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Abstract: Marine flexible pipe/cables, such as umbilicals, flexible pipes and cryogenic hoses, are
widely adopted in ocean engineering. The reinforcing armor layer in these pipe/cables is the main
component for bearing loads, which is a typical multi-layer helically wound slender structure with
different winding angles for different devices. There has been no general theoretical methodology to
describe the tensile performance of these flexible pipe/cables. This paper first introduces a theory
to solve the tensile mechanical behavior of a helically wound structure. Based on the curved beam
theory, a solution of the tensile stress of a helically wound slender is derived. Then, the deformation
mechanism of the marine flexible pipe/cables structure with different winding angles is studied.
Through comparing theoretical and numerical results, the deformation characteristic of the helically
wound slender structure is further explained. It is found that a sectional torsional deformation
generates when the structure with a larger winding angle is under tension condition, while the
sectional deformation of the structure with a smaller winding angle is mainly tension. Finally, a
couple types of marine flexible pipe/cables under the tension condition are provided to analyze
the mechanical performance and compare the difference between different theoretical models. The
research conclusion from this paper provides a useful reference for the structural analysis and design
of marine flexible pipe/cables.

Keywords: marine flexible pipe/cables; helically wound structures; tensile performance

1. Introduction

Marine flexible pipe/cables are important devices in the ocean resource exploitation [1].
For example, umbilicals connect the floater and the manifold, which can be used to transmit
the power and control signal, and flexible pipes can transport oil or gas. Cryogenic hoses
link FLNG and LNG to deliver the liquefied natural gas. In order to improve the structural
performance during operation, a single-layer or double-layer steel armor, the so-called
“reinforced armor layer” is assembled inside the outer sheath, which is a usually helically
wound structure. Helically wound structures can bear both axial and bending loads,
which have been widely used in various industrial equipment [2]. For example, wire
rope with a high tensile and fatigue strength is a key load-bearing component in special
equipment, such as lifts and cranes [3]. Considering the complex loading condition in
the sea environment, helically wound structures, such as umbilicals, flexible pipes and
cryogenic hoses, have been introduced to ocean engineering [4]. Helically wound structures
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almost bear the overall axial load, and the accurate analysis of the structural tensile behavior
is meaningful to the analysis and design of flexible pipe/cables [5].

In past research, the tensile behavior of helically wound structures has been a popular
topic. Based on Hruska’s [6,7] assumption that the axial deformation of the helical wire
is small and neglects the cross section shape, the helical wire can be taken as a whole
component to derivate the tensile stiffness. Cardou [8] summarized multiple theoretical
models of a single-strand and double-strand helical wire rope to evaluate the structural
tensile property. In these models, the structural winding angles are usually small (0◦~20◦)
so that the structure can bear the larger axial stretching. Knapp [9–11] proposed a theoretical
model to calculate the axial strain and winding angle of the deformed structure, and in this
model, the core deformation is not considered. The helically wound slender structure can
be regarded as a spring model when the winding angle reaches 70◦~90◦, and the mechanical
property of this type of structural model can be solved easily. In 2006, Feyrer [12] found that
the local deformation of a single steel wire is affected by the fatigue and damage behavior
of steel wire rope. For marine flexible pipe/cables, Kirchhoff’s nonlinear mechanical model
was developed, and the theoretical accuracy was verified experimentally by Liu [13]. Some
theoretical models are proposed to calculate the local pressure, radial force and contact
force between the cable armor layer [14,15].

Many numerical methods have been gradually proposed to analyze the mechanical
behavior of helically wound structures. In 2019, Chang and Chen [16] simulated the
mechanical behavior of submarine cables under combined loads of tension, torsion and
compression, and the coupling effects of loads generated a great influence on the analysis
and design of submarine cables. In 2021, Yang [17] proposed a numerical method to
calculate the nonlinear tension–torsion coupling effect. In the method, the stiffness of the
structure inside the reinforced armor layer, or the so-called ‘core’ can be obtained easily.
Then, the tension–torsion coupled stiffness can be calculated more accurately than the
theoretical solution.

Recently, many scholars have proposed theoretical analysis models to analyze heli-
cally wound structures with different helix angles. However, there is a small number of
discussions on the applicability of these models, especially when considering the helically
wound structure in the cylindrical core. This paper discusses a tensile model of the helically
wound structure wrapped around a cylindrical core. Based on the curved beam theory [12],
a tensile solution to the helically wound structure with different winding angles is derived.
Comparing with numerical results of three winding angle structures, the theoretical model
is validated. Through comparing the error and application range of different theoretical
analysis methods, the deformation mechanism is further explained.

2. Structural Characteristics of Reinforced Armor Layer in Marine
Flexible Pipe/Cables

The different types of reinforced armor layers are required when marine flexible
pipe/cables work in various conditions. The reinforced armor layer is typically a helically
wound structure with different winding angles, as shown in Figure 1. For cables or
umbilicals, the function of a reinforced armor layer is to resist the tensile load. Therefore,
the winding angle of this type of structure is small, usually between 15◦ and 25◦ [18].
For flexible pipe, the reinforced armor layer is adopted for bearing the tension and inner
pressure loads, and the winding angle is usually between 30◦ and 40◦ [19,20]. For cryogenic
flexible hose, the reinforced armor layer mainly aims to bear the inner pressure and outer
impacting loads, and the winding angle is usually between 75◦ and 80◦ [21]. The tensile
strength of helically wound structures with a small angle is high, while the structure with
an angle has a strong radial resistance capacity and is more flexible.
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Figure 1. Structural characteristics of the marine flexible pipe/cables armoring layer. 

The mechanical model of helically wound structures can be generally established as 
shown n Figure 2. A helically wound structure with an undeformable cylindrical core is 
proposed. Considering the complexity of the reinforced armor layer, the following as-
sumptions are given: 
1. Ignoring the interaction between layers, only one of the armoring layers is taken to 

conduct the property analysis. The core is an undeformable cylinder. 
2. The diameter of the helically wound structure is much smaller than that of the core. 
3. Under the axial load, the section of the deformed structure remains flat. 
4. The material property of the helically wound structure is isotropic. 
5. The helically wound structure cannot be affected by the external bending moment 

per unit length. 
Given that the armored layer is subjected to the axial tension 𝐹, and the average force 

on each helically wound wire is 𝑓. The winding angle is 𝛼, the thread pitch before the 
deformation is ℎ = 2𝜋𝑟 𝑡𝑎𝑛𝛼 and 𝑟 is the distance between the central line of the core 
and the central line of the wounded wire. 𝑅ଶ is the radius of the helically wound wire, 𝑅ଵ is the radius of the cylindrical core and 𝑟 = 𝑅ଵ + 𝑅ଶ. 

 
Figure 2. Schematic diagram of the helically wound structure subjected to tensile load. 

  

Figure 1. Structural characteristics of the marine flexible pipe/cables armoring layer.

The mechanical model of helically wound structures can be generally established as
shown n Figure 2. A helically wound structure with an undeformable cylindrical core
is proposed. Considering the complexity of the reinforced armor layer, the following
assumptions are given:

1. Ignoring the interaction between layers, only one of the armoring layers is taken to
conduct the property analysis. The core is an undeformable cylinder.

2. The diameter of the helically wound structure is much smaller than that of the core.
3. Under the axial load, the section of the deformed structure remains flat.
4. The material property of the helically wound structure is isotropic.
5. The helically wound structure cannot be affected by the external bending moment per

unit length.
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Given that the armored layer is subjected to the axial tension F, and the average force
on each helically wound wire is f . The winding angle is α, the thread pitch before the
deformation is h = 2πr tan α and r is the distance between the central line of the core and
the central line of the wounded wire. R2 is the radius of the helically wound wire, R1 is the
radius of the cylindrical core and r = R1 + R2.

3. Theoretical Model of Tensile Behavior of the Helically Wound Structure
3.1. Mechanical Model of Helically Wound Structures

In order to explain the mechanical model clearly, a helically wound steel wire was
taken, and the tensile loading condition is shown in Figure 3.
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Assuming that the core is undeformable, the winding angle after stretching is α, the
changed value of the winding angle because of stretching is ∆α = α− α, the thread pitch
after stretching is h and the amplitude of stretching deformation is ∆h = h− h.

The axial strain ε can be expressed as:

ε =
h− h

h
(1)

A micro-segment of the helically wound structure can be regarded as a 3D curve.
Combining the curvature and torsion of the spatial helical curves, the subcomponents
of the angular velocity vector are projected to the A, B, and C axes. κ, κ′ and τ indicate
deformation curvature and torsion in per unit length. The curvature and torsion before
deformation are expressed as:

κ = 0, κ′ =
sin2 α

r
, τ =

sin α cos α

r
(2)

The curvature and torsion after deformation are expressed as:

κ = 0, κ′ =
sin2 α

r
, τ =

sin α cos α

r
(3)

When the helically wound structure is only subjected to the tensile load, the force
in each section along the winding path after canceling the boundary is the same. Three
subcomponents of forces, two bending moments and one torque can be generated in the
cross section.

N and N′ are the shear force components in the A- and B-axis directions on the cross-
section of the helical structure, respectively. T is the axial tension of the central axis of the
helically wound slender structure. G and G′ are the bending moments along the A and
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B axis, respectively. H represents the torsion moment on the central axis of the helically
wound slender structure. X1, X2, and X3 represent the linear load components per unit
length of helically wound structures.

According to Hypothesis 4, its internal force can be expressed linearly through the
curvature change and torsion per unit length as:

G =
πR4

2
4

E(κ − κ), G′ =
πR4

2
4

E(κ′ − κ′), H =
πR4

2
4

E(τ − τ) (4)

The thin rod theory of Love (1944) [22] gives the force and moment balance equations
as Equation (5). 

dN
dS − N′τ + Tκ′ + X1 = 0
dN′
dS − Tκ + Nτ + X2 = 0

dT
dS − Nκ′ + N′κ + X3 = 0
dG
dS − G′τ + Hκ′ − N′ = 0
dG′
dS − Hκ + Gτ + N = 0
dH
dS − Gκ′ + G′κ + Θ = 0

(5)

where Θ represents the external moment per unit length of the helically wound structure.
According to Hypothesis 5, the balanced equation is simplified as:

−N′τ + Tκ′ + X1 = 0
X2 = 0
X3 = 0

−G′τ + Hκ′ − N′ = 0
N = 0
Θ = 0

(6)

The axial tension of the helically wound structure is T = πR2
2Eξ, where E is the elasticity

modulus and ξ is the axial strain.
The length of the helically wound structure before stretching is L, and after stretching,

the length becomes L(1 + ξ). Therefore, Equation (1) can be rewritten as:

ε =
h− h

h
= (1 + ξ)

cos α

cos α
− 1 (7)

Similarly, the rotation strain β of the helically wound structure can be expressed as:

β = (1 + ε) tan α− tan α (8)

and cos α can be expressed as:

cos α = cos(α− ∆α) = cos α + ∆α sin α (9)

ξ is assumed to be small and higher-order terms are ignored, Equations (8) and (9) are
rewritten as:

ε = ξ + ∆α tan α (10)

β = ξ tan α− ∆α = 0 (11)

Based on Equations (10) and (11), the axial strain ξ and the change value ∆α of the
winding angle can be obtained by:

ξ =
ε

1 + tan2 α
(12)

∆α =
ε tan α

1 + tan2 α
(13)
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The curvature change and the torsion change per unit length can be linearized as:

R2∆κ = −2 sin α cos α

r/R2

ε tan α

1 + tan2 α
(14)

R2∆τ =
1− 2 cos2 α

r/R2

ε tan α

1 + tan2 α
(15)

where ∆κ and ∆τ are the curvature change and the torque change. The internal force of the
helically wound structure can be calculated by:

G′ = − EπR4
2ε cos2 α tan2 α

2r(1+tan2 α)

H =
EπR4

2ε tan α sin2 α

2r(1+tan2 α)

N′ = [EπR4
2ε sin α cos α(1−2 cos2 α)+2EπR4

2ε cos3 α sin α] tan2 α

4r2(1+tan2 α)

T =
EπR2

2ε

1+tan2 α

(16)

The stress caused by the axial tension T is:

σT =
T

πR2
2
=

Eε

1 + tan2 α
(17)

The maximum normal stress caused by the bending moment component G′ in the
B-axis direction is:

σG′ =
4G′

πR3
2
= −2ER2ε cos2 α tan2 α

r
(
1 + tan2 α

) (18)

The maximum shear force caused by the torsion moment H on the central axis is:

σH =
2H
πR3

2
=

ER2ε tan α sin2 α

r
(
1 + tan2 α

) (19)

3.2. Theoretical Model of Tensile Mechanical Behavior of Helically Wound Structures with Typical
Winding Angles

If the winding angle is between 0◦ and 20◦, the helically wound structure can usually
regard as a thin rod. One of typical appliccations of this type of helically wound slender
structure is the tensile armor steel wire of dynamic submarine. The winding angle α is
small, and sin α approaches zero. Therefore, some terms related to α can be dropped in the
calculation. Equations (12) and (13) can be rewritten as the formula [9], which can be used
to solve the axial strain ξ and the changed value of the winding angle ∆α by

ξ = ε cos2 α (20)

cos α

cos α
= 1 + ε− ξ (21)

The internal force solution of the steel wire can be written as:
G′ = π

4 ER3
2

(
− 2 sin α cos α

r/R2

{
cos−1[(1 + ε− ε cos2 α

)
cos α

]
− α
})

H = π
4 ER3

2

(
1−2 cos2 α

r
{

cos−1[(1 + ε− ε cos2 α
)

cos α
]
− α
})

N′ = H
R2

sin2 α
r/R2

− G′
R2

sin α cos α
r/R2

T = πε cos2 αER2
2

(22)

The stress caused by the axial tension T, the maximum normal stress caused by the
bending moment component G′ in the B-axis direction and the maximum shear force
caused by the torque H can be calculated through the intermediate winding angle theory.
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When the winding angle is between 70◦ and 90◦, the helically wound slender structure
will evolve into spring, and the mathematical model is shown in Figure 4. Here, α is a
large value. Therefore, the terms related to cos α can be dropped, and the helically wound
structures can be regarded as a classical spring model, the mechanical property of which
can be solved briefly based on some existing methods. The tensile force f along the central
axis of the core is expressed as [23]:

f = k∆h (23)

k =
GR4

2
4Ncr3 =

GR4
2

4r3 (24)

where the shear modulus is G = E/2(1 + ν), E is the elasticity modulus, ν is the Poisson’s
ratio, k is the spring constant and Nc is the coil number. The tension force f can be obtained
by:

f =
εER4

2π

4r2(1 + ν) tan α
(25)

J. Mar. Sci. Eng. 2022, 10, 642 8 of 16 
 

 

 
Figure 4. Schematic diagram of spring parameters. 

4. Numerical Simulation Verification Analysis 
Currently, Knapp’s [8] theory is used in the offshore engineering industry to solve 

the tensile properties of reinforced armored layers, while the spring theory is adopted for 
reinforced armor layers with large winding angles. Therefore, a general theoretical model 
of helically wound slender structures with different winding angles is derived in this pa-
per. Thus, the accuracy of theoretical estimation in practical engineering can be improved. 
In order to validate the proposed theory models, an accurate 3D finite element model was 
built as a benchmark. 

4.1. Establishing the Numerical Model 
Using commercial software ABAQUS [24] to build a beam element of helically 

wound structures, helically slender structures were wound on a cylindrical shell model at 
different winding angles, from 10° to 90°, with a difference of 10°. The length of the model 
was a helical pitch, and the beam section was a circle with a radius of 2.5 mm. A model 
with a 45° winding angle was taken as an example to explain the proposed method. The 
material was elastoplastic, and the material parameters are shown in Table 1. [25] 

When building a numerical model, a B31 beam element and a S4R shell element are 
taken to define the sectional property of the beam. There are interactions, such as the con-
tact and extrusion, between the helically wound structure and the cylindrical core. In the 
numerical model, a universal contact between the beam element and the shell element is 
set up and the friction is not considered. Through a grid convergence analysis, high-effi-
cient and accurate numerical models are given as the model meshed equally by 1000 grids 
along the axial direction, and the S4R shell model is divided by quadrilateral grids. After 
a numerical calculation, it was found that this numerical model could describe the contact 
between the beam and the shell very well. The finite element model is shown in Figure 5. 

Table 1. Model material parameters. 

Elasticity Modulus (MPa) Poisson’s Ratio Density (kg·m−3) 
210,000 0.3 7800 

Figure 4. Schematic diagram of spring parameters.

The torsion moment H of the spring is expressed as:

H = f r =
εER4

2π

4r(1 + ν) tan α
(26)

The tension force f of the core is decomposed into the spring axial tension T as:

T = f cos α =
εER4

2π cos α

4r2(1 + ν) tan α
(27)

The axial stress and the torsion stress can be expressed as:

σT =
T

πR2
2
=

εER2
2 cos α

4r2(1 + ν) tan α
(28)

σH =
2H
πR3

2
=

εER2

2r(1 + ν) tan α
(29)

4. Numerical Simulation Verification Analysis

Currently, Knapp’s [8] theory is used in the offshore engineering industry to solve
the tensile properties of reinforced armored layers, while the spring theory is adopted for
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reinforced armor layers with large winding angles. Therefore, a general theoretical model
of helically wound slender structures with different winding angles is derived in this paper.
Thus, the accuracy of theoretical estimation in practical engineering can be improved. In
order to validate the proposed theory models, an accurate 3D finite element model was
built as a benchmark.

4.1. Establishing the Numerical Model

Using commercial software ABAQUS [24] to build a beam element of helically wound
structures, helically slender structures were wound on a cylindrical shell model at different
winding angles, from 10◦ to 90◦, with a difference of 10◦. The length of the model was a
helical pitch, and the beam section was a circle with a radius of 2.5 mm. A model with a
45◦ winding angle was taken as an example to explain the proposed method. The material
was elastoplastic, and the material parameters are shown in Table 1. [25]

Table 1. Model material parameters.

Elasticity Modulus (MPa) Poisson’s Ratio Density (kg·m−3)

210,000 0.3 7800

When building a numerical model, a B31 beam element and a S4R shell element are
taken to define the sectional property of the beam. There are interactions, such as the
contact and extrusion, between the helically wound structure and the cylindrical core. In
the numerical model, a universal contact between the beam element and the shell element is
set up and the friction is not considered. Through a grid convergence analysis, high-efficient
and accurate numerical models are given as the model meshed equally by 1000 grids along
the axial direction, and the S4R shell model is divided by quadrilateral grids. After a
numerical calculation, it was found that this numerical model could describe the contact
between the beam and the shell very well. The finite element model is shown in Figure 5.

J. Mar. Sci. Eng. 2022, 10, 642 9 of 16 
 

 

 
Figure 5. Finite element model and boundary conditions. 

4.2. Loads and Boundary Conditions 
Considering the axial periodicity of the helically wound structure, a proper way to 

apply loads on the ends is required for various loading conditions. An improper method 
may lead to an undesired displacement and a stress concentration. Therefore, we com-
pared the mechanical property of different numerical models. The degrees of freedom of 
all points on the ending surface were respectively coupled with the ones of the central 
points as reference points RP-1 and RP-2. Shell elements were defined as rigid elements 
and were completely fixed with RP-2, and a displacement load with the amplitude of a 
thousandth the length of the pitch was applied to the RP-1. The loading and constraint 
conditions are shown in Figure 5. The quasi-static loading condition was applied to 
smooth the analysis step and avoid sudden stress generation. Because of the axial perio-
dicity of the structure, the internal force and stress changed periodically. Therefore, the 
model with the length of a pitch was taken to conduct the numerical calculation. 

4.3. Tensile Mechanical Behavior Deformation Mechanism 
Figure 6 presents the numerical results of the mechanical property of helically wound 

structures with a winding angle of 45°, involving various loading conditions such as the 
axial tension, displacement, bending and torsion. Under the axial tension condition, the 
axial strain and torsional and bending deformation may appear. For this type of helically 
wound structures, the deformation is mainly the axial translation. The torsion direction at 
two ends is opposite and the bending strain is small during the middle segment, while 
the one is larger at ending parts and with an opposite direction. Due to the periodicity of 
helically wound structures, the mechanical behavior along the axial direction should be 
the same. Therefore, a further study on the tensile behavior was carried out in the follow-
ing section. 

  

Figure 5. Finite element model and boundary conditions.

4.2. Loads and Boundary Conditions

Considering the axial periodicity of the helically wound structure, a proper way to
apply loads on the ends is required for various loading conditions. An improper method
may lead to an undesired displacement and a stress concentration. Therefore, we compared
the mechanical property of different numerical models. The degrees of freedom of all
points on the ending surface were respectively coupled with the ones of the central points
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as reference points RP-1 and RP-2. Shell elements were defined as rigid elements and were
completely fixed with RP-2, and a displacement load with the amplitude of a thousandth
the length of the pitch was applied to the RP-1. The loading and constraint conditions are
shown in Figure 5. The quasi-static loading condition was applied to smooth the analysis
step and avoid sudden stress generation. Because of the axial periodicity of the structure,
the internal force and stress changed periodically. Therefore, the model with the length of a
pitch was taken to conduct the numerical calculation.

4.3. Tensile Mechanical Behavior Deformation Mechanism

Figure 6 presents the numerical results of the mechanical property of helically wound
structures with a winding angle of 45◦, involving various loading conditions such as the
axial tension, displacement, bending and torsion. Under the axial tension condition, the
axial strain and torsional and bending deformation may appear. For this type of helically
wound structures, the deformation is mainly the axial translation. The torsion direction
at two ends is opposite and the bending strain is small during the middle segment, while
the one is larger at ending parts and with an opposite direction. Due to the periodicity of
helically wound structures, the mechanical behavior along the axial direction should be the
same. Therefore, a further study on the tensile behavior was carried out in the following
section.
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5. Validation of Model Analysis

The winding angle of the helically wound slender structure is usually required to be
changed for different service conditions. The angle in the steel wire rope or the umbilical is
usually small, while the one in the vibration damping device is larger. Figure 7 presents
the mechanical property of helically wound structures with different angles, where 10◦

and 20◦ are defined as smaller winding angles; 30◦, 40◦, 45◦, 50◦, and 60◦ are defined as
intermediate winding angles; and 70◦ and 80◦ are defined as larger winding angles.
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5.1. Mechanical Tensile Performance of Helically Wound Structures

Figure 7 shows the numerical solutions of the helically wound structure with different
winding angles under stretching loads. From Figure 7a, the axial tensile force decreased
linearly as the winding angle increased. The normal stress σT was equal to the ratio of
the axial force T to the cross-sectional area of the helically wound structure, so the stress
change trend was similar to the tension change trend. From Figure 7b, the changing trend
of the shear force along the B-axis direction was the same as that of the bending moment
and the axial torque as the winding angle increased, and the internal force tended to the
maximum when the winding angle was about 45◦. Based on theoretical mechanics, the
slender structure was tensile but easy to bend. With the increase of the winding angle, the
load on the curved beam gradually changed from tension to shear, resulting in a linear
decrease of the axial tension T, while the tensile strength of the structure was weakened.
When the winding angle was about 45◦, the structure was more comprehensive and the
force was uniform, resulting in the internal force tending to the maximum value. From
Figure 7b, not normally distributed, because the numerical solution outputted the data,
the direction of the discrete nodal force was different, which caused the data to produce
periodic fluctuations. Therefore, the limited output precision of the internal force of some
angles caused the curve to fluctuate. As the winding angle changes, the theoretical results
should also change regularly, which is also confirmed below.

Based on the simulation, the tensile force and stress of the helically wound structure
increased linearly with the increasing winding angle. Another interesting behavior is
that other internal forces and stresses may reach a peak when the winding angle reaches
45◦. Therefore, a micro-element analysis method was applied to conduct a study on the
symmetry of the mechanical behavior of the helically wound slender structure. When the
winding angle increased, the torsion–stretch ratio changed, as shown in Figure 8. The cloud
image was a torsion cloud image. The dotted line shows the undeformed state. As the
winding angle increased, the torsional strain gradually increased and the stretching strain
gradually decreased. When the winding angle was 45 degrees, the torsion–stretch ratio
tended to the middle value. Both the torsional and tensile deformations were large, so the
internal force and stress tended to the maximum when the winding angle was 45◦.
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5.2. Theory Suitability Analysis

In order to discuss the application scope of different theories, the mechanical behavior
was further analyzed based on different methods, and various solutions are plotted in
Figure 9. It was observed that the intermediate winding angle theory and the small angle
theory were basically consistent with the numerical solution in solving the axial tension
T, and the solution error was less than 2%, which meets the requirements of engineering
practice for the accuracy of the theoretical solution. For other internal forces, the changing
trend of these two theoretical solutions are same as the numerical solution, but the accuracy
of the intermediate winding angle solution is significantly better than that of the smaller
winding angle theory. As the above theoretical models ignore the effect of torsion under
the stretching condition, the accuracy of the solution for the smaller winding angle is better
than that for the other winding angle. The smaller winding angle has a stronger tensile
strength, which leads to a smaller axial strain. The classical spring theory assumes that the
inner core can be contracted, and the tensile member is not subject to the reaction force of
the inner core, resulting in a large error in the calculation of the axial stress T. The smaller
winding angle theory ignores the influence of the changing value of the winding angle,
resulting in only T with higher accuracy. The theoretical formulas of N′, G′ and H have
sine and cosine trigonometric functions, so the calculation results of the complementary
winding angles are the same, resulting in a normal distribution of the curves. The stresses
due to T, the maximum positive stress due to G′ and the maximum shear due to the torque
H are obtained using the internal forces of the helically wound structure described above.
Among them, the maximum normal stress due to N′ is small, which is not a priority
strength requirement in engineering.

The theoretical formula for a middle winding angle has a higher accuracy and the
widest applicability. In the theory for a large winding angle, the core is assumed to be
deformable, which is more suitable for the spring than for the theory without considering
the radial deformation.
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5.3. Error Analysis of Tensile Behavior of Marine Flexible Pipe/Cables

The winding angles of helically wound structures in the engineering field are not
all small or large, and structures with intermediate winding angles have been applied in
some fields. The various types of helically wound armored or braided layers have been
used in marine devices such as umbilicals, flexible pipes and cryogenic hoses, as shown in
Figure 10. The winding angles of 20◦, 30◦ and 80◦ are used for different functions.

The marine flexible pipe/cables mainly bear the axial tensile load during operation.
The axial tensile bearing capacity is mainly affected by the tensile stiffness and strength.
Tensile stiffness EA = σA/ε. σ is the axial normal, ε is the axial strain, and A is the section
area. In the numerical calculation, the axial strain ε and section area A were the same, so
the tensile stiffness was only related to axial normal stress σ. The tensile strength was the
minimum breaking force, which can be calculated by F = εmaxEA/cosα = σεmax A/εcosα.
Here, εmax is the yield strain of the material, and α is the winding angle of the helically
wound slender structure. Therefore, the tensile strength was mainly affected by the normal
stress σ.
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In the design stage, the theoretical model of a small winding angle is unable to satisfy
the design requirements because of the ignorance of the torsion deformation, which not
only increases the manufacturing cost but also easily causes safety accidents. Therefore,
this paper analyzed the error of stress estimation of marine flexible pipe/cables. The
tensile, bending and torsional deformation may appear when stretching helically wound
slender structure. The normal stress σ = σT + σG′ , as shown in Figure 11, and σT were the
normal stress due to tensile deformation, and σG′ was the normal stress due to bending
deformation.
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Figure 12 presents an error comparison result. From Figure 12a, the error of the
intermediate winding angle theory was smaller than that of the smaller angle theory.
Because these theories ignore torsion, while the winding angle increased, the error increased,
and this phenomenon is more obvious for the smaller winding angle theory. Because
the Poisson effect was considered in the simulation, the theoretical normal stress of the
intermediate winding angle was slightly larger than that of the numerical solution, and the
error was less than 2%. From Figure 12b, when the winding angle was 45◦, the shear stress
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error of the intermediate winding angle was the largest, reaching up to 100%. However,
it was much smaller than the normal stress and had little effect on the resultant force. In
order to improve the theoretical estimation accuracy of marine flexible pipe/cables, the
more general method calculation error of three representative pipe/cables is proposed:

1. The normal stress of the umbilical increases by 0.36%, and the shear stress decreases
by 50.51%.

2. The normal stress of the flexible pipe increases by 0.62%, and the shear stress decreases
by 67.62%.

3. The normal stress of the cryogenic hose increases by 0.72%, and the shear stress
decreases by 8.44%.
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In summary, although the error is within the allowable range, when the tensile stress
of helically wound structures is large, the effect cannot be underestimated. Therefore, the
influence of the above errors should be considered in the calculation of engineering to
improve the calculation accuracy.

6. Conclusions

In this paper, combining theoretical and numerical methods, the mechanical mecha-
nism of the helical winding structure under tension was deeply studied. The conclusions
are as follows:

1. A more general method was deduced for different winding angles, which solves
the problem of poor applicability of previous theoretical formulas. The theoretical
calculation errors of different marine flexible pipe/cables were analyzed, and the
theoretical calculation accuracy was improved.

2. Under the premise of the same axial strain, the tensile–torsion ratio of different
winding angles was analyzed. It was found that with the increase of winding angle,
the torsion of the structure gradually replaced the stretch, leading to increased error,
so the effect of torsion should be fully considered.

3. When the increase of winding angle T decreased linearly, the tensile strength de-
creased, and the theoretical formulas of N′, G′ and H had sine and cosine trigonomet-
ric functions. Therefore, the calculation results of the complementary winding angles
were the same, resulting in a normal distribution of the curves.

In summary, the intermediate winding angle theoretical provides positive suggestions
for the design and verification of helically wound structures. Future work will consider the
mechanical mechanism of helically wound structures under bending and torsion.
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