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Abstract: Transmission towers are prone to collapse under strong wind load, resulting in significant
economic losses. In order to investigate the collapse mechanism and failure modes of the transmission
tower under strong wind load and whether the wind vibration factor can greatly reflect the increasing
effect of the fluctuating wind, the finite element method (FEM) is utilized to analyze the ultimate
bearing capacity of a typical 220 kV transmission tower. The results show that the collapse of the
tower under strong wind loads is usually due to the buckling of the leg members. When the reference
wind speed is equal to 27 m/s, a small part of the main leg members reaches their yield strength,
while the diagonal members are still in the elastic range, and the deformation of the transmission
tower is unapparent at this wind speed. When reference wind speed is equal or greater than 30 m/s,
the growing variety of main legs is totally into the plastic yield stage, and the overall deformation
of this tower is visible. Therefore, the transmission tower is collapsed due to the large deformation
caused by the elastic-plastic buckling of leg members. Based on the aforementioned study, a finite
element model involving three transmission towers and four span transmission lines is established to
analyze the dynamic response of the tower-line system below fluctuating wind. Results show that
the wind-induced coefficients designed by current code not only notably satisfy the stress response
of tower components subjected to fluctuating wind loads in the elastic phase but also accurately
assess the collapse displacement of the transmission tower. The increasing effect of displacement
on the top tower under fluctuating wind, unfortunately, could not considerably reply with the
investigated factor, and the load-carrying capacity of the transmission tower in the plastic phase can
be overestimated by static calculation results.

Keywords: transmission tower; tower-line system; collapse mechanism; wind load; dynamic response

1. Introduction

The electric power system plays an important role in the development of national
economy [1]. Remarkably, the stability of transmission tower as a vital component of the
electric power system is related to the safety of the whole electric power system. In the
event of a collapse of a transmission tower, the overall transmission line could suffer a
serious blackout, bringing inconvenience to economic development and people’s daily life.
In addition, a number of secondary disasters caused by the collapse of transmission towers
could result in huge economic and property losses to a country.

According to released statistics, strong wind is the major reason of transmission tower
collapse in all types of natural disasters. Dempsey et al. have found that 80% to 90% of
transmission tower system failures have been caused by high wind speed [2]. In 1960s,
Davenport et al. initially proposed the concept of gust factor and equivalent static load
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method and carried out relevant calculations, which developed the empirical formula of
downwind fluctuating wind speed spectrum [3]. Ozono et al. investigated the vibration
characteristics of the tower-line system in the plane via a large number of experiments
and utilized the FEM to study the coupling effect of transmission line span, conductor
mass and boundary conditions on the wind-induced dynamic response of tower-wire
coupled system [4]. Simultaneously, Yasui et al. employed a hybrid truss-beam model
to analyze the wind-induced dynamic response of the transmission-line tower coupled
system in the time domain and then proposed a method to determine the aerodynamic
damping parameters of transmission towers and wires [5]. Mara et al. investigated the
effect of wind direction on self-supported transmission tower in power transmission lines,
and results revealed that the most unfavorable wind direction for the lines is lateral,
which was perpendicular to the transmission line corridor direction [6]. Battista et al.
established a finite element model of the tower-line system and analyzed the dynamic
response and stability of the system under the simulated wind fields in the time and
frequency domains, respectively [7]. Dasi et al. have studied the wind vibration response
of the tower-line system via simulating conductors and ground lines with catenary cable
elements [8]. Structural damage detection utilizing dynamic vibration data has also been
the subject of much research attention by Salawu et al. in the past few decades [9,10]. Most
of the vibration-based methods in the literature are verified by simple structural systems,
such as two-dimensional trusses [11], shear building models [12,13], beams [14-18], and
plates [19-22]. Alminhana et al. developed a special-purpose nonlinear dynamic analysis
technique in order to investigate the multispan line sections under progressive failure
scenarios and validated the method through full-scale tests [23]. Loredo-Souza et al.
proposed a novel approach for wind tunnel modeling of transmission lines and carried
out a relative test on conductors so as to investigate their dynamic behavior under strong
wind [24].

Deng Hongzhou et al. regarded the Jiangyin long span tower-line system as a project
background and conducted experimental studies on wind vibration at different wind
speeds for single tower and tower-line system in the uniform and turbulent flow fields, sepa-
rately [25]. The results showed that the conducting wire had little effect on the self-vibration
frequency of the tower, but the damping of the tower-line system was remarkably improved
compared with that of the single tower. With background of the Jiaojiang longs span linear
tower, Lou Wenjuan et al. conducted wind tunnel tests on the transmission tower, em-
ployed the numerical calculation analysis based on the test, and then proposed a simplified
calculation method for the transverse wind response of the transmission tower [26]. Yan
Zhitao et al. carried out a wind tunnel test on the air-elastic model of the 1000 kV Sutong
long span transmission tower-line coupled system [27]. By increasing the stiffness matrix of
the transmission wire model, not changing the drape of the line and deriving the accurate
aerodynamic similarity ratio of the wire, the air-elastic model of the tower-line system was
designed to test the wind-induced response of the single tower and the tower-wire coupled
system, which revealed the mechanism of tower-line coupling mechanism in terms of
displacement, frequency, and damping. Guo Yong et al. established a spatial finite element
model of the tower-line system with the Zhoushan long span transmission tower as the
project background, conducted a time-domain analysis of the wind vibration response of
the system, and also performed a wind tunnel experiment of the aeroelastic model of the
tower-line coupled system [28]. Cheng Zhijun et al. carried out wind tunnel tests with
aeroelastic model of an overhead transmission line, observed the wind vibration response
of transmission towers at different wind speeds and wind angles, and finally conducted
a qualitative analysis of the tower-line coupling effect [29]. Xie Qiang et al. performed a
failure analysis of a transmission tower and carried out static nonlinear buckling analysis
and dynamic analysis to assess the ultimate load-carrying capacity and the most vulnerable
parts of the tower based on the field investigation of a damaged transmission line following
Typhoon Mujigae in 2015 [30]. Niu Huawei et al. conducted wind performance assessment
for a typical single-circuit tower-line system subjected to strong wind loads, proposed a
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probabilistic assessment method for the aforementioned system under strong wind, and
then carried out wind tunnel tests to obtain the capacity spectrum curves of the tower-line
system by incremental dynamic analysis (IDA) [31]. An Ligiang et al. utilized numerical
simulation method to analyze the damage mechanism and failure modes of 13 transmission
towers in 110 kV transmission lines following the super strong typhoon in Hainan province
and to deeply study the influence of typhoon load characteristics on the structural force of
the tower [32]. Based on the Tian-Ma-Qu stress-strain relationship, Bi Wenzhe performed
a continuous collapse simulation of the tower-line system under the down-strike storm
winds, which found that the collapse of the tower in this case was mainly caused by the
significant local deformation of the tower in a short period of time [33]. Xu et al. and
Qu et al. verified vibration control performance of friction dampers installed in a truss
TV tower through numerical analysis, but their study is limited to the numerical analysis
and lacks details for real implementation. Then, aeolian vibration of the transmission line,
which is induced by the interaction between the transmission line motion and wind, is
controlled using the stockbridge-type damper, a kind of tuned mass damper [34-39].

In order to ensure the operational safety of transmission lines under strong winds, it is
critical to accurately predict the vulnerable parts in a transmission tower, which reveals
collapse mechanism of this tower and provides scientific references for the wind-resistant
design of transmission lines, tower retrofitting and maintenance. In this paper, a typical
220 kV transmission tower subjected to strong wind load was utilized as a project example
to study the collapse mechanism and failure mode. Meanwhile, the analysis of wind
vibration response of tower-line system under dynamic wind load was also carried out
to investigate the dynamic response characteristics of the transmission tower under the
impact of fluctuating wind so as to provide valuable reference for the wind-induced design
of the high-voltage transmission tower.

2. Collapse Mechanism and Failure Mode of Transmission Tower
2.1. Investigation Description

A latticed 220 kV transmission tower designed by State Gird Corporation of China
is studied in this paper. The tower is located in Hebei province where belongs to the IV
meteorological zone. The parameters of this meteorological condition are as follows: design
wind speed is 25 m/s, temperature is 25 degrees C above zero, and ice thickness is 0. The
model number of the investigated tower is 2B2-ZM2. Its nominal height is 30 m. The wind
span, weight span, and equivalent span are 410 m, 550 m, and 450 m, respectively. The
properties of the conductor and ground line are shown in Table 1.

Table 1. Properties of conductor and ground line.

Type (Parameters) 2xLG]J-400/35 (Conductor) ( é&fjﬁgﬁfﬁe)
Cross sectional area (mm?) 425.24 148.07
Diameter (mm) 26.82 15.75
Density (per unit length) (kg/km) 1349 989.4
Maximum tension (N) 78,960 37,698
Breaking tension value (%) 25 100

2.2. FEM Models
2.2.1. FEM Elements and Material Properties

The transmission tower is a spatial structure system composed of main leg members,
diagonal members, and redundant members. The main leg members and diagonal members
are generally connected by bolts and gusset plates in order to make the nodes have a
strong restraining effect. According to released research results, the difference between the
calculation results of rigid connection and semirigid connection is not significant, and they
can be utilized for FEM analysis. Therefore, the rigid node model is used in the numerical
simulation to simplify the calculation [40-42]. Hence, the transmission tower is modeled
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in ABAQUS software, where tower members are modeled using B31 elements assuming
rigid connections. In addition, tower members are structured with equal-legged angles,
the yield strength of main leg members is 345 MPa, and the yield strength of diagonal
members as well as redundant bracing members is 235 MPa. Last, the damping coefficients
ag and B, in tower-line coupled system are totally based on Rayleigh formula, where the a;
and B, of transmission towers are 0.2 and 0 compared to conductors with 0.02 and 0. The
elastic modulus of both kinds of steel and density are taken as 206 GPa and 7850 kg/m?,
respectively. Specific information about the angles of model tower is shown in Table 2.

Table 2. Information of angles in model tower.

Type Number Specli\fizttlit:)‘:s(mm) Cross Sectional Area (mm?) Angle Density (kg/m) Radius of Gyration i,9 (mm)
Q345 1 L125 x 10 2437 19.130 2.48
Q345 2 L125 % 8 1975 15.500 2.50
Q345 3 L110 x 10 2126 16.69 2.17
Q345 4 L110 x 8 1724 13.53 2.19
Q345 5 L100 x 8 1564 12.28 1.98
Q345 6 L100 x 7 1380 10.83 1.99
Q345 7 L90 x 7 1230 9.66 1.78
Q345 8 L80 x 7 1086 8.53 1.58
Q345 9 L75 x 6 880 6.91 1.49
Q235 10 L75 x5 741 5.82 1.50
Q235 11 L70 x 5 688 5.40 1.39
Q235 12 L63 x 5 614 4.82 1.25
Q235 13 L63 x 4 498 3.91 1.26
Q235 14 L56 x 5 542 4.25 1.10
Q235 15 L56 x 4 439 3.45 1.11
Q235 16 L50 x 5 480 3.77 0.98
Q235 17 L50 x 4 390 3.06 0.99
Q235 18 L45 x 4 349 2.74 0.89
Q235 19 L40 x 4 309 242 0.79
Q235 20 L40 x 3 236 1.85 0.79

2.2.2. Selection of Stress-Strain Relationship

In this paper, the stress—strain relationship of angles is the double broken line model
of the yield strength of 345 MPa and 235 MPa with Mises yield and kinematic hardening
criterion. When the steel reaches yield strength, there is an increasing number of slip
surfaces and the material changes from yielding to strengthening, exhibiting elastic—plastic

properties. The stress—strain relationship is shown as Figure 1.
450 7
Q345
100
350 1
S 3001

= 250

0 . . . . . . .
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Strain

Figure 1. The stress-strain relationship for angles in the FEM models.

2.2.3. Modal Analysis of the Transmission Tower

In order to verify the reasonableness of the transmission tower, the self-vibration char-
acteristics of the structure are usually calculated when the structural design is carried out.
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The first three modes and the corresponding frequencies of the transmission tower
obtained by the modal analysis in this paper are shown in Figure 2. As can be seen from
Figure 2, the distribution of the first three modes of the transmission tower is reasonable.
The first mode is out of plane bending deformation, the second mode is in-plane bending
deformation, and the third mode is out of plane torsional deformation. There is no local
vibration phenomenon, indicating that the finite element model of the tower is correct.

mode 1 (freq =2.095 Hz) mode 2 (freq=2.107 Hz) mode 3 (freq = 4.856 Hz)
Figure 2. The first three modes and the corresponding frequencies of the tower.

2.3. Loads Calculation and Application

Structure loads of the studied tower under the strong wind can be divided into
horizontal and vertical loads according to the different direction. The direction of the wind
load applied to the structure is perpendicular to the direction of the conductor and ground
wire, and the vertical loads refer to the load acting along the direction of gravity. The
wind loads are calculated separately according to the load code for the design of overhead
transmission line [43].

2.3.1. Calculation of Vertical Loads

The vertical loads are composed by the gravity loads amongst transmission towers,
conductors, ground lines, insulator strings, and metal fittings, respectively. The dead
load of the transmission tower itself is considered by defining the material density and
gravitational acceleration, which is automatically calculated by the ABAQUS software.
The characteristic value of the self-weight load of conductors and ground lines should be
calculated according to Equation (1).

G = nmALy (1)

where, 1 is the number of subconductor per phase of the conductor. Ly is the vertical span
from conductor and ground line, unit: m. -1 is ice-free vertical specific load between the
conductor and ground line, unit: N/ (m-mm?). A is cross-sectional area for conductor and
ground wire, unit: mm?.

2.3.2. Calculation of Horizontal Loads

Based on the height of the transmission tower and cross-sectional location, the trans-
mission tower is divided into 7 panels and set 7 simulation points. Referring to the load
code for the design of overhead transmission line [43] to calculate the value of the wind
load, the most unfavorable wind angle is 90°, which provided considerable impact on the
transmission line. Therefore, only calculated the wind direction angle of 90°. The tower
segmentations and simulating points are as shown in Figure 3.
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Figure 3. Divisions and simulating points of the studied tower (unit: m).

When the wind direction is perpendicular to the conductor and ground wire, the
characteristic value of wind loads applied to the transmission lines can be expressed by
Equations (2) and (3).

PD:ocL-WO~yz~ysc~ﬁc-d-Lp'B-sin29 2)

Wo = V?/1600 3)

In Equation (2), &y, is the span reduction factor. y, is the wind pressure height variation
coefficient. s is the body coefficient. When line diameter is less than 17 mm, it should
be taken as 1.1. When the wire diameter is greater than or equal to 17 mm, it should be
taken as 1.0. B is the wind gust factor of conductor and ground line. d is the diameter
of the conductor and ground wire or the calculated outside one in case of ice cover. Split
conductor is taken as the sum of the outside diameter of all subconductors. L; is the
horizontal span of the tower. B is the increase coefficient of ice load, when the thickness of
ice coating is 5 mm and 10 mm, and B is 1.1 and 1.2, respectively. For the case of no ice load,
B is 1.0, and for calculating tension of conductor, B is 1.0, where 6 is the angle between
the wind direction and direction of conductor and ground line. In Equation (3), Wy is the
characteristic value of the reference wind pressure, and V is the basic wind speed.

Wind load of transmission tower could be predicted by Equation (4).

P=Wy-pz-pisc-B-A-Bz 4)

where, 7 is the wind vibration factor of the tower at height Z (m) given by Equations (5)—(8).

ﬁzi:1+2g-£t-I1O-BZi-\/1+R2 (5)
B, _ M \/Z?—l Y1 (usjpiziprj17jAj) (psjpzy 1y L2y Ay )cohz (zj, zjr) ©
AT usipziA i1 Mgy
2
7T X
RP= - —"L @)
4/3
601 (14 x2)
_ 30

Ve ®)
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where, g is the peak factor, taking 2.5; ¢; is the pulsation reduction coefficient of tower
under wind load; I is the nominal turbulence intensity at 10 m height, taking 0.14 for
Class B ground roughness; By; is the background factor; R? is the resonance factor; ¢
is the first-order mode of the tower; cohyz (z;, zj) is the vertical coherence function; {7 is
the first-order damping ratio of the tower; and f is the first-order vibration frequency of
the tower.

To analyze the mechanical properties of the transmission tower under strong wind,
the effect of wind load on the insulator string at the conductor line should also be taken
into account. The characteristic value of the insulator string wind load can be obtained by
Equation (9).

Pp=n-A-Wo-pz-ps1-Bs- A 9)

In Equation (9), n is the number of insulator strings in the vertical wind direction;
Aq is the wind load shielding reduction factor for downwind insulator strings; A; is the
calculated value of wind pressure aera of sing insulator string; and Bj is increased factor of
wind load of insulator string over ice. The calculation results of wind load applied to the
tower, conductors, and ground lines are illustrated in Tables 3 and 4.

Table 3. Wind loads of tower sections (the wind speed is 25 m/s and the wind direction angle is 90°).

Tower Height Height of Height Variation Wind Shape Projection Characteristic Characteristic Design
Section above Tov\.zer Factor of Wind Vibration Factor of Area A Va}ue of Basic Yalue of Yalue of
Number Ground Section Pressure iz Factor of Tower (m?) Wind Pressure Wind Load Wind Load
(m) (m) Tower 7 Section ps Wy (Pa) (kN) (kN)
1 37.0 2.3 1.481 5.860 2.217 0.528 0.391 3.432 4.805
2 33.1 59 1.430 1.537 2217 2.154 0.391 4.100 5.740
3 29.4 1.8 1.380 2.642 2217 1.596 0.391 3.441 4.817
4 249 6.3 1.308 1.316 2.356 3.635 0.391 5.758 8.061
5 18.0 7.5 1.190 1.116 2.356 6.018 0.391 7.352 10.293
6 10.8 6.9 1.021 1.059 2.356 7.120 0.391 7.083 9.916
7 3.6 7.5 1.000 1.012 2.356 9.467 0.391 8.818 12.345

Table 4. Wind loads on the conductor, ground line, and insulator.

Upper Conductor Lower Conductor Ground Line Upper Insulator Lower Insulator
Wind Speed (m/s) Wind Load Wind Load Wind Load Wind Load Wind Load
Pp; (N) Pp, Pp3 (N) Pg (N) Pip1 (N) Pjp1, Pjp2 (N)
15 4567 4344 1497 314 297
20 8118 7720 2662 558 528
25 12,679 12,056 4158 871 826
26 13,712 13,039 4497 942 893
27 14,786 14,059 4850 1016 963
28 15,900 15,118 5216 1093 1036
30 18,249 17,351 5987 1255 1189

2.3.3. Load Application on Transmission Tower

Before loading, the tower foot of the FEM model is set as a fixed constraint boundary,
and the wind loads of the tower are applied to the corresponding nodes of the transmission
tower body and cross arm. In addition, the wind loads and weight of conductor wires,
ground wires and insulators, are applied as point forces to the corresponding positions
of the transmission tower. The load application on the transmission tower is as shown in
Figure 4.
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Figure 4. Load application on transmission tower.

2.4. Analysis of Failure Mode of Transmission Tower

When the transmission tower is subjected to external loads, main legs, and diagonal
bracings are mainly carried the combined effect of axial forces and bending moment so
as to result members in the buckling failure and potential deficiency of local stiffness and
strength, which cause the collapse of the transmission tower. Hence, it is necessary to
analyze the collapse of transmission towers.

To simulate the vulnerable member and mechanical characteristics of the transmission
tower under strong winds, there are seven different wind speeds among 15 m/s, 20 m/s,
25m/s,26 m/s, 27 m/s, 28 m/s, and 30 m/s setting in this paper. The deformation of the
transmission tower and the variation rule of the member internal force are analyzed by
calculating the wind loads at different wind speeds, so as to obtain the maximum stress of
the members and the top displacement of the transmission tower at different wind speeds.
The results are shown in Table 5.

Table 5. Calculation results of displacement and internal force of transmission tower at differ-

ent speed.
Wind Speed (m/s) Tower Top Displacement (m) Maximum Stress (MPa) Maximum Stress Position
15 0093 130 panel on the preseure side
2 0165 207 panel on the pressure side
2 0258 07 panel on the préseure side
2% 0250 0 panel on the préseure ide
7 0302 = panel on the pressure ide
& 0529 5 panel on the pressure e
30 0.378 346 Main members in the 5th

panel on the pressure side

As shown in Table 5, the transmission tower is still in elastic stage when the wind
speed rises to 26 m/s. When the speed increases to 27 m/s, the member with maximum
stress, the lower part of leg members in the 5 panel on the pressure side, proceeds to
the plastic stage. Although the deformation begins to accelerate and this member even
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gradually withdraw from work, the maximum stress bracing is not buckled at this time,
leading to stress redistribution in the transmission tower. After the structure enters the
plastic stage, the stress of the main leg on the pressure side of the 5th panel increases
significantly due to the leg member in the 6th panel on the same side reaching the yield
strength. Figure 5 presents that leg members with the most significant change in stress
are the No. 1 and No. 2 in the 5th panel. The stress variation curves of No.1 and No. 2
are shown in Figure 6. It can be seen from Figure 6 that the No. 2 rod will become the
second yielding member on the compression side, and the stress of No. 1 member will
increase sharply after the maximum stress member reaches yield strength. The stress—strain
nephogram of vulnerable members is shown in Figure 7. It can be seen that due to the
symmetry structure of the transmission tower, when the wind direction is perpendicular to
the direction of the transmission line, and the wind blows to the tower at a 90 degree angle,
the stresses of the two main legs is relatively close to each other, which indicates that the
main members are more significantly affected by the axial forces and bending moments.
Therefore, the possibility of lateral torsional behavior of the structure under wind loads
is unlikely.

Figure 5. Positions of No. 1 and No. 2.

1 --o-- Rod No. 1
350 —=— Rod No. 2

Stress(MPa)

14 16 18 20 22 24 26 28 30 32
Reference wind speed(m/s)

Figure 6. Stress variation curves of No. 1 and No. 2.
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S, Mises

Right, (1-fraction = 1.0)

(Avg: 75%)
329.60E+06
302.14E+06
274.67E+06
247 20E+06
219.74E+06
192.27E+06
164.81E+06
137.34E+06
109.87E+06
82.41E-06
54.94E-06
27.47E+-06
7.54E+03

Max: 329.60E+06
Elem: P2B2-1.5946
Node: 428

Max: 329 60E+06

Stress nephogram of tower body in section ®

.60E+06

Figure 7. Stress nephogram of the transmission tower (V10 = 26 m/s).

The variation curve of transmission tower top displacement with wind speed is shown
in Figure 8. When the wind speed exceeds to 30 m/s, the displacement of top tower changes
abruptly. Here, the buckling analysis of transmission tower can be carried out. Firstly,
the eigenvalue buckling analysis is performed on the transmission tower. Secondly, the
obtained first-order buckling mode was applied to the tower as an initial defect. Finally,
the nonlinear buckling analysis was carried out on the tower after updating the model.
The results showed that vulnerable members in the studied tower was complied with
buckling failure. Before the collapse of the transmission tower, the ultimate displacement
of top tower is 0.378 m which can be taken as collapse displacement of the tower. Similarly,
the wind speed of 30 m/s was determined as the critical collapsed wind speed in the
same structure. The stress nephogram of the transmission tower and position of the failed
member under this speed are shown in Figure 9. Since the main leg on the pressurized
side of the 6th panel yielded in the first time, this member is determined to be the one that
initially failed.

. 457
. 4071
. 357
. 3071
. 257
. 2071
. 1571
. 1071
.05

Displacement on tower top(m)
S O O O O O O O O

14 16 18 20 22 24 26 28 30 32 34
Reference wind speed(m/s)

Figure 8. The variation curve of transmission tower top displacement with wind speed.

The stress—-wind speed variation curve of a failure member is shown in Figure 10.
After entering the plastic stage, the stress of failed member is not increased significantly but
remains near the limit of yielding. As the leading load-bearing component, the buckling of
the leg member could lead the whole tower to be in the failure mode, which contributes to
the redistribution of structural internal forces. As the wind load continues to be applied,
load paths of the leg member would be destroyed due to the buckling of its surrounding
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members one after another, resulting in an escalation in strain and a sharp decrease in

load-carrying capacity and eventually collapse of the transmission tower. The failure mode
of the transmission tower is shown in Figure 11.

S, Mises

Right, (1-fraction = 1.0)

(Avg: 75%)
345.84E106
317.03E106
288.21E106
259.40E+06
230.58E+06
201.77E+06
172.96E+06
144.141+06
115.33E+06
86.52E+06
57.70E+06
28.89E+06
74.81E+03

Max: 345.84E+06
Elem: P2B2-1.5011
Node: 342

{
Max: 345 83E+06

Stress nephogram of tower body in section (@

The position of the failed member under wind speed

Figure 9. Stress nephogram of the failure member (V10 = 30 m/s).

400 7

3501

w

(=3

(=]
1

Stress(MPa)
Do
b2

100 +—

14 16 18 20 22 24 26 28 30 32
Reference wind speed(m/s)

Figure 10. Stress-wind speed variation curve of buckling member.

Figure 11. Failure mode of transmission tower under strong wind.

3. Analysis of Wind-Induced Response of Tower-Line System

Composed by transmission towers and conductors, ground wires, and metal fittings,
high-voltage transmission lines are long-span and tail-flexible structural systems, which are
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susceptible to wind-induced dynamic excitation. Although the wind vibration coefficient
and wind load adjustment factor are introduced in current codes to calculate the wind
vibration response of transmission towers by equating the wind load into static load, it is
still difficult to accurately reflect the time and amplification effect of the fluctuating wind.
Therefore, it is especially important to analyze the wind vibration response of the tower-line
system under the fluctuating wind. In order to precisely calculate the dynamic response
of transmission towers under fluctuating wind loads, three towers and four transmission
lines is modeled by the ABAQUS software for wind vibration response analysis based on
the 1.1 project background as an example.

3.1. Finite Element Model of Tower-Line System

The transmission tower is in accordance with the same material properties and model-
ing approach as the single tower described above. To ensure the accuracy of the results, the
initial configuration of conductors and ground wires is acquired by Equation (10), and the
precise geometry for its normal operation is determined using an iterative form finding
method. The form finding of conductors and ground lines is shown in Figure 12.

_Y0

y—v(chlx—l) (10)

00

where 0y is the horizontal stress of the overhead line; - is the specific loading, x is the
horizontal coordinate of conductors and ground lines; y is the longitudinal coordinate of
conductors and ground lines.

= — Transmission line
—— Transmission ground line

Vertical Size(m)

-300 -200 -100 0 100 200 300
Horizontal Size(m)

Figure 12. Form finding of conductor and ground line.

Due to only sustain axial tensile stress, the transmission line should be simulated
using truss elements and ignoring the elements’ compression. The conductors could be
hinged to the insulators as same as the transmission tower and wire connection method.
The FEM model of tower-line system is shown in Figure 13.

wz 8¢

w()¢

Figure 13. FEM model of tower-line system.
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3.2. Simulation of Wind Load

The simulation of fluctuating wind is the basis for the analysis of the dynamic char-
acteristics of the tower-line coupled system. Through the simulation of fluctuating wind
speed, the wind load applied to the tower-line system can be obtained, which can lay the
solid the foundation for dynamic response analysis of this system.

The atmospheric boundary layer wind consists of mean wind and fluctuating wind,
and the wind speed at t and z which is the moment and height respectively can be described
as Equation (11).

v(z,t) =0v(z) + vf(z,t) (11)

where, v(z) is the mean wind speed, and v £(z,t) is the fluctuating wind speed. Remarkably,
the mean wind speed is calculated according to the equation of the variation of wind speed
with height described by the exponential function proposed by Davenport, as shown in
Equation (12).

In this case, the mean wind speed is calculated according to the equation of the
variation of wind speed with height described by the exponential function proposed by
Davenport, as shown in Equation (12).

v = V5(21/22)" (12)

where z; and zp are heights; v, and v, are mean wind speeds; and a is the ground
roughness index.

Fluctuating winds are then simulated using the Davenport wind speed spectrum,
which is calculated as Equation (13).

nS(n) 4x?
2 N (13)
* (1+x%)3
x = 1200 (14)
Y10

In Equation (13), n is the fluctuating wind speed frequency; S(n) is the Davenport
power spectral density function; and v, is the flow shear velocity which are shown in

0?2 = Ko, where vy is the mean speed at 10 m height, and K is the constant coefficient
associated with the geomorphology, taking 0.00215.

To consider the impact of spatial correlation, the fluctuating wind simulation is performed
in MATLAB software by means of the harmonic synthesis method. The spatial correlation
coefficient of fluctuating wind speed can be calculated by the following Equation (15).

—nC%(zi—zj)

21tV (z;) (15)

Yij(n) = exp(

In Equation (15), 1 is the frequency of fluctuating wind; C2 is the attenuation coefficient

in the vertical direction at any two points in space; v, ) is the mean wind speed at i point;
z; and z; symbolize the spatial coordinates of i point and j point in Z-axis direction.

In order to validate the accuracy of the time-history curves of the fluctuating wind,
the highest and lowest points of the fluctuating wind speed power spectrum compared
with the target spectrum are listed at 27 m/s the reference wind speed. Simultaneously, the

time-history curves of wind speed are shown in Figure 14.
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Figure 14. Time-history and power spectrum curves of fluctuating wind. (a) Time-history curve of
wind speed at the highest point, (b) power spectrum curve at the highest point, (c) time-history curve
of wind speed at the lowest point, (d) power spectrum curve at the lowest point.

Figure 14 shows that the power spectrum of fluctuating wind speed agrees well with
the target spectrum and can be utilized for numerical calculations. The time-history curve
of wind speed is converted into a time-history curve of wind load according to the load
code for the design of overhead transmission line [43]. The FEM analysis of the tower-line
system is carried out in Abaqus software. Specifically, the dynamic wind load of each
calculation panel is equally distributed to each loading point, where the wind load lasted for
120 s with a step size of 0.2 s and wind angle of 90° at which the direction is perpendicular
to the line direction. The dynamic response analysis of the tower-line system under the
wind load with different wind speeds can be achieved from the response of the tower line
system at different moments.

Based on the aforementioned static study, when wind speed reaches to 26 m/s, the
entire transmission tower is in an elastic state. When wind speed rises to 27 m/s, the stress
maximum member, in lower part of the main on the compression side of the 6th panel, is
carried into the plastic phase, revealing that it gradually withdraws from work with the
increasing deformation. Therefore, in the dynamic analysis, the structural response at a
reference wind speed value of 25 m/s is calculated first, and this reference wind speed
value is gradually increased in the subsequent calculations.

3.3. Numerical Results of Wind-Induced Vibration Response

By analyzing the dynamic response of the tower-line system under the fluctuating
wind load, the effect of wind-induced vibration of transmission towers is obtained under
the impact of the tower-line system. The results show that the collapse possibility of
transmission towers could be increased due to the coupling effect of tower-line system and
randomness of fluctuating wind loads. Figures 15 and 16 show the time-history curves of
the maximum stress and top displacement of the transmission tower, respectively.
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Figure 15. The maximum stress—time curve of transmission tower.
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Figure 16. The top displacement-time curve of transmission tower.

Based on the aforementioned analysis, it is found that the tower-line system is com-
pletely in elastic stage when wind speed rise to 25 m/s, and the maximum stress position
is alternated at the bottom of the 5th and 6th panel. As shown in Figure 15, when wind
speed increases to 26 m/s, each transmission tower is in normal working condition, and the
load-carrying capacity is still relatively stable. However, the lower leg member of 6th panel
reaches the yield strength at the moment of 5.8 s, while the other moments were still in the
elastic stage. When wind speed is 27 m/s, the stress of the main member on compressed
side of the 6th panel attaches to yield. When wind speed rise to 28 m/s, the leg member at
bottom of the 6th panel reached the ultimate stress immediately, while the finite element
calculation is not to satisfy the convergence condition, which indicates that the tower could
collapse at this time.

Figure 16 is the displacement—time curve on top of the tower. Combined with the
stress—time curve, it can be found that, when the displacement on top of the tower is 0.36 m,
the transmission tower has parts into yield. When the displacement is 0.4 m, the FEM
model is not convergent, which indicates collapse of the transmission tower. Hence, it can
be found that the tower-line system would be in a safe and stable operation when wind
speed is lower than 27 m/s. When the wind speed attaches to 27 m/s, the leg bracing
on the pressure side of the 6th panel reaches yield strength. When the wind speed rises
to 28 m/s, the leg bracing on the pressure side of the 6th panel attaches to the ultimate
stress, which leads to the collapse of the tower. Meanwhile, it can be determined that the
leg member on the pressure side of the 6th panel would be the vulnerable part of the tower
to collapse and failure under the wind load with 90° wind angle.

Comparing the wind vibration response calculation results with those under static
wind load, it can be found that there are few differences between the two in terms of failure
mode, and yield wind speed would remain the same level. Compared with the static
analysis, however, the collapse of transmission towers could be significantly earlier in the
dynamic analysis.
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Since the transmission tower is in the elastic stage under wind speed of 25 m/s, the
dynamic initial wind load is calculated from the specific point when V19 = 25 m/s. The
comparison of the response of the transmission tower under static and dynamic wind load
is shown in Table 6.

Table 6. Comparison of wind-induced response of transmission tower under static and dynamic

wind load.
Static Wind Load Dynamic Wind Load
Wind Speed - - Ratio of Increased Ratio of Increased

(m/s) Dislvllz)cﬂe:‘:ﬁ on Maximum Stress of Dislvi:)c(::ll;ﬁlt on Maximum Stress of Displetcement Stl(;ess

P Tower Member (MPa) P Tower Member (MPa) (%) (%)

Tower Top (m) Tower Top (m)

25 0.258 307 0.297 297.6 15.1% —3.1%

26 0.280 330 0.350 345 25.0% 4.5%

27 0.302 345 0.373 345 23.5% 0.0%
28 0.329 345 0.400 500 21.6% 44.9%

4. Conclusions

This paper presents the ultimate load-carrying capacity of a 220 kV transmission tower,
collapse mechanism, and failure mode of this tower under strong wind. The static and
dynamic FEM analyses of the tower-line system have been carried out in ABAQUS software.
Specifically, dynamic analysis of the tower-line system is carried out to understand its
dynamic response under fluctuating wind, which is once in contrast with the response
beneath equal static wind load. Based on the numerical results obtained from the kind of
transmission tower in this paper, the following conclusions can be summarized as follows:

1. From the analysis of the single tower under equivalent static wind load, it is found
that, when the wind speed is 27 m/s, the maximum stress bracing is once the leg
member on the compression side of the 6th panel, at which this member has entered
into the plastic stage. With the enlargement of deformation, the leg member in the
5th panel reaches yield strength. When the wind speed is higher than 30 m/s, the
main leg in the 6th panel buckles, which in the end renders the transmission tower to
collapse. The ultimate displacement on the pinnacle of the tower earlier than failure
is 0.378 m.

2. Combined with three towers and four lines, the tower-line system is modeled to
analysis the dynamic time-history response under fluctuating wind. It is found that
the maximum stress bracing of the center transmission tower in tower-line system be
viewed as the leg member in the 6th panel on pressure side. When the wind speed
rises to 27 m/s, the leg member of the 6th section on the pressure side reaches yield
strength. When the wind speed attaches to 28 m/s, the aforementioned member has a
large local deformation, which symbolizes the buckling failure of this member.

3. By comparing the failure mode of transmission tower under static wind load with
that under dynamic wind load, it is found that the yield wind speed of both condition
is at the same level, the failure mode and collapse displacement are close to each other,
indicating that the wind vibration factor according to the load code for the design of
overhead transmission line [43] not only greatly reflect the stress response of the tower
bracing in elastic stage under fluctuating wind but also accurately assess the collapse
displacement of transmission tower. Compared with the dynamic analysis, however,
in the dynamic analysis the maximum displacement on the top tower is significantly
larger than that, and the collapse of the transmission tower is earlier, which reveals
that the wind vibration coefficient cannot greatly reflect the increasing effect of the
fluctuating wind on the displacement of the top of the tower. Remarkably, the static
calculation results overestimated the load-carrying capacity of the transmission tower
in the plastic stage. Therefore, the wind resistance design and retrofitting bracing and
even maintenance of the transmission tower should take into account the increasing
effect of the displacement which are caused by the fluctuating wind. The research
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results of this paper provide important reference value for the wind resistance design,
reinforcement and maintenance of the same type of transmission tower.
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