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Abstract. As existing transmission lines gradually approach their service life, health monitoring 
studies of in-service transmission towers are becoming increasingly important. In this study, 
relying on the 110 kV transmission line project of Neihuang Dichu to Er’an in Anyang, Henan 
Province, China, a refined finite element model of the transmission tower structure was 
established, and the accuracy of the numerical model was validated based on the health monitoring 
data of the actual engineering structure. Damage and destruction analyses of transmission tower 
structures considering vibration modes and frequencies were carried out, and the influence of local 
damage on the vibration reduction effectiveness of controlled structures under wind loads was 
discussed and analyzed. The results showed that the vibration mode of the local damage model 
was shifted along the damaged part, and its frequency changed within 15 %; in contrast, the 
dynamic characteristics of the local damage model changed more significantly. With the vibration 
mode as the judgment basis of the structural state, the obvious difference can be observed when 
the structure undergoes local damage, and the vibration mode should be used as the basis for 
determining the specific damage site of the transmission tower in the actual project. The adopted 
TMD can effectively reduce the dynamic response of the transmission tower under different wind 
attack angles and wind speeds, and its vibration reduction effectiveness performed the worst due 
to the significant change in the dynamic characteristics of the tower leg damage model, resulting 
in the detuning of the TMD.  
Keywords: health monitoring, transmission tower, dynamic characteristic, local damage and 
destruction, wind-vibration control. 

1. Introduction 

With China’s rapid economic growth and increasing social demand for electricity, the 
continuous and efficient operation of the power grid system has become a matter of widespread 
concern. Transmission towers, as crucial components of power transmission lines, play a pivotal 
role in ensuring normal electricity delivery. However, subjected to long-term natural 
environmental impacts and external factors, transmission towers face various damages and aging 
issues, leading to reduced structural capacity and potentially compromising the safety and stability 
of transmission lines. Therefore, there is an urgent need for real-time monitoring and assessment 
research aimed at the health condition of transmission towers. 

In recent years, structural health monitoring technology has rapidly advanced with the 
development of sensor, wireless communication, and data analytics technologies [1-5]. Sensors 
deployed on transmission towers enable real-time monitoring of structural conditions, vibration 
responses, and environmental influences, facilitating safety assessment and maintenance [6-8]. 
Kaminski et al. [9] proposed reliability assessment and standards formulation methods considering 
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model uncertainties in predicting dynamic responses of steel towers affected by cable fractures. 
Wang et al. [10] developed an IoT-based vibration analysis system for transmission towers, 
incorporating functions such as vibration data collection, filtering, and time-frequency domain 
analysis, along with methods for assessing structural health. Qi et al. [11] improved inspection 
timeliness significantly by designing a sensor system for detecting vulnerabilities in transmission 
towers. Debnath et al. [12] studied modal methods for optimizing sensor placement and compared 
accelerometer measurements and modal participations in large truss bridge structures. Using 
structural health monitoring and finite element simulation methods, Peng et al. [13] integrated 
R-FCN network and Haar-AdaBoost algorithm to compute and quantify actual crack widths in 
bridges using unique crack characteristics in images and target distance data. Rafae et al. [14] 
proposed a comprehensive bridge detection system to meet exploration and assessment needs for 
bridge maintenance and reconstruction, demonstrating technical solutions to overcome existing 
model challenges. Jiang [15] utilized a Bayesian hypothesis testing-based method for assessing 
structural damage, evaluating the accuracy of identification metrics through differences between 
experimental data and model predictions. 

Under wind loads, flexible transmission tower structures are prone to adverse vibrations. 
Scholars have conducted studies on structural vibration control methods for transmission line 
system [16-18]. Kubelwa et al. [19] reduced wind-induced vibrations in transmission towers using 
friction dampers. Kawaguchi et al. [20] validated the effectiveness of tuned mass dampers (TMD) 
for controlling vibrations in high-rise structures, proposing a method to estimate TMD behavior 
and suppression capabilities based on mass ratios. Battista et al. [21] employed nonlinear 
pendulum dampers to reduce horizontal displacements at the top, achieving a reduction rate of up 
to 90 % when coupled with the system's frequency. Santos et al. [22] compared the response of 
buildings with and without control under wind loads and concluded that the damping system can 
significantly reduce the acceleration of the floor slab. Rong et al. [23] proposed a nonlinear 
gas-spring damper to mitigate the structural dynamic responses. 

In summary, the previous structural health monitoring mainly focuses on bridges, buildings 
and other engineering structures, while the monitoring of transmission lines mainly relies on 
manual inspection, the shortcomings of this approach is that it consumes a lot of manpower and 
material resources and is difficult to find potential structural problems, and the current health 
monitoring research for this fundamental energy facility structure is relatively small, not to 
mention judging the structural health of transmission tower based on the structural dynamics 
characteristics, and even fewer studies have been involved. Moreover, the existing studies on 
structural wind vibration control have not considered the effect of local damage on the dampers’ 
control performance. 

This study relies on the 110 kV line project of Neihuang Dichu to Er’an in Anyang, Henan 
Province, China, and establishes a refined finite element model of the transmission tower 
structure, and the accuracy of the numerical model is validated on the basis of the health 
monitoring data of the actual engineering structure. The dynamic characteristic analysis of 
transmission tower considering local damage and destruction of the structure is carried out, and 
the influence of local destruction on the vibration reduction effectiveness of the controlled 
structure under wind loading is discussed and analyzed. 

2. Finite element model and wind load simulation 

2.1. Transmission tower 

This study relies on the 110 kV transmission line project of Neihuang Dichu to Er’an in 
Anyang, Henan Province, China, the S2 double-circuit tower with a total height of 41.5 m is 
selected to establish the transmission tower model in ABAQUS software, and the specific model 
parameters are shown in Fig. 1. The transmission tower is simulated by beam element (B31), and 
its elastic modulus is 2.06×105 MPa, and its mass density is 7850 kg/m3, Poisson’s ratio is 0.3, 
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and the damping ratio takes the value of 2 %. Each member is modeled as a beam element, i.e., 
the element size (mesh size) is equal to the member size. Rigid joint constraints are set at the tower 
legs of the model to limit the six degrees of freedom in translation and rotation, and the plan 
dimensions and segments of the tower are given in Fig. 1. 

 
Fig. 1. 3D finite element model of transmission tower 

2.2. Numerical model validation 

By installing wind speed/direction sensors, accelerometers, and strain monitoring devices on 
the primary materials of transmission towers, researchers obtain real-time data on 
micro-meteorological parameters, structural acceleration responses, and material strains. The top 
acceleration response of the transmission tower structure serves as the main analytical data in this 
study, with monitoring points illustrated in Fig. 2.  

 
Fig. 2. Acceleration monitoring point location 

The acceleration sensor used in this study is the M63 series wireless vibration sensor with a 
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range of 2 g, a sampling rate of 0-500 Hz, an accuracy of 0.01 cm/s, a synchronization accuracy 
of 0.1 ms, and a transmission method of 4G network. Acceleration time history curve at the tower 
top, derived from accelerometer data, are depicted in Fig. 3. Fourier transforming the acceleration 
responses reveals the structure's first five natural vibration frequencies: 2.160 Hz, 2.274 Hz, 
6.739 Hz, 8.069 Hz, and 8.183 Hz, as shown in Fig. 4. 

0 10 20 30 40 50 60 70 80 90 100

-0.5

0.0

0.5

A
cc

el
er

at
io

n 
(m

/s
2 )

Time (s)  
Fig. 3. Acceleration time history curve 
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Fig. 4. First five frequencies of transmission tower 

Utilizing a finite element model of the transmission tower structure, dynamic characteristics 
were analyzed using the Lanczos method to ascertain mode shapes and frequencies, illustrated in 
Fig. 5. The first mode displays global displacement along the tower’s 𝑋-axis, while the second 
mode exhibits displacement along the 𝑌-axis. The third mode indicates torsional vibration of the 
tower. In the fourth and fifth modes, notable displacements occur at the tower head, alongside 
localized modes in the lower section of the tower. 

Table 1. Comparison of numerical simulation and measured data 
Mode order 1st 2nd 3rd 4th 5th 

Experimental tower frequencies 2.160 2.274 6.739 8.069 8.183 
Model tower frequencies 1.974 2.098 6.355 7.441 7.508 

Error 8.6 % 7.7 % 5.7 % 7.8 % 8.2 % 

Table 1 presents the natural frequencies of the transmission tower, showing a close alignment 
between the frequencies derived from the finite element model and those measured, with a 
maximum discrepancy of just 8.6 %. This indicates that the finite element model accurately 
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captures the dynamic characteristics of the transmission tower. 

 
a) First mode  

shape 

 
b) Second mode 

shape 

 
c) Third mode  

shape 

 
d) Fourth mode 

shape 

 
e) Fifth mode  

shape 
Fig. 5. First five mode shapes of transmission tower 

2.3. Wind load simulation 

Wind load simulations must account for both mean and turbulent wind effects. MATLAB 
programming is employed to simulate the dynamic wind load on the tower-line system of the 
Yellow River Extra High Voltage Transmission Tower, adhering to the International 
Electrotechnical Commission (IEC) 62920-2017 standard through linear filtering techniques. The 
wind load acting on the transmission tower is calculated by Eqs. (1-3): 𝐹ሺ𝑡ሻ ൌ 12𝜌𝑉ଶሺ𝑡ሻሺ1  0.2sinଶ2𝜃ሻሺ𝐴ଵ𝐶௫௧ଵcosଶ𝜃  𝐴ଶ𝐶௫௧ଶsinଶ𝜃ሻ𝐺௧ , (1)𝐹௫ሺ𝑡ሻ ൌ 𝐹ሺ𝑡ሻcos𝜃, (2)𝐹௬ሺ𝑡ሻ ൌ 𝐹ሺ𝑡ሻsin𝜃, (3)

where, 𝐹௫ and 𝐹௬ are the components of wind load acting on the tower in 𝑋 and 𝑌 horizontal 
directions; 𝜌 is the air density, taking 1225; 𝜃 is the wind angle of attack; 𝑉 is the wind speed at 
a height of 10m; 𝐴ଵ and 𝐴ଶ are the lateral and longitudinal wind-blocking areas of the tower; 𝐶௫௧ଵ 
and 𝐶௫௧ଶ are the resistance coefficients perpendicular to the tower in the lateral and longitudinal 
directions, respectively; and 𝐺௧ is the wind load combination coefficient of the structure. 

Table 2. Height of simulation points and windbreak area selected for each segment 
Transmission 

tower 
Segment height 

(m) 
𝑋-direction wind protection 

area (m2) 
𝑌-direction wind protection 

area (m2) 
1 5.50 3.76 3.76 
2 10.90 4.93 4.93 
3 22.55 5.91 5.92 
4 28.75 1.06 1.06 
5 31.63 1.75 2.42 
6 37.50 1.93 2.59 
7 41.65 2.54 4.37 
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When simulating wind loads on the transmission tower, partition it into seven sections from 
base to top. Calculate the windward area for each section of the tower structure. Utilize the wind 
speed at the midpoint of each section to represent the wind speed in the respective simulation area, 
as illustrated in Fig. 1. Refer to Table 2 for the heights of designated simulation points within each 
section and their corresponding windward areas. When conducting wind load simulations, follow 
the wind angle of attack direction outlined in Fig. 6. 

 
Fig. 6. Schematic diagram of wind angle of attack of transmission tower 

3. Dynamic characteristic analysis of local damage and destruction models 

3.1. Analysis of local damage models 

To investigate the variation patterns of mode shapes and frequencies of transmission towers 
after being damaged, 0.15 m displacements are applied individually to the main legs, main body, 
and masthead in the tower’s finite element model. Analysis of structural dynamic characteristics 
provides the first five vibration modes for damaged models of the legs, body, and masthead, 
illustrated in Figs. 7-9. 

Compared to undamaged transmission tower models, damaged models in the legs and body 
exhibit shifts in the first and second vibration modes along weakened sections. The third mode 
shows asymmetrical torsional vibration with unequal maximum displacements on either side of 
the tower body. In the fourth and fifth modes, local maximum displacements are nearer to the 
lower part of the tower body. Regarding the masthead damage model, the first mode reflects local 
deformations at the body-leg junction, while the second and third modes depict torsional 
vibrations of the body with maximum displacement at the lower crossarm. The fourth and fifth 
modes closely resemble those of the undamaged model. 

The frequencies for each vibration mode of locally damaged transmission towers are depicted 
in Fig. 10. Compared to the undamaged model, the leg-damaged model shows slightly lower 
frequencies in the first two modes and more pronounced differences in the third to fifth modes. 
Conversely, the body-damaged model exhibits higher frequencies in the first, second, and fifth 
modes, and lower frequencies in the third and fourth modes. The head-damaged model generally 
displays higher frequencies, particularly noticeable in the first three modes. However, localized 
displacements have minimal impact on the overall structural stiffness of transmission towers, 
resulting in insignificant changes in overall structural frequencies. 
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Fig. 7. First five mode shapes of tower leg damage model 
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Fig. 8. First five mode shapes of tower body damage model 

3.2. Analysis of local destruction models 

The analysis of vibration modes and frequencies in localized destruction models of 
transmission towers revealed significant changes in vibration modes following damage, with 
minor frequency variations. To investigate further, vulnerable sections of the tower’s primary 
materials were systematically removed using finite element simulation to simulate structural 
destruction and study its modal characteristics. Modal analysis extracted the initial five vibration 
modes of the damaged tower, illustrated in Figs. 11-13. 
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Fig. 9. First five mode shapes of tower head damage model 

 
Fig. 10. Frequency line diagram of locally damaged transmission towers 

Comparing the damage models, it is evident that the vibration mode changes in the tower leg 
and body destruction models closely align with the damage model, showing more pronounced 
variations in vibration modes. However, the vibration modes in the tower head destruction model 
exhibit significant differences compared to the damage model, with the first two modes displaying 
substantial displacements along the corresponding principal axes of the tower body. The third 
mode indicates tower torsion, but with a changed principal direction of twist, predominantly 
occurring along the tower body. The fourth and fifth modes show minimal changes, but with the 
maximum displacement direction shifting from the 𝑥-axis to the 𝑌-axis, indicating noticeable 
reverse torsion between the tower head and body. 

The frequencies of the destruction transmission tower model, as shown in Fig. 14, are generally 
lower compared to the undamaged model, albeit with minor differences. Notably, the tower leg 
damage model exhibits the most significant deviation in frequencies from the undamaged model. 
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Fig. 11. First five mode shapes of tower leg destruction model 
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Fig. 12. First five mode shapes of tower body destruction model 

4. Influence of local damage on control effectiveness of controlled structures 

In Section 3, the results of the dynamic characteristic analysis of the two models show that the 
vibration mode and frequency changes of the local damage model are the most significant in the 
three loading modes. According to the working principle of the tuned mass damper, the structural 
frequency variation has a greater impact on its control performance. Therefore, the local damage 
model is taken as the research object to carry out the research on wind vibration control of 
transmission towers to reveal the influence law of the local damage of the structure on the control 
effectiveness of the damper. 
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Fig. 13. First five mode shapes of tower head destruction model 

 
Fig. 14. Frequencies corresponding to each vibration mode of locally damaged transmission towers 

4.1. Parameter design method 

The conventional TMD, recognized as a mature passive control device, utilize well-established 
quantitative design methods. These methods integrate the dynamic analysis of transmission tower 
characteristics and derive parameters for stiffness coefficient 𝑘 and damping coefficient 𝑐, 
employing Eqs. (4-7) for calculation: 

𝑓௧ ൌ 1  𝜇ቌ1 െ 𝛽ඨ 𝜇𝜇  1ቍ, (4)

𝜉௧ ൌ 𝛽1  𝜇  ඨ 𝜇𝜇  1, (5)𝑘 ൌ 𝑚𝜔ଶ𝑓௧ଶ , (6)
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𝑐 ൌ 2𝑚𝜔𝑓௧𝜉௧, (7)

where 𝑚 is the mass of the mass block; 𝜇 is the mass ratio; 𝛽 is the structure damping ratio; and 𝜔 is the fundamental frequency of the structure. 
In this study, the transmission tower model itself is selected with a mass of 396,382.1 kg and 

a first-order vibration mode of 2.266 in the 𝑌 direction, and the TMD configuration parameters 
applicable to this structure are shown in Table 3. The mass is simulated in ABAQUS using the 
MASS element, and the stiffness and damping are simulated using the SPRINGS/DASHPOTS 
element as shown in Fig. 15. 

Table 3. Configuration parameters of TMD 
Design parameters 𝜇 𝛽 𝑓௧ 𝜉௧ 𝑚 (kg) 𝑘 (N/m) 𝑐 (N/(m/s)) 

Design value 0.02 0.02 1.0199 0.1596 7927.642 42342.746 31236.287 

 
Fig. 15. Additional TMD finite element simulation of transmission towers 

4.2. Influence analysis of different destruction modes on TMD control effectiveness 

TMD are applied to three models of transmission towers with local destruction, considering 
wind attack angles of 0°, 45°, 60°, and 90°. The effectiveness of vibration reduction is assessed 
for both untreated models and those equipped with TMD. Wind speeds of 4 m/s, 8 m/s, 12 m/s, 
and 16 m/s are used to simulate fluctuating wind loads over a duration of 300 s, following the 
method described in Section 2.2. 

 
a) 0° wind angle of attack 

 
b) 45° wind angle of attack 
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c) 60° wind angle of attack 
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d) 90° wind angle of attack 

Fig. 16. Maximum displacement response data with and without control of local damage model 

Figs. 16-17 present maximum displacement and acceleration responses for uncontrolled local 
destruction models under different wind attack angles and speeds. TMD show effective vibration 
reduction across varying conditions, evident in both displacement and acceleration responses. The 
greatest reduction occurs at a 90° wind attack angle, where maximum displacement is reduced by 
21.6 % and maximum acceleration by 22.7 % at a wind speed of 16 m/s. This outcome is due to 
the TMD’s alignment with the 𝑌-axis for vibration reduction at a 90° wind attack angle. 
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Fig. 17. Maximum acceleration response data with and without control of local damage model 
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Fig. 18. Time history curve of displacement at the top  
of a local destruction model structure at 60° wind angle of attack 
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Fig. 19. Time history curve of acceleration at the top  
of a local destruction model structure at 60° wind angle of attack 
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Fig. 20. Time history curve of displacement at the top  
of a local destruction model structure at 90° wind angle of attack 

To intuitively present the damping effectiveness of the TMD in different damage modes, a 
comparison of the time history curves of the displacement and acceleration at the top of the 
structure with and without control of the local damage model at a 60° wind angle of attack is 
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presented in Figs. 18-19, respectively. 
A comparison of the time history curves of the response at a 90° wind angle of attack is 

presented in Figs. 20-21, respectively. The TMD effectively mitigate these responses at both 
angles, with the tower head destruction mode showing the most significant reduction, followed by 
the tower body and leg destruction modes. 

Comparing the vibration reduction effectiveness across three destruction modes reveals that, 
under varying wind attack angles and speeds, all three models benefit from the addition of TMD. 
The tower head destruction mode shows the best vibration reduction, followed by the tower body 
and then the leg destruction mode, with reductions of 22.7 %, 21.3 %, and 18.6 %, respectively. 
This phenomenon arises because structural changes due to leg destruction significantly alter the 
tower's dynamic characteristics, resulting in TMD detuning and a decrease in control performance. 
Therefore, in the design and maintenance of transmission towers, particular attention should be 
paid to the tower legs. 
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Fig. 21. Time history curve of acceleration at the top  
of a local destruction model structure at 90° wind angle of attack 

5. Conclusions 

Relying on actual engineering, this study establishes a refined finite element model of the 
transmission tower structure using ABAQUS, and verifies its validity based on field monitoring 
data. The dynamic characteristic analysis of transmission tower considering local damage and 
destruction is carried out, and the influence of local destruction on the control pattern of wind 
vibration response of the controlled structure is further investigated. The main conclusions are as 
follows: 

1) The mode shape of the local damage model shifted along the damaged area, and the 
difference between its frequency and that of the undamaged model is basically kept within 15 %; 
in contrast, the mode shape and frequency of the local destruction model changes more 
dramatically, especially the tower leg destruction model, whose frequency change is up to 37 %. 

2) Taking the frequency as the basis of structural state judgement, a significant difference 
occurs only when local destruction occurs in the structure; while taking the mode shape as the 
basis, a significant difference can be observed when local damage occurs in the structure. 
Therefore, the specific damage site of transmission tower should be determined by the change of 
mode shape in the actual project. 

3) TMD can effectively reduce the dynamic response of transmission towers under different 
wind angles of attack and wind speeds, and the comparison results of the three destruction models 
show that the tower leg destruction model has the worst damping effect due to the fact that the 
tower leg destruction leads to significant changes in the structural dynamic characteristics, 
resulting in TMD detuning. 
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