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Submarine power cables in offshore wind farm operate within a complex multiphysics environment. Despite
being designed to be both flexible and robust though, their mechanical characteristics are susceptible
to variations of thermal field. Bending studies of submarine power cables present challenges rooted in
geometry complexity, component contact, and material non-linearity, compounded by the intricate stick—
slip mechanism. The difficulty is further intensified when incorporating the thermal impact on material and
contact properties. This paper presents a three-dimensional Representative Volume Element (RVE) model for
predicting the nonlinear bending stiffness of three-core submarine power cables. The RVE model, developed
with constant curvature and periodic boundary conditions, incorporates dashpots to address the stick-slip
challenges associated with cable bending. This modeling approach minimizes the required cable length for
bending analysis, significantly reducing computational costs. Validation against the bending test of a three-core
cable at room temperature, alongside comparison with a 3D full-scale finite element (FE) model, demonstrates
the efficiency and accuracy of the proposed RVE approach. Furthermore, the study explores the thermal effect
on cable bending, highlighting the capabilities of the proposed RVE model in facilitating thermal-mechanical
coupled flexural analysis of submarine power cables. This research contributes to advancing understanding
and optimization of submarine power cable design for offshore applications.

1. Introduction are helically arranged within the body, imparting compliance to the
submarine cable, as shown in Fig. 1(COREWIND, 2020). The penalty
is, however, the assessment of bending stiffness becomes difficult due
to the stick-slip behaviors of those helix elements (Skeie et al., 2012).

The cross-sectional configuration of a typical three-core submarine
power cable is illustrated in Fig. 2. The cable comprises several main
components arranged from the outermost to the innermost, including:
an outer sheath to safeguard the cable from external mechanical dam-
age; armors for mechanical protection which are wound helically; an

The expansion of offshore wind farms is rapidly accelerated by the
growing demand for renewable energy nowadays. Submarine power
cables, as one key component of offshore wind systems, have to meet
stringent requirements to efficiently transport electricity and endure
the environmental conditions (DeCastro et al., 2019). Unlike most off-
shore energy infrastructure, submarine cables operate within complex
physical environments where mechanical, thermal and electromagnetic
fields interact simultaneously (Matine and Drissi-Habti, 2019; Wang

et al., 2021). Understanding their mechanical performance while tak-
ing into account the influence of correlated physical fields can help
optimize cable designs, identify potential risks, and prevent premature
failures (Yan et al., 2021, 2022).

Bending stiffness stands out as a crucial mechanical property in
design phase, allowing cables to withstand substantial wave-induced
motion without suffering internal damage (Hall et al., 2021). Nonethe-
less, the public literature currently lacks comprehensive cable bending
studies, primarily due to the intricate nature of cable geometry and con-
tact mechanisms. Functional elements like armor wires and conductors
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inner liner shielding the underlying components from physical damage
like abrasion and impact; steel strands providing additional mechanical
protection and weight support, contributing to a round cross-section
in conjunction with cores and fillers; an insulation system to prevent
electricity leakage, and conductors for power transmission (Resner and
Paszkiewicz, 2021).

Companies like Nexans and Prysmian (Maioli, 2015; Kompergd
et al., 2017) have conducted experiments to investigate the bending be-
havior of submarine power cables. Their tests revealed that the bending
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Nomenclature

Abbreviations

DoF degree of freedom

FE finite element

MPC multiple point constraint

RVE representative volume element

Symbols

a laying angle

p bending radius

o, ultimate tensile strength

o, yield strength

0 angular parameter

% bending angle

{r} cross section

A,B,C,0,S points

¢y dashpot coefficient

Dy, D, D, constants

E elastic modulus

K temperature

L, pitch of armor layer

Ly cable length in RVE

L pitch of helical wire

M bending moment

N natural number

n wire number

q Euler parameter

R element of rotation matrix

U matrix element

X, u initial coordinate and displacement, respec-
tively
partial derivatives

e—d axis-angle representation

f constraint equation

I identity matrix

Q unit quaternion

R rotation matrix

t—-n-b Frenet-Serret frame

X, u initial position and displacement vector,
respectively

b Tait-Bryan angle

X-Y-Z universe Cartesian coordinate system

Subscripts

i,j. k index

r point position after rotation

stiffness of submarine cables is highly nonlinear, varying with bending
curvature (Jordal et al., 2017; Tyrberg et al., 2019). Submarine cables
exhibit hysteresis in their flexural response, attributed to the stick-slip
mechanism among the components. Under small curvature, internal
friction prevents slip, resulting in a high initial tangent stiffness. As the
curvature increases to a critical value, friction is overcome, leading to
slippage and a subsequent reduction in stiffness (Seevik and Ye, 2016;
Kebadze, 2000; Kraincanic and Kebadze, 2001).

Moreover, tests conducted by these companies indicate that the
bending stiffness of submarine cables is sensitive to thermal varia-
tions (Maioli, 2015; Kompergd et al., 2017). In cases where cables
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Fig. 1. Helical configuration of a typical three-core submarine power ca-
ble (COREWIND, 2020).

transmit high electric current, the energy loss in the conductor induces
resistive heating, warming both the cable body and the surrounding
environment. This operational condition may result in volume expan-
sion and mechanical degradation of components, thereby influencing
the bending performance of submarine power cables (Hamdan, 2019).
The complexity of the flexural response is further compounded when
considering the viscosity of the anti-corrosion bitumen (Mullins et al.,
2015; Hedlund, 2015).

To improve the flexural design, mathematical modeling is essen-
tial to help understand the bending characteristics. Analytical models
for cable bending stiffness can establish upper and lower bounds by
assuming either full slip or full stick conditions among the helical
components (Lanteigne, 1986; Kraincanic and Kebadze, 2001; Ramos
et al,, 2003). The full slip condition assumes that all helices slip
during bending and sums up the bending stiffness values of individual
components. Conversely, the stick condition assumes that all the cable
components are fully bonded, calculating the bending stiffness by
treating the cable as an integral, solid structure.

Recent advances in analytical modeling concentrate on addressing
the slippage behaviors of helical armor layers, given their hysteresis
effect in bending (Zhang et al., 2023b; Tang et al., 2022; Yun et al.,
2020). By assuming a prescribed slippage route for the armor wires,
their bending stiffness is calculated using Kirchhoff’s rod theory (Kirch-
hoff, 1859; Seevik, 2011; Li et al., 2019). Mostly, two route assumptions
— loxodromic and geodesic hypotheses — define the slippage route
of helices in bending. The loxodromic hypothesis assumes a constant
laying angle during helical wire deformation, resulting in a loxodromic
curve on a torus surface (Witz and Tan, 1992; Skeie et al., 2012).
In geodesic hypothesis, the helical wire is assumed to take the path
yielding the shortest distance on the torus surface, following the prin-
ciple of minimum potential energy (Feret and Bournazel, 1987; Out and
Morgen, 1997; Leroy and Estrier, 2001).

The development of current analytical models is still impeded by in-
corporating factors such as initial states and component interactions (Li
et al., 2021a; Ménard and Cartraud, 2021, 2023). As a result, numerical
analysis has become the predominant approach in the studies of cable
bending. Constructing three-dimensional finite element (FE) models
with geometry details allows better insight into the structural integrity
and layer interactions (Chang and Chen, 2019; Guttner et al., 2017).
However, it poses computational challenges due to the incorporation
of helical structural elements and multiple contact regions (Li et al.,
2021b; Fang et al., 2023), let alone the introduction of thermal effects.
Overall, 3D FE simulations of submarine power cables are still confined
to analyzing responses under axisymmetric loading such as tension or
torsion (Chang and Chen, 2019; Yan et al., 2022; Yang et al., 2021; Lu
et al., 2017a).

To reduce the computational cost, simplified FE models are devel-
oped as an alternative strategy. One common simplification is replac-
ing the solid helical metal strands or wires with beam or shell ele-
ments (Corre and Probyn, 2009; Lu et al., 2017b). While this approach
enables the mechanical analysis of cables under complex loading con-
ditions, it raises concerns regarding element equivalence and layer
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Fig. 2. Typical cross section of a three-core submarine power cable.

contact as the involvement of beam and shell elements (Ménard and
Cartraud, 2021, 2023). Furthermore, this simplification also requires
the model to be built with adequate length in order to eliminate end
effects (Axelsson and Skjerve, 2014).

Another simplification is to reduce the cable length using a Repre-
sentative Volume Element (RVE) model with periodic boundary con-
ditions (Lukassen et al., 2019; Tjahjanto et al., 2017). In this ap-
proach, one cable portion called “unit cell“ is “cut off” to represent
the “infinitely long” submarine cable line. With the aid of displacement
couplings and kinematic constrains at the cutting ends, the entire bent
cable could be represented by such a unit cell. While this RVE modeling
technique offers computational efficiency in cables’ bending analysis,
the model quality heavily relies on the adopted periodic boundary
conditions (Li et al., 2021b; Smith et al., 2023). Determining suitable
periodic boundary conditions to accurately reflect the stick—slip charac-
teristics of submarine power cables faces significant challenges in RVE
model development.

Currently, there are few available models that effectively balance
accuracy and efficiency for cable bending analysis. Furthermore, there
is a continuous demand for integrating thermal effects into cable bend-
ing studies, as supported by tests demonstrating the significant tem-
perature sensitivity of cable bending stiffness (Tyrberg et al., 2019;
Kompergd et al., 2017). In respond to this, an RVE model, with dashpot-
enhanced periodic boundary conditions, is presented.

The rest of the paper is organized as follows: in Section 2, the
methodology is outlined for developing an RVE model of a three-
core submarine power cable. Section 3 presents the mechanical test
on a three-core submarine cable sample, and the result is employed
in Section 4 for model validation. Moreover, a 3D full-scale FE model
is constructed in Section 4, and its result is compared with the RVE
model for computational efficiency assessment. Section 5 investigates
the thermal effect on bending stiffness of cables using this validated
RVE model and discussions are given. The conclusions are presented in
the final section.

2. RVE technique and model development

The RVE is a 3D-periodic model that assumes the bent cable ex-
periences constant curvatures over time (Caleyron et al., 2014). With
this assumption, all helical wires within a specific armor layer can
be treated to have the same behavior, making it feasible to apply
periodic boundary conditions onto a representative cable cell. This
section begins with a mathematical description of the periodic bound-
ary conditions for helices in bent cables, followed by the subsequent
implementation of RVE in the commercially available finite element
code ABAQUS (Simulia, 2022).

2.1. Periodicity of helices under bending

Considering a straight cylinder helically wound by wires with a
laying angle a, as illustrated in Fig. 3. Under the assumption of constant
curvature, a periodic repetition of behaviors occurs for points on the
wires at the same angular position on the cross-section. This periodicity
is exemplified by points A and B in Fig. 3, both marked with an
angular parameter 6. A universe Cartesian coordinate system X-Y-Z is
established as shown in this figure to which everything discussed can
be referenced. The Frenet-Serret frame, denoted as t-n-b, is established
on the center-line of the cylinder within its tubular domain, represented
by the intersection cross-sections labeled as {I'}. The cross-sections
corresponding to points A and B are labeled as {I"(0)} and {I"(1)}, with
their origins situated at points O and C, respectively.

When the cylinder is subjected to a bending moment M, the mo-
tions of attached wires follow the loxodromic paths in the absence of
slippage. Correspondingly, the cross-section {I'(1)} is rotated to a new
location {I'(1)}, with the bending angle ¢. The point B, belonging to
one of the wires within {I"(1)}, is also repositioned to a new position B,.
In the event that slippage occurs, the wire will slide over the external
surface of the cylinder in search of a natural path, leading the attached
point to position B;. Consequently, the displacement vector from point
B to B, is given as:

BB, = BB, + B, B, €})

Noting that:

{fgj:éj&j_aﬁﬂai_aﬁ @
B,B, = RAA,

we have:

C/B; =R(CB + 4A)) 3)

where R is a rotation matrix that describes the relationship of one
coordinate system relative to another, taking a general form as:

Ry Rpp Ry
R=|Ry Ry Ry )
R31 Rz R

Here, R denotes the matrix element. The cylinder with helical wires
attached is not a fully axisymmetric structure. In other words, frame
{I'(1)} undergoes a twist during bending. According to Euler’s rotation
theorem (Euler), any 3D rotation (or sequence of rotations) can be
specified using two parameters: a unit vector e that defines an axis
of rotation; and an angle @ describes the magnitude of the rotation
about that axis, as illustrated in Fig. 4. Therefore, a pseudo-vector ¢
is employed to describe the rotation R(®C) of frame {I"(1)} about point
C.



X. Li et al.

Front view
{(r(y

*
~
=
=

3D view

B A

Ocean Engineering 309 (2024) 118588

Side view
{r(0)

Helical
wire Before

_______________ - bending

After
bending

Fig. 3. Kinematics periodicity of helical wire in cables: pre- and post-bending.

e
Fig. 4. Axis-angle representation.

This axis-angle representation can be expressed by a 4 x 1 vector
called unit quaternion as:

Q=1lq ¢ 9 451" ()
where:
a0 cos(ii/2) || cos(b/2) ’ cos(f/2)
al | o 0 sin?/2)
ol | o sin(b/2) 0 ©)
a| |sin/2|| o 0

Here, #, b, and 7 represent Tait-Bryan angles with respect to their
corresponding axes. It is clear that the four Euler parameters are not
independent:

G+a+a,+a=1 @)
The rotation matrix R(®€) that is equivalent to a set of Euler
parameters is:

1-2¢3 -243
R(®) = | 2(914 + 390
2(q193 — 9240)

2(q195 + 9290)
2(4293 — 91490) (€))
1-2q7 - 243

29192 = 4390)

2 2

1- 2q1 - 2q3

29295 + 9190)

Denoting x and u®) as the initial position and displacement vector

of the corresponding points (-), Eq. (3) can rewritten into a constraint
equation as:

f=uf —Rx? —x +ut)—u€ —x +xF =0 9

Implementing this constraint equation in Abaqus using Multiple
Point Constraint (MPC) user-subroutine enables the realization of pe-
riodic behaviors for helical components in RVE.

2.2. RVE modeling

2.2.1. Constraint for constant curvature
The bending behavior of the armor layer, consisting of n wires,
repeats at a regular pitch-length interval as:

L,= [7“ (10)
where /,, is the pitch of helical wires in armor layer. To ensure periodic
conditions in the RVE modeling, the model length Ly should be a
multiple of the layer pitch, given by L = N - L,, where N is a
natural number. For arbitrary point S; lies on the center-line between
point C and O, as shown in Fig. 5, its degrees of freedom (DoFs) shall
meet the following constraint equations due to the constant curvature
assumption:

Si _ S _ _ Siy —
{f2 =u)" - p(1 - cosu,’) =0
S; Si
Iyt =u

in which:

an
.S S
—psinu,’ +x3' =0

)

X
S _C
u4 —u4

|bJ

12)
x

wa

And the bending radius p is calculated as:
x€ +uf
p=——2 13)
sinug

Here, ijf denotes the constraint equation for point S; in its j-th DoF;
x; represents the initial coordinate, and u; represents the DoFs in the
universal Cartesian coordinate system X-Y-Z; the subscript ;’ ranges
from 1 to 3 for displacement along the X, Y, and Z axes, and from 4 to 6
for corresponding rotational quantities. The constraint equation set Egs.

is embedded into Abaqus MPC user subroutine, enforcing a constant
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Fig. 6. Implementation of periodic boundary condition in RVE.

curvature along the centerline of the cable. Each point S; on this line
controls its respective cross-section I'(.S;) using kinematic coupling, as
shown in Fig. 5, ensuring uniform bending across the entire RVE. In
what follows, the applied boundary conditions at the cutting ends of
the RVE are given in details.

2.2.2. Constraints on cutting ends

In our model, the RVE is designed with a length of 2L, to create
a symmetry bending plane in the middle, as illustrated in Fig. 6. As a
result, the node groups of the wires on the cutting ends, denoted as
{B}, are governed by both the node group {A} on middle section and
the point C to achieve periodicity. The governing equation, Eq. (9), is
implemented as an MPC-type constraint using the user subroutine in
Abaqus. Due to the incremental nature of the solution procedure in
Abaqus/Standard, this governing equation is linearized into a set of
constraints as:

df = du® — dR(x® = x¢ + u?) — Rdu” — du€ =0 14)

The partial derivatives A of the constraint equation f with respect
to each nodal degree of freedom for node groups {A}, {B}, and point

C can be expressed in arrays as follows:

of
AA=au—A=—
as- % _y
ouB
-1 0 o us U§ U§ (15)
Ac=a‘1—fc=[o -1 0 ug u§ u§
0 0 -1 U5 US U§
where:
v = 2R ey a6)

C
duk

Here, I is the identity matrix; the subscript ‘.’ ranges from 4
to 6, representing rotational quantities about the X, Y, and Z axes,
respectively. Simultaneously, the subscript ‘j’ ranges from 1 to 3 with
the same definition as mentioned above.

In addition to the periodic boundary condition of wires, constraints
are also applied to the cutting ends of remaining components. Kine-
matic couplings are employed to constrain the nodes of all non-metallic
components at the cutting ends, in which their six DoFs are governed by
the corresponding point C. Metallic components within the core region
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Fig. 7. Dashpot elements connect to node group {A} on wires.

are unrestricted at their cutting ends, allowing relative movement be-
tween them and their adjacent polymeric layers. Except for the helical
wires, nodes of all components on the middle plane are fully fixed,
enabling the symmetrical bending. Ultimately, with these constraints
in place, the bending moments applied to governing points C! and C!!
are effectively transferred to the RVE.

2.2.3. Interactions between components

Simulating cable bending through RVEs poses challenges, especially
in addressing the interaction between components. Helical wires, wrap-
ping around the cable core, may exhibit stick-slip behaviors during
bending. In practical cable bending scenarios, the loads acting on he-
lical wires are transferred through contact interfaces with neighboring
components. The critical factor determining whether the wire slip or
not is the balance between its shear force and friction (Kebadze, 2000).

In RVEs, the bending of the cable is controlled by a designated
point, referred to as point C, at each end. This point also serves as a
governing factor for establishing the periodic boundary conditions of
the helical wires. It is important to note that in RVEs, the helical wires
are correspondingly shortened into segments. Due to the misalignment
between the helical axis and the cable centerline, the helical wire
“segments” in RVEs are compelled to experience both torsional defor-
mation and rotational movement according to the traction from point C.
Consequently, the periodic constraints in RVEs cause the helical armor
wires to have reduced adherence compared to their counterparts in
cables subjected to real-world bending conditions.

To resolve this, a dashpot technique is introduced, utilizing dashpot
elements to counteract the traction effect from point C, as illustrated in
Fig. 7. These elements are connected to the node group {A} of wires
at the middle plane, associating with their degree of freedom u; and
featuring a damping coefficient ¢,. This adds a “velocity”-dependent
damping force to the connected node group, where velocity is the
ratio of displacement increment to analytical time increment in Abaqus
static analysis (Simulia, 2022). Essentially, these dashpots dampen
the sudden slippage caused by the traction from point C, leaving the
stick—slip to be determined solely by the balance between shear force
and friction. Calibration for the damping coefficient ¢, of the dashpot
elements is provided in the following sections.

Component contact arises during the loading process as the subma-
rine power cable is a multi-layered tubular structure. To address this,
a surface-based penalty method is employed. According to the work of
Kinsella, et al. (2005) and Gay Neto and Martins (2014) (Kinsella et al.,
2005; Gay Neto and Martins, 2014), a Coulomb friction coefficient of
0.25 is adopted for the tangent sliding between layers while a penalty

Ocean Engineering 309 (2024) 118588

stiffness factor of 0.1 is used in normal contact. An 8-node coupled
temperature—displacement element, C3D8RT, is employed in RVE to
enable the mechanical, thermal and their coupling analysis. By using
the sweep meshing technique, the RVE is meshed as shown in Fig. 8.

Bending moments are symmetrically applied to reference points C!
and C!. The boundary condition for both C' and C!' permits movement
exclusively in the y-z plane. Simultaneously, point O located in the
middle bending plane is fully fixed. By encoding the aforementioned
constraint equations into Fortran user subroutine, the RVE model for
coupled mechanical-thermal analysis of submarine power cables is
thereby developed.

3. Bending tests of submarine cable

This section presents the bending tests carried out on three-core
submarine power cable. The bending stiffness data obtained from this
test are utilized for model validation in subsequent sections. Before
the bending test, measurements of the mechanical performance were
undertaken specifically on polymers used for insulation and protection
sheaths. Due to confidentiality concerns, not all test data are presented,
and the disclosed data are normalized.

3.1. Tests for material properties

The three-core cable sample provided by the manufacturer is de-
signed to operate within a core temperature range of 80 to 100 °C.
The primary materials used in cable fabrication include: copper for the
conductors; steels for armor wires and strands; XLPE for insulation;
MDPE for fillers, liner and inner sheath; and HDPE for the outer sheath.
Metallic materials are assumed to maintain their mechanical properties
unchanged regardless of thermal variations. However, for polymeric
materials, given that their mechanical properties are influenced by the
manufacturing process and undergo significant changes with temper-
ature, material tests are conducted by cutting samples from the tested
cable. Fig. 9 displays the test samples for MDPE, HDPE, and XLPE along
with the property measurement.

The mechanical properties of the tested polymers are presented
in Fig. 10. Notably, only XLPE samples undergo testing for varying
thermal conditions, as they are used in insulation system to cover
the innermost conductors. Material tests for MDPE and HDPE are
conducted at 20 °C though, their mechanical properties at various
temperatures can be derived through equation fitting as below (Amjadi
and Fatemi, 2020):

oy, 64, E =Dy + DK + Dy-K* a7

where oy,0,, and E are yield strength, ultimate tensile strength, and
elastic modulus, respectively; D, D,, and D, are constants to be fitted;

K is the temperature.
3.2. Bending test on submarine cable

The bending stiffness of the three-core cable sample is assessed
through the four-point bending test at room temperature, as shown in
Fig. 11. The setup comprises dual pairs of cable holder rings: inner rings
affixed to the mobile frames and outer rings secured to a stable base.
Ring sizes are adjusted to match the outer diameter of the tested cable.
The mobility of the frames is restricted to vertical motions, ensuring
controlled testing conditions. Displacement sensors are strategically
placed on both the inner rings and the middle section of the cable
to record associated displacements during the test. Simultaneously, the
applied loading by the two inner rings is also recorded.

A 9-meter three-core cable sample underwent multiple pre-bending
cycles to enhance contact between inner components, ensuring its
mechanical behaviors are accurately represented in the subsequent test.
Throughout the testing process, the applied loading induced bending
and restoring in the cable, while maintaining a bending radius above
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Fig. 8. Mesh of the whole RVE (left) and y-z plane view cut (right).

Fig. 9. Test samples of polymers (top) and photographs of material tests (base).

the sample’s minimum requirement. Additionally, the loading was
applied at a slow rate, deliberately chosen to minimize the impact of
material strain-rate effects, thus enhancing the precision of the test
results. The obtained bending stiffness from this three-core cable is used
for model validation.

4. Model calibration and validation

Given that the RVE model integrates a dashpot technique to mitigate
traction effects arising from the applied periodic boundary condition,
we employ the test results from our prior collaborative work (Fang
et al.,, 2023) on one-core cables for calibration. This calibration is

crucial as it involves determining the dashpot-related damping coeffi-
cient in the RVE before validation. Subsequently, the RVE undergoes
validation through testing with three-core cables. Additionally, we
construct a full-scale FE model to compare with the RVE, aiming to
assess its computational efficiency.

4.1. Calibration for dashpot coefficient

In a previous study (Fang et al., 2023), the four-point bending tests
were conducted on one-core cable samples, as illustrated in Fig. 12.
These samples, with a length of 600 mm, were uniformly bent to a cur-
vature of 10 mm’!. Corresponding one-core RVE model is constructed
as shown in Fig. 13. The boundary conditions in this single-core model
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Fig. 11. Four-point bending test on three-core cable.

are identical to those in the three-core RVE. We varied dashpot damp-
ing coefficient, ¢;, to investigate its impact on eliminating traction
effects from the periodic condition. The bending stiffness curves from
these cases are compared with test results to calibrate the dashpot
coefficient.

The comparison of bending stiffness between tests and RVEs is
illustrated in Fig. 14. It is evident that as the value of the dashpot
coefficient increases, the stiffness in the RVE also rises. A notable
match in overall bending behaviors with testing is achieved when this
coefficient reaches a value of 1000. This suggests that when the dashpot
coefficient is set to 1000, the traction force acting on armor wires due to
the periodic boundary condition can be effectively offset. Consequently,
the stick-slip behaviors of the wires are purely determined by their
contact status.

4.2. Model validation and comparison

Following calibration, the RVE model for the three-core cable with
a dashpot coefficient of 1000 is constructed for validation. To provide
a comprehensive comparison, a 3D full-scale FE model is also con-
structed, as illustrated in Fig. 15, to assess the computing efficiency

of this RVE. The length of this full-scale model is equal to the pitch I O‘Ohi 50 i Ll ' unit: m
of helical wires, ensuring a sufficiently long cable to eliminate end E

effects. The surface-based contact properties are set the same as in the l 2 i : = 2

RVE. The mesh size is well-adjusted to balance accuracy and efficiency ] T i

given the three-core cable has an extremely complex structural con-

figuration. However, the total elements count for this full FE model Fig. 12. Four-point bending test on one-core cables.
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3D view

Fig. 13. RVE model for one-core cable in different views.
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Fig. 14. Normalized curvature vs. bending moment obtained from tests and RVEs for
one-core cable.

still approaches 3 million, resulting in a time-consuming computational
process taking over one week on our HPC system with 32 cores.

Three reference points (RPs) are positioned on the left, middle, and
right cross-sections of this full-scale FE model along its axial center-
line, as depicted in Fig. 15. The RPs on the cable ends are allowed
movement only within the y-z plane, coupling solely with nodes of non-
metallic components. This setting aligns with the absence of restraints
on the sample ends during testing, preventing over-constraining of the
entire structure. Bending moments are applied to these two RPs to
force the cable to bend symmetrically. The middle RP couples all the
nodes on the middle section except the ones from helical armor wires,
allowing stick-slip behaviors to take place. By fully fixing this middle
RP, symmetric bending can thereby be imposed onto the cable.

The nonlinear stiffness curves from the RVE, 3D full model, and
testing are plotted in Fig. 16. The outcome provided by the calibrated
RVE model closely aligns with the other two, with an average difference
of less than 10%. The test result exhibits a highly nonlinear hysteresis
effect, clearly indicating transitions between stick and slip regimes.
This characteristic is well-captured by both the full-scale FE model
and RVE results. At small curvatures, internal friction hinders relative
movement, leading to a relatively high tangent stiffness. Once the
curvature surpasses a certain threshold, slippage rapidly occurs until
the stiffness stabilizes.

The stress distribution over the cable’s cross-section at the maximum
bending curvature is compared between the full model and RVE, as
shown in Fig. 17(a). Both the RVE and the full model exhibit a similar
stress profile, except for the maximum stress. In the RVE, the maximum
stress magnitude is nearly 2.5 times that of the full model, concentrated
in the wire regions where the dashpots are applied to. This difference
arises because the continuous helical wires in the RVE are reduced to
segments, creating a misalignment between their centerline and the
cable. Despite achieving periodicity, this misalignment causes bending
moments to induce an additional ‘traction effect’ through the MPCs on
those segments. The dashpot technique is thereby introduced in RVE to
offset that traction effect, resulting in the wire withstanding additional
loading and a much higher stress magnitude.

When the helical wires are removed, both the 3D full model and
the RVE exhibit a similar stress distribution over the inner components
as displayed in Fig. 17(b). In this scenario, the steel strands become
the secondary components for internal mechanical protection. The
maximum stress in the full model is around 90 MPa, whereas the RVE
reaches only 55 MPa in the same component. This difference is owing to
the fact that the helical wires and their associated dashpots in the RVE
bear more external loads, diminishing the contribution from the inner
components to the bending resistance. Consequently, the stress level of
inner components in the RVE is lower than that in the full model.

Following test validation and full-scale FE model comparison, the
RVE model is able to efficiently predict the bending stiffness of subma-
rine power cables. As aforementioned, the full-scale FE model required
over one week and 32 cores to complete the bending computation. In
contrast, the RVE finishes the same task in less than six hours using
only 8 cores. However, it is important to note that excessive stress
induced by damping traction can lead to premature plasticity in wires,
resulting in inaccurate stiffness predictions after reaching the material
yielding point. Technical efforts to address this traction effect, such as
surface-based contact damping or cohesion-damage techniques, have
faced challenges with convergence. Among these attempts, dashpot
damping has emerged as a viable solution, enabling the RVE to achieve
both efficiency and accuracy.

5. Thermal effect on bending stiffness

As submarine power cables advance to accommodate high current
capacities, they must endure a significant amount of heat during the
energy transmission process. Thermal fluctuations may alter material
properties, thereby influencing the safety and overall performance of
the cable structure. While the cable industry acknowledges the thermal
effect on cable bending, the lack of available models for investiga-
tion poses a challenge. In response, this study utilizes the validated
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Fig. 15. 3D modeling of the full-scale three-core cable.
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Fig. 16. Normalized curvature vs. bending moment obtained from tests, full model and RVEs for three-core cable.

Table 1
Thermal properties of materials (Hamdan, 2019; Yan et al., 2021; Bilgin et al., 2007).

Material Thermal conductivity Expansion coeff. Specific heat
W (m K)! 10° K1 J (g K1

Copper 320 19 0.385

Steel 18 12.3 0.48

XLPE 0.286 250 2.20

MDPE 0.39 165 1.90

HDPE 0.39 142 1.90

RVE model to explore the thermal impact on the bending stiffness of
three-core cables.

Considering the insulation is designed to endure operational tem-
peratures up to 90 °C, this study investigates bending behaviors across
a temperature range from 20 to 90 °C. The conductors of the cable
serve as heat sources, with an ambient temperature of 20 °C. Thermal
properties of component materials are detailed in Table 1, referencing
the works of Hamdan (2019), Yan et al. (2021), Bilgin et al. (2007),
Hamdan et al. (2020).
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This thermal-mechanical analysis comprises two steps. In the first
step, the cable is preheated to generate the thermal field, considering
three cases with conductor temperatures set at 20, 50, and 90 °C. This
process is implemented using predefined field functions in Abaqus. In
the second step, bending moments are applied to the cable to observe
how the thermal condition influences its stiffness. The curvature vs.
moment curve is graphically presented for each temperature scenario in
Fig. 18, in which a significant reduction in bending stiffness is occurred
with increasing conductor temperatures. At the maximum curvature,
there is a 20% decrease in the cable bending stiffness when comparing
the cases of 90 to 20 °C. This thermal-induced stiffness reduction aligns
with findings observed in Maioli’s cable bending test (Maioli, 2015).

Fig. 19 illustrates the contours of both thermal and mechanical
fields at the maximum curvature. A comparison with the 20 °C tem-
perature scenario reveals that in the cases of 50 and 90 °C, the internal
metallic components — conductors and steel strands — progressively in-
crease their contribution to the bending resistance. This phenomenon is
linked to the thermal-induced material softening behavior of polymers,
as depicted in Fig. 10, resulting in reduced contact pressure on helical
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(b) without armour wires
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Fig. 17. Cross-sectional stress contour comparison with and without armoring wires at maximum curvature.
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Fig. 18. Normalized curvature vs. bending moment from RVE for 20, 50, and 90 °C.

wires. With diminished wire friction, the cable gains flexibility and
thereby induces greater stress levels on internal components.

Supporting evidence is presented in Fig. 20, illustrating the contact
stress on the inner liner situated between the double armor layers. Key
observations include a notably larger contact area at 20 °C compared to
50 and 90 °C. Simultaneously, the maximum contact stress at 20 °C is
nearly double those of the latter temperatures. An intriguing discovery
is that the maximum contact stress at 50 °C is slightly smaller than
the one at 90 °C. This is caused by the interplay between the material
softening behaviors and the thermal expansion effects, which influences
the contact dynamics (Zhang et al., 2023a).

The study presented in this section, exploring the thermal impact
on the bending stiffness of three-core cables, is still in the prelimi-
nary stage. The principal aim is to demonstrate the feasibility of the
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proposed RVE in integrating thermal effect into the analysis of cable
bending behaviors. While this RVE reveals the susceptibility of cable
bending stiffness to thermal variations, further research is essential
to enhance its reliability and validate the findings. This may include
detailed experimental investigations on the thermal-dependent me-
chanical behaviors of each component and their thermal-mechanical
interactions, adjusting the periodic boundary conditions of RVEs ac-
cordingly. Additionally, when it comes to dynamic loading scenarios,
the material strain-rate effect shall also be investigated to refine the
RVE model.

6. Conclusions

To date, there is a lack of models in the public literature for
analyzing the bending of submarine power cables, let alone involving
thermal effect. While full-scale numerical simulations could be a choice,
their high computational cost makes them less practical for design-
stage bending analysis. In this study, a dashpot-enhanced RVE model
is developed to predict the nonlinear bending behaviors of three-core
submarine power cables. The RVE model employs the assumption
of constant curvature and the periodic boundary conditions to effi-
ciently minimize the cable length for modeling, simplifying the bending
analysis process.

To validate the effectiveness of this RVE model, comprehensive tests
and 3D full-scale FE models were carried out for thorough examination.
Moreover, the validated RVE model was applied to investigate the
thermal effects on the bending stiffness of the cable. The key findings
and conclusions drawn from the entire study are as follows:

(1) The dashpot-enhanced RVE model developed in this study un-
dergoes rigorous validation through mechanical bending tests.
The predicted bending stiffness closely aligns with the result
from the test, showcasing an average difference of less than
10%. This demonstrates that the utilization of periodic boundary
conditions and dashpot technique enables accurate capturing of
the stick—slip behavior in the bending of cables.
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Fig. 19. Temperature and stress distribution over the cross section at maximum curvature.
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Fig. 20. Distribution of contact stress on inner liner at maximum curvature for each temperature case.

(2) The RVE model emerges as an efficient tool for mechanical analysis
during the cable design stage. In our study, we evaluated the
computing efficiency of this RVE by comparing it to a full-scale
FE model for the same case. The full-scale numerical simulation
required over one week to complete a single job, utilizing an
HPC system with 32 cores. In contrast, the proposed RVE model
significantly reduces computational time, completing the same
task in less than six hours with only 8 cores.

(3) This RVE facilitates thermal-mechanical coupling analysis in the
flexural design of cables. A preliminary investigation into the
thermal effect on bending stiffness is conducted using the devel-
oped RVE, demonstrating its potential for multiphysics studies.
The study reveals a decrease in bending stiffness with rising
temperature. The main cause comes from the interplay be-
tween material softening and thermal expansion, influencing the
contact dynamics between cable components.

This work demonstrates that the developed RVE model is able to
be an effective tool for bending analysis during the cable design stage.
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The thermal-mechanical analysis presented with the RVE in this work
represents an exploratory phase. With further studies and refinement,
we anticipate that this RVE could evolve into a feasible approach to
facilitate multiphysics analysis in cable design.
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