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ABSTRACT As an important part of transmission lines, preformed helical fitting plays an indispensable
role in the safe and stable operation of electronic circuits. However, due to the poor service environment of
transmission lines, preformed helical fitting can often slip, scatter, and detwist. This paper explores variations
in the holding force of the preformed helical fitting under different geometric parameters. First, the geometric
structure of preformed helical fitting is analyzed, and the secondary development is conducted using the
ABAQUS finite element software. The script program is written in Python language to realize the parametric
modeling. Based on the experimental results, the changing trend of the holding force is consistent, which
confirms the correctness of the finite element model. In addition, the preformed helical fitting is studied
under different values of molding aperture, pitch length, pitch number, and armor rod diameter, and changes
in the holding force under different parameters are analyzed. The results show that the holding force of
the preformed helical fitting increases with the decrease in the molding aperture and pitch length, and the
molding aperture has a negative linear correlation with the overall holding force. The holding force increases
linearly with the pitch number; so, reducing the pitch length can increase the holding force of preformed
helical fitting. Moreover, the results indicate that the holding force increases with the armor rod diameter.
The research results presented in this study have important guiding value for the design of performed helical
fitting.

INDEX TERMS Preformed helical fitting, armor rod, pitch length, finite element method, holding force.

I. INTRODUCTION

With the advancement of China’s ‘“West-to-East Power
Transmission Project” and ‘“North-to-South Power Trans-
mission Project” and the implementation of the develop-
ment strategy of “Three Types, Two Networks, and World
Class,” the total mileage of transmission lines of 110 kV and
above in China has reached more than 655,000 km. Of them,
ultra-high-voltage (UHV) transmission lines of more than
500 kV have reached more than 60,000 km, which poses
higher requirements and challenges to high-voltage overhead
transmission lines.
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As a core of the power system, transmission lines play
an immeasurable role. With the wide application of the pre-
formed helical fitting, due to the conductor ice, wind, and
other factors, preformed helical fitting could be damaged
by unbalanced tension, which could eventually lead to the
outage of transmission lines. According to available statistics
data, a total of 57 ground wire faults were found through the
investigation of ground wire fitting accidents in the existing
UHVDC (Ultra High Voltage Direct Current) projects, such
as Xiangshang line, Jinsu line, Xizhe line, Hazheng line,
Lingshao line, and Jiuhu line. Of 57 ground wire faults,
37 were preformed helical fitting faults, as shown in Fig. 1.
The rest were other types of faults, such as ground wire
bracket deformation, ground wire strand, and anti-vibration
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(a) Preformed helical fitting faults (b) Untwisting of preformed helicalr fitting

FIGURE 1. Preformed helical fitting accidents of the built UHVDC project.

hammer faults. Ground wire clamp and tension string faults
occurred five times, while suspension string faults occurred
32 times.

Therefore, it is necessary to improve the preformed helical
fitting performance, but there have been fewer studies on
the holding force of the preformed helical fitting, and the
related theory has also been lacking [1], [2]. The preformed
helical fitting structure is similar to steel strand and overhead
conductors for transmission lines; so, the related research on
steel strand and overhead conductors for transmission lines
has important reference value [3], [4].

Helical structures are widely applied in engineering and
biological. Phillips et al. [5] determined the stress of each
steel wire in a wire rope when the core of the wire rope
is an independent steel wire. Based on this, a wire rope
with six strands of 25 steel wires per strand was simulated.
Jiang et al. [6], [7], [8] established a simple three-layer verti-
cal spiral wire rope finite element model. By applying axial
load (tension and torsion), the relationships between load and
strain and between load and torsion of the wire rope were
analyzed. Stanova et al. [9], [10] considered the single- and
double-helix structures in the strand and proposed the geo-
metric mathematical models of single- and double-layer wire
ropes with initial parameters and then deduced an equation
with variable parameters to determine the center line of an
arbitrary circular wire. Han et al. [11] proposed a theoretical
model which can calculate the global and local mechanical
properties of the multilevel helical structure. Zhang et al.
[12] created two finite element models to study the effect
of friction on the bending stiffness of a cable consisting of
a straight core wound around by a layer of helical wires.
The results show that the initial bending stiffness is sensitive
to the imperfect contact between the components. Based
on the derivation of the local deformation parameters of a
single wire, Xiang et al [13] developed an analytical model
characterizing the elastoplastic behavior of wire rope and
multi-strand wire rope. Moradi et al. [14] studied failures
of multiple wire ropes for rig hooks and conducted a detailed
failure investigation through metallographic examination and
calculation analysis using the finite element method. Wu et al.
[15] established a finite element model of spiral rope under
tensile load using the established parameter equation. Three-
dimensional geometric models of different twisting methods
and equal diameter steel wires were created and analyzed
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using Pro/Engineer software. Meng et al. [16] used an
innovative semi-analytical method to establish the wire rope
model. Cen et al. [17] simplified a three-layer (1 + 6 + 12)
monofilament into a one-layer monofilament via numerical
simulation. Hristo et al. [18] studied the bending behavior of
wire rope hangers on small-diameter rigid bodies. It can be
seen from the above research results that due to the complex
local contact of interwire and global mechanical behaviors
of helical structures, it is difficult to study it by theoretical
methods [19]. The numerical method can be used to ana-
lyze complex contact problems. However, because contact is
a nonlinear problem, it will cause convergence difficulties.
Therefore, the mechanical model needs to be reasonably
simplified [20], [21].

In recent years, with the increase of line faults, the numeri-
cal simulation method has been used to study the stress char-
acteristics, fatigue and wear of aluminum stranded wire [22],
[23]. Liu et al. [24] proposed a finite element modeling
method of the ground wire-clamp system including armor rod
and aluminum armor tape. The results shows that the method
can obtain accurate calculation results. Zhang et al. [25]
established a finite element model of structure field for the
steel core of conductor by full-tension splice to calculate
the relationship between temperature and equivalent plastic
strain. Guo et al. [26] established a finite element model of
ACSR to obtain the temperature distribution. Rocha et al. [27]
combined theory and experimental methods to study con-
tributions on fatigue of contacting wires of overhead con-
ductors. A finite element-based contact model combined
with a nonlocal Smith-Watson-Topper criterion developed by
Matos et al. [28] was used to estimate fatigue life of 6201 alu-
minum alloy wire of overhead conductors. Based finite ele-
ment model, Belkhabbaz et al. [29] presented an approach to
simulate the mechanical behavior at contact points in high-
voltage electrical conductors. Lalonde et al. [30] presented
an efficient finite-element modeling approach providing a
full 3-D representation of both the conductor and suspension
clamp and proved the validation of the finite-element model-
ing approach based on experimental data. Frigerio et al. [31].
presented a 3D finite element modelling to investigate the
axial force-elongation behavior of a stranded conductor used
for high voltage overhead lines. The validation of the 3-D
finite element model is verified by comparison to correspond-
ing measurements. Omrani et al. [2] proposed an innovative
method for assessing the fatigue life combining a numerical
approach based on modeling the clamp/conductor assembly
using the finite element method and an experimental one.
Although the above research results are mainly aimed at steel
core aluminum strand, the research method can be used for
the analysis of preformed helical fitting.

Luo et al. [32] believed that preformed helical fitting was
an innovation in the field of a circuit in terms of force
and simple construction operation. The test results showed
that there was a large uniform grip between the supporting
preformed armor rods and the wire, which addressed the
shortcomings of the traditional metal stress concentration,
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Cabled loop

FIGURE 2. Preformed helical fitting.

and it was not easy to slip along the wire. Further, Li et al.
[33] believed that the factors affecting the preformed helical
fitting performance included the ID/OD size, pitch, sanding,
helical direction (the twist direction of the outermost layer
of a guiding line or optical cable; clockwise direction for the
right rotation and vice versa), length, and raw materials. pre-
formed helical fitting could greatly improve work efficiency
and reduce construction costs, thus having a great effect on
traditional fittings and bringing innovative vitality to China’s
power construction.

To solve the problem of frequent failure of preformed
helical fittings caused by increased transmission line mileage
and extreme weather. This paper is based on the * £ 800 kV
Lingshao DC Pole II Line 3060 Tower’ event, which was
caused by the slip fault of the small side preformed helical
fitting. The main contributions of this work are as follows:

(1) Using the Cartesian coordinate system and the spatial
geometric transformation of preformed helical fitting, the
parametric equations of the preformed helical fitting and wire
centerline are established. The parameter equation code of
the preformed helical fitting and wire centerline is written in
Python, and the finite element simulation model is obtained
by importing the ABAQUS running code.

(2) Then, the finite element model is set with the test
parameters consistent with the type of operating modes, and
the finite element simulation and experimental results are
compared to verify model accuracy.

(3) Finally, the control variable method is used to calculate
and analyze the influence of the four parameters, i.e., molding
aperture, length, pitch, and diameter, on the fastening per-
formance of preformed helical fittings. The results provide
reference for research into the design of the preformed helical
fitting.

Il. GEOMETRIC MODEL OF PREFORMED HELICAL FITTING
The preformed helical fitting is widely used in power trans-
mission lines. Its main function is to tighten the conductor and
install it on the terminal tower. The preformed helical fittings
can avoid damage to the conductor due to stress concentration
and improve the life of the conductor. This preformed helical
fitting is simple in structure and easy to install. The premise of
its normal and stable operation is to ensure sufficient holding
force, as shown in Figure 2.

The first process of the preformed helical fitting process-
ing design is structure molding, which is to use a specific
mold to twist multiple preformed armor rods of a specific
size in the same spiral direction to form a coaxial strand
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FIGURE 4. A pitch diagram of preformed armor rods.

structure and then cut them into a preformed armor rod at
a certain length and a specified molding aperture. After a
series of processes, including grouping, cleaning, mucilage
glue, sandblasting, stranding, and bending. The cavity inner
diameter /D of preformed helical fitting is smaller than the
matching wire outer diameter OD, as shown in Figure 3.
In this way, uniform compressive stress is generated in the
contact area between the two, and then, it is transformed
into mutually constrained friction force so that the preformed
armor rod harness is tightly wound on the wire or cable; thus,
the fastening performance of the preformed helical fitting is
formed [34].

The two factors affecting the fastening performance of the
preformed helical fitting are the environmental conditions of
service and the structural parameter factors of the preformed
helical fitting, which include the pore size, length, pitch,
and diameter of preformed armor rod molding, where the
pitch is the axial length of a preformed armor rod molding a
complete spiral in the strand, as shown in Figure 4. Due to the
uncontrollability of a service environment of the preformed
helical fitting, this study focuses on the influence of various
structural parameters on the fastening performance of the
preformed helical fitting.

A. GEOMETRIC PARAMETERS OF PREFORMED HELICAL
FITTING
The preformed helical fitting structure is complex. Therefore,
to establish an accurate and reasonable mathematical model,
it is necessary to study its cross-sectional distribution. The
model establishment process is conducted using a paramet-
ric method, which avoids the repeated operation of a large
amount of conventional work, effectively improves modeling
efficiency, and is more conducive to studying the fastening
performance of the preformed helical fitting under different
parameters.

The technological process of twisting the preformed armor
rod around the central transmission line into strands by
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(a) Spiral preformed armor rods (b) Plane expansion diagram of a single
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FIGURE 5. Schematic diagram of the preformed armor rods on the spiral
and expansion planes.

special mechanical equipment becomes strands. The spiral
winding direction of a preformed armor rod is called the
twisting direction. The length of the spiral line with a point
on the side strand preformed armor rod winding the axial
rotation angle of the wire of 360° is called the pitch and is
denoted by S. The length of the vertical line from the point on
the side strand preformed armor rod central line to the central
transmission line axis denotes the spiral radius Rj,. The ratio
of pitch § to wire diameter D is called pitch multiple K, and
it is calculated as follows:
K S 1
=5 ey
The central axis of a preformed armor rod wrapped in the
same direction in the preformed helical fitting is a helix. The
plane expansion diagram of preformed armor rods is shown
in Figure 5. The linear length of the preformed armor rod
along the axial direction is Lr. The length expanded in the
spiral direction is Ls. The angle between the side preformed
armor rod and the axial direction of wire is the twist angle .
The angle around the transmission line is 8. The correlation
function relationship is as follows:

L @
Rn6

Due to the existence of twist angle 8 in preformed heli-
cal fitting, the cross-section of preformed armor rods is not
circular but approximately elliptical [35], [36], as shown in
Figure 6(b). The relationship between radius is Rj, = R.+Ry,,
where Ry, is the total radius, R, is the wire radius, and R,, is
the outer armor rod radius.

tan 8 =

B. GEOMETRIC MODELING OF PREFORMED HELICAL
FITTING
The computer programming language Python was used to
model the preformed helical fitting, and the simulation anal-
ysis was conducted using the ABAQUS finite element soft-
ware. Accurate mathematical models are crucial and directly
determine the reliability of all subsequent calculations.

First, the geometric transformation was performed with
reference to the helical spring [37], [38]. A rectangular
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FIGURE 6. Three-dimensional geometric configuration and micro-element
diagram of the preformed helical fitting.
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FIGURE 7. Center line of the preformed helical fitting in the right-hand
direction of the winding z-axis.

Cartesian coordinate system (0; x, y, z) in three-dimensional
Euclidean space defines point P uniquely by the ordered triple
of numbers [x, y, z], where x, y, and z denoted the Cartesian
coordinates of point P.

As shown in Fig. 7, the point o “(Rycos(y;), Rpsin(y;), 0) is
intersection point of centerline of performed armor rod and
x-o-y plane. y; is the included angle between o "o and x-axis.
y; describes the position of i-th performed armor rod. P is a
point on the centerline of performed armor rod. 0™ is a point
projected onto the x-0-y plane by P in space. 6 is the included
angle between o 0 and 0”0. 0 is the angular displacement
generated by movement of the point on centerline of the
performed armor rod.

Equation 3 defines the geometric model of preformed heli-
cal fitting with any geometric size:

x; = Ry cos(y; + gf)
yi = Ry sin(y; + g0)
Rn0

tan(f) @

=
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FIGURE 8. Preformed armor rods with different root numbers in a layer.
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FIGURE 9. Preformed helical fitting.

In formula ( 3 ), (x;,y;,z;) is the spatial coordinates of
any point on the central axis of the i-th preformed armor
rod. When ¢ = 1, it means that the preformed armor rod is
wound in a right-handed manner. If ¢ = -1, it means that the
preformed armor rod is wound in a left-handed manner.

By setting the size, material properties, and contact types
of preformed helical fitting, a layer of preformed armor rods
with different root numbers was finally assembled in the finite
element software ABAQUS, as shown in Figure 8.

I1l. FINITE ELEMENT MODELING OF PREFORMED
HELICAL FITTING BASED ON ABAQUS
A. FINITE ELEMENT MODEL OF PREFOMED HELICAL
FITTING
1) GEOMETRIC MODELING AND MATERIAL PROPERTY
The preformed helical fitting was used to fix the wire, with-
stand the wire tension, and hang the wire to the tension string
or tower. The installation setup is shown in Figure 9, where it
can be seen that it consisted of preformed armor rods, a heart-
shaped tension ring, and a U-shaped hanging ring. Before fix-
ing the wire, the preformed armor rod bundle was twisted into
an empty pipe, and then, the wire was placed in the preformed
armor rod bundle. The wire clamp was connected with the
insulator string through the heart-shaped tension ring; so, the
preformed armor rod bundle could produce a strong grip to fix
the wire. In the finite element software ABAQUS, the wire
model was simplified under the premise of fully reflecting
the mechanical properties of the preformed helical fitting.
According to the actual position, the transmission wire and
preformed armor rod bundle components were assembled.
The simplified model is shown in Figure 10.

In practice, a transmission line represents a component
composed of multiple non-insulated single wires for current
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(a) Preformed helical fitting model diagram  (b) Cable model diagram

FIGURE 10. Finite element model of the preformed helical fitting.

(d) 4# slave surface

(c) 4# primary surface

FIGURE 11. Schematic diagram of binding constraints of adjacent
preformed armor rods.

transmission, with a concave and convex surface. However,
this study does not consider the influence of the surface effect
of the transmission lines on the fastening characteristics.

2) INTERACTION RELATIONSHIP DEFINITION

To eliminate the rigid body displacement and reduce the
number of iterations required to calculate the contact state,
the preformed armor rod bundle was defined as a whole
common force without relative motion. Therefore, the adja-
cent preformed armor rods were bound in turn, as shown in
Figures 11 and 12.

The preformed armor rod 4# shown in Figure 11(d) defined
the surface adjacent to the preformed armor rod 3# as the
primary surface, and the surface adjacent to the preformed
armor rod 5# was set as a slave surface. In addition, the posi-
tion tolerance was set to be slightly larger than the distance
between the primary and slave surfaces to ensure effective
binding.

Next, the contact attribute was defined, and the default
hard contact was used in a normal behavior, that is, the
contact pressure that could be transmitted between the con-
tact surfaces was not limited. When the contact pressure
became negative or zero, the two contact surfaces separated,
and the contact constraints on the corresponding nodes were
overcome.
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(a) Contact diagram (b) Primary surface (c) Slave surface

FIGURE 12. Master and slave surfaces of the contact area of the
preformed helical fitting.

Constrained surface
Free surface
Displacement
boundary condition |

~

Displacement direction

FIGURE 13. Boundary condition constraint and loading of the model.

3) BOUNDARY CONSTRAINTS AND LOAD APPLICATION

In the finite element software ABAQUS, three analysis steps
were set as follows. The first step defined the contact between
the conductor and the preformed armor rod; the second step
simulated the preload between the wire and the preformed
armor rods; the third step performed the drawing simula-
tion of the preformed armor rod, and the maximum reaction
force at the drawing displacement point of the preformed
armor rod was recorded. According to the interaction rela-
tionship of the force, the maximum reaction force value cor-
responded to the drawing resistance of the preformed armor
rod, namely the holding force.

According to the actual engineering installation of pre-
formed helical fitting, as shown in Figure 10, the wire at the
end that was parallel to the preformed armor rods near the
central tension ring was fixed, and a reference point RP-1 was
established at the center of the wire end face. The relationship
between the reference point and the end face was established
through coupling; the freedom of reference point 1 in six
directions was limited, while the other end of the wire was
free. The axial tensile displacement load was applied to the
preformed armor rod end of the free end of a conductor [22].
A new reference point RP-2 was determined in the axis direc-
tion of the preformed armor rods, and the coupling connection
between the new reference point and the preformed armor rod
end face of the free end of the wire was established through
coupling. This restricted the displacement and rotation of
PR1, and the other end of the preformed armor rods was free.
The boundary condition constraints and load setting of the
model are shown in Figure 13.

4) MODEL GRID DIVISION AND SENSITIVITY ANALYSIS
Since the concave and convex characteristics of the conductor
were ignored, there were many contact surfaces in the model.
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TABLE 1. Finite element model parameters for mesh sensitivity analysis.

Group Dy D. Mesh size Pitch
no. (mm) (mm) (Sw/Sc(mm)) length(mm)
1 5.2 15.8 1.0/2.0
1.1/2.2 170
2 3.6 11.4 1.22.4 180
1.3/2.6 190
3 7.0 20.0 1.4/2.8

(c) 1. mm

(d) 1.2 mm (e) 1.3 mm (f) 1.4 mm

FIGURE 14. Finite element model of the preformed armor rods with
different mesh sizes.

To improve the accuracy and correctness of analysis, the hex-
ahedral linear reduction integral element C3D8R was selected
for the grid.

In this section, the effect of the mesh on the fastening
performance of the preformed helical fitting is studied under
the condition of constant values of molding aperture, pre-
formed armor rods length, pitch, and diameter. To increase
the reliability of the simulation, three operating modes were
selected. In addition, to avoid the contingency of simulation,
pitch lengths of 170 mm, 180 mm, and 190 mm were selected
for each case. As shown in Table 1, there were 45 operating
modes. As shown in Fig 6, D, is the wire diameter, and D,,, is
the diameter of the outer armor rod. In Table 1, S, is the mesh
size of the wire, and S,, is the mesh size of the outer armor
rod. As shown in Figure 14, the size of the preformed armor
rods was set to the following values: 1 mm, 1.1 mm, 1.2 mm,
1.3 mm, and 1.4 mm.

The simulation results for the 170-mm pitch of preformed
armor rods under condition 1 were selected. The mesh sizes of
preformed armor rods were 1 mm, 1.1 mm, 1.2 mm, 1.3 mm,
and 1.4 mm, and the numbers of units in the corresponding
model were 128,772, 105,636, 68,024, 64,020, and 57,680,
respectively. The contact pressure under different grid sizes
is shown in Figure 15.

As shown in Figure 15, the maximum contact pressure
was 1,148 MPa, 947.5 MPa, 738.0 MPa, 730.4 MPa, and
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CPRESS CPRESS CPRESS
+1.148e+03 +9.475e+02 +7.380e+02
+1.052e+03 +8.685e+02 +6,765e+02
+9.568e+02 +7.896e+02 +6.150e+02
+8.611e+02 +7.106e+02 +5.535e+4+02
+7.654e+02 +6.317e+02 +4,920e+02
+6.697e+02 +5.527e402 +4.305e 402
+5.741e+02 +4.737e+02 +3.690e+02
+4.784e+02 +3.948e+02 +3.075e+02
+3.827e+02 +43.158e+02 +2.460e+02
+2.870e+02 +2.36%+02 +1.845e+02
+1.914e+02 +1.579%+02 +1.230e+02
+9.568e+01 +7.896e+01 +6.150e+01
+0.000e+00 +0.000e+00 +0.000e+00

(a) Mesh size-1.0 mm (b) Mesh size-1.1 mm (c) Mesh size-1.2 mm

CPRESS CPRESS
+7.304e402 16.824e+02
+6.695e +02 +6.2562+02
s8R g
+ e+ + +
+4.86%e+02 +4.550e+02
+4.261e+02 +3.981e+02
13:833518 138aios
+2.435e+02 15575102
+1.826e+02 +1.706e+02
+1.217e+02 +1.137e 402
+6.087e+01
+0.000e+00 A T

. +0.000e+00

(d) Mesh size-1.3 mm (e) Mesh size-1.4 mm

FIGURE 15. Contact pressure contours under different preformed armor
rod mesh sizes.

682.4 MPa under the mesh sizes of 1.0 mm, 1.1 mm, 1.2 mm,
1.3 mm, and 1.4 mm, respectively.

Next, the sensitivity of the model grid size was analyzed.
By changing the model grid size, the changing trends of
the holding force and normal contact pressure (CPRESS) of
the preformed helical fitting were analyzed under various
operating modes. The results are shown in Figure 16.

As shown in Figure 16, the changing trends of the hold-
ing force and contact pressure with the mesh size under
three operating modes were as follows. With the increase
in the model mesh size, CPRESS value between the wire
and the preformed armor rods increased gradually, that is,
the more ideal the contact state was, the larger the hold-
ing force value was. This was because the mesh could be
divided into dense parts so that the theoretical value of
holding force became a stable value, which was the ideal
result, but the contact of this model was complex, and the
computer calculation was limited by bits. The model mesh
under the above conditions was not completely refined. The
finer the mesh, the more the holding force value. Other
conditions were the same, and the change trend of holding
force and CPRESS value with mesh size was the same under
different pitches, indicating that the grid had no effect on
the overall changing trend of the holding force. Therefore,
in the subsequent calculation, an appropriate mesh size was
selected according to the specific conditions. For instance,
the mesh size of the model could be slightly increased
when simulating the long preformed armor rod to ensure the
accuracy of calculation results and improve the calculation
efficiency.

B. VERIFICATION OF FINITE ELEMENT MODEL OF
PREFORMED HELICAL FITTING

According to the Chinese technical standard ‘““Technical
requirements for overhead line helical fittings (DL/T763-
2013)”, the holding force of preformed helical fitting should
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TABLE 2. Eight experimental conditions.

];E)S't Dy (mm) ID (mm)  ID/OD Pltc(hmlreél)gth Tot;lrlnlrir)lgth
1# D5.2 D13.1 0.83 180 1,600
2# D5.2 D13.4 0.85 180 1,600
3# D5.2 D13.7 0.87 180 1,600
4# D5.2 ®13.1 0.83 185 1,060
S# D5.2 ®13.1 0.83 185 1,240
6# D5.2 D13.1 0.83 185 1,600
T# D5.2 ®13.1 0.83 190 1,600
8# 4.8 D13.1 0.83 180 1,600

TABLE 3. Experimental results of the holding force of the preformed
armor rods for each sample.

Test 1 Holding 2 Holding 3 Holding Average holding
no.  force (kN) force (kN) force (kN) force (kN)

1# 193.8 192.1 193.2 193.0

2# 192.1 192.2 192.0 192.1

3# 194.1 186.9 193.8 191.6

44 123.3 123.5 133.3 126.7

5# 162.4 156.8 159.1 159.4

6# 188.7 192.2 193.0 191.3

T# 185.7 186.8 187.5 186.7

8# 188.6 194.4 193.2 192.1

not be less than 95% of the rated breaking force of supporting
cables. The preformed helical fitting with model NL-150BG-
20 (HZ-122007) was selected as the research object in the
experiment. As shown in Figure 17, the LBGJ-150-20AC
cable with an outer diameter of 15.8 mm was selected as the
matching wire material for the aluminum-clad steel strand.
The tested preformed helical fitting was installed on the
tension machine flatly, as shown in Figure 18. In no less
than 30 seconds, the external force was loaded to 50% of
the rated tension of the wire, and it was kept for 2 minutes
before loading to the specified holding force (95% of the
rated tension of the wire), and then kept for 1 minute. During
the experiment, there was no slippage between the inner and
outer layers of the preformed armor rods, and both the wire
and the preformed helical fitting were damaged, which was
regarded as a successful experiment.

The main parameters affecting the holding force of pre-
formed helical fittings were studied from four aspects,
namely, molding aperture, preformed armor rod length, pitch,
and diameter. Combined with the size of preformed armor
rod molding die, eight groups of operating modes were set,
as shown in Tables 2. As shown in Fig 3, Inner diameter ID is
the aperture of preformed helical fitting, OD is the wire outer
diameter. In Table 2, the fifth column is the pitch length of
preformed helical fitting, the sixth column is the total length
of performed helical fitting. In addition, to reduce accidental
errors in the experiment, three experiments were conducted
for each sample number. The experimental results are shown
in Table 3.

Next, a simulation model was constructed based on the
above experimental conditions according to the relevant
parameter settings of the aforementioned preformed armor
rods model. However, due to the limitations of the current
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FIGURE 16. Simulation results of different mesh sizes under different operating modes.

simulation, it was impossible to simulate a small molding
aperture in the test. In the simulation, the molding aperture
diameters of 15.68 mm, 15.70 mm, and 15.72 mm were used
in turn, while the other parameters were kept the same. The
simulation results of the clamping force and stress of the
preformed helical fitting for different diameters are shown in
Figure 19.

According to the simulation results obtained by the
ABAQUS software, the experimental and simulated holding
force values obtained under different parameters were com-
pared, as shown in Figure 20.
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As shown in Figure 20, the changing trend of the holding
force under all conditions was consistent compared with
the experimental and simulation results. For instance, the
changing trend of the holding force for a 13.4-mm molding
aperture, 1240-mm length, and 185-mm pitch was the same.
The simulation results have a reference value, indicating that
the model parameter setting is reasonable. Considering the
inevitable experimental errors, the calculation accuracy of the
model has met the requirements. The results of this research
have practical engineering reference value and can be used
for subsequent simulation.
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FIGURE 19. Results of the stress and holding force of the preformed
helical fitting for different diameters.

TABLE 4. Finite element model parameters for molding aperture.

Group D Pitch length
Dy, (mm) ID (mm)
C. PARAMETER EFFECT ANALYSIS OF HOLDING FORCE OF no. (mm) (mm)
PREFORMED HELICAL FITTING 4 52 158 30010 -
1) MOLDING APERTURE EFFECT ON HOLDING FORCE OF 11.26. 1128, 170
PREFORMED HELICAL FITTING 5 36 4 1130, 1132 180
According to the tightening performance principle of a pre- p - 20.0 19.86, 19.88, égg
formed helical fitting, the inner diameter ID of a cavity ’ ' 19.90, 19.92 210

formed by the preformed armor rods is less than the inner
diameter OD of a wire. For the convenience of a uniform
description, the difference between the two was introduced,
i.e., the difference margin, denoted by A f. its value was
set as follows: Af = 0.08 mm, 0.10 mm, 0.12 mm, and
0.14 mm. The larger the difference was, the smaller the pore
size was, which fully reflected the variation trend of the
holding force. The pitch of the preformed armor rods was
changed in the range of 150-210 mm, increasing by 10 mm
each iteration; the total length of the preformed helical fitting
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was 320 mm. Under the condition of keeping the radius, pitch,
raw materials, and length unchanged, a total of three groups
of 84 operating modes were set to calculate and compare the
changing trend of the holding force. The molding aperture
value under each working condition is shown in Table 4.
Three groups of operating modes under the preformed
armor rods pitch of 180 mm and difference of Af = 0.08 mm
were selected to simulate the stress nephogram, as shown
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FIGURE 20. Comparison of experimental and simulation results under
different influence parameters.

in Table 4, and the obtained simulation results are shown in
Figure 21.
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FIGURE 21. Relationship diagram of the holding force versus the molding
aperture of the preformed helical fitting under different operating modes.

As shown in Figure 21, the larger the difference was, and
the smaller the molding aperture was, the larger the holding
force and stress of the preformed helical fitting were. The
results indicated that the changing trend of the holding force
with the molding aperture was consistent, showing a slightly
negative linear relationship, which was independent of the
pitch size. In the subsequent analysis, the difference of Af =
0.1 mm was used for simulation.

2) LENGTH EFFECT ON HOLDING FORCE OF PREFORMED
HELICAL FITTING

In the first case, 3-8 pitches were selected in turn, while the
other parameters were kept the same. Moreover, to reflect
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TABLE 5. Finite element model parameters for number of pitches.

Group no » D, Mesh size Pitch  Pitch length
P no- (mm)  (mm) (Sw/Sc(mm)) number (mm)
7 5.2 15.8 345 150,160

1.2/2.4 6’7’8 170,180
8 7.0 20.0 e 190,200
= Pitch 150mm|
450 4 L9~ pitch 160mm
= Pitch 170mm| s
= Pitch 180mm|
40015 pitch 190mm q?%
> Pitch 200mm / s %g
e~ 9
53501 /; %0 ——
8 o 8%"
2300 o /
5 / o /
2 s / 3
T i
250 /o /
3 / o
Q'
2004 3 /
o
)
150 T T T T T T
3 4 5 6 7 8
Number of pitches
(a) Group 7: holding force versus pitch number
650
—@— Pitch 150mm
=@=Pitch 160mm|
600 4 |_g— pitch 170mm 8%
~@— Pitch 180mm -3 ]
I-@— Pitch 190mm g%@%
Pitch 200mm S 70

Holding force(kN)

w A A O

a o a O O

S & o© o o

\\s\i\\
Q

©,

©,

300 -

©,

w -
o 4

5 6
Number of pitches
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FIGURE 22. Relationship diagram of the holding force versus the pitch
number of the preformed helical fitting under different operating modes.

the changing trend of the holding force, multiple pre-twist
pitch values were used, and the pitch was in the range of
150-200 mm. A total of 72 operating modes were set up and
divided into two groups to analyze and compare the change
in preformed helical fitting holding force. The specific oper-
ating modes are shown in Table 5.

The calculation results of the preformed helical fitting
pitch of 180 mm in operating mode 7 were used to calculate
the relationship between the number of pre-twisting wire
pitch (Iength) and the holding force of the preformed helical
fitting and the holding force of the unit length, as shown in
Figures 22 and 23.

The results indicated that regardless of the preformed
armor rod pitch value, the holding force and stress increased
with the pitch number (length), and the overall trend was
roughly linear. In engineering, the length of the preformed
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FIGURE 23. Relation diagram of the holding force per unit length versus

the pitch number of the preformed helical fitting under different
operating modes.

helical fitting can be appropriately increased to obtain a
larger fastening performance. In addition, the holding force
per unit length of the preformed helical fitting decreased
with the number of pitches. In group 7, four pitches were
critical, and the total number of pitches was greater than 4.
The smaller the pitch value of the preformed helical fitting,
the greater the holding force per unit length and the more
conducive it was to saving materials, and vice versa.

In group 8, the unit-length holding force of the preformed
helical fitting generally decreased with the number of pitches.
Under the same conditions, the smaller the pitch value of the
preformed armor rods was, the greater the unit-length holding
force was. In other words, the stronger the winding was, the
more difficult it was to be pulled and the more favorable it
was for the project.

The relationship between the holding force and the pitch
number of the preformed helical fittings under two operating
modes was linearly fitted. The linear fitting was translated
to the position where the pitch number was 5 and the pitch
was from 150 mm to 200 mm, and the error analysis was
conducted; the analysis results are shown in Figure 24.

According to the results shown in Figure 24, the fitting
slopes under operating modes 7 and 8 were 39.2 and 49.8,
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FIGURE 24. Linear fitting and error analysis results of the preformed
helical fitting under different operating modes.

respectively. The error band diagram indicated that the error
in holding force was small when the number of preformed
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FIGURE 25. Preformed armor rod holding force versus the total rod
length under different operating modes.

armor rod pitches was between 4 and 7, and the holding force
could be accurately predicted. The maximum relative error
of the holding force pair was calculated for three pitches. The
maximum relative error in group 7 at the pitch of 150 mm and
200 mm was 8.48% and 11.33%, respectively. The maximum
relative error in group 8 at the pitch of 150 mm and 200 mm
was 11.13% and 9.63%, respectively. The relative error of
the holding force was less than 12%, which has a certain
reference value.

The second type of length changes, in addition to the above
changes in the number of preformed armor rod pitch; the
total length of the preformed armor rod was directly changed,
while the other parameters remained unchanged. The total
length of the preformed helical fitting used in the experiment
was 1/5, 1/4, 1/3, and 1/2 of 1,600 mm, that is, the total
length has the following values: 320 mm, 400 mm, 535 mm,
and 800 mm. To reflect the changing trend of the holding
force, multiple pitch values in the range of 150-200 mm
were selected, and a total of 48 operating modes were set up
and divided into two groups to analyze the changes in the
preformed armor rod holding force. The specific operating
modes are presented in Table 6. The 48 operation modes
are simulated. The relationship between the holding force of
the preformed helical fitting and the length of the preformed
armor rod is shown in Figure 25. The relationship between the
holding force per unit length and the length of the preformed
armor rod is shown in Figure 26.
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FIGURE 26. Unit holding force versus the total length of the preformed
armor rods under different operating modes.

As shown in Figures 25 and 26, under the two groups of
operating modes, regardless of the pitch value, the holding
force and stress of the preformed helical fitting increased with
the length of the preformed armor rods, and the relationship
was roughly linear. In contrast, the unit-length holding force
was inversely proportional to the length, and the smaller the
pitch was, the better the fastening performance was. In prac-
tice, the preformed helical fitting length can be adjusted to
obtain better fastening performance.

Further, the two above-mentioned methods of changing the
length were used to study the fastening performance. Multiple
pitch values were selected for each working condition to
reflect the changing rule of the holding force fully. A total
of 120 operating modes were defined and divided into four
groups. The results of the four groups were consistent, which
strongly confirmed the correctness of the conclusions. The
analysis of the four groups’ results has shown that the length
has no effect on the overall changing trend of the preformed
helical fitting. Therefore, under the premise of ensuring accu-
racy in the subsequent calculation, the appropriate preformed
armor rod length simulation can be selected to improve the
calculation efficiency.

3) PITCH LENGTH EFFECT ON HOLDING FORCE OF
PREFORMED HELICAL FITTING

According to the previous research results, the difference
was set to 0.1 mm, and the total length of the preformed
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FIGURE 27. Pitch versus stress cloud under operating mode 11.

TABLE 6. Finite element model parameters of working
conditions 9 and 10.

Group Dy D¢ Mesh size Total length  Pitch length
no. (mm) (mm) (Sw/S{(mm)) (mm) (mm)
320
150,160
o 2679 1.0/2.0 s 170,180
10 35 10.0 300 190,200

TABLE 7. Finite element model parameters of working conditions 12-13.

Group Dy De Mesh size Pitch length
no. (mm) (mm) (Sw/Se(mm)) (mm)
11 52 15.8 150,160
12 3.6 11.4 1.0/2.0 170,180
13 7.0 20.0 190,200

helical fitting was set to 320 mm to study the effect of the
pitch size on the holding force. According to the size of the
experimental grinding tool, the pitch of the preformed armor
rods was set to 150 mm, 160 mm, 170 mm, 180 mm, 190 mm,
and 200 mm in turn. A total of 18 operating modes were
defined and divided into three groups to analyze changes in
the holding force of the preformed armor rods, as shown in
Table 7. The results obtained under operating mode 11 are
shown in Figure 27, and changes in the holding force and
stress with the pitch of the preformed armor rods under the
three groups of conditions are shown in Figure 28.

As shown in Figure 28, under the three operating modes,
the holding force of the preformed helical fitting decreased
with the pitch value. The holding force under operating mode
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FIGURE 28. Results of the holding force for different pitch values under
three operating modes.

11 was 195.3 kN and 167 kN at the pitch of 150 mm and
180 mm, respectively. In general, the holding force decreased
sharply with the pitch value when the pitch changed from
150 mm to 180 mm. This could be due to the dislocation of
nodes in the model, the reduction of effective contact area,
and a sudden drop in the holding force; the increase in the
pitch value has little effect on the results. When the pitch
was 150 mm and 160 mm, the holding force curves did not
change. When the pitch was 160 mm, the holding force was
212.7 kN, and when the pitch was 170 mm, the holding force
was 198.7 kN. Overall, the holding force decreased the most
in the pitch of 160-170 mm, which was a decrease of about
1.4 kN/mm. When the pitch increased, the results changed
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slightly, especially in the pitch value range of 190-200 mm.
The holding force under operating mode 13 at the pitch of
150 mm and 160 mm was 282.2 kN and 267.4 kN, respec-
tively. When the pitch was in the range of 150-160 mm,
the holding force decrease was obvious, showing an average
decrease of approximately 1.48 kN/mm. However, when the
pitch was in the range of 160-200 mm, the decrease was
reduced, especially in the range of 160-170 mm, and changes
in the holding force were not obvious; the holding force
curves were basically flat. Comparing the three operating
modes in Figure 28, it can be seen that the change of the
diameter of the wire and the preformed armor rod will have a
certain influence on the trend of the holding force, but the
three figures generally reflect that when the pitch value is
small, the increase of the pitch will significantly reduce the
holding force, and when the pitch is large, the holding force
is not sensitive to the change of the pitch.

The numerical results of the holding force for different
pitch lengths under three operating modes were linearly fit-
ted, and error analysis was carried out, as shown in Figure 29.

As shown in Figure 29, the slopes of linear fitting curves in
operating modes 11-13 were -0.7, -0.6, and -0.4, respectively,
and the linear fitting in operating mode 11 was the most ideal.
According to the error band diagram, the maximum relative
error of the holding force in operating modes 11-13 was at
the pitch of 180 mm, 200 mm, and 160 mm, having values of
5.51%, 6.40%, and 2.54%, respectively; and the error values
were less than 7% in all operating modes. Although the use of
simple linear fitting to predict the grip strength has a certain
accuracy, but from the overall trend, the use of linear fitting
effect is poor, you can try to use other functions to predict the
trend of holding force.

When the length of the preformed helical fitting is the
same, the smaller the pitch value of the preformed helical
fitting, the greater the value of the holding force that can
be borne. It has been concluded that when the total length
of the preformed helical fitting is certain, and the holding
force requirement is satisfied, a smaller pitch value should
be selected to ensure sufficient holding force and stable oper-
ation of transmission lines.

4) DIAMETER EFFECT ON HOLDING FORCE OF PREFORMED
HELICAL FITTING
When the pre-strand pitch size, length, raw materials, and
rotation were the same, to meet the experimental abrasive
specifications and to eliminate accidental errors, the pre-
strand pitches in the range of 150-200 mm were selected for
each iteration. A total of 48 operating modes were defined and
used to analyze the changing trend of the preformed armor
rod holding force. The specific operating modes are presented
in Table 8, and the calculation results are shown in Figure 30.
The results indicated that, except for the holding force
decrease at certain points, the holding force of the pre-
formed helical fitting increased with the preformed armor
rod diameter. In operating mode 14, at the pitch of 170 mm,
the holding force increase was obviously linear. The hold-
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FIGURE 29. Linear fitting and error band diagram of the preformed armor
rods under various operating modes.

TABLE 8. Finite element model parameters of working
conditions 14 and 15.

Group Dy D, Mesh size Pitch length
no. (mm) (mm) (Sw/Se(mm)) (mm)
14 22’22 15.8 150,160
6.6,6.8 1.0/2.0 170,180
15 7.0.7.2 20.0 190,200

ing force of the preformed armor rods with a diameter of
4.8 mm and 5.4 mm was 156.4 kN and 191.0 kN, respectively.
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FIGURE 30. Holding forces of the preformed helical fitting fittings for
different pitch lengths under different operating modes.

The holding force increased by approximately 5.8 kN when
the diameter increased by 0.1 mm; when the diameter was
5.0 mm and 5.2 mm, the change in the holding force was
not obvious in the pitch range of 180-200 mm, that is, the
holding force curve was almost flat. In addition, the holding
force values at the pitch values of 150 mm and 160 mm,
170 mm and 180 mm, and 190 mm and 200 mm were similar,
showing a difference of maximally 3%. Specifically, when
the diameter was 6.6 mm, the holding force was 238.4 kN
and 237.8 kN at the pitch value of 170 mm and 180 mm,
respectively, and the difference in the holding force was the
smallest. Based on the above results, an appropriate increase
in the pre-strand diameter could increase the holding force.

IV. CONCLUSION
In this paper, we studied the holding force of preformed heli-
cal fittings and analyzed the effects of different parameters
on the holding force from the perspective of structural char-
acteristics using the ABAQUS software. Through the control
variable method, the influence of the length, pitch length,
forming aperture and armor rod diameter of the preformed
helical fitting on the holding force is analyzed.

The main findings of this study can be summarized as
follows:

1.The holding force of the preformed helical fitting is
inversely proportional to the molding aperture. The holding
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force of the preformed helical fitting can be improved by
appropriately reducing the molding aperture;

2. When the total length of the preformed helical fitting is
constant, the holding force decreases with the increase of the
pitch length, so the preformed helical fitting design can be
used to reduce the pitch length to improve the holding force;

3.The holding force of the performed helical fitting
increases significantly with the armor rod diameter, and the
holding force of the performed helical fitting can be improved
by increasing the armor rod diameter.
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