
the properties of the bare (“as fabricated”) and coated (“heat
treated”’) material, rings of 400 mm in length were cut out from
both line pipes produced by CPW. In each ring, a cross section
was selected in which the positions that specimens would be
obtained were marked. These positions, namely 90 deg, 180 deg,
and 270 deg were selected, with 0 deg corresponding to the posi-
tion of the weld, as shown schematically in Fig. 3. At these posi-
tions, strip full-thickness samples of the ring are extracted, and
coupon specimens are machined from the inner and the outer
part of every strip sample. The actual coupon specimen geometry
adopted in this study is shown in Figs. 4(b) and 4(c). The coupon
specimens are extracted from the circumferential direction of the
pipe samples to account for the transverse material properties in

Quter specimen

270°

Fig.3 Locations of coupon specimens with circumferential ori-
entation with respect to the center of pipe
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Fig. 4 Experimental setup used in material tests (a) on
coupons machined from the bare and coated HFW pipes accord-
ing to SEP 1240 (2006) provisions (b and c); in the setup, the
I-shaped antibuckling device is shown

the form of the circumferential yield strength which influences the
collapse pressure of pipes in deep-water applications [5,30]. The
specimen geometry and the testing procedure is based on the pro-
visions of SEP 1240 (2006) [31] guideline. The compression tests
are performed using an antibuckling device to avoid buckling of the
specimen and an INSTRON dynamic extensometer with gauge
length of 10 mm, as shown in Fig. 4(a). All material tests are per-
formed under a constant displacement rate of 0.25 mm/min, which
is applied to the lower grip of the testing machine. The mechanical
tests are conducted in the universal 100-kN INSTRON machine of
the Laboratory of Mechanics and Strength of Materials (MSM), of
the University of Thessaly.

The material properties at the selected locations, where the spec-
imens correspond, were obtained in the form of stress—strain
curves. Every specimen is tested in compression until 1% of total
strain. Figure 5 shows the compressive stress—strain curves at
90-deg location at the inner and the outer parts of the pipe wall
for the bare pipe material. Comparing the compressive yield
stress at 0.5% of total strain between the inner and outer stress—
strain curves, it is shown that the compressive yield strength is sig-
nificantly lower at the outer part of the pipe, where tensile plastic
deformation occurs during bending of the uncoiled steel plate on
the rollers. Similar curves obtained for the other locations around
the circumference. The yield stress (oyp) at the inner and the
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Fig. 5 Compressive stress-strain curves from coupons
extracted from the inner and outer parts of the bare (“as fabri-
cated”) pipe in the circumferential direction at 90-deg location

outer part at 90-deg location is 573.3 MPa and 512.6 MPa, respec-
tively. The results show that the yield strength at the outer part is
approximately 10% lower than the yield strength at the inner part
in each location around the circumference. The reduced yield
strength at the outer part of the wall thickness, is in agreement
with previous observations in JCO-E pipes [5,30] and it is a
direct consequence of the cold forming process.

The effect of heat treatment on the material properties is shown
in terms of the increase of the yield strength at the outer part of the
“heat treated” pipe material (coated pipe) compared to the yield
strength at the outer part of the “as fabricated” pipe material
(bare pipe). Figure 6 shows the compressive stress—strain curves
at 90-deg position of the outer part before and after heat treatment.
The yield stress at 0.5% of total strain is 512.6 MPa and 574.7 MPa
for the bare pipe material and the coated pipe material, respec-
tively, showing that the compressive strength of the coated material
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Fig. 6 Compressive stress—strain curves obtained at 90-deg

outer position from circumferential specimens machined from
the coated and bare pipes
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Table 1 Yield strength at 0.5% of total strain for the bare and
coated material at different positions of the outer and inner
surface

Position Bare Coated Difference (%)

90 deg Inner 573.3 642.8 12.1
Outer 512.6 574.7 12.1

180 deg Inner 530.7 661.3 24.6
Outer 593.4 607.4 24

270 deg Inner 647.5 659.5 1.9
Outer 540.3 573.4 6.1

is significantly affected. The yield stress of the coated pipe material
at the 90-deg outer position increases by 12.1%, while similar
behavior is observed at the other locations around the circumfer-
ence. The yield stress at 0.5% of total strain for each position
around the circumference for the inner and outer surface is summa-
rized in Table 1. The test results show that the compressive strength
of the coated material is increased with respect to the bare pipe
material, while the highest increase of 12.1% in yield stress is
observed for the 90-deg position in the outer surface. Additionally,
the proportional limit stress at 90-deg position of the outer
part, before and after heat treatment, is 100 MPa and 446.3 MPa,
respectively.

(b)

(d)

2.2 Full-Scale Collapse Testing. Collapse testing of the bare
and coated pipe specimens was conducted in C-FER facilities in
Edmonton at their deep-water experimental chamber (DEC). The
DEC has a pressure capacity of 62 MPa, and a normal maximum
operating pressure of 55MPa. The inside diameter is 1.2m and
its total inside length is 10.3 m. The two end-capped pipe speci-
mens of length equal to 17D, (corresponding to a length of 7m)
were water-filled without pressure and inserted into the chamber.
The application of external hydrostatic pressure to each specimen
was applied using a volume-control scheme, controlling the rate
of external pressure increase through a variable frequency drive
(VFD) pump motor. Testing was continued beyond buckle forma-
tion at collapse, allowing for the buckle to propagate along the pipe
specimen, reaching its ends. The collapse and propagation pressure
of every pipe specimen was measured. The volume change
enclosed by the specimen was measured by monitoring the
amount of water expelled from the collapsing pipe, using a port
in one end cap with tubing extending outside of the pressure
vessel, which remains open to atmosphere. The experimental
instruments used in testing, consist of pressure transducers and
water volume measurements, while data acquisition analysis was
made, using LABVIEW software package. Figure 7 presents the post-
test configuration of the collapsed and flattened bare pipe specimen
(Figs. 7(a) and 7(d)) and the coated pipe specimen (Figs. 7(b) and
7(e)). Figure 7 also depicts the collapse configurations of the
numerical simulations, described in Sec. 3, for comparison.

(©)

Fig. 7 Deformed configuration of the as fabricated (bare) pipe specimen (a and d) and the
coated pipe specimen (b and e) after the full-scale collapse test and the corresponding config-
uration obtained using the finite element model of Sec. 3 (c and f)
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DECEMBER 2026, Vol. 148 / 061801-5



The geometric characteristics of both specimens were deter-
mined prior to testing. Both specimens were grid-marked. The
bare pipe was marked with a grid composed of 153 points, consist-
ing of 17 circumferential locations (Fig. 8(a)) and 9 longitudinal
stations (Fig. 8(b)), while 4 longitudinal stations (Fig. 8(c)) and
17 circumferential locations were marked on the coated pipe com-
posing a grid of 68 points due to the 3-layer polypropylene (3LPP)
of the outer surface. The methodology followed for the pipe
marking process is similar to the one described Gavriilidis
et al. [5]. For both pipes, measurements of outer diameter (D,)
and wall thickness (WT) are obtained in every longitudinal
station (Figs. 8(b) and 8(c)) using a Dakota Ultrasonics hand-held
thickness scope (MVX model A). The geometric measurements for
both pipes are summarized in Table 2, including the minimum,
maximum, average and standard deviation (SD) values of D, and

(a) 0°

WT. In this table, additional measurements of ovality parameter
0,, length (L), and circumference (C) are also presented. The
ovality parameter (O, ) is calculated considering the outer diameter
measurements and the following formula proposed by the
DNV-ST-F101 (2021) design standard:

Og — Do, maxD_ Du, min (l)
o

where D, is the nominal outer diameter, D, max is the maximum
measured outer diameter, and D, min is the minimum measured
outer diameter at the same cross section.

Furthermore, for the first time in such high-pressure experi-
ments, underwater strain gauges (model KFGS-2-350-C1-11) are
placed on the outer surface of the bare pipe specimen to record

3520358° 2°8°

90°

150°

180° 172°

Station 1

(c)

Stations 1, 2

4

0.25D

Station 9

Nine stations
(cross-sections)
along the pipe

Stations 3, 4

Four stations
(cross-sections)
along the pipe

Fig.8 Grid of points used to measure diameter, ovality and thickness (a) around the circumfer-
ence of both specimens (0 deg: high-frequency welding location), (b) in the longitudinal direc-
tion of the bare specimen, and (c) in the longitudinal direction of the coated specimen
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Table 2 Prior to testing measurements of WT, cross-sectional
ovality (O,), outer diameter (D,), length (L), and circumference
(C) of the bare and coated pipe specimens

Measurements Bare specimen Coated specimen
WT (mm)
Maximum WT 20.2 20.1
Minimum WT 19.3 19.0
Average WT 19.6 19.4
SD WT 0.2 0.2
D, (mm)
Maximum D, 409.1 408.1
Minimum D, 407.0 406.9
Average D, 407.9 407.5
SD D, 04 0.3
0, (%)
Maximum O, 0.4 0.3
Minimum O, 0.2 0.2
Average O, 0.3 0.3
L and C (mm)
Average L 6998 6985
Average C 1283 1282

the hoop (circumferential) strains during the full-scale collapse
test. The expected location of buckling along the pipe specimen
and its orientation, which are necessary to determine the
optimum position of the strain gauges, are obtained from prelimi-
nary finite element analyses, using the geometric measurement of
the bare pipe specimen presented in Table 2. Based on those
preliminary numerical results the strain gauges are placed at the
predicted locations of plastic hinges “PH1” (30 deg), “PH2”
(120 deg), “PH3” (210 deg), and “PH4” (300 deg), at station 5 of
the bare pipe, as shown in Fig. 9. Furthermore, it is expected that
at the outer surface locations, “PH1” and “PH3” deform under
compression, while “PH2” and “PH4” deform under tension, con-
sidering the dog-bone shape of the flattened cross section. The
experimental results in terms of collapse and propagation pressure,
also in terms of measured strains, are compared with numerical
predictions in Sec. 4.1.

3 Finite Element Model

The actual pipe has been modeled simulating the pipe response
under external pressure, similar to the models employed in

DU
3520358° 2°8°

{+]
300 gt

270°| | e L | gg°

240° 120°

188° g0 172

Fig. 9 Underwater strain gauges on the bare pipe placed at
“PH1,” “PH2,” “PH3,” and “PH4” of axial station 5
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z=0

Fig. 10 Three-dimensional finite element model of pipe
specimens

previous works of the authors [4,5]. The three-dimensional finite
element model is developed in ABAQUS/STANDARD [32]. The model
is capable of capturing the actual orientation of the collapsed con-
figuration of the pipe specimens, shown in Fig. 7, and predicting
the collapse and propagation pressure of HFW pipes in an accurate
manner. The numerical results of collapse and propagation pres-
sure are presented and discussed in Sec. 4.2.

Figure 10 shows the finite element model of the bare pipe speci-
men. The actual measurements of the outer diameter and wall
thickness are obtained for the bare pipe at the stations presented
in Fig. 8(b). These measurements are used to create the three-
dimensional finite element model of the bare pipe, shown in
Fig. 10. The end cross sections of the model at z=0 and z=L
have the nominal dimensions of the pipe; the outer diameter of
the pipe is 406.4 mm and the wall thickness is 19.1 mm. The
model is seventeen outer diameters long (L = 17D,), representing
the length of the full-scale actual pipe specimen, described in
Sec. 2.2. The end sections of the pipe model at z=0 and z=L
are fixed representing the boundary conditions imposed during
the actual full-scale test. In the case of the coated pipe, fewer mea-
surements were available, due to the presence of the 3LPP external
coating layer, as shown in Fig. 8(c). Therefore, the measurements
of the bare pipe are also employed to reproduce the geometry of the
coated finite element model, as shown in Fig. 10.

A new feature of the numerical model refers to the methodology
used for advancing the solution beyond initial collapse and obtain
the consecutive stages of progressive collapse and its steady-state
propagation. This process is closely related to the experimental
procedure, it is inspired by the volume-like parameter introduced
by Tassoulas et al. [33], and overcomes the convergence issues
that occur when the more traditional arc-length (Riks) method is
used. Alternative volume-control schemes have also been reported
by Kyriakides and Lee [2] using fluid elements around the pipe spe-
cimen and Fu et al. [34] who employed a surface-based fluid-filled
cavity and used the “fluid exchange” feature in ABAQUS. Herein, the
volume-control scheme is implemented in a simple and efficient
manner considering a fluid cavity filled with water that corresponds
to the enclosed volume of the capped pipe as shown in Fig. 10.
Translating outwards the caps at both ends of the numerical
model in the axial direction (z direction), and using a static analysis
step, increases the volume in the cavity leading in negative internal
pressure, which is equivalent to external pressurization, simulating
the nonlinear phenomenon of collapse and buckling propagation in
a very simple and cost efficient manner. Considering the current
numerical methodology, the time required for the numerical simu-
lation of collapse and propagation of the HFW pipes under inves-
tigation is 8—10 times lower in comparison with the classical Riks’
method.

The geometry of the pipe model is discretized with 24,000
20-node reduced-integration quadratic hexahedral elements,
denoted as C3D20R in aBaQus. The mesh of the pipe finite
element model consists of 80 and 150 elements in the circumferen-
tial and longitudinal direction, respectively, adopting the mesh
density reported by Gavriilidis et al. [5] after conducting a

DECEMBER 2026, Vol. 148 / 061801-7



sensitivity analysis. The caps at both ends of the model are discre-
tized with 8-node reduced-integration linear hexahedral elements,
denoted as C3D8R in ABAQUS, using 80 elements and 1 element
in the circumferential and longitudinal direction, respectively. Fric-
tionless contact, accounting for self-contact of the pipe inner
surface, is assumed to obtain the expected dog-bone collapsed
shape of Fig. 7. Furthermore, the “Direct” feature of aBaQus for
hard pressure-overclosure behavior is employed, also used by the
authors in a previous work with very good results [5].

The circumferential compressive stress—strain material data of
the outer part are assigned as material properties of the bare and
coated pipe models (Fig. 10). The material properties in the circum-
ferential direction of the outer surface of the pipe account for the
most severe material degradation, due to the cold-bending fabrica-
tion process [4,5,30,35]. An average stress—strain curve is used for
the bare and coated pipe material, which is obtained by the stress—
strain curves at 90-deg, 180-deg, and 270-deg locations, following
a procedure similar to the one presented in previous works of the
authors [4,5]. The yield stress of the averaged curve measured at
0.5% of total strain is 548.0 MPa and 595.4 MPa for the bare and
coated pipe material, respectively, while the corresponding propor-
tional limit stress values are 126.5 MPa and 415.5 MPa for the bare
and coated pipe material, respectively. The Young’s modulus (E)
and Poisson’s ratio (v) are equal to 210 GPa and 0.3, respectively.
Figure 11 presents the averaged stress—strain material curves of the
bare pipe and the coated pipe, used in the finite element models.
The yielding and hardening behavior of the pipe material is
described by a J, (von Mises) flow plasticity model with isotropic
hardening properly calibrated with the stress—strain curve under
consideration.

4 Numerical Results

The full-scale collapse tests of the bare and the coated pipe are
simulated using the numerical methodology presented in Sec. 3.
The equilibrium diagram is obtained for each pipe model
showing the variation of external pressure in terms of the change
of volume enclosed by the pipe, and it is compared with the corre-
sponding experimental curve. In particular, the numerical predic-
tions of the collapse pressure and the propagation pressure are
compared with the corresponding experimental values. Different
stress—strain material curves, corresponding to different levels of
heat treatment, are considered to investigate the effect of compres-
sive strength recovery on the collapse capacity of HFW pipes.

700

Coated

600 |

500 |

400

300 ;

Stress (MPa)

200 |

100 |

0.0 0.2 0.4 0.6 0.8 1.0
Strain (%)

Fig. 11 Compressive stress-strain curves of the bare and

coated pipe material obtained by averaging the stress—strain
curves around the circumference for each material
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Additionally, the effect of mild heat treatment on a pipe with dif-
ferent diameter-to-thickness ratio is examined. The numerical pre-
dictions and the experimental values of collapse and propagation
pressure are also compared with the corresponding estimates
from the DNV-ST-F101 (2021) design standard.

4.1 Collapse and Propagation. The variation of external
pressure with internal volume change, obtained from the numerical
simulation of the bare pipe experiment, is shown in Fig. 12(a). The
volume change is calculated in a postprocessing stage, using the
inner surface node coordinates during the numerical analysis.
The external pressure P is normalized by the yield pressure of
the pipe (P,):

Py =20y, — 2
y = Gy,nm ( )
where o, ,,, D,, and ¢ are the specified minimum yield stress of 450
PD steel material (450 MPa), the nominal outer diameter value of
the pipe (16 in.), and the average value of pipe wall thickness mea-
sured before testing, as shown in Table 2. The volume change, AV,
is normalized by the initial volume enclosed by the pipe (V,).
Figure 12(a) also shows the experimental equilibrium path
obtained from the full-scale test of the bare pipe. The numerical
results are in good agreement with the corresponding experimental
curve in the prebuckling and the postbuckling regime of the equi-
librium path. The experimental curve demonstrates an abrupt drop
of pressure recorded between stages “1” and “3.” This effect is due
to sudden depressurization of the chamber immediately after col-
lapse, and thus additional water pumping is needed to recover
the external pressure level. Therefore, the pump is turned off,
and the test is paused while the pressure is allowed to equalize
between the pipe external and internal pressures. Once the pres-
sures are equalized, the pump is turned on (rate VFD controlled).
This phenomenon is also reported in previous works involving
similar full-scale tests [5,36].

Figure 13 depicts the consecutive deformed configurations of the
bare pipe model, during collapse and quasi-static steady-state
buckling propagation. These pipe configurations correspond to
the numbers on the equilibrium path, shown in Fig. 12(a). In
Fig. 13, the cross-sectional configuration is rotated with respect
to the x—y-axes. Initially, the external pressure increases until a
maximum (ultimate) pressure is reached at stage “1,” also referred
to as “collapse pressure.” Beyond collapse, the buckle localizes
further and in that area postbuckling deformation is governed by
a “four-plastic hinge” collapse mechanism, resulting in a signifi-
cant reduction of external pressure, as shown at stage “2.” The
localized collapsed pattern, shown at stage “2,” occurs at station
1 of the bare pipe model (Fig. 8(b)), where the maximum cross-
sectional ovality is measured (0.4%), as shown in Table 2. Subse-
quently, the pressure decreases reaching a minimum pressure value
at stage “3,” where resistance of the collapsed cross section to
further ovalization develops. This is referred to as “stiffening”
and it is due to contact of two sides of the inner wall of the pipe,
which also results in slight pressure increase. Beyond the “stiffen-
ing” state in the most deformed cross section of the pipe, instead of
further cross-sectional flattening and pressure increase, the pipe
finds it easier to deform the adjacent cross sections, on either
side of the buckle until these cross sections reach a similar “stiffen-
ing” state. Repeatedly, a “steady-state” is reached, where each
cross section enforces its adjacent one to deform, resulting in pro-
gressive collapse of the pipe and in propagation of the phenomenon
at both directions along the pipe, as shown at stages “4” and “5” in
Fig. 13, under constant pressure. This pressure value corresponds
to the propagation pressure P,. Propagation continues until the
buckle reaches the ends of the model, as shown at stage “6,”
where fixed boundary conditions exist, and the external pressure
increases as shown in the pressure-volume equilibrium path.

Figure 14(a) shows the cross-sectional configurations at station 1
of the bare pipe model in the postbuckling range at stages “1”—3”
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and simulation during collapse

of Fig. 12(a), while Fig. 14(b) presents the corresponding deformed
configuration of the bare pipe during buckling propagation. The
four equally-spaced plastic hinges “PH” formed around the circum-
ference upon collapse, which drive the postbuckling phenomenon,
are marked with dot points in Fig. 14(a). Their position is rotated
by 31.5 deg with respect to the weld location (0 deg), which is
very close to the orientation observed in the full-scale experiments

(1)

(2)

(4)

(3)

(&)

Fig. 13 Deformed configurations of the bare pipe from the
stage of maximum pressure to buckling propagation; the
numbers next to each configurations are correlated with the cor-
responding numbers shown in the diagram of Fig. 12(a)
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(24 deg). The location of the plastic hinges for both the numerical
model and the bare pipe specimen are summarized in Table 3. A
good agreement is obtained for the location of each plastic hinge
between the numerical results and the experimental test, and the
difference in each location is less than 3%. Furthermore, Fig. 15
shows the variation of hoop strain at each plastic hinge with inter-
nal volume change, verifying the expected deformation mode at
each location. The results show that the experimental and the
numerical strain values are in good agreement up to collapse,
denoted as the “maximum pressure” in Fig. 15. However, some dif-
ferences between the experimental and numerical results are
observed beyond collapse, possibly attributed to the abrupt
change of geometry in the postbuckling stage. This issue requires
more investigation but is out of the scope of the present article.

The equilibrium path expressed in terms of external pressure
variation with respect to the volume change is shown in Fig. 16
for the coated pipe. The external pressure is normalized by the
yield pressure P, and the volume change is normalized by
the initial volume V, enclosed by the pipe, such as the case of
the bare pipe. The postbuckling configurations of the coated pipe
are similar to those presented in Fig. 13 for the bare pipe. The post-
buckling cross-sectional configuration of the coated pipe is also
similar to the one shown in Fig. 14 for the bare pipe, in terms of
flattening orientation and the location of plastic-hinges around
the circumference. Additionally, it is very close to the experimental
result (25 deg) shown in Table 3. The results indicate that both pipe
specimens exhibit comparable geometric imperfections during the
fabrication process. This implies consistency in the HFW manufac-
turing process and thus, the assumption of using the bare pipe
initial geometry to simulate the full-scale test of the coated pipe
is reliable. However, this argument arises from the full-scale
tests performed in the present work. Additional experimental
tests would be necessary to verify this observation.

4.2 Comparison of Experimental Values and Numerical
Predictions. The numerical and the experimental results, in
terms of both collapse pressure and propagation pressure, are in
very good agreement for both pipe specimens, bare pipe and
coated pipe. The numerical values of collapse pressure are 35.9
MPa and 43.9 MPa for the bare pipe and the coated pipe, respec-
tively. These values are in good agreement with the corresponding
experimental results, which are 38.0 MPa and 41.0 MPa for the
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Table 3 Position of each plastic hinge (in deg) with respect to
the weld location, obtained from the bare pipe numerical
model and the corresponding experimental measurements
from the bare and coated pipes

Plastic Numerical
hinge simulation Experimental Experimental value
location (deg) value (bare) (deg) (coated) (deg)
PH1 315 24 25
PH2 121.5 116 114
PH3 211.5 204 205
PH4 301.5 292 295
@) o,
06
04/
Maximum PH2

pressure

o
[=]

Hoop strain (%)

Maximum
0.6 pressure
PHT
0.8 Experiment
===~ Numerical
“40b L i i s o
0.0 0.4 0.8 1.2 1.6 20

Normalized volume change (AV/V,%)

bare pipe and coated pipe, respectively. For the bare pipe, the dif-
ference between the numerical collapse pressure and the experi-
mental value is 5%, while for the coated pipe the corresponding
difference is 7%. The difference between the experimental and
the numerical results for the case of the coated pipe model may
be due to lack of the actual geometric properties of the coated
pipe, due to external coating. Furthermore, this difference may
also be attributed to inhomogeneous material properties of the
pipe material or to different residual stress level of the bare pipe
and the coated pipe, which is not considered in the present analysis.
Therefore, the model is likely to underestimate the cross-sectional
ovalization of the pipe in the coated area, by employing the bare
pipe model in the analysis. The numerical values of the propagation
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Fig. 15 Variation of experimental and numerical values of hoop strains with volume change corresponding to the plastic
hinges (a) PH1 and PH2 and (b) PH3 and PH4, developed at station 5
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Fig. 16 Equilibrium path showing the external pressure varia-
tion with respect to the volume change for the coated pipe; com-
parison between finite element simulation and full-scale
experiment

pressure are 8.3 MPa and 8.6 MPa for the bare pipe and the coated
pipe, respectively, and they are in very good agreement with the
corresponding experimental values, which are 8.0 MPa and 8.3
MPa for the bare pipe and the coated pipe, respectively. The differ-
ence between the numerical predictions and the experimental
values for the propagation pressure is less than 4%. The results
show that the propagation pressure is slightly increased by the
mild heat treatment. This is attributed to the material strength
recovery which is more pronounced between the range of 0.2%—
0.6%, while beyond 0.6% both curves converge. Therefore, the
mild heat treatment strongly affects the collapse capacity of the
pipe which occurs in relatively small strain values than the propa-
gation of the buckle which happens in higher strain values. The
overall good agreement between experimental and numerical
results indicates that the models developed in the present study
are capable of simulating collapse and buckling propagation in
an accurate manner. The numerical and experimental values of col-
lapse and propagation pressure are summarized in Table 4.

4.3 Comparison of Experimental Values and Numerical
Predictions With Design Standard. Collapse pressure and prop-
agation pressure are also calculated with the DNV-ST-F101 (2021)
design formula for the bare pipe and coated pipe. According to the
standard, collapse pressure is obtained from the following expres-
sion:

D,
(Pc_Pel)(Pz_Pil)=PcPelelOuT( (3)

where D, and ¢ are the nominal values of the outer diameter (16 in.)
and wall thickness (= 19.1 mm) of the HFW pipe, respectively,

and O, denotes the measured initial imperfection in the form of
ovality defined by Eq. (1). The parameters P,; and P, in Eq. (3)
denote the critical elastic buckling pressure and the plastic pres-
sure, respectively, expressed as follows:

2F £\’
Py=—"—|—=— 4
! (1 _ 1/2) <D0> ( )
t
Py =20, 01 o ©)]

where E, v, and o, , are the Young’s modulus, the Poisson’s ratio,
and the specified minimum yield strength (450 MPa), respectively.
Parameter ay,, is referred to as “fabrication factor” by the design
standard and it is included in the expression of yield pressure to
account for the degradation of compressive yield strength, due to
the cold forming manufacturing. Additionally, the following
expression is proposed by the DNV-ST-F101 standard for the cal-
culation of the propagation pressure:

£\25
Pp = 35(7y,n(lfab (E) (6)

According to the standard, ag,, parameter should be taken equal
to 0.93 for HFW cold formed pipes, which is a value very close to
the ratio of the yield stress at 0.5% strain of the bare pipe material
(548.0 MPa) over the yield stress at 0.5% strain of the coated pipe
material (595.4 MPa). The DNV standard allows for an increased
value of ag,y, when the pipe is heat treated. Herein, the fabrication
factor ar,p, is considered equal to 1 for the coated pipe. Considering
the maximum value of ovality measured for each specimen, shown
in Table 2, collapse pressure and propagation pressure are evalu-
ated, using Eqgs. (3) and (6). The results for each pipe are summa-
rized in Table 4, showing also the corresponding experimental
values and numerical predictions, presented in the previous
section. The DNV-ST-F101 standard predictions are reasonable
and capture well the collapse pressure increase, compared to the
experimental values. However, the predictions are yet conservative
and underestimate the collapse pressure and the propagation pres-
sure by approximately 10%, compared to the corresponding exper-
imental values. Nevertheless, considering the complexity of the
collapse phenomenon, the DNV-ST-F101 equations can be used
for safe prediction of the collapse and the propagation pressure,
for design purposes.

4.4 Effect of Mild Heat Treatment on the Collapse
Pressure and Propagation Pressure. The experimental and
numerical results, presented in Sec. 4.2, indicate that the collapse
pressure of the coated pipe increases compared with the bare
pipe, because of the compressive strength recovery of the pipe
material after the mild heat treatment. Al-Sharif and Preston [23]
investigated the effect of different levels of heat treatment on the
compressive stress—strain response of the pipe material, concluding
that there is an upper limit of material strength recovery because of
temperature increase. This scenario has also been examined in a
previous work of the authors [5], where the stress—strain response
of the steel plate, used to manufacture the JCO-E pipe, is adopted to
represent the upper limit of the material strength recovery. The

Table 4 Collapse pressure and propagation pressure (in MPa) of the 16-in.-diameter pipe specimens; experimental values,
numerical results and DNV-ST-F101 predictions assuming as,;, equal to 0.93 and 1 for the bare pipe and coated pipe, respectively

Collapse pressure

Propagation pressure

Pipe Experimental value Numerical simulation DNV-ST-F101 Experimental value Numerical simulation DNV-ST-F101
Bare 38.0 359 34.0 8.0 83 7.0
Coated 41.0 43.9 36.9 8.3 8.6 7.5
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Fig. 17 Compressive stress—strain responses considering dif-
ferent heat treatment levels, up to bilinear material curve (HT6)

Table 5 Proportional limit stress and yield stress (in MPa) at
0.5% of total strain for different coating conditions

Level Proportional limit stress Yield stress
Bare 126.5 548.0
HT1 265.0 554.1
HT2 290.0 562.9
HT3 310.0 574.4
HT4 350.0 5823
HTS 410.0 587.6
Coated 415.5 595.4
HT6 600.3 600.3

present section investigates the effect of different material stress—
strain curves on the collapse capacity of HFW pipes with gradually
increasing yield stress from the bare pipe material curve to the plate
material, represented by a bilinear curve. These curves may stem

()

48

FP. (MPa)

w & ~ N I
& =) %) = )
Al

\

\

-
1 3
>
>

Collapse pressure,

w

[=3]
»
.

34"

540 550 560 570 580 590 600 610

Yield strength of pipe material, o, (MPa)

__Collapse
" pressure P,

2 2 = =
ES =2 o o

Normalized external pressure P/ P,

&
[N

0.1 0.2 0.3 0.4 0.5 0.6 0.7

Normalized volume change (AV/V,%)

Fig. 18 Variation of external pressure with volume change
enclosed by the pipe, for the different material curves of Fig. 17

from different heat treatment conditions, resulting in different
material strength recovery levels.

The stress—strain curve of the plate (HT6), shown in Fig. 17, is of
a bilinear shape, and may be considered as the upper limit of mate-
rial strength recovery, which theoretically corresponds to fully
annealed material. Five additional stress—strain curves are consid-
ered (HT1, HT2, HT3, HT4, and HTS) with gradually increasing
proportional limit stress and yield stress at 0.5% engineering
strain from the bare pipe material to the coated pipe material, as
shown in Fig. 17. The proportional limit increases by a substantial
amount from the bare pipe material to the plate material. Further-
more, the yield stress at 0.5% total strain is 548.0 MPa and 600.3
MPa for the bare pipe material and the plate (HT6) material,
respectively, while this corresponds to 10% increase, compared
to the bare pipe material yield stress. The influence of heat treat-
ment could also be expressed in terms of the plastic work dissipated
during material compression, where the increase of the plastic work
of each curve compared with the bare pipe material curve is
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Fig. 20 Variation of external pressure with volume change for
the bare and coated pipes with D/t equal to 21 and 31

consistent with the increase of the yield stress. The values of the
yield stress (o,) and the proportional limit (¢,) for each curve
are summarized in Table 5.

The material curves of Fig. 17 are employed in the numerical
model described in Sec. 3, for the purpose of evaluating the influ-
ence of the material strength recovery on the collapse capacity.
Figure 18 presents the variation of external pressure versus the
volume change for each material curve. The collapse capacity for
each material case (P,) is increased with increasing the material
strength recovery, indicating that the collapse resistance is signifi-
cantly affected by mild heat treatment during line pipe coating.
This is consistent with the results of a recent work of the authors
[S], where the upper limit of material recovery has been adopted
using a bilinear stress—strain curve from a plate material (before
the pipe manufacturing process). In this case, the results show
that the collapse pressure increases, indicating a strong dependence
of collapse pressure with the proportional limit. This dependence is
attributed to the fact that collapse occurs at relatively low levels of
strain, lower than 0.5%. Considering HT1-HT5 material curves,
the collapse pressure increases from 1.9% to 16.1% compared to
the bare pipe, respectively, while the collapse pressure increases
by 21.9% and 30.7% for the coated pipe and the plate material
(HT6), respectively. Figure 19 also shows an increase of collapse
pressure with increasing yield stress (Fig. 19(a)) and proportional
limit stress (Fig. 19(b)) of the pipe material.

Furthermore, the effect of mild heat treatment on the collapse
capacity of HFW pipes with different diameter-to-thickness ratio
is investigated. A 16-in. pipe with wall thickness equal to 13.1
mm (D/t=31) is simulated with a three-dimensional model,
using the stress—strain curves shown in Fig. 11. Figure 20 shows
the diagram of external pressure versus volume change for both
D/t cases (21 and 31). The results indicate that the beneficial
effect of heat treatment on collapse pressure is less pronounced in
thin-walled pipes. This is attributed to the smaller amount of
plastic deformation associated with the collapse of thin-walled
pipes, and also consistent with the DNV-ST-F101 predictions; for
the bare pipe and the coated pipe those predictions are 14.1 MPa
and 14.5 MPa, respectively, indicating a 3% increase for the pipe
with D/t = 31, while the collapse pressure increase for the pipe
with D/t=21 is 8%.

5 Conclusions
The collapse performance of HFW pipe was studied experimen-

tally and numerically, motivated by the possible use of such pipes

Journal of Offshore Mechanics and Arctic Engineering

in deep offshore applications. Two 16-in.-diameter HFW pipes
with 19.1 mm thickness, made of 450 PD steel grade from the
same heat, have been subjected to full-scale collapse testing and,
subsequently, their behavior was simulated numerically with non-
linear finite element models. The results demonstrated a very good
performance of HFW pipes against collapse, which is the main
parameter for the mechanical design of deep-offshore applications,
indicating that those pipes are suitable for use in offshore pipeline
projects. It was also shown that the application of mild heat
treatment in the course of a typical coating process mitigates the
detrimental effects of cold forming, leading to improved circumfer-
ential compressive yield stress, which is a key parameter for affect-
ing the value of collapse pressure. The average increase in
compressive yield stress due to the coating process is measured
equal to 10%, which may have a substantial effect on the design
of offshore pipes. Furthermore, the full-scale experimental results
indicate that the collapse pressure is enhanced by 7.9% after
coating, whereas the corresponding increase of the propagation
pressure value is 3.8%.

The finite element models employ a simple and very efficient
numerical technique introduced in the present article for tracing
the unstable postbuckling path of the collapsing pipe, based on a
volume-control scheme, which reduces the computational time
by a substantial amount and minimizes convergence issues due
to pipe inner surface contact. Considering averaged stress—
strain curves from laboratory experiments on coupons extracted
from the outer part of each pipe material (bare and coated), and
using an initial geometry based on the actual geometric measure-
ments, very good numerical predictions of the collapse and
propagation pressure are obtained compared to the correspond-
ing full-scale test results. The numerical results are also consis-
tent with the full-scale experimental observations in terms of
cross-sectional orientation of the pipe cross section and the
locations of the four plastic hinges, which characterize the post-
buckling shape. Additionally, excellent predictions are obtained
with the strain measurements from the underwater strain
gauges placed on the bare pipe for the first time during full-scale
high-pressure testing, offering very useful insight into the pro-
gression of cross-sectional deformation in the postbuckling
regime.

A short parametric study was also conducted, using the finite
element models with compressive stress—strain curves that corre-
spond to different level of material strength recovery. The study
demonstrates the strong influence of the proportional limit of
pipe material, which is associated with the onset of inelastic
deformation, on the pipe collapse pressure, also noticed else-
where. The numerical results also showed that the beneficial influ-
ence of mild heat treatment on the pipe collapse capacity is less
pronounced in thinner pipes (larger value of D/¢). Finally, select-
ing the fabrication factor equal to 0.93 and 1 for the bare pipe and
coated pipe respectively, the DNV-ST-F101 design formulae for
the calculation of collapse and propagation pressure provide con-
servative yet reasonable predictions when compared with the cor-
responding experimental and numerical results, and can be used
for the mechanical design of HFW pipes in offshore pipeline
applications.
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