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A B S T R A C T

As the wind industry expands into remoter and deeper areas of the open sea with abundant wind
energy, environmental loadings become harsher. This increases the requirements for submarine
power cables (SPCs), which serve as the ‘lifeline’ for transporting electricity. Consequently, a
more advanced design based on a thorough understanding of this structure is needed. However,
the complex configuration and intensive contact issues within SPCs limit our understanding and
make them black boxes for cable engineers. To gain more insights, methods for performing local
mechanical analysis of SPCs are necessary. Despite this need, a comprehensive review of existing
methods for local mechanical analysis of SPC is still lacking. Therefore, it is essential to review
the available methods and provide guidelines for utilizing and developing these methods.
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Nomenclature

𝛼 Winding angle of helical components
𝐸 Young’s Modulus
𝑉 Angular position
𝑡 Thickness
𝑏 Width
𝐴 Cross section area
𝑝 Pitch length
𝑛 Number of helix in current layer
𝐾 Stiffness
𝛿 Axial strain
𝜎 Stress
𝜀 Strain
𝑃 Pressure
𝑁 Tension
𝑀 Moment
𝜑 Torsion angle
𝑓 Friction force
𝜇 Friction coefficient
𝜃 Bending angle
𝑘 Curvature
𝐷 Diameter
𝑢 Displacement
𝐺 𝐽 Torsion stiffness
𝑇 Torque
𝜏 Torsion angle per unit length
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1. Introduction

Over the past few decades, there have been significant advancements in offshore energy production technologies, including
floating offshore wind farms and wave energy converter systems. Among these, wind energy has proven particularly promising,
garnering increasing attention in the academic and industrial sectors [1–4]. Recent years have witnessed robust growth in offshore

ind energy, a trend that is projected to continue, as depicted in Fig. 1. In 2024, global offshore wind capacity is estimated at
nearly 70 Gigawatts [5]. Specifically, in Europe, there are more than 100 offshore wind farm installations across eleven countries,
oasting a combined capacity of approximately 23 Gigawatts [6].

A key strategy for harnessing significant wind energy involves exploiting more distant oceanic areas, where winds are plentiful.
s Europe targets climate neutrality by 2050, achieving this goal requires the development of up to 150 GW of floating offshore
ind capacity [7]. Fig. 2 illustrates this ongoing trend within the North Sea basin.

Wind farms are comprised of turbines dedicated to transforming wind energy into electricity. Fig. 3 highlights a crucial element
ithin these farms: submarine power cables (SPCs). Acting as the vital ‘‘lifeline’’, these cables are responsible for transmitting the
lectricity generated by wind turbines to consumers. The history of power cables extends over a century [10], though initially,
hey were confined to terrestrial and overhead uses. However, they eventually transitioned into maritime settings, adapting their

structural designs to meet the evolving demands of the industry [11].
Each cable is intricately customized to suit its specific role and project, leading to continuous evolution in its configuration and

internal components, which may vary from one project to another. From a mechanical perspective, a cable comprises four main
components: conductor, insulation system, armour wire, and serving, as detailed in Table 1, which lists their materials and functions.
For a multi-core SPC, such as the three-core SPC in Fig. 4(b), there could also be extra components, e.g., fillers. Additionally, thin
creens or tapes exist among each main layer.

In the design of SPCs, strength and flexibility are paramount concerns from a mechanical perspective [15]. To ensure strength,
ufficient metals are incorporated within the SPC, while flexibility is achieved by designing some internal components into a helical
hape [16]. These helical components are intended to mitigate built-up stress during loading by permitting the components to move
2 
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Fig. 1. Cumulative offshore wind capacity around the world [8].

Fig. 2. Offshore wind farms and their locations at the East England coast in the North Sea Basin [9].

Table 1
Main components inside a cable.
Component Material Function

Conductor Copper/Aluminium Electricity transportation
Insulation Cross-linked polyethene Prevent electrical leakage
Armour Steel Provide mechanical protection
Serving Polymer Anti-corrosion

apart. Although this design extends cables’ lifespan, it also increases complexity and renders SPCs less comparable to the other
flexible structures used in oil and gas industry, such as flexible pipes and umbilicals.

A typical flexible pipe, shown in Fig. 5(b), primarily designed to transport oil and gas, features a hollow centre to allow fluid flow.
Unlike SPCs, the armour layers of a flexible pipe often consist of helical wires with rectangular cross-sections. An umbilical, shown
in Fig. 5(c), resembles more SPCs. However, the inner components in an umbilical distinguish significantly from SPCs. Particularly,
3 
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Fig. 3. Facilities in floating wind system [12].

Fig. 4. Typical configuration of a one-core SPC (a) [13] and a three-core SPC (b) [14].

SPCs contain numerous large-size metal components that play a significant role in determining the ultimate performance. This issue
has not been paid much attention to in the previous studies regarding both flexible pipes and umbilicals.

The special structure configuration distinguishes the local behaviours of SPCs from other flexible structures and an inappropriate
design can cause failures that were not observed in flexible pipes. Electrical tree and water tree [19,20] due to large deformation,
for example, are possible mechanism causing the failure in the insulation for SPCs; Fatigue failure of copper conductors is also an
example [21–23]. Therefore, a better understanding of the local mechanical behaviours of SPCs is essential to minimize uncertainties
as much as possible. Several European projects from the wind industry, such as WIND EUROPE [24], CARBON TRUST [25,26], and
ETIPWind [7], are advocating for studies on SPCs. Notably, CARBON TRUST [25,26] and ETIPWind [7] have emphasized the need
for design tools specifically developed for the local mechanical analysis of SPCs, to demystify the complexities for cable engineers.

To respond the callings, recent years have seen the development of guidelines and standards for SPCs. Notably, DNV, IEC,
and CIGRE [27–30] have emerged as leading authorities in establishing SPC standards. Three methods can be used to perform
the local mechanical analysis of SPCs in practice: analytical, numerical and experimental method [31]. These three methods have
their own pros and cons, and usually supplement each other during the design process. Currently, the research on the topic is still
quite scarce. There is a clear need to review the existing research on this topic, exposing the challenges so that cable engineers
gain the state-of-the-art development of analysis methods before further actions are taken. For this purpose, this paper provides
a comprehensive review of the existing methods for the local mechanical analysis of SPCs. An examination of the experimental
(Section 2), analytical (Section 3) and numerical methods (Section 4) are reviewed sequentially. Section 5 synthesizes these
discussions, providing guidelines for utilizing these methods, and identifying key challenges that must be addressed in order to
develop potential effective methods.

2. Experimental method

Mechanical analysis towards flexible structures have been conducted for a long history [32,33] mainly for the safety consideration
as these structures also encounter complicated loadings when they are exposed in the ocean environment [34]. Now that SPCs are
4 
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Fig. 5. An SPC (a) [14], a flexible pipe (b) [17] and an umbilical (c) [18].

gradually utilized in harsher environment and there are more fragile components within this particular structure, such as conductors
and insulation whose stress variation is crucial [35], yet the analysis and emphasis of SPCs are not exactly the same as those in a
traditional flexible structure. Although the configuration of SPCs is also gradually evolving and becoming different from a typical
flexible structure such as flexible pipes and umbilicals, there is still much shared useful knowledge. Therefore, the review will
cover the previous important research and standards regarding typical flexible structures as well in the experimental, analytical and
numerical parts.

The purpose of common tests regarding flexible structures is to observe and obtain the mechanical behaviour of the target
structures under the loadings that the structures might encounter in real-life scenarios, including tension, torsion, pressure, bending,
compression and any possibilities of their combinations. In addition, the observations and data from tests can guide the research
& development of analytical models and numerical models, finally validating their credibility and reliability. For example, as
CIGRE [30] points out, measurements of the curvature-moment relationship of an SPC sample can be useful as a tool to calibrate and
verify its cross-section model. In these common loadings, tension and bending are two of the most-frequently mentioned loadings in
the brochure given by CIGRE [30], therefore, this review will mainly focus on these two loadings and their combination, however,
the other loading cases will be covered as well when related.

2.1. Axisymmetric loading tests

API RP 17B [36] lists the procedure for performing tension tests. One end of the sample is fixed, and an axial load is applied to the
other end. The load application should be sufficiently slow to avoid dynamic amplification. The maximum loading rate should not
exceed 5% of the expected maximum load per minute. As a guideline, the load application should be completed in approximately
5 min. Unless otherwise specified in the details for particular tests, the tests shall be carried out at an ambient temperature of
(20 ± 15)◦C [30].

The sketch of a typical tension sample is shown in Fig. 6. The end effects can be reduced as much as possible if the sample length
is as long as possible. However, the cost and laboratory conditions should also be considered. In the test recommendation given by
the CIGRE guidelines [30], it is required that the length of the test cables be at least five times the pitch length of the outer armour
layer. It is required that the minimum length of the test sample, excluding end fittings, i.e., the effective length in Fig. 6, should be
two times the pitch length of the outer armour layer [36].A tension test facility is shown in Fig. 7 for a reference. A few examples
of flexible structure tests are organized in Table 2 for a reference, where the key information such as the sample length, pitch and
loading rate is given if available.

As tension tests regarding SPCs are scarce in the open literature, relevant information is found in four papers [41–44]. Unlike
flexible pipes and umbilicals, a power cable is usually preloaded before a tension test starts due to the existence of more gaps caused
by the magnitude of helical components within this structure. Helical components induce substantial gaps that need to be eliminated
by the preloading process. After this manipulation, the stiffness will not be the same. As an example, after the cables are loaded and
unloaded three times, according to the axial tension-axial displacement curves from Nam et al. [41], it is observed that the tension
stiffness, i.e., the slope of the curve, is basically linear for the tests. Noteworthy, Nam et al. [41] applied an initial longitudinal
displacement of 0.5 mm (a load of approximately 20 kN) on the cable prior to the test to minimize the deflection caused by the
self-weight. They found that the stiffness in the first loading is slightly lower, then the stiffness in the next two loading rounds
becomes larger and tends to a stable value. This is due to the presence of small gaps between each component layer after the
5 
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Fig. 6. Sketch of tension test.

Table 2
The available tension tests in the literature.

Structure type Diameter Total length Effective length Pitch length Loading rate

Fibre glass reinforced
flexible pipes [37]

76 1800 1000 4.26 1 mm/s

Metallic strip flexible pipes
[38]

74 1780 1100 57 1 mm/s

Umbilicals [39] 104 3000 – 125 slowly
Umbilicals cable [40] 95.7 2500 – 237 0.5 mm/min,

1 mm/min and
2 mm/min

Three-core SPC [41] – 6500 – – force loading
Three-core SPC [42] 158.2 10 000 – – 6.5 KN/min
Three-core SPC [43] – 30 000 – <30000/5 force loading

The unit is in mm if not written explicitly; ‘–’ means the information is unavailable.

Fig. 7. Tension test facility [41].

fabrication of SPCs [45]. The gap was minimized or removed substantially after the first uniaxial tensile test. Consequently, the
axial stiffness measured from the second and third loadings became constant.

Similarly, Guo et al. [42] also conclude that the degrees of stiffness in the later two rounds become larger than the first loading.
The authors also observed that the axial stiffness during the unloading period is slightly smaller (about 3%) than during the loading
period. Paiva et al. [44] performed a series of tests to validate the stress of the helical wires by inserting sensors into their cable.
The cable sample used by Dos Santos Paiva is a three-core SPC with bitumen sticking to the armour layers. The strain gauges were
attached through small windows on the outer sheath to measure the variation in the deformation of the helical wires, as shown in
Fig. 8. The detailed values from the gauges are extracted and validated against their simulation results.

SPCs also suffer from torsion, which affects their behaviour in actual situations. CIGRE [30] emphasizes that torsion stiffness is
a crucial parameter in cable design, as it is in the design of flexible pipes [36]. However, neither standard provides detailed test
setup procedures [30,36]. Pure torsion tests on SPCs are quite rare. In fact, as of this review, there is only one documented pure
torsion test on SPCs in the open literature. Grant, William et al. [43] obtained torsion stiffness from a tension test, where one end
of the sample was completely fixed while a torque was applied to the other end. The torsion stiffness is determined by:

𝑇
𝐺 𝐽 =
𝜏

(1)

6 
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Fig. 8. Strain gauges installation [44].

Table 3
The available torsion tests in the literature.

Structure type Diameter Total length Effective length Pitch length Loading rate

Three-core SPC [43] – 63 000 – <30000/5 –
Fibre glass reinforced
flexible pipes [47]

76 – 1000 4.26 0.18 deg/min

Metallic strip flexible pipes [46] 78 1690 1010 61 6 deg/min
Reinforced thermoplastic pipes [48] <167 1000 – – 0.1 deg/s
Umbilicals [49] 93 – 6300 – –

The unit is in mm if not written explicitly. ‘–’ means the information is not available.

where 𝐺 𝐽 (Nm2∕rad) is the torsion stiffness, 𝑇 (Nm) is the applied torque, and 𝜏(rad/m) is the torsion angle per unit length. The
torque was applied in two opposite directions during their test, revealing different behaviours in the cable. The winding direction
of the outermost wires in their cable sample is negative. When a positive torque is applied in the opposite direction, the outermost
wires move outward, resulting in slack in the cable. Conversely, when a negative torque is applied, the outermost wires move
inward, causing the cable to become tighter. This phenomenon results in different torsion stiffnesses depending on the direction of
the applied torque. Specifically, when the applied torque and the winding angle of the outermost wires share the same direction, the
cable becomes tighter and the torsion stiffness increases. The authors explain that this observation is mainly due to the variation in
contact pressure between the wires and the outermost serving layer. When the two directions are opposite, the wires move outward,
decreasing the contact pressure and, consequently, the torque. Conversely, when the directions are the same, the wires move inward,
increasing the contact pressure and the torque.

Torsion tests on other flexible structures are also reviewed for the convenience of the readers, and their details are provided in
Table 3. The phenomenon of different torsion behaviours under opposite torsion directions observed in [43] is also noted in [46],
where an unbonded metallic strip flexible pipe was tested under torsion. A significant stick–slip issue was found in this structure,
which could also be an important concern in SPCs, where the components are similarly unbonded.

Another type of axisymmetric loading is compression. This loading has not been included in some cable standards such as
IEC [50], which CATAPULT [51] has highlighted as a serious issue. A DPC is likely to be subjected to axial compression, i.e., negative
tension, due to the dynamic motion of the cable and/or platform. Compression on the armour wires creates an outward radial force
that could potentially lead to the failure of the outer sheath, a phenomenon known as birdcaging. If the outer covering is sufficiently
strong, negative tension could instead cause local buckling [30]. It has also been found that compression, in combination with cyclic
bending of SPCs, can trigger lateral buckling of the armour wires.

The test procedure is clearly outlined in CIGRE [30], as well as in a paper by Karlsen et al. [52]. However, the reviewers found
the details provided by Reda et al. [53] to be more elaborate, including the facility arrangement and the analysis of their test results.
Considering the limited number of research papers on the topic of compression, this paper is a valuable starting point. Reda et al.
performed both compression tests and combined compression and bending tests. The corresponding facility arrangements are shown
in Fig. 9(a) and Fig. 9(b), respectively. Notably, for the combined compression and bending test, a high-strength steel wire rope was
installed through the cable in the axial direction. The steel wire rope was fixed to one end of the cable and was used to apply the
compressive force onto the cable during the test. The authors found from their test results that the axial stiffness under compression
was 32 times lower than the axial stiffness under tension.

2.2. Bending tests

Several test methods can be used to measure the bending stiffness of an SPC. CIGRE TB 669 [30] and Coser et al. [54] described
three common test principles on which bending tests on SPCs are based: the three-point bending method (also termed single-point
7 
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Fig. 9. Test arrangement of compression (a) and combined compression and bending (b) [53].

load method), four-point bending method (termed two-point load method) or moment method. The first two are more common in
the open literature. For the three-point bending, a concentrated force is applied to the middle of a structure, which might cause
structural collapse. This test facility is more recommended to obtain the critical bending loading, though it can also be used to
predict bending stiffness. The four-point bending test facility, instead, prevents abrupt structural collapse as much as possible.

A classical four-point bending test sketch is given by CIGRE [30], as shown in Fig. 10. A cable is supported by two rotating
fixtures, enabling axial sliding with minimal friction. This capability is facilitated by either rollers or supports crafted from materials
with low-friction properties. Consequently, a uniform bending moment, devoid of shear force, can be attained between the two inner
supports. The test normally generates a curvature-bending moment curve that needs to be calculated based on the configuration of
test setups. The resulting moment M over the cable between the inner supports is given by:

𝑀 =
𝐹 𝐿2
2

(2)

where F is the applied force and 𝐿2 is the distance between the inner and outer supports. The curvature can be estimated from the
displacement of the cable and the two supports that are connected to the moving frame by:

𝜅 =
8(𝑆1 −

𝑆2
2 − 𝑆3

2 )

𝐿2
1 + 4(𝑆1 −

𝑆2
2 − 𝑆3

2 )
2

(3)

where 𝜅 is the cable curvature, 𝑆1 is the displacement of the centre of the sample relative to a straight position, 𝑆2&𝑆3 are the
displacements of the two supports relative to when the sample is in a straight position, and 𝐿1 is the distance between the two
inner supports. Should a dynamic bending stiffness be measured, the loading supports should be specially designed to satisfy the
cyclic bending in two opposite directions. A typical dedicated test-rig for a full-scale four-point bend test can be found in, for
example, Tyberg et al. [55], as shown in 11.

The length is crucial in preparing bending samples as it affects the predicted stiffness significantly. Although sample lengths are
recommended to have at least one pitch length of the outer armour layer [30], actual physical lengths chosen by experimenters are
usually much longer [56]. Table 4 shows detailed information on bending tests done by scholars. Unlike those in the tension test,
the influences from temperature and loading rate have been more tested by the experimenters. Whether or not the influence from
these two factors is tested is summarized in Table 4. Tests are usually performed in a cyclic manner to measure bending stiffnesses
until a stable hysteretic response is achieved. This results in a hysteretic curvature-bending moment curve, as Fig. 12.

When the curvature is low, friction among the components is sufficient to resist slippage, resulting in a relatively higher stiffness,
i.e., the slope of the curve. Stiffness in this scenario is called stick stiffness. However, as the curvature increases, a point is reached
where the friction is not enough to prevent the components from slipping, slowing down the increased speed of the bending moment
and reaching the slip stiffness. These phenomena can be observed from Fig. 12. Slip stiffness can be several orders of magnitude
lower than stick stiffness [30]. When the bending direction is reversed, friction needs to be overcome in the opposite direction,
resulting in a hysteretic curvature-moment relationship. In this example, the cable is first bent to a positive curvature, then to a
negative curvature, and then back to a positive curvature again, creating a hysteresis loop. This type of curvature is observed by
bending tests on cables [43,55–57], as well as on copper conductors [59,60], flexible pipes [61–64] and umbilicals [49,65].

As the temperature variation during the service scenarios ranges substantially and there is polymer material whose material
property is strongly affected by the temperature variation, CIGRE [30] and IEC [29] recommend the bending test should also
8 
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Fig. 10. Illustration of test setup utilizing four-point bend method [30].

Fig. 11. Dedicated test-rig for full-scale four-point bend test [55].

Table 4
The reviewed bending tests in the literature.

Author Test method L/D L/Pitch Thermal Loading rate

Maioli [57] Three-point bending >20 – Yes Yes
Tyberg et al. [55] Four-point bending – – Yes No
Komperød et al. [58] Four-point bending – – Yes Yes
Fabien et al. [56] Four-point bending 25 3.42 No No
Coser et al. [54] Cantilever beam and

three-point bending
17.77
and 46.6

– No No

Delizisis et al. [43] Three-point bending – – No No

‘–’ means the information is unavailable.

be performed under different temperature to obtain the corresponding bending stiffness. Maioli et al. [57], Tyrberg et al. [55],
Komperød and Magnus [58] took the thermal effect into account in their tests, and it is found that the thermal effect is indeed a
significant factor in determining the bending stiffness. The curvature-moment curves obtained by Komperød and Magnus [58] are
shown in Fig. 13 for an example. The test was performed at two different temperatures and two different loading rates. When the
ambient temperature changes from 5◦𝐶 to 20◦𝐶, the moment becomes twice smaller. This might cause the notorious overbending
failure [27] if not considered properly. The influence of loading rate can also be observed from Fig. 13.

It is commonly known from the flexible pipe industry that stiffness can be affected by combined loadings. For example, tension
significantly affects the bending stiffness [66]; So does external pressure on bending and torsion stiffnesses. Plus, they are all very
common combination styles that a cable suffers from in real life. However, these combination loading tests require specially designed
test facilities, which are not easily attainable [67]. There is only one paper presented by Coser et al. [54] that introduces the setup
of the facility for SPCs under combined loadings. The test results show that the bending stiffness is significantly affected by tension
forces. The setup of their test facility is shown in Fig. 14. The test rig had two hydraulic actuators, an axial actuator and a transversal
actuator. The former generates a tension force, while the latter bends the test sample. With this test setup, it was possible to obtain
the bending stiffness of the cable under different axial tensions.
9 
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Fig. 12. Hysteretic curvature-bending moment curve [30].

Fig. 13. Curvature-bending moment curve under different temperature and loading speed [58].

2.3. Remarks on experimental method

While testing is considered fundamental and reliable, it comes with several limitations:
1. Each SPC is project-based. Its structural configuration differs from case to case. Tests need to be done specifically for a target

SPC, thus they are costly and time-consuming. Besides, in the preliminary design phase, a cable sample is not available, making it
hard to conduct tests.

2. The measurement of the local mechanical behaviour of the inner components in SPCs is scarce in the open literature, as SPCs
are complicated multi-layer structures. Test methods are hard to provide insights into their internal mechanisms and how they
propagate within structures; thus, internal behaviour is like a black box to engineers [31,51,68,69].

3. SPCs in real-world applications are subject to combined loadings, such as tension coupled with bending. Setting up facilities
to replicate these complex conditions is exceedingly difficult [54].

However, tests are still necessary throughout the life cycle of an SPC. The test data can be used to guide the development of
analytical or numerical methods, and serves as a validation tool for the developed model. Besides, relevant test data is needed
to calibrate the missing value of an SPC sample. CIGRE [30], for example, states that measurements of the curvature-moment
relationship can be useful as a tool to calibrate the equivalent pressure induced by the initial residual stress. As this dissertation
aims to develop an effective modelling method for the local mechanical analysis of SPCs, the proposed method needs to be validated
by test data, and the previous research on experimental methods is reviewed. Two major points need to be paid attention to when
performing corresponding test:

∙ The sample length is a crucial parameter in affecting the overall mechanical behaviours of SPCs. A proper length is relevant to
the sample diameter and the pitch length of the inner components. In a tension test, the sample length should be at least five times
the pitch length of the outer armour layer. For the bending case, the recommended length given by standards is at least longer than
one pitch length of the outer armour layer; however, the sample lengths selected by experimenters are usually longer.
10 
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Fig. 14. Setup for combined tension and bending test [54].

∙ The loading rate and temperature have been found to be crucial factors affecting the overall mechanical behaviour of SPCs.
The loading process should be sufficiently slow to avoid dynamic amplification, and normally the test should be carried out under
room temperature.

3. Analytical method

This section explores the analytical methods used to perform local mechanical analyses on flexible structures, focusing on SPCs.
In the analysis of SPCs, tension, torsion, and external pressure are often grouped together as axisymmetric loadings. To facilitate
understanding, the discussion is divided into subsections dealing with axisymmetric loadings and bending separately.

Before diving into specific methodologies, it is important to establish the common assumptions applied in the analytical study
of SPCs:

a. Strain Consistency: The strain is assumed to be constant along the length of the structure.
b. Small Deformations: Only small deformations are considered, aligning with the linear elastic framework.
c. Helical Wire Spacing: Helical wires in any layer are assumed to be equally spaced around the cable’s circumference, simplifying

the analysis by ignoring the contact between wires in the same layer.
d. Simplification of Components: Copper conductors and steel strands are modelled as solid cylinders, which simplifies complex

real-world geometries into more manageable forms for mathematical analysis.
These assumptions are crucial for applying analytical methods effectively and are supported by Refs. [41,43,70,71]. They set the

foundational conditions under which the subsequent analyses are conducted, ensuring that the complexities of SPC behaviours are
addressed within manageable and realistic constraints.

By setting these premises, the section prepares to delve into the detailed mechanical behaviours of SPCs under specified loading
conditions, providing a framework that supports robust and precise mechanical predictions.

3.1. Axisymmetric loadings

The tension stiffness in analytical methods is derived based on the principle of superposition, where the contributions from all
components are cumulatively added. According to this principle, the equation for tension stiffness is expressed as follows:
𝐾 = 𝐴𝑐𝐸𝑐 +𝐾𝑤 (4)

11 



P. Fang et al. Marine Structures 101 (2025) 103763 
Fig. 15. Kirchhoff rod illustration [76].

Table 5
The information of available analytical studies on SPCs under axisymmetric loadings.
Author Cable types Wire DOFs Contact Thickness variation

Grant et al. [43] Three-core SPC u1 No No
Chang et al. [70] Three-core SPC u1, u3, u6 No No
Nam et al. [41] Three-core SPC u1, u3, u4, u6 Normal contact Yes

In this equation, the subscript c denotes cylinders and w denotes wires, which include helical wires and other helical components.
Here, 𝐴𝑐 represents the cross-sectional area, and 𝐸𝑐 is the Young’s modulus of the cylinders. Helical components, being structurally
complex, have been the focus of several studies [41,43,70] due to their unique mechanical behaviours. Given that their cross-
sectional area is significantly smaller than their length, helical wires are typically modelled as thin curved rods in analytical
assessments. The complexities introduced by the helical configuration have garnered considerable research interest, highlighting
the need for meticulous analysis to understand their influence on overall cable behaviour.

The foundational theory of thin curved rods can be attributed to Kirchhoff, who developed the linear theory of slender curved
rods in the mid-19th century [72]. This seminal work is further explored in Love’s comprehensive treatise [73] and elaborated upon
by Ericksen and Truesdell [74]. Kirchhoff’s theory posits that an elastic rod’s centreline is inextensible and that its cross-sections
remain plane and normal to the centreline throughout deformation [75].

An illustration of a Kirchhoff rod, depicted in Fig. 15, demonstrates the rod’s three translational degrees of freedom (DOFs) and
three rotational DOFs. The unit vectors 𝒆𝑡, 𝒆𝑛 and 𝒆𝑏 represent the directions tangent, normal, and binormal to the curve, respectively.
The vector 𝒓 denotes the position of the target point of the wire relative to the origin of the Cartesian coordinate system.

Under Kirchhoff’s theory, several critical assumptions are made to simplify the analysis:
a. Cross-sections of the rod remain planar and perpendicular to the neutral axis during any deformation.
b. Strain within the rod is minimal, allowing the material to maintain its linear elastic properties throughout deformation.
c. Shear deformation effects are considered negligible, focusing analysis purely on bending and twisting responses.
Kirchhoff’s theory is particularly applicable when the rod’s length significantly exceeds its diameter, a condition referred to as a

high slenderness ratio, and when deformations remain minimal. A comprehensive theoretical exploration of Kirchhoff’s rod theory
is provided by EH Dill [77]. Due to its generality, this theory has been extensively applied across diverse research fields that involve
helical structures, as evidenced by its application in studies by Schlick et al. [78], Goyal et al. [79,80], Yang [81], and Wang [82].

Focusing on the behaviour of single wires, Dong et al. [83,84] conducted detailed analyses of the curvature variations of a single
helical wire interacting with a neighbouring cylinder. These studies are crucial for understanding the local mechanical dynamics
within layered helical systems.

Additionally, Knapp [85] developed a stiffness matrix for helically armoured cables using the energy method, addressing the
interaction between tension and torsion. His findings reveal that axial tension in cables can induce torsional forces, although his
model simplifies the analysis by omitting the curvature variations of helical wires in their three local directions.

Despite the breadth of research in flexible structures, analytical models tailored specifically for SPCs are notably rare. To date,
only a few studies, including those by Chang et al. [70], Nam et al. [41], and Delizisis et al. [43], have provided analytical formulas
for SPCs under axisymmetric loadings. The methodologies from these studies are detailed in Table 5, highlighting the translational
and rotational degrees of freedom (DOFs 1–6) that correspond to the vectors 𝑒𝑡, 𝑒𝑛 and 𝑒𝑏 illustrated in Fig. 15.

Grant et al. [43] obtained the stiffness contributed by the helical wires by superposing the contributions from all the wires,
using the formula in Eq. (5), where the subscript 𝑗 means the layer number, n is the number of wires in the corresponding layer,
𝐸 is Young’s modulus, 𝐴 is the wire cross section and 𝛼 is the winding angle. These parameters are illustrated in Fig. 16. Only the
deformation in the u1 direction is considered in this formula. Grant et al. also gives the torsion stiffness 𝐾4 [43], shown in Eq. (6).
In this case, the wire stress 𝜎𝑗 is the product of Young’s modulus 𝐸, the axial strain of the cable 𝛿 and cos2𝛼𝑗 , given in Eq. (7).

3
𝐾1 = 𝑛𝑗𝐸𝑗𝐴cos 𝛼𝑗 (5)
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Fig. 16. Helical wire on a cylinder.

𝐾4 = 𝑛𝑗𝐸𝑗𝐴𝑟
2
𝑖 cos𝛼𝑗sin

2𝛼𝑗 (6)

𝜎𝑗 = 𝐸 𝛿cos2𝛼𝑗 (7)

Chang et al. [70] further consider the deformation of helical wire in u3 and u6 directions based on Knapp’s derivation [85].
Assuming no torsion coupled, the axial stiffness thus becomes:

𝐾1 = 𝑛𝑗𝐸𝑗𝐴(cos3𝛼𝑗 −
𝑢𝑅
𝑟𝑗𝛿

sin2𝛼𝑗 cos 𝛼𝑗 ) (8)

The physical meaning of the new-added term −𝑛𝑗𝐸𝑗𝐴
𝑢𝑅
𝑟𝑗𝛿

sin2𝛼𝑗 cos 𝛼𝑗 is the effect from radial strain on the axial stiffness, where
𝑢𝑅 is radial displacement in the cable radial direction. The torsion stiffness given by Chang et al. [70] is the same as that given by
Grant [43] in Eq. (6). In this case, the wire stress is given by the following equation, where 𝜃 is the rotation angle of the cable in
unit length.

𝜎𝑗 = 𝐸(𝛿cos2𝛼𝑗 −
𝑢𝑅
𝑟𝑗

sin2𝛼𝑗 + 𝑟𝑗𝜃 sin 𝛼𝑗 cos 𝛼𝑗 ) (9)

Nam, Woongshik et al. [41] developed analytical methods that account for the curvature changes of helical wires and variations in
the thickness of all layers. Their approach, rooted in the principle of minimum virtual work, is compiled into a matrix framework for
analysis [86]. However, due to the complexity and number of deformations considered, their model often requires supplementation
with numerical methods for direct solution.

Despite these advances, current models [41,43,70] generally overlook the specific contributions of inner helical components
to the overall mechanical properties of the cable. This oversight is significant as the helical shape of these inner components can
profoundly influence cable tension behaviours. Historically, these inner helical components are assumed to be straight during tension
analyses [87], a simplification that may not accurately reflect their actual mechanical contributions.

3.2. Bending

Analytical methods tailored specifically for SPCs are notably lacking, particularly concerning bending scenarios. Existing models
from related fields, such as flexible pipes or umbilicals, cannot be directly applied to SPCs for several reasons. Flexible pipes
are designed with a hollow cross-section to facilitate the transportation of oil and gas. Similarly, umbilicals do contain central
components; however, these are typically made from non-metal materials with a relatively low Young’s modulus. In both cases, the
structural integrity is primarily provided by the outer metal layers, such as armour layers.

In contrast, SPCs incorporate metal components within their core, significantly influencing their structural properties. These
central metal components are often helical and involve intense contact interactions, adding complexity to their mechanical
behaviour.

One of the critical issues in the bending analysis of SPCs is the stick–slip phenomenon, which is influenced by contact pressure and
the friction coefficient. These factors are intrinsic properties of an SPC and should be provided by cable manufacturers. The contact
itself is often a result of radial initial pressure combined with residual stresses in the polyethylene (PE) sheath from the extrusion
process. Currently, there are four main approaches to model the effects of these factors: using equivalent external pressure, equivalent
internal pressure, tension force, or stresses induced by thermal variations in the polymer materials [88–90]. These methods will be
explored further in Section 4.

Furthermore, the determination of when and how wires begin to slip during bending is governed by the contact pressure and
friction coefficient. There are two classical assumptions about the path of slip in the literature, visualized in Fig. 17:
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Table 6
The slip path assumptions in analytical studies.
Slip path assumptions Papers

Geodesic Feret & Bournazel, 1987 [91]
Feret & Momplot, 1991 [92]

Loxodromic Berge, et al. 1992 [93]
Sævik, 1992 [94]
Kebadze & Kraincanic, 2000 [95]
Sævik, 1993 [96]
Lukassen, 2019 [97]

Others Estrier, 1992 [98]
TAN, et al. 2005 [99]
Fergestad & Løtveit, 2014 [100]

Geodesic Path: This path is defined as the shortest path between the intrados and extrados on the neighbouring cylinder, as
epicted in Fig. 18. Under this assumption, a transverse slip occurs without any curvature change in this direction.

Loxodromic Path: This assumes that the wire maintains its position relative to its neighbouring layers during bending, potentially
causing curvature variations in this direction.

The debate between adopting a geodesic or loxodromic path underlies many studies in the analysis of flexible pipes under
bending. The actual response of a structure is likely to lie between these two theoretical paths, as detailed in Table 6.

Existing research found that the assumption of the loxodromic path is closer to reality after comparison with test results and
thus is used more frequently in studies [93–97]. Based on the assumption of the loxodromic path and the Kirchhoff rod theory, the
stress on the wire before it starts to slip can be given as:

𝜎𝑠𝑡𝑖𝑐 𝑘𝑖 = 𝐸𝑖 ⋅ 𝜅 ⋅ 𝑟𝑖 ⋅ sin𝑉 ⋅ cos2𝛼𝑖 (10)

where 𝜅 is the cable curvature. As long as the friction stress along the wire is greater than 𝜎𝑠𝑡𝑖𝑐 𝑘𝑖 , the wire will continue to adhere
to its neighbouring layers. Otherwise, the wire starts to slip. The friction force exists only when there is inner normal stress caused
by, for example, residual stress, an external pressure or the normal contact stress component resulted by a tension force. Feret gives
the pressure differential contributed by tension through each layer [91], as shown below:

𝛥𝑃𝑗 =
𝑛𝑗𝜎𝑗𝐴𝑗 sin 𝛼𝑗 t an 𝛼𝑗

2𝜋 𝑟2𝑗
(11)

Therefrom, the contact pressure 𝑃 between two neighbouring layers after considering an external pressure 𝑃𝑒𝑥𝑡 becomes:

𝑃𝑗 = 𝛥𝑃𝑗 + 𝑃𝑒𝑥𝑡 (12)

As there are gaps among wires in armour layers, the pressure needs to be distributed to each wire using a fill factor 𝐹𝑓 .
Sævik [101] defined this value for rectangular wires used in flexible pipes as:

𝐹𝑓 ,𝑗 =
𝑛𝑗𝑏𝑗

2𝜋 𝑟𝑗 cos 𝛼𝑗
(13)

where 𝑏 is the width of wires with rectangular cross-sections. Nevertheless, the wires used in SPCs are mainly made into round
cross-sections where the fill factor needs to be adjusted. Assuming the fill factor is satisfied for round helical wires, the contact
pressure on each wire is given by:

𝑃𝑗 =
𝑃𝑗

𝐹𝑓 ,𝑗
(14)

Once the contact pressure is known, the friction force can be derived as:

𝑓 = 𝜇 𝑃𝑗 (15)

Therefore, as long as 𝑓 = 𝜎𝑠𝑡𝑖𝑐 𝑘𝑖 , slip starts to appear. Wires on a region of a cross-section slip while wires on the other region
still stick, as shown in Fig. 19. The limit curvature is thus obtained:

𝜅lim 𝑖𝑡 =
𝜇 𝑃𝑗

𝐸 𝑡 cos𝑉 cos2𝛼𝑗 sin 𝛼𝑗
(16)

where 𝑡 is the thickness of wires with rectangular cross-sections. It can be derived from Eq. (16) that the slip first appears at the
angular position 𝑉 = 0;𝑉 = 𝜋. After the applied curvature surpasses 𝜅lim 𝑖𝑡, the slip area will enlarge and gradually progress, then
there will be a slip area and a stick area, as shown in Fig. 19. The transition angle 𝑉 ∗ between these two areas can be obtained:

𝑉 ∗ = ar ccos( 𝜇 𝑃𝑗 ) (17)

𝐸 𝑡cos2𝛼𝑗 sin 𝛼𝑗𝑘
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Fig. 17. Geodesic and Loxodromic curves [103].

Fig. 18. Illustration of the intrados and extrados [103].

In the slip area, the wire stress is:
𝜎𝑠𝑙 𝑖𝑝𝑖 =

𝜇 𝑃𝑗𝑟𝑗
𝑡 sin 𝛼

𝑉 (18)

The axial slip displacement is also mentioned in the literature [91,102] by a simplified equation as:

𝑢𝑠𝑙 𝑖𝑝 = 𝑟𝑗
2 cos

2𝛼𝑗
sin 𝛼𝑗

𝜅 cos𝑉 (19)

Finally, the bending moment contributed by all the helical wires can be integrated over the cable cross-section as:

𝑀𝑤 = 4(∫
𝑉 ∗

0
𝜎𝑠𝑙 𝑖𝑝𝐴𝑗𝑑 𝑉 +∫

𝜋∕2

𝑉 ∗
𝜎𝑠𝑡𝑖𝑐 𝑘𝐴𝑗𝑑 𝑉 ) (20)

3.3. Remarks on analytical method

To date, only a limited number of studies, such as the one by Tjahjanto et al. [71], have attempted to provide an analytical
method for evaluating the stress in an SPC, particularly addressing the effects of helical components. Although these components,
including inner helical conductors, are crucial in influencing component stresses, the study does not comprehensively address the
overall behaviour of the SPC. Additionally, the method for managing pressure across each layer remains unspecified, highlighting
a gap in the analytical approach.

In summary, while analytical methods offer a framework to predict the overall mechanical behaviour of SPCs, several challenges
emerge, particularly at the component level:

1. Complex Contact Pressure: Analytical methods struggle to accurately capture the complex contact pressures among layers,
which are critical in determining the local mechanical behaviour of SPCs under bending. This is largely due to the dense arrangement
of helical components within the cable.

2. Simplification of Helical Wires: Previous studies often simplify the helical wires in the armour layers as Kirchhoff rods and
make specific assumptions about their slip paths. However, inner helical components, which differ from slender beam-like structures,
are not adequately studied, and analytical insights into these components are lacking.
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Fig. 19. Stick and slip zones on a cross section.

3. Limitations of Closed-form Solutions: When the model incorporates many detailed features, deriving simple closed-form
solutions becomes impractical. Consequently, such complex models require numerical solutions to resolve [104], pushing the
boundaries of traditional analytical methods.

4. Numerical method

When considering the intricate details necessary for accurately modelling SPCs, a large number of partial differential equations
(PDEs) emerge, necessitating numerical solutions. Common numerical methods employed include the finite difference method,
finite volume method, boundary element method, and notably, the finite element method (FEM). FEM is particularly adept at
addressing problems characterized by complex geometries, diverse material properties, intricate contact interactions, and multi-
physical problems, making it the preferred choice for solving PDEs in this domain. Enhanced computational capabilities of modern
computers have facilitated efficient PDE solutions via FEM, allowing designers to visually explore mechanical behaviours at both
the overall and component levels of SPCs.

Despite the strong capabilities of modern computers and algorithms, an SPC is too complex to be fully calculated if all details
are included in an FEM model. Therefore, some components need to be simplified, and certain influencing factors ignored for
computational efficiency when analysing the overall cable. For instance, common simplifications in studying the overall SPC include
modelling the inner copper conductors as solid components and ignoring the effects of thermal or electrical fields [56,71,105–
107]. However, in reality, conductors are composed of numerous helical wires (as shown in Fig. 20) and are exposed to varying
temperatures due to current. Regarding the insulation layer, it might experience water treeing or electrical treeing in practice if
the electrical field is coupled with the mechanical field [20]. Accounting for all these details is highly complex, so researchers
often isolate specific components from the overall cable for further analysis, with a particular focus on insulation layers and copper
conductors.

Fouad and Monssef [108], for example, study the plasticity evolution and predict the damage of conductors by modelling all the
helical wires and considering the contact issues within their interfaces. Nasution et al. and Jiang et al. [21,22,109,110] also examine
the fatigue behaviour of helical conductors with more complex configurations, validating their numerical models with test data. In
recent years, more investigations [111–114] into insulation layers have appeared in the public literature, aiming to understand how
electrical and thermal fields affect the insulation layer. The recently published representative papers on these topics are reviewed
and summarized in Table 7 for reference. Notably, these investigations focus on isolated components rather than integrating them
back into the overall SPC to observe their behaviour within the original SPC sample.

Compared to studies on single components, numerical investigations on the responses of overall SPCs have attracted significant
attention. As mentioned, when studying the overall cable, the inner conductors are typically simplified into solid structures, and the
effects of electrical and thermal fields are ignored. These simplifications are consistent with the approaches discussed in Section 3.
Both 2D [115,116] and 3D models [70,96] have been developed to analyse flexible structures. However, the greater detail and
superior contact simulation abilities of 3D models have driven their increasing adoption in practical engineering. A notable challenge
in these simulations is the modelling of numerous helical wires. Researchers have simplified these wires in armour layers of flexible
pipes into equivalent tubular layers (orthotropic layer materials) [103,117,118], a process underpinned by equating the axial and
bending stiffness of these simplified materials with those of actual layers, drawing on theories from Timoshenko et al. [119].

However, helical wires in SPCs typically differ significantly from those in flexible pipes; they are round with more gaps between
them, as opposed to the closely arranged rectangular wires found in flexible pipes, as depicted in Fig. 5(b). This structural difference
raises concerns about the accuracy of stress predictions when using simplifications designed for flexible pipes, potentially leading
to incorrect stress estimations. Furthermore, such simplifications are less useful when detailed stress analysis of each helical wire is
required, thus they have not been widely implemented even in flexible pipe studies.
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Fig. 20. A photo showing the cross section of a typical copper power conductor [23].

Table 7
Studies on conductors and insulation.
Author and studied components Plasticity Thermal Electrical Fatigue Damage

Ech-Cheikh and Drissi-Habti
[108]
Conductor

✓ ✕ ✕ ✓ ✓

Nasution et al. [21,22,109]
Conductor

✕ ✕ ✕ ✓ ✓

Jiang et al. [110]
Conductor

✕ ✕ ✕ ✓ ✓

Miceli et al. [111]
Insulation

✕ ✓ ✓ ✕ ✓

Ringsberg et al. [114]
Insulation & Conductor

✓ ✓ ✓ ✓ ✓

Table 8
The numerical models of SPCs under axisymmetric loadings.

Author Chang et al. [70] Hsieh et al. [120] Fang et al. [86] Fang et al. [106]

Cable types Three-core SPC Three-core SPC Single-core SPC Three-core cable
Pitch length 552.4 mm – – –
Model length 941 mm 971 mm 1000 mm 792 mm
Element types Solid Solid Solid + beam Solid + beam + shell
Interaction Normal direction Normal direction Normal direction Normal + tangent directions
Algorithms Static analysis Static analysis Dynamic analysis –

‘–’ means the information is unavailable.

Constructing each helical wire individually in a detailed 3D model introduces considerable complexity. This approach requires
careful selection of element types, meticulous setup of boundary conditions, and precise management of contact properties among
interfaces, posing significant challenges in model construction.

4.1. Axisymmetric loadings

Numerical models that address axisymmetric loadings in SPCs are relatively rare in the open literature, with only a few studies
addressing this specific challenge. Information on these models is summarized in Table 8.

Full-scale models built in a traditional way are the main focus in [70,86,120] in Table 8. Chang et al. [70] built a 3D model to
study the mechanical behaviour of an SPC under coupled tension, torsion and compressive loads. Solid elements are used to simulate
all the components within the cable, including the helical wires. Both ends of the cross sections in this model are set as rigid planes
with all the nodes coupled to the middle node in the corresponding plane. One end is fully constrained while the loads are applied
on the other end.

The interaction normally involves normal contact and tangential contact properties. The former, also known as normal or
perpendicular penetration, refers to the interaction between surfaces along their normal direction. The latter, also known as
17 
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Table 9
The reviewed numerical study of SPCs under bending.

Author Tyrberg et al. [71] Leroy et al. [107] Menard et al. [56] Fang et al. [105]

Cable types Three-core SPC Three-core SPC Three-core SPC Single-core SPC
Pitch length – – 383 mm 400 mm
Model length 1/3 core pitch decided by wire 234.2 mm 20 mm
Element types Solid Solid Solid & beam & surface Solid
Interaction Normal + Tangential Normal + Tangential Normal + Tangential Normal + Tangential
Algorithms – – Dynamic analysis Dynamic analysis

‘–’ means the information is unavailable.

shear or frictional contact, involves forces exchanged in the tangential direction along the contact surfaces. The most basic
ethod of introducing contacts is to add springs between two contact interfaces. Sævik [96], for example, introduces hyperelastic

and elastoplastic springs in the normal and transverse directions to simulate contact in flexible pipes. This is similar to the
penalty method used in general FEM software. This method introduces a penalty term into the formulation to enforce contact
conditions or constraints when bodies interact. The penalty term acts as a stiffness term that increases as the contact conditions are
violated [121,122].

Only the contact in the normal direction is considered in Chang’s model [70], where the pure penalty method is utilized. The
contact between the cable layers is set to ‘‘no separation’’ for surface contact. Adjacent layers can slide horizontally but not vertically.
To avoid the dynamic effect from the loading process, static analysis is selected for the simulation, where the effect from the time
item in the dynamic algorithm is eliminated.

There is still no recommendation about how long a 3D model should be to eliminate boundary effects. The model length in [70]
is 941 mm, nearly twice the pitch length of the outermost helical wire layer, according to the data provided by the authors. The
uthors tested the influence of the model length on its tension stiffness, and it was found that the model length stops affecting the
ension stiffness significantly even when it is near the pitch length of the outermost helical wire layer. Nevertheless, one thing that

should be noticed about this model is that the helical shapes of the inner components are disregarded. The other paper studying SPCs
nder tension is authored by Hsieh et al. [120], who further investigated the influence of the number of cores on the mechanical

properties of SPCs under axisymmetric loadings based on the work of Chang et al. [70]. The details of the model are similar to Chang
et al. [70], and the helical inner cores are simplified into straight cylinders again. In addition, Fang et al. [86] also performed the
local analysis of single-core SPCs under tension. In this case, the inner components are all straight, thus there is no such simplification
hat the helical shapes of the inner components are eliminated. In these three papers, the effect of the helical shapes of inner helical
omponents is not accounted [70,86,120].

Very recently, Fang et al. [106] managed to take this factor into consideration by developing an effective modelling method
or the local mechanical analysis of three-core SPCs under tension. In this paper, the helical shapes of the inner components are
ccounted for the first time regarding the tension case in the open literature. The helical shapes have been found to play a not-
o-be-ignored effect on the stress of the components within SPCs. For example, Fang et al. [106] found that the contact pressure

distribution of the layer that surrounds the inner helical components is uneven, which cause an unexpected stress of the helical wires.
he model is shorten significantly after periodical boundary conditions derived by homogenization method on beam-like structures
re applied. As this model is based on a repeated unit cell (RUC), it is therefore termed as RUC model. In addition, the authors also
uilt a full-scale numerical model that uses traditional boundary conditions in the models mentioned above [70,86,120]. It is found

that the RUC model agrees better with tension test results than the full-scale model, and the RUC model presents higher efficiency
as well.

4.2. Bending

Four seminal papers provide detailed 3D numerical models for SPCs specifically under bending conditions, with their findings
ummarized in Table 9. Each of these models, developed for three-core SPCs and single-core SPCs, varies in terms of how inner helical

shapes are accounted for [56,71,107]. The analysis of these models will focus on three critical simulation challenges: elements,
oundary conditions, and interactions.

Finite Element Type
Solid elements are the most commonly used element type in the mechanical analysis of bending across all four models [56,71,105,

107]. Menard et al. [56], however, incorporate beam and surface elements alongside solid elements to address the computational
hallenges posed by the large model size and numerous helical wires. The differentiation of wires using solid elements can lead to an
verly dense mesh, which is computationally expensive. Inspired by advancements in modelling helical ropes [123], Menard et al.

employed a hybrid approach using beam and surface elements to simulate the helical wires effectively. This approach is illustrated in
Fig. 21, where beams are meshed using Timoshenko beam elements and the surface, lacking thickness or stiffness, is coupled at the
nodes with the beams. This method has been shown to offer a balance between computational efficiency and accuracy [123,124].

In addition to typical commercial FEM program beam elements, special beam elements have been developed for helical wires in
flexible structures. Sævik [96] introduced an eight-DOF curved beam element that restricts transverse translation, based on Kirchhoff
rod theory [72,73]. This element allows the wire to follow a loxodromic slip path, enhancing the model’s fidelity to actual helical
ehaviours. The numerical program incorporating these elements has been maturely developed and commercialized, as demonstrated
n studies by Skeie [125,126], indicating their practical applicability in industry.
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Fig. 21. The combination of beam and surface elements.

Table 10
The friction coefficients and equivalent external pressure used in previous studies regarding flexible structures.
Author Structure types Friction coefficient Equivalent external pressure

Leroy [107] Three-core SPC 0.15 0
Tyrberg [71] Three-core SPC 0.25 0.2 MPa
Menard [56] Three-core SPC 0.2 0.3 MPa
Fang [105] Single-core SPC 0.12 0
Zhang [130] Flexible pipe 0.05 – 0.2 1.9 MPa

Contact
Contact in the bending case is more complicated than that in the tension case, not only because both the normal and tangential

directions need to be taken into account, but also due to the initial residual stress [30] which is gradually regarded as one of
the factors that dominate the stick–slip phenomenon in a multi-lay flexible structure [62,127,128]. Kraincanic [62] made it clear
that the initial (manufacturing) interlayer pressures are important for the described analysis and should be given alongside the pipe
construction data. Yet this value is hard to obtain directly [30]. Fernando [129] lists methods to measure the value in pressure/tensile
armour wires of flexible pipes, for example, by neutron diffraction. The values of the maximum mechanical stress observed in five
transmission cables studied by Amyot et al. [87] varied from 4.5 MPa to 6 MPa. However, the initial residual stresses vary everywhere
within an SPC, thus in practice, the curvature-bending moment curve from a bending test is recommended to calibrate an equivalent
external pressure that imitates the effect from the initial residual stress [30,56]. In the study of other flexible structures, alternatives
to deal with the initial residual stress include applying an internal pressure, a tension force or introducing a thermal field that induces
radial stresses within the structure [88–90]. Applying external and internal pressure enables the radial stress to propagate among
layers. A tension force also generates radial stresses due to the Poisson effect and the existence of helical components, while the
expansion induced by thermal variation causes the radial stress by applying a thermal field.

To date, applying an equivalent external pressure is the most popular way that scholars have applied in many flexible
structures [56,71,130]. The values given by the previous studies are summarized in Table 10. Notice that out of the four papers
about SPCs, Leroy et al. [107] and Tyberg et al. [71] pioneered the simulation of this particular structure, yet they did not provide
a bending test to calibrate the equivalent external pressure. Therefore, the equivalent external pressure is not considered in Leroy’s
work while the value provided by Tybery is out of their industry experiences. It was not until 2023 that Menard et al. [56] first
managed to calibrate the equivalent external pressure for a three-core SPC by the curvature-bending moment curve from his bending
test, and the value for his SPC is 0.3 MPa. In their work [56], Menard et al. did a sensitivity study of the external pressure on the
bending behaviour of the SPC. It is found that when the pressure is set as 0, the curvature-bending moment curve becomes a straight
line instead of a hysteresis curve, as shown in Fig. 22. In this case, the components within the SPC directly slip away from each other
without the initial stresses that retard the slippage. When the equivalent external pressure increases, the stick section of the curve
becomes longer as larger radial stresses introduce larger friction forces that make the slippage more difficult. This phenomenon can
also be explained by Eqs. (16) and (20) in the analytical section, which states that the slip curvature and the total moment are
affected by the friction coefficient and the contact pressure among the contact interfaces. The same phenomenon was also observed
by Zhang et al. [130], who studied a flexible pipe with the test data provided by Witz [131]. Based on the proposed model by
Zhang et al. [130], the equivalent external pressure calibrated by the test data on the curvature-bending moment curve is 1.9 MPa,
as summarized in Table 10.
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Fig. 22. Evolution as a function of the external pressure on the curvature-bending moment curves [56].

As compared with the tension case, the interaction properties in the tangential direction have received more attention in the
bending case. Stick–slip behaviours within flexible structures strongly relate to the contact property in the tangential direction.
Coulomb friction is a classical friction method in describing the interaction of contacting surfaces. The model characterizes the
frictional behaviour between the surfaces using a coefficient of friction [132] and has been applied in many models [38,55,107,133].
Scholars have also investigated friction methods other than the traditional Coulomb friction method. For example, Dai et al. [134]
studied the mechanical behaviour of a flexible pipe by using four different friction models, finding that the pipe exhibits different
behaviours. It should be noted that the friction properties are different even in the same flexible structure because the contact
interfaces are not the same. For example, the friction coefficients between two polymer interfaces differ from those between polymer
and metals. In addition, the friction coefficient can also be affected by many other factors, such as temperature [135], air moisture
content [136], etc. Measurement of friction coefficients is also a cumbersome task. Therefore, the structure’s equivalent unified
friction coefficient is adopted normally.

Another factor affecting contact behaviour is the damping among interfaces [137,138]. Damping in a physical system essentially
refers to the loss of energy or, alternatively, energy dissipation. This means the energy is either redistributed to the surroundings
or converted into other forms of energy, usually heat, that cannot be recovered. Consequently, this process diminishes the system’s
motion. Silva [139] classifies the damping sources in mechanical systems as three: internal/material damping, structural damping,
and fluid damping. The contact damping among the interfaces here refers to the structural damping that occurs in structural
assemblies due to plasticity, dry friction (Coulomb damping), contact and interaction between structural components, typically
in joints, connections, supports and other contact surfaces and interfaces. The contact damping itself is a complex subject that
receives more and more attention [137,138], however, in the previous studies about multi-layer flexible structures [140,141], the
contact damping is merely set as a tool to reduce solution noise and stabilize the structure for numerical consideration. In their
studies [140,141], the energy generated by contact damping is extremely tiny as compared to other types of energy, such as the
internal energy or strain energy, which means that the contribution of the contact damping in the overall structure can be ignored
and the mechanical behaviour is not affected too much by the artificially introduced damping.

Boundary Conditions
When it comes to the boundary conditions, the other problem that comes with it is how to choose a proper length for the

bending simulation to eliminate the boundary effects, which is still an open question that no paper gives an explicit answer to.
Theoretically, the longer the model, the more the boundary effect is eliminated. However, the contact effect becomes intensive based
on the experience from bending tests, and a numerical model with a long length makes a simulation extremely time-consuming.
Although full models with a few metres long for flexible pipes that can consider non-uniform curvature along the pipes flourish in
the literature [133,142–145], according to the author’s review, up until now, there is no a paper exhibiting the simulation details
of a 3D bending numerical models same as the sample length in a test for SPCs in the open literature. Researchers are trying to
propose reliable and efficient simulation models requiring less computational cost by applying appropriate boundary conditions.
Thanks to the periodical structure pattern of helical components, a few numerical models based on the technique of periodical
boundary conditions have been proposed [56,71,107].

The technique of periodical boundary conditions can be traced back to the multi-scale analysis, an approach used in various
scientific and engineering disciplines to study and model phenomena that occur at multiple scales. It involves analysing a system or
process at different levels of detail, from microscale to macroscale, to understand its behaviour comprehensively. Homogenization
is a common technique to bridge the different levels of scales where the mathematical tool of asymptotic expansion theory has
been adopted frequently. On the macroscale level, SPCs can be regarded as a type of beam-like structures that find significant
applications in aerospace engineering, civil engineering, ocean engineering, etc. Helical ropes, lattice, cable-stayed bridges, SPCs,
etc., are practical examples. These beam-like structures are characterized by having relatively small dimensions compared to their
length. A conventional numerical simulation of these structures leads to heavy computations; therefore, researchers have been
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using homogenization theory to finish the simulation by bridging the macroscale beam-like structures to corresponding microscale
homogeneous continuous medium.

The theory of the homogenization method applied to slender beam-like structures has been thoroughly developed by Buannic
and Cartraud [146,147]. The derived formulas are also used to study slender structures, from simple beam-like structures such as
epetitive lattices to more complicated heterogeneous structures such as helical ropes in the past 30 years. More about asymptotic

expansion methods for slender structures may be found in Sanchez-Hubert and Sanchez-Palencia, 1992 [148], Trabucho and Viaño,
1996 [149] and Kalamkarov and Kolpakov [150,151]. The periodical boundary conditions derived for slender beam-like structures
y Buannic and Cartraudc [146,147] are found in the papers about SPCs during the recent years [56,71,107]. The model length
bides by a rule in order to take advantage of the periodical boundary conditions, and it is calculated as:

𝑙 = 𝑘
𝑝𝑖
𝑚𝑖

(21)

where 𝑘 ∈ N, 𝑝 is the pitch length, m is the number of helixes, and the index 𝑖 is the sequence of the current layer. The first two
proposed models for SPCs that take advantage of the periodical boundary conditions are given by Tyrberg et al. (2017) [71] and
Dupend et al. (2017) [107]. The equations of the periodical boundary conditions in these two papers are quite similar. However,
the constitutions of their numerical models differ from each other. Dupend et al. (2017) [107] divided the structure types in the
PC as helical wires and cylinders. The periodical boundary conditions are applied on the helical wires while a new set of constraint
quations are derived and applied on the cylinders in order to obtain a constant curvature along the SPC. Besides, the helical shapes
f the inner helical components, such as the copper conductors, are not considered and are simplified into straight structures. Tyrberg
t al. (2017) [71], instead, choose to consider the inner components’ helical configurations. Therefore, his model is much longer,
ith the inner helical shapes considered based on the length calculated through Eq. (21). The periodical boundary conditions are
pplied on both sides of the SPC for helical and cylinder components. Both of the models are preliminary, and neither of them gives

the curvature-bending moment curves. Their models are not validated by experimental data either.
Very recently, Fang et al. [105] build a RUC model with a length of only 20 mm for the bending study of a single core SPC. A

ending test is performed to validate the RUC model. Meanwhile, a full-scale numerical model costing much longer time is used
o compare with the RUC model. It is found that the boundary difference between the test and both the two numerical models
ause a difference regarding the bending behaviour, although the RUC model agrees well with the full scale model. Ménard, Fabien
t al. [56] developed a model for a 3-core SPC based on Tyrberg’s work. The helical shapes of the inner conductor cores with longer

pitch lengths than the helical wires are considered. A bending test is performed, and the hysteretic curve has been observed through
the test and the numerical model.

4.3. Remarks on numerical method

To sum up, the numerical method enables cable designers to gain more insights into the mechanical behaviour of SPCs,
particularly at the component level. However, an SPC is too complex to be fully calculated if all details are included in an FEM model.
Therefore, the common practice in studying the overall behaviours of SPCs is to simplify the conductors into solid components and
ignore the influences of currents and temperature. Even with these simplifications, the computational magnitude remains substantial.

o balance accuracy and efficiency in a numerical model, the structure needs to be appropriately simplified. Current numerical
nalysis mainly focus on bending and tension, with scarce investigation in other loadings such as torsion or compression, let alone
ombined loading cases. The challenges in constructing the overall model mainly converge into three aspects: establishing the finite
lement model, dealing with contact issues, and setting proper boundary conditions. The following actions can be taken to balance
ccuracy and efficiency:

1. Take advantage of special finite elements with fewer degrees of freedom or utilize combined finite elements that generate
ewer elements in the simulation.

2. The main challenges in dealing with contact involve initial residual stress and friction coefficient. Typically, an equivalent
external pressure is used to mimic the initial residual stress in practice, and an equivalent friction coefficient is employed to simulate
riction behaviours within all contact interfaces. If researchers cannot measure the initial residual stress and friction coefficients in
heir cable sample, they should reference values provided by previous researchers, such as those in Table 10. The equivalent external
ressure can range from 0.2–0.3 MPa, and the equivalent friction coefficient in SPC samples typically ranges from 0.12–0.25.

3. Setting up boundary conditions involves selecting the total length of the model. Currently, there is no strict rule on the
appropriate length of a model for representing the mechanical behaviours of multi-core SPCs. If cable engineers find the computation
too intensive when using full models with a large length, then periodic boundary conditions can help shorten the simulated cable
significantly.

5. Conclusions

After introducing the cable configurations, the methods for performing the local mechanical analysis of SPCs, including
xperimental, analytical and numerical methods, are reviewed. Their advantages and disadvantages are highlighted. While testing
s considered fundamental and reliable, the major limitations are that the behaviours at the component level are hard to measure,
nd combined loading scenarios are hard to imitate in test conditions.

Analytical and numerical methods are two types of analysis methods, drawing on experiences from the oil and gas industry.
here are several limitations of current modelling methods on SPCs:
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∙ Most of the current research ignores the influence of inner helical shapes, which might induce a miscalculation of the stiffness
nd stress.
∙ The efficiency of a modelling method is infringed if a significant amount of details are considered in order to pursue accuracy.
∙ Current studies merely focused on individual loadings, and have not stepped into the area where combined loadings are

involved.
∙ Previous researchers have mainly focused on specific types of SPCs, such as single-core or multi-core, but have not established

onnections between them or developed a model capable of handling both configurations.
∙ The initial residual stress contributes to the stick–slip behaviour within SPCs, significantly influencing their local mechanical

ehaviour. Yet, this factor has not been extensively explored.
The practitioners can develop proper modelling methods based on either analytical or numerical methods. The analytical method

as its advantage regarding efficiency; however, due to the complexity of SPCs, many assumptions are necessary, and accurately
imulating internal mechanical behaviour is challenging. In summary, analytical methods have the following limitations:

1. It is hard to accurately capture the complex contact issue within SPCs.
2. The behaviour of the helical components has not been investigated thoroughly.
The numerical method is a potential way, yet a numerical model becomes too complex to be calculated if it is not built up

properly. The efficiency of a numerical model can be enhanced by the following two aspects:
1. Set up appropriate finite elements so that the element number can be reduced.
2. Establish proper boundary conditions to reduce the model size.
One tricky point in developing a numerical method for the local mechanical analysis of SPCs concerns the manipulation of the

initial residual stress within contact interfaces. Although this is not fully understood, it has been gradually realized as a crucial
factor in influencing especially the bending behaviour. Normally, a curvature-bending moment curve is required to calibrate the
equivalent external pressure that imitates the effect from the initial residual stress. The model developers need to take this point in
to account.

Apart from the local mechanical analysis of overall SPCs, research on specific components, particularly copper conductors and
insulation layers, is also advancing due to their importance within an SPC. Modelling these components requires detailed geometry
and often involves multiple physical fields. Although some preliminary numerical models have appeared in the literature, most are
still simplified and lack validation by test data. Consequently, there remains significant potential for exploration in future studies.

In general, numerical models offer detailed insights into the physical phenomena involved, potentially reducing material and
manufacturing costs while increasing system efficiency and maintaining a substantial safety margin. In the competitive cable market,
numerical analysis is considered an essential asset. There is an urgent need to develop an effective numerical model for the local
mechanical analysis of SPCs by addressing these challenges, thereby facilitating the design process in the industry.
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