% M inventions

Article

Numerical Study on Plastic Strain Distributions
and Mechanical Behaviour of a Tube under Bending

Chiemela Victor Amaechi 2%, Emmanuel Folarin Adefuye 3, Abiodun Kolawole Oyetunji 45, Idris Ahmed Ja’e ¢7,
Ibitoye Adelusi ', Agbomerie Charles Odijie ¢ and Facheng Wang °

Citation: Amaechi, C.V;

Adefuye, E.F.; Oyetunji, A.K,;

Ja’e, I.A.; Adelusi, I.; Odijie, A.C.;
Wang, F. Numerical Study on Plastic
Strain Distributions and Mechanical
Behaviour of a Tube under Bending.
Inventions 2022, 7, 9.
https://doi.org/10.3390/
inventions7010009

Academic Editor: Kambiz Vafai

Received: 9 September 2021
Accepted: 28 December 2021
Published: 6 January 2022

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2022 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 Department of Engineering, Lancaster University, Lancaster LA1 4YR, UK;
e.adefuye@lancaster.ac.uk (E.F.A.); ibitoyea@hotmail.com (I.A.)

2 Standard Organisation of Nigeria (SON), Wuse 900287, Abuja State, Nigeria

3 Department of Mechanical/Metalwork Technology, Federal College of Education (Technical) Akoka,
Yaba 100001, Lagos State, Nigeria

4 Lancaster Environment Centre (LEC), Lancaster University, Lancaster LA1 4YQ, UK;
a.oyetunji@lancaster.ac.uk

5 Department of Estate Management, University of Benin, Benin City 300287, Edo State, Nigeria

6 Department of Civil Engineering, Universiti Teknologi PETRONAS, Seri Iskander 32610, Malaysia;
idris_18001528@utp.edu.my

7 Department of Civil Engineering, Ahmadu Bello University, Zaria 810107, Kaduna State, Nigeria

8 Department of Engineering, MSCM Ltd., Constitution Rd., High Wycombe HP12 3TA, UK;
charlesodijie@hotmail.com

9 Department of Civil Engineering, Tsinghua University, Beijing 100084, China;

wangfacheng@tsinghua.edu.cn

Correspondence: c.amaechi@lancaster.ac.uk

Abstract: Tubular pipe structures have been used in various applications —domestic, aviation, ma-
rine, manufacturing and material testing. The applications of tubular pipes have been considered
greatly in the installation of tubular pipes, marine risers and pipe bending. For the investigation of
plastic strains and the mechanical behaviour of a tube under bending, considerations were made
utilising an exponent model with assumptions on the plane strain. The bending moment, wall thick-
ness effect, cross-sectional distribution, stresses during bending and neutral layer boundaries were
all presented as necessary theoretical formulations on the physics of tubular pipe bending. This
model was based on the analytical and numerical investigation. In principle, the application can be
observed as the spooling of pipes, bending of pipes and reeling. Comparisons were made on two
models developed on the finite element analysis in Simscale OpenFEA, namely the linear-elastic
and the elasto-plastic models. This study presents visualization profiles using plastic strain to assess
its effect on the tubular pipes. This can increase due to the limitation of plastic deformation on the
composite materials selected.

Keywords: plastic deformation; finite element model; elastoplastic; tube bending; reeling hose model;
effective plastic strain; numerical modelling; accumulated plastic strain; composite tube; marine hose

1. Introduction

The exploration of fossil products has been the greatest application of pipelines [1-
4] and other tubular structures like marine hoses [5-9]. It has been used in bending, relax-
ing, straightening, reeling and pipe-laying [10-13]. These include marine riser installation
and pipeline installation; for example, using reel-lays has been described as one of the
most cost-effective methods utilised in the industry [14-17]. The advances in pipeline
technology including hoses and marine risers have led to new analytical formulations on
the plastic deformation of pipes and tubes [18-22]. Over the years, there have been several
tube-bending phenomena, which include bending moment, flattening, deviation from
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neutral axis and stress [23-25]. Different questions have been answered on tube bending
over the years, although they did not address the phenomenon that encompasses tube
bending and the bending of hose/pipe tubular structures applicable for composite riser
pipes [26-34]. Different materials have been used ranging from composites to aluminum
and steel [35—40].

Considering space conservation in pipeline technology, adequate length of the flexi-
ble pipelines led to advances in the technology of bending, spooling and reeling systems.
Figure 1 shows an application of tubular pipe bending using two methods conducted in
the Lancaster University Engineering Workshop. In principle, the application of tube
bending requires a roller or moulder and the mandrel, while reeling requires a reeling
drum and a material that goes around it. In this study, tubular pipes are considered, which
involves tube bending with a roller and the moulder as the press tensioner. Tang [41] pre-
sented an analytical model on plastic deformation in tube bending, with some practical
formulas that were applied unto the tube bending phenomena. These include the devia-
tion in neutral axis (NA), tube flattening, bending moment, length of the bed during feed
preparation, changes in wall thickness, shrinkage rate that occurs at the sections of the
tube and the stresses occurring in the bend. However, the model presented by Tang [41]
differed from the elastic and the elasto-plastic models by including the assumption of a
higher bending radius ratio by Von Karman as early as 1911, and it could not obtain a
strain that reaches 0.47. During the plastic flow, the dimensions of the elbow changes con-
sistently based on the plastic deformation theory.

Figure 1. An application of tubular pipe bending using two methods conducted in Lancaster University
Engineering Workshop.

Lu et al. [24] presented an analytical and experimental investigation on plastic defor-
mations cum predictions on the form-bending qualities of tubes based on numerical con-
trol, deduced from plane strain assumptions by using the deviation from the neutral layer.
A typical example is seen in a reeled system as shown in Figure 2. It shows that reeled
systems can also be bent after coating [42—44]. In another study, Lassen T. et al. [45]inves-
tigated marine-bonded tubular hoses, where the helix had experienced a common defor-
mation behaviour reported to be either layer delamination or reinforcement helix rupture,
thus helix fatigue tests have been carried out on helix sections. Wu et al. [46] experimented
on the influence of the size of material grains, the bending velocities and the temperature
gradients on the thickness of magnesium alloy AM30’s tubular wall draw-bent over a
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rotary draw. In another investigation, Liu et al. [47] conducted an experiment on the alu-
minium alloy 3A21 tubular pipe of a rectangular thin-walled cross-section and AM30
magnesium alloy tube to ascertain its cross-section distortion and the influence of produc-
tion/bending die with vital factors affecting the distribution of wall thicknesses through-
out the bending activity from numerical control bending.
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Figure 2. Typical example of a reeled system during a bend test for validating reeling capability
after coating by Bredero Shaw. (Permission obtained from World Pipelines and Elizabeth Corner.
Source: Corner E. [48]).

The bending of tubular sections to get an elbow can be described as a metal-plastic
flow process which was carried out using similar process bending parameters [49-54].
Guo et al. [55] conducted an investigation to examine the formability influence and in-
creased axial tensions on equivalent curvature-diameter bending, excluding mandrels on
0Cr18Ni9 stainless steel tubes. A parametric investigation was carried out by experiment
and numerical modelling on aluminium tubes under dynamic three-point bending by Bil-
ston et al. [56]. Cheng et al. [57] conducted an investigation on a tubular with a rectangular
thin-walled cross-section having a continuously different radius based on the ‘simple
bending technique’ and the influence of the cross-section deformation behaviours. Guo et
al. [58] examined the wall thickness distribution of Cu-Al bimetallic tubes based on the
free-bending process. Wu et al. [59], presented one method for investigating the spring-
back behavior of metallic spatial tubes (3D tubes). Jian et al. [60] presented an experi-
mental and numerical buckling analysis on the toroidal shell segments under uniform
external pressure. Li et al. [61] investigated on the multiple instability-constrained tubes
bending limits by utilising 3D-FE models, analytical modelling and experimental valida-
tion by establishing a comprehensive map of the tube bending limits during rotary draw
bending, which was obtained for some tube size ranges, processing parameters and
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material types. Over the years, these different researches have been conducted to under-
stand the plastic deformation of tubular structures—tubular pipes, hoses and cylindrical
tubes.

In this study, the numerical study on plastic strain distributions and mechanical be-
haviour of a tube under bending load is presented. It is aimed at an understanding on
plastic strain distributions, stress/strain distributions and the mechanical behaviour of a
tube during bending. In this paper, an introduction to tubular pipe bending is presented
in Section 1. The local design of the tubular pipe in FEA is presented in Section 2, while
Section 3 presents the materials and methodology applied in the numerical study in Sim-
scale OpenFEA. The results of the reeling model are presented in Section 4, while the con-
clusion is presented in Section 5. Contour profiles for (a) epoxy composite, (b) carbon fibre
composite and (c) Nylon PA66-GF glass fibre composite models were presented. The anal-
ysis of the stresses on the tubular pipe sections was conducted using local design pressure
and not operation pressure, and as homogenized model. This study presents visualisa-
tions on the stress profiles to demonstrate the maximum stresses and suggest recommen-
dations for the optimization from contact pressure.

2. Numerical Model
2.1. Tubular Bending

In theory, tubular pipes are subject to curvature and bending, among others. Early
formulations on tube bending were based on Euler beam theory before Timoshenko beam
theory. By description, plastic bending can be described as a nonlinear characteristic
unique to ductile parts that frequently attain a far larger strength in ultimate bending over
the elastic linearised bending model [62-64]. The strain profile is considered to be linear-
ised around its neutral axis (NA) for both plastic and elastic bending calculations of a
straight beam (plane sections remain plane), as in Figure 3.

v
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v

Figure 3. Plastic bending showing moments.

This assumption results in a linear stress distribution in an elastic analysis, but in a
plastic assessment, the resultant stress profile is nonlinearized as well as depending on
the material of the beam. The maximal plastic bending strength can be thought of as an
upper limit on a beam’s load-carrying capability because it represents the strength profile
across that specific cross-sectional area but not the load-bearing capabilities of the beam.
A beam might collapse before it reaches any point along its length due to global or local-
ized instability. The deflections required to create the stresses suggested in a plastic
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analysis are usually excessive, to the point of being incompatible with the structure’s func-
tion. As a result, a second analysis may be necessary to guarantee that the design deflec-
tion limitations are not exceeded.

Furthermore, since working with materials in the plastic range can result in perma-
nent deformation of the structure, further analytical work is recommended in another
study. At the limit load, additional analyses may be necessary to verify that no irreversible
deformations develop. Plastic bending’s massive deflections and stiffness variations, es-
pecially in statically indeterminate beams, can drastically alter the internal load distribu-
tion. Calculations should be based on the internal load distribution of the deformed shape
and stiffness. Plastic bending occurs when an imposed moment causes the outermost fi-
bres of a cross-sectional area to surpass the material’s yield point. Peak bending strains
occur at the cross-outermost section’s fibres when only a moment is loaded. Through the
sectional part, the cross-section would not yield linearly. The sign conventions for the cy-
lindrical layer of tubular pipe showing force and deformations are depicted in Figure 4.

i ——

Figure 4. Sign conventions for the cylindrical layer of tubular pipe showing force and deformations.

2.2. Model Description

The model is the local design of the tubular pipe, carried out in Simscale OpenFEA
to ascertain the effective plastic strain. It was carried out to ascertain the different physics
investigated on the loading conditions of the tubular pipe to present results from the both
static and dynamic behaviour of the tubular pipe. The parameters for the tubular pipe
model are presented in Table 1, and details are presented in Sections 2.3 and 3. The tubular
pipe geometry and the bending model is depicted in Figure 5. The friction coefficient was
also considered in the contact between drum and hose.

Table 1. Parameters for tubular pipe model.

Parameter Value Unit
Tubular Pipe Outer radius 0.025 m
Tubular Pipe Inner radius 0.02 m

Length of Tube model 0.45 m
Radius of reel 0.09 m
Outer Reel radius 0.11 m
Tensioner roller radius 0.02 m
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Figure 5. The details for the FEA of bending tubular pipe model, in Simscale.

2.3. Bending and Reeling Model

The finite element model (FEM) was created and was used to simulate the pipe bend-
ing operation. A section of the long tubular pipe is considered a reeling hose and was
developed as shown in Figure 5. The reeling hose is reeling on the reeling drum, and a
roller was used to control the path. The spooling operation was considered, as it involves
tensioning, as the hose is bent onto the reel drum plastically, which creates the highest
curvature during the reeling process [65-67]. Hose-pipe mechanics of reeling hoses is il-
lustrated in Figure 6. As seen on the illustration, the pulling force (Fr) is applied at the end
of the hoseline to keep it straight. During reeling, the hoseline is usually fully attached to
the surface of the reeling drum, at which point the bending moment (M) reaches its peak,
assuming the contacts between the hose and the reeling drum are maintained. Although
the reaction force (qR) is applied to the hoseline, this can be spooled as required, as it may
attain a buckling failure. These forces are as seen in Figures 6 and 7.

(a)
%BCH e
ase T
Reeling drum R Recling drum Tensioners
M',:' e
M Fr S
2 = = = ———
®) - \ @ .
OBCH
Hose .
e _ P

OBCH

Hose M Fi Reeling drum

Reeling drum -
Tensioners

Figure 6. Hose-Pipe mechanics analysis in reeling operation on OBCH, (a) before spooling, (b) dur-
ing spooling, (c) moment diagram during spooling-on in reality and (d) shear force diagram during
spooling-on in reality.
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Figure 7. Forces on the (a) hoseline and the reel during spooling-on in reality, (b) hoseline during
spooling-on in reality and (c) mechanical system for hose and reel separately for spooling-on.

2.4. Finite Element Model (FEM)

In this local design, the hose geometry was generated in a CAD using Solidworks
2020, as shown in Figure 8. It was then modelled in the Simscale OpenFEA platform, using
Aster code. The results of the mechanical behaviour from the local design were analysed
to achieve the best results on the model, by applying certain considerations. The hose
model was simplified, and secondly was a homogenized aspect of the model. For the local
design of the reeling hose in Simscale OpenFEA, the reeling drum and the hose were mod-
elled using Aster code. The solver applied was a Multifrontal solver, which is quite easy
to set up and works well for most nonlinear problems. The solver numerics considered
the multifront by applying the MDA renumbering method, a precision singularity detec-
tion of eight and Newton type of nonlinear resolution. The convergence was relatively
based on a tolerance of 1 x 10, a tangential prediction matrix and a tangential Jacobian
matrix with a maximum number of 15 Newton iterations updated at every nth iteration
of one. The simulation control was set to automatically define the time steps at a simula-
tion interval of 1 s. The maximum length of time step was 0.05 s, while the minimum
length of time steps was 1 x 105s, for an additional 20 Newton iterations. To ensure that
there is ease during the simulation, two fixed subdivisions and a maximum of three sub-
division depths were applied with a fixed augmentation of 100 time-steps and an aug-
mentation threshold of seven Newton iterations. The boundary conditions for the FEM
are given in Section 3.4. Details of the FEM, element type, element size and number of
elements are in Sections 3.4 and 3.5.
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Figure 8. The mesh considered in the finite element modelling of the reeling hose.

2.5. Contact Details

In the numerical model, the friction coefficient considered in the contact between
drum and hose is 1 x 1012 using a penalty method. The physical contacts were set with 10
maximum iterations and an iteration criterion of 0.05. For the contact between pipe, roller
and drum, a penalty contact with a higher stiffness was used. The pipe was given an elas-
toplastic material by inputting the aluminum’s stress strain data. A stopper was utilised
as a restraint, which was fixed in all directions while the roller was rotated by 130° clock-
wise under limitations.

3. Materials and Methodology
3.1. Material Properties

The material properties considered in this model is presented in Table 2. They were
chosen based on their high potential for application within flexible bonded pipelines.
These materials specifications are based on industry reeling applications, industry stand-
ards and technical reports as applied in literature [68-71]. These materials demonstrate
high potential based upon their different properties, such as high strength, natural corro-
sion resistance, light weight and flexibility.

Table 2. The Mechanical Properties of the Reeling Model Materials.

. Youngs Compressive Te?sile Te'nsile .
Material Density Modulus Bulk Modulus Shear Yield Strength Yield Ultimate P01S(.)ns
(kg/m3) (Pa) (Pa) Modulus (Pa) (Pa) Strength Strength Ratio
(Pa) (Pa)
Resin Polyester * 1200 3x10° 27174 x10°  1.1398 x 10° 1.41 x 108 1.28 x10®8  5.18 x 107 0.316
Nylon PA66 * 1140 1.06 x 10° 1.1778 x 10° 3.9259 x 108 2.32 x10° 4.31 x 107 4.97 x 107 0.35
Nylon PA6/6 glass
fiber reinforced 1360 6.82x10° 75778 x10°  2.5259 x 10° 3.45 x 107 1.39x10%  1.49 x 108 0.35
(PA66-GF) *
Structural Steel * 7850 2 x 101 1.6667 x 10" 7.6923 x 101 2.5 x 108 2.5 x 108 4.6 x 108 0.3
Carbon fibre
Composite 1810 2.9 x 101 2.45 =101 9 x10° 5.7 x 108 42 x10° 6x 108 0.3
(290GPa) *
Epoxy Composite 1400 2.5 x 107 3.16 x 10° 4.12 x 10° 7.36 x 108 1.23x10%5  9.19 x 108 0.3

* Material properties data were obtained from MatWeb and Granta Material.
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3.2. Elasto-Plasticity of Hose

The finite element model of the hose was designed with the consideration of elasto-
plasticity using the stress—strain relationship. The elastoplastic deformation of the hose
during reeling is a function of the formulation of the homogenized hose material. This has
been applied in similar hose models to improve the hose physics in the FEM [68-71]. Some
of the materials used for the hose (carbon fiber composite and epoxy composite) show
anisotropy in terms of their elastic properties. This can influence the results, as it has also
been taken this into account, as presented in the stress—strain relationship in Section 4.5.

3.3. Design Load Conditions

The local design of this reeling hose model was considered design specified given the
design standards for bonded pipes, in API 17K [72]. For a successful reeling operation, a
boundary in terms of path with constraints are developed. The boundary conditions con-
sidered are in Section 3.4, and directions of forces are being applied to the system. In this
present analysis, the fluid content is not considered. The analysis is based on the structural
integrity and strain of the reeling hose. However, during operation of these flexible hose-
lines, the structure of the asset is subjected to both internal and external pressures.

3.4. Boundary Conditions

For the local design of the reeling hose, different boundary conditions were consid-
ered including fixed, symmetry and rotation boundary conditions. The boundary condi-
tions considered in the model for the hose and two sections of the model were fixed
boundary conditions upon the roller/tensioner and the stopper. Considering the reeling
process, the rotation boundary condition on the roller was applied with the rotation angle
given in Equation (1).

T
R= (ﬁ) x 130 X t inradians 1)

3.5. Mesh Details

For the local design of the reeling hose in Simscale OpenFEA, the reeling drum and
the hose were all meshed as shown in Figure 8. For the reeling hose model, the mesh
model has 20.1 x 103 cells and 5.7 x 103 nodes, and second order elements were considered
in the Simscale Open FEA based on Aster code [73]. The maximum precision of model
and its entities considered was 1 x 108 m, and an absolute small feature tolerance of 1 x
105 m was applied in the numerics. Mesh refinements were made on the hoseline and the
tensioner/roller. For the hose line, local element size refinements were applied with a min-
imum edge length of 0.002 m and maximum edge length of 5.6 x 10 m by using very
coarse fineness to reduce computational cost in the nonlinear analysis. On the reel drum,
local element size refinements were applied with a minimum edge length of 3.2 x 10° m
and maximum edge length of 5.6 x 10-* m by using very coarse fineness. Additionally, for
the tensioner/roller, local element size refinements were applied with a minimum edge
length of 2.4 x 10 m and maximum edge length of 5.6 x 10~ m by using very coarse fine-
ness. The metrics statistics for the mesh quality is presented in Table 3.

Table 3. Metrics statistics for mesh quality.

min: 1.0376168721694845
max: 3.093679141141022
average: 1.5687727603714354
standard deviation 0.24089263488291165
median: 1.5297991927985433
0-th percentile: 1.0376168721694845
20-th percentile: 1.3834451887266506
40-th percentile: 1.4840930791225821

tetEdgeRatio
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60-th percentile: 1.5785868300256487
80-th percentile: 1.704422472523748
100-th percentile: 3.093679141141022

min: 60.05482321990108
max: 127.35381485025293
average: 75.16684693915764
standard deviation 9.776579039415518
median: 73.29453691831603
triMaxAngle 0-th percentile: 60.05482321990108
20-th percentile: 66.44694506447732
40-th percentile: 71.02152546319378
60-th percentile: 75.96067124402948
80-th percentile: 83.28559263336597
100-th percentile: 127.35381485025293

min: 19.35217668366241
max: 59.91366406827127
average: 46.70468441834977
standard deviation 7.28819486436269
median: 47.247565915521015
triMinAngle 0-th percentile: 19.35217668366241
20-th percentile: 40.614183026171084
40-th percentile: 45.26696822391534
60-th percentile: 49.251397045870696
80-th percentile: 53.39908813577736
100-th percentile: 59.91366406827127

min: 1.000000006324029
max: 3.961157286070154
average: 1.2483925373820084
standard deviation 0.2594881050104104
median: 1.1690056215931153
volumeRatio 0-th percentile: 1.000000006324029
20-th percentile: 1.046584535039526
40-th percentile: 1.1233096677153573
60-th percentile: 1.2269723611496575
80-th percentile: 1.3949996092464683
100-th percentile: 3.961157286070154

min: 1.0139867699918363
max: 4.118610423840127
average: 1.4166774878493793
standard deviation 0.2220781989410356
median: 1.3715678703595808
tetAspectRatio 0-th percentile: 1.0139867699918363
20-th percentile: 1.2377215653270137
40-th percentile: 1.3283845255084676
60-th percentile: 1.4231277037383703
80-th percentile: 1.5670293674134164
100-th percentile: 4.118610423840127

4. Results and Discussion
4.1. Results on Total Strain and Effective Plastic Strain (EPS)

For the reeling model, the results of the total strain presented in Figures 9-11 are
obtained on the reeling hose using three composite models: epoxy composite, carbon fibre
composite and Nylon PA66-GF composite. It should be noted that the total strain is not
the same as the effective plastic strain (EPS), as the latter is obtained from the former.
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Figure 9. The total strain profiles for the reeling hose epoxy composite model. (a) total nonlinear
strain of carbon fibre linear elastic model, (b) total linear strain of carbon fibre linear elastic model, (c)
total nonlinear strain of epoxy elastoplastic model, (d) total linear strain of epoxy elastoplastic model.
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Figure 10. The total strain profiles for the reeling hose Carbon fibre composite model, showing (a)
total nonlinear strain of carbon fibre linear elastic model, (b) total linear strain of carbon fibre lin-
ear elastic model, (c) total nonlinear strain of carbon fibre elastoplastic model, (d) total linear strain
of carbon fibre elastoplastic model.

Herein, two models were used: The elastoplastic model and the elastic linearity model.
Assessing strains on each model using the EPS, it is evident that the elastoplastic model had
higher strains than the linear elastic model. Additionally, the maximum strain direction ob-
served was the strain along EPXY at 0.173. Along the hoop direction, the material will be-
come more hardened, especially in a homogenised model, than along the longitudinal di-
rection of the material. Thus, this must be considered when investigating the hose behaviour
during reeling if the layers are aligned along the axis of the reeling motion. Twisting and
torsion were not included in this study, but were in a separate study to obtain the ultimate
limit strain and the yield point of the hose model from the reeling. As seen in Figures 9-11,
the strains have different maximum strain positions for different materials.
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Figure 11. The total strain profiles for the reeling hose Nylon PA66GF composite model, showing (a)
total nonlinear strain of nylon PA66GF linear elastic model, (b) total linear strain of nylon PA66GF
linear elastic model, (c) total nonlinear strain of nylon PA66GF elastoplastic model, (d) total linear
strain of nylon PA66GF elastoplastic model.

In Figure 9, the total nonlinear strain of the epoxy composite linear elastic model was
observed in EPYY, while in Figures 10 and 11, the total nonlinear strain of carbon fibre
composite and Nylon PA66GF composite linear elastic models, respectively, were both
observed in EPXY. In conclusion, it can be concluded that reeling is an excellent method
to assess the strain on bonded reeling hoses and reeled pipelines. In conclusion, it is im-
portant to assess the strain during reeling by considering Accumulated Plastic Strain
(APS) which is recommended at 2% according to DNV-OS-F101, which can increase due
to the limitation of plastic deformation on the composite materials selected. However, the
EPS was considered, which also gives an indication of the behaviour of the material and
shows profiles of the strained and unstrained regions. Due to the locus of the yield stress
on the hose section being reeled, the hose material has a plastic behaviour observed after
reeling. As such, total linear strain and total nonlinear strains were considered.

4.2. Result of Von Mises Stress (VMS)

Based on the same reeling model, the von Mises stress profiles were obtained, as pre-
sented in Figures 12a—f and 13gj. It can be observed that the von Mises has some effect on
the hose during the reeling. From Figure 13, it is evident that the linear elastic von Mises
stress was maximum, followed by the elastoplastic von Mises stress. Thus, a detailed con-
tour plot study as in Section 4.3 is presented to inundate upon the understanding on the
strain-wise behaviour of the hose when reeled. Von Mises stress is a value that is utilized in
determining if a specific material will fracture or yield. Historically, Tresca [74] had pro-
posed the maximum stress theory while the von Mises stress was then first proposed by
Huber [75] and later re-proposed by von Mises [76] to receive more attention. Other aspects
of the von Mises criterion were obtained later as available in literature [34,77-79]). In other
words, von Mises stress is a measure of the total overall stress acting on the material includ-
ing its shear stress and the normal stresses in the x and y directions. By considering stress
limits, the von Mises stress yields criterion states that if the material under load equals or is
greater than material’s yield limit under simple tension load, then the material yields. Math-
ematically, the von Mises stress is not a square of a sum of stress values squared, but repre-
sented as in Equation (2), where V is the von Mises stress; Ty, is the shear stress; o, is the
normal stress acting in x-component and o), is the normal stress acting in y-component.
Thus, the von Mises stress remains positive. By applying this parameter, it becomes chal-
lenging to analyze the behaviour of the hose when undergoing tension, compression or tor-
sion. However, the signed von Mises stress, considers both the absolute value and the stress
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signal; as such, it is considered in this study. With the “signed von Mises” method, this al-
lows the transformation of a fluctuating load cycle into a symmetric cycle, including the
rotation load boundary condition considered. This is an extension of the von Mises stress
towards the critical plane models, where the damage parameter is a shear stress or normal
stress. Thirdly, the signed von Mises stress can be computed using user-defined results.
Considering stress in the three directions xyz, dividing the von Mises stress by an absolute
value of itself will yield -1 for compression and +1 for tension. Thus, the signed von Mises
stress, seqv*, can be represented as Equation (3). However, when the stress is zero from
dividing it using the absolute value, the expression for the user defined result changes to

account for this factor, as given in Equation (4).
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Figure 12. The stress profiles for the (a) von Mises stress on epoxy composite, (b) von Mises stress
(signed) on epoxy composite, (c) von Mises stress on carbon fibre composite, (d) von Mises stress
(signed) on carbon fibre composite, (e) von Mises stress on Nylon PA66-GF glass fibre composite

models and (f) von Mises stress (signed) on Nylon PA66-GF glass fibre composite models.
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Figure 13. Contour plots of the reeling hose showing the reaction force, contact pressure, defor-
mation and Von Mises stress from tensioner and reeling hose model, and the material is a Nylon
PA66-GF composite reeled pipe on a steel drum. (a) Contact Pressure for linear elastic model, (b)
Contact Pressure for elastoplastic model, (c) Reaction force for linear elastic model, (d) Reaction
force for elastoplastic model, (e). Deformation for linear elastic model, (f) Deformation for
elastoplastic model, (g) Von Mises profile for linear elastic model, (h) Von Mises profile for
elastoplastic model, (i) VonMises (signed) profile for linear elastic model and (j) Von Mises (signed)
profile for elastoplastic model.

4.3. Result of Reeling Time-Step Contour Study

The nonlinear analysis of the reeling operation as carried out in the Finite Element
Analysis (FEA) is depicted in the order of the timesteps in Figure 12. A detailed plot of the
reeling by time-steps is presented to visualize the strain-wise effect of reeling on the sym-
metry section of the hose. It is evident that the total strains started to propagate through
the hose section as it was tensioned and spooled onto the reeling drum. A contour study
on the reeling model was carried out to visualize the strains on the reeled sections of the
hose. It was observed that they have relatively similar strains but were not all the same
along the axis of strain for EPXX, EPYY, EPZZ, EPXY, EPXZ and EPYZ. These contour
strain plots are similar to those presented in Figure 13 on the total strains, and the total
nonlinear strains also depict the strain-wise effect from longitudinal loading during the
reeling. However, the tensioner (or roller) was used to stretch and align the hoseline,
which strains the section along which it applies per time frame. Secondly, there is an Ac-
cumulated Plastic Strain (APS) observed in the reeling operation, which also transfers
some strain energy onto the reeling drum, as seen in these strain contour plots. Thus, it is
necessary to investigate the contact pressure and the accumulated strain energy at these
regions on the hoses. Contour profiles for (a) epoxy composite, (b) carbon fibre composite
and (c) Nylon PA66-GF glass fibre composite models were analysed as presented. It can
be concluded that the materials have different effects on the hose; as such, two models
were preferred: the carbon fibre and the nylon PA66GF composite models, as the strains
showed better consistency.

4.4. Result of Contact Force Load

As observed in the result profile from the FEM, the reeling hose experiences contact
pressure force during the reeling. In this represented model, the material is a Nylon PA66-
GF composite reeled pipe on a steel drum. Over long turns of reel, it is likely to lead to
early hose failure, thereby reducing the service life. The contact pressure is due to the
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reaction between the tensioner and the reeling drum, as seen in the model result in Figure
13a,b. During the reeling, the motion of the tensioner as it rolls onto the reeling drum to
align it creates an opposite reaction, seen in the reaction force in Figure 13c,d. As this con-
tinues, the areas of the hose that are weakened start to deform, and directional defor-
mation starts to propagate in the direction of the composite layer. Considering both the
elastic linearity and the elastoplastic models, the later model seems to have an increase in
hose deformation, contact pressure and reaction force than the linear elastic model, but
this is relative, as it depends on the stress—strain data from experiment.

4.5. Result of Stress—Strain Relationship

An important aspect of the study is to investigate the effect of the stress—strain rela-
tionship of the material along the principal strain axis. As a result of this, the designers
can understand a bit more on the behaviour of the hose material. It should be noted that
the stress—strain relationship at any point in the material is the one entered in the finite
element program, as is herewith. From Figure 14, it is evident that the materials have dif-
ferent stress—strain relationships exhibited, also along different strain directions. This can
also be seen in the stress—strain relationship applied to epoxy composite tubular pipe in
Figure 15, with the polynomial curve fitting on the model. As observed in Figure 14a, the
elastoplastic material stress—strain behaviour shows early yield, around 2.54 x 102, and it
goes on until it gets to a plastic limit, which is in comparison to Figure 14b—d because of
the elastic property. For Figure 14b-d, the epoxy and the Nylon PA66-GF have similar
behaviours, despite that they are different because the latter has higher stress values. In
Figure 14c, the stress—strain behaviour shows that it yields at 2.43 x 102. From this study,
it can be observed that if the reeling is done along the fibre direction of the reeling hose
along its X—X direction rather than its transverse direction or in-plane shear directions, it
will yield along that direction. As such, failure of reeling hose is also dependent on the
angle of orientation of the ply layers of the bonded hoses. However, the covalent bonds
in the bonded hose are designed to prevent such failures. This study shows that the ma-
terial effect of elastoplastic properties in elastomers used in modelling the hoses can also
help to increase their elastic behaviour and durability and, thus, increase their capacity,
suitability and reeling-ability.
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Figure 14. Stress—strain relationships for total strain in XX direction showing (a) elastoplastic mate-
rial model, (b) epoxy linear elastic model, (c) carbon fibre linear elastic model and (d) Nylon PA66-
Glass Fibre linear elastic model.
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Figure 15. Strain-strain relationship applied to epoxy composite tubular pipe.

4.6. Discussion of Results

The results of the local study presented provide highly useful information that might
be used in future study on the use of tubular pipes in offshore hoses and composite risers
in this specific application. Although composite materials offer a higher strength-to-
weight ratio than typical steels, the operational conditions in which offshore bonded com-
posite hose is deployed cause a sharp and large increase in stress, followed by a cyclic
load during reeling. Owing to its free hanging weight, the pipeline encounters maximum
force as the reeling process begins, and as the process continues, the pipeline will sway
repeatedly due to wave motion, introducing changing magnitudes of force. The pipeline
will be subjected to a cyclic load and hence increased fatigue as a result of a continuous
application of variable force from wave motion, which will be unexpected in severity in
uncontrolled conditions. Mechanical fatigue demands that the theoretical mechanical life
spans for both the structures and materials will eventually decline. A steady loss of me-
chanical strength in the pipeline’s materials would eventually lead to small micro cracks
inside the structure, especially in corrosive environments, which, according to earlier lit-
erature, increases the pipeline’s fatigue rate even more. Furthermore, the pipeline’s dif-
ferent composite layering can attach to each other in a variety of ways. This cyclic loading
of the pipeline will also introduce possible micro cracking of any applied adhesion layers
of the pipeline, implying a possible explanation for layer delamination in service of these
pipelines.

In principle, the application of this tubular bending model can be seen in reeling,
which requires a reeling drum and a material that goes around it. In the pipe-bending
model, two models were compared, namely the linear-elastic and the elasto-plastic mod-
els. This study presents visualization profiles using EPS from the reeling operation, as it
is important to assess the strain during reeling by considering APS, which is recom-
mended at 2% according to DNV-0OS-F101; as such, this model also looks at other plastic
strain values and effects on the bending model. The assumption is that it can increase due
to the limitation of plastic deformation on the composite materials selected. Furthermore,
data generated from simulations using various product fluids within the pipeline could
be used to deduce more indications of pipeline collapse. As a result of the increment in
material density, the magnitude of mechanical factors increases. Marine risers, bonded
hoses and subsea pipes are primarily used to transfer fluids such as oil products. As a
result, as the density of the fluid increases, so does the necessity for an operational pres-
sure that can ensure the fluid’s continuous flow. An increase in internal pressure, as well
as the weight of the pipeline and the product fluid, will result in an increase in mechanical
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stress. Increased cyclic loading will increase mechanical fatigue of the composite layering
as well as the danger of adhesion between layers, which could result in layer delamina-
tion. However, the scope of this research is confined to the reeling of bonded hoses with-
out the presence of fluid, as well as the tension resulting from this reeling process. It has
also been demonstrated that during reeling, the tensioner and aligner can exert some con-
tact pressure on the hose’s body as it reels around it in a cyclic motion.

From the discussion based on the analysis of this study, the following observations

and recommendations were made:

1.

For the reeling model, the results of Effective Plastic Strain (EPS) presented in Figures
7-9 were obtained on the reeling hose using three composite models: epoxy compo-
site, carbon fibre composite and Nylon PA66-GF composite. Additionally, two models
were used: the elastoplastic model and the elastic linearity model. Assessing strains
on each model using EPS, it is observed that the elastoplastic model had higher strains
than the linear elastic model. Additionally, the maximum strain direction observed
was the strain along EPXY at 1.73 x 10-'. Along the hoop direction, the material will
become more hardened, especially in a homogenised model, than along the longitu-
dinal direction of the material. It is important to assess the strain during reeling by
considering Accumulated Plastic Strain (APS), which is recommended at 2% accord-
ing to DNV-OS-F101, which can increase due to the limitation of plastic deformation
on the composite materials selected. However, the EPS was considered, which also
gives an indication of the behaviour of the material and shows profiles of the strained
and unstrained regions. Due to the locus of the yield stress on the hose section been
reeled, the hose material has a plastic behaviour observed after reeling. As such, the
total linear strain and total nonlinear strains were considered.

The nonlinear analysis of the reeling operation as carried out in the Finite Element
Analysis (FEA) is depicted in the order of the timesteps in Figure 13. It can be observed
that the total strains started to propagate through the hose section as it was tensioned
and spooled onto the reeling drum. Secondly, there is an accumulated plastic strain
(APS) observed in the reeling operation which also transfers some strain energy onto
the reeling drum as seen in these strain contour plots. Thus, it is necessary to investi-
gate the contact pressure and the accumulated strain energy at these regions on the
hoses. Additionally, it evident that the materials have different effects on the hose, as
such two models were preferred —the carbon fibre and the nylon PA66GF composite
models, as the strains showed a better consistency. However, further study is recom-
mended on optimizing the models and reeling with unhomogenized hose models.
Additionally, more studies on the application of this model and the global response
of the reeling hose model are recommended on the effect of the reel drum and the
HEV couplings load’s contact with the body of the FPSO.

The internal pressure and external pressure tests are very important aspect of the de-
sign of the reeling hoses. It was observed that the higher the pressure, the higher the
von Mises stresses, maximum strains and maximum deformations on the reeling hose,
as presented in Sections 4.2-4.4. However, this can be minimised by increasing the
reinforcement of the reeling hose or by using lighter materials with a high strength—
weight ratio, such as composites, or applying the hose hydrodynamic loads. A de-
tailed study is recommended based on combined loading and the effect of the com-
posite materials in the layers. Additionally, a global analysis on the reeling hose op-
eration is recommended to investigate the effect of effective tension, bending moment,
curvature and fluid content in the dynamic analysis of the offshore bonded composite
hose.

From this study, it can be observed that if the reeling is done along the fibre direction
of the reeling hose along its X-X direction, rather than its transverse direction or in-
plane shear directions, it will yield along that direction. As such, failure of the reeling
hose is also dependent on the angle of the orientation of the ply layers of the bonded
hoses. However, the covalent bonds in the bonded hose are designed to prevent such
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failures. This study shows that the material effect of elastoplastic properties in elasto-
mers used in modelling the hoses can also help to increase its elastic behaviour and
durability, thus increasing its capacity, suitability and reeling ability.

5. The contact pressure is due to the reaction between the tensioner and the reeling
drum, as seen in the model result in Figure 14a,b. During the reeling, the motion of
the tensioner as it rolls onto the reeling drum to align it creates an opposite reaction,
seen in the reaction force in Figure 14c,d. As this continues, the areas of the hose that
are weakened start to deform and directional deformation starts to propagate in the
direction of the composite layer. Considering both the elastic linearity and the elasto-
plastic model, the later seems to have an increase in hose deformation, contact pres-
sure and reaction force than the linear elastic model, but this is relative as it depends
on the stress—strain data from experiment. However, further research is recom-
mended on the limit for the layers and on the interfacial stress of the offshore hose
model.

5. Conclusions

This study presents an investigation of plastic strain deformation investigation on
the effective plastic strain (EPS) of under bending and reeling operations. This study is an
application based on an understanding of the material mechanics of pipe structures, plas-
ticity studies, stress analysis and finite element modelling (FEM). The model highlights
include the following: Firstly, the determination of Effective Plastic Strain (EPS) of the
hose and the implications on the reeling hose. This involved the design of the hose tube
with detailed stress profiles. Secondly, the novelty was the response study on the effect of
contact pressure leading to the compression load or crush load on the tubular hose that
comes from either the load of the tensioner or other reeled sections of the hose while on
the reel drum or the vessel load response. Thirdly, there was novelty in the analytical
model on the plastic deformation of tubular hoses and stress analysis. Fourthly, some re-
sults on stress—strain profiles for the different hose models compared against the elasto-
plastic hose model.

From the local design analysis, the results obtained in this study provide useful re-
sults for understanding the fundamental strain-wise mechanical behaviours during both
operational, and static non-operational, conditions and reeling operations. This is im-
portant, as this homogenised offshore bonded composite hose is designed for a reeling
system, but could be applied for other operations. However, further research is recom-
mended on this investigation to provide similar mechanical data results and trends and
carry out the global design with other environmental sea states. In addition, more studies
on the local design based on burst case and collapse case, the effect of liner wrinkling,
micro-cracking and metal-composite interface can be conducted, similar to the study
[29,30]. Lastly, the reeling modelling used in local design in Simscale OpenFE platform
with Effective Plastic Strain (EPS) contour profiles obtained from the Finite Element Anal-
ysis (FEA) were presented as another strain estimation method like the Accumulated Plas-
tic Strain (APS).
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