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Abstract

Transmission lines may experience significant ice loads during service, which can cause
damage or even destruction to transmission tower components and transmission lines.
Under the traditional design concept, when the load exceeds the safety threshold, the
transmission line is usually severely damaged or even destroyed, and there are no effec-
tive protective measures. In response to this situation, this article considers a protective
approach and conducts research. Firstly, considering the nonlinear mechanical behav-
ior of steel and the complex coupling effects between towers and lines, a refined finite
element model of the transmission tower line system with additional insulator strings
was established. Afterwards, a nonlinear hysteresis model of angle steel was introduced,
considering three cases: intact insulator string, insulator string breaking after ice load
application, and insulator string breaking before ice load application. The failure of the
tower line system under ice load was simulated. The results indicate an approximately
10% enhancement in the load-bearing capacity of the transmission line, suggesting that
breaking the insulator string at the appropriate time can improve the overall load-bearing
capacity of the transmission tower, thereby reducing the failure probability of the tower
line system under large ice loads. This verifies the feasibility of the additional insulator
string fracture protection concept and provides ideas for the design of transmission lines.

Keywords: transmission line; icing; insulator string fracture; finite element analysis;
dynamic loading; mechanical behavior

1. Introduction
Transmission lines form the backbone network of the power system, undertaking the

task of large-scale and long-distance transmission of electrical energy. They are the energy
lifeline that modern society relies on for development, providing fundamental guarantees
for the stable operation of key areas such as healthcare, information and communication.
The construction of a cross regional power resource allocation system for ultra-high voltage
transmission networks is accelerating [1,2]. Transmission lines are widely distributed with
large spatial spans, and their installation paths are difficult to avoid crossing over many
areas with relatively harsh climates. If they encounter heavy rain, snow, and freezing
weather, transmission lines are prone to icing. Ice cover can cause wire sag and internal
tension increase. Its cross-sectional shape will change and it is prone to gallop under wind
excitation [3–6]. The wire will jump during de-icing. These phenomena may lead to short
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circuits between wires, damage to towers, and even collapse accidents [7–9]. Machine
learning can also be used to guide mechanism research [10,11]. Therefore, it is necessary to
conduct icing research on transmission lines and explore how to reduce freezing damage
under extreme rain and snow weather conditions.

Recently, many scholars have conducted extensive analyses on the response, failure,
and collapse of transmission towers under icing disasters [12,13]. Ju et al. [14] established a
finite element model of transmission lines and conducted response analysis of transmis-
sion towers under ice loads, obtaining the mechanical behavior of transmission towers.
Yang et al. [15] established a three-dimensional finite element model of the wire-ground-
insulator system in ANSYS and analyzed the response of transmission lines to de-icing
during icing disasters. Yang et al. [16] established a finite element model of ultra-high volt-
age transmission lines in areas with severe icing, considering multiple influencing factors
and analyzing the dynamic response under de-icing conditions. Xie et al. [17] established a
practical model with a scale ratio of 1:20 based on an actual transmission tower, and con-
ducted transient displacement analysis of the transmission line under different ice shedding
conditions after icing and de-icing conditions. The response changes of the transmission
line under the influence of various parameters were obtained. Guo et al. [18] analyzed the
failure mechanism of transmission towers under icing conditions and studied the failure
modes of transmission towers through numerical simulations. Li et al. [19] established an
ANSYS finite element model of a 500 kV transmission tower and systematically studied
the impact of ice shedding on tower collapse. Zhang et al. [20] established a regression
model for the thickness of ice cover on transmission lines based on microclimate conditions,
which can be used for risk assessment of transmission line failure.

Under extreme rainy and snowy weather, icing on transmission lines may lead to
serious consequences such as wire breakage and tower collapse, therefore corresponding
protective measures are needed. A large number of scholars have conducted relevant
research on anti-icing measures for transmission lines. For example, Solangi et al. [21]
discussed the impact of atmospheric icing on transmission lines around the world, summa-
rized the current de-icing methods used, and revealed the advantages and disadvantages
of the de-icing technology currently used in maintenance operations. Zhang et al. [22] eval-
uated the impact of local line de-icing on the structural stability of transmission tower-line
systems by integrating orthogonal experimental design with finite element mechanical
analysis, thereby providing practical guidance for the formulation of transmission line
de-icing strategies. Cheng et al. [23] proposed a new de-icing method based on reso-
nance theory, which can cause deformation and fragmentation of ice under the action of
excitation load and ultimately detach the ice from the conductor without affecting the
normal operation of the transmission line. Ji et al. [24] summarized the characteristics
and requirements of de-icing of low-voltage transmission lines, and proposed an overall
design concept for a new type of electromagnetic impact mechanical de-icing equipment.
Zhou et al. [25] proposed a novel online anti-icing/de-icing method based on external
excitation resonance. This method integrates detection, analysis, and de-icing functions,
enabling effective anti-icing and de-icing during the initial ice accretion phase on transmis-
sion lines. Wang et al. [26] designed a de-icing robot that can avoid various accessories
on the line and can pass through the tension tower of the phase line for jumper, greatly
improving its practicality. You et al. [27] introduced an online transmission line de-icing
device that integrates energy harvesting, monitoring, and de-icing technologies. The device
has significant advantages in safety, efficiency, and environmental adaptability, and is
expected to be widely used in the future. Feng et al. [28] studied the topology structure of
ice melting devices for 110 kV wind power transmission lines, designed anti freezing and
thawing schemes for both conductors and ground wires, and successfully applied them in
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engineering. Zhou et al. [29] summarized the principles, applications, and related research
of existing anti icing and de-icing technologies for overhead transmission lines, and ob-
tained relevant conclusions: the existing anti-icing and de-icing technologies for overhead
transmission lines are not perfect. Although they have achieved the goal of de-icing, each
technology cannot simultaneously meet the requirements of operability, economy, and
durability. In summary, there are various ways to prevent icing, but in extreme rainy and
snowy weather, existing icing prevention technologies may have insufficient efficiency
in de-icing, resulting in ice thickness exceeding the safety threshold. At the same time,
the installation and application of icing prevention devices are complex and not widely
applicable. Therefore, more efficient preventive measures need to be proposed.

In response to this challenge, this paper proposes a protective strategy that involves
the installation of additional insulator strings designed to fracture under predetermined
icing conditions. First, a finite element model of the transmission line system is established,
and the methodology for calculating the ice load on the conductors is presented. Subse-
quently, nonlinear dynamic analyses are conducted to investigate the system’s response to
insulator string fracture under ice loading. Furthermore, the effectiveness of this approach
in enhancing the safety performance of transmission lines in severe weather conditions is
thoroughly evaluated.

2. Numerical Model and Calculation of Ice Load
2.1. Numerical Model

The selected transmission tower type is a tension tower with a height of 61 m and
a root opening size of 15.78 m × 15.78 m. The specific planar dimension information is
shown in Figure 1. There are three types of angle steel materials for transmission towers,
namely Q235, Q345, and Q420. The main materials have cross-sectional sizes range of
L125 × 10 to L280 × 26, and the diagonal material have cross-sectional sizes range of
L40 × 4 to L140 × 10. Cross-arms are arranged at 46 m and 61 m of the transmission tower,
with the upper cross-arm used to mount the ground wire and the lower cross-arm used
to mount the conductor. The ground wire and the conductor are hung on the cross-arms
through insulator strings. The transmission line span is 500 m. The conductor model is
JL1/G3A-1250/70, six-bundled wire, and the ground wire model is JLB20A-150. Table 1
presents the main technical parameters of the ground wire and the conductor.

Figure 1. Plan dimensions of transmission tower (Unit: mm).
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Table 1. Main technical parameters of transmission lines.

Property Conductor Ground Wire

Types JL1/G3A-1250/70 JLB20A-150
Sectional area (mm2) 1322.16 148.07

External diameter (mm) 47.35 15.75
Breaking tension (kN) 294.23 178.57

Unit load (kg/m) 4.011 0.9894
Modulus of elasticity (GPa) 62.2 145.8

Coefficient of expansion (10−6/◦C) 21.1 13

In order to ensure the safe operation of transmission lines under icing cases, this
paper proposes a method of using additional insulator strings to prevent icing disasters
in transmission lines. This method can rapidly enhance the load-bearing capacity of
transmission lines without requiring service interruption. The working principle of the
method lies in the disconnection of the additional insulator string, which releases conductor
tension. Consequently, the force imposed by the conductor on the cross-arm is diminished,
thereby increasing the global structural capacity of the transmission tower. One end of the
additional insulator string is connected to the cross-arm, one end is connected to the wire,
and the end connection method is hinged. The end of the additional insulator string is
equipped with a sensor and a fracture device. When the sensor receives a fracture signal,
the fracture device will disconnect the insulator string from the cross-arm connection. Its
working principle is to break before the transmission line can withstand a predictable large
load, reduce the tension of the wire, decrease the tension on the cross-arm, and improve
the overall load bearing level of the transmission tower, thereby reducing the impact of
icing on the safety performance of the transmission line.

This paper uses ABAQUS 2017 software to establish a finite element model of the trans-
mission tower line system. Figure 2 shows the “two tower three line” model established in
this paper, where each member of the transmission tower adopts beam elements, with a
total of 2094 elements and 854 nodes. The conductors, ground wires, and insulator strings
were modeled using truss elements, while the transmission tower members were modeled
using beam elements. The additional insulator strings were connected using the “Join” type
connector available in the interaction module. For boundary conditions, the base of the
transmission tower legs was fully fixed (ENCASTRE), and the ends of the conductors were
assigned pinned (PINNED) supports. The transmission line adopts truss element (T3D2).
A simplified representation of the six-bundled conductor system was adopted, employing
the equivalent area method to model it as a single conductor for mechanical behavior
analysis [30]. Dividing each span of the transmission line into 100 units at equal intervals
to ensure accuracy. When modeling the conductor and ground wire, the sag needs to be
considered. In this paper, the engineering sag calculation formula is used, and its specific
expressions are shown in Equations (1) and (2). The sag of the conductor and ground wire
are calculated to be 16.699 m and 6.787 m respectively. An initial pre-tension force was
applied to the conductor to ensure that its sag under the combined conditions of pre-tension
and self-weight matched the calculated value. The additional insulator string (2 in Figure 2)
is connected to the insulator string (1 in Figure 2) and the connecting component (3 in
Figure 2) to form a whole, and the wire is hung on the cross-arm through this whole. The
establishment of the additional insulator string uses the “Join” connector, and its failure
cases are set to simulate fracture. The bottom support of the transmission tower ignores
the soil structure interaction and is directly fixed on the ground. The connection between
each unit of the transmission line is hinged. When modeling, the transmission tower
model is first created, followed by the establishment of the conductors and the application
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of boundary conditions. For the convenience of subsequent description, the X, Y, and Z
directions of the transmission tower line system are defined as horizontal, vertical, and
longitudinal, respectively. Please refer to the specific annotations in Figure 2 for details.
The damping ratios of the transmission tower and transmission line are taken as 2% and
1%, respectively [31]. The Lanczos algorithm is used for modal analysis, and the first two
natural frequencies of the transmission tower line system dominated by transmission tower
vibration are 2.5092 Hz and 2.6881 Hz, respectively, with damping values of αTower = 0.3262
and βTower = 0.0012.

f =
ql2

8H
(1)

H =
0.25σf

A
(2)

In the formula, f is the sag of the wire. q is the equivalent weight per unit length of a wire
transmission line. H is the horizontal tension of the wire, and σf is the breaking tension,
measured in N. A is the calculated cross-sectional area of the transmission line, measured
in mm2.

Figure 2. Transmission tower-line system model.

The analysis of the model in this paper involves the fracture of additional insulator
strings, which can generate significant instantaneous impact loads and long-term fluc-
tuating loads. This process can gradually accumulate damage to transmission tower
members [32], and the currently commonly used ideal elastoplastic models cannot accu-
rately reflect the accumulation of damage to members. Therefore, this paper introduces a
nonlinear hysteresis model to simulate the complex behavior of members. The model can
accurately predict the buckling and post-buckling responses of steel members under cyclic
loading, along with their stiffness degradation behavior. Its predictive accuracy has been
validated against extensive experimental data [33]. The constitutive model is then imported
through a subroutine in ABAQUS to ensure the accuracy of subsequent failure analysis.

2.2. Ice Load

In this study, it is assumed that the ice cover shape of the transmission line is cir-
cular [34,35], with an ice cover density of 0.9 × 103 kg/m3, and the ice cover shape is
shown in Figure 3. The calculated ice load is applied in the form of equivalent gravitational
acceleration, and the icing density is converted by taking the unit length of the grounding
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wire. The formula for the equivalent gravitational acceleration (g′) of the ice load can be
calculated by Equation (3):

g′ =
W1 + W2

W1
g (3)

W2 = π

[
(

d
2
+ dice)

2
− A

]
ρice (4)

in the formula: g′ is the equivalent gravitational acceleration of the ice-covered transmission
line (unit: N/kg), W1 is the weight of the transmission line per unit length (unit: kg/m).
W2 is the weight of ice cover per unit length of transmission line (unit: kg/m). A is the
cross-sectional area of the transmission line (unit: m2). d is the outer diameter of the
transmission line (unit: m), dice is the thickness of ice cover (unit: m), and ρice is the density
of ice, set at 0.9 × 103 kg/m3. Table 2 presents the calculation results of equivalent gravity
acceleration caused by icing on transmission lines.

Figure 3. Schematic diagram of ice cover shape on transmission lines.

Table 2. Calculation of equivalent gravity acceleration of transmission lines.

Ice Thickness (mm) W1 (kg/m) W2 (kg/m) g′ (N/kg)

Conductor

5 4.011 0.740 11.608
10 4.011 1.622 13.763
15 4.011 2.644 16.260
20 4.011 3.809 19.106
25 4.011 5.114 22.295
30 4.011 6.561 25.830
35 4.011 8.149 29.710
40 4.011 9.879 33.937

Ground wire

5 0.989 0.293 12.703
10 0.989 0.728 17.014
15 0.989 1.304 22.721
20 0.989 2.022 29.836
25 0.989 2.880 38.338
30 0.989 3.881 48.257
35 0.989 5.022 59.563
40 0.989 6.305 72.276

The ice load on transmission towers is calculated using the increased density method,
taking into account the following two assumptions: (1) The entire transmission line is
covered with ice, and the thickness of the ice is evenly distributed along the length of the
transmission line. (2) Only consider the impact of icing on the weight of transmission
lines, without considering the impact of icing on the stiffness of transmission lines. The
calculation results of equivalent density of transmission tower icing are shown in Table 3.
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Table 3. Equivalent density of icing on transmission towers.

Angle Steel
Equivalent Density (kg/m3)

10 mm Ice 20 mm Ice 30 mm Ice 40 mm Ice

L40 × 4 13,771.05 22,060.53 32,718.42 45,744.74
L45 × 4 13,605.81 21,454.65 31,396.51 43,431.40
L50 × 4 13,475.00 20,975.00 30,350.00 41,600.00
L50 × 5 12,397.37 18,460.53 26,039.47 35,134.21
L56 × 4 13,350.00 20,516.67 29,350.00 39,850.00
L56 × 5 12,291.12 18,078.04 25,210.75 33,689.25
L63 × 5 12,193.80 17,727.69 24,451.65 32,365.70
L70 × 5 12,116.67 17,450.00 23,850.00 31,316.67
L70 × 6 11,432.09 15,909.70 21,282.84 27,551.49
L75 × 5 12,070.69 17,284.48 23,491.38 30,691.38
L75 × 6 11,391.67 15,766.67 20,975.00 27,016.67
L80 × 6 11,356.49 15,642.21 20,707.14 26,551.30
L80 × 7 10,875.21 14,572.69 18,942.44 23,984.45
L90 × 6 11,298.28 15,436.21 20,263.79 25,781.03
L90 × 7 10,822.75 14,390.05 18,551.90 23,308.30
L90 × 8 10,466.28 13,605.81 17,268.60 21,454.65

L100 × 7 10,781.16 14,245.26 18,242.30 22,772.28
L100 × 8 10,428.13 13,475.00 16,990.63 20,975.00
L110 × 7 10,747.38 14,127.67 17,990.85 22,336.92
L110 × 8 10,397.17 13,368.87 16,765.09 20,585.85
L125 × 10 9875.00 12,200.00 14,825.00 17,750.00
L125 × 8 10,360.33 13,242.56 16,496.69 20,122.73
L140 × 10 9850.00 12,116.67 14,650.00 17,450.00
L140 × 12 9529.10 11,432.09 13,558.96 15,909.70
L160 × 10 9824.19 12,030.65 14,469.35 17,140.32
L160 × 12 9505.84 11,356.49 13,401.95 15,642.21
L160 × 14 9278.57 10,875.21 12,639.92 14,572.69
L180 × 12 9487.93 11,298.28 13,281.03 15,436.21
L180 × 14 9262.06 10,822.75 12,532.08 14,390.05
L180 × 16 9092.73 10,466.28 11,970.64 13,605.81
L200 × 14 9248.96 10,781.16 12,446.60 14,245.26
L200 × 18 8949.48 10,153.66 11,462.57 12,876.18
L220 × 20 8835.71 9907.14 11,064.29 12,307.14
L220 × 22 8750.39 9729.08 10,786.06 11,921.34
L250 × 22 8740.07 9698.61 10,725.62 11,821.09
L250 × 24 8669.33 9551.68 10,497.06 11,505.46
L280 × 24 8661.57 9529.10 10,452.61 11,432.09
L280 × 26 8601.95 9405.75 10,261.41 11,168.93

3. Analysis of Structural Responses
In order to study the effect of additional insulator strings on the structural response of

ice-covered transmission lines, this paper selected three cases: (1) intact insulator string;
(2) insulator string fracture after the application of ice load; and (3) insulator string fracture
before the application of ice load. For each case, eight different conductor ice thicknesses
were considered, ranging from 5 mm to 40 mm in 5 mm increments. The ice thickness on
the transmission tower and ground wire was set at 10 mm.

The ice load on the tower was simulated by modifying the material density in the
ABAQUS material property definition, while the ice load on the conductors was applied as
an equivalent gravity load in the ABAQUS load module. The ABAQUS/Explicit solver was
used for the dynamic analysis. Taking the load corresponding to a 10 mm ice thickness on
the conductor (hereinafter referred to as the ice load) as an example, the analysis procedure
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was as follows: (1) At the start of the analysis, the self-weight and ice load were applied to
both the tower and the conductor, with the insulator string remaining intact. The analysis
was run for 30 s, with the transmission line’s response data recorded every 0.1 s. (2) At the
start of the analysis, the self-weight and ice load were applied to the tower and conductor,
while the insulator string was modeled as fractured. The analysis duration was 30 s, with
response data extracted every 0.1 s. (3) The analysis began by applying the self-weight and
ice load to the tower and ground wire, along with the self-weight of the conductor. The
insulator string was fractured simultaneously. This initial phase was calculated for 30 s.
Subsequently, the ice load was applied to the conductor, and the analysis continued for
another 30 s, resulting in a total analysis time of 60 s. Response data were extracted every
0.1 s throughout. The simulation results indicate that as the ice load increased, cross-arm
failure occurred in Case 2 at a 30 mm ice load and in Case 1 at a 40 mm ice load.

3.1. Displacement Response

Extracting the displacement response of the wire, the results show that the displace-
ment response curves of the wire under different ice loads are similar under the same case
(except for the ice load case corresponding to the cross-arm failure). Figure 4 shows the
displacement-time response curves of the conductor under three cases, taking the 10 mm
and the 20 mm ice load as examples. It can be seen that after the load is applied, the
displacement time curve of the wire exhibits a damping vibration, with the initial vibration
amplitude being the largest, gradually decreasing over time, and stabilizing at a constant
value. The pattern of Case 1 is most obvious, and its displacement curve is similar to a
sine curve with decreasing amplitude. Case 2 has a larger fluctuation amplitude of wire
displacement, which is most obvious when the insulator string is just broken. With the
passage of time, the wire gradually tends to stabilize. The characteristic of the conductor
displacement curve in Case 3 is the combination of Case 1 and Case 2. In order to further
analyze the characteristics of the displacement curve of the conductor, the maximum dis-
placement (MD) of the conductor, the conductor jump height of the conductor (CJH), and
the stable displacement (SD) are extracted for analysis.

 

   
(a) 10 mm—Case 1 (b) 10 mm—Case 2 (c) 10 mm—Case 3 

   
(d) 20 mm—Case 1 (e) 20 mm—Case 2 (f) 20 mm—Case 3 

Figure 4. Displacement response curves of conductors under different ice loads.
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Figure 5 shows the maximum displacement of the conductor and the difference
between the maximum adjacent displacement of the conductor under different ice loads
for three different cases. It can be seen that with the increase in ice load, the maximum
displacement of the conductor and the difference between the maximum displacement of
the conductor in the three cases all show an upward trend. Under the same ice load, the
maximum displacement and conductor jump height of the conductor in Case 2 are greater
than those in Case 3 and Case 1. The difference between Case 2 and Case 3 and Case 1
gradually decreases with the increase in ice load. For example, under a 5 mm ice load, the
maximum displacement of the conductor in the three cases is 1.07 m, 7.42 m, and 6.54 m,
respectively. The difference between Case 2 and Case 3 and Case 1 is 6.35 m and 5.38 m,
respectively. Under a 25 mm ice load, the maximum displacement of the conductor in the
three cases is 4.2 m, 9.35 m, and 9.12 m, respectively. The difference between Case 2, Case 3,
and Case 1 is 5.15 m and 4.92 m, respectively.

 
(a) Max displacement 

 
(b) Conductor jump height 

Figure 5. Conductor jump height and maximum displacement under different ice loads.

Figure 6 shows the stable displacement curves of the conductor under different ice
loads, where the displacement of the conductor is unstable under cross-arm failure and
will not be statistically analyzed here. It can be seen that with the increase in ice load, the
stable displacement of the conductor gradually increases under the three cases. Among
them, the stable displacement of the conductor in Cases 2 and 3 is greater than that in
Case 1, and the difference in stable displacement between Cases 2 and 3 is not significant,
indicating that the moment of insulator string breaking will not affect the final displacement
of the conductor.

The displacement responses of the tower top and the cross-arm end under different
ice loads are similar to those of the conductor, exhibiting an overall damped oscillation.
The initial amplitude of vibration is larger in the case with a fractured insulator string, then
decreases and gradually stabilizes. Tables 4 and 5 present the steady-state values of the
tower top and cross-arm end displacements, respectively, under different ice loads. It can
be observed that these steady-state displacements gradually increase with the ice load. The
responses in Cases 2 and 3 are essentially identical and greater than that in Case 1.
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Figure 6. Stable displacement of conductors under different ice loads.

Table 4. Tower top displacement response under different ice loads.

Ice Load (mm) Case 1 (mm) Case 2 (mm) Case 3 (mm)

5 4.22 6.68 6.72
10 4.28 6.73 6.81
15 4.35 6.59 7.15
20 4.46 7.46 7.49
25 4.51 7.36 7.25
30 4.47 - 7.52
35 4.55 - 8.44
40 - - 8.56

Table 5. Cross-arm displacement response under different ice loads.

Ice Load (mm) Case 1 (mm) Case 2 (mm) Case 3 (mm)

5 39.2 49.7 31.5
10 40.8 61.3 33.1
15 45.6 72.9 38.4
20 51.4 69.0 45.7
25 53.9 295.5 59.2
30 56.3 - 63.8
35 61.7 - 76.5
40 - - 82.1

3.2. Stress Response

Based on the previous analysis, the overall displacement responses of the conductors
in Cases 2 and 3 are greater than in Case 1. The substantial swing of the conductors
generates significant dynamic loads. To investigate the impact of this large-amplitude
conductor swing following insulator string fracture on the transmission tower stress, the
stress distribution within the tower was extracted and analyzed.

Table 6 presents the maximum leg moment at the bottom of the transmission tower un-
der ice loads ranging from 5 mm to 25 mm. The locations of the tower bottom measurement
members (Numbers 1–4) are identified in Figure 2. The results indicate that the maximum
base bending moment in Case 1 exhibits an overall increasing trend with the rise in ice
load. In contrast, the value for Case 2 fluctuates within a certain range. For Case 3, when
the ice load is relatively small, the resulting maximum base bending moment is less than
that induced by the insulator string breakage, manifesting as a constant value. However,
under larger ice loads, the maximum base bending moment also increases accordingly.
For a given case, the maximum leg moment at members 2 and 3 are greater than those at
members 1 and 4.
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Table 6. Maximum leg moment of transmission tower.

Ice Load (mm) Tower Leg 1 Tower Leg 2 Tower Leg 3 Tower Leg 4

Case 1 (N·m)

5 4442.02 7838.00 10,413.47 6407.23
10 4401.78 7643.41 10,849.10 6541.51
15 4436.58 7867.72 11,176.24 6815.74
20 4716.03 7566.29 11,030.54 6885.69
25 4845.32 7488.72 10,609.66 6835.30

Case 2 (N·m)

5 9185.03 14,138.44 17,175.96 12,473.46
10 9771.03 15,935.26 18,095.31 13,052.87
15 8844.41 15,237.65 17,115.53 12,111.59
20 8754.73 11,817.88 15,364.25 11,710.64
25 9148.39 13,078.76 16,964.45 12,106.93

Case 3 (N·m)

5 7533.68 10,693.42 13,417.28 11,320.76
10 7533.68 10,693.42 13,417.28 11,320.76
15 7533.68 10,693.42 13,417.28 11,320.76
20 7533.68 10,693.42 13,417.28 11,320.76
25 7978.56 11,764.86 14,900.64 10,717.17

The difference in the maximum leg moment between Cases 2/3 and Case 1 was
calculated. This difference was then divided by the value from Case 1 to determine the
percentage increase. The summarized results are shown in Figure 7. It can be observed that
the difference between Case 2 and Case 1 is larger than that between Case 3 and Case 1.
As the ice load increases, this difference tends to decrease. The overall percentage increase
shows a declining trend, with significant variations among the different measurement
members. For example, under a 10 mm ice load, the value at member 1 in Case 2 increased
by 122% compared to Case 1, while at member 3, the increase was 67%. The percentage
increases at members 1 and 4 are generally higher than those at members 2 and 3.

(a) Case 2−Case 1 

 
(b) Case 3−Case 1 

Figure 7. Summary of tower leg differences for different Cases.
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Two members located in the middle of one side of the transmission tower’s cross-arm
were selected for stress analysis, with their positions illustrated in Figure 8. The stress
response patterns of these two members under different ice loads were found to be similar,
except in cases where cross-arm failure occurred. Using the 10 mm and the 20 mm ice load
as examples, Figure 9 shows the stress-time curves for both members. It can be observed
that the stress curves for both members in Case 1 and Case 2 exhibit a damped vibration,
characterized by a gradual decrease in amplitude over time, with the stress eventually
approaching a stable value. In Case 3, the stress curve demonstrates a two-stage damped
response. A distinct transition occurs at the 30-s mark when an additional load is applied,
after which the stress gradually decreases again and stabilizes. The steady-state stress
values of the members were extracted across all load cases, with the results summarized in
Table 7. The data shows that as the ice load increases, the steady-state stress values for both
member 1 and member 2 exhibit an upward trend across all three cases. Furthermore, the
steady-state stress of member 1 in Case 3 is lower than in Case 1, whereas for member 2, it
is higher than in Case 1.

Figure 8. The selected position of the member.

   
(a) 10 mm—Case 1 (b) 10 mm—Case 2 (c) 10 mm—Case 3 

   
(d) 20 mm—Case 1 (e) 20 mm—Case 2 (f) 20 mm—Case 3 

Figure 9. Member stress curves under tow ice loading conditions.
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Table 7. Stress stability values of members under different ice loads.

Member 1 (MPa) Member 2 (MPa)

Ice Load (mm) Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

5 7.86 3.77 3.82 4.13 6.31 5.46
10 9.05 5.4 4.22 4.49 3.9 5.63
15 9.53 9.38 6.69 4.33 5.59 5.85
20 10.1 10.2 8.12 5.01 10.56 6.54
25 11.06 13.58 8.57 5.44 17.59 6.65
30 11.1 - 10.92 5.93 - 7.67
35 13.21 - 10.44 6.78 - 6.49
40 - - 11.06 - - 10.11

4. Impact of Additional Insulator String Fracture
To evaluate the impact of additional insulator string fracture on the safety performance

of transmission lines, SDV3 (a user-defined state variable in ABAQUS, which here repre-
sents the degree of material damage) contour plots were extracted to assess the severity of
tower damage. Based on the previous analysis, structural failure first occurred in Case 2
under a 30 mm ice load. Consequently, this section presents the SDV3 contour plots for all
three cases under ice loads of 30 mm, 35 mm, and 40 mm.

Figure 10 displays the SDV3 contour plots at the termination of the analysis for the
three cases under different ice loads (where the analysis was interrupted due to cross-arm
failure). The results indicate that under the same ice load, the overall damage level of the
transmission tower in Case 2 is significantly higher than in Case 1. This occurs because
when an insulator string breaks, the conductor will sag. As it descends to the lowest point,
a significant impact load is generated. Subsequent swinging of the conductor produces
oscillatory loads with progressively diminishing amplitude. If ice load is simultaneously
applied, the combination of these two loads will inflict greater damage on the transmission
line. This demonstrates that the combined effect of the dynamic impact from the insulator
string fracture and the static ice load severely compromises the structural safety of the
tower and substantially reduces its load-bearing capacity. Notably, under the 40 mm
ice load, cross-arm failure occurred in Case 1 but not in Case 3. This suggests that the
fracture of the insulator string reduces the conductor tension, which in turn decreases the
force exerted on the cross-arm. This load redistribution enhances the overall load-bearing
capacity of the transmission tower, thereby validating the potential feasibility of a controlled
insulator string fracture strategy. To obtain a more precise failure load value for Case 1,
an incremental analysis was conducted starting from 35 mm with 1 mm increments. By
varying the ice load, it was found that failure first occurred in Case 1 at an ice load of 37 mm.
By comparing the converted ice loads of 37 mm and 40 mm, it can be concluded that the
load-bearing capacity of Case 3 is improved by at least approximately 10% compared to
Case 1.

Furthermore, the analysis indicates that under ice loads of 30 mm and 35 mm, struc-
tural damage to the transmission tower in Case 3 is moderately higher than in Case 1. For
example, at 30 mm ice load, more members in Case 3 reached the material yield strength
compared to Case 1. At 35 mm ice load, certain cross-arm members in Case 3 attained the
ultimate strength, which was not observed in Case 1. To better understand the damage
progression in the transmission tower members under 30 mm and 35 mm ice loads, SDV3
contour plots for Case 3 were extracted at four time intervals: 10 s, 30 s, 40 s, and 60 s.
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(a) Case 1—30 mm (b) Case 2—30 mm (c) Case 3—30 mm 

  
(d) Case 1—35 mm (e) Case 2—35 mm (f) Case 3—35 mm 

  
(g) Case 1—40 mm (h) Case 2—40 mm (i) Case 3—40 mm 

Figure 10. Contour Plots of Final SDV3 Response under Different Icing Conditions.

Figure 11 shows the SDV3 contour plots of Case 3 at these four time points under
30 mm and 35 mm ice loads. The results reveal that most of the damage development occurs
within the first 10 s. Between 10 s and 30 s, damage progression is minimal. Although an
additional ice load is applied at 30 s, only limited damage evolution is observed between
30 s and 40 s, with only a few additional members yielding or reaching ultimate strength.
From 40 s to 60 s, the damage development essentially ceases, and the structure gradually
stabilizes. For instance, under the 35 mm ice load, several cross-arm members had already
yielded within the first 10 s. By 30 s, some of these members reached the ultimate strength,
though the number of yielded members increased only slightly compared to that at 10 s. By
40 s, damage had progressed further, with additional members reaching yield and ultimate
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strength. However, by 60 s, the set of members that had yielded or reached ultimate
strength remained unchanged from that at 40 s, indicating that damage progression had
effectively stopped.

   
(a) 30 mm—10 s (b) 30 mm—30 s (c) 30 mm—40 s (d) 30 mm—60 s 

    
(e) 35 mm—10 s (f) 35 mm—30 s (g) 35 mm—40 s (h) 35 mm—60 s 

Figure 11. Contour plots of SDV3 response for the transmission tower at different time steps.

5. Conclusions
Based on the project specifications, this study establishes a finite element model of

a two-tower three-line transmission line system with a designed-to-fracture additional
insulator string using ABAQUS. A nonlinear hysteresis model for angle steel members was
introduced to investigate the impact of insulator string fracture on the safety performance
of ice-covered transmission lines, revealing its effect on the structural response of the
transmission system. The following conclusions can be drawn from the research:

(1) Under different ice loads, the displacement responses of the conductor, tower top, and
cross-arm end all exhibit damped vibration characteristics. As the ice load increases,
the displacement responses (including the maximum displacement, conductor jump
height, and stable displacement) all increase. The stable displacements of the conduc-
tor in Cases 2 and 3 are similar and greater than that in Case 1, indicating that the
timing of the insulator string fracture has limited influence on the final steady state of
the conductor. The tower top displacements of Case 2 and Case 3 are comparable and
approximately 60% larger than that of Case 1. Similarly, the cross-arm displacements
of Case 2 and Case 3 show close agreement. The difference in cross-arm displacement
between these cases and Case 1 gradually decreases with increasing ice load, declining
from 25% at 5 mm to 11% at 25 mm.
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(2) As the ice load increases, the leg moment and the steady-state stress of the cross-
arm members also increase. The leg moments at the tower base in Cases 2 and 3
are greater than in Case 1, with the difference between Case 2 and Case 1 being
more pronounced than that between Case 3 and Case 1. These differences gradually
diminish as the ice load increases. The stress curves of the members exhibit damped
vibration characteristics. Furthermore, differences in steady-state stress are observed
between Case 3 and Case 1: specifically, the stress in Member 1 is lower than in Case
1, while that in Member 2 is higher.

(3) By analyzing the SDV3 contour plots of the transmission tower under different cases,
the study demonstrates that the combined effect of additional insulator string fracture
and ice load can adversely affect the structural safety of the tower. Case 1 experienced
failure under a 37 mm ice load, while Case 3 remained intact even at 40 mm, indicating
a load-bearing capacity improvement of up to 10%. This indicates that fracturing
the insulator string at a properly selected timing can reduce conductor tension and
enhance the load-bearing capacity of the tower. In Case 3, damage development in
the transmission tower primarily occurs shortly after the insulator string fractures.
Once the conductor stabilizes, the overall structural capacity improves, and further
damage progression after the application of the ice load is not significant.

In summary, the method proposed in this study can enhance the load-bearing capacity
of the tower-line system within a short timeframe without interrupting power transmission,
demonstrating considerable application potential. In future research, the influence of other
critical parameters will be investigated to further improve the applicability of the method.
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