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Abstract: With the exploration of oil trending deeper, from shallow waters to deep waters, there is a
corresponding increase in the need for more sustainable conduit materials for production purposes.
Secondly, there is an increasing demand for more energy from fossil fuels that are excavated with
less expensive technologies. As such, short-service hoses are applied in the offshore industry. The
industry has utilised composites to improve the material and solve different offshore issues. This
study analyses a current problem facing the oil and gas industry at present regarding hose usage. This
paper presents results from the local design and analyses of a marine bonded composite hose (MBCH),
to present its result visualisations and nephographs. In this paper, the local design of a 1 m section
of an MBCH was carried out in ANSYS under different loading conditions. Some design criteria
were set, and other load conditions were used to simulate the model using the finite element model
(FEM) approach. From this study, composites could be considered to improve conventional marine
hoses. The findings of the study include the identification of linear wrinkling and damage sites on
the helix reinforcement. An experimental investigation and proper content test are recommended
for the bonded hose. Additionally, highly reinforced hose ends are recommended in the ends of the
MBCH, as they had maximum stress and strain values. It is recommended that hose operations like
reeling must be conducted under operational pressure and not design pressure, as the study shows
that the design pressure could be high on the hose model.

Keywords: numerical model; finite element model (FEM); marine bonded composite hose; composite
riser; layered marine structures; liner wrinkling; helix spring; stress analysis; bonded model

1. Introduction

Floating structures need to be stable, float, withstand adverse weather conditions
and also carry the load from their attachments [1,2]. These structural attachments include
marine risers, mooring lines, umbilicals, subsea cables and marine hoses [2,3]. Considering
the increasing demand for the utilisation of more marine composites in the oil and gas
industry, more investigations have been conducted on the subject area [4,5]. Ochoa and
Salama [6] presented transition barriers that can be considered to be an enabling technology
for offshore composites, such as composite risers. Rubino et al. [7] presented a review of
marine composites in ships, submarines, remotely operated vehicles (ROVs) and water
airplanes. These reviews showed recent developments, challenges and an overview on the
behaviour of marine composites under different conditions. This includes the use of marine
composites as composite marine risers [2–7]. Thus, with the exploration of oil trending
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deeper from shallow waters to deep waters, there is a corresponding increase in the need for
more sustainable conduit materials for production purposes [8–13] as well as novel floating
structures to support these hose-risers [14–19]. Thirdly, there is an increasing demand for
more energy from fossil fuels excavated with less expensive technologies. As such, short-
service marine hoses are applied in the offshore industry [20–25]. The industry has utilised
composites to improve the material and solve different offshore issues. However, buckling,
liner failure, delamination and matrix cracking in the layers of marine tubular structures
are common failure problems, especially when the structures are multi-layered [26–30].
Composite tubes and hoses have shown similar mechanical behaviour [31–36]. Thus, the
marine bonded composite hose (MBCH) is a solution presented in this study to alleviate a
current problem in the oil and gas industry regarding reeling hoses. The dynamic reaction
of the marine hoses when coupled to the CALM buoy has been studied in various ways [37–
43]. In recent years, the oil and gas industry has used a diverse range of materials to
manufacture marine hoses, such as elastomers. These can be found in a variety of hose
materials from hose manufacturing companies such as Dunlop Continental Oil and Gas,
Yokohama and Trelleborg, among others [44–48]. One challenge with using marine hoses
is the assessment of fatigue load due to their behaviour relative to the utilisation in sea
conditions [49]. Figure 1 shows a field deployment of Trelleborg’s Sealine floating hose.
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Figure 1. Trelleborg’s Sealine floating hose during installation to a supply vessel. (Sealine is a product
type that is specifically designed for floating hose configurations, while Reeline is a product type that
is specifically designed for reeling hose configurations. Both Sealine and Reeline are hose products
made by Trelleborg, a hose manufacturer. Courtesy: Trelleborg; adapted with permission.).

The industry has advanced with the unique application of composites over the past
two decades. Generally, composites have high applicability in marine environments, such
as in thermoplastic composite tubes (TCP) and composite production risers (CPR) [50–53].



J. Compos. Sci. 2022, 6, 79 3 of 28

This is due to their inherent properties, such as their high strength, light weight, high
resistance to corrosion, high flexibility and some anisotropic characteristics. This anisotropy
implies that the material has properties that allow it to change or adapt into different
properties in different directions, instead of isotropy. It should be noted that anisotropy can
be predicted and evaluated; hence, there are no assumptions. However, some analytical
models consider some assumptions in the formulation of the composite theory. Xia et al. [54]
investigated the internal pressure of multi-layered filament-wound composite pipes. They
used a cylindrical pipe section to offer analytical formulations for the composite elastic
theory, which took into account three-dimensional (3D) elastic constants with effective
properties for the thick laminates discovered in an earlier study by Sun and Li [55]. Ye and
Soldatos [56] looked into 3D buckling analysis of laminated composite hollow cylinders
and cylindrical panels and gave buckling mode profiles. Bakaiyan et al. [57] investigated
multi-layered filament-wound composite pipes with thermal fluctuations under combined
internal pressures and thermomechanical loads. Gao et al. [58] evaluated the structural
behaviour of a ring-stiffened rubberised composite hose specialised for use as a dredging
hose under internal pressure. Lassen et al. [59] experimentally validated the marine hose
to investigate the ultimate strength of the hose model. Some other similar models based
on the mechanical behaviour of marine hoses were also devised by other researchers.
Tonatto et al. [60] presented a comparison between the results of computational analysis
and experimental analysis. Tonatto et al. [61] numerically investigated the mechanical
behaviour of the marine hose model under burst load. These studies also showed that
composites can be used in marine structures. Amaechi et al. [62] presented an experimental
investigation on the CALM buoy hose system to assess the influence of waves under
moored and free-floating conditions. Other investigations were conducted by considering
the use of composites in marine hoses. Different studies have shown that composite
materials can survive seawater ingress at different levels based on individual material
properties. Hassan et al. [63] studied the effect of seawater on marine composites by using
glass fibre/epoxy laminates to investigate fracture toughness. Bearing this information
in mind, the application of composites can be deployed to improve the material strength,
flexibility, stiffness ratio and other mechanical behaviours of the marine bonded hoses.
Currently, marine bonded hoses have a short service life and may fail prematurely under
adverse conditions and different failure modes [64]. There has been widespread awareness
of both layer delamination and reinforcing helix ruptures in the helix. The reinforcement
helix made of bonded flexible hose lines is a special area for hose observation and interest in
the offshore oil and gas sector. These hose lines have been reported to collapse long before
their predicted lifetime of roughly 25 years due to structural issues pertaining to the bonded
helix in several cases. This occurs due to layer delamination between the helix and the
surrounding filler, or the full failure of the helix itself, according to common observations.
If one of these events occurs, the entire pipeline segment will need to be replaced. To
push this hose line technology further, extensive simulation and study of the helix design
is required. Several ideas exist to explain the reason for the occurrence of marine hose
failure or the malfunction of its valve or end-fitting connection. One reason is fatigue,
which leads to eventual rupture owing to the ovalisation of the helical structure under
compressive force. The marine hose structure is usually subjected to compressive loading
from other spooled sections, the reel drum itself (for reeling hoses) or a combination of both
during operation. Throughout the service life of the hose, these crush loads will be applied
continuously with repetitive moments and tension loads. The helical structure may also be
subjected to fatigue cracking as a result of this type of repetitive loading. The shape of the
helix will begin to ovalise as it is compressed, posing a high risk of cracking. As a result,
some researchers have confirmed that helix reinforcement is very vital in the marine hose
structure [65,66]. Gao et al. [65] analytically investigated the spiral stiffeners for offshore
composite rubberised hoses under burst load, while Lassen et al. [66] investigated helix
reinforcement and the load response of a marine bonded hose. The latter found that found
the cradle’s angle in the helix contributed to its strength. Tonatto et al. [67–69] investigated
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the crush load and mechanical behaviour of a marine hose, but did not conduct crush load
testing on the reinforcement. The crush load for helical spring specification is not specified
in the Oil Companies International Marine Forum (OCIMF)’s industry guidelines [70–72].
The GMPHOM OCIMF 2009 guidance [72], on the other hand, establishes guidelines for a
marine hose segment, but not for the helix reinforcement. It specifies conducting a shorter
test with a profiled hose section with a nominal length of 500 mm, which is supported
on a flat surface. For instance, it also specifies that a crushing load be applied to the hose
using a flat beam with a profile of 500 mm length-wise and 400 mm width-wise, according
to the test conditions. Gonzalez et al. [73] looked at the axial characteristics of flexible
bonded marine hoses and showed interesting bending profiles, but he did not provide
detail on the reinforcement. An earlier study by Chesterton [74] was conducted on the
reeling hose model with the spring’s crush load against the reeling drum, and he found that
the helix deforms as well. Zhou et al. [75] presented a theoretical model on marine hose
reinforcement, while Tonatto et al. [76] experimented with helix reinforcement materials
for marine hoses using composite materials and conducted some crush load tests on the
hose. Hence, it is critical to investigate the helix by simulating this loading condition in
order to better understand the helix’s mechanical behaviour as a result of crush loads.
Internal pressure loads were identified as the most essential load based on the highest
stresses on the layers of the hoses tested during the investigations. The material modelling
of the composite tubular structure or its helical spring reinforcement are also difficult. As a
result, there is a pressing need for a deeper grasp of the industry’s current problems, both
locally and globally. This will progress the usage of composites in hose-riser applications
even further.

Using numerical modelling, this study contains investigations into the local design of
marine bonded hoses and their helix reinforcement behaviour. The goal was to model a
straight portion of the tubular marine riser construction based on the local design, then
present its result visualisations and nephographs. For the multi-layers, bonded connections
were used. It was feasible to simulate the stresses exerted on this segment of the hose-riser
using the modelling in Sections 2 and 3. Section 2 present the material properties while
Section 3 deals with the details for the numerical modelling using a finite element model
(FEM). Section 4 provides the findings of the numerical modelling for the unique MBCH
structure, and some result discussions. The concluding observations and recommendations
drawn are delivered in Section 5.

2. Materials and Methods
2.1. Model Description

ANSYS Structural version R2 2020 [77–79] was used for the local design of the marine
hose. Sections 2.3 and 2.4 detail the hose’s geometric specifications as well as its material
qualities. The ANSYS Workbench’s Engineering Data were used to determine the material
properties loaded into the platform. Then, the various physics explored on the loading
requirements of the marine reeling hose were imputed in ANSYS Mechanical. This was
then meshed, and convergence was checked in order to present accurate data for both
static and dynamic behaviours. Due of the need to predict demand for a different package
in modelling this marine hose, ANSYS Structural’s benchmark was utilised rather than
ANSYS APDL in this investigation. It is worth noting that this is a multi-layered marine
structure with numerous layers and contacts. As a result, under higher licences, the ANSYS
platform’s performance was limited to running the ANSYS model with higher element
numbers while generating faster results. Furthermore, there was a restriction on using HPC
(high-performance computers) to execute the FEA for this model. Ultimately, symmetry
was addressed in this model, but not implemented in the current investigation, though it
was in another study that is not included in this paper. Due to the sheer spiral structure
of the spring in this investigation, symmetry was not very representative. However, as
was discovered in the second model employed in a subsequent investigation, it might
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have decreased the computing cost, but not in this case. Figure 2 depicts two hose sections
showing the reeled and unreeled hose sections.
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Figure 2. Marine hose model showing (a) reeled section representing a bending curvature section,
and (b) unreeled section representing a straight section in Solidworks version 2020.

2.2. Methodology

The hose geometry was developed in a CAD using Solidworks version 2020 for
the local design. Since it featured composite layers, it was then modelled in ANSYS
Structural version R2 2020 and ANSYS Mechanical modules. The composite layers were
used as homogenised layers incorporated from the ANSYS Engineering Data module. The
hose’s FEM data from the local design were analysed in order to anticipate its mechanical
behaviour. These assessments were carried out by considering some factors for obtaining
the best results from the model. The first priority was to make the model simpler, and the
second was to make the model homogeneous. Figure 2 depicts the first simple model as
well as the separate helix spring. The development of the marine hose model, material
properties, the behaviour of physical hose models, boundary conditions and the analysis
and evaluation of results were all part of the approach for the FEM of the marine bonded
hose. Internal pressure, external pressure and the load case were all included in the finite
element analysis (FEA). Figure 3 shows a schematic representation of the FEM applied
methodology.
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2.3. Material Properties

Table 1 lists the material parameters taken into account in this model for steel and the
composites. These material qualities were chosen because they have a lot of potential for
use in flexible bonded hose lines and other modern industrial applications. As a result,
they were deemed suitable for use in the design of this model in order to achieve accurate
simulation results. They have a lot of upsides because of their unique characteristics,
including their high strength, natural corrosion resistance, light weight and flexibility.
The connection details under consideration were bonded contacts that were properly
retained, with no slippage or separation. Table 1 lists the material attributes used in the
computational model. For the composites, this model used the same hoop layers with a
0◦ orientation angle. The layers and material choices examined in this model are listed in
Table 2.
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Table 1. Material properties for composites and steel.

Material **
Density
(kg/m3)

Youngs
Modulus (Pa)

Bulk
Modulus (Pa)

Shear Modulus
(Pa)

Compressive Yield
Strength (Pa)

Tensile Yield
Strength (Pa)

Tensile Ultimate
Strength (Pa)

Poisons
Ratio, v

Structural Steel 7.85 × 103 2.00 × 1011 1.67 × 1011 7.69 × 1010 2.50 × 108 2.50 × 108 4.60 × 108 0.30

Nylon PA6/6 1.14 × 103 1.06 × 109 1.18 × 109 3.93 × 108 2.32 × 109 4.31 × 107 4.97 × 107 0.35

Nylon PA66-GF * 1.36 × 103 6.82 × 109 7.58 × 109 2.53 × 109 3.45 × 107 1.39 × 108 1.49 × 108 0.35

CF (290 GPa) +* 1.81 × 103 2.9 × 1011 2.45 × 1011 9.00 × 109 5.70 × 108 4.20 × 109 6.00 × 108 0.30

Resin Polyester 1.20 × 103 3.0 × 109 2.72 × 109 1.14 × 109 1.41 × 108 1.28 × 108 5.18 × 107 0.32

** Material properties in MatWeb, Granta and [9]. +* CF is carbon fibre. * GF is glass fibre-reinforced.

Table 2. Material consideration for reeled hose layers.

Layer Liner Main Plies Filler Helix Holding Plies Subcover Breakers Cover

Material Structural Steel Glass fibre-reinforced
nylon 6/6 (PA66-GF) Nylon 6 (PA6) Structural Steel Resin polyester Carbon fibre

(290 GPa)
Resin

polyester
Carbon fibre

(290 GPa)

2.4. Marine Hose Layers

In order to achieve the best simulations, the details of the marine hose design are
taken into consideration as described in this section. It is indeed worth noting that the
simulation layers in marine hose designs are based on typical realistic hoses. However,
to correctly replicate the hoses without sacrificing generality, simplification was required.
The usage of innovative composite materials employed in these designs is a top priority in
this research. As a result, distinct composite plies were used in the model for the main and
holding plies. To give structural strength to the construction, the subcover and cover were
composed of structurally robust composites. On the other hand, the steel structural helix
buried within the filler layers is an important part of the hose’s tubular design. It differs
from standard marine risers, pipe-in-pipe tubes and looped steel pipes in this way. Since
helix rupture or delamination from its filling layer is a common fault in these hose-riser
structures [26–30,64], the helix reinforcement is given particular attention. The function
of the steel helix is to give strength by acting as an important longitudinal reinforcement
to the pipeline. Figure 4a shows the model for the steel reinforcement, while Figure 4b
shows a mesh model of the simplified hose model. Thus, this layer is very crucial for
investigating the structural behaviours of the hose, such as deformation performance. As a
result, a thorough examination of this layer for the helix is required. Table 3 provide the
layer’s geometrical data for the marine hose models. The dimension for each layer was
determined, and is as represented in Figure 5. Details of the dimensions are given in an
earlier study [21].
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Table 3. Marine hose model dimensions.

Layer Outer Diameter (mm) Inner Diameter (mm) Thickness (mm)

Liner 493.95 488.95 5

Main ply 1 496 493.95 2.05

Main ply 2 498.05 496 2.05

Main ply 3 500.1 498.05 2.05

Main ply 4 502.15 500.1 2.05

Main ply 5 504.4 502.15 2.25

Main ply 6 506.25 504.4 1.85

Main ply 7 508.3 506.25 2.05

Main ply 8 510.35 508.3 2.05

Filler 1 517.35 510.35 7

Steel helix 545.79 517.35 14.22 *

Filler 2 552.79 545.79 7

Holding ply 1 554.84 552.79 2.05

Holding ply 2 556.89 554.84 2.05

Subcover 559.39 556.89 2.5

Breaker 1 560.59 559.39 1.2

Breaker 2 561.79 560.59 1.2

Cover 564.29 561.79 2.5
Note: Radius of curvature of marine hose layer = 6.25 m; * coil diameter is not the overall diameter.
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This model set-up is based on industry standard practices to appropriately portray
the hose. The ‘main plies’ of the composite are of varied angles in practice, while the
helical reinforcing layer is completely encased in a single filler layer. The scope of the
current investigation, however, did not include research on the reinforcement angles. In
terms of composite material choices, different materials have been chosen for different
layers of the model. For the inner liner and reinforcing helix, steel was used as the metallic
component of the model. Resin polyester, carbon fibre (290 GPa), nylon 6 (PA6) and glass
fibre-reinforced nylon 6/6 (PA66-GF) were also the choices of composite materials applied.
The material properties were obtained from validated studies, published journal papers,
company reports, material databases and previous investigations [53–55]. The hose in this
present model measures 1 metre lengthwise.

Rather than being modelled within one filler layer, it was modelled with filler layers
sandwiching the helix between them. This was implemented to keep the model design
simple during the CAD stage, making the hose assembly easier while yet providing ade-
quate simulation results. This method has been applied in modelling composite tubular
pipes, ranging from CPR [31–36], to TCP/FRP composite riser tubes [51–53], composite
pipes [54–57] and MBCH [58–61]. To replicate a localised part of the hose line receiving
crush load from the reel drum, the same layering method was used to construct both a
reeled and unreeled model using the same layering technique. To accurately imitate the
pipe being put over the reel drum of diameter 12 m, the reeled riser model was created with
a radius of curvature of 6.25 m. The first simulation material selection for the various layers
is detailed herein. It is worth noting that at this point, different ply angles have not been
used because the major goal was to obtain a workable case from the simulation to begin
with. As a result, the ply angles in the hoop direction were all assumed to be unidirectional.
Lastly, for this model, the helix was not modelled in a reeled state, as was earlier conducted,
but in a straight and unreeled format.

3. Numerical Model

The details on the numerical model for the MBCH is carried out in this section.

3.1. Local Design

The local design aspect of the numerical model was conducted using FEM. The FEM
model was developed using ANSYS Workbench R2 2020. The local design details are
described in Section 2, whereas the mesh details, boundary conditions and design loads
are all presented in Sections 3.2–3.5. The maximum stress criterion is used as the failure
criteria in this model. The beam theory is used in the local design of the marine hose.

3.2. Mesh Details

The meshing details for the initial reeled model include a total of 857,215 elements and
5,395,485 nodes. This gave good convergence results in this FEA. To achieve this, the mesh
was simplified and compared using a hose model without the spring. This model was also
further simplified by collectively grouping the similar layers into one layer, i.e., main plies 1–8.
The spring was also modelled separately, and not homogenised with the other hose layers
(see mesh details as depicted in Figure 6). The simplified (homogenised) model resulted in a
number of elements and nodes totalling 45,953 and 147,221, respectively, while the separated
spring resulted in 37,375 elements and 231,747 nodes, as seen in Tables 4 and 5.

Table 4. Mesh statistics on the element/node count for the simplified model.

Model Elements Nodes

Simplified model 45,953 147,221

Steel helix 37,375 231,747
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Table 5. Mesh sizing details as applied for each layer of the reeling hose.

Layer Mesh Size (m) Elements Nodes

Liner 5 × 10−2 5665 11,684

Main ply 1 5 × 10−2 6755 13,844

Main ply 2 5 × 10−2 6902 14,112

Main ply 3 5 × 10−2 7017 14,382

Main ply 4 5 × 10−2 7060 14,441

Main ply 5 5 × 10−2 7047 14,414

Main ply 6 5 × 10−2 7235 14,802

Main ply 7 5 × 10−2 6789 13,899

Main ply 8 5 × 10−2 11,005 22,581

Filler 1 5 × 10−2 759 5478

Helix 0.5 37,380 231,778

Filler 2 5 × 10−2 805 5810

Holding ply 1 5 × 10−2 7511 15,378

Holding ply 2 5 × 10−2 7132 14,620

Subcover 5 × 10−2 7689 15,870

Breaker 1 5 × 10−2 30,136 61,362

Breaker 2 5 × 10−2 33,732 68,764

Cover 5 × 10−2 828 5976
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3.3. Boundary Conditions

Depending on the operation, several boundary conditions were evaluated. Fixed
ends were considered for the pressure loading scenarios, but when torsional motions were
generated, one end of the hose was fixed while the other end was sealed, meaning bursts
with end effects as the loads were induced at one end that was set free. The fixed supports
were attached to all faces at the hose line’s fixed ends, securing it in place. At the end of the
spring, the reinforcement helix was also fixed.

3.4. Design Load Conditions

The local design of this maritime hose model adhered to industry design guidelines for
bonded hose lines [80–83]. As shown in Table 6, the following loading conditions were used
to represent burst, collapse and crush loads. The simplified model was used to calculate
total deformation, shear stress, equivalent stress and elastic strain. During operation, the
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hose construction is subjected to both internal and exterior pressures. External pressures
are caused by the dynamics of the wave motion that surrounds the hose, as well as variable
hydrostatic forces that vary with depth. While the (un)loading hose is used to transfer fluid,
the hose must also function under substantial internal pressure to convey the intended
fluid. Internal fluids can be gaseous or liquid, and their viscosity can vary. To transfer the
fluid inside the hose, an increase in operational internal pressure is required. The pressure
inside the hose increases as the viscosity increases. As per the design, an initial operating
pressure of 9 bar was distributed within the inner face under internal pressure, as depicted
in Figure 7. A fixed boundary condition was also used at the hose end and at the end of the
helical spring reinforcement, as depicted in Figure 8. Additionally, the self-weight of the
marine hose was considered by applying a gravitational force on the hose.

Table 6. Design load conditions.

Design Load Description of Loading

Burst Internal pressure of 2.0 MPa, 3.5 MPa and 5 MPa

Collapse External pressure of 4.5 × 105 Pa, 7 × 105 Pa, 9.5 × 105 Pa, 1.26 × 106 Pa

Crush Load External crushing pressure applied, of magnitude 1.25 × 107 Pa
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Figure 8. Fixed boundary condition showing end of helical spring of the marine hose in ANSYS
Static Structural 2019 R3. (The arrow points to the location of the fixation, not the load application.)

3.5. Helix Reinforcement

This model was made with dimensions that are similar to those used in industrial
designs. The model in the present study was created based on the validated model in an
earlier study [21]. The helix has a 40 mm pitch and a diameter of approximately 14.22 mm.
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As previously indicated in this study, the material used in this simulation was steel. Figure 8
shows the model that was used in this investigation. At each end of the helix, 2000 Pa of
external pressure was applied perpendicularly to the faces of the ends of the helix. This
was implemented solely to observe the basic mechanical behaviour of the helix when
it is compressed uniformly at both ends. Lower pressure was applied to the model in
order to observe the trend in the hose’s helix. Both ends of the hose segment were loaded.
This represents how the hose portion reacts to its own weight or other connected pieces
pushing against it. It should be highlighted that the spring simulated in ANSYS can also be
implemented using an identical elastic support condition or even a virtual spring, which
would have made the model much more efficient. On the other hand, the spring has been
modelled fully because the study’s goal is to investigate spring behaviour so that spring
load and the number of spring layers (one or two helical springs) can be considered in the
model’s conceptualisation. Other methods of numerical models for spring models exist in
the literature [84–86]. The parameters used in constructing the helix geometry considered
in the numerical model are listed in Table 7. See Appendix A for helix spring’s analytical
modelling, which is also detailed in related literature [21].

Table 7. Particulars for helix reinforcement and marine bonded composite hose (MBCH) models.

Particulars Quantity

Hose nominal inner radius 250 mm

Outer radius 294 mm

Length of hose model 1000 mm

Mean radius of helix reinforcement 284 mm

Diameter of helix reinforcement coil 12.7 mm

Pitch of helical reinforcement 36 mm

Total number of coil turns 41 turns

Width of helix reinforcement 1200 mm

Height of helix reinforcement 1500 mm

4. Results and Analysis

This section provides a concise and precise description of the numerical results and
their interpretation, as well as the discussions that can be drawn.

4.1. Results of Helix Deformation

From the result in Figure 9, showing the deformation on the helix layer and the
underlying layer, the areas of the offshore bonded composite hose section that experienced
the highest deformation magnitudes as a result of the influence of the stresses on the helix
layer can be seen. The helical spring has a different material from the layers around it, and
as such there are some voids created which may lead to some nonlinearities in bonding.
Therefore, the deformation will increase, depending on the areas that experience the highest
lateral and vertical forces along the cross-section of the helical spring reinforcement, as
seen in Figure 9. This also indicates the extent of the contribution of the helix to the
maximum deformation magnitudes experienced at the areas of maximum curvature. From
Figure 9a, the magnitude of helix deformation can be observed which, although smaller
in value compared to other results displayed, increases toward a maximum at the area of
maximum curvature. From Figure 9b, the details of the deformation of the underlying layers
surrounded by the reinforcement helix also demonstrated an increase in the magnitudes of
deformation at areas toward the maximum curvature. The results show that the helix is
constricted by the external pressure, as it will subsequently push against the underlying
layers with increased force and, thus, create the areas of increased deformation depicted
in Figure 9b. In summary, the area of maximum curvature of the section that experiences
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maximum constriction will increase the stresses in these areas, further demonstrating
likely areas of fatigue and possible structural weakening. Thus, the strength of the helix
reinforcement can also be increased.
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Figure 9. Reinforcement helix’s deformation during collapse test, showing (a) helix alone, and (b)
helix on the underlying layer.

4.2. Results of Helix Localised Damage

Based on the study of the reinforcement helix and its localised damage, a closer
inspection of the results for the reinforcement helix regarding the equivalent stress presents
some interesting observations. Due to the increased external pressure, in the collapsing
case, it was noted that along the structure of the helix were multiple small sites of visual
localised damage. These crinkles demonstrate areas of significant stress concentration
once deformed and, therefore, highlighting these areas as critical in contributing to the
potential failure of the reinforcement layer. These results will be discussed in further detail
in Section 4.7. Typical numerical models on springs show that they have failure behaviour
under dynamic transient loads [85,86]. As seen on Figure 10, there are different locations of
the damages to the helical spring reinforcement, which the authors identified as “damage
sites”. Similar fatigue studies on helix reinforcement include composite cords [76], as micro-
cracks are seen in the composite materials [87], meaning the helix damage observed here is
novel. From Figure 10, it is evident that the stress profile along the damage sites is highest.
Additionally, Figure 10 demonstrates stress concentration on the nodes of a coarse mesh.
Buckling should be visible on explicit simulations, with further studies recommended to
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confirm the damage that has been implied. Further analysis is also recommended on the
fatigue of the reinforcement to ascertain the full extent of the damage that comes from the
spring reinforcement.
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Figure 10. Reinforcement helix’s deformation under extreme conditions showing (a) damage sites
along different locations on the helix, (b) damage site 1, (c) damage site 2, (d) damage site 3, (e)
damage site 4, (f) damage site 5. All these images (b–f) present the stress intensity magnitudes on
contour profiles where damage/failure spots and deformations were spotted.

The assessment of the helix under burst and collapse loads shows some interesting
mechanical behaviour. The results in Figures 11–13 show that the reinforcement layer,
particularly, would have certain areas that will likely have earlier fatigue. This are consid-
ered for different loadings, and it shows that the extreme loadings could lead to structural
failure, thus requiring more reinforcements at such ends. For hoses that will be reeled, it
is recommended that here are double helical reinforcements to ensure that the structure
withstands the required loads. The resulting profile also indicates locations on the helix
that could develop possible high deformations, but this requires further postprocessing.
It is recommended that there should be more reinforcement along the locations of these
primary areas of delamination from the filler layer surrounding the reinforcement.
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Figure 12. Burst loading on the helical spring reinforcement under operational conditions showing
(a) total deformation, (b) equivalent von Mises stress and (c) normal stress (ends are free without end
fittings in this case).
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Figure 13. Collapse loading on the helical spring reinforcement under extreme conditions showing
(a) total deformation, (b) equivalent von Mises stress and (c) normal stress (ends are free without end
fittings in this case).

4.3. Results of Factor of Safety (F.S)

The above results show that the reinforcement helix does indeed experience localised
damage due to the external crushing pressure applied, of magnitude 1.25 × 107 Pa. An
analysis of the stress distribution on the helix structure was carried out to assess the safety
factor of the helix. It is important to note that any calculation resulting in a Factor of Safety
(F.S) of below 1 is deemed unsafe. Optimally, the value of the F.S should be 2 or above. The
general equation used in calculating the F.S is expressed as Equation (1):

Factor o f Sa f ety (F.S) =
Material allowable stress

Actual applied stress
(1)

In Figure 14, the Factor of Safety was analysed using the stress tools given in ANSYS
Structural version 2020 R2. It was configured to calculate the Factor of Safety for both steel
layers of the model, the inner liner and the reinforcement helix. Additionally, for one of the
composite layers, the layer chosen was one of the holding plies made from glass-reinforced
nylon. For the material properties of the steel and nylon composites, please refer to Tables 2
and 3. The detailed discussion of these results has been presented in Section 4.7.
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liner (structural steel), and (c) helix layer (structural steel) using load case without end fitting.

4.4. Results of Hose’s Liner Wrinkling

Liner wrinkling is a phenomenon that has been observed in pipelines, and was also
seen in this offshore bonded composite hose model during the burst test. Due to the
extreme internal pressure applied during the model test, the material starts to wrinkle at
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the external liner, as seen in Figures 15–18. Liner wrinkling is evident in Figure 15; however,
less wrinkling is found in other layers in Figure 16. As seen in Figures 17 and 18, the
pressure loads have an impact on the walls of each layer differently. It can be observed
that the ends that had been fixed have high deformations. As such, it is recommended
that highly reinforced ends be used at such ends to offset the high collapse pressure. In
addition, the body of the offshore bonded composite hose along the arc length also has liner
wrinkling, similar to those seen for the burst cases. The liner wrinkling is an indication that
the liner material may be compromised, or that the metal–composite interface between the
liner and the composite material is weakened. Even in bonded contacts, there is still a high
prevalence of micro-strains [87] and micro-cracks [88]. Thus, there might be micro-cracks
resulting from the liner wrinkling. Thus, the designer is required to increase the bonding
friction coefficient in this layer, increase the thickness of the liner and use liner materials
with higher strength. Liner wrinkling is also observed under external pressure loading.
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4.5. Results of Hose Collapse Load

The mechanical behaviour of the marine hose was also investigated to visualise and
predict the characteristics under collapse load. Using the same ANSYS simulation for the
local design of the marine hose, the results presented in Figures 18–20 were obtained. They
represent the total deformation, equivalent stress and normal stress, respectively. These
results demonstrate mechanical behaviour under standard operational pressure rating of
9 bar. From Figure 18, it can be observed that maximum deformation occurred around the
mid-sections of the marine hose under collapse. At that mid-section, the point of maximum
curvature can be obtained when postprocessed. From this study, it can also be seen that the
deformation profile for the four layers are distributed differently, but in a similar pattern.
Hence, the outermost layer experiences the highest collapse pressure load, rather than the
innermost layer. However, this multi-layered composite hose is designed to withstand
high temperatures and high pressures. Therefore, it is recommended that the outer liner
material of any marine hose must have good resistance to collapse pressure. In Figure 19,
the von Mises stress distributions are different for each layer type. This implies that the
hose requires thicker external liner material. Additionally, such locations need to have
thicker layers or an increase in the coefficient of friction within the bonding contact. It
can also be observed that the ends that had been fixed have high stress profiles, as seen
in Figures 19 and 20. As such, it is recommended that highly reinforced ends be used at
such ends to offset the high collapse pressure. In addition, the body of the offshore bonded
composite hose along the arc length also have liner wrinkling observed, similar to those
seen for the burst cases.
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4.6. Results of Hose Ovalisation

For the local design of the offshore hose, we used a simplified model that was designed
through ovalisation, and the results of total deformation, shear stress and equivalent
stress are presented in Figure 21. These results demonstrate the mechanical behaviour
under standard operational pressure. For this instance, the hose was operating under
the pressure rating of 9 bar. It can be demonstrated that maximum deformation occurs
at the point of maximum curvature of the pipeline. Although the value of deformation,
being a maximum value of 0.00875 m, can be shown to be a significantly small value, the
results still demonstrate that maximum deformation occurs in the region of maximum
curvature. Therefore, it can be implied that this is the region of the offshore bonded
composite hose structure that is most likely to fail initially due to an increase in unregulated
internal pressure. This would agree with previous literature and the results observed
from controlled burst pressure tests, resulting in an opening mode fracture of the pipeline
followed by fracture propagation from its external layers; this will be discussed in further
detail later. It can be demonstrated that equivalent stress is minimal on the external layers
of the pipeline, with maximum values of equivalent stress of around 6.0019 × 108 Pa,
being concentrated at the inner liner of the pipeline. The liner is the first layer that will
experience maximum force per unit area; therefore, suitable material must be selected with
high strength to contain the product fluid being transported. In the model, structural steel
was chosen for the initial simulation based upon previous literature; however, this would
be an area for further investigation with different materials that could prove to be the more
optimal choice to deal with high stress values. Shear stress results also follow a similar
trend to the equivalent stress, with maximum stress values being concentrated at the inner
liner layer. The only differing factor with the shear stress result is that the maximum stress
is concentrated at the areas of maximum curvature on the upper surface of the liner, in
a similar fashion to the deformation severity distribution. A common result that can be
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concluded from the initial results is that the areas that are most at risk are the areas of
maximum curvature of the pipeline. The reeled state of the pipeline introduces enhanced
mechanical stress and deformation results due to the pipeline being bent over the reeling
drum.
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4.7. Discussion of Results

The results in Sections 4.1–4.6 indicate the helix’s contribution to the maximum defor-
mation magnitudes experienced at the areas of maximum curvature. From the first image
of further helix deformation, it can be shown that the magnitude of deformation, although
smaller in value compared to other results displayed, increases toward a maximum at the
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area of maximum curvature. Further, the second image details the deformation of the lower
layers surrounded by the reinforcement helix, demonstrating increased magnitudes of
deformation at areas toward the maximum curvature also. The results of the first image can
explain the results of the second, for as the helix is constricted from the external pressure,
it will push against the lower layers with increased force and, therefore, create the areas
of increased deformation depicted in the second image. The area of maximum curvature
of the section will experience maximum constriction and, therefore, increase stresses in
these areas, further demonstrating likely areas of fatigue and possible structural weakening.
However, it should be noted that the magnitudes of deformation for the helix are relatively
small, and this could be due to the filling layers surrounding the helix providing some
element of cushioning from both bursting and collapsing pressures. Most interestingly,
however, upon closer examination of the collapse case of the reinforcement helix, the results
of equivalent stress yielded notable observations. Throughout the helix structure, it was
observed that there were small areas of visual damage, randomly distributed along the
helix structure. These sites demonstrated small crinkling of the helix material under the
external pressure. From this crinkling, it could be observed that the equivalent stress was
concentrated toward maximum magnitudes at the centres of these damage sites. Localised
inward deformation of the material produces small ‘concentrated points’ on the structure,
and these points act as stress concentrators and allow for significant stress build-up at these
points, therefore producing extreme potential for crack propagation and, finally, failure.
These damage sites were numerous and demonstrate a key finding in identifying why
the reinforcement helix may contribute to overall section failure. With the damaged sites
similar to these ones identified presently under crush loading, it therefore suggests that
the helix is highly likely to experience localised cracking. These damage sites could be a
result of bulging, whereby the external layers surrounding the helix will crush into the
structure and, therefore, allow for conditions that produce localised crinkling, which make
the marine hose to kink. With this evidence of localised damage, it could explain the reason
for the hoses’ failure while in service before their supposed end-of-lifetime point. During
the reeling process, there will be a combination of tensile and torsional forces, as well as
the continuous crush load on the section as it is reeled onto the drum, therefore offering
prime conditions for these localised stress concentrators to allow for crack propagation and
then reinforcement helix failure. Once the helix has failed, the section must be replaced, as
the failed helix then offers another source of damage to its surrounding layers. As a result,
this brings into question the suitability of steel as the reinforcement layer material of choice.
To optimise the performance of the reinforcing helix layer, it may be suggested that other
materials could be assessed for this localised damage, such as titanium for example.

Upon observing this evidence of localised damage of the reinforcement helix, as
previously stated, the suitability of steel as a suitable material for this reinforcing layer
became questionable. Therefore, it was deemed appropriate that an F.S analysis be carried
out on layers of the hose line section composed of structural steel as its selected material.
From the results obtained in Sections 4.1–4.6, it could be clearly demonstrated that the
F.S for both the helix and liner needs to be improved upon. The average F.S for the
reinforcement helix and liner was 0.7 and 0.6, respectively, to the nearest 1 d.p (decimal
place). Thus, it can be determined that at this level of external collapsing pressure, at a value
of 1.25 × 108 Pa, that steel grade was an unsuitable choice of material at this magnitude of
pressure, and the likelihood of mechanical failure at or beyond this pressure is significantly
high. Contrastingly, an F.S analysis was carried out on one composite layer of the pipe
section to compare the performance of the steel layers, with significantly more acceptable
results. The composite-made holding plies were investigated for Factor of Safety and
resulted in an average F.S value of 9.2, corrected to 1 d.p. This comparison further enforces
the notion that composite materials offer a remarkably high potential for application in the
reeling process, as simulations demonstrate that composite materials perform well under
trying conditions. It is vital that further work be carried out on these steel layers with the
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application of different materials, such to suggest a more conclusive recommendation of a
higher-performing material to result in an increased F.S.

5. Concluding Remarks

This research was conducted based on a local design by utilising a finite element model
approach for modelling the bonded marine hose. This numerical model was used to present
result visualisations and nephographs for the MBCH model. The material properties
presented in Section 2 were used to develop the novel material model. It was then utilised
to test various design loads on the tubular structure that had been developed initially.
Section 3 discussed the meshing details, boundary conditions and applied loads. The use
of a tiny region for the local design allowed for less computational time and resources. This
paper discusses the originality of the local design and the material modelling of marine
bonded hoses in the oil and gas industry, as well as enhanced modelling techniques for
marine composites. Other modelling methods that should be investigated further were
suggested. In addition, some aspects of the intended hose were highlighted for additional
research and optimisation in order to attain a longer in-service life lifetime.

The model features a first in material modelling for the finite element modelling of
marine hoses, which is used in local design. Flexible risers and pipelay analysis have both
benefited from this technique. This method conserves computer resources, as it is cost-
effective, and has a high level of accuracy. The hose model was also subjected to extensive
local design for reeled and unreeled parts. The examination of the effect of compression
loads on marine hoses was the second novelty. Some loadings are caused by the vessel’s
load response and the influence of fluid density on marine hoses. Furthermore, this research
looked into the use of composites on multi-layered bonded structures. Finally, the model
shows how a bonded tubular pipe behaves under pressure loads using design pressures
and in the bending scenario by analysing deflections under burst and collapse loads.

From this study, the following conclusions and recommendations are made:

(1) Firstly, the load analysis on the helix spring-reinforcing of reeling hose is innovative.
It can be observed that both the internal and external pressure tests are critical parts
of the design process for marine bonded hoses. As proffered in Section 4, the higher
the pressure, the higher the components for the maximum deformations, maximum
strains and the von Mises stresses of the marine hose.

(2) The numerical investigation shows that the marine hose is capable of withstanding
high-pressure load cases. With combined loadings on the MBCH, a detailed investi-
gation is recommended to look at the effect of the composite materials on each layer.
Additionally, a load analysis is suggested with combined loadings on the marine
hose in further studies to improve on its innovativeness. It is recommended that a
detailed mesh convergence is carried out. In the present work, we had to reduce the
computational work, so the content presented focused on the key aspects captured
from the initial mesh study. However, it is noteworthy to state that there is the need
to further conduct the mesh convergence in a more robust study. The present study is
multi-layered and had challenges with licenses due to element sizes, element numbers,
different layer sizes and different layers, as well as different geometries. For instance,
the spring layers are spiral with cylindrical cross-sections with higher angles. Further
work can include hoses with nipple /end-fitting built into the hose ends.

(3) Deformations in the structure were discovered after studying the marine hose under
operating conditions. This can be reduced by strengthening the marine hose, em-
ploying lighter materials with a high strength-to-weight ratio, such as composites, or
applying hydrodynamic loads to the hose. For instance, the reeling operation should
also be performed under operating pressure rather than design pressure, as the study
demonstrates that design pressure can be quite high. In future investigations, it is
also suggested that researchers employ an explicit code that runs faster for modelling
higher failure scenarios. Additionally, simpler schemes could be used in future studies
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that consider the symmetry and simplicity of sections of the marine hose model to
reduce the utilisation of its computational resources.

(4) This study showed areas of the designed hose tubular structure that need to be
optimised to achieve a longer in-service life span. It is critical to optimise the hose
model and examine the helix further based on the helix reinforcement results. The
tensions along the hose sections are likewise represented by the helix reinforcement,
according to the study’s findings. Since there are composite materials used, and
the failure of them is part of the study, higher failure criteria should be used in
future studies. However, this approach was not chosen in the present study due
to its scope. Researchers should also accommodate failure modes in composites,
such as delamination, material rubber models, matrix cracks and material hardening
considerations.

(5) The study is important to determine the potential failure mechanisms of the structure
under the state stated in actual hose-riser failure cases. The stress study on these
hose sections can be used to further enhance the global design model for structural
verification and postprocessing in future research. In fact, the load analysis of the
marine hose section is conducted based on the representative load. Further research on
the operation process (dynamic/transient mode) in the FEA, and the global design of
the marine bonded hose under marine operations, such as reeling, are also suggested.
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Appendix A

The analytical model used in the validation of the spring model is based on some
spring engineering variables. These equations, developed by Wahl [84], were utilised in the
design formulas. Using these spring Equations (A1)–(A10) as detailed in [89,90], with the
parameters defined in Table A1. The analytical model validation for the helix reinforcement
can be obtained from the spring constant, k [21]. Both the helix shear modulus and the helix
or spring’s geometry were first computed using Equations (A1) and (A2), then imputed
into Equation (A3) to obtain k. The helix spring in this study is designed using a steel
material, which is isotropic in nature, as considered in Equation (A2).

D = Douter − d (A1)

G =
E

2(1 + v)
(A2)

k =
Gd4

8D3na
(A3)

The helix reinforcement geometry was designed using key parameters. These were
also validated analytically using the helix reinforcement pitch, the rise angle and the solid
height, as is depicted in Figure 7, by using the expressions in Equations (A4)–(A6).

Coilpitch =
L f ree

na
(A4)

Lsolid = ntd (A5)

θ = a tan
[Coilpitch

πD

]
(A6)

The force and stress computations for the helix reinforcement were also analytically
computed using Wahl correction factor, W, in the analytical model. These are covered by the
expressions in Equations (A7)–(A10), and analytically solved for the helix reinforcement.

C =
D
d

(A7)

Fmax = k
(

L f ree − Lsolid

)
(A8)

τmax =
8WD
πd3 Fmax (A9)

W =
4C − 1
4C − 4

+
0.615

C
(A10)

Table A1. Parameters for spring engineering variables utilised in design equations. (Source: [89]).

Parameters Abbreviation

Helix diameter ratio C
Helix or spring wire diameter d

Helix or spring outside diameter Douter
Mean diameter of spring D

Young’s modulus of material E
Max force at solid Fmax

Shear modulus of material G
Free length Lfree
Wire length Lwire
Solid height Lsolid

Maximum displacement Ldef
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Table A1. Cont.

Parameters Abbreviation

Maximum load possible Lmax
Wahl correction factor W

Spring Constant k
Active coils na
Total coils nt

Density of material p
Poisson ratio of material v
Rise angle of spring coils θ

Maximum shear stress τmax
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