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Abstract: Traditionally, subsea pipelines designed for the transportation of oil, gas, and water are
constructed using carbon steel due to its strength, toughness, and ability to operate at temperatures
up to 427 °C. However, polyethylene (PE), especially its high-density variant (HDPE), presents ad-
vantages such as reduced installation costs, diminished water leakage, and superior corrosion re-
sistance. As research endeavours to enhance PE properties, its adoption for subsea applications is
anticipated to rise. This study first delineates the mechanical behaviour of HDPE pipelines for off-
shore installation, identifying pulling tension, dimension ratio, water depth, and air fill ratio as the
paramount lay parameters. Subsequently, a theoretical bend radius equation was derived from
pipelaying mechanics using a purely geometric approach. Within this equation, two determinants,
parameter X and parameter Y, dictate the sagbend bend radius. Regression analysis elucidated the
relationships of lay parameters with both X and Y, yielding a general equation for X in terms of pull
tension, water depth, and air fill ratio and another for Y as a function of water depth. Together, these
geometric determinants underpin the sagbend bend radius estimation model. For overbend bend
radius prediction, a lay index (I.) was fashioned from the aforementioned three parameters. Corre-
lation assessments between the lay index and overbend bend radius revealed R? values of 0.940,
0.836, and 0.712 for pipes with diameters of 2.0, 2.5, and 3.0 metres, respectively. This underscores
the model’s proficiency in predicting the bend radius, albeit with decreasing precision for larger-
diameter pipelines.

Keywords: ocean and shore technology (OST); HDPE; offshore installation; pipeline; bend radius;
subsea

1. Introduction

In recent times, non-metallic pipes have gained precedence in offshore project devel-
opment. A multitude of research has delved into understanding the behaviour of such
pipelines [1-3]. High-density polyethylene (HDPE) often finds use as an internal lining
for steel pipes in marine environments and forms part of composite pipe material. Re-
garding the HDPE, limited studies have been conducted recently, as follows.

Kuliczkowska and Gierczak [4] examined the buckling failure mechanisms of HDPE
rehabilitation pipes and assessed various design strategies against this issue. Their re-
search revealed notable discrepancies in different calculation methods and highlighted
key factors in buckling evaluation. Yang et al. [5] investigated the abnormal leakage effect
of a buried HDPE pipe. They concluded that most of the failures may be caused by
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erosion—corrosion and mechanical damage and have investigated the biological degrada-
tion. Wu et al. [6] conducted field explosion tests on buried HDPE pipelines, analysing
factors influencing dynamic responses. Based on their findings, they established explosive
charge standards and devised damage prediction models for different damage levels.
Majid and Elghorba [7] conducted HDPE pipe failure analysis by a static test and pro-
posed simplified approaches to assess the damage. Guidara et al. [8] performed a struc-
tural integrity assessment of defected HPDE pipes. They focused on the burst test and FE-
based ECA by a J-integral technique. Guidara et al. [9] continuously proposed a semi-
empirical model for structural integrity assessment for HDPE pipes. However, studies re-
lated to subsea pipeline installation using HDPE pipes are limited.

Other frequent linings include polyvinyl chloride (PVC), fusion-bonded epoxy (FBE),
and corrosion-resistant alloy (CRA) [10,11]. Conversely, pure HDPE pipes dominate the
construction of seawater intake and discharge systems in coastal processing facilities. Ex-
tensive research has been conducted on the installation of offshore carbon steel pipelines
and pipe-in-pipe systems [12-14]. However, offshore HDPE pipeline installations diverge
from carbon steel installations, primarily because of HDPE's lightweight properties. Car-
bon steel pipes predominantly employ the S-lay and J-lay installation methods. The S-lay
process sees the pipeline transition from a horizontal vessel position, curving downwards
to the seabed in an emblematic S-shape. In contrast, the J-lay method, preferred for deeper
waters, deploys the pipeline from a vertical lay system (VLS) tower, assuming a J-shape
[15].

Pipelines during offshore installations endure external pressure, bending, and axial
load from various environmental forces [16,17], impacting their fatigue life over opera-
tional phases [18-21]. Hence, ensuring pipelines perform as designed without compro-
mising integrity is paramount. Analytical optimization of the design is vital for effective
real-world operation, underlining the importance of a profound understanding of instal-
lation analysis modelling techniques. HDPE pipes in marine applications, predominantly
for water intake or discharge, are favoured due to their high corrosion resistance, low
surface roughness (enhancing hydraulic behaviour), and exceptional resilience against
environmental forces. Roberts et al. [22] indicated that outfall diffuser depths typically
range from 20 m to 40 m. Pipelines situated in water depths beyond 60 m are classified as
deep water. Notably, in 2012, Makai Ocean Engineering undertook a repair study on a 40”
diameter HDPE intake pipeline located at a depth of 670 m. Utilising the Orcaflex software
(ver 9.6), Rocheleau and Jensen [23] crafted a finite element (FE) model to emulate a large-
diameter catenary HDPE pipeline and its anchoring system, enhancing the repair meth-
odologies through a better understanding of design behaviour.

Several authors, including Johansen et al. [24] and Ravlic et al. [25], have illuminated
the challenges of subsea pipeline installations. In brief, the challenges including the re-
search gap and the technical reviews on HDPE pipeline studies and guidelines are con-
cisely illustrated in Figure 1a,b. More recently, Kim et al. [26] detailed the design and in-
stallation of an ultra-large HDPE intake pipeline in Algeria, boasting a diameter of 2.5 m
and dimension ratios of 26 and 30. The pipe dimension ratio (DR) is defined as the ratio
of a pipe’s outer diameter to its wall thickness. Intriguingly, as the DR increases, indicating
a larger diameter, the wall thickness proportionally decreases.
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Figure 1. Technical reviews on HDPE-pipeline-related studies including guidelines [23,24,26-32].

A critical observation was that the pipe’s simplified minimum yield stress (SMYS)
stood at a significant 92%, especially when considering a 70 kN pulling force. The HDPE
pipeline is typically installed via the float-and-sink method, as illustrated in Figure 2a.
Enhanced modelling techniques during the sinking phase can potentially yield improved
analysis results. Since the introduction of PE pipes for marine installations in the late
1950s, the S-lay sinking method has predominantly been employed. As presented by
Andtbacka et al. [33], the essential premise of this method involves the pipe initially float-
ing on the seawater’s surface, followed by water being filled from one end while pull ten-
sion is exerted at the opposite end.
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Figure 2. Schematic view of the offshore pipeline float-and-sink installation method.

However, a novel conceptual study by Stentiford and Wooley [27] proposed three
distinct installation methods for PE pipelines for depths of up to 1000 m. The first, known
as the ocean surface floating tow method, requires buoyancy modules to be fixed at spe-
cific intervals. These modules ensure the pipeline’s top breaches the seawater’s surface.
Following this, the pipeline is towed to its designated location by a tugboat. Once in po-
sition, buoys are gradually released, causing the pipeline to descend onto the seabed. The
second method, termed the buoyant catenary, employs a clump weight attached at both
the inshore and offshore ends of the pipeline. Installation is orchestrated so that both
weights descend to their respective positions. Due to its low-density nature, the buoyancy
of the PE pipeline makes it assume an inverted catenary shape. Lastly, the ocean floor tow
method allows the pipeline to be towed out to sea, hovering just above the seabed to min-
imise current impacts.

Historically, the definition of “large diameter” for PE pipes has evolved. In 1982, a
pipe with a 1.0 m diameter and a dimension ratio of 23 was deemed large [28]. By 2009,
marine cooling water pipelines for the Terga power plant were being constructed with a
diameter of 2.0 m and a dimension ratio of 26 [34]. Presently, PE pipes are manufactured
in sizes reaching up to 3260 mm in diameter, with dimension ratios ranging from 17 to 41
[35]. Consequently, it is plausible to infer that mechanical properties consistent with pipes
smaller than 3.0 m can be achieved, given the similarity in dimension ratios. This research
endeavours to provide insights into the characteristics and behaviour of large-diameter
HDPE and to introduce a streamlined model to predict the bend radius of the pipeline
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during offshore installation. This study specifically examines pipes of 2.0 m, 2.5 m, and
3.0 m in diameter, spanning dimension ratios of 17, 21, 26, 33, and 41.

2. Sinking Process Mechanism

Earlier research primarily relied on static analysis of pipeline issues. Initially, the
pipeline profile, often assumed to adopt an S-shape during the sinking operation, was an
unknown variable. The most critical stage is the sinking process, depicted in Figure 2b.
For a successful installation, it is imperative to strike a balance between the downward
forces (1) and upward forces (42). Downward forces primarily stem from the concrete
weights attached to the pipeline, while the buoyancy of the air-filled pipeline section gen-
erates the upward forces.

For the sinking process to commence and progress, the downward forces must
slightly outweigh the upward forces. However, maintaining this delicate balance remains
a central challenge. It is crucial to prevent the acceleration of downward forces; this can
be managed by monitoring the sinking speed and adjusting the internal air pressure ac-
cordingly. If sinking speed escalates, air pressure can be increased, and the reverse is also
true. Tools like valves and compressors play a vital role in regulating this pressure. A
primary concern for the pipeline is potential damage due to buckling at the sea’s surface
or bottom, caused by bending. As illustrated in Figure 2b, key factors influencing the sink-
ing process include upward and downward forces, pulling force (P), air pressure, and
sinking velocity (V). Notably, this study specifically focuses on the upward, downward,
and pulling forces.

3. Study of Interest

To develop a simplified method for predicting the bend radius of large-diameter
HDPE pipelines, we delved into the following research domains:

e Analysing the impact of depth variation on the pipeline’s total stress and curvature.

e Investigating the influence of applied tension variations on total stress and curvature.

e  Evaluating the effect of the pipe’s dimension ratio (DR) on total stress and curvature.

e  Comparing results for pipe diameters of 2.0 m, 2.5 m, and 3.0 m.

e  Conducting a regression analysis on the primary parameters for pipeline installation.

e  This study presents analysis results obtained from static modelling. In this initial
study, static analysis is adequate to obtain the effect of water depth, pull tension,
pipe DR and AFR on pipe curvature or bend radius for the formulation of bend ra-
dius prediction. Hence, dynamic analysis, which takes into account the vessel and
pipeline hydrodynamic behaviour, has not been analysed.

3.1. Sinking Model

This research explored various modelling techniques to simulate the structural re-
sponse of HDPE pipeline sinking operations, as depicted in Figures 3 and 4. The pros and
cons of each sinking method are detailed in Tables 1 and 2. Three modelling techniques
were compared to assess the stress load distribution on the pipeline. The decision matrix
method facilitated the identification of the most suitable technique among the three, con-
sidering criteria such as load distribution, model complexity, and sagbend and overbend
stress ratios. Load distribution pertains to the load imposed on the pipe due to arbitrary
buoys, clumps, or weights in the model, with techniques A and B demonstrating high
values. Model complexity reflects the intricacy of each technique, gauged by the number
of objects involved. The stress ratio gauges the analysis loading stress against the PE’s
minimum yield strength in the sagbend and overbend regions. Preliminary findings iden-
tified the equivalent weight method as the superior approach for modelling HDPE pipe-
line sinking (see Table 3). Consequently, Model C, representing this method, was chosen
for the parametric study analysis.
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Figure 4. Finite element (FE) model of the sinking process.

Table 1. Comparison of the advantages of different modelling techniques.

Methods Advantages
Buoy . Able to run in time domain.
Clump . Quick to model and run.

Quick to model and run.

Equivalent weight Better load distribution.

Table 2. Comparison of the disadvantages of different modelling techniques.

Methods Disadvantages
. Buoy is the model as a point load.
Buoy . Requires many model objects (3D buoy and links).
. Difficult to refine model.
. Floating profile is not accurate.
. Clump is the model as a point load.
Clump . . .
Limited to static calculation.
. Limited to static calculation.
Equivalent weight = Requires performing hand calculation of the equivalent
weight.

Table 3. Final decision matrix table for modelling selection.

Criteria Weightage Buoy Clump Equivalent

Load distribution (kN) 9 -0.483 -0.518 1

Model complexity 7 -2 1 1
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Sagbend stress ratio 6 -2 0 1
Overbend stress ratio 6 1 -0.5 0
Total Score - -24.347 -0.662 22

3.2. Effect of Depth Variation

For this investigation, the finite element software OrcaFlex (version 9.6) was chosen
to analyse the impact of various parameters on the resulting stresses and strains. The
properties of the pipe utilised in this study are detailed in Tables 4-6. An initial pull ten-
sion of 153 kN, calculated using Equation (1), was applied to assess the influence of vary-
ing depth values on the pipelay’s shape, as well as its stress and strain responses.

T=w,xwd. (1)

sub

Here, T is the tension (kN), , , is the pipeline’s submerged weight, and w.d.
(mm) is water depth.

Table 4. Pipe data.

Description Unit Pipe
Outer diameter mm 2000
Wall thickness mm 77
Table 5. Material data.
Property Unit Value
Density kg/m? 960
Yield strength MPa 23
Tensile modulus (short) MPa 950
Poisson’s ratio - 04
Minimum required strength (MRS) MPa 10

Table 6. Concrete collar data.

Description Unit Value
Span m 6
Air fill rate % 20

While maintaining a constant tension, the water depth was varied in increments of
10 m to observe its effects on the pipeline until it reached a point of overstress or buckling.
As observed, with an increase in water depth, the pipeline profile tends to become steeper.
Figures 5 and 6 illustrate the stress and curvature variations in the pipeline throughout
the sinking process. Notably, as the water depth rises, there is a corresponding increase in
both stress and curvature when tension remains unchanged. It is crucial to highlight that,
depending on the chosen design criteria for installation, the results can vary significantly.
For instance, under stress limit criteria, the pipeline can sustain depths up to 27 m before
failure, as depicted in Figure 5. In contrast, if considering the local buckling limit, this
threshold extends up to 60 m before observing a failure.

wd.=120D ()

In line with Pipelife’s guidelines, water depths greater than 24 m qualify as the “deep-
water” region, as formulated in Equation (2) [36]. Due to the unique challenges and con-
ditions present in deepwater installations, the pulling tension needs to be adapted. To
accommodate for these depths, the pull tension was adjusted to double its previous value,
increasing it to 300 kN. This study further examined increasing water depths, beginning
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from a 30 m depth and incremented in 20 m intervals. The results of this approach, includ-
ing the impact on stress, curvature, and any observed buckling or failure points, are dis-
cussed in the subsequent sections.

27m water depth
‘/ZOm water depth

-_‘ 10m water depth

Stress (MPa)
|

80 120 160 200 240 280 320

Pipeline Length (m)
Figure 5. Stress diagrams of the HDPE pipeline laid at different water depths at 150 kN of tension.
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E woe] \ N
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2 N\ ARAL
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4 .
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© /1, .- o
| J A

10m water depth

0.005—]

80 120 160 200 240 280 320

Pipeline Length (m)

Figure 6. Curvature diagrams of the HDPE pipeline laid at different water depths at 150 kN of ten-
sion.

In evaluating the stress design parameters, it was discerned that the pipeline reached
an overstressed condition at a relatively shallow depth of 27 m. When the pulling tension
was strategically augmented to account for challenges inherent to deepwater operations,
there was a modest reduction in pipeline stress, bringing it down to 14.3 MPa. Yet, upon
incrementally increasing the water depth, the pipeline swiftly approached its stress
threshold again at a depth of 30 m, a phenomenon illustrated in Figure 7. Parallel obser-
vations made on pipe curvature, as demonstrated in Figure 8, offer insight into its behav-
iour across a spectrum of water depths, ranging from 30 m up to a critical point where
buckling transpired at 90 m. A pivotal observation from this analysis is the predominant
influence of pulling tension adjustments on the pipeline’s curvature (or bend radius) in
contrast to the impact it has on the pipeline stress.
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Figure 7. Stress diagrams of HDPE pipeline laid at different water depths at 300 kN of tension.
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Figure 8. Curvature diagrams of HDPE pipeline laid at different water depths at 300 kN of tension.

3.3. Effect of Tension Variation

The integrity and profile of a pipeline are significantly influenced by the pulling ten-
sion applied. To delve deeper into the effects of varying tension parameters, we system-
atically increased the pull tension in increments of 150 kN, culminating at 450 kN. Figure
9 vividly captures the subsequent transformations in the sagbend curvature as the tension
escalates.

Figure 9. Sagbend curvature profile due to tension variation.
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The repercussions of heightened pulling on the pipeline’s stress and curvature dy-
namics are comprehensively depicted in Figures 10 and 11. Notably, escalating the pull
tension results in a marked decline in the maximum stress and curvature, both in the over-
bend and sagbend zones. However, this diminishing effect is considerably more pro-
nounced in the sagbend region compared to its counterpart. To quantify, tension enhance-
ment from 153 kN to 450 kN triggers a 13.5% reduction in curvature in the overbend zone,
while the sagbend region experiences a more substantial drop of 26.7%, as corroborated
by Table 7.

Table 7. Curvature reduction percentage.

Pulling Tension Curvature at Region
(kN) Overbend Sagbend
153 0.0163 0.0105
450 0.0141 0.00778
Reduction (%) 13.5 26.7

153kN tension

12— 250kN tension
350kN tension X\’

450kN tension

AN

Stress (MPa)
©
|

80 120 160 200 240 280 320

Pipeline Length (m)
Figure 10. Stress diagram of the pipeline under different tension values.
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350kN tension

Curvature (1/m)
1

80 120 160 200 240 280 320

Pipeline Length (m)

Figure 11. Curvature diagram of the pipeline under different tension values.
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3.4. Effect of Pipe Dimension Ratio

The pipe’s dimension ratio (DR) is defined as the ratio of a pipe’s outer diameter to
its wall thickness. Intriguingly, as the DR increases, indicating a thicker diameter, the wall
thickness proportionally decreases. For the scope of this analysis, our reference pipeline
spotlights a DR of 26. This section critically assesses the ramifications of varying pipe DRs
on integral aspects of the pipe—notably its stress and curvature. A deliberate selection of
five DR values, which are prominently utilised in manufacturing, forms the foundation of
this study. These chosen DRs are 17, 21, 26, 33, and 41. In our numerical simulation, a pipe
with a 2.0 m diameter saw its wall thickness methodically reduced across the specified
DRs: from 117 mm, progressing to 95 mm, 77 mm, 60 mm, and finally reaching 49 mm.

The profound influence of DR on the bend radius, specifically in the sagbend and
overbend regions, is meticulously explored. Figures 12 and 13 encapsulate the tangible
effects of stress and curvature on the pipeline across the spectrum of the five DR varia-
tions. Of these, the pipe with a DR of 41 manifested the most pronounced stresses and
curvatures. In stark contrast, the pipe characterised by a DR of 17 showcased the least
stress and curvature. Synthesising these observations, it is discernible that a pipe with a
lower DR is advantageous. Not only does it boast a more expansive cross-sectional area
conducive to stress mitigation, but its robustness also empowers it with enhanced re-
sistance to bending loads.

20 —

Stress (MPa)

80 120 160 200 240 280 320

Pipeline Length (m)
Figure 12. Stress diagram of the pipeline under different pipe dimension ratios.

0.02—)

Curvature (1/m)
1

DR 17

80 120 160 200 240 280 320

Pipeline Length (m)

Figure 13. Curvature diagram of the pipeline under different pipe dimension ratios.
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3.5. Effect of Pipe Diameter

The focal point of this study is on large-diameter, high-density polyethylene (HDPE)
pipes. An essential parameter under investigation is the interplay between the pipe diam-
eter and its consequential effects on both pipe stress and curvature. Throughout this ex-
ploration, the pipe’s dimension ratio (DR) was held constant at a value of 26. A compre-
hensive analysis was executed on pipes with diameters spanning 2.0 m, 2.5 m, and 3.0 m.
As depicted in Figure 14, intriguingly, the diameter does not exert a pronounced influence
on the pipeline stress, particularly in the overbend region. The stress variations here are
negligible, illustrating a near-uniform stress distribution irrespective of the diameter.
Conversely, in the sagbend region, a marginal escalation in stress is discernible with in-
creasing diameter.

Figure 15 provides a more nuanced understanding of the curvature dynamics. There
is a marked amplification in pipe curvature, evident in both the overbend and sagbend
regions, directly attributable to diameter augmentation. This observation underscores the
criticality of meticulous design considerations for large-diameter pipelines. Their height-
ened susceptibility to local buckling, especially under bending loads, mandates rigorous
design and evaluation protocols.

3.0m OD pipe

2.5m OD pipe

.
2.0m OD pipe [}

Stress (MPa)

80 120 160 200 240 280 320

Pipeline Length (m)
Figure 14. Stress diagram of the pipeline under different pipe diameters.

0.02—

2.0m OD pipe
0.016— /
2.5m OD pipe

3.0m OD pipe

Curvature (1/m)

80 120 160 200 240 280 320

Pipeline Length (m)

Figure 15. Curvature diagram of the pipeline under different pipe diameters.



J. Mar. Sci. Eng. 2023, 11, 2032

13 of 24

3.6. Effect of Pipe Air Fill Ratio (AFR)

Asindicated in Figure 16, the float-and-sink profile of a floating HDPE pipeline varies
with the air fill ratio (AFR) property, a widely recognised parameter in the industry to
characterise the loading degree during the sinking phase. The AFR represents the fraction
of the internal volume of the pipe that must be air-filled to achieve balance with the ballast
weights attached [22]. Additionally, AFR correlates with the water level elevation inside
the HDPE pipeline beneath the sea surface, as illustrated in Figure 2.

Figure 16. Effect of AFR on the pipe profile.

Analysis of a 2.0 m diameter pipe submerged at a 30 m water depth with a tension of
200 kN showcased the influence of AFR on the pipe’s peak stress and bend radius, as
depicted in Figures 17 and 18. Notably, the maximal stress is minimised at an AFR of 10%
and escalates to its peak within the 30-35% AFR spectrum. Beyond an AFR of 40%, its
influence on pipe stress becomes negligible. In terms of both structural integrity and cost
efficiency, a lower AFR is preferable.
14— 3.0m OD pipe

2.5m OD pipe

2.0m OD pipe

Stress (MPa)
N
|

01 02 03 0.4 05
AFR

Figure 17. Effect of AFR on maximum stress.



J. Mar. Sci. Eng. 2023, 11, 2032

14 of 24

160 —
Sagbend

120 —|

| /Overbend

80 —

Bend Radius (m)

40 I I T I |
041 02 03 04 05
AFR

Figure 18. Effect of AFR on bend radius.

Furthermore, the bend radius’s relationship with AFR is evident in Figure 18, indi-
cating a reduction in the bend radius as the AFR climbs. This reduction effect is particu-
larly pronounced in the sagbend region compared to the overbend. A decreased AFR fa-
cilitates the use of lighter ballast weights on the pipeline, ensuring the stability of the an-
chored pipeline remains paramount. Employed weights must sufficiently anchor the pipe-
line, guaranteeing vertical and horizontal stability, be it within a trench or directly on the
seabed [29].

4. Geometric Formulation of S-Lay Bend Radius

During the float-and-sink operation, the pipeline’s static configuration is primarily
influenced by two factors: the pulling tension and the internal air pressure. Of these, only
the pulling tension can be actively controlled during the sinking process, given that the
bend radius inherently depends on this tension. This axial tension in the pipeline is char-
acterised by both vertical and horizontal components.

The vertical component arises from the combination of the water depth and the
weight of the flooded pipe. In contrast, the horizontal pull tension serves a crucial role in
managing the characteristic “S” configuration of the pipeline as it transitions from the
water’s surface to the seabed. This transition can be segmented geometrically into two
distinct sections: the overbend and sagbend, visualised in Figure 19. From the configura-
tion provided in Figure 19, a relationship between R, X, and Y is derived, with the Pythag-
oras theorem offering the foundational basis for the relationship, as articulated in Equa-
tion (3):

_X+Y?
2Y

where R represents the pipe’s bending radius in the sagbend region. The parameter X
denotes the horizontal distance between the inflexion point and the touchdown point
(TDP), while Y signifies the vertical distance from the inflexion point to the seabed. Addi-
tionally, “w.d.” refers to the water depth, and AFR stands for the air fill ratio. Interestingly,
a design with a 50% air fill ratio results in comparable pipe curvature in both the overbend
and sagbend regions.

R ®)
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Figure 19. S-lay bend radius geometry configuration.

In practical scenarios, the general understanding is that the bend radius along a ca-
tenary continuously decreases, reaching its minimum value in the touchdown zone (TDZ).
However, this study’s focus is on large-diameter pipes, characterised by their heightened
bending stiffness. As a result, the influence of the bend radius on the catenary’s shape
becomes less pronounced.

5. Identification of Parameters X and Y

The geometry of parameter (X&) also depends on the water depth, tension, and AFR
[29]. The general equation derived for this parameter is:

X, =K -(T-200)+ X, 4)

_—6D* +(14—wd)D+4wd.+7
5000

K

©)

In the equation, the factor “K” stands as the slope of the regression line when com-
paring tension to the parameter — Xi. This slope, represented by factor K, conveys the rate
of change in parameter X with respect to the pull tension, T. Furthermore, the term X;
designates the initial horizontal distance. Given that both the water depth and the pipe
diameter influence the parameter X, the factor K is adjusted to encompass effects from
these variables, making it a function of both water depth and pipe diameter.

To shed light on this relationship, a correlation analysis was conducted. This analysis
assessed the water depth—acting as the predictor—across all three pipe sizes in relation
to factor “K”. Figure 20 captures this relationship, showcasing a positive linear regression
for pipes with diameters of 2.0 m, 2.5 m, and 3.0 m. Stemming from these observed rela-
tionships, a more comprehensive equation, Equation (5), was crafted. This equation posi-
tions factor K as a function of water depth and pipe diameter, and it is grounded in the
principles of linear regression analysis.
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Figure 20. Correlation results for factor K.

Since Xi is the initial horizontal distance (pipeline without pull tension), it is depend-
ent on the water depth and AFR property. Figure 21 shows that x and AFR have a

power relationship with constants 4 and 7 as Equation (6). This diagram also demon-
strates that these constants are dependent on water depth. As water depth increases, the
constant 4 and 7 increase as well. Hence, the correlation of constant 4 and 7 as a
function of water depth and pipe diameter was established. From a simple correlation
study, both constants 4 and 7 have quadratic correlation, and the general equation for
these constants can be derived as shown in Equations (7) and (8).

140

120 —

Initial distance, X; (m)

40

60m water depth
\ P

N
. \

N \ 40m water depth
N
N
~

.

20m water depth

0.1

AFR

Figure 21. Effect of AFR oninitial x, for 2.0 m OD pipe.

X, =4
AFR"

A=-0.005wd?* +0.7wd.+5D+12

n=0.00005wd.” —0.0004wd.+0.4+0.015D

(6)

@)

®)

Thus, combining all of these functions, the general equation for parameter y, is pro-

posed as below:
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{-wz +(14+wd)D +4wd.+7
X, =

<000 }(T—200)+A(AFR”) 9)

water depth

Factor = (10)
constant term

Y, = w.d. AFR + w.d. 1)
4 2.86

The relationship developed between AFR and Y is a linear regression line with linear
term m and constant term C. Constant (m) is the slope, and (C) is the y-intercept where
both of these values are functions of water depth. Based on the parameter y profile in

Figure 22, there is a positive linear correlation observed between () and (C) and the water
depth. As water depth increases, these two constant terms increase as well. Thus, from
observation, factors (m) and (C) can be obtained from Equation (10). Table 8 summarises
this correlation and the recommended factor values. The recommended values were se-
lected by averaging the factor for each water depth linear profile. Then, these two-factor
values were substituted into a linear equation to form a general equation for estimating
the inflexion point location or lay vertical parameter Y. Hence, the recommended general
equation derived for parameter y proposed is as Equation (11).
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Figure 22. Effect of AFR on the vertical distance of inflexion point.

Table 8. Summary of the constant m and c with water depth based on regression line of Figure 22.

Vertical Y Water Depth Linear Term, m Factor (m) Constant Term, ¢ Factor (c)

Y20 20 54 3.7 6.7 2.96
Yao 40 9.8 4.1 14.1 2.84
Yeo 60 15.1 4.0 21.1 2.84
Recommended factors ) 40 ) ) 86

value
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6. Simplified Bend Radius Prediction Method
6.1. Sagbend Bend Radius

The previously discussed section introduced a geometrically driven equation to ap-
proximate the pipelay bend radius. This equation was employed to deduce the theoretical
bend radius with the analysis being executed at a 20% AFR for each test case. The out-
comes of these studies are tabulated in Table 9. A perusal of this table reveals that the bend
radii calculated using the geometry-based approach are significantly (and conservatively)
larger than those obtained using OrcaFlex (version 9.6) [37]. When considering the vari-
ance in the DR across pipe diameters of 2.0 m, 2.5 m, and 3.0 m, the average discrepancies
between the computational method and the analytical bend radius are 18%, 16%, and 12%,
respectively.

Table 9. Result analysis for comparison of bend radius at 20% AFR.

Outer Diameter (OD)—m

P t it
arameter Uni 2.0 25 3.0
Dimension
17 21 2 41 17 21 2 41 17 21 2 41
Ratio (DR) 6 33 6 33 6 33
Water Depth
(wd) 30
Tension kN 200
X m 14.30 14.45 1450 14.60 14.66 1430 14.42 14.48 1457 1457 1420 14.35 14.38 14.46 14.49
Y m 51 48 45 43 41 55 52 49 46 43 60 56 53 49 46
Radius Equation 95 84 75 68 62 109 929 88 78 69 126 111 99 89 78
Orcaflex 77 69 63 56 51 91 82 73 65 59 107 96 86 76 68
Difference % 1895 24.16 20.68 23.13 1895 16.64 1758 17.01 16.41 14.64 15.04 13.3 13.88 14.12 12.56

Further structural analysis revealed that the AFR directly impacts the pipe’s bend
radius in both the sagbend and overbend domains. To accommodate this observation,
Equation (12) was adjusted to incorporate this difference factor, which is presented as fol-
lows:

X +Y’
R =_h v _¢ 12
sb 2Yv ( )

where R, is the sagbend radius, X, is the horizontal lay distance (parameter X) and
Y, is the vertical lay distance (parameter Y), and ¢ is the difference factor. The difference
factor or residual is the difference in analytical calculation to the numerical. Theoretically,
the bend radius in the overbend region for AFR 0.5 is equal to that in the sagbend region.

The primary aim was to discern the disparity in bend radius predictions between the
analytical method and the outcomes from OrcaFlex. An extensive analysis was under-
taken for 36 distinct scenarios, incorporating diverse tension levels, water depths, and
AFRs. For every individual scenario, the bend radius calculated analytically was juxta-
posed against the OrcaFlex software’s outputs. This comparative analysis is vividly de-
picted in Figure 23, which plots the analytically predicted bend radius against the actual
values derived from OrcaFlex.

A glance at this graph reveals a scatter plot of analytical versus OrcaFlex results for
the sagbend region’s bend radius. The correlation between the analytical model’s prog-
nostications and the OrcaFlex results is notably robust, with an R? value of 0.89, suggesting
a high degree of linearity.

Nonetheless, it is imperative to highlight that the model’s performance can be bifur-
cated into two distinct realms. The initial realm encompasses actual values spanning from
50 to 150. Within this precinct, the model exhibits an emphatic linear relationship. Con-
versely, the subsequent realm envelopes actual values ranging from 150 to 250. In this
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latter domain, while a positive linear correlation persists, the data appear more scattered
and less concentrated.

300 —

- Predict-vs-Actual
[ ] AFR=05
250 — < AFR=04 4
] AFR=03
b A AFR=02

4 y =1.1241x - 34.233

R2=0.89

Actual MBR

\ I ' I ' I
50 100 150 200
Predicted MBR (Proposed method)

Figure 23. Predicted vs. actual value for 2.0 m pipe with AFRs of 0.2, 0.3, 0.4 and 0.5.

A noteworthy observation from the graph is that a preponderance of data points
within the second zone is associated with an AFR of 0.2. This is symbolised by the orange
triangle icon. Such a manifestation implies a potential limitation of the model: it exhibits
diminished precision for AFRs falling below 0.3.

To address inconsistencies in Equation (12) evident from the zone 2 data in Figure
23, a coefficient was introduced. Initially, we derived the optimal coefficient for every in-
dividual load case to decode the underlying data trends. These coefficients were subse-
quently categorised based on three determinants: AFR, tension, and water depth. A com-
parative regression analysis was executed, pitting each parameter-centric model against
the actual MBR model. The reliability of these models was assessed using their R? values.
Notably, our findings indicated the superior accuracy of the tension-based coefficient.

Drawing on insights from the pipe structural behaviour segment, it was observed
that an uptick in DR corresponded to a diminishing pipe bend radius. As such, tension
was utilised to factor in the influence of DR, culminating in the development of a coeffi-
cient, denoted as C,, , poised to refine the bend radius geometry equation. Figure 24 vis-

ualises the process of deriving the C,, value. With the integration of this coefficient, we

have revamped the bend radius equation, enabling a more precise estimation of the
sagbend’s bend radius.
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Figure 24. Sagbend dimension ratio coefficient value (C,, ).
X +Y}
Rsb = Csb (IZ—YV (13)

Here, C,, isthe sagbend parameter coefficient, which can be determined by Figure
24.

6.2. Overbend Bend Radius

An investigation was conducted to discern the relationship between the bend radii at
sagbend and overbend for HDPE pipes with diameters of 2.0 m, 2.5 m, and 3.0 m. This
relationship was visually represented in Figure 25, which plots the sagbend bend radius
against its overbend counterpart. From the scatter plot, an unmistakable positive linear
correlation between the two radii emerges. This correlation is quantitatively captured by
a correlation coefficient (r) value of 0.53, underscoring a moderate uphill linear relation-
ship between the sagbend and overbend bend radii.

140 7
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[ ] P y = 0.2268x + 59.677

1
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o

R2=10.29

3
S
|

a
=3

[ I |
0 50 100 150 200 250 300
Sagbend MBR (m)

Figure 25. Scatter plot of sagbend and overbend.

However, the regression analysis yielded an R? value of 0.28. As per Moore et al. [38],
an R? value surpassing 0.7 is indicative of a strong relationship between variables, sug-
gesting that our analysis might fall short of this benchmark. Such an outcome hints at the
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influence of multiple factors, like water depth, tension, and AFR, on the overbend radius.
Despite this, the sagbend and overbend bend radius do share a pronounced significant
positive correlation, a conclusion supported by a p-value that is less than 0.01.

To address the limitation posed by the R? value being less than 0.7, a strategic deci-
sion was made to formulate an index that consolidates the critical parameters affecting the
pipeline installation: tension, water depth, and AFR. This unified measure, named the lay
index (I, ), encapsulates these three variables into a singular composite value.

To construct the 7, , various combinations of the three parameters were averaged

together employing a trial-and-error methodology. A robust set of 108 distinct cases was
examined and subsequently illustrated on a scatter plot. The lay index (/, ) spans the hor-

izontal axis in this graphical representation, while the bend radius stretches vertically. As
seen in Figure 26, the overall trend within the 7, scatter plot can be best described by a
power function correlation. A rigorous evaluation of different /, variations was under-

taken to pinpoint the formulation yielding the highest R? value across all pipe diameters.
As a result of this scrutiny, the finalised lay index (/, ) crafted for predicting the overbend
bend radius is defined as:

3
I, :(I.O—AFR)[MJ

- (14)
where w.d. is water depth, T islay tension, and AFR is air fill ratio. This lay index (I,

) value is used in the estimation of the bend radius in the overbend region. The models
proposed for estimation on the bend radius according to the pipe size diameter were pre-
sented as Equations (15)—(17).

160

R(3.0) = 139.47x0.105

/ R2=0.7121

R(2.5) = 123.98x-0-109
R2= 0.836

R(2.0) = 117.16x2012
R2 = 0.9404
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Overbend MBR (m)
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Figure 26. Lay index (I, ) versus overbend MBR .

Rob(z,m =C,117: 1L70-12 (15)
Rob(ZS) = Cob124.1L4)'11 (16)
Rob(w) =C,139- ILﬁ1 17)

Here, C,, isthe DR coefficient for overbend, and 7, is the lay index. Similar to
the sagbend model, an increase in the pipe’s DR would cause a reduction in the pipe’s
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bend radius. The DR effect is adjusted into a parameter coefficient (C,, ) to improve the
bend radius result. The coefficient values are presented in Table 10.

Table 10. Coefficient for overbend value.

Dimension Ratio
(DR)
C, 1 0.956 0.922 0.895 0.878

17 21 26 33 41

7. Concluding Remarks and Recommendations

In light of these findings, the outcomes presented in this research are best suited for
the Pre-FEED stage of HDPE structural design. This implies that they hold considerable
potential for early-phase considerations, aiding in preliminary evaluations without the
need for exhaustive data or analysis. However, as with any scientific endeavour, it is es-
sential to recognise the boundaries of its applicability. While this study has made signifi-
cant strides, there are specific limitations that have been underscored:

e  Diameter Constraints: The reliability of the design equation may diminish for pipes
with a diameter of less than 2.0 m or those that exceed 3.0 m.

¢ Water Depth Considerations: The model’s efficiency might be compromised in loca-
tions where water depths extend beyond 60 m.

e DR Spectrum: The equation is finely tuned to a particular DR (dimension ratio)
range, specifically between 17 and 41. Results outside this domain need to be inter-
preted with caution.

Given these constraints, it is pivotal for stakeholders to treat this equation as a pre-
liminary tool, avoiding its application for conclusive design decisions. In closing, while
the research has bridged some gaps, the journey towards a comprehensive and universally
applicable design equation is ongoing. To fortify the findings and expand the horizons of
the proposed model, further research is advocated. Such endeavours would aim to refine
the model, addressing its present limitations, and ensuring it is adaptable to a broader
spectrum of marine HDPE pipeline installations.

The influence of pipelay parameters on the dynamic behaviour of HDPE pipeline
offshore installation is an essential aspect for broader understanding. Therefore, it is rec-
ommended to carry out further study on the hydrodynamic behaviour of offshore HDPE
pipeline installation in the future.
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Abbreviations and Symbols

AFR Air fill ratio/air fill rate

C, Overbend parameter coefficient

c, Sagbend parameter coefficient

CRA Corrosion-resistant alloy

DR Dimension ratio

FBE Fusion-bonded epoxy

FE Finite element

FEED Front-end engineering design

HDPE High-density polyethene pipe

I, Lay index (overbend)

J-lay Pipelaying in J-shape configuration

K Slope of the regression line between 7' and X,
MBR Minimum bend radius

PE Polyethene

PVC Polyvinyl chloride

R, Maximum bend radius in overbend region
R, Maximum bend radius in sagbend region
S-lay Pipelaying in S-shape configuration
SMYS Specified mean yield strength

T Tension

TDP Touchdown point

TDZ Touchdown zone

VLS Vertical lay system

wd. Water depth

W Submerged weight of the pipeline

X, Horizontal distance from the inflexion point
X, Initial horizontal distance

Y, Vertical distance from the inflexion point
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