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Mechanical responses of submarine power cables subject to 
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A B S T R A C T   

Submarine power cables are considered lifelines in wind farm engineering, playing a key role in transporting 
electric current produced by wind turbines or wave converter. Cables inevitably confront combined loadings in 
deep-sea areas, affecting the integrity and safety during their installation and application. In this paper, the 
mechanical behaviour of submarine power cables subject to axisymmetric loadings(tension, torsion and external 
pressure) is investigated through both analytical and numerical methods. The objective of the analytical method 
is to predict the tension and torsion stiffness of cables and evaluate the stress of armour wires. These values from 
the two methods are essentially in agreement with each other. In addition, the effects of wire layers, winding 
angles and external pressure are discussed through the analytical method. The obtained conclusions will benefit 
the cross-section design of power cables and relative practical engineering.   
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1. Introduction 

As the thirst for clean energy is growing hugely, the past few decades 
have witnessed an increase in wind farms, especially those built in 
deeper and more distant oceans where more abundant wind energy 
could be converted to electricity. Power cables are a vital and indis-
pensable component in wind farm engineering since it plays a significant 
role in transporting the electricity. In order to ensure that it works safely 
and reliably during its serving time, the mechanical properties of cables 
must be carefully studied before it heads into the ocean. However, this 
structure’s mechanical behaviour is not easily attainable because power 
cables are a type of extremely complex structure, composed of many 
layers and different materials. Each cable has a specific design based on 
its own purpose. Nevertheless, typical power cables are majorly 
composed of conductor, insulation, armour and serving. Fig. 1 gives, for 
example, a single core and three core cable. 
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There is a vast amount of research related to the mechanical study of 
structures like power cables, such as the study of flexible pipes or um-
bilicals. The similarities of these flexible structures lie in that they are all 
composed of many layers with different materials. However, helical 
wires, shown in Figs. 2 and 3, is one of the most used components in the 
flexible structures as it is capable of supporting high axial loads with 
comparatively high flexibility. In fibre glass reinforced flexible pipes 
(Fang et al., 2018; Xu et al., 2019), the hair-like fibres embedded in the 
polyethylene matrix is helical structure; In the umbilicals and cables 
(Sævik, 2010; Skeie et al., 2012), the tensile armour wire, usually made 
of steel with a rectangular or circular cross section, is helical structure; 
So is the metallic steel strip inside metallic strip flexible pipes (Fang 
et al., 2019; Bai et al., 2016a). 

The study of helical structure could date back to Costello and Phillips 
(1974), where the wires were first used in bare wire cables that are not 
surrounded by outer layers. The theory used and developed in the early 
studies usually involves many assumptions and simplifications such as 
ignoring the interaction between adjacent layers. Knapp (1975) derived 
a new stiffness matrix for helically armoured cables considering tension 
and torsion based on the energy method. According to Knapp (1975), the 
resultant force and moment acting on the helix cross sections are ob-
tained by taking into account the geometry and deformation of helical 
wires. Considering six nonlinear differential equations that describe the 
equilibrium of thin rods, Costello and Phillips (1975) treat the cables as 
groups of separate curved rods, giving a rigorous derivation based on 
Love (2013). Feret and Bournazel (Feret and Bournazel, 1987)proposed 
a simplified formulation to calculate the stress and contact pressure 
among different layers under axisymmetric loads. Many scholars, such 
as Ramos Jr and Kawano (Ramos and Kawano, 2015) and (Witz and Tan, 
1992), divide the structure types inside cables, flexible pipes and um-
bilicals into two essential components: cylindrical elements and helical 
elements. The holistic behaviour of a flexible structure is dealt with as 
the combination of those two types of components considering the 
contact issue between each layer. Unlike the bending case, when the 
flexible structure is under axisymmetric loadings, the contact issue only 
considers the normal contact but not the tangential, which has also been 
verified, for example, by Utting and Jones (1987) whose experiment 
discovers that the friction has little effect on the armoured spiral 
structure under tension. Dong, Zhang (Dong et al., 2013) and Guo, Chen 
(Guo et al., 2017) conducted a further study about the mechanical 

models of flexible pipes and umbilicals based on the principle of virtual 
work. 

With the development of computers, the numerical method is more 
widely adopted in structure analysis. Some assumptions and restrictions 
of the theoretical method such as ignoring the friction and assuming 
plane cross-section can be eliminated. Both Sævik and Ekeberg (2002) 
and Skeie, Sødahl (Skeie et al., 2012) developed finite element programs 
named UFLEX and HELICA to predict the behaviour of flexible structures 
based on their analytical models by assuming that the friction-induced 
stick-slip only exist in the bending model. Knapp and Shimabukuro 
(2007) also developed a software CABLE CAD which can be adopted to 
analyse cross-section deformation caused by loads such as tension, 
bending and torsion. In addition, commercial three-dimensional finite 
element software such as ABAQUS and ANSYS are frequently used to 
proceed with the numerical study of flexible structures. For example, 
Chang and Chen (2019) adopted ANSYS to simulate the mechanical 
behaviour of a cable under tension as well as combined tension and 
external pressure, validating the tension stiffness derived from a 
simplified theoretical equation. 

The mechanical study of flexible pipes and umbilicals has already 
been done by many previous scholars. For example, Bai’s team con-
ducted a series of analyses regarding fibre glass reinforced flexible pipes 
(Fang et al., 2018; Xu et al., 2019; Gao et al., 2019), steel strip reinforced 
flexible pipes (Fang et al., 2019; Bai et al., 2016b, 2017) and polyester 
reinforced flexible pipes (Sun et al., 2019). The study of umbilicals can 
also be easily found in the open literature(Bai et al., 2015). Current 
research of flexible structures mainly focused on one loading case. As 
power cables more and more used in deeper water areas with higher 
external pressure combined with other loadings, the mechanical 
behaviour of them under these combined axisymmetric loadings should 
be rigorously studied. An analytical method can give a more realistic 
mechanical response the simplified method fails to, for example, the 
geometry deformation of wires is found to be an important factor to 
influence the stiffness which the simplified equation fails to take into 
consideration(Chang and Chen, 2019). 

This paper aims to investigate the mechanical behaviour of a power 
cable under axisymmetric loadings(including the most typical combined 
external pressure and tension) through analytical and numerical ap-
proaches. The principle of virtual work is applied in the analytical model 
to formulate the governing equations with the normal contact condi-
tions and geometry nonlinearity introduced into the principle of virtual 
work. Section 1 introduces the background, research motivation and 

Fig. 1. Typical configuration of power cables.  

Fig. 2. Helical wires(Chang and Chen, 2019).  

Fig. 3. Cross section of a cylinder. 

ε1c =
uz

L
, ε2c =

∂uRc

∂Rc
, ε3c =

uRc

Rc
, ε13c = Rc

uθc

L
(1)    
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objectives. Section 2 presents the analytical method of power cables 
with regard to cylinder and helical structures. Section 3 discusses the 
numerical model built through ABAQUS followed by Section 4 
comparing and analysing the result from the analytical method and 
numerical method. Section 5 presents some parametric studies that are 
thought to matter the cable behaviour, proposing a cable design with 
better mechanical properties. The final section lists the conclusions 
found in this study. 

2. Analytical study 

As shown in Fig. 1, marine power cables usually consist of several 
layers made of different materials. The conductor, insulation, conductor 
screen and insulation screen belong to the dielectric system, which 
serves for electricity function. The other layers outside the dielectric 
system mainly provide the mechanical function and protect the inner 
layers. From the structural point of view, for the simplicity of the 
analytical derivation, a power cable consists of two basic structure 
styles. One is the cylinder structure such as the conductor and insulation 
layer, while the other is the armour layer, shown in Fig. 2, composed of 
numerous helical wires winding around the inner layers. The latter is a 
key element in deciding the mechanical response of power cables, as it 
provides both superior axial stiffness and bending flexibility. However, 
the study regarding it is complicated due to its structural style and 
complex contact with its neighbouring layers. However, some research 
Merino, de Sousa (Merino et al., 2009) has shown that friction has minor 
and negligible influence on the behaviour of flexible under axisym-
metric loadings. The normal contact is reflected in the contact and 
detachability of the neighbouring layers in the normal direction, and 
this should be taken into consideration in the case of axisymmetric 
loadings. The following part of this section will introduce the analysis 
with regard to both cylinder structure and helical structure, then the 
analytical model of a whole cable under axisymmetric loadings 
considering the normal contact issue is given. 

Before the analytical derivation, a few assumptions of cables under 
the axisymmetric loadings are given:  

1. The geometry imperfection is not considered  
2. The geometry deformation of each wire in the same layer is the same 

and there is a reserved distance among each wire. As a result, the 
normal contact among each wire in the same layer is not considered 
as these wires move together under axisymmetric loading.  

3. Due to the significant axial and radial stiffness of power cables, the 
small deformation hypothesis is satisfied. Therefore, the materials 
used in the model are treated as elastic. 

2.1. Cylinder 

Cylinder structure under tension, torsion or external pressure can be 
regarded as both axisymmetric and plane strain problems. According to 
elastic mechanics, the cylinder would generate axial strain ε1c, radial 
strain ε2c, hoop strain ε3c and shear strain ε13c:where L is the length of 
one wire pitch which means the endpoint distance of the wire when it 
circulates completely one circle, uz the axial displacement, uRcthe radial 
displacement of the cylinder, uθc the rotation angle of this layer. The 
strain energy in the cylinder is: 

∏

cu
=

1
2

∫

V
(σ1cε1c + σ2cε2c + σ3cε3c + σ13cε13c

)

dV (2) 

The strain of isotropy material, based on generalized Hooke’s law, is: 

σijc = λεkkcδij + 2μεijc (3)  

where λ and μ are called Lame constant, expressed by Young’s modulus E 
and Poisson’s ratio ν as: 

λ=
Eν

(1 + ν)(1 − 2ν), μ =
E

2(1 + ν) (4) 

The total potential of the loads is: 
∏

cw
=PicΔVic − PocΔVoc + Fuzc + Tuθc (5) 

Pic and Poc are the internal and external pressure on the cylinder, 
respectively; F is the tension force and T is the axial torsion. ΔVic and Δ 
Voc are the volume change of the inside and outside, they are expressed 
as follows: 

ΔVic = πR2
icuzc + 2πRicuRicL (6)  

ΔVoc = πR2
ocuzc + 2πRocuRocL (7) 

uRic and uRoc are the change of the radial displacement of the inner 
surface and the outer surface. The total potential energy (Bathe and 
Bathe, 2006) of the cylinder is: 

Πc =Πcu − Πcw (8)  

2.2. Helical wires 

Since the wire layer is composed of numerous wires, this part will 
introduce how a single wire responds first, then the response of a wire 
layer will be discussed afterwards. There are two basic geometric pa-
rameters of a wire, the radius R and the winding angle α, shown in Fig. 4. 
α can be decided by tan α = 2⋅π⋅R

L . Once the two parameters are 
confirmed, the structure style of the wire can be confirmed as well. 

When a cable is under external loadings, wires will generate axial, 
bending and torsion strain, as well as radial strain. Based on the formula 
derived by Knapp (1979), the axial strain of a helical element is given by: 

ε1 =
uz

L
cos 2 α +

uR

R
sin 2 α + R

uθ

L
sin α cos α (9)  

where L and uz are the same as the meanings in the cylinder, uR the 
radial displacement, uθ the rotation angle of the wire in winding di-
rection. 

The radial strain can be expressed as: 

Fig. 4. Helical wires.  
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ε2 =
Δt
t

(10)  

where t is the thickness of the wire, and Δt is the variation of the 
thickness. 

The bending and torsion strain can be given after the moving refer-
ence frame is built for the wires. Frenet-Serret frame (Feret and Bour-
nazel, 1987), as shown in Fig. 5, is used to reflect the curvature change 
in each direction. The orientation is such that G1 is the winding direc-
tion of the wire, while G2 is directed along the inward normal of the 
supporting surface, and G3 is determined by the right-hand rule. The 
change of bending curvature Δκ3 and twist Δκ1 based on Frenet-Serret 
frame and differential geometry are shown in following: 

Δκ3 =
sin 2α′

R′ −
sin 2 α

R
(11)  

Δκ1 =
sin α′ cos α′

R′ −
sin α cos α

R
(12) 

Where α′ and R′ are the wire angel and radius after deformation. The 
change of wire angles in the wire layers can be calculated from the 
following equation proposed by Knapp (1979): 

cos α′

= tan α L(1 + ε1c)
{
[L(1 + ε1c)]

2
+ [2πR(1 + γ)]2

}1/2 (13) 

In which: 

γ =
ε13c

tan α (14) 

As for the total potential of the loads, the wire layer is composed of 
numerous wires which are closely contact with each other, and the 
behaviour of all the wires is assumed to be the same in the same layer. 
Therefore, the total potential of the loads of a wire layer can be 
expressed as the linear superposition of all the wires: 
∏

ww
=PiΔVi − PoΔVo + Fuz + Tuθ (15)  

where the definition of Pi, Po ΔVi, ΔVo, F and T share the same meaning 
as their counterparts in the cylinder structure. 

ΔVi and ΔVo can be expressed as: 

ΔVi =
(uz

L
+ 2

uR

R

)
πR2

i L (16)  

ΔVo =
(uz

L
+ 2

uR

R

)
πR2

oL (17) 

The total strain energy of one single helical wire is: 
∏

wu
=

1
2

∫

v

(
σ1 ⋅ ε1 + σ2 ⋅ ε2 +EI3 ⋅ Δκ2

3 +GJ ⋅ Δκ2
1

)
dv (18)  

where I3 is the moment of inertia in the G3 direction in Fig. 5; G is the 
shear modulus of the wire; J is the polar moment of inertia. The domain 
of integration is the wire with one pitch length. σ1 and σ2 are the axial 
stresses in G1 and G2 direction, respectively, and disregarding the 

contribution from the curvature, they can be described as: 

σ1 =
E

1 − ν2 (ε1 + νε2), σ2 =
E

1 − ν2 (ε2 + νε1) (19)  

νis the Poisson’s ratio of the wire. 
From Eq.(13) and Eq.(16), the total potential energy of the wire layer 

can be expressed as: 

Πw = n⋅
∏

wu
−
∏

ww
(20)  

where n is the amount of the wires in the layer. 

2.3. Solution method 

Considering that power cables are a type of multi-layer structure, the 
neighbouring layers might contact or separate in the normal direction 
under axisymmetric loadings, therefore, the contact issue inside power 
cables should be taken into account in the analytical model. In this way, 
the cylinder layer and wire layer are deformation compatible and force- 
balanced. 

The neighbouring layers would separate if the contact pressure is 
negative, otherwise, they are contacting each other. Based on the 
constraint variation principle, additional variation should be added 
when the constraint is considered so that a correction functional is 
constituted. Two widely used procedures are available, namely the 
Lagrange multiplier method and the penalty method (Sævik and 
Gjøsteen, 2012). Both of them operate on the variational or weighted 
residual formulations of the problem to be solved (Bathe and Bathe, 
2006). Compared with Lagrange multiplier method, the penalty method 
does not increase any additional degree of freedom(DOF) of the system. 
The coefficient matrix remains positive, which facilitates the solution to 
the matrix. Therefore, This paper chooses the penalty function to impose 
the constraints generated by the contact. The total potential energy can 
be expressed as: 

Π =Πs + Πp (21)  

where Πs is the total potential excluding the energy caused by contact, 
which is Πs = Πc + Πw, while Πp is the additional function by intro-
ducing the contact condition. When the neighbouring layers contact: 

Πp1 =
∑m− 1

j=1

[
ωju

(
ujRo − u(j+1)Ri

)2
+ωjp

(
Pjo − P(j+1)i

)2] (22)  

where j is the layer order of the cable(m layers in total); ωju and ωjp are 
the penalty parameters of j-th layer, which are constants of relatively 
large magnitude; ujRo is the radial displacement of the outer surface of 
the j-th layer; u(j+1)Ri is the radial displacement of the inner surface of the 
(j+1)-th layer; Pjo and P(j+1)i are the external pressure of the j-th layer 
and the internal pressure of the (j+1)-th layer. 

Once the neighbouring layers are separate, the contact pressure be-
comes zero, and the radial displacement is no longer continuous, 
therefore, the additional function becomes: 

Πp2 =
∑m− 1

j=1

[
ωjuPjo

2 +ωjpP2
(j+1)i

]
(23) 

Based on the principle of minimum potential energy, the exact so-
lution to all possible displacements leads to the minimum potential 
energy of the system. Therefore, taking a variational of the total po-
tential energy and letting it equal to zero, either: when the neighbouring 
layers are in contact 

δΠ = δΠs + δΠp1 = 0 (24) 

Or, when the neighbouring layers are detached 

δΠ = δΠs + δΠp2 = 0 (25) 
Fig. 5. Definition of frenet-serret.  
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According to the above equations, the matrix equations can be 
obtained: 

[K]{Δs}={Fs} (26)  

where [K] is the 2m + 2 by 2m + 2 stiffness matrix, in which m is the 
total layer amount of the cable, {Fs} is the vector of the external loadings 
and {Δs} is the displacement vector, including an axial displacement, a 
rotation angle as well as radial displacements of each layer. In order to 
solve these equations, necessary parameters, e.g., geometry, material, 
loadings and boundary conditions, should be inputted firstly. The main 
steps of the calculation procedure executed in software MATLAB is 
shown in Fig. 6. 

The above section introduced the analytical derivation of power 
cables and gave the analytical solution to them. The following part will 
present the numerical simulations and it will verify the analytical 
solution. 

3. Numerical simulations 

In this part, a finite element model(FEM) is established in ABAQUS to 
study the mechanical behaviour of cables subject to axisymmetric 
loadings. The cable built in this paper, shown in Fig. 7, is based on the 
data provided by Panza (2020), in which the geometry and material 
parameters are given, as shown in Table 1 and Table 2. The wires 
constituting Layer Ⅴ and layer Ⅶ share a rectangular shape with the 
width and thickness as 6 mm and 3 mm, respectively. The amount of the 
wires and the winding angle in Layer Ⅴ are 52 and 12.7deg, while the 
values for Layer Ⅶ are 56 and -10.5deg. 

Three different lengths, 1m, 3m and 6m, are chosen to model the 
cable at first and the tension stiffness and torsion stiffness are found to be 
almost the same, with an error of less than 1%, proving the length does 
not have much influence on the final result. In order to save computation 

time, the cable used in the following analysis has a length of 1m. Fig. 8 
shows the three-dimensional model of the cable with regard to its front 
view, side view, as well as the side view of the helical wire layers. 

3.1. Mesh and interaction 

C3D8R element (eight-node continuum linear brick elements with 
reduced integration and hourglass control) is selected for the cylinders 

Fig. 6. Flow chart of analytical solution procedure for cable.  

Fig. 7. Cross section of the target cable.  

Table 1 
Size chart of the power cable.  

No. Component Thickness(mm) Outer Diameter(mm) 

Layer I Conductor – 23.55 
Layer II Insulation 21.05 44.6 
Layer III Lead sheath 3.3 47.9 
Layer IV PE sheath 3.6 51.5 
Layer V Armour layer 3 54.5 
Layer VI Bedding 0.5 55 
Layer VII Armour layer 3 58 
Layer VIII Outer sheath 6 64  

Table 2 
Material properties.  

No. Elastic modulus(Mpa) Poisson ratio 

Layer I 1.2e5 0.34 
Layer II 1.93e4 0.44 
Layer III 12000 0.43 
Layer IV 600 0.46 
Layer V 2e5 0.3 
Layer VI 301 0.45 
Layer VII 2e5 0.3 
Layer VIII 780 0.46  

Fig. 8. Finite element model of the power cable.  
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and the middle conductor, which is able to reflect the variation of wall 
thickness and stress distribution with efficient computation without 
losing the accuracy (Abaqus, 2014). The helical wires are modelled by 
beam elements(B31). This type of element is a 2-node linear beam based 
on Timoshenko beam theory, able to capture the axial stress and bending 
moments of the beam. Besides, it is much more efficient than solid 
element with regard to the computation time when numerous wires are 
simulated within a cable. In addition, the size of the mesh is correlated 
with the accuracy and computational time of the simulation results. Two 
different mesh sizes are tested, as shown in Fig. 9. The simulated tensile 
stiffness based on the coarse mesh and the fine mesh size are 
6.44e8N/mm and 6.39e8N/mm respectively, and the corresponding 
torsional stiffnesses are 1.07e11 N mm/rad and 1.03e11 N mm/rad, 
respectively. The error between two mesh sizes regarding both tension 
stiffness and torsion stiffness is less than 0.78%, therefore, the coarse 
mesh size is used in the study. 

The interaction between each layer is simulated as general contact. 
Depending on the contact pressure between two neighbouring layers, 
ABAQUS will judge and identify all possible contact pairs, including all 
of the solid components and the helical wires. The normal mechanical 
behaviour is defined as “Hard Contact” with ”Allow separation after 
contact.” “Hard Contact” means the magnitude of the contact pressure 
between two neighbouring layers is unlimited when they are in contact. 
The neighbouring layers will separate when the value of the contact 
pressure less than or equal to zero, and the contact restriction on cor-
responding points will be set free since. The tangential behaviour is set 
as frictionless for the case of tension, as well as the case of combined 
tension and external pressure. This means friction coefficient is set to 
zero among all of the components within the cable, and thus each 
component is free in the tangential direction. 

3.2. Load and boundary conditions 

In order to ensure that the boundary conditions are the same as those 
in the analytical model, one end of the FE model is totally fixed, while 
the other is coupled to a reference point RP1, located at the centre of the 
bottom end. DOFs of this cross section in all directions are coupled with 
this point so that all layers and the end points of the wires are connected 
rigidly to this reference node. Three loading conditions are simulated in 
this paper and their boundary conditions are shown in Table 3. A tension 
force is applied in z-direction for tension case; A torsion is applied in the 
z-direction for torsion case; Except the axial force in the z-direction, 
extra average external pressure is applied on the outmost layer for the 
combined case. Fig. 10 presents an illustration of the tension case. 

4. Discussion of the results 

Three loading cases were described in section 3.2. The following part 
will discuss the results corresponding to each case one by one. 

4.1. Tension 

In the tension case, a tensile force 3e6N is applied to the left refer-
ence point. “Dynamic implicit” procedure is activated to efficiently 

achieve relatively accurate quasi-static analysis results in the numerical 
model, where the step time should be a factor of 10–50 times slower 
than the fundamental frequency of the structure in order to reach a 
quasi-static result (Abaqus, 2014). In order to ensure the result is 
reasonable, the ratio between kinetic energy(ALLKE) and strain energy 
(ALLSE) for the whole model should be low enough during the simula-
tion process. As the energies illustrated in Fig. 11, the kinetic energy 
(ALLKE) is far smaller(less than 5%) than that of strain energy(ALLSE), 
confirming the availability of the calculated results. The following 
simulations are also checked in the same way with regard to the energy 
ratio without repeat again for the simplicity of the paper. 

Fig. 12 shows the largest axial strain appears near the area where the 
tensile force is applied, while the smallest axial strain locates at the fixed 
ending. The final deformation of the wires in LayerⅤ and LayerⅦ, 
shown in Fig. 13 and Fig. 14, illustrates the wires are still attaching with 
their inner layer during the simulation without apparent slip. These two 
images will compare with the final deformation of the wires under 
torsion, and obvious difference will be observed. Fig. 15 shows the axial 
strain-tension force relationship from these two methods. It can be 

Fig. 9. Meshing of beam and solid elements with two different mesh sizes.  

Table 3 
The boundary conditions for three loading cases.  

DOF Tension/combined tension and external pressure Torsion  

Left Right Left Right 
x 1 1 1 1 
y 1 1 1 1 
z 0 1 1 1 
x-rot 1 1 1 1 
y-rot 1 1 1 1 
z-rot 0 1 0 1 

• 1 means the corresponding DOF is fixed; 0 means it is free. 

Fig. 10. Load and boundary conditions of cables subject to tension.  

Fig. 11. Energy distribution of the FEM.  

P. Fang et al.                                                                                                                                                                                                                                     



Ocean Engineering 239 (2021) 109847

7

observed that the mechanical response of the cable under tension is 
highly linear even though the analytical formulae are nonlinear. The 
tensile stiffness(the slope of the curve) from the analytical model is 3.3% 
higher than that from the numerical model, illustrating the stiffness from 
these two methods agree quite well with each other. The difference is 

likely to be caused by the fact that the numerical solution considers the 
curvature change in the G2 direction(Fig. 5) while the analytical solu-
tion does not. Besides, the integral behaviour of the cable is assumed as a 
superposition of all the components and the contact in the tangential 
direction is not considered in the analytical solution. 

In order to study the stress distribution of the cable under tension, 
Fig. 16 shows the stress distribution of the cross section of the cable 
under tension. As can be seen from the colour bar in the figure, the wire 
layers of the cable are the primary part withstanding the axial force. In 
fact, the Sensitivity study in this paper shows the stiffness between the 
cable and a cable without wires reaches a difference of 53.18%, which 
means the wires play a significant role with regard to the tension 
behaviour. 

Since armour is the main part resisting the load, the stress distribu-
tion of the steel wire under tension is further studied. In order to elim-
inate the boundary effect, the middle part of the cross section, as shown 
in Fig. 17, is then cut out. It can be seen from Fig. 18 and Fig. 19 that the 
axial stress distribution in each point of each wire in both LayerⅤ and 
LayerⅦ is not exactly the same, and the difference between the 
maximum and minimum wire stress in LayerⅦ has a larger difference 
than that in LayerⅤ. The reason for the different distribution of the stress 
is that the contact situation between each wire and its neighbouring 
layer is not the same, as shown by the contact stress under two different 
axial strains in Fig. 20 and Fig. 21, which represent the contact stress 
applied by their neighbouring layers. It is obvious that the contact stress 
distributes randomly along these wires. This phenomenon can be caused 
by the initial geometry difference during the modelling process. Since 
the wires are complex curve beam, even though they are built as much as 
possible to contact perfectly with their neighbouring layers, ABAQUS 
can not guarantee there is no any gaps among structures. Besides, during 
the deformation process, the mesh distortion of each point of a wire 
corresponding to the mesh distortion of its neighbouring layers is not the 
same either. The mesh size of each component can also influence the 
stress distribution. Theoretically, the stress distribution can be average if 
the mesh is fine enough, however, that would cost a lot of computation. 
Considering the practical situation in real life, each wire shares a 
different geometry and various contact issue, there is definitely differ-
ence of the stress among each point of each wire as well. Therefore, an 
average stress of all the wires is more pragmatic and deserves more 
attention if we want to evaluate the stress of the wires. The stresses of all 
the wires from Figs. 18 and 19 are extracted and the average value of 
them is obtained. The average axial stress are 871Mpa and 853Mpa of 
the wires in LayerⅤ and LayerⅦ, respectively, only 0.62% and 1.80% 
higher than the results from the analytical model. The corresponding 
values from a finer-meshed model are also extracted and they are 
869Mpa and 852Mpa of the wires in LayerⅤ and LayerⅦ with a dif-
ference of 1.5%. Therefore, it can be observed that the coarse mesh is 
enough to generate an accurate axial stress. As the torsion DOF of the left 
side is not restricted, the torsion angle of this side is also checked. The 

Fig. 12. Axial displacement distribution of the cable under tension.  

Fig. 13. The final deformation of the wires in LayerⅦ under tension.  

Fig. 14. The final deformation of the wires in LayerⅤ under tension.  

Fig. 15. Axial strain-tension force relationship from analytical and numeri-
cal methods. 

Fig. 16. The final Mises stress distribution of the cable cross section 
under tension. 
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rotation angles from ABAQUS and the analytical model are 3e-7rad and 
1.96e-06 rad, respectively, illustrating the rotation angle does not have a 
noticeable change under tension. 

4.2. Torsion 

Longva and Sævik (2016)gave different failure modes and presented 
three different mechanisms provoking torsional failure of flexible pipes. 
Fang, Xu (Fang et al., 2018) and Fang, Yuan (Fang et al., 2019) studied 
the failure styles of fibre glass flexible pipes and metallic strip flexible 
pipes under torsion. Power cables encounter torsion loading as well in 
practical engineering. In order to predict the torsion stiffness of the 
target cable, the mechanical response of the cable under torsion in two 

directions(anti-clockwise and clockwise) will be shown in the following. 
In the first case, an anti-clockwise torsion force 1e8N⋅mm is applied 

to the left reference point. Two simulation schemes are tested here. The 
first one takes the transverse contact as frictionless which means the 
contact surfaces are free to move away from each other, while the other 
one takes it as rough which means the contact surfaces stick together in 
the tangential direction during the simulation. The practical situation 
should stay between these two schemes, i.e., the friction efficient is 
between frictionless and rough. Fig. 22 shows the twist angle-torque 
relationship from these two methods, while the numerical includes 
two schemes mentioned just now. The stiffness from the analytical 
model is found to be higher than that from the numerical model, which 
might be caused by the fact that the analytical model fails to consider the 
curvature change in the G3 direction. Besides, the friction is found to 
have a considerable influence on the cable behaviour under this loading 
case. It can be observed that the mechanical response of the cable under 
torsion is linear from the analytical method and the numerical method 
with rough contact. As for the frictionless situation, the behaviour of the 
cable is linear when the twist angle is less than 0.00027 rad/mm, 
however, when it surpasses that value, the curve turns in a different 
style. In order to check out what happens inside the cable, picking out a 
time point when the twist angle is 0.00027 rad/mm, the outmost layer is 
removed and the deformation of the wires in LayerⅦ is shown in 
Fig. 23. It is clear that the wires slip away from their original location 
and obvious deformation can be observed. In fact, 0.0027 rad/mm is 

Fig. 17. Middle part of the helical wire layer.  

Fig. 18. Axial stress distribution in LayerⅤ.  

Fig. 19. Axial stress distribution in LayerⅦ.  

Fig. 20. Contact stress distribution of wires in LayerⅤ when the axial strain of 
the cable are 0.0025 and 0.0045. 

Fig. 21. Contact stress distribution of wires in LayerⅦ when the axial strain of 
the cable are 0.0025 and 0.0045. 

Fig. 22. Twist-torque relation of the cable under anti-clockwise torque.  
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exactly the critical point when the slip happens. The wires are still 
attached to the inner surface when the twist angle is less than this value. 
The wires in LayerⅤis also extracted out to check out the deformation, as 
shown in Fig. 24, and they are found to keep on attaching with the inner 
layer during the simulation. This can be compared with the deformation 
of the two wire layers in the tension case, shown by Figs. 13 and 14. The 
reason for this different phenomenon in two wire layers under torsion is 
that the wires in LayerⅦ mainly bear compression as they are winding 
around in the opposite direction with the torque direction, while the 
wires in LayerⅤ mainly bear tension for they are winding around in the 
same direction as the torque direction. The stiffness error between the 
numerical method and analytical method before the slip appears is 
6.72%. In addition, the final Mises distribution in Fig. 25 shows, like the 
tension case, that the wires are the major parts to withstand the torque 
as well. 

Same as the manipulation in last section, the stress in the middle part 
of all the wires in LayerⅤ and LayerⅦ are obtained respectively when 
slip is about to appear. Noteworthy, the layer with the winding angle 
same as the torque(LayerⅤ) presents positive tension stress while the 
stress of the wires winding in the opposite direction(LayerⅦ) is nega-
tive, which again means under torque, one wire layer is pulled, the other 
wire layer is compressed, as shown in Table 4. The error for both layers 
is less than 1.65%. 

In the clockwise case, two transverse contact schemes are simulated 
here as well. Like the anti-clockwise case, the twist angle-torque relation 
of the three curves shown in Fig. 26 presents a similar trend, i.e., there is 
a turning point of the numerical curve when the transverse is considered 
as frictionless, which is also when the wires begin to slip. The defor-
mation of the wires in LayerⅦ and LayerⅤ at this turning point, shown 
in Fig. 27 and Figs. 28 and 29, are observed to have the exact opposite 
deformation style as their counterparts under anti-clockwise torque. 

The stiffness error between the numerical and analytical method 
before the slip occurs is 6.73% from the twist angle-torque relation in 
Fig. 26. The difference in the torsion stiffness of the cable under two 
directions from the analytical model is 1.42%, illustrating the torque 
direction hardly influences the torsion stiffness of the cable. The average 
stress of all the wires in the middle 500 mm of both layers when the slip 
is about to happen, similarly, is shown in Table 5. The error for both 
layers is less than 2.63%. 

4.3. Combined external pressure and tension 

In the deep-sea areas, submarine power cables are subject to not only 
tension, but also external pressure. The water pressure has been illus-
trated to have a significant influence on the behaviour of flexible pipes 
(Cornacchia et al., 2019). This part will verify the analytical model of 
submarine power cables under combined external pressure and tension. 

Fig. 23. The deformation of the wires in LayerⅦ under anti-clockwise torque 
with frictionless contact after slip. 

Fig. 24. The deformation of the wires in LayerⅤ under anti-clockwise torque 
with frictionless contact after slip. 

Fig. 25. The final Mises distribution of the cable under anti-clockwise torque.  

Table 4 
Wire stress along axial direction under anti-clockwise torque (Unit(Mpa)).   

Layer Ⅴ Layer Ⅶ 

Numerical 581.3 − 492.3 
Analytical 571.4 − 488.1  

Fig. 26. Torque-twist angle relation between theoretical and numerical under 
clockwise torque. 

Fig. 27. The deformation of the wires in LayerⅦ under clockwise torque with 
frictionless contact after slip. 
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A tension force of 3e6N and an external pressure 4.9Mpa corresponding 
to 500m water depth are applied here. 

Fig. 30 shows the axial strain-tension force relationship under com-
bined tension and external pressure, where the numerical method and 
theoretical method agree with each other quite well. The stiffness under 
this situation is found 1.84% less than that under pure tension. The 
average stress of all the wires in the middle section in Layer Ⅴ and layer 
Ⅶ is shown in Table 6. The error for both layers is less than 1.5%. 

5. Parametric study 

In this part, factors influencing the mechanical behaviours of power 
cables under axisymmetric loadings are investigated by the analytical 
model, including the effect of the external pressure. Other parameters 
should stay still while only one of them is changed in this analysis. 

5.1. Effect of winding angle 

The winding angle of the wire is a basic parameter, playing a key role 
in cable design. According to the results of the analytical analysis, the 
influence of winding angles on cable stiffness is considerable. Each cable 
design has a specific winding angle in order to obtain the optimized 
stiffness. In this section, the influence of the winding angle on the overall 
behaviour of the power cable is analysed. To simplify the analysis and 
better understand what is the effect of the winding angle, only the inner 
wire layer is kept in this section and changed from 12.7deg to 82.7deg 
with an interval of 10deg, while the outer wire layer is replaced and 
refilled by the outer PE. 

The effect of the winding angle on the tension behaviour and torsion 
behaviour in two directions are studied here. Tension force 3e6N, torque 
1e7N⋅mm and torque -1e7N⋅mm are applied on the end fitting, respec-
tively. The stiffness of the whole cable and the wire stress under three 
situations are shown in Fig. 31, Fig. 32 and Fig. 33, respectively. It is 
clear with the increase of the winding angle, the tension stiffness and the 
wire stress is decreasing simultaneously. In this situation, the other 
layers would take more responsibility to bear the tension force, which is 
simple to be explained based on the stress resolved in two directions. As 
shown in Fig. 34, the stress resolved in the axial direction contributes to 
the tension stiffness while the stress resolved in the hoop direction 
contributes to the torsion stiffness. As the winding angle increases, the 
wire stress itself is decreasing, the stress resolved in the axial direction is 
decreasing as well. Thus the tension stiffness is decreasing as well, which 
is reflected in Fig. 31. As for the situation of clockwise torque, the wires 
have an optimized angle near 52.7deg where the torsion stiffness is the 
largest. When the winding angle changes from 52.7deg, the torsion 
stiffness decreases. The wire stress has a maximum value when the 
winding angle is near 22.7deg, however, it is not corresponding to the 
maximum torsion stiffness as the stress in the hoop direction does not 
reach a maximum value until the winding angle turns to 52.7deg. In the 
last case, when a torque is applied in the anti-clockwise direction, the 
wires are no longer tensioned but compressed. With the increase of the 
winding angles, the absolute value of the compressed wire stress is 
decreasing whereas the torsion stiffness is increasing firstly then 
decreasing after 22.7deg. This can be explained as well by the hoop 
stress resolved by the wire stress. 

5.2. Effect of wire layers 

Helical wires provide the majority of mechanical resistance for the 

Fig. 28. The deformation of the wires in LayerⅤ under clockwise torque with 
frictionless contact after slip. 

Fig. 29. Axial strain-tension force relationship under combined tension and 
external pressure from theoretical and numerical methods. 

Table 5 
Wire stress along axial direction under clockwise torque (Unit(Mpa)).   

Layer Ⅴ Layer Ⅶ 

Numerical − 566.2 545.1 
Analytical − 551.1 534.9  

Fig. 30. Tension stiffness and wire stress under different winding angle 
with tension. 

Table 6 
Axial force along axial direction (Unit(Mpa)).   

Layer Ⅴ Layer Ⅶ 

Numerical 852.6 871.05 
Analytical 850.9 879.9  
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cable under axisymmetric loadings. It is necessary to choose the cable 
with multi-layer wires in specific cases when large loadings are applied, 
likewise, considering the cost and the weight of the cable, single layer 
wires or double layer wires are preferred in some cases when loading is 
not a serious issue. The following part studies the influence of the 

number of wire layers on the mechanical behaviour of power cables with 
regard to tension and torsion. Same as Section 5.1, tension force 3e6N, 
torque 1e7N⋅mm and torque -1e7N⋅mm are applied on the end fitting, 
respectively. Figs. 34 and 35 and 36 show the change of tension stiffness 
and torsion stiffness when the amount of wire layers changes from 0 to 
4.0 means there is no any wires within the cable, although this might not 
be practical in reality, this case is studied here for the comparison pur-
pose. It is obvious with the increase of the number of wire layers, all of 
the stiffness is increasing. The layers of the wire have a significant in-
fluence on the behaviour of the cable. It is also observed when there are 
no wires in the cable, a tension of the cable would not generate any 
torsion, and torsion of the cable would not generate any tension either, 
which means tension and torsion are decoupled in this case. 

As for the axial stress in the wires, the results are shown in Table 7, 
Table 8 and Table 9. It is clear in the tension case, when the amount of 
the wire layers increases, the value of stress borne by each wire de-
creases as they would share the total stress together. In addition, the 
stress directions of the wires in the neighbouring layers are contrary in 
the torsion case, indicating one layer is pulled, the other layer is 
compressed. 

Fig. 31. Torsion stiffness and wire stress under different winding angle with 
clockwise torque. 

Fig. 32. Torsion stiffness and wire stress under different winding angle with 
anti-clockwise torque. 

Fig. 33. Wire stress resolved in two directions.  

Fig. 34. The tension stiffness of the cable when the wire layers is changed from 
0 to 4. 

Fig. 35. The torsion stiffness of both directions of the cable when the wire 
layers is changed from 0 to 4. 
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5.3. Effect of external pressure 

Submarine power cables now head into deeper water areas where 
higher external water pressure applies on the outside of them, inducing 
the cable response differently. In this section, the power cable under 
coupled tension and external pressure is analysed. Fig. 37 shows the 
relationship between axial strain and incremental external pressure. The 
external pressure is calculated based on the water depth the cable is 
deployed in, from 0 to 1000m at an interval of 100m here. It can be 
observed that with the increase of the external pressure, the axial strain 
is becoming higher. The difference in the axial strain of the cable under 
0m and 1000m is 3.61%, indicating the external pressure does not have 
a large influence on this type of cable. A possible reason for this is that 
the cable studied in this paper is a solid structure with enough radial 
stiffness. It would not generate large radial deformation even though 
under deep waters. The situation is different if the flexible structure is an 
umbilical or a flexible pipe with a hollow interior. For example, Cor-
nacchia, Liu (Cornacchia et al., 2019) shows that without a radial 
resistant pressure armour layer, the strength of the axial resistance is 

weakened significantly. Fig38 illustrates that with the increase of the 
external pressure, the wire stresses in both inner and outer wire layers 
become higher. 

6. Conclusions 

In this paper, the mechanical behaviour of submarine power cables 
subject to axisymmetric loadings is investigated by both analytical and 
numerical methods. The relationship between axial strain and axial 
force, as well as the torsion angle and torque for the cable acquired from 
the analytical method show good agreement with the ones obtained 
from simulations. Besides, the stress given by the analytical model en-
ables engineers to have a rough estimation of the wire behaviour under 
these loadings. After that, an extensive parametric analysis is carried out 
to study the influencing mechanisms on the behaviour of the cable. 
Beneficial conclusions can be drawn as follows: 

a). The axial strain-tension relationship is highly linear under ten-
sion as well as combined tension and external pressure. The wires 
bear the force chiefly.  

b). The mechanical behaviour of the cable under torsion is linear 
before the slip occurs and the friction is found to be negligible. 
However, once slip occurs, the friction is indicated to influence 
the torsion stiffness of the cable significantly. 

c). The wires bear tension when they are wound in the same direc-
tion as the torque, whereas the wires bear compression when they 
are wound in the opposite direction under torsion.  

d). The increase of the water depth enlarges the wire stress and 
reduce the ability to resist axial tension. In ultra-deepwater areas, 
pressure armours might provide some help.  

e). The less the winding angle is, the more the tension stiffness is. 
Nevertheless, the torsion stiffness does not have the same trend. 
The engineers can adjust the winding angle based on the decision 
of which stiffness is more important. 

The proposed analytical model and its reliable results can not only 
provide references for the factory engineers during initial design and 
estimation, but also provide guidance for further investigation into other 
more complicated submarine power cables. 
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