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ARTICLE INFO ABSTRACT

Keywords: Reciprocating bending behavior is the main factor leading to the fatigue failure of dynamic power cables.
Dynamic power cable However, in the research on the reciprocating bending behavior of dynamic cables, only the mechanical
Copper conductor properties of the armored steel wire has been considered thus far and the copper conductor is disregarded.

Bending behavior
Hysteresis effect
BFLEX

In this paper, the nonlinear bending properties of multilayer helically wound copper conductors are studied
by experiments and numerical simulation. The research can provide accurate data of nonlinear bending
mechanical properties of copper conductor for hydrodynamic analysis of dynamic cable fatigue life. Firstly,
the nonlinear bending hysteresis curves of copper conductors are obtained by a reciprocating bending
experiment of copper conductor. Secondly three-dimensional finite element numerical simulations of the copper
conductor’s bending behavior were also conducted. The numerical results from the finite element model were
compared with the experimental data. Finally, sensitivity analysis of the structural parameters of the copper
conductor was performed. The research shows that copper conductor has obvious nonlinear bending hysteresis
behavior. The change of friction coefficient and radial extrusion pressure from the conductor’s outer sheath
layer have obvious effects on the critical sliding curvature and bending hysteresis properties of nonlinear
bending properties of copper conductors.

1. Introduction 2002), which then affect the structural behavior of the product during
storage, transportation, installation and operation.
Fatigue failure is an important failure mode of dynamic power

cables in a marine dynamic environment (ISO 13628-5, 2009). Due to

Dynamic power cables are key components in the development
of marine resources and energy, such as offshore oil, gas and wind

energies. To meet the structural requirements imposed by the marine
environment, the dynamic power cable structure is designed for bend-
ing flexibility combined with sufficient axial and torsional resistance.
Therefore, an unbonded multilayer helically wound structure is applied
to meet the requirements, its typical cross-sectional form is shown in
Fig. 1. This is also the case for conductor components, which is formed
by winding a bunch of copper wires according to a specified laying
angle of each layer, as shown in Fig. 2. Contact, slip and substantial
friction between each individual wire in the same layer and among
different layers of the conductor are the distinctive features of this
structure. These structural features make the bending behavior of the
whole structure to have nonlinear characteristics (Seevik and Ekeberg,

the load from waves and currents, the dynamic power cable structure
undergoes reciprocating bending motion, and periodic sliding and fric-
tion will occur between the layers of the cable structure, often resulting
in fatigue failure. The main components of dynamic power cables
include copper conductor, steel armor wire, sheaths and fillers. The
fatigue life prediction of dynamic power cables mainly considers the
nonlinear mechanical properties of the steel armor wire the nonlinear
bending behavior caused by the steel armor, but often omitting the
nonlinear mechanical properties of copper conductors mainly due to
its structure complexities (Sobhaniasl et al., 2020). With the increasing
demand for power transmission by dynamic power cable, the volume
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Fig. 1. A typical cross section of a dynamic power cable.
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Fig. 2. Illustration of a typical multilayer helically wound copper conductor.

proportion of copper conductors in the cross section of dynamic power
cables is increasing. Therefore, it is necessary to consider the nonlin-
ear bending hysteresis behavior of the copper conductors and obtain
accurate bending hysteresis curves in order to accurately calculate the
fatigue life of dynamic power cables, which then can be used as inputs
to global analysis and the prediction of the dynamic power cable fatigue
life.

The nonlinear bending performance of the helically wound structure
can be described by observing the relation of the bending moment and
curvature as shown in Fig. 3. The curve is usually characterized by three
stages (Lu et al., 2013): the OA segment is a stick zone, the AB segment
is a slip transition zone, and the BC segment is a full slip zone. The
curvature corresponding to point A is the initial sliding curvature «,
and the curvature corresponding to point B is the full sliding curvature
k. In engineering applications, the curvature corresponding to the
tangent intersection of the OA segment and the BC segment, that is,
point D, is usually called the critical slip curvature x.. When the
helically wound structure is further bent by reducing curvature after
the point C, the bending moment and curvature relation is divided into
another three stages as follows: the CA’ segment is a reverse stick zone,
the A’B’ segment is a reverse slip transition zone, and the B'C’ segment
is a reverse full slip zone. Among them, the curvature corresponding
to point A’ is the reverse initial sliding curvature x/, and the curvature
corresponding to point B’ is the reverse full sliding curvature «’.. The
curvature corresponding to the tangent intersection of the CA’ segment
and the B’C’ segment, that is, point D’, is defined as the reverse critical
slip curvature «,.

Bending performance of helically wound structures such as umbili-
cal cables, flexible pipes and marine cables has been well investigated
by other researchers. Witz and Tan (1992) assumed that the structure
only slides in the axial direction and obtained the bending stiffness
calculation formula of the stick zone and the full slip zone. Ramos and
Pesce (2004) established an analytical model for the bending stiffness
of a helically wound structure based on the assumption of axial sliding.

Due to ignoring the contact friction between layers, the bending mo-
ment in the analytical expression shows a linear change with curvature,
which cannot accurately describe the nonlinear bending behavior of the
helically wound structure. Fe’ret and Bournazel (1987) proposed an-
other sliding hypothesis, believing that with bending deformation, the
spiral should slide along the shortest path; that is, in addition to sliding
along the axial direction, lateral sliding should also be considered,
thereby obtaining the change in spiral curvature and then obtaining
the stress distribution and sliding displacement of the spiral. Kraincanic
and Kebadze (2001) proposed an analytical model without considering
the friction nonlinear effect to simulate the bending process of the
multilayer helically wound structure. In this paper, the change of the
contact pressure due to the bending of the structure itself is ignored,
and dynamic friction coefficient and static friction coefficient are equal.
These researchers discovered that as the curvature increases, the layers
will slide from completely nonsliding to partially sliding and then to
fully sliding, presenting a state of nonlinear change. Zhang et al. (2008)
verified the nonlinear and bending hysteresis effects of an unbonded
helically wound structure through an experimental test. The above
theoretical and experimental studies on the bending performance of
the helically wound structure show that its bending stiffness presents
nonlinear characteristics, however, most of these studies considered
only the contact between layers while the contact within the same layer
is barely taken into account and such interlayer contact is expected to
be critical for a helically wound power cable.

Saevik (1993), based on the curved beam element, established a
finite element formulation with kinematic couplings to study the bend-
ing stress and deformation of a single spiral steel wire. Probyn et al.
(2007) and Le Corre and Probyn (2009) used the explicit analysis of
the ABAQUS software to carry out three-dimensional finite element
analysis of a multilayer helically wound structure. Shell and solid
elements were used in the model, and a large number of surface-to-
surface and line-to-surface contacts were considered. Therefore, the
computational efficiency of the finite element model was relatively
low. McNamara and Harte (1992) established a finite element model
of a multilayer helically wound structure composed of isotropic layers
and orthotropic layers but did not consider interlayer contact and
friction. Jiang et al. (2013) proposed a three-dimensional model of an
unbonded helically wound structure, considering nonlinear factors such
as friction and contact. The numerical analysis results of the tensile,
torsional and bending stiffness were obtained and compared with the
test results in the literature. Zhang et al. (2015) conducted theoretical
and numerical research on the bending characteristics of the helically
wound structures and established a finite element model to compare
with the experimental results. Lu et al. (2017) conducted a detailed
study on the bending stress of multilayer helically wound structures.
Based on theoretical models and numerical simulation methods, these
scholars focused on the bending stress during the nonlinear bending
process of helically wound structures. Li et al. (2019) and Li and Vaz
(2020) studied the lateral instability mechanism of multilayer struc-
tures under cyclic bending and longitudinal compression loads through
simulation and experiments and established an effective model that can
describe the sliding process of such structures in the bending process,
providing an analysis method for studying the lateral instability. Some
scholars (Skeie et al., 2012; Ruan et al., 2017) have also carried out
research studies on the reciprocating bending hysteretic phenomenon
of the helically wound structures, but in these studies, only the linear
mechanical properties of stick zone and full slip zone in the bending
hysteretic phenomenon of structures were considered.

From the results of the above references review, it can be seen that
both the theoretical analysis and finite element simulation of marine
cable structures have been widely carried out, however, experimental
investigations on the reciprocating bending behavior of the unbonded
helically wound power cable are relatively limited. In addition, most
of the above references only focused on the mechanical behavior of a
single-layer unbonded helically wound structure in stick zone and full
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Fig. 3. Nonlinear bending behavior of a helically wound structure.
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Fig. 4. A multilayer helically wound cross section of a copper conductor.

Table 1

Dimensions of the multilayer structure of the copper conductors.
Category Value
The diameter of a single copper wire 2.35 mm
Number of copper wires in the first layer/winding angle (°) 1/0
Number of copper wires in the second layer/winding angle (°) 6/+3.7
Number of copper wires in the third layer/winding angle (°) 12/-7.4
Number of copper wires in the fourth layer/winding angle (°) 18/+11.2
Number of copper wires in the fifth layer /winding angle (°) 24/-15.0
The thickness of the outer sheath layer 1.5 mm

slip zone, while few references addressed on the reciprocating bending
behavior of the copper conductors in the dynamic power cable. The
conductor itself is a multilayer helically wound structure. In addition,
in order to accurately predict the fatigue life of dynamic power cables,
it is not enough to consider only the bending performance caused by the
steel armor wires in cables, it is also necessary to study the nonlinear
bending hysteretic behavior caused by the conductors in order to obtain
accurate bending behavior of dynamic power cables. Few studies on the
bending hysteresis of the copper conductors can be found. Therefore,
to study the nonlinear bending behavior of dynamic power cables and
predict their fatigue life more accurately, it is necessary to perform
experimental research on the reciprocating bending behavior of the
copper conductors.

Fig. 4 shows a typical cross section of multilayer copper conductor
components in a dynamic power cable.

The main purpose of this paper is to study the nonlinear bending
behavior of multi-layer helically wound copper conductors and obtain
accurate nonlinear bending behavior of copper conductors. Accurate
nonlinear bending performance curves of copper conductors can be
used in the analysis of local stresses in dynamic cable fatigue life
calculations. At the same time, the influence of key parameters of
copper conductor on the bending nonlinear performance of copper
conductor is studied, which can provide guidance for the processing
and manufacturing of dynamic power cable.

The main research work in this paper is as follows: (1) The nonlinear
bending behavior characteristics of this copper conductor are obtained
through reciprocating bending experiments. (2) To study the influence
of structural parameters on the bending behavior of the copper conduc-
tor, this paper considers nonlinear factors including interlayer friction
and slip and establishes an accurate three-dimensional finite element
model of the conductor component using BFLEX (Savik, 2010), a
special purpose finite element software for advanced structural analysis
of flexible pipes and cables. The accuracy of the three-dimensional
finite element simulation model is verified by comparing the numerical
simulation results with the experimental results. (3) By changing the
key structural parameters in the numerical model of the copper con-
ductors, sensitivity studies of some structural parameters are carried
out, focusing on the influence of the radial extrusion pressure of the
outer sheath layer caused by different friction coefficients between
layers and different fabrication processing technologies on the bending
performance of the structure.

2. Experimental study
2.1. Bending test of the copper conductor

Referring to the international test specifications (ISO 13628-5,
2009; API 17B, 2014), this section presents a reciprocating bending
experimental study on the copper conductor structure, as described in
Table 1. The copper conductor consists of five-layers of the helically
wound circular copper wires including one center wire and an outer
sheath layer as a protective layer. The cross section of the copper
conductor is shown in Fig. 4. Detailed structural dimensions are shown
in Table 1.

The experiment was carried out in the laboratory of the School of
Marine Science and Technology, Dalian University of Technology. As
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Fig. 5. Set-up of the reciprocating bending experiment of the copper conductor (F is the middle point reaction force; L, is the copper conductor length between two hinge points;

and w is the applied displacement of the copper conductor at the middle point).
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Fig. 6. Physical diagram of experimental conditions. (a) experimental equipments (b) cross-section of the copper conductor.

shown in Fig. 5, both ends of the copper conductor were restrained by
hinge supports, and the middle point of the copper conductor was sub-
jected to a vertical load, which can impose a reciprocating movement
to the middle point of the copper conductor. The length of the test piece
between the two hinged supports was 440 mm, which conforms to the
recommended test length of the specification (ISO 13628-5, 2009; API
17B, 2014). The middle point of the copper conductor moves reversely
at point C, as shown in Fig. 3, defining the upper load reverse point
shown in Fig. 5 as the TC point and the lower load reverse point as the
BC point. Displacement control was adopted in the loading program,
and the displacement w and reaction force F applied in the copper
conductor span are measured by the displacement sensor frame and
the load cell. The upper and lower amplitude of displacement loading
was 6 mm, and the loading rate was 0.2 mm-s~!. The test process and
the cross-section of the copper conductor are shown in Fig. 6.

To eliminate the influence of the initial bending curvature of the
copper conductor on the experimental results, three reciprocating bend-
ing tests were carried out. In each test, three reciprocating displacement
loads were applied at the middle point of the copper conductor, and
data were collected after the load was stable. The test result of the
third reciprocating load was used as the result representing the corre-
sponding reciprocating bending test. After completing a reciprocating
bending test, the reciprocating bending test was repeated after the
cross section of the copper conductor was rotated 120 degrees, as
shown in Fig. 7. Then, the average value of the three reciprocating
bending test results was taken as the final experimental result of the
reciprocating bending experiment of the copper conductor structure.
According to the middle point displacement and the measured reaction
force applied in the reciprocating bending experiment of the copper
conductor structure, the middle point bending moment and curvature
of the copper conductor structure can be obtained through formulas (1)
and (2):

120°

Fig. 7. Schematic diagram of copper conductor cross section rotated 120 degrees.

The formula for calculating the bending moment is:

FL
M=—= 1
7 m
The curvature calculation formula is:
1 12w
- 2
p 2 2)

Where ! is the curvature; F is the middle point reaction; L is the
copper conductor length between two hinge points; w is the applied
displacement of the copper conductor at the middle point; and M is
the bending moment.
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Fig. 8. Test results of the bending hysteretic curve of the cable conductor.(a) Three reciprocating bending test results (b) The average value of the three reciprocating bending

test results.
2.2. Test results

The test data are plotted to obtain the reciprocating bending hys-
teretic curve of the copper conductor, as shown in Fig. 8(a). The loading
sequence in the figure is TC-BC-TC in the clockwise direction (indicated
by the red arrow).

From the experimental results, it can be seen that a hysteretic curve
is formed in the reciprocating bending process of the copper conductor.
When the bending stiffness of the copper conductor is loaded from the
TC position to the BC position and reversed from the BC position to the
TC position, the bending stiffness of the copper conductor gradually
decreases and finally approaches a constant value, and the whole
process presents the characteristics of a nonlinear change. From the
intersection of the hysteresis curve and curvature coordinate axis, the
mechanical behavior of the copper conductor structure under forward
loading and reverse loading is not exactly the same. The reason for
this phenomenon is that the vertical loading method is adopted in this
experiment. During the experiment, when the copper conductor struc-
ture changes the loading direction at the bottom BC position and the
top TC position, it is continuously subjected to gravity loading, which
causes the bending moment of the slip transition zone to decrease at
different speeds with curvature changes. By processing the TC to BC
curve and the BC to TC curve data in Fig. 8(b), the curve of the bending
experiment results shown in Fig. 8(b) can be fitted to obtain its slope
at different positions, that is, the change of the bending stiffness of the
copper conductor in the reciprocating bending process. The result is
shown in Fig. 9.

From Fig. 9, when the reciprocating bending behavior of the copper
conductor occurs, the bending stiffness of the overall structure presents
nonlinear characteristics, and when the bending is reversed (shown at
point a in Fig. 9), the maximum bending stiffness is 196.5 N m2. When
the bending curvature is small (shown at point b in Fig. 9), the overall
bending stiffness of the copper conductor tends to a fixed value, and
the average bending stiffness of the two curves (TC-BC segment and
BC-TC segment) at the horizontal position is 14.4 N m2. The results in
Fig. 9 show that there is no three-stage bending stiffness nonlinearity,
as described in Witz and Tan (1992). The reason is that the contact
forces between the copper wires and between the copper wires and
sheath layer is relatively small. Since the contact form between the
copper wires is line-to-line contact or point-to-point contact, when the
copper conductor undergoes relatively small curvature deformation,
slippage occurs between the copper wires. The result measured at the
beginning of this experiment is the result of the slip transition zone of
the copper conductor bending hysteresis curve (that is, the hysteresis
curve starts from the AB segment in Fig. 3), not the result of the stick
zone (that is, the OA segment in Fig. 3 is very small in this example and

has not been tested). This can be explained by noticing that the armored
steel wires studied by Witz and Tan (1992) is helically wound at larger
angles, and the rectangular cross section also makes the surface-to-
surface contact more dominant. Therefore, when the armored steel
wires exert larger contact force between layers, the armored steel wires
will not slip easily, so there is a clear stick zone in the corresponding
bending behavior.

From the TC-BC segment curve in Fig. 9, during the loading process
with the loading curvature from —0.37 m~! to 0.37 m~!, the bending
stiffness of the copper conductor stabilizes at —0.12 m~!. When the
curvature is —0.37 m~! to —0.12 m~!, the bending stiffness of the
copper conductor is in the nonlinear change stage (the copper wires
in the copper conductor are partially sliding). This stage in the figure
accounts for approximately 33.78% of the entire process from TC to
BC. This phenomenon shows that the nonlinear bending stage governs
a large portion of the bending performance of the conductor. As the
hysteresis effect will influence the global behavior of a dynamic riser in
terms of damping, it is important to describe this phenomenon correctly
for all cross-section components, including the conductors.

3. Finite element simulation

Due to the influence of nonlinear factors such as contact and friction
in the reciprocating bending process of the copper conductor structure,
accurate simulations are difficult via analytical formulas, so this section
adopts the three-dimensional finite element method to simulate and
verify the accuracy of the numerical model by comparing with the
experimental results in the previous section. Furthermore, on the basis
of numerical model validity, a sensitivity analysis of copper conduc-
tor structural parameters for the mechanical properties of the copper
conductor structure is carried out. BFLEX (Savik, 2010) software is a
special purpose finite element analysis software for submarine flexibles
and cables. This software can be used to carry out efficient finite
element analysis on the cable structure considering the contact and
friction effects between components. In this section, BFLEX is used
to establish a three-dimensional finite element model of the copper
conductor. By applying boundary constraints and middle point loads,
the reciprocating bending behavior of the copper conductor structure
can be simulated. According to formulas (1) and (2), the bending
hysteretic curve of the copper conductor is calculated.

The three-dimensional finite element model of the copper conductor
is shown in Fig. 10. The model length was 440 mm, and the diameter
and helically wound angle of each layer of copper wire are listed in
Table 1. The material parameters of copper wire, outer sheath layer
and auxiliary layer are listed in Table 2. To facilitate the setting of
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Fig. 9. Relation of the bending stiffness and curvature of the copper conductor.

Fig. 10. Three-dimensional finite element model of the copper conductor by BFLEX.

the contact friction between the spirally wound copper wires, an auxil-
iary layer was defined between the layers for modeling convenience,
ensuring smooth contact surfaces, for the benefit of computational
performance. In the above finite element model, the HSHEAR353 el-
ement was used for the copper wires, and the HSHEAR363 element
was used for the artificial layers and sheath layer (Szevik, 2010; Dai
et al., 2017, 2018). HSHEAR353 is a beam element considering trans-
verse and longitudinal slip, and HSHEAR363 is a combined beam and
shell element that approximately describes local radial motion between
layers. In the three-dimensional finite element model, HCONT454 and
HCONT463 contact elements were used for contact friction. HCONT454
is a 4-node contact element developed for the circumferential contact
friction between wires in the same helically wound layer. HCONT463
is a 3-node contact element developed for the radial contact friction of
interlayer spirally wound wires.

In BFLEX, the radial extrusion pressure of the outer sheath layer on
the copper conductor can be obtained by applying axial initial strain
to the outer sheath layer. By applying axial initial strain to the outer
sheath layer of the copper conductor, the radial extrusion pressure of
the outer sheath layer on the copper conductor can be obtained by
the following Eq. (3). Eq. (3) can be obtained by simplifying Lamé
equation (Lamé, 1859).

_ 2Eet
rdv

3)

Table 2
Material parameters.

Poisson’s ratio Young’s modulus (Pa)

1.18el1
4.20e8

0.30
0.35

Copper wire
Outer sheath layer and auxiliary layer

where p is the radial extrusion pressure; E is the Young’s modulus; ¢ is
the axial initial strain; ¢ is the thickness of outer sheath layer; d is the
inner diameter of outer sheath layer; and v is the Poisson’s ratio.
According to Dai et al. (2017) and Nasution et al. (2014), the
coefficient of friction among the copper wires was set to 0.2, whereas
the coefficient of friction between the sheath layer and the copper
conductors was set to 0.3. An axial initial strain of 0.01 was applied to
the outer sheath layer, that is, the radial extrusion pressure was 0.542
MPa. After the numerical simulation calculation of BFLEX software, the
stress diagram of each layer of the copper conductor at the BC position
is shown in Fig. 11. The maximum stress of each layer occurs in the
middle of each layer. The maximum stress of the 1st layer is 31.5 MPa;
the maximum stress of the 2nd layer is 51.2 MPa; the maximum stress
of the 3rd layer is 52.9 MPa; the maximum stress of the 4th layer is 54.7
MPa; the maximum stress of the 5th layer is 56.6 MPa; the maximum
stress of the outer sheath layer is 6.7 MPa. The maximum value of
structural stress is in the 5th layer. Results for the BFLEX simulation
are compared with the experimental test results, as shown in Fig. 12.
Fig. 12 shows that the three-dimensional finite element simulation
using BFLEX is in good agreement with the nonlinear bending hystere-
sis curve of the copper conductor obtained from the experiment. At the
same time, the bending stiffness of the slip transition zone from the BC
point to the TC point, the critical curvature of the transition from the
slip transition zone to the full slip zone, and other characteristic points
also have good accuracy. There is a certain mismatch in the reverse
bending stage from the TC point to the BC point. The main reason
for this mismatch is that the dynamic copper conductor is longer at
the outer ends of the two hinge supports in the experiment, and the
gravity at the end of the copper conductor causes the copper conductor
to bend upward in the middle of the span. That is, when the bending
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moment is zero from point TC to point BC in Fig. 12, the absolute value
of the curvature of the copper conductor at this time is greater than
the numerical simulation result. However, it is difficult for the finite
element model in BFLEX to capture the influence of the above factors.

The bending stiffness (in the current engineering practice, the fa-
tigue analysis of dynamic power cables usually adopts the bending
stiffness of the cable structure in the full slip zone (Chen et al., 2016))
of the three-dimensional finite element numerical simulation results in
the full slip zone (Segment MC to TC in Fig. 12) is 15.2 N m2, compared
with the experimental test result of 14.4 N m?, and the difference is
about 5.6%. When the copper conductor is subjected to reciprocating
bending loads, energy loss will occur due to heat dissipation caused
by friction. The envelope area of the bending hysteresis curve can well
reflect this damping property of the copper conductor structure. The
envelope area can be obtained by integrating the bending hysteresis
curve of the experimental results and numerical simulation results
shown in Fig. 12. The envelope area of the bending hysteresis curve
from the experimental result is 3.185 N m m~!, the envelope area
of the bending hysteresis curve from the finite element simulation is
2.875 N m m~!, and the difference between the two is 9.73%. Fur-
thermore, the reverse critical slip curvature (x, in Fig. 3) is compared
and analyzed according to the experimental and numerical simulation
results. Through data fitting, the reverse critical slip curvature in the
experimental test results is 0.3319 m~!, while the reverse critical slip
curvature in the numerical simulation results is 0.3431 m™!, and the

difference is only 3.26%. Hence, it can be concluded that the three-
dimensional finite element model established by BFLEX can accurately
simulate the reciprocating bending behavior of the copper conductor.

4. Sensitivity analysis

Due to the differences in material selection, manufacturing tech-
nology and installation and application environment of the copper
conductors during manufacturing and service, the friction coefficient
between the copper conductor interlayer materials may vary. More-
over, the outer sheath of the copper conductor generally adopts a hot
extrusion molding process (Dan et al., 2015), there is a certain initial
strain of inward shrinkage after the sheath layer is cooled down, and
different manufacturing process may lead to different initial strains.
The initial strain on the outer sheath layer will produce radial extrusion
pressure on the conductor, and then affect the contact friction among
copper wires in the conductor. Therefore, it is necessary to study the
influence of the friction coefficient and radial extrusion pressure of
the sheath layer on the structural bending hysteretic effect. In this
section, the sensitivity analysis of key structural parameters of the
copper conductor was carried out by using the three-dimensional finite
element model established in the previous section.

4.1. Sensitivity analysis of the friction coefficients

There are two main types of materials in the copper conductor,
namely, copper wire metal material and sheath layer nonmetal mate-
rial. Therefore, two friction coefficients in the copper conductor will
be studied, i.e. the friction coefficient among the copper wires and the
friction coefficient between the copper wire and sheath layer.

4.1.1. Sensitivity analysis of the friction coefficient between the copper wire
and sheath layer

The friction coefficient between the copper wire and sheath layer
of the copper conductor was set to different values in the analysis.
According to the range of friction coefficients between the copper
wire and sheath layer in the common copper conductor structure, the
friction coefficient was divided into five groups, which were 0.1, 0.2,
0.3, 0.4, and 0.5, the axial initial strain of the outer sheath layer was
set to 0.01, which corresponds to a radial extrusion pressure of 0.542
MPa. The friction coefficient among copper wires was set to 0.2. The
simulation results are shown in Fig. 13.

As shown in Fig. 13, with increasing friction coefficient, the area of
the bending hysteretic curve of copper conductor reciprocating bending
increases continuously. This is because with the gradual increase in the
friction coefficient, the energy loss caused by the friction effect in the
process of the copper conductor bending up and down gradually in-
creases. The envelope area of the curve can be obtained by integrating
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Fig. 13. Bending hysteresis curve of the copper conductor structure under different
friction coefficients between the copper wire and sheath layer.

12
z
804 =
=
Q
1 &
2
604 £
=}
1%
5
404 ©
204
—
— 1F
: e >
00 " 02 03 04
P Curvature (m™)
o S ——
i —a— Reverse critical slip point
4.0
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Table 3

The influence of the friction coefficient between the copper wire and sheath layer on

the envelope area and reverse critical slip curvature of the hysteresis curve.
Friction coefficient 0.1 0.2 0.3 0.4 0.5
Envelope area (N m m™!) 1.634 2258 2.875 3.489 4.142
Reverse critical slip curvature (m~!) 0.3579 0.3558 0.3513 0.3459 0.3371

the bending hysteretic curves of the copper conductor structures under
different friction coefficients. The reverse critical slip curvature (i.e., D’
point in Fig. 3) of each curve in Fig. 13 was calculated by processing
the numerical results, as in Section 3. The results are shown in Fig. 14
and Table 3.

Fig. 14 is a partial enlargement of Fig. 13. The position coordinates
of the reverse critical slip point are obtained by tangent intersection
in Fig. 14. It can be seen from the figure that the reverse critical slip
point is obviously affected by the change of friction coefficient between
the copper wire and the sheath layer, and the position coordinate is
linear distribution. From Table 3 and Fig. 15, the enveloping area of
the hysteretic curve shows a linear growth trend with an increase in
the friction coefficient between the copper wire and the sheath layer.
The above phenomenon shows that with increasing friction coefficient,
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Fig. 15. Sensitivity analysis of the friction coefficient between the copper wire and
sheath layer.

the energy loss caused by friction is linearly related to the friction co-
efficient between the copper wire and sheath layer in the reciprocating
bending behavior. The reverse critical slip curvature has a nonlinear
decreasing trend with increasing friction coefficient between the copper
wire and the sheath layer. Therefore, when the friction coefficient
increases and the copper conductor undergoes reverse bending, the
required curvature of the copper conductor structure from non-sliding
to critical sliding gradually increases. When the maximum bending cur-
vature is 0.372 m~1, the variation of the reverse critical slip curvature
is very small, and the population variance of the reverse critical slip
curvature is 5.6e—05 m~2 for different friction coefficients. The above
phenomena show that the friction coefficient between the copper wire
and the sheath layer has little influence on the reverse critical slip
curvature of the copper conductor. The friction coefficient between
the copper wire and the sheath layer has a more obvious influence on
the reverse stick zone and the reverse slip transition zone. This effect
can be clearly seen from Fig. 13. It can be observed that under the
influence of different friction coefficients, the full slip zone of the curve
is almost parallel under different friction coefficients, which shows that
the friction coefficient between the copper wire and the sheath layer
has very little effect on the bending performance of the structure when
the structure is fully sliding.

4.1.2. Sensitivity analysis of the friction coefficient among copper wires

The friction coefficient among the copper wires of the copper con-
ductor was set to different values in this analysis. According to the
range of friction coefficients among copper wires in a common cable
structure, the friction coefficient was divided into five groups, which
were 0.1, 0.2, 0.3, 0.4, and 0.5. The axial initial strain of the outer
sheath layer was set to 0.01, corresponding to a radial extrusion pres-
sure of 0.542 MPa. The friction coefficient between the copper wire
and sheath layers was set to 0.3. The simulation results are shown in
Fig. 16.

From Fig. 16, with increasing friction coefficient among copper
wires, the area of the copper conductor reciprocating bending hys-
teretic curve gradually increases, but the increase is very small, far
lower than the increase ratio of the friction coefficient between the
copper wire and sheath layer to the envelope area of the hysteretic
curve in Fig. 13. This result shows that the energy loss caused by the
friction effect among copper wires is not proportionally affected by the
change of the friction coefficient among copper wires in the cyclic bend-
ing of the copper conductor. Integrating the bending hysteresis curve
of copper conductors under different coefficients of friction among
copper wires, the envelope area of the hysteresis curve can be obtained
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Fig. 16. Bending hysteresis curve of the copper conductor structure under different
friction coefficients among copper wires.

10.0 4 _
=
1¢
b
804 5
g
] 8
=]
o —
6.0 & e
i 'g R & o.f':"
K Y :«,; y s
¥ el gt =
4.0 1 » gt g

>
0.4
Curvature (m™")

—a— Reverse critical slip point

Fig. 17. Variation of the reverse critical slip point under different friction coefficients
among the copper wires.

Table 4
The influence of the friction coefficient among the copper wires on the envelope area
and reverse critical slip curvature of the hysteresis curve.

Friction coefficient 0.1 0.2 0.3 0.4 0.5
Envelope area (N m m™!) 2.470 2.875 3.197 3.453 3.655
Reverse critical slip curvature (m™') 0.3503 0.3513 0.3496 0.3457 0.3431

quantitatively. At the same time, the reverse critical slip curvature
(i.e., D’ point in Fig. 3) of each curve in Fig. 16 was calculated by
processing the results as in Section 3. The results are shown in Fig. 17
and Table 4.

Fig. 17 is a partial enlargement of Fig. 16. At the same time,
the position coordinates of the reverse critical slip point are obtained
by tangent intersection in Fig. 17. It can be seen that the reverse
critical slip point is little affected by the change of friction coefficient
among the copper wires, and is almost at the same position. From
Table 4 and Fig. 18, the enveloping area of the hysteretic curve shows
a nonlinear growth trend with increasing friction coefficient among
copper wires, and the growth ratio gradually decreases. The above
phenomenon shows that with increasing friction coefficient among the
copper wires, the influence of the friction coefficient on the energy
loss caused by friction gradually decreases in the reciprocating bending
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Fig. 18. Sensitivity analysis of the friction coefficient among copper wires and the
bending hysteretic curve.

behavior. When the maximum bending curvature is 0.372 m~!, the
variation of the reverse critical slip curvature is very small, and the
population variance of the reverse critical slip curvature is 4.5e—06 m~2
under different friction coefficients. The above phenomena show that
the critical slip curvature is hardly affected by the friction coefficient
among the copper wires. It can be observed that when the structure
is fully sliding, with increasing friction coefficient, the slope of the
full slip zone of the curve presents an obvious increasing trend, which
shows that the friction coefficient among copper wires has an obvious
influence on the bending stiffness of the structure when the structure
is fully sliding.

From the comparison of Figs. 15 and 18, under the same coordinate
axis, the influence of the friction coefficient between the copper wire
and the sheath layer on the envelope area of the hysteretic curve and
the reverse critical slip curvature is greater than that among the copper
wires. Therefore, the influence of the friction coefficient between the
sheath layer and the copper wire on the bending performance of the
copper conductor structure should be taken into account in engineering
applications.

4.2. Sensitivity analysis of the radial extrusion pressure of the outer sheath
layer

To study the influence of the radial extrusion pressure of the outer
sheath layer on the reciprocating bending behavior, the radial extru-
sion pressure cannot be directly applied to the outer sheath layer in
the established three-dimensional finite element model for calculation.
Therefore, in the software, the radial extrusion pressure was applied
by applying the axial initial strain to the outer sheath layer. The
axial initial strains were divided into five groups, which were 0.01,
0.02, 0.03, 0.04 and 0.05 respectively, and the corresponding radial
extrusion pressures are 0.542 MPa, 1.084 MPa, 1.625 MPa, 2.167 MPa
and 2.709 MPa respectively. The friction coefficient among the copper
wires was set to 0.2, and the friction coefficient between the sheath
layer and copper wires was set to 0.3.

Carrying out a three-dimensional finite element numerical simu-
lation on the above groups, the calculation results of the bending
hysteresis curve of the copper conductor structure can be obtained, as
shown in Fig. 19.

Similar to the analysis in the previous section, this section also
analyzes the influence of the radial extrusion pressure of the outer
sheath layer on the envelope area of the hysteresis curve and the
reverse critical slip curvature. Fig. 20 is a partial enlargement of Fig. 19.
It can be seen from Fig. 20 that the reverse critical slip point exhibits
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Table 5

Influence of the envelope area of the hysteretic curve with radial extrusion pressure.
Radial extrusion pressure (MPa) 0.542 1.084 1.625 2167 2.709
Envelope area (N m m~1) 2.873 4,984 6.904 8.545 9.889

Reverse critical slip curvature (m~!) 0.3513 0.3232 0.3018 0.2788 0.2507

an obvious linear distribution with the increase of the radial extrusion
pressure of the outer sheath layer. Table 5 shows the relationship
between the envelope area of the hysteretic curve and the reverse
critical slip curvature of the copper conductor structure corresponding
to different radial extrusion pressures. In Fig. 21, the sensitivity analysis
results of the radial extrusion pressure of the sheath layer to the enve-
lope area of the hysteretic curve and the reverse critical slip curvature
are further visually displayed through curves.

From Fig. 19, the radial extrusion pressure of the sheath layer has a
great influence on the copper conductor bending hysteretic curve. The
greater the radial extrusion pressure of the sheath layer is, the more
energy the copper conductor consumes during the bending process.
From the curve of Fig. 19, it can be observed that with an increase
in the radial extrusion pressure value of the outer sheath layer, the
curvature of the position where the curve overlaps during the initial
bending and reciprocating bending of the copper conductor gradually
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Fig. 21. Sensitivity analysis of the radial extrusion pressure of the sheath layer to the
bending hysteretic curve.

increases. This phenomenon indicates that the total sliding curvature
K, of the copper conductor structure gradually increases; that is, when
the same bending curvature occurs, the proportion of the slip transition
zone in the entire bending stage gradually increases. With the change
in parameters, the importance of the slip transition zone is highlighted,
which should be considered in engineering applications. From the data
in Table 5 and Fig. 21, the envelope area of the hysteresis curve
gradually increases with increasing radial extrusion pressure, indicating
that an increase in external pressure increases the friction energy
consumption among copper wires, making the damping performance
of the copper conductor structure more significant. At the same time,
from the analysis of the data growth trend, we can observe that this
trend is characterized by a weak nonlinearity. With the increase in
the radial extrusion pressure of the sheath layer, the value of reverse
critical slip curvature decreases linearly, which means that the slip
curvature increases linearly in reverse bending. Therefore, when the
copper conductor undergoes reverse bending, the required curvature of
the copper conductor structure from nonsliding to critical slip is grad-
ually increased with the increases of the radial extrusion pressure of
the sheath layer. When the maximum bending curvature is 0.372 m~1,
the variation of the reverse critical slip curvature has a large variation
range, and the population variance of the reverse critical slip curvature
is 1.2e—03 m~2 under different radial extrusion pressure of the sheath
layer. The radial extrusion pressure of the sheath layer has an obvious
influence on the reverse stick zone and the reverse slip transition zone.

5. Conclusion

In this paper, the reciprocating bending behavior of a multilayer
copper conductor in a dynamic power cable was studied by both ex-
perimental and numerical studies. Sensitivity analysis on key structural
parameters were carried out. The following conclusions can be drawn:

1. When the copper conductor structure is subjected to reciprocat-
ing bending, its bending performance presents obvious nonlinear
characteristics. The finite element model was able to accurately
simulate the bending behavior of the copper conductor.

2. From the results of experiment and numerical simulation, it can
be seen that the non-linear bending performance of the copper
conductor is mainly in the slip transition zone and the full slip
zone, instead of in the stick zone, most probably due to the
line-to-line contact or point-to-point contact among the copper
wires.
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3. Through sensitivity analysis of the parameters in the copper
conductor numerical model, it can be seen that the friction
coefficient has an obvious influence on the nonlinear bending
performance of the copper conductor. The friction coefficient
between the sheath layer and the copper wire mainly affects the
slip transition zone in the nonlinear performance of the copper
conductor. The friction coefficient among copper wires mainly
affects the full slip zone in the nonlinear performance of the
copper conductor.

4. The radial extrusion pressure of the outer sheath layer has obvi-
ous influence on bending nonlinearity of the copper conductor.
It is therefore necessary not to neglect the influence of deep
water pressure on bending performance of the copper conductor.
In the fatigue life analysis of dynamic power cables consisting
multilayer helically wound copper conductors, attention should
be given to the nonlinear characteristics of bending perfor-
mance and the influence of key structural parameters on bending
performance should also be evaluated.
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