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ABSTRACT

Submarine power cables (SPCs) experience complex multi-physical effects in practical engineering scenarios,
particularly involving mechanical, thermal, and electrical interactions. When electrical current passes through
inner conductors, temperature rises induce thermal expansion, leading to deformation and influencing the
bending behavior through alterations in the stick-slip mechanism. Although experimental studies have
highlighted temperature’s significant impact on the bending performance of SPCs, detailed insights into the
underlying multi-physical interactions remain scarce. This paper introduces a novel repetitive unit cell (RUC)
numerical model to investigate the bending behavior of SPCs comprehensively under coupled electrical,
thermal, and mechanical fields. An innovative thermal expansion method is proposed to effectively simulate
initial residual stresses present at component interfaces post-manufacturing. Furthermore, a temperature-
dependent constitutive model based on the Ramberg-Osgood framework is developed and validated against
experimental data obtained at varying temperatures. The simulation distinctly identifies the competing effects
of material softening and contact stress variations induced by temperature changes, providing critical insights
into their contributions to overall cable bending behavior. The outcomes offer valuable guidelines for engineers
in the practical design and optimization of submarine power cables. All relevant computational codes developed

in this study are publicly accessible at https://pan-fang.github.io/Codes/.

1. Introduction

As wind farms move into deeper and more remote ocean areas to
harness abundant wind energy, submarine power cables (SPCs) must be
used to carry high-voltage current under complex loading conditions.
The high-voltage current within conductors generates heat, creating
a temperature gradient between the SPC and the surrounding sea
environment, ultimately inducing stresses within the cable [1]. When
combined with mechanical loads from the environment, predicting
the mechanical behavior of SPCs becomes extremely challenging. This
hampers our understanding of the structure and affects cable design,
especially when key physical interactions that degrade performance are
overlooked [2]. For instance, heat generated by the electrical current
causes thermal expansion of the cable’s constituent layers, altering the
interfacial contact pressures and friction. This in turn affects the cable’s
bending stiffness and can lead to accelerated fatigue damage, issues that
are central to this investigation.

The analysis of such a complex structure under multiphysical cou-
pling is a significant challenge, despite being recognized in various

industry reports and standards [3,4]. The main physical fields involved
in an operating SPC include electrical, thermal, and mechanical effects,
and often magnetic effects as well. Therefore, the design and analysis of
SPCs require interdisciplinary collaboration among electrical, thermal,
and mechanical engineers [5]. However, most current research remains
confined within individual disciplines.

From the perspective of electrical engineers, the electric and mag-
netic fields receive primary attention due to their strong coupling.
Magnetic fields are important because they affect cable performance,
can cause electromagnetic interference, and may impact marine life [6—
8]. These issues are critical for both technical reliability and envi-
ronmental compliance. As most components in multi-core cables are
twisted helically for mechanical and electrical performance, analyzing
magnetic behavior becomes even more complex. To address this, both
analytical [9,10] and numerical [11,12] methods have been proposed
for predicting magnetic field strength in helically-configured power
cables.

Electrical engineers also need to evaluate the heat generated in the
cable before thermal engineers can study heat transfer within it, result-
ing in coupling between electrical and thermal fields. The allowable
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temperature for cable operation is typically defined in standards and
product specifications to ensure safety [13]. For instance, according
to widely adopted standards such as IEC 60287 [14], the maximum
continuous operating temperature for cross-linked polyethylene (XLPE)
insulation, a common material in SPCs, is typically limited to 90 °C
(363.15 K). Researchers have investigated how factors such as laying
methods, seawater flow, seawater temperature, burial depth, and soil
thermal conductivity influence a cable’s thermal performance [15,16].
Among all components, the insulation layer receives particular atten-
tion due to its sensitivity to temperature [17]. Additionally, the thermal
distribution around cable terminations differs from that of submerged
cable sections, and this has been explored in the literature [18-21].

Another notable multiphysical phenomenon in electrical engineer-
ing is dielectric breakdown in insulation [22], a critical failure mode
where the insulating material (usually polymer or paper-oil) loses
its ability to resist current. Once breakdown occurs, current flows
through the material [23]. During this process, microcracks grow and
branch like a tree, referred to as electrical treeing [24]. In marine
environments, moisture accelerates this process, resulting in water
treeing [25]. Both phenomena are closely related to mechanical stress
within the insulation, making this a multiphysical issue [26]. Several
researchers have developed models to predict and analyze electrical
tree growth [27-29], with phase field methods showing good predictive
capabilities [30,31].

From a mechanical engineering perspective, focus is often placed
on cable sections subjected to large mechanical loads, such as dynamic
cables suspended from floating platforms in harsh environments. These
cables may fail if mechanical loads exceed design limits. Due to SPC
complexity, many mechanical studies neglect multiphysical effects [32,
33]. Key challenges in SPC mechanical analysis include multiple helical
components and intensive contact interactions, especially during bend-
ing where stick-slip behavior is more pronounced. Given the strong
structural nonlinearity, numerical methods are favored over analytical
ones [34], with 3D finite element models being widely used.

In tension studies, helical wires can often be modeled using beam
elements, making full-scale modeling feasible [35]. However, under
bending, helical wires involve complex contact behavior and cannot be
simplified as beams. Full-scale bending models require significant com-
putational resources. To address this, researchers [36,37] developed
RUC models leveraging the periodic structure of helical components.
By applying periodic boundary conditions, a short RUC segment can
be modeled, significantly reducing computation time.

Bending studies [33,36] have identified initial residual stress as a
key factor affecting SPC mechanical response. Residual stress arises
during manufacturing due to temperature gradients in the polymer
material and affects stick-slip behavior at interfaces. Unlike residual
stresses in metals [38-40], residual stress in polymers has received little
research attention. In practice, residual stress is often calibrated using
bending moment—curvature test data. These curves show two segments:
a stick phase and a slip phase [34,41]. During the stick phase, fric-
tional forces prevent slippage; as curvature increases, friction becomes
insufficient, initiating slip. According to Coulomb’s law, friction force
is linked to normal force, meaning temperature-induced deformation in
polymers can significantly influence SPC bending behavior.

Experimental investigations by Maioli et al. [42], Tyrberg
et al. [43], and Kompergd and Magnus [44] have examined the influ-
ence of temperature on the mechanical behavior of SPCs. For example,
Kompergd and Magnus reported that increasing the ambient temper-
ature from 5°C to 20°C resulted in a reduction of bending moment
by approximately 50%. Such temperature-induced softening can sig-
nificantly affect cable performance, and if not properly accounted for,
may lead to overbending failures [45]. However, while these tests
demonstrate a clear correlation between temperature and bending
response, they do not reveal the internal mechanisms responsible for
the observed changes in stiffness or deformation behavior.
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In contrast to experimental methods, numerical modeling offers a
more effective approach for uncovering internal mechanisms and mul-
tiphysical interactions. Despite this advantage, detailed numerical anal-
yses of full-scale, multilayer SPCs under coupled thermal-mechanical
loading remain scarce. Existing studies on other systems can be found
in the open literature, such as the thermoelastic behavior analysis
of bonded cables [46-48] or basic thermal-mechanical responses of
composite materials [49,50]. Drissi-Habti et al. [51] employed nu-
merical simulations to study the bending effects on composite cables
interacting with irregular seabed topography, highlighting the utility of
computational models in predicting mechanical behavior. Some efforts
have modeled SPCs using two-dimensional finite element frameworks
under electro-thermal-mechanical coupling [52-54], yet these studies
did not incorporate contact stresses arising from thermal expansion,
and thus failed to capture the stick-slip issue in multi-layer structures
that influences on bending behavior. Fouad Ech-Cheikh et al. [55] also
investigated helical cable behavior under thermal loading, but similarly
neglected interfacial contact stresses. As a result, the multiphysical
coupling effects and internal deformation mechanisms of SPCs remain
poorly understood. In practical applications, SPCs often behave as
“black boxes”, with design decisions heavily reliant on empirical rules
that may lead to unexpected or premature failures.

In this paper, the bending behavior of an SPC under multiphysical
fields is comprehensively studied using numerical methods. The struc-
ture of the paper is as follows: Section 2 presents bending tests used
to calibrate initial residual stress and material tests under varying tem-
peratures. Section 3 introduces a temperature-dependent constitutive
model for insulation. Section 4 outlines the finite element model used
for the simulations. Section 5 details the calibration of residual stress
using experimental data. Section 6 presents the bending analysis under
electro-thermal-mechanical coupling. Parametric studies are performed
in Section 7. Finally, Section 8 summarizes the findings and concludes
the study.

2. Tests

The test submarine power cable corresponds to the standard la-
beling [14,56] as “CU/SC-XLPE/XLPE/SC-XLPE/CU/MDPE 35 kV 1C”,
where CU denotes the copper conductor, SC-XLPE represents semi-
conducting cross-linked polyethylene shields, XLPE is the insulation
layer, and MDPE is the outer sheath. Detailed parameters, including
layer thicknesses and material specifications, are provided in Table
1. A schematic of the cable’s cross-section is shown in Fig. 1. The
cable is rated for a nominal voltage of 35 kV and features a single-
core configuration with an 11.4 mm diameter copper conductor. It
should be noted that the actual conductor is of a stranded construction,
which is simplified in the numerical model as a solid cylinder with an
equivalent outer diameter of 11.4 mm. The insulation system comprises
semi-conducting XLPE shields and a main XLPE insulation layer, while
mechanical protection is provided by a copper wire screen and MDPE-
based waterproofing and outer sheath layers. Bending and material
characterization tests were conducted and are detailed in Section 2.1
and Section 2.2, respectively. The former presents bending moment—
curvature data used to calibrate initial residual stress in the cable, while
the latter provides temperature-dependent material properties as input
for the numerical model.

2.1. Bending test

Bending tests were conducted on single-core SPC samples to ob-
tain the bending moment—curvature relationship. A four-point bending
setup was employed on four cable specimens, each loaded until reach-
ing a final curvature of 1 x 10~3/mm. As illustrated in Fig. 2(a), two
fixed supports held the cable specimen vertically, while two loading
heads applied vertical forces. Three displacement sensors were posi-
tioned beneath the cable to measure vertical displacements at three key
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Table 1
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Nominal design parameters of the cable specimens.

Layer Component Thickness (mm) Outer diameter (mm) Materials

1 Copper conductor - 11.4 Copper

2 Conductor shield 0.8 13.0 Semi-conducting XLPE
3 Insulation 10.5 34.0 XLPE

4 Insulation shield 1.0 36.0 Semi-conducting XLPE
5 Water-proof layer 0.45 36.9 MDPE

6 Copper wire 1.15 39.2 Copper

7 Copper shield 0.2 39.6 Copper

8 Water-proof layer 0.45 40.5 MDPE

9 Sheath 2.5 45.5 MDPE

oo~ O 2w -

Fig. 1. Cross section of the submarine power cable.

points. These points define a circle, from which curvature was calcu-
lated. Each test specimen measured 600 mm in length. The detailed
geometric configuration is shown in Fig. 2(b). The resulting bending
moment—curvature curves for the four specimens are presented in Fig.
2(c).

Dynamic power cables are typically designed with a minimum
bend radius, beyond which mechanical failure may occur; operational
curvature must remain below this threshold [57]. According to Chen
et al. [58], the minimum allowable bending radius is 20 times the
outer diameter of the cable, equivalent to 910 mm in this case. This
corresponds to a maximum curvature of approximately 1 x 103 /mm,
which matches the limit applied in the test. This conservative limit
is stricter than that recommended in relevant standards [3], as mul-
tiphysical effects may reduce cable performance and increase the risk
of failure. Therefore, the bending radius was deliberately kept within a
safer range to ensure the cable operated under healthy conditions.

2.2. Material test

To complement previous tests on polymers at room temperature
[59], material tests in this study focused on investigating the
temperature-dependent behavior of the XLPE insulation layer. This
focus was motivated by several factors: (1) the insulation layer is in
direct contact with the primary heat source—the copper conductor;
(2) it constitutes a significant portion of the cable’s cross-sectional
volume, making its properties highly influential on the overall thermo-
mechanical response; and (3) its polymeric nature makes it more
sensitive to temperature variations compared to metals. The mechanical
properties of the copper conductor and the MDPE sheath were con-
sidered temperature-independent and were sourced from manufacturer
data and our previous work [59], respectively.

Since polymer properties may change after extrusion into a cylindri-
cal form, the test specimens were cut directly from the cable samples.
They were machined into dumbbell-shaped specimens according to the
dimensions specified in ISO 527-2012 [60], as illustrated in Fig. 3(a).
An image of the dumbbell-shaped insulation samples is shown in Fig.
3(b). Six groups of specimens were prepared, labeled Group A through
Group F, with each group containing five specimens. Group F was
reserved to supplement any earlier group in case of test failure.

The test temperatures ranged from 293.15 K to 373.15 K, with
increments of 20 K. This range was specifically chosen to cover the
full spectrum of the cable’s operational conditions, from typical ambi-
ent seawater/air temperatures to the maximum continuous operating
temperature of 90 °C for XLPE insulation, as stipulated by industry
standards [14], and also to account for potential short-term overload
scenarios. A sealed chamber with temperature control capabilities was
used for the tests, as shown in Fig. 3(c). An electronic universal testing
machine was installed inside the chamber to measure specimen elon-
gation and the force applied at the specimen ends. The specimens were
placed in the chamber prior to testing to ensure they reached the target
temperature before loading commenced.

From these tests, stress—strain curves were obtained. The testing
machine had a maximum capacity of 2.5 kN, and the loading speed
was maintained at a constant rate of 5 mm/min for all specimens,
representing quasi-static loading conditions. It is acknowledged that the
mechanical response of polymeric materials like XLPE can exhibit rate-
dependency (viscoelasticity), particularly at elevated temperatures. The
constitutive model developed in this study is therefore calibrated for
and applicable to quasi-static or low-frequency loading scenarios. A
full investigation of the strain-rate effects was beyond the scope of
this work. After testing, the stress-strain data for each sample were
processed using linear interpolation and averaging methods. The true
stress and true strain were then calculated according to the following
equations:

€True = ln(l + eNaminal) (l)

OTrue = ON ominal(l tey Dminal) (2)

The material properties of XLPE will be further processed in the
following section for the model input in our cable simulation.

3. Material constitutive model for insulation

This section describes the material constitutive models used for
the main components of the SPC. The key mechanical properties for
copper, MDPE, and the temperature-dependent model for XLPE are
presented. For the copper conductor and the MDPE outer sheath,
temperature-independent elastic—plastic models were used. According
to specifications provided by the cable manufacturer, the copper con-
ductor has a Young’s modulus of 90 GPa, a Poisson’s ratio of 0.32, and
a yield strength of 130 MPa. The material properties of MDPE, based on
our previous experimental work [59], are defined by a Young’s modulus
of 200 MPa and a Poisson’s ratio of 0.45, with its non-linear stress—
strain behavior detailed in [59]. The primary focus of the material
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Fig. 2. Bending test regarding the SPC sample. (a) Bending test setup; (b) the dimension of the cable sample for bending test; (c) the curvature-bending moment

for four samples from the bending test.

75

Fig. 3. The test of insulation under different temperatures. (a) The size of the insulation sample; (b) the cut samples from the cable; (c) the universal testing

machine in a sealed box with temperature regulated.

characterization in this study was on the XLPE insulation, for reasons
detailed in Section 2.2. A temperature-dependent constitutive model
was developed for XLPE, and its formulation is described in Section 3.1.
Section 3.2 presents its validation.

3.1. Development of the constitutive model

The insulation occupies a large portion of the cable cross-section
and is in direct contact with the copper conductor, which generates
heat during operation. Therefore, the temperature-dependent material
behavior of XLPE must be considered. In this study, stress—strain curves
for XLPE at various temperatures were obtained through material test-
ing. A major challenge in finite element modeling (FEM) is the proper
incorporation of temperature-dependent material properties. Following
the methodology proposed by Duan et al. [61], the Ramberg—-Osgood

model was employed to describe the constitutive behavior:

. o &(T)
€t:€e+€p:ﬁ+(ﬁ> 3

where ¢ is the stress, E is the Young’s modulus, K is the nonlinear
modulus, and g is the hardening exponent. All three parameters (E,
K, and g) are temperature-dependent and were fitted based on the
experimental data collected at different temperatures. For each material
test curve from the five groups, the corresponding E, K, and g values
were extracted and fitted using linear regression, as illustrated in Fig.
4. The resulting fitted equations are:

E =-135T +513.91
K =-0.13T + 50.75 4
g =—-0.05T +19.95
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Fig. 4. Temperature-dependent parameters in the Ramberg—Osgood model: (a) E; (b) K; and (c) g.
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Fig. 5. Flowchart for implementing the temperature-dependent material model.

To implement the temperature-dependent behavior, a user-defined
material subroutine (UMAT) was developed for ABAQUS/Standard
[62]. The development process is summarized in the flowchart shown
in Fig. 5. The UMAT code is freely available for download.

3.2. Validation of the constitutive model

To validate the developed constitutive model, a dumbbell-shaped
specimen model was created, matching the dimensions used in the
material tests (Fig. 3(a)). Simulations were performed to generate
stress-strain curves at different temperatures, and the results were
compared with the experimental data, as shown in Fig. 6. For each
group, the experimental results were averaged to facilitate comparison.

The strain was calculated based on the relative displacement be-
tween two points in the effective gauge section of the dumbbell spec-
imen (25 mm in length, as shown in Fig. 3(a)), ensuring consistency
between experimental and simulation procedures. True stress and true

strain values were calculated for both the experimental and simulated
results.

The results demonstrate that the material exhibits strong tempera-
ture dependence: as the temperature increases, the material becomes
more flexible. The developed constitutive model showed good agree-
ment with the experimental results, validating its accuracy. This model
will be employed in the subsequent finite element analysis of the
insulation layer in the submarine power cable, where temperature
effects are significant.

4. Finite element model for SPC

The detailed cross-section of the SPC, as shown in Fig. 1, includes
several thin functional layers, such as the conductor shield, insulation
shield, and water-proof layers. To enhance computational efficiency
while capturing the primary bending mechanics, these thin layers were
integrated into adjacent, thicker primary layers in the finite element
model. For example, the semi-conducting XLPE shields were merged
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Fig. 6. Stress—strain curves of the dumbbell specimen at different temperatures: experimental vs. simulation results.

Table 2

Parameters and materials used in the simplified model.
Layer Thickness (mm) Outer diameter (mm) Material
I - 11.4 Copper
1I 12.75 36.9 XLPE
III 1.15 39.2 Copper
v 3.15 45.5 MDPE

Table 3

Parameters related to electrical and thermal fields.
Property Copper XLPE MDPE
Thermal conductivity 398 W/(m K) 0.286 W/(m K) 0.286 W/(m K)
Expansion coefficient 1.64 x 1075/K 2 x 1074/K 2 x 107%/K
Electrical conductivity 5.8 x 107 S/m 1 x 107! S/m 1 x 107! S/m

with the main XLPE insulation, as they share similar material properties
and are typically co-extruded and bonded, thus preventing significant
interfacial slip. The dimensions of the simplified cross-section are listed
in Table 2.

This modeling simplification is based on the assumption that the
global bending stiffness and the stick—slip behavior are predominantly
governed by the interfaces between the major structural components
(i.e., conductor, insulation, helical wires, and outer sheath). How-
ever, we acknowledge the implications of this approach. By neglecting
these discrete layers, our model does not capture the localized stress
concentrations or potential micro-slip phenomena that might occur
at these specific interfaces. This could lead to a slight overestima-
tion of the composite stiffness of the insulation system and simplifies
the frictional landscape within the cable assembly. Nevertheless, this
approach is considered appropriate for investigating the macroscopic
thermo-mechanical bending response, which is the focus of this study.
Engineers interested in the detailed effects of these minor layers can
build upon the current modeling framework to incorporate them.

To capture the electrical and thermal fields, additional properties
including thermal conductivity, electrical conductivity, and thermal
expansion coefficient were incorporated. These parameters, referenced
from [63-66], are summarized in Table 3. One main goal of this study
is to demonstrate the modeling of multiphysical effects through an
RUC model and to reveal the influence of these effects on the bending
behavior of SPCs. Engineers can achieve more accurate predictions by
refining these parameters through laboratory testing.

The finite element model was developed using periodic boundary
conditions to reduce the model to a short RUC [67]. The principles
and detailed development of the RUC model have been discussed in
previous studies [32,59]. Interested readers can refer to [68-71] for

more information on periodic boundary methods. The RUC length was
determined according to:

)

where k € N, p; is the pitch length, and m; is the number of helices
in layer i. For single-core SPCs, helical structures exist only in the
armor layers; thus, the model length depends solely on the armor
configuration. There are 40 helical wires with corresponding pitch
length of 400 mm. The RUC length was determined to be 40 mm
to get rid of possible boundary effects. Modeling was performed in
ABAQUS/Standard (2022) using a static analysis scheme [72].

4.1. Physical problem definition

SPCs under real-world conditions involve three coupled physical
fields: electrical, thermal, and mechanical. The interactions between
these fields can be complex, with some being strongly coupled while
others are weak. In this study, we adopt what is often referred to as
a ‘weak-coupling’ or ‘sequential-coupling’ approach. Specifically, we
focus on the influence of the thermo-electrical fields on the mechanical
behavior, which is the primary concern for the structural integrity of
the cable. The feedback from the mechanical field — such as strain-
induced changes in electrical resistivity or thermal conductivity — is
neglected.

The coupling relationships modeled in this study are illustrated in
Fig. 7. The primary pathway is as follows: an applied electrical potential
leads to Joule heating in the conductor (electro-thermal coupling),
which in turn creates a temperature field. This temperature field then
induces mechanical stresses through thermal expansion and by altering
temperature-dependent material properties (thermo-mechanical cou-
pling). Our analysis, therefore, concentrates on this dominant, one-way
causal chain.

Thermal and electrical boundary conditions were selected based
on IEC 60287 [14], IEC TR 62095 [56] and the specification of the
product set by the manufacturer, assuming steady-state conditions. The
continuous operating temperature of the XLPE insulation was set to
remain below 353.15 K, consistent with industry standards and cable
specification.

Despite the one-way coupling illustrated, simulations were con-
ducted using a fully coupled thermal-electrical-structural analysis
scheme in ABAQUS [73], involving a nonsymmetric Jacobian matrix
solved through Newton’s method:

Kuu Ku(p KuB Au Ru
Koo Koo Kpo|340p=14R, (6)
Ko, Ky, Kgo] |40 Ry
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Fig. 7. Coupling relationships between heat transfer, electricity, and mechan-
ical behavior.

Here, Au, Ap, and A0 are corrections to displacement, electric po-
tential, and temperature, respectively, and R,, R,, and R, are the
corresponding residuals.

Three analysis steps were employed for numerical stability (Fig. 8):
1. Apply a small external pressure to promote initial contact between
layers. 2. Apply an electric potential difference to simulate Joule heat-
ing and induce residual stresses. 3. Apply a bending angle to analyze
mechanical response.

4.2. Mesh and interaction

Since electrical, thermal, and mechanical fields must be considered
simultaneously, the finite elements selected must be capable of cap-
turing multiphysical effects. All components were meshed using Q3D8
elements (8-node bricks with trilinear displacement, electric potential,
and temperature degrees of freedom) [74]. The final mesh, presented in
Fig. 9, was determined through a mesh sensitivity study to ensure the
convergence of the results while maintaining computational efficiency.
Three different mesh densities were evaluated: a coarse mesh (8 ele-
ment layers along the axial direction), a medium mesh (14 axial layers,
as adopted), and a fine mesh (20 axial layers). The study compared
the peak bending moment at the final curvature and the maximum von
Mises stress in the helical wires. The results showed that the deviation
between the medium and fine meshes was less than 2% for these key
outputs, whereas the coarse mesh showed a deviation of approximately
7%. Therefore, the medium mesh with 14 axial layers, consisting of
83,016 Q3D8 elements in total, was deemed to provide a suitable
balance between accuracy and computational cost.

Hard contact was assigned in the normal direction, and a classi-
cal Coulomb friction model was used for tangential contact. Specifi-
cally, a constant friction coefficient was defined at the interfaces. In
the absence of specific experimental data for the cable’s interfaces,
a friction coefficient of 0.2 was assumed for the main analyses. This
value was selected as a representative figure based on the typical
range (0.1-0.3) reported in the literature for similar polymer-metal and
polymer-polymer contacts in flexible structures [75-77].

To account for initial residual stresses between layers, instead of ap-
plying an equivalent external pressure as recommended by CIGRE [78],
a thermal field was introduced into the model. This induced material
expansion, effectively replicating the effects of initial residual stresses.

In this study, perfect contact between adjacent concentric layers was
assumed to simplify the modeling process and focus on the primary
mechanisms influencing bending behavior under coupled mechanical,
thermal, and electrical fields. The assumption of perfect contact has
been commonly used in preliminary studies of flexible pipe or cable
systems [33,79]. In practical cable constructions, small intentional gaps
are often introduced to accommodate mechanical stresses and thermal
expansion during installation and operation. Although explicitly model-
ing these gaps would yield a more accurate stress distribution, it would
require highly nonlinear contact algorithms and significantly increase
computational costs. This aspect will be addressed in future work to
further enhance model fidelity.
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4.3. Load and boundary conditions

In the RUC model, two reference points (RPs) were defined at the
midpoints of both end cross sections, as illustrated in Fig. 10(b). The
right RP was fully constrained, while the left RP was constrained in all
directions except along the axial direction, allowing the cable to extend
freely without longitudinal constraint.

Periodic boundary conditions (PBCs) were applied throughout all
simulation steps, establishing relationships among nodes on the left and
right surfaces and the left RP. Detailed formulations of the PBCs can be
found in [32,36].

- In Step-1, a very small external pressure was applied to promote
initial contact and improve convergence.

- In Step-2, an electric potential V was applied at one end of the
copper conductor, while the other end was grounded (0 V), creating a
voltage difference and thus an electric current (Fig. 10(a)).

- In Step-3, a bending angle 6, was imposed at the left RP
(Fig. 10(b)), transferring the load into the structure through the pe-
riodic boundary conditions.

5. Calibration of the initial residual stress

The initial residual stress within an SPC is difficult to measure
directly through testing. Therefore, CIGRE [78] recommends an equiv-
alent approach, namely applying an external pressure to the outermost
layer to simulate the resulting effect. In this study, an alternative
method is proposed: simulating the initial residual stress through mate-
rial expansion caused by a temperature increase induced by an applied
electric potential. The magnitude of the electric potential is calibrated
by comparing curvature-bending moment curves from numerical sim-
ulations with experimental bending test results.

Details of the single-core SPC bending test are provided in Sec-
tion 2.1. The small-curvature portion of the experimental curvature—
bending moment curves, after averaging, is redrawn in Figs. 11(a)
and (b). Five simulation cases were analyzed, with the applied voltage
ranging from O to 0.5 V in increments of 0.1 V. The curvature-bending
moment curves obtained from these simulations are plotted alongside
the experimental data in Fig. 11(a).

When no electric potential is applied, the curvature-bending mo-
ment relationship exhibits a straight line. In contrast, when an electric
potential is applied, the curve displays two distinct linear regions,
corresponding to the stick and slip phases observed in experimental
results. The slope before slipping occurs is referred to as the stick
stiffness, while the slope after slipping is the slip stiffness.

The curvature-bending moment behavior is highly sensitive to the
applied voltage: as the voltage increases, both the stick stiffness and the
bending moment corresponding to the onset of slip increase. To quanti-
tatively evaluate the agreement between simulations and experimental
data, the coefficient of determination (R%) was used [80,81], defined
as:

R*=1- % %)
tot
where
n
SSres = z(yi - .)A/i)2 (€]
i=1
n
S§Sior = Z(Yi - )_’)2 9
i=1

Here, y; represents the experimental observations, y; denotes the corre-
sponding simulation predictions, and y is the mean of the experimental
observations. The value of R? ranges from —co to 1, with 1 indicating
perfect agreement.
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Fig. 8. Loading strategy for the thermo-electro-mechanical coupling simulation. A small pressure is applied for the convergence in Step 1 followed by an electric

potential in Step 2, and finally a bending angle is applied.

Fig. 9. Mesh results of the SPC sample.

(a)

(b)

Fig. 10. Load and boundary conditions applied to the RUC model: (a) electric potential is applied in Step-2; (b) Pressure is applied from Step-1 and propagate

until Step-3, while bending angle is applied in Step-3.

It was found that when the applied voltage is 0.2 V, the simulation
results exhibit the best agreement with the experimental curvature—
bending moment relationship. Thus, 0.2 V is calibrated as the equiv-
alent voltage representing the initial residual stress, and this value is
adopted in subsequent analyses.

To further investigate the influence of electric potential, higher
voltages ranging from 1 V to 5 V (in 1 V increments) were applied.
It should be noted that although the applied potentials (1-5 V) may
appear small in absolute terms, they are imposed across a 40 mm
cable length, resulting in high electric field intensities. This justifies the
observed mechanical response, even for small potential changes. The
resulting curvature-bending moment curves are shown in Fig. 11(b).

As expected, the bending moment increases with increasing voltage,
except when the voltage increases from 4 V to 5 V. This anomaly is
attributed to local stress conditions within the helical wires, which will
be discussed in detail in Section 6.

6. Mechanical studies under multiphysical effects

After calibrating the initial residual stresses, the mechanical be-
havior of the SPC under the influence of multiphysical fields was
studied in detail. The behavior was analyzed separately during the
electric potential step (Section 6.1) and the subsequent bending step
(Section 6.2).
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Fig. 11. Comparison of experimentally measured bending moment—curvature relationships (Test, solid red line) with simulation results under different electric
potentials: (a) low voltage range (0 to 0.5 V); (b) higher voltage range (1 to 5 V). Goodness-of-fit (R?) values comparing each simulated curve to the experimental

data are indicated in the legend.

The multiphysical analysis in this study reveals a
thermo-mechanical behavior that is fundamentally different from that
reported in several experimental studies. Previous investigations by
Maioli et al. [42] and Kompergd and Magnus [44] involved heating
the entire cable specimen externally (e.g., in a temperature-controlled
chamber). Their results consistently showed a decrease in bending
stiffness with increasing temperature, a behavior largely attributed to
the thermal softening of the polymeric components.

In contrast, our study simulates the in-service condition where heat
is generated internally by the conductor via Joule heating. This creates
a steep temperature gradient from the core to the outer layers. As will
be demonstrated, this internal heating mechanism leads to a counter-
intuitive increase in bending stiffness. The following sections will detail
this phenomenon and uncover the underlying physical reasons for this
critical difference, highlighting the importance of accurately modeling
the operational heating mode of SPCs.

6.1. Electric potential step

After applying an electric potential, the copper conductor becomes
electrified, resulting in heat generation and transfer among the cable
components and the ambient environment. The resulting temperature
variations cause material expansion and induce changes in material
properties, leading to the accumulation of stresses within the cable. The
three physical fields were investigated separately.

The electrical current density across the cable cross-section is shown
in Fig. 12(a). As expected, the current flows exclusively through the
copper conductor because the voltage is applied only at the con-
ductor ends, and the electrical conductivity of the polymers is ex-
tremely low. Once electrified, the conductor generates heat, which
subsequently propagates through the adjacent layers. Consequently, a
diffuse temperature distribution is established, as illustrated in Fig.
12(b). The conductor exhibits the highest temperature, which gradually
decreases through the insulation and outer layers, approaching the
ambient temperature at the outermost surface. Although the applied
voltage is relatively small, resulting in a temperature increase of only
0.1 K in the conductor, this seemingly minor variation still induces
a non-negligible effect on the curvature-bending moment behavior,
motivating a detailed investigation of the stress distributions across the
layers.

The stick-slip phenomenon observed during the bending step is
strongly influenced by the contact stresses between adjacent layers.
Therefore, contact stresses, particularly those acting on the insulation
and outer layers, which are directly in contact with the helical wires,
were extracted for analysis. To eliminate boundary effects, stress data

were collected from the midsection of the model. The stress distribu-
tions in the insulation and outer sheath layers are presented in Figs.
13(a) and (b). Stresses are concentrated in the regions where the helical
wires contact the insulation and outer layers. The maximum stress in
both layers was approximately 0.03 MPa. These results demonstrate
that even small voltage variations in short-length cable can significantly
influence the contact stresses at the interfaces.

As shown in Fig. 13(c), the average contact pressure at the
insulation-armor interface increases significantly with the applied volt-
age. This is a direct consequence of the internal heating mechanism:
the thermal expansion of the inner conductor and the thick insulation
layer is constrained by the relatively cooler and stiffer outer helical
armor wires. This confinement generates substantial compressive radial
stress at the interface, a phenomenon that is less pronounced or
absent in external heating scenarios where differential expansion is
minimized. This build-up of contact pressure is the primary reason for
the subsequent stiffening of the cable’s bending response.

The axial stresses in the helical wires were also examined. Fig. 13(d)
presents the axial stress distributions at the midpoint of each helical
wire along the circumferential direction under varying voltages. Each
midpoint exhibits tensile stresses, and while stress variations around
the circumference are small for a given voltage, the tensile stress
increases markedly as the applied voltage increases. These axial stresses
significantly influence the mechanical behavior of the wires during
bending, as discussed in the subsequent section.

6.2. Bending step

In this step, the electric potential was maintained while a bending
angle is applied to the model. Given that the curvature-bending mo-
ment curve exhibits a two-segment behavior indicative of slip phenom-
ena, the relative displacement between layers is of particular interest.
The axial displacement of the helical wires is illustrated in Fig. 14(a).

It is observed that the axial displacement of the wires reaches its
maximum positive value when the rotation angle a is near 0°, gradually
decreases as « increases to 90°, and becomes increasingly negative as
a approaches 180°. This behavior is further illustrated in Fig. 14(c),
where the relative axial displacement between the insulation layer and
the wires along the circumferential position is plotted for different
applied potentials.

For all voltage cases, the wires located at the uppermost and low-
ermost positions exhibit the largest slip displacements, resulting in an
overall cosine-shaped displacement profile. Furthermore, it is found
that the higher the applied potential, the smaller the slip displacement
along the wires. This is because the contact stress, enhanced by ther-
mal expansion due to increased Joule heating, resists slip. As shown



P. Fang et al.

(a)
ECD, Magnitude
(Avg: 75%)
+2.900e-01
+2.658e-01
+2.417e-01
+2.175e-01
+1.933e-01
+1.692e-01
+1.450e-01
+1.208e-01
+9.667e-02
+7.250e-02
- +4.833e-02
+2.417e-02
+1.676e-18

Y

8

Z X

(© l

Engineering Structures 351 (2026) 121956

(b)

NT11

+2.781e+02
+2.781e+02
+2.781e+02
+2.781e+02
+2.781e+02
+2,781e+02
+2.781e+02
+2.781e+02
+2.780e+02
+2.780e+02
+2.780e+02
+2.780e+02
+2.780e+02
+0.000e+00
Y
A
360 = Potential = 0.2
= Potential = 1
g 340 —— Potential =2
E = Potential =3
g 320 = Potential = 4
v
g, Potential = 5
5 300
3
280

Position (mm)
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previously in Fig. 13(c), higher potentials induce larger temperature
gradients and, consequently, greater contact stresses.

As wires become more constrained under higher potentials, axial
stresses begin to accumulate. The axial stress distributions along the
circumferential position for various potentials are shown in Fig. 14(d).
The stress profiles exhibit a sinusoidal shape. Most of the wires ex-
perience tensile stresses, while wires located between a = 220° and

a = 330° are subjected to compression. The maximum tensile stress
occurs around a = 90°, while the maximum compressive stress appears
around « = 270°. These locations correspond to regions where wire slip
is most difficult, as shown in Fig. 14(c).

Notably, when the applied potential is less than 4 V, all wire
stresses remain below the yield limit. At 4 V, some regions around
a = 90° start to yield, and at 5 V, yielding becomes more pronounced.
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potentials.

The accumulation of high tensile stresses in the wires under higher
potentials is attributed to pre-existing stress introduced during the
electric potential step, as discussed in Fig. 13(d). Upon further bending,
the upper portions of the helical wires are subjected to additional
tension, exacerbating the stress state. Moreover, the proportion of wires
experiencing compression decreases at higher voltages, consistent with
the decreasing area below the zero-stress line observed in Fig. 13(d).

7. Parametric studies

The previous analyses have demonstrated that the friction coef-
ficient between layers is a critical factor influencing bending per-
formance [76,82-84]. Thus, the influence of friction coefficient is
investigated in Section 7.1.

Furthermore, while it is clear that both contact forces induced by
thermal expansion and variations in material properties affect bending
behavior, the relative significance of each factor remains unclear due to
their coupling. To decouple these effects, simulations were conducted
by varying the electric potential while keeping the insulation material
properties unchanged, as presented in Section 7.2.

7.1. Friction coefficient

The friction coefficient was varied from 0.1 to 0.4, in increments of
0.1, consistent with typical values for multilayer flexible structures [76,
82-84]. All simulations were performed under an electric potential
of 5 V, with other conditions kept constant except for the friction
coefficient.

The resulting curvature-bending moment curves are shown in
Fig. 15(a). The friction coefficient significantly affects the overall
bending behavior, especially when changing from 0.1 to 0.2. To further
explore the underlying mechanisms, the contact pressure on the outer
surface of the insulation was extracted, as shown in Fig. 15(b). It is
observed that variations in friction coefficient have minimal effect on
the contact pressure.

Instead, notable changes occur in the axial stress within the helical
wires at the end of the electric potential step, as shown in Fig. 15(c).
Even small variations in contact pressure lead to noticeable differences
in axial stress. Higher friction coefficients correspond to lower axial
stresses within the wires. However, the difference between the maxi-
mum axial stresses for friction coefficients of 0.1 and 0.4 is only about
3.7%.
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During the bending step, the helical wires start to slip for all friction
coefficients. Fig. 15(d) shows that the lower the friction coefficient,
the greater the slip. The most significant change occurs between co-
efficients of 0.1 and 0.2, where the slip difference at « = 180° reaches
60.3%. Increased slippage also leads to a larger reduction in wire stress,
as presented in Fig. 15(e).

In the case of a friction coefficient of 0.1, the axial stresses of
all wires remain below the yield limit, suggesting a lower risk of
fatigue failure and improved service life in practical engineering ap-
plications [85-87].

7.2. Effect of temperature-dependent material properties

The temperature rise in the SPC induces two competing effects:
thermal expansion, which increases contact stresses, and material soft-
ening of the polymers. To decouple these phenomena and quantify
the sole contribution of temperature-dependent material properties, a
comparative study was conducted. A second set of simulations was
performed where the constitutive behavior of the XLPE insulation was
held constant at its room temperature (293.15 K) properties, while
the thermal expansion coefficient remained unchanged. The results
were then compared against the original simulations that used the
temperature-dependent material model.

The curvature-bending moment curves for both the original (tem-
perature-dependent material) and modified (temperature-independent
material) cases are compared in Fig. 16(a). It is observed that, across
all cases, material property variation has a negligible effect on the
overall bending behavior. The curves corresponding to the fixed and
varying material properties almost completely overlap. Only at a higher
electric potential of 4 V does a slight deviation between the two curves
appear. This finding indicates that for current case, thermal expansion-
induced contact stress variations are the dominant factor influencing
the bending behavior, rather than the temperature dependence of
material properties.

To further investigate this effect, the von Mises stress distributions
within the insulation layer under an electric potential of 5 V were
extracted for both cases, as shown in Figs. 16(b) and (c). Although
differences in von Mises stress distribution are observed, the magni-
tudes of these stresses are extremely small. Given the relatively low
stress levels in the insulation compared to the high stresses in the



P. Fang et al.

@)

Engineering Structures 351 (2026) 121956

led
Nl
Nt
= A e
B, ./..-"4’
& L
— aBe® - - . ]
= St = Friction coeficient = 0.1
g X5
£ 190 Bt = = Friction coeficient = 0.2
2 o . . .
o & ==+ Friction coeficient = 0.3
. £ . -
50 =+ Friction coeficient = 0.4
o [)l(')ﬂ(] 0.25 0.50 0.75 1.00
Curvature (1/mm) le—d
(b) (c)
0.650 87.00
0.575 = 85.25
= f =
& I -
= [ e
2 0.500 | | I £ 83.50
g j 7
5 |
g
& 0425 < 81.75
03505 90 150 270 360 80005 % 180 270 360

(d) Circular position & (deg)

0.10

0.05

0.00

0.05

Axial displacement (mm)

=0.10

i " n
180 270 360

0 %
Circular position o (deg)

Circular position & (deg)

@

120

o
9

50

Axial stress (MPa)

20

0 90 180 270 360

Circular position @ (deg)
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the bending step.

helical wires, these variations have little impact on the overall bending
performance of the cable.

Additionally, the contact pressures on the outer surface of the
insulation for the temperature-dependent and temperature-independent
cases were compared, as shown in Fig. 16(d). The two pressure curves
closely overlap, confirming that material property variations with tem-
perature have minimal influence on the contact stress distribution.

This finding decisively shows that for an internally heated SPC,
the stiffening effect from thermal expansion-induced contact stress
overwhelmingly dominates the softening effect from the material’s
temperature dependency. This explains the apparent contradiction with
experimental studies like those of Kompergd and Magnus [44], where
external heating caused a reduction in bending stiffness. In their case,
the uniform temperature rise minimized internal pressure build-up,
allowing the material softening effect to govern the response. Our re-
sults, however, demonstrate that under realistic operational conditions,
the internal temperature gradient fundamentally alters the mechanical
behavior, leading to a stiffer, not a softer, cable at higher operating
currents. This highlights a critical insight for cable design and analysis:
the method of heating is not just a detail but a primary factor that can
reverse the expected thermo-mechanical trend.
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8. Conclusions

In this study, an effective numerical model was developed to ana-
lyze the local mechanical behavior of SPCs under the combined effects
of thermal and electrical fields. The model uses periodic boundary
conditions in a RUC approach to enhance computational efficiency, al-
lowing the simulation of complex cable geometries without a significant
increase in computational cost. To capture the temperature-dependent
material behavior of the insulation layer, a temperature-dependent
constitutive model based on the Ramberg-Osgood formulation was
established, with the necessary material parameters obtained through
experimental tests conducted specifically on the insulation material.

The initial residual stresses within the cable’s contact interfaces
were simulated using the contact stresses induced by thermal expan-
sion resulting from temperature rises. These residual stresses appear
to be critical in understanding how SPCs behave under thermal and
mechanical loading conditions. Four-point bending tests were con-
ducted to calibrate the model, specifically determining the equivalent
electric potential that represents the manufacturing-induced residual
stresses. Following calibration, detailed mechanical analyses of SPCs
under multiphysical fields (electrical, thermal, and mechanical) were



P. Fang et al.

Engineering Structures 351 (2026) 121956

o
o
R

F
=
F

—— Potential = 0.2V
A - Potential = 0.2 V, fixed material property
= 1 = Potential = | V
< —& Potential = 1 V, fixed material property
E —— Potential =2 V
5 2 =& Potential = 2 V, fixed material property
= ; »
- = Potential =3 V
o . i 3
g : =4 Potential = 3 V, fixed material property
< It . .
= —— Potential =4 V
o =+ Potential = 4 V, fixed material property
0 Potential = 5 V
0.00 0.25 0.50 0.75 1.00 Potential = 5 V, fixed material property
(b) Curvature (1/mm) le—4
S5, Mises S, Mises
(Avg: 75%) (Avg: 75%)
+1.566e+00 +2.2170+00
! +1.472e+00 . +2.0760+00
+1.378e+00 4+1.934e400
+1.284¢+00 S 41.793400
+1.1902+00 +1.652e+00
B +1.096e+00 +1.510e+00
+1.001e+00 +1.369¢+00
+1.228e400
+9.072e-01 +1.0860+00
+8.130e-01 +9.451e-01
2518 +8.037e-01
+5.305e-01 S Trrat
+4.363e-01

(d) sspe

1
AT ) '
] |
sof il !l ‘ \ !
;A
% L ;;.-" il
GRS
£ HIU |I‘ | il
4'0 ” = ' =" y il Potential =
— — Potential = 5 V, fixed material property
300 0.9 1.8 27 36
Curvature (1/mm) le2

Fig. 16. Comparison of cable behavior when material properties are temperature-dependent and temperature-independent (stress and pressure are in MPa): (a)
curvature-bending moment curves; (b) von Mises stress distribution in the insulation for temperature-dependent material; (c) von Mises stress distribution in the
insulation for temperature-independent material; (d) contact pressure on the insulation surface for both cases.

conducted. The following key findings emerged from the study for the
cable investigated in this paper:

@

2

3)

Dominant Role of Temperature-Induced Contact Stress: As the
electric potential increased from 0 V to 5 V, the bending moment
at a curvature of 1x10~* mm~! increased by approximately 140%.
This increase can be primarily attributed to thermal expansion-
induced contact stress, which significantly prolonged the stick
phase in the moment—curvature response.

Minor Contribution from Material Softening: A parametric
comparison between the full temperature-dependent model and
a model with material properties held constant at room tem-
perature showed that the difference in bending moment was
less than 5% for most cases. This suggests that the variation in
the mechanical response was governed mainly by the change in
interface contact pressure due to thermal expansion, rather than
the softening of the insulation material.

Significant Impact of Friction Coefficient on Slip Behavior:
When the friction coefficient decreased from 0.4 to 0.1, the axial
slip displacement of the helical wires at the most critical location
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(around a = 180°) increased by over 357.9%, and the axial stress
becomes less than the yield strength, indicating reduced fatigue
risk.

(4) Influence of Electric Potential on Internal Wire Stress: For
Potential = 5 V, the accumulated tensile stress in the helical wires
exceeded the material yield strength locally, while for Potential
< 3V, the stress remained fully elastic. This indicates that higher
electrical loading could lead to premature plastic deformation or
fatigue if not accounted for.

It is important to acknowledge the limitations of the current study,
which suggest avenues for future research. Firstly, the model simpli-
fies the cable’s geometry by integrating several thin functional layers
into the main structural components. As discussed in Section 4, this
approach, while computationally efficient, neglects localized stress con-
centrations and potential micro-slip at the interfaces of these thin
layers, which may slightly alter the overall frictional response. Sec-
ondly, the analysis assumes quasi-static loading conditions. The rate-
dependent (viscoelastic) properties of the polymeric materials were not
considered, which could be significant for dynamic cables subjected
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to high-frequency loading. Future work should aim to develop and
incorporate a rate-dependent constitutive model to capture these ef-
fects. Thirdly, while a temperature-dependent model was developed
for the critical XLPE insulation, the properties of copper and MDPE
were assumed to be temperature-independent and sourced from manu-
facturer data or previous studies. A more comprehensive experimental
characterization of all components across the operational temperature
range would further enhance the model’s fidelity. Finally, the study
employed a weak-coupling approach; a fully coupled thermo-electro-
mechanical analysis, though computationally demanding, could reveal
additional insights in scenarios with extreme deformations.

The modeling framework and findings presented in this study are
especially relevant to practical scenarios in SPC applications. One key
application is in dynamic SPCs, which are used in floating offshore
wind farms and floating oil platforms. In these applications, cables
are suspended and subjected to combined bending, axial tension, and
thermal loading due to current-induced heating. In such configurations,
the interaction between thermal expansion and contact stresses plays a
critical role, potentially affecting the bending stiffness and fatigue resis-
tance of the cable system. Additionally, thermal gradient zones, such as
transitions from shallow to deep water or interfaces between seawater
and air during installation, can lead to nonuniform thermal expansion
and internal stress redistributions, further complicating the mechanical
performance. The modeling insights from this study are also applica-
ble to high-current steady-state operation scenarios, where sustained
electrical loading induces significant temperature rises and cumulative
mechanical effects, which affect long-term cable performance. These
conditions highlight the importance of accurately capturing electro-
thermal-mechanical coupling in the design and reliability assessment
of modern SPC systems.
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