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Abstract: During the process of laying submarine pipelines using the R-lay (short for reel-lay) method,
the interaction between the pipeline and the laying equipment undergoes continual fluctuations,
leading to bending in the pipeline induced by the stochastic dynamics of various external loads.
Considering the challenge in forecasting the dynamic behavior of pipeline bending moments and
ovality throughout this procedure, we constructed a finite element-based shell element model for a
6-inch pipeline. In this paper, a multi-step simulation approach was used to replicate the pipeline
laying process, and the dynamic response in pipeline bending moments and ovality during the
winding, unwinding, and straightening processes was analyzed. Additionally, the effects of the
pipeline’s diameter-thickness ratio and material properties on the dynamic response process were
also studied. The results show that the dynamic response in bending moments and ovality is closely
related to the curvature of the pipeline; a brief peak will appear at the critical point where the pipeline
deforms, and the peak is related to the different bending stages of the pipeline, with the winding stage
having a greater impact on the peak than the unwinding stage. During the unwinding process, a
reverse bending moment will occur. The dynamic response of pipeline bending moments and ovality
is influenced to some extent by the pipeline’s diameter—thickness ratio and material properties, with
the diameter—thickness ratio demonstrating a more conspicuous impact.

Keywords: reel lay; dynamic response of pipeline ovality; dynamic response of pipeline bending
moment; finite element multi-step simulation

1. Introduction

In the realm of offshore oil and gas resource extraction, the deployment of subsea
pipelines for oil and gas conveyance stands as an indispensable component. The R-lay
method (short for reel-lay) serves as a method for laying subsea pipelines and enables
efficient installation of pipelines with diameters below 20 inches. Owing to its cost effec-
tiveness, high laying efficiency, minimal installation risks, exceptional safety record, and
ease of control during deployment, it has emerged as a cornerstone technology for deep-sea
oil and gas pipeline installation [1-3]. Nevertheless, pipelines laid using the R-lay method
undergo repeated bending and experience repeated elastic—plastic deformations, which
can affect their performance. To ensure the safety of pipeline design, it is necessary to study
the dynamic response of bending moments and ovality during the pipeline laying process.

As the pipe undergoes deformation, transitioning gradually from an elastic state to
a plastic state, it experiences permanent changes in its cross-sectional shape, gradually
shifting from a circular to an elliptical configuration—an occurrence referred to as “oval-
ization”. Ovalization reduces the bending stiffness of the pipe and leads to instability
of limit loads, and deformation in the circumferential direction leads to circumferential
compression and tension. The non-uniform strain distribution within the pipe segment
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along the circumferential axis governs the extent of ovality [4]. Although some degree of
recovery occurs when the pipe is unwound from the reel, a degree of permanent ellipticity

persists, exerting a noteworthy impact on the pipe’s performance.
% _ Dmax; Dmin’ (1)

where D is the original pipe diameter, Dmax is the maximum diameter of the deformed
pipe, and Dpjy, is the minimum diameter of the deformed pipe, as shown in Figure 1.

Dmax
av
- ~
/ a
g \
g df d cl 1e' | o
S \ /
\ /
b’ —~
~— ~
b

Figure 1. Definition of ovalization.

Researchers have devoted extensive efforts to the investigation of cross-sectional de-
formations in pipelines for many years. Brazier [5] was the first to observe the flattening
phenomenon during pipeline bending and derived a straightforward theoretical equa-
tion linking the bending moment to ovality in thin-walled pipelines. Ades [6] simplified
the flattened shape of the cross-section into an ovality and obtained a formula for calcu-
lating the ultimate bending moment of elastic—plastic pipelines. The work of Reissner
and Weinitschke [7] provided a comprehensive theoretical foundation for understanding
pipeline ovality. Kyriakides and Shaw [8] delved into the non-elastic behavior of circular
pipes under cyclic bending, establishing that cyclic bending inevitably leads to increased
ovality in the cross-section. Poonaya and Thinvongpituk et al. [9,10] introduced a theo-
retical model elucidating the failure mechanism of thin-walled circular pipes under pure
bending, partitioning the bending process into three stages: the elastic stage, ovalization
stage, and structural collapse stage. They validated their theories through experimental
tests employing pipes with varying diameter-to-thickness ratios, demonstrating good agree-
ment between theoretical predictions and experimental outcomes. Li et al. [11] conducted
experiments showcasing that under combined loading of internal pressure and cyclic bend-
ing, continuous thinning of the pipe’s diameter and wall thickness occurs, even when
nominal stresses induced by internal pressure remain within the elastic limits along the
circumferential and radial directions. Azadeh and Taheri [12] refined the empirical formula
proposed by Kyriakides [8], enabling the prediction of the number of cycles leading to
local instability in the pipe cross-section. Lian et al. [13] asserted the inevitability of the
flattening phenomenon in the process of straightening metal pipes and scrutinized this
phenomenon through the lens of elastic—plastic deformation theory.

The R-lay method, recognized as a pivotal technology for submarine pipeline instal-
lation, has garnered substantial attention from researchers. Tawns [14] pointed out that
reel-lay installation provided an effective approach for installing small to medium-sized
pipelines in shallow and deep waters, enabling rapid installation within a limited time-
frame, even under harsh weather conditions. Martinez and Brown [15] emphasized the
precision achieved by theoretical models in finite element analysis, particularly in capturing
nonlinear behavior and complex analytical processes, enabling a more accurate understand-
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ing and simulation of industrial processes, including reel-lay technology. Gong et al. [16]
conducted numerical simulations employing a three-dimensional finite element model
within the ABAQUS framework in 2011. Their investigation delved into the influence of
key factors such as load paths, material properties, and the diameter-to-thickness ratio on
pipeline buckling behavior, drawing significant conclusions through parameter studies.
This work provided a robust theoretical foundation for the design of deepwater pipelines.
Manouchehri [17] systematically elucidated the mechanical mechanisms underpinning the
reel-lay and straightening processes. Meissner et al. [18] presented results from collapse
tests on pipes subjected to full-scale reel winding simulations, shedding light on the impact
of repeated bending on pipe collapse behavior. Guo et al. [19] undertook a series of bending
tests to explore the effects of the diameter-to-thickness ratio on both inelastic and elastic
bending performance, revealing an increasing prominence of local buckling phenomena
with rising diameter-to-thickness ratios. Shitamoto and Hisamune [20] discovered through
experiments, ranging from small-scale to full-scale, that mechanical properties of pipes
exhibited consistent behavior after strain aging. Dawood and Kenny [21] developed a three-
dimensional continuum model to simulate reel-lay installation’s bending and straightening
processes, validating their model through physical experiments conducted on a bending
test rig and a four-point bending test frame, providing comprehensive insights into the
mechanical performance of pipes during reel-lay installation. Chatzopoulou et al. [22]
leveraged advanced material models and finite element tools in 2015 to investigate the
influence of cyclic loading induced by bending on the mechanical properties of thick-walled
seamless steel pipes. Their results revealed significant anisotropy and ovalization in pipes
due to cyclic bending during the winding process. Consequently, the mechanical resistance
of wound pipes was lower than that of unwound pipes, attributable to cross-sectional oval-
ization occurring at the end of the winding process. Sriskandarajah and Rao [4] conducted
full-scale experiments, encompassing material tests, bending tests, simulation winding, and
straightening processes, subsequently comparing the findings with finite element model re-
sults, thereby offering valuable recommendations for precise model development. Liao and
Wang [23] employed the finite element method to simulate five bending stages, exploring
the influence of material and geometric parameters on residual stresses in pipelines. Addi-
tionally, they investigated the effects of residual stresses on the external pressure capacity
and tensile capacity of pipes. Liu et al. [24] introduced two modeling approaches aimed
at simulating the winding and unwinding processes of pipes. They employed nonlinear
strain-hardening materials and subjected the pipes to three cycles to assess their influence
on the structural performance of the pipelines. Ju et al. [25] developed a finite element
simulation model and engineered a specialized 6-inch reel-lay experimental apparatus
designed explicitly for the winding process within the R-lay method. Their investigations
unveiled the distinct impacts of various parameters on the pipe winding process, including
the diameter-to-thickness ratio.

Many prior investigations into R-lay-method pipelines have employed simplified
models of the pipe straightening process, which do not align with real-world operational
conditions, or have omitted finite element simulations. In this study, we introduce a
comprehensive multi-step simulation approach designed to replicate the entirety of the
R-lay method installation process. We delve into the dynamic response of the pipe, focusing
on its bending moment and cross-sectional ovality, utilizing the Ramberg—Osgood model.
Additionally, we analyze how variations in the pipe’s diameter-to-thickness ratio and
material yield strength impact this response.

2. Modeling and Analysis

Aiming at the dynamic response problem of pipeline bending moment and ovality
during the laying process of the R-lay method, this paper conducts a theoretical analysis of
the R-lay method’s laying system. Additionally, it introduces a finite element modeling
framework designed to precisely depict the dynamic response issues associated with
bending moment and ovality.
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2.1. System Description

The R-lay installation system typically comprises a carousel and a pipelay system.
The pipelay system encompasses various components, including a tensioner, straightener,
and calibrator, among others. The geometric characteristics and positional arrangements
of these components exert substantial influence on the stress experienced by the pipeline
during installation.

As shown in Figure 2, the R-lay method can be divided into the winding stage and the
unwinding straightening stage. The reel serves as the storage for the pipeline, which, after
welding at the port, is wound onto the reel. Throughout this phase, the pipeline undergoes
its initial plastic deformation and exhibits its first instance of ovality. This ovality continues
to grow as the pipeline is entirely wound onto the reel but eventually stabilizes once the
winding process is complete.

Straightener Ree Straightener

Tensioner )
Tensioner

(a) (b)
Figure 2. Schematic diagram of R-lay system: (a) winding stage; (b) unwinding stage.

Once the pipelaying vessel is positioned, the pipelaying process commences. The
pipeline reverses and unwinds from the reel, incurring its second plastic deformation.
Throughout this phase, the pipeline’s ovality decreases, and its curvature approaches
zero. Nonetheless, the pipeline cannot fully regain its original shape, resulting in residual
ovality and residual curvature. Consequently, pipe straightening becomes imperative in the
subsequent stage following unwinding to ensure that the curvature of the pipeline, once laid
on the seabed, remains within a specified range. In the course of the pipelaying process, the
pipeline traverses a calibrator before entering the straightener and tensioner. The tensioner
provides the requisite tensile force for the pipeline’s movement, while the calibrator, in
conjunction with the straightener, applies reverse bending stress. Through three-point
straightening, residual bending curvature is eliminated, achieving pipe straightening.
When the pipeline passes through the calibrator, it undergoes its third plastic deformation,
and the process of entering and exiting the calibrator mirrors the aforementioned winding
and unwinding phases. During the straightening process, the pipeline undergoes its
fourth plastic deformation. Ultimately, the pipeline is submerged in water, concluding the
lowering process.

2.2. Analysis of the Laying Process

Given the challenges in acquiring precise data regarding the intricate external loads
and deformations of the pipeline post-winding, subsequent calculations pose significant
difficulties. As a result, this paper exclusively centers on a theoretical analysis of the
pipe winding process. It conducts a theoretical analysis of pure bending on the pipe,
incorporating assumptions of uniaxial stress and plane cross-section [26]. Within the
framework of these assumptions, as shown in Figure 3, the length C;’Cy’ of fiber C1Cy,
situated at a distance z from the neutral axis O; 0,, following bending, can be calculated
using Equation (2).

C1/C2/ . C1/C2/ . R+z 2)
CGC; 0,0, R’ (
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where R represents the radius of curvature following the bending of the neutral shaft, and
x denotes the curvature of the neutral shaft post-bending. The strain at the fiber C;’Cy’ can
be determined using Equation (3).

o C1/C2/ —C1C2 - E
- C1Cy R

= zK, 3)

Oyl

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, O, Ol

G

C C/

Figure 3. Bending of pipeline.

The pipe’s cross-sectional inner diameter is denoted as R, while its outer diameter is
represented as R;. The material is treated as a linear reinforced elastoplastic material, with
its stress—strain relationship described by Equation (4):

Ee 0<e<egg
v {as—i-Ep(s—ss) e > g ()
where g5 represents the strain value at the initial yield of the material. The maximum
elastic curvature is x. = €5/Ry = 0.0256. E represents the elastic modulus of the material,
the strengthening modulus of elasticity is Ep = 6 GPa, and A denotes the strengthening
coefficient A = E/Ep.
When the outermost fiber of the pipe reaches yield, the stress at a distance z from
the neutral axis is given by 0, = 05 X z/R», the maximum elastic bending moment of the
annular section is Me, and o5 represents the yield strength of the pipe material.

_ 40 (/ V/Rp2 — 222%dz —/ VRy2 — 22 2alz) = M(l —at), (5

4

where « = R; /R, represents the ratio of the inner and outer radii of the pipeline, and o
denotes the yield strength of the pipe material.

When the section reaches the plastic limit state, 0, = o5 in the entire section, the
bending moment borne by the section reaches its maximum value, identified as the plastic
limit bending moment of the annular section, denoted as Mp.

My =25 ( [ VRZ e [ VR ) = ),

When the bending moment M (M. < M < M) is applied to the cross-section, the
fiber located at the neutral axis, where ¢ = &5/, reaches its initial yield point, and y = E, /E
represents the ratio of the modulus of the material in the two stages.

Equation (7) can be obtained from (3) and (4).

— Osg 0<z<c
U_{USeraS(il) z>c¢ ()
When c <Rj,
= 4o; [, (\/RZ \/ z2>22d2 +4 (R0 4 pos (2 - 1)) \/@zdz
—4 fcR1 (05 + pos (2 —1)] \/@zdz ®

[N

= 25 (5R3 - 202) (R} - )" - 2 (R —20%) (R - 2)
—i—Ll;j’)Rg <arcsinR% — oc4arcsinR%> + L”Z;Rg (1- tx4)
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When Ry < ¢ <R,

M = 4asf£ VRy2 — 22224z +4f [0 + nos (2 —1)]\/Ro? — 2%zdz
—40; [4! %\/ 12 — z2zdz ;9
(

1 409_ .
_os( 1 —1) 5R22 —262)(R22 o C2)2 4 UsRZZ(Cl P‘)arCSan% o 7T¢75R1 + 7TV‘75R2

When Ry, < ¢, M = M.k /%,.

When conducting an analysis of the pipe cross-section, it is assumed that the cross-
section of the pipe always remains flat (without warpage). During the winding process, the
pipe cross-section changes as shown in Figure 4.

Figure 4. Pipe cross-section.

The section ovality AD/D calculation formula is shown in (10):

D _, %(1—%)(%} +6Rm2+t2)+§;—'§+12Rm2+t2 0

- — X ,

D R,7,,4 + 10R 2 + 41{-2 + 12t2.‘702 ( )
PCZ m 3 RmZ

where R;, represents the middle diameter of the original straight pipe, ¢t denotes the
thickness of the pipe, p. represents the radius after bending of the pipe, and p. = 1/x. The
relationship between ovality AD/D and curvature x in the winding stage can be obtained
using Equation (11):

AD S (1= 1) (Rus? + 6Ry? + 12) + Ry 4 10R,,2 4 2 a
- = 4 X , 1
D Ry + 10R,2 + 412 + Rlzziz

2.3. Finite Element Model

The finite element model comprises the pipeline, reel, calibrator, tensioner, and straight-
ener. To streamline the computational complexity, the calibrator and reel share the same
diameter in this investigation. Both the reel and calibrator are represented using an iden-
tical model. The analysis encompasses multiple steps aimed at replicating the winding,
unwinding, and straightening phases inherent to the reel-lay method. The model setup
is illustrated in Figure 5. The primary focus of this paper centers on comprehending the
pipeline’s deformation throughout the bending and straightening procedures. It is note-
worthy that components in contact with the pipeline exhibit significantly greater stiffness
compared to the pipeline itself. Consequently, rigid material models are employed to
represent these components. The reel is characterized as an analytically rigid surface with
a radius of 4 m. The pipeline model consists of shell elements featuring a diameter of
D =0.168 m and various diameter-to-thickness ratios (10/15/20), extending over a length
of 480D. One end of the pipeline connects to the reel, and this connection is established
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through binding constraints at the contact points of the pipe end-face and the reel. Addi-
tionally, a line feature connects the center of the end face to the center of the reel, enabling
synchronous rotation of the pipeline with the reel.

i

Straightener

Tensioner

Figure 5. Finite element model.

In the winding process, the pipeline encounters resistance as it moves upward, at-
tributed to its own weight and friction between the pipeline and the ground. Conversely,
in the unwinding process, the pipeline undergoes tension due to the tensioner. These
forces in both stages act along the axial direction of the pipeline. To ensure uniform force
distribution on the pipeline, a constant tension force (T = 1,000,000 N) [25] is applied at the
center of the end face of the pipeline model.

The pipeline is segmented from left to right into three distinct sections: a 7.56 m long
starting section, a 7.56 m long testing section (labeled as section A), and a 65.52 m long
tail section. The data extraction plane is strategically positioned at the midpoint of section
A. A total of 120 circumferential grids are evenly distributed along the pipeline, and the
distribution of axial grid sizes is visualized in Figure 6. To ensure the precision of the
simulation results, finer grids are employed in proximity to the data extraction section.
Specifically, the starting section is divided into 60 axial elements, while the tail section
consists of 300 elements. Within the testing section, a further subdivision is implemented,
organized into three segments from left to right: testing segment-1 spans 3.58 m with
100 axial elements, testing segment-2 covers 0.4 m with 20 axial elements, and testing
segment-3 extends for 3.58 m with 100 axial elements.
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testing section-1

starting section (testing section-3) testing section-2 tail section

\Straightener

~_\ o
7.56 m 7.56 1 65.52 m
starting section festing sgction / tail section
/ T
Tens@xtract data plane A /
- |

Figure 6. Diagram of the finite element model.

The straightening device is represented using discrete rigid bodies, featuring a radius
of 20 m and a length of 2 m. Simulating the interaction between the pipeline, drum, straight-
ening device, and tensioner employs a master—slave algorithm for surface contact. Given
the pipeline’s lower stiffness, it assumes the role of the slave surface. When considering
the pipeline’s contact with the drum, relative sliding emerges as a result of pipeline defor-
mation, and the pipeline experiences negligible frictional forces. Consequently, tangential
contact is rendered frictionless, permitting limited sliding between the contacting surfaces.
Normal contact is defined by an exponential “softening” pressure-overclosure relationship.
In this context, “softening” contact implies that the contact relationship is established even
when a certain gap exists between the surfaces. Upon actual contact, the contact pressure
exhibits rapid escalation, ensuring continuous pressure increase throughout the entire
contact duration. As shown in Figure 7, the contact pressure between 0 < C < C increases
exponentially as the gap decreases.

Contact A
pressure

Exponential pressure-overclosure
relationship
Py

- 1
Clearance Co

Figure 7. Exponentially “softening” the contact pressure-overclosure relationship diagram.

When using the exponential “softening” pressure—overclosure relationship, it is nec-
essary to set the initial gap Cp and the actual hard contact pressure Py. The value of Cy is
chosen empirically as 0.001 inches, ensuring that the pressure starts to increase within a
certain contact distance. The normal contact pressure is set to 500 psi (3.4 MPa) [24].
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Deepwater submarine pipeline materials possess exceptional plastic deformation
capabilities. To accurately characterize their mechanical properties, scholars predominantly
employ the Ramberg-Osgood model.

n—1
) , (12)

_ 74 3
TE\TT
where o represents stress, E denotes the modulus of elasticity, o, represents the yield stress,
and n denotes the hardening index of the material. In this paper, three materials (X60,
X65, and X70) were used with consistent hardening indices (n = 10.3) and a shared elastic
modulus (E = 207 GPa). The respective yield stresses for these materials are 414 MPa,
448 MPa, and 482 MPa. The relation between stress and strain of the three materials are
shown in Figure 8.

o

Oy

x108

0 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1

Strain

Figure 8. Relation between stress and strain.

3. Numerical Implementation

A multi-step finite element simulation scheme and a data extraction method were
devised to simulate the laying process of R-lay pipelines. The simulation’s accuracy was
corroborated through a comparison with theoretical values.

3.1. Simulation of Reeling and Unreeling

As shown in Figure 9, the corresponding relationship between each analysis step in the
multi-step simulation and the actual operating conditions is presented. Each analysis step
spans 1 s. The left blue segment denotes the starting section, the prominently highlighted
red segment in the middle signifies test section A, and the blue segment on the right-hand
side represents the tail section. The vertical dashed line denotes the location of the data
extraction plane.



J. Mar. Sci. Eng. 2023, 11,1783 10 of 22

Starting Text Tail
section section section

Extract data
plane A

Figure 9. Two-dimensional diagram.

In step I, a boundary condition is imposed, involving a counterclockwise rotation of
240° at the reel’s reference point. This causes the pipeline to rotate with the reel and wrap
around it, replicating the process of spooling the pipeline onto the reel in the shipyard, as
shown in Figure 10.

.

Figure 10. Diagram of step I.

In step II, a boundary condition is implemented, involving a clockwise rotation of
240° at the reel’s reference point. This replicates the process of the pipeline unwinding and
departing from the drum during the payout process, as shown in Figure 11.

C

Figure 11. Diagram of step II.

In step 1III, the pipeline’s movement through the calibration unit can be likened to a
process akin to re-winding it onto the reel. This simulation aligns with the initial analysis
step of the reeling process. To represent this, we apply a boundary condition involving a
counterclockwise rotation of 240° at the reel’s reference point, as shown in Figure 12.

O

Figure 12. Diagram of step III

a
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In step IV, the models of the tensioner and straightener are positioned in preparation
for simulating the pipeline straightening process. The straightener maintains pressure even
after reaching the initial horizontal position of the pipeline to eliminate residual bending
moment. Meanwhile, the two tensioners approach the pipeline, maintaining a gap slightly
larger than the pipeline’s diameter to prevent deformation caused by compression. This
gap serves as a limiting function. Figure 13 illustrates this process, and it does not affect
data extraction.

'
r

Figure 13. Diagram of step IV.

In step V, the boundary condition of clockwise rotation of 240° is applied to the
reference point of the reel. This step replicates the pipeline’s departure from the reel,
corresponding to its exit from the straightener. Simultaneously, the pipeline, having left
the straightener, proceeds to pass through both the tensioner and straightener, thereby
simulating the straightening process facilitated by these components. Figure 14 illustrates
this process.

— |
L]
!

Figure 14. Diagram of step V.

3.2. Model Results

As shown in Figure 1, during the deformation process of the pipeline, by extracting
the coordinates of four points a, b, ¢, and d in section A at different time instances, the
values of Dyax and Dy at each moment can be obtained, thereby determining the ovality
of section A at different time instances.

As shown in Figure 15, the curvature radius at the data extraction plane of the pipeline
is equal to the radius of the nearby arc. Three points are selected: the center point of
the section and two points on the left and right axial axes at distances of 0.2 m. By
extracting the coordinates of these points, we can calculate the center of the circle formed by
them, subsequently allowing us to determine the pipeline’s curvature, denoted as . This
curvature is calculated using the equation k = 1/(R + r), where R represents the bending
curvature radius associated with components like the drum, calibrator, or straightener,
while r denotes the radius of the pipeline.
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Figure 15. Definition of curvature.

Utilizing the previously mentioned finite element model, the R-lay laying process
is simulated using finite element analysis. In Figure 16, the results after the winding,
unwinding, and straightening processes are presented. It can be observed from the figure
that the pipeline exhibits a reverse bending moment after leaving the drum, and there is a
significant reduction in the residual stress after the straightening process.

Stress (Pa)
+ 6. 778X 108
+6.215X 108
+ 5.653X108
+ 4. 528X 108
+ 3.965X108
+ 3,403 X 108
+ 2. 810X 108
+ 2. 278X 108
+ 175X 108
+ 1. 153X 108
+ 5.905X 107
+ 2.801X106

Figure 16. The stress distribution of the pipe during reeling.

Taking the X65 material with a diameter-to-thickness ratio of 20 as an example, the
calculation results of the finite element model in the winding stage are compared with the
curvature-moment relationship derived from the above theoretical conclusions. As shown
in Figure 17, both curves depict an increase in bending moment values with curvature,
following a pattern of rapid increase, gradual slowing, and eventual stabilization. This
behavior is associated with the pipe’s transition from elasticity to plasticity. The theoretical
curve begins stabilizing as the bending moment approaches, while the simulation curve
exhibits a smoother trend. Specifically, the theoretical curve reaches stability when the
bending moment is approximately 0.95 x 10° N-m, while the simulation curve demon-
strates a smoother performance. However, the bending moment value after stabilization
in the simulation is slightly higher than the theoretical value, with a maximum difference
of 0.95 x 10* N-m. This discrepancy arises because the forces acting on the pipe with
the reel in the finite element simulation differ from the theoretical calculations of pipe
bending. In comparison to theoretical calculations, the actual forces on the pipe are more
complex, influenced by the random dynamic effects of multiple external loads. Therefore,
the simulation reflects conditions closer to actual working conditions, emphasizing the
practical value of the finite element simulation results.
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—— Theoretical curvature - bending moment
— Simulated curvature -bending moment

Bending moment M(N.m)
»

L 1

0 1 1
0 0.05 0.1 0.15 0.2 0.25
The curvature of the neutral shaft «(1/m)

Figure 17. Comparison of theoretical and simulated variation in bending moment with curvature
during reeling process.

Comparisons were conducted between the finite element model’s calculated results
for the winding phase and the theoretical conclusions concerning the ovality—curvature
relationship. As shown in Figure 18, both curves demonstrate an increasing trend in ovality
with increasing curvature. However, at the same curvature, the simulated ovality values
surpass the theoretical values until the curvature reaches 0.25, at which point the simulated
ovality gradually stabilizes. In contrast, the theoretical ovality follows a more linear trend,
while the finite element simulation results exhibit a pattern of initially gradual changes,
followed by rapid shifts, and finally slower variations in ovality. The explanation for this
gradual change in ovality near 0.25 will be elaborated upon in the subsequent section. The
deviation in ovality is attributed to the previously discussed differences in moments. When
subjected to the same curvature, the pipeline in the finite element simulation experiences
higher moments, resulting in the phenomenon of the simulated ovality surpassing the
theoretical ovality.
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Figure 18. Comparison of theoretical and simulated variation in ovality with curvature during reeling
process.

Kyriakides [27] conducted a scaled-down experimental study with a diameter of 1 inch
and a diameter-to-thickness ratio of 20 to investigate the relationship between ovality and
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curvature during the winding and unwinding processes of pipes. The experiments were
repeated three times cyclically. Figure 19 illustrates the obtained relationship between
ovality and curvature from these experiments. In this paper, utilizing the previously
described finite element model, the straightening process is omitted, and three cycles of
winding and unwinding simulations are performed. The resulting relationship between
ovality and curvature is presented in Figure 20. It is essential to note that there are
slight differences in terms of the pipe material and diameter between Kyriakides et al.’s
experiments and our study, leading to minor disparities in the results. Nonetheless, the
overall trend exhibits a high degree of similarity.
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Figure 19. Experimental cyclic curve of a 1-inch pipeline.
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Figure 20. Simulated cyclic curve of a 6-inch pipeline.

4. Results and Discussion

Taking the X65 material with a diameter-to-thickness ratio of 20 as an illustrative
case, as illustrated in Figures 21 and 22, the time span from 0 to 1 s corresponds to step
I, signifying the process of winding the pipeline onto the reel. The bending moment at
section A steadily increases prior to contact with the pipeline, while the ovality exhibits
negligible variation during this interval. Upon reaching the reel, both the bending moment
and ovality rapidly attain their peak values. Subsequently, following this peak, a transient
decay is observed, succeeded by a stable phase. This phenomenon can be attributed to the
fact that when the pipeline is entirely wound onto the reel, it experiences the maximum
external forces resulting from the combined effects of the reel and the tension at the tail
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end. This leads to the peak values in the bending moment and ovality at that moment.
Once the pipeline is fully wound onto the reel, the influence of tail-end tension and the
horizontal component of the reel force gradually diminishes, resulting in a rebound effect
within the pipeline. Consequently, the ovality and bending moment marginally decrease
and subsequently stabilize. Specifically, the bending moment decreases by 0.04 x 10°> N-m,
and ovality decreases by 0.07% relative to its peak value. This analytical step underscores
the detrimental effect of peak ovality and bending moment at the critical deformation point
on the pipeline’s longevity. Furthermore, the gradual decrease in tension at both ends of
the pipeline, as observed when the pipeline is fully wound, provides an explanation for the
gradual change in ovality near a curvature of 0.25, as discussed in Section 3.
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Figure 21. Bending moment change during pipe reeling.
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Figure 22. Ovality change during pipe reeling.

The time span from 1 to 2 s corresponds to the second analytical step, signifying the
process of unwinding the pipeline from the reel. During the pre-unwinding transient phase,
the ovality and bending moment of the pipeline section remain constant. At the point of
departing from the reel, influenced by both the reel and the tension at the tail end, the
pipeline is subjected to a substantial external force, resulting in an elevation in the ovality
and bending moment to their peak values. The peak comparative stabilization value of
the bending moment increased by 0.03 x 10° N-m; the peak stabilization value of ovality
increased by 0.68%. Shortly thereafter, section A completely disengages from the reel,
and without the reel’s influence, the ovality and bending moment of the pipeline rapidly
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decrease. The bending moment initially descends to zero and then turns negative due to
the straightening effect caused by the tension, resulting in a reverse bending moment of
—1.13 x 10° N-m. The ovality of the pipe initially decreases after departing from the reel,
then rebounds and remains stable with a rebound rate of —0.28%. This is because the reel
compresses the pipeline section during the unwinding process, leading to ovality reduction.
Once the section completely disengages from the reel, the reel force diminishes, causing a
slight pipeline rebound, resulting in a minor ovality increase. This analytical step clarifies
the occurrence of irreversible plastic deformation in the pipeline and the inevitability of
encountering peak forces at the critical deformation point.

The time span from 2 to 3 s corresponds to step IlI, representing the simulation of the
pipeline entering a calibrator with a radius equal to that of the winding reel. Upon contact
with the calibrator, the bending moment and ovality rapidly surge, resembling the peak
observed in step 1. Following a brief duration, both parameters subside and reach stability
once the pipeline is completely within the calibrator. This analytical step reveals that the
mentioned peaks arise at distinct critical points during the process.

It is important to highlight that, in comparison to the initial winding (step I), following
one curling process, the stabilized bending moment of the second pipeline section during
the second winding (step I1I) decreased by 0.02 x 10° N-m. The stabilized ovality increased
by 8.87% when compared to the stabilized value after unwinding. Conversely, the stabilized
value of the first section increased by 8.08% compared to its state before the curling process.
This suggests that the pipeline’s resistance to deformation has somewhat diminished after
a single winding and unwinding cycle.

The time span from 3 to 4 s corresponds to step IV, which is the preparation process
and is unrelated to the simulation data.

The time span from 4 to 5 s corresponds to step V, which encompasses the pipeline’s
passage through the straightening device and tensioning device subsequent to exiting the
calibrator. As the pipeline exits the calibrator, the variations in bending moment and ovality
mirror a pattern akin to the unwinding process observed in the second analytical step (1-2 s).
The bending moment reaches its zenith and subsequently diminishes until it reaches a
stable reverse bending moment of —1.17 x 10° N-m. The ovality peaks, experiences a
subsequent decline, and then demonstrates a slight rebound, remaining constant with a
rebound rate of —0.3%. The residual ovality increases after reaching stabilization. When
the pipeline traverses the straightening device, its behavior bears semblance to the curving
process during the winding operation but exhibits distinct characteristics. The bending
moment approaches zero during the straightening process, undergoes a brief rebound upon
completion, and eventually stabilizes. The cross-sectional ovality exhibits two peaks as the
pipe enters and exits the straightener, yet the change in value before and after is minimal.
This observation underscores that the impact on cross-sectional ovality is negligible before
and after the pipe undergoes buckling changes in the case of a large radius of curvature.

In contrast to the initial unwinding process (step II), the stable value of the reverse
bending moment during the second unwinding process (step V) is smaller. However,
the increase in the peak bending moment upon exiting the calibrator remains consistent,
at 0.03 x 10° N-m. Likewise, the increase in the ovality’s peak value upon exiting the
calibrator is also comparable, and the rebound rate before reaching stability is nearly
identical.

Combined with the comparison of step I and step II with step III and step V, it is
evident that different winding stages in R-lay have a significant impact on the pipeline.
This impact is particularly noticeable during the winding stages, primarily evidenced by
the reverse bending moment and residual ovality observed at the onset of the second
cycle. Furthermore, the second winding stage displays more significant fluctuations in the
ovality and bending moment peak values. In contrast, the two unwinding stages exhibit a
considerable overlap in their peak values, suggesting a lesser impact on these stages.

As shown in Figures 23 and 24, the bending moment and ovality dynamic response
curves for diameter—thickness ratios of 15 and 10 are examined. Comparisons are made
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between the first and second analysis steps, as well as the third and fifth analysis steps, to
validate the aforementioned conclusions. The results indicate that the pipeline experiences
peak values at critical points during winding and unwinding, and these peak values vary
during different phases of the winding process. However, the impact during the unwinding
stage is minimal. This pattern holds true across various pipe materials, demonstrating high
data repeatability. Further elaboration is unnecessary.
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Figure 23. Bending moment changes during reeling of pipes: (a) pipe diameter-to-thickness ratio of
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Figure 24. Ovality changes during reeling of pipes: (a) pipe diameter-to-thickness ratio of 15; (b) pipe
diameter-to-thickness ratio of 10.

As illustrated in Figure 25, the relationship between curvature and the bending mo-
ment can be segmented into four stages, with winding and unwinding processes displaying
contrasting trends. Notably, there is an observable “delay” in the response during the
straightening process, which can be attributed to the positions of the calibrator and straight-
ener. Throughout each stage, there is a notable resemblance between curvature and bending
moment, particularly during the winding and unwinding processes. The distinction within
the winding stage becomes evident in the reverse bending moment, while the unwinding
stage exhibits a significant overlap. These observations further corroborate the previously
mentioned conclusions.

As shown in Figure 26, the winding and unwinding processes corresponding to the
first and second analysis steps, as well as the third and fifth analysis steps, exhibit a
significant overall similarity, except for the influence of residual ovality and the numerical
differences mentioned earlier. The curve following the fifth analysis step represents the
straightening stage, characterized by smaller magnitude changes but following a similar
trend to the previous analysis steps. The specific response relationship is influenced by the
spatial positions of the straightener and tensioner.
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As shown in Figures 27 and 28, where D/t represents the ratio of the pipe diameter
to wall thickness, it becomes evident that pipes with a D/t ratio of 10 exhibit the least
variation in ovality during the winding process, while pipes with a D/t ratio of 20 display
the most significant variation, reaching maximum values of 2.34% and 14.3%, respectively.
This trend highlights that as the D/t ratio increases, the ovality of the pipes also increases.
Notably, when the D/t ratio reaches 20, the ovality surpasses the range stipulated by
DNV standards, rendering the pipes unsuitable for laying operations. Conversely, at any
given moment throughout the winding and laying process, pipes with a D/t ratio of 20
experience the lowest bending moment, whereas pipes with a D/t ratio of 10 endure the
highest bending moment. This observation suggests that pipes with a higher D/t ratio
require less bending moment for deformation.
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Figure 28. (a) Effect of yield strength on ovality during pipe reeling; (b) effect of yield strength on
bending moment during pipe reeling.

As the yield strength increases, the ovality of pipes made of X70 material exhibits the
least change during the reeling process, while the ovality of X60 material pipes undergoes
the most significant alteration, reaching maximum values of 2.38% and 2.47%, respectively.
This implies that pipe ovality decreases with increasing yield strength. Conversely, during
any point of winding and laying, pipes made of X70 material experience the highest
bending moment, whereas X60 material pipes endure the lowest bending moment. This
suggests that an increase in yield strength results in a greater bending moment requirement
for pipe deformation.

As shown in Figure 28, it is demonstrated that the material has a peak pattern for the
emergence of different curling phases, as previously mentioned.

5. Conclusions

In this paper, a multi-analysis step simulation model simulating the whole process
of R-lay laying is established using finite element software, and the accuracy of the finite
element model is verified using theoretical analysis and a comparison of the finite element
results. Using this established finite element model, the dynamic responses of the ovality
and bending moments during the pipelaying process are investigated. And the nonlinear
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relationship between these variables and curvature is explored, as well as the impact of
the pipe diameter—thickness ratio and material parameters on the dynamic responses of
section ovality and bending moments during winding. The findings of the analysis are
summarized as follows:

1.  The dynamic responses of pipeline bending moments and ovality during the winding
process are intricately linked to curvature. Different buckling stages, whether occur-
ring at the same curvature or different curvatures, exert a substantial influence on
these responses. The dynamic response of these parameters does not exhibit a simple
linear increase with bending curvature. Instead, it is characterized by a slow response
prior to contact with the reel, followed by a rapid change in response during contact.
A brief peak is observed at the critical point where the pipe undergoes winding and
unwinding deformation. Subsequent to a buckling event, the pipe retains residual
ovality and a reverse bending moment, which impacts the peak at the deformation
critical point. This influence is primarily evident during the winding stage and has
minimal effect during the unwinding stage.

2. The material’s yield strength exerts a significant impact on the dynamic response of
pipelines when employing the R-lay method. As the yield strength increases, the
bending moment experienced during pipelaying at a given moment becomes greater,
while ovality decreases. In essence, a higher yield strength enhances the pipeline’s
ability to withstand bending moments.

3.  The ratio of the pipe diameter to thickness exerts a substantial influence on the
dynamic response of pipeline laying using the R-lay method. As the diameter to thick-
ness ratio of the pipeline increases, the bending moment experienced during pipeline
laying at a given moment decreases, while the ovality increases. In other words, a
higher diameter to thickness ratio signifies a reduced ability to withstand bending mo-
ments. Additionally, the impact of ovality will persist and accumulate, underscoring
the need to control the frequency of pipe bucklings to ensure performance.

The analysis and investigation of the dynamic responses of pipeline bending moments
and ovality in the process of R-lay-method pipelaying presented in this paper hold sub-
stantial importance in preventing pipeline collapse and refining laying scheme designs.
In the future, it is imperative to delve deeper into addressing peak-related issues by fur-
ther optimizing the finite element simulation approach. Additionally, there is a need to
integrate other factors, such as ocean currents and temperature, into the research agenda
during wind-based laying. This effort aims to furnish an effective and rational theoretical
foundation for pipeline laying technology.
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