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Ice shedding causes transmission lines to vibrate violently, which induces a sharp increase
in the longitudinal unbalanced tension of the lines, even resulting in the progressive
collapse of transmission towers in serious cases, which is a common ice-based
disaster for transmission tower-line systems. Based on the actual engineering
characteristics of a 500kV transmission line taken as the research object, a finite
element model of a two-tower, three-line system is established by commercial ANSYS
finite element software. In the modeling process, the uniform mode method is used to
introduce the initial defects, and the collapse caused by ice shedding and its influencing
parameters are systematically studied. The results show that the higher the ice-shedding
height is, the greater the threat of ice shedding to the system; furthermore, the greater the
span is, the shorter the insulator length and the greater the dynamic response of the ling;
the impact of ice shedding should be considered in the design of transmission towers.

Keywords: index terms: transmission line, ice shedding, numerical simulation, dynamic response, progressive
collapse

INTRODUCTION

As the physical electricity-carrying entities of the power transmission network, transmission lines
often need to pass through severely cold areas, and as a result, ice may occasionally coat the
conductors. When the temperature rises, this ice melts and falls off the line, causing the transmission
line to vibrate; these vibrations can damage the transmission line and even cause its progressive
collapse. Although the ice shedding effect was considered as unbalanced tension in the design codes
[1-3], the accidents caused by ice shedding still occurs. For example, an investigation of the southern
snow disaster in 2008 showed collapsed bases of 140,000 transmission towers below 110 kV; the bases
of 1,000, 110-500 kV transmission towers collapsed; and the bases of 506,500 kV transmission
towers fell, with the bases of 142 towers being damaged. Ultimately, ninety percent of all transmission
tower collapses are caused by longitudinal unbalanced tension caused by uneven icing and uneven ice
shedding [4]. With the development of the study on structural vibration control and structural
healthy monitoring, these two methods are used to improve the safety operation of the transmission
line [5-9]. To determine the key parameters for monitoring and controlling, the failure mechanism
of the transmission line caused by ice-shedding should be studied.

The serious hazards imposed by ice shedding have attracted widespread attention from scholars
worldwide. At present, the most common method for studying ice shedding problems is numerical
simulation [10]. Kollar and Farzaneh [11-14] introduced a spacer bar into the conductor ice-
shedding model, studied the ice shedding of the bundle conductor, and obtained the relationships
between the maximum jump height and the ice thickness, initial tension, conductor spacing, and
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number of sub-conductors; a scale test verified the validity of the
model, and the results showed that a spacer bar can effectively
reduce the jump height of the conductor but has little effect on the
torsion of the conductor. Because that the clearance reducing
caused by ice-shedding could lead to electrical accident, the jump
height is the one of the most concerned parameters for ice-
shedding of transmission lines. Yan et al. [15] proposed a formula
to predict the maximum jump height by fitting the numerical
results between the maximum jump height and sag difference
before and after ice shedding. Based on the conservation of energy
and the geometrical relationship between the span and the swing
of an insulator, Wu et al. [16] proposed a theoretical calculation
method for the largest jump height of a transmission line; a
comparison of the results with a finite element analysis revealed
good agreement, and the theoretical method exhibited the
advantages of both accuracy and convenience. Huang et al.
[17] proposed a method to study ice shedding using a scale
test and verified the effectiveness of the proposed method by
comparing the results with two full-scale tests. However, the
paper mentioned above ignored the stiffness of ice, and assumed
that the ice on the conductor fell off in a certain pattern that was
unrealistic. To obtain the real dynamic response of the conductor
induced by ice-shedding, the ice failure model should be
considered. Kalman et al. [18] first introduced the ice failure
model to predict the ice shedding. In their study, if the plastic
strain is greater than 107", the element of ice will be killed to
simulate ice shedding. Mirshafiei et al. [19, 20] proposed another
ice failure criterion. In Mirshafiei’s criterion, the ice would have
been shed if the ice strain reached the maximum effective plastic
strain. The numerical results showed that Mirshafiei’s criterion
had a better performance in prediction of the ice shedding by
comparison with the experimental results than Kalman’s
criterion. However, these two ice failure criterions both
overrated the ice-shedding rate. Ji et al. [21-24] proposed a
new criterion predicting the ice-shedding rate better. They
thought that ice breakage and ice detachment were two
different stages. Only ice detachment would occur if the
inertia forces overcoming the adhesive/cohesive forces on the
ice. After that, they studied influence parameters in the ice
shedding progress and give suggestions to improve the de-
icing efficiency of the shock-load method and reduce the
adverse transient effects on the line components [25]. Yang
et al. [26, 27] performed the numerical simulation to study the
dynamic response of transmission tower-line system and found
that the interphase space could effectively decrease the dynamic
response of the tower-line system; dynamic amplifying effect of
the vertical load from ice shedding conductors cannot be ignored.

Transmission towers are an important part of the transmission
tower-line system, as they play the crucial role of supporting the
transmission lines. However, the role of transmission towers in
the ice-shedding response has been ignored in all research to date,
with few studies considering the influence of ice-shedding on
transmission towers response. Shen et al. [28, 29] established a
tower-line system model and analyzed the vibration
characteristics caused by the ice shedding of the transmission
tower-line system. The results showed that the shear and bending
moment of the transmission tower base were zero before ice
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shedding but increased significantly thereafter, and the closer the
ice-shedding is, the greater the basal shear and moment.
Additionally, a comparison with a two-speed conductor model
test verified the impact of ice shedding on the transmission tower.
However, the above research is limited to the elastic stage of the
transmission lines and does not involve the collapse of
transmission lines caused by ice shedding. In fact, more and
more attentions are attractive to tower collapse [30-34].

In summary, a paucity of studies has considered the collapse
and damage of transmission lines due to icing and ice shedding
under the coupling of transmission towers and lines. In this
paper, using a numerical method to establish the transmission
line model and considering transmission towers with initial
defects, the dynamic response of the transmission tower-line
system induced by ice shedding is studied; furthermore, the
damage to the transmission tower and the influencing
parameters are analyzed.

ESTABLISHMENT OF THE FINITE
ELEMENT MODEL

Model Parameters
In this paper, a finite element model is established for a
transmission tower-line system with two towers and three
lines. The conductors at both ends of the model are
consolidated. The model of the four-bundle conductor in the
line is LGJ-630/45, the model of the ground conductor is LB20A-
150, and the mechanical parameters are shown in Table 1.

To simplify the modeling process of the transmission tower-
line system and improve the computational efficiency, the
following assumptions are adopted in this paper.

(1) Inthe modeling process, the conductor bundle is modeled as
a single conductor, and in the ice-shedding process [33-35],
it is assumed that all the sub-conductors of the bundle
conductor bundle experience ice shedding at the same time.

(2) Ice is evenly distributed on the conductor and the ground,
and it is assumed that the ice cross section is circular.

(3) Only the mass of the ice cover is considered, whereas the
influence of the ice cover stiffness is ignored, and the
possibility of the ice cover falling off and breaking during
vibration is ignored.

This paper selects a 500kV double-circuit angle steel
transmission tower as the research object with a height of
99.9m and a base size of 18 m x 18 m. The dimensions of the
transmission tower are presented in Figure 1. The length of the
insulator is 6.6 m, the initial tension conductor is 141.3 kN, and
the initial tension of the ground conductor is 30.5 kN. The main
material of the transmission tower is Q420 and Q345 steel, as
shown in Figure 1, and Q235 steel is used for the auxiliary
materials.

The ice on the transmission lines is affected by natural factors
such as wind, and the icing cross sections are mostly crescent-
shaped, crescent-shaped or D-shaped, although other irregular
shapes are also possible. Previously, scholars mostly assumed that
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TABLE 1 | Mechanical parameters of the conductor.

Model Conductor

outer diameter (mm)

Ground conductor LB20A-150 15.75
Conductor LGJ-630/45 33.6

Weight (kg/m)

0.9894
2.06 63,000
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Modulus
of elasticity (MPa)

Cross-sectional area (mm?)

148.07
666.55

147,200
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FIGURE 1 | Tower dimensions.
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FIGURE 2 | Material model of tower member.

the ice is ring-shaped when studying ice-shedding phenomena;
this article also adopts this assumption. In this paper, ANSYS
simulation software is used for modeling, and the LINKI10
element is used to simulate the conductor. The ice coating on
the conductor is also simulated by the LINK10 element, which
shares the node with the conductor. The constitutive model of

Conductor 3
Ground conductor

/, / oint K

FIGURE 3 | Finite element model of the transmission tower-line system.

tower is shown in Figure 2, the tower member would lose its load
carrying capacity once the strain reaches 0.02.

The two-tower, three-line transmission tower-line system
model established in this article is illustrated in Figure 3. The
ice shedding of conductors 1, 2, and 3 represents the three cases of
conductor ice shedding. In the past, when analyzing the vibration
characteristics of transmission towers, the apex of the tower was
set as a key point, and its displacement changes were analyzed to
study the vibration characteristics of the transmission tower.
Therefore, this paper defines the apex of the ice-shedding side
of Tower 1 as key Point K. The steel density of the transmission
tower is 7,850 kg/m®, and the elastic modulus is 206,000 MPa. In
addition, the density of the ice coating is 900 kg/m”. Since the ice
coating stiffness is ignored, the elastic modulus of the ice coating
is set to 1 in the numerical model.

Initial Defects

During the manufacture and transportation of the members used
to construct power transmission towers, members with defects
will inevitably be produced, and in their subsequent welding and
assembly, residual stresses and welding defects will be generated
due to factors such as the processing technology and worker
mistakes. Accordingly, the bearing capacity of the power
transmission tower members will be affected. Therefore, in the
dynamic analysis of the transmission tower, the influences of
these initial defects should be considered. Fu et al. [36, 37] used
the uniform mode method to consider the initial defects of a
transmission tower in their numerical model. This method
assumes that the initial defects of a structure are consistent
with the lowest buckling mode, and hence, this approach is
widely used in the force analysis of complex structures such as
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Establish numerical model of tower in ANSYS

Uniform mode method to introduce initial defect

Establish numerical model of tower-line system

Static calculation of tower-line system with ice load

Transform numerical model to LS DYNA

Read the result obtained in ANSYS as initial state

}

Delete ice elements and use nodal force to model ice loads

Remove nodal forces to simulate ice-shedding

FIGURE 4 | Flowchart for the dynamic analysis of ice shedding.

reticulated shell structures and transmission towers. In this paper,
the uniform mode method is adopted to consider the initial
defects of the transmission tower, and on this basis, the dynamic
response of the tower-line system induced by ice shedding is
analyzed.

Dynamic Analysis of Ice-Shedding

The current electric power design code in China calculates the
unbalanced tension caused by uneven ice cover during the
transmission tower design according to the static load and
takes the value according to the maximum working tension
percentage of the conductor. This method is simple and easy
to apply in engineering, but it ignores the dynamic impact during
the ice-shedding process. Thus, the dynamic impact of conductor
ice shedding is simulated in this paper. The simulation process is
outlined in Figure 4. First, the finite element model of the
transmission tower is established by using ANSYS, the initial
defects are considered according to the minimum-order mode
obtained by eigenvalue buckling analysis under ice-shedding load
in ANSYS, and the finite element model is updated to introduce
the initial defects of the transmission tower (uniform mode
method) [36, 37]. In this way, the two-tower three-conductor
finite element model is established. Finally, the static
characteristics of the tower-line system are subjected to
nonlinear analysis. Since the ANSYS implicit algorithm has
long been used to analyze the dynamic responses of tower-line
systems, the ANSYS LS-DYNA display algorithm is used to
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analyze the dynamic response of the transmission tower-line
system to an ice-shedding load. The results of the preceding
ANSYS static analysis are taken as the initial state of the LS-
DYNA calculation, after that, delete the ice element which will
shed from the conductor and use the equivalent nodal force to
simulate the ice load. Then, the equivalent nodal force is removed
to simulate ice shedding, and the dynamic analysis of ice falling
off of the transmission tower-line system is carried out.
Subsequently, the ice load is increased until the transmission
line collapses and is destroyed.

FAILURE MODE ANALYSIS OF
TRANSMISSION TOWER

The simulation parameters are as follows: 1) the length of the
insulator is 6.6 m; 2) all the span of the conductor are 500 m; and
3) the initial tension of the conductor is 141.3 kN.

Taking conductor 2 (the middle conductor shown in Figure 3)
as an example, the ice-shedding process of the transmission tower
is depicted in Figure 5. If the ice thickness is 45.6 mm, as shown
in Figure 5, then conductor ice shedding can lead to progressive
collapse of the transmission tower-line system. At 1.0 s after ice
shedding, the system is elastic, and the transmission tower
vibrates as a result of the longitudinal unbalanced load.
However, the tower members do not undergo buckling failure.
Then, Tower 1 is affected by the longitudinal unbalanced load. At
1.5 s after ice shedding, units 2,334, 2,337, 2,148, and 2,151 at
heights ranging from 81.0 to 84.5 m (i.e., the connections of the
cross-arms to the tower head with ice-shedding conductors) fail.
In addition, Tower 2 violently shakes. At 2.15 s after ice shedding,
Tower 1 is subjected to longitudinal unbalanced loads, and units
2,850, 2,851, 2,852, and 2,853 (i.e., the connections between the
tower head and the tower body) between the heights of 61.0 and
64.0 m begin to be destroyed. At 5.5 s after ice-shedding, Tower 1
collapses. Additionally, the members connecting the Tower 2
head to its body begin to fail. At 7.0 s after ice shedding, Tower 2
collapses, and the tower-line system completely loses its bearing
capacity. The damage state of Tower 2 at 5.5 s is similar to that of
Tower 1 at 2.15s.

From these simulation results, the failure processes and
collapse mechanisms of the two towers in the two-tower,
three-conductor model are basically the same except that the
ice shedding of the ground conductor will not cause damage to
the transmission tower-conductor system. Then, the insulator
and conductor fall, the tower body vibrates violently, and the
Tower 2 ice-shedding side is disconnected from the upper
conductor. Finally, the head and body connections on Tower
1 are damaged and ultimately collapse, and Tower 2 is affected by
the collapse of Tower 1.

From the simulation failure process, we can identify the
positions of weakness where ice shedding on the three
conductors can easily cause damage and the collapse of the
transmission tower. The weakness of the employed tower is as
follows: 1) the cross-arm connected to the ice-shedding
conductor (the tower height ranges from 81.0 to 84.5 m); and
2) The tower head and tower body connection (the tower height
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FIGURE 5 | Collapse process of the tower-line system due to ice shedding of the middle (A) 1.0s (B) 1.5s (C) 55s (D) 7.0 s.

ranges from 61.0 to 64.0m). Based on the simulation, the
reinforcement of the above positions can effectively strengthen
the ability of the transmission tower to resist the unbalanced load
caused by the falling off of ice.

The ice thickness during the collapse process of the
transmission tower is 43.3 mm when the upper conductor
experiences ice shedding, 45.6mm when the middle
conductor experiences ice shedding, and 48.1 mm when the
lower conductor experiences ice shedding. Hence, with an
increase in the ice-shedding height, the ice thickness required
for the transmission tower to collapse decreases gradually;
moreover, the higher the ice-shedding position is under the
same ice thickness, the greater the threat to the tower-line
system.

ANALYSIS OF THE ICE-SHEDDING
PARAMETERS

When transmission line ice shedding occurs, the span and
insulator length are important parameters of the line affecting
the unbalanced tension. To better study the influences of these

parameters on the longitudinal unbalanced load, the impact
coefficient of the unbalanced tension is defined in Eq. 1.

_Td

T 1)

n
Ty is the maximum longitudinal unbalanced tension after ice
shedding; T is the static stable longitudinal unbalanced tension
after ice shedding; and # is the unbalanced tension impact
coefficient used to show the relationship between the
maximum longitudinal unbalanced tension after ice shedding
and the static longitudinal unbalanced tension, i.e., the dynamic
effect of the reaction to ice shedding. The final displacement of
Point K on the tower is represented by the parameter X. For
clarity, in the parameter analysis, all the conductors that
experience ice shedding are the middle conductor, that is,
conductor 2.

Span

Span is a key parameter that affects the dynamic response of the
transmission tower to conductor ice shedding. When the span is
500 m and the ice thickness exceeds 45.6 mm, the tower-line
system collapses. However, the simulation results also show that
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FIGURE 6 | Variations in the responses of the tower-line system with
different spans (A) static longitudinal unbalanced tension (B) impact
coefficient of the unbalanced tension (C) displacement of Point K.

when the span is 400 m and the ice thickness is greater than
48.3 mm, tower-line system collapses.

Figure 6 shows the variation in the static longitudinal
unbalanced tension, the unbalanced tension impact coefficient #,
and the maximum displacement of Point K with the different ice
thickness under spans of 500, 400, and 300 m. The change trend in
Figure 6A indicates that the larger the span is under the same ice
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thickness, the greater the Ts experienced by the transmission tower
after ice shedding occurs. When the span increases from 300 to
400 m, Ts increases from 11.05 to 22.3 kN (an increase of 101.8%),
and when the span increases from 400 to 500 m, T's increases from
22.3 to 40 kN (an increase of 79.37%). Hence, the increase in Ts is
more obvious when increasing from 300 to 400 m. From the

A 60 ' ' '
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ik —=—L=56m g
—>—1=6.6m >
z
= 30T ]
[\V)
151 1
0.0¢ 5 . 5
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0.0 . . 2
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FIGURE 7 | Variations in the responses of the tower-line system with the
different insulator lengths (A) static longitudinal unbalanced tension (B) impact
coefficient of the unbalanced tension (C) displacement of Point K.
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perspective of the simulated damage time, the 500 m tower is the
first to be damaged, which shows that the larger Ts is, the more
likely the transmission tower will be damaged.

The unbalanced tensions are considered in the design code as
static loads. In fact, the unbalanced tensions caused by ice-shedding
are dynamic, the impact effect plays a very important role.
Figure 6B further demonstrates that the larger the span, the
smaller # is under the same ice thickness. # reflects the impact
effect of the longitudinal unbalanced tension. In other words, the
larger 7 is, the stronger the impact. It is especially important to note
that when the span is reduced from 500 to 400 m, # increases from
1.39 to 1.55, which is an increase of 11.51%. When the span is
reduced from 400 to 300 m, # increases from 1.55 to 1.71 (an
increase of 10.32%), meaning that the dynamic maximum
unbalanced tension is nearly 1.71 time of the static unbalanced
tension. # is considerable, the influence of the impact factor should
be considered in the design of transmission lines.

Figure 6C indicates that the larger the span is under the same
ice thickness, the larger the maximum displacement of Point K
caused by ice shedding. When the span increases from 300 to
400 m, X increases from 0.12 to 0.25 m (an increase of 108.3%),
and when the span increases from 400 to 500 m, X increases from
0.25 to 0.4 m (an increase of 60%). Hence, the increase in X is
more obvious when increasing from 300 to 400 m.

In summary, as the span increases, the dynamic response of
the transmission tower-line system increases. Therefore, in areas
with severe icing, appropriately reducing the span is highly
beneficial for protecting transmission towers from the
longitudinal imbalance tension caused by ice shedding.

Insulator Length

The length of the insulator is another important parameter that
affects the dynamic response of the transmission tower-line
system. Figure 7 shows the variations in the static longitudinal
unbalanced tension, unbalanced tension impact coefficient 7, and
maximum displacement of Point K with the ice load at different
insulator lengths.

Figure 7A suggests that the static longitudinal unbalanced
tension increases with decreasing insulator length, indicating that
long insulators can effectively reduce the longitudinal unbalanced
tension caused by ice shedding. Therefore, longer insulators
should be selected as much as possible in the design and
construction of transmission lines.

Furthermore, Figure 7B shows that # decreases with
increasing insulator length. Hence, increasing the insulator
length can reduce the impact of ice shedding on the tower-line
system and reduce the threat of collapse of the system.

In addition, Figure 7C shows that the maximum displacement
of Point K decreases as the length of the insulator increases. Since
Point K exhibits the most obvious deformation on the tower, an
increase in the insulator length can reduce the overall
displacement of the transmission tower.

In summary, as the length of the insulator increases,
longitudinal unbalanced tension in the line decrease. At the
same time, the impact coefficient and tower displacement will
also decrease. Therefore, the response of the tower-line system is
reduced, indicating that the length of the selected insulator should
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be increased as much as possible within the allowable range in the
design process of the transmission line.

CONCLUSION

In this paper, a numerical model of a two-tower, three-line
transmission tower-line system is established, and the damage of
the transmission line caused by ice shedding is studied. The influence
parameters are studied through a parameter analysis. According to
the research in this article, the following conclusions can be drawn:

1) For the transmission tower employed in this article, the cross-
arm connected to the ice-shedding conductor (the tower height
ranges from 81.0 to 84.5 m) and the tower head and tower body
connection (the tower height ranges from 61.0 to 64.0 m) are
prone to damage when ice shedding occurs. If these positions
are strengthened, then the ability of the transmission tower to
resist longitudinal unbalanced tension can effectively increase.

2) The higher the ice-shedding position along the height of the
transmission line is, the greater the threat of collapse of the
tower-line system.

3) The larger the span is, the greater the threat of ice shedding on
the transmission line. Therefore, in an actual line, for areas
with severe icing, large spans should be avoided during the
design process.

4) The larger the insulator is, the smaller response of the tower-
line system.

5) The impact of ice shedding will amplify the longitudinal
unbalanced tension in the line, and attention should be
paid to the impact on the line.
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