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Abstract  

Overhead Transmission Lines (OTLs) are chronically subjected to fatigue damage induced by Aeolian vibration and extreme 
wind-ice loads. However, existing design codes and reliability assessment methods often overlook the coupling effects of 

these two factors. This paper proposes a reliability framework integrating regional climate and full life-cycle effects, applied 

to a Transmission Tower-Line System (TTLS) under combined wind and ice loads. Based on meteorological data from 
Shenyang and Xianning (1975–2025), a joint probability model of wind speed and direction is constructed using the Frank 

Copula to quantify Aeolian vibration probability. Nonlinear dynamic time-history simulations are employed to analyze 

conductor strength degradation. Integrating fragility estimates and reliability indices reveals the evolution of structural safety 
margins over the service life. Results show that fatigue damage significantly reduces OTL load-bearing capacity. As service 

extends, loads sustainable at the initial design stage evolve into critical loads, precipitating catastrophic failure. 
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Highlights 

• A life-cycle reliability framework couples wind-ice 

loads with aeolian fatigue. 

• A Frank copula captures the joint distribution of wind 

speed and direction. 

• Regional climates lead to distinct reliability decay 

trajectories for OTLs. 

 

1. Introduction 

As the backbone of modern power systems, OTLs undertake the 

pivotal task of large-scale, inter-regional power transmission 

[1−3]. In recent years, driven by the sustained growth of global 

energy demands and the advancement of Ultra-High Voltage 

(UHV) grid construction, the operating environments for OTLs 

have become increasingly complex. Consequently, their 

structural reliability is directly correlated with the stable 

operation of the entire power grid [4,5]. 

During their long-term service, OTLs are confronted with 

the dual threats of cumulative fatigue damag e induced by 

aeolian vibration and extreme combined wind and ice loads. On 

the one hand, in plains or open terrains, laminar wind frequently 

induces aeolian vibration in OTLs. Although the stress 

amplitude of individual vibrations is relatively low, their high 

frequency and prolonged duration can generate hundreds of 

millions of alternating stress cycles at the clamp outlet [6,7]. 

This process causes fretting wear on the aluminum strands, 

thereby severely impairing the mechanical strength of the OTLs 

[8,9]. On the other hand, under cold climate conditions, ice 

accretion significantly alters the aerodynamic profile of 

conductors and increases their projected area exposed to wind 

[10,11]. When accompanied by strong winds, the structure is 

subjected to immense dynamic impact loads and overloading, 

potentially precipitating accidents such as conductor breakage 

or tower collapse [12,13]. However, the specific wind speed 

ranges associated with high-frequency vibrations are often 

concentrated within certain dominant wind direction sectors 

[14]. Given that the occurrence of aeolian vibration is jointly 

governed by wind speed and direction, neglecting their joint 
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probability distribution may lead to the inclusion of invalid 

wind conditions in the trigger criteria, ultimately resulting in an 

inaccurate overestimation of the probability of aeolian 

vibration. 

Extensive research has been conducted on the fragility of 

TTLS under extreme combined wind and ice loads [15−18]. 

Existing studies indicate that under such extreme conditions, the 

failure probability of OTLs is generally higher than that of 

transmission towers, identifying them as the vulnerable link 

within the entire system [19]. However, current design codes 

and traditional reliability assessment frameworks 

predominantly evaluate these hazards in isolation. They 

typically simplify wind and ice loads as quasi-static extreme 

events [20,21], focusing primarily on the maximum load effects 

while assuming a constant structural resistance over the entire 

design life. Although long-term aeolian fatigue may not directly 

precipitate immediate conductor breakage, it significantly 

degrades the residual strength of the aluminum strands prior to 

the occurrence of extreme winter storms [22−24]. 

Consequently, failure to fully account for this cumulative 

damage effect within existing frameworks leads to a severe 

miscalculation and overestimation of the actual safety margins. 

To bridge the critical gap between existing static reliability 

frameworks and the physical reality of TTLS, this study 

proposes a novel life-cycle reliability assessment framework. 

The specific novelty of the present study lies in three aspects: 

(1) By constructing a Copula-based joint probability model, 

this study captures the strong correlation between wind speed 

and wind direction, thereby eliminating assessment biases 

regarding the occurrence probability of aeolian vibration. 

(2) To address the mismatch between traditional design 

methods and regional climates, this study proposes a site-

specific adaptive assessment method, accurately aligning the 

reliability of the TTLS with localized meteorological 

characteristics. 

(3) By introducing a fatigue pre-damage mechanism prior to 

the onset of extreme wind-ice loads, this study effectively 

corrects the historical overestimation of OTL safety margins. 

2. Material and methods 

2.1. Collection of meteorological data 

In this study, Shenyang (Liaoning Province) and Xianning 

(Hubei Province) were selected as representative research sites 

to examine the influence of regional meteorological 

characteristics on the wind-induced fatigue of OTLs. According 

to the "National Grid Corporation of China Power Grid Ice Zone 

Distribution Map (2024 Edition) [25], Shenyang is categorized 

as a light icing zone (design ice thickness: 5–10 mm), while 

Xianning is classified as a heavy icing zone (design ice 

thickness: 20–30 mm). Therefore, these two locations 

effectively represent the typical meteorological environments 

that OTLs encounter throughout their service life. 

Historical meteorological data were obtained from the 

ERA5 reanalysis dataset provided by the European Centre for 

Medium-Range Weather Forecasts (ECMWF) 

(https://cds.climate.copernicus.eu/). To ensure the statistical 

reliability of the joint probability model, meteorological data 

spanning a 50-year period (1975–2025) were collected for both 

regions. The dataset includes 10 m wind speed and direction, as 

well as the 2 m daily average temperature. These parameters 

were utilized to analyze the intensity and directionality of wind 

loads at the standard height of transmission lines and to identify 

icing conditions. The screened and processed meteorological 

data are illustrated in Fig. 1. 

2.2. Joint probability model of wind speed and wind 

direction  

To fit the historical meteorological data collected in Section 2.1, 

the Generalized Extreme Value (GEV) theory is adopted to 

model the probability distribution of wind speeds [26]. 

Specifically, three extreme value distributions—Gumbel, 

Weibull, and Fréchet—are selected for this purpose. The 

probability density functions (PDFs) of these three distributions 

are expressed as follows [27]: 

𝑓(𝑥; 𝜇, 𝜖) =
1

𝜖
exp [− (

𝑥 − 𝜇

𝜖
) − exp (−

𝑥 − 𝜇

𝜖
)] (1) 

𝑓(𝑥; 𝑘, λ) =
𝑘

λ
(

𝑥

λ
)

𝑘−1

exp [− (
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)
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𝜖
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𝑥

𝜖
)
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where 𝜇  and 𝜖  are the location parameter and scale 

parameters. respectively. 𝛾 and 𝑘 are the shape parameters. 
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Figure 1. Regional meteorological data over a 50-year period. 

 

Figure 2. The probability distributions of wind speed and direction.

Fig. 2 illustrates the PDF and cumulative distribution function (CDF) of the wind speeds. The Kolmogorov-Smirnov 
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(K-S) and Kuiper tests are employed to evaluate the goodness-

of-fit for wind speed and wind direction, respectively [28], 

where smaller values of the K-S statistic 𝐷𝑛  and the Kuiper 

statistic 𝑉  indicate a superior fitting performance.The fitting 

parameters for wind speed are summarized in Tab. 1. Evaluated 

by the K-S and Kuiper test criteria, the Gumbel distribution and 

the 4th-order von Mises distribution demonstrate superior 

fitting performance compared to other candidate models. 

Consequently, they are selected as the optimal models for wind 

speed and wind direction, respectively. 

Based on the optimal marginal distributions of wind speed 

and wind direction, a joint probability distribution model is 

constructed using Copula functions [29]. Tab. 2 presents the 

calculation formulas and parameter ranges for these Copula 

functions. In this study, the optimal function is selected 

according to Kendall's correlation coefficient 𝜏 and the Akaike 

Information Criterion (AIC), which are calculated using Eqs. (4) 

and (5), respectively [30]. 

𝜏 =
2(𝑁𝑐 − 𝑁𝑑)

𝑛(𝑛 − 1)
(4) 

𝐴𝐼𝐶 = 2𝑚 − 2ln(𝐿) (5) 

where 𝑁𝑐  and 𝑁𝑑  represent the number of concordant and 

discordant pairs, respectively; 𝑛  denotes the sample size. The 

data pairs refer to any two arbitrary sets of wind speed and wind 

direction observations, denoted as [(𝑣𝑖 , 𝜃𝑖), (𝑣𝑗 , 𝜃𝑗)] , where 𝑣 

represents the wind speed and 𝜃 represents the wind direction. 

A pair is defined as concordant if (𝑣𝑖 − 𝑣𝑗)(𝜃𝑖 − 𝜃𝑗) > 0 . 

Furthermore, 𝑚 indicates the number of parameters within the 

Copula function, and 𝐿  represents the Maximum likelihood 

value. 

Data analysis of wind speed and direction reveals that the 

Frank Copula function yields the minimum error in 𝜏 and the 

lowest AIC values. Specifically, the corresponding values are 

0.0065 and -8820.24 for the Shenyang region, and 0.0079 and -

1536.71 for the Xianning region. These results demonstrate that 

the Frank Copula effectively captures the dependence 

characteristics between wind speed and direction within both 

study areas. Consequently, the Frank Copula function is adopted 

to construct the joint PDF. 

𝑓(𝑣, θ) = 𝑓𝑉(𝑣) ⋅ 𝑓Θ(θ) ⋅ 𝑐(𝐹𝑉(𝑣), 𝐹Θ(θ); 𝛿) (6) 

where 𝑓(𝑣, θ)  represents the joint PDF; 𝑓𝑉(𝑣)  and 𝑓Θ(θ) 

denote the marginal PDFs of wind speed and wind direction, 

respectively; 𝑐 refers to the Frank Copula density function; and 

𝐹𝑉(𝑣)  and 𝐹Θ(θ)  correspond to the CDFs of wind speed and 

wind direction, respectively. 

Table 1. The fitting results of wind speed parameters. 

Region Probability 

model 

Regression coefficients 

  𝜇 𝜖 𝑘 λ 𝛾 

Shenyang 

Gumbel 4.9939 2.5735 - - - 

Weibull - - 7.4500 2.0967 - 

Frechet - 4.3208 - - 7.3800 

Xianning 

Gumbel 3.8381 1.7721 - - - 

Weibull - - 5.5301 2.2685 - 

Frechet - 3.4571 - - 2.0490 

Table 2. Description of Copula functions. 

Copula 

function 
𝐶(𝑢, 𝑣) 𝛿 

Gumbel exp(−[(− ln 𝑢)𝛿 + (− ln 𝑣)𝛿])
1
𝛿 [1, ∞) 

Clayton (𝑢−𝛿 + 𝑣−𝛿 − 1)
−

1
𝛿  (0, ∞) 

Frank −
1

𝛿
ln [1 +

(𝑒−𝛿𝑢 − 1)(𝑒−𝛿𝑣 − 1)

𝑒−𝛿 − 1
] 

𝑅 

Based on the established joint probability model, it is 

essential to identify the specific conditions that induce aeolian 

vibration. Research and field observations indicate that strong 

winds disrupt the formation of stable vortices on the leeward 

side of conductors. High wind speeds typically introduce high 

turbulence intensities and push the flow into the critical 

Reynolds number regime, which significantly reduces the 

correlation length of vortex shedding and suppresses the 

formation of a regular Karman vortex street [31,32]. 

Consequently, the upper wind speed limit for aeolian vibration 

is determined using empirical Eq. (7). The calculated wind 

speed range conducive to aeolian vibration is defined as 0.5–5 

m/s. Considering that the specific orientation of OTLs within 

the study region may vary or remain unknown, absolute wind 

direction sectors are adopted as the critical intervals. 

Furthermore, the occurrence probability of aeolian vibration, 

denoted as P, is obtained by integrating the joint PDF 𝑓(𝑣, θ) 

over the effective domain D, as expressed in Eq. (8). The joint 

probability distributions of wind speed and direction, along with 

the identified zones of aeolian vibration occurrence, are 

illustrated in Fig. 3. 

𝑣ℎ = 0.0665ℎ + 3.333 (7) 

where ℎ represents the height of the OTLs above the ground. 

𝑃 = ∬ 𝑓(𝑣, 𝜃)
Ω

 𝑑𝜃 𝑑𝑣 (8) 
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where Ω  represents the effective integration domain for 

aeolian vibration, within this domain, the wind speed is bounded 

by 0.5 ≤ 𝑣 ≤ 5  m/s; additionally, assuming 𝜙𝑙𝑖𝑛𝑒   denotes the 

orientation angle of the OTLs, the effective wind direction 

interval is given by [𝜙𝑙𝑖𝑛𝑒 + 45°, 𝜙𝑙𝑖𝑛𝑒 + 135°] ∪ [𝜙𝑙𝑖𝑛𝑒 +

225°, 𝜙𝑙𝑖𝑛𝑒 + 315°]. 

 

 

 

Figure 3. Joint probability distribution of wind speed and direction and probabilistic occurrence zones of aeolian vibration.

2.3. Simulation of aeolian vibration 

2.3.1. FEM of transmission tower-line system 

To rigorously analyze the fatigue damage induced by aeolian 

vibration, a finite element model of a TTLS with a two-tower, 

three-span configuration was established to simulate the 

structural dynamic response. The prototype structure is a typical 

500 kV double-circuit transmission tower selected from the 

standard designs of the State Grid Corporation of China [33]. 

Based on a comparison of engineering drawings from the two 

studied regions, identical specifications for transmission lines 

and insulators were adopted. The specific parameters for the 

conductors and ground wires are listed in Tab. 3. 

A three-dimensional finite element model of the typical 

TTLS is established using ANSYS software, as illustrated in Fig. 

4. The tower members are modeled using BEAM188 elements, 

which are capable of accounting for both material and geometric 

nonlinearities. The conductors are simulated using CABLE280 

elements, which are highly suitable for modeling moderate to 

extremely slender structures dominated by axial forces, such as 

cables or wires. For the sake of simplicity, rigid fixed boundary 

conditions are applied to the tower bases, while the leftmost and 

rightmost ends of the conductors are defined as hinged 

connections. In the subsequent dynamic time-history analysis, 

the critical damping ratio 𝜁 of the conductor was set to 0.01 [34]. 

Accordingly, the Rayleigh damping coefficients, namely the 

mass matrix coefficient and the stiffness matrix coefficient were 

determined to be 0.1224 and 0.6504×10-3, respectively. Fig. 4 

illustrates the finite element model of the TTLS and the 

schematic of the wind attack angle. 
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Table 3. Parameters of the conductors and ground wires. 

Types Conductor Ground line 

Transmission line type JL3/GIA-400-35 JLB40-120 

Total cross-section(mm²) 391 121.21 

Outside diameter(mm) 26.8 14.25 

Weight(kg/m) 1.348 0.5703 

Elasticity modulus(GPa) 65.9 103.6 

Poisson’s ratio 0.3 0.3 

 

Figure 4. Finite element model of the TTLS. 

2.3.2. Wind power input 

When OTLs are subjected to transverse laminar wind with 

speeds ranging from 0.5 to 5 m/s, alternating Kármán vortex 

shedding occurs in the wake of the conductor, thereby 

generating a fluctuating vortex-induced force [35]. The 

mathematical expression for this force is given by Eq. (9). 

{
𝐹𝑤 =

1

2
𝐶𝐿𝜌𝐷𝑣2 sin 𝜔𝑠𝑡

𝜔𝑠 = 2𝜋𝑓𝑠 = 2𝜋𝑆
𝑣

𝐷
      

(9) 

where 𝐶𝐿 is the lift coefficient; 𝜌 represents the air density; 

𝐷  is the conductor diameter; 𝑣  denotes the wind speed; 𝜔𝑠  is 

the Strouhal circular frequency; 𝑓𝑠 refers to the vortex shedding 

frequency; and 𝑆  represents the Strouhal number, which is 

typically taken as 0.185 in engineering practice. To simulate the 

vortex-induced force responsible for aeolian vibration, the wind 

load calculated via Eq. (9) is converted into a vertical nodal 

force and applied at a distance of 89 mm from the conductor 

clamp. 

2.4. Wind-induced fatigue analysis 

2.4.1. Residual strength calculation method of aluminum 

strands 

Subjected to long-term alternating loads induced by vortex 

excitation, aluminum strands accumulate fatigue damage. This 

process leads to internal microstructural alterations, which 

manifest specifically as the degradation of static mechanical 

properties [36]. Consequently, the performance degradation 

process of aluminum strands under constant-amplitude stress 

can be described as follows [37]: 

𝑑𝜎𝑅

𝑑𝑛
= 𝜎𝑎

𝑝𝜎𝑅
−𝑞(𝑛) (10) 

where 𝜎𝑅 represents the residual strength of the aluminum 

strand; 𝜎𝑎  denotes the cyclic stress; 𝑝  and 𝑞  are material 

constants. Furthermore, 𝜎𝑅  satisfies the following boundary 

conditions: 

{
𝜎𝑅(0) = 𝜎𝑢𝑡𝑠

𝜎𝑅(𝑁𝑓) = 𝜎𝑎
(11) 
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where 𝜎𝑢𝑡𝑠 represents the ultimate strength of the material 

and 𝑁𝑓 denotes the fatigue life. By combining Eqs. (10) and (11), 

the strength degradation equation for aluminum strands under 

constant-amplitude loading is derived as Eq. (12). 

𝜎𝑅
1+𝑞(𝑛) = 𝜎𝑢𝑡𝑠

1+𝑞
− (1 + 𝑞)𝜎𝑎

𝑝
𝑛 (12) 

The material constants 𝑝 and 𝑞 for the aluminum conductor 

steel-reinforced (ACSR) can be determined from the S-N curve 

[38]. The relationship between the cyclic stress 𝜎𝑎  and the 

fatigue life 𝑁𝑓 is expressed as: 

{
𝜎𝑎 = 450𝑁𝑓

−0.2, (𝑁𝑓 ≤ 2 × 107)   

𝜎𝑎 = 263𝑁𝑓
−0.168, (𝑁𝑓 > 2 × 107)

(13) 

Through calibration with the S-N curve, the model 

parameters are determined as follows: for 𝑁𝑓 ≤ 2 × 107 𝑝 = 5 

and 1 + 𝑞 = 6.306; for 𝑁𝑓 > 2 × 107, the calculated values are 

𝑝 = 4.4582  and 1 + 𝑞 = 6.0864 . To account for non-zero 

mean stress in actual operation, the equivalent stress amplitude 

is corrected via the Goodman equation (Eq. 14). Additionally, 

the accuracy of this long-term prediction framework has been 

verified by accelerated fatigue studies [22]. 

∆𝜎𝑒𝑞 = ∆𝜎𝑎/(1 − 𝜎𝑚/𝜎𝑢𝑡𝑠) (14) 

Based on Eq. (9), the vortex shedding frequency of the 

conductor is calculated to be 39.14 Hz. Accounting for the lock-

in effect, an integer value of 50 Hz is adopted as the upper limit, 

and the frequency domain is discretized into intervals of 5 Hz. 

Meanwhile, the probability of aeolian vibration is determined 

based on the joint probability model of wind speed and direction 

described in Section 2.2. Subsequently, the average annual 

number of vibration cycles for the conductor is calculated using 

Eq. (15). 

𝑛𝑖 = 𝑡 × 𝑓𝑖 × 𝑃 (15) 

where 𝑡 represents the total duration evaluated over a period 

of 365 days; 𝑓𝑖  denotes the specific conductor vibration 

frequency within a given interval; and 𝑃  represents the 

occurrence probability of aeolian vibration at this specific 

frequency. 

Based on this framework, a nonlinear dynamic time-history 

analysis is performed on the finite element model of the TTLS. 

Subsequently, the rainflow counting method is employed to 

obtain the equivalent stress amplitude for each load case. Finally, 

based on the aforementioned equations, the residual strength of 

the aluminum strands in the ACSR conductor is derived as 

follows: 

𝜎𝑅(𝑛) = {𝜎𝑢𝑡𝑠
1+𝑞

− (1 + 𝑞) [∑ 𝜎𝑒𝑞,𝑖
𝑝

∙ 𝑛𝑖

𝑘

𝑖=1

]}

1/(1+𝑞)

(16) 

2.4.2. Fatigue calculation results 

Fig. 5 illustrates the equivalent stress amplitude of the OTLs 

under an annual mean stress of 62.98 MPa and a span length of 

350 m. As observed, the stress amplitude decreases with 

increasing frequency, and the rate of this reduction gradually 

diminishes. This behavior indicates that the vibration intensity 

is more pronounced in the low-frequency range, whereas high-

frequency vibrations are significantly attenuated by the inherent 

self-damping properties of the conductor. 

 

Figure 5. Equivalent stress amplitude 

 

Figure 6. Mean annual number of vibration cycles of the 

conductor. 

In Fig. 6, the horizontal axis represents the aeolian vibration 

frequency of the conductor, while the vertical axis denotes the 

average annual number of aeolian vibration cycles for the 

Shenyang and Xianning regions. According to Eq. (15), for  

a given frequency interval 𝑓𝑖 , the variation in 𝑛𝑖  is primarily 

determined by the occurrence probability 𝑃. Due to the lower 

average annual wind speed in the Xianning region, the vibration 

frequencies of the conductor are predominantly concentrated 
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within the 15-20 Hz range. Conversely, the Shenyang region 

exhibits a higher average annual wind speed, which shifts the 

primary concentration of conductor vibration frequencies to the 

25-30 Hz range. 

Fig. 7 illustrates the residual strength degradation patterns 

of the OTLs over an entire 50-year service life, considering the 

climatic conditions of the Shenyang and Xianning regions. As 

depicted by the curves, the residual strength of the aluminum 

strands in both regions experiences a continuous decline with 

increasing years of service. Notably, the rate of degradation 

accelerates during the mid-to-late stages of the service period. 

Therefore, if long-term cumulative fatigue damage is neglected, 

the degraded conductors may fail to withstand the originally 

designed stress levels when subjected to extreme loading 

scenarios later in their service life. This structural degradation 

significantly increases the risk of catastrophic failures, such as 

conductor breakage. 

 

Figure 7. Residual strength of aluminum strands. 

3. Results and discussion 

3.1. Meteorology condition for design 

Based on the aforementioned meteorological data processing, 

this study identifies the critical meteorological window 

conducive to OTL icing, utilizing the historical records 

presented in Fig. 1. According to existing literature, days with  

a daily average temperature ranging from -5 °C to 5 °C are 

classified as ice-prone days [39]. Consequently, months 

characterized by temperatures within this range are defined as 

ice-prone months. This criterion is employed to filter the 

historical meteorological data of Shenyang and Xianning, 

effectively eliminating the influence of strong winds occurring 

during non-icing periods. For the identified ice-prone months, 

the Monthly Average of Daily Maximum Wind Speed (MADS) 

is calculated to characterize the wind load intensity during the 

icing season [40]. Fig. 8 illustrates the specific data filtering 

results. The grey scatter points represent the data across all 

months, while the red points denote the filtered data for ice-

prone months, characterized by temperatures ranging from -

5 °C to 5 °C. Subsequently, the Gumbel distribution model is 

employed to fit the MADS samples, as depicted in Fig. 9. Based 

on the fitted probability model, the joint wind-ice design wind 

speeds for the Shenyang and Xianning regions, corresponding 

to a 50-year return period, are calculated using Eq. (17). To 

assess the validity of these calculated values and provide  

a benchmark for the subsequent fragility analysis of OTLs, the 

design wind speeds for light and heavy icing zones 

recommended by the DL/T 5582-2020 standard are also 

referenced [41]. Tab. 4 presents a comparison between the 

calculated results and the standard-recommended values. 

𝑣𝑖 = 𝜇 − 𝜖 ∙ exp [−exp (1 −
1

𝑇
)] (17) 

where 𝑣𝑖 represents the wind-ice design wind speed; and 𝑇 

denotes the return period. 

 

Figure 8. Sample selection of MADS. 
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Figure 9. Wind speed distribution of MADS. 

Tab. 4. Joint wind-ice design wind speed (unit:m/s). 

Design methods MADS DL/T 5582-2020 

Region Shenyang Xianning Shenyang Xianning 

Wind speed 13.87 7.73 10 15 

3.2. Calculation of combined wind-ice loads 

OTLs are characterized as tall, flexible structures, and the wind 

loads they experience exhibit significant stochastic dynamic 

properties. The wind load acting on OTLs is modeled as the 

superposition of two components: the mean wind and the 

fluctuating wind [42]. Based on the reference wind speed at  

a height of 10 m above ground, the mean wind speed 𝑉𝑧 at an 

arbitrary height 𝑧 is described by a power-law function [19]: 

𝑉𝑧 = 𝑉10 (
𝑧

10
)

𝛼

(18) 

where 𝑉10 is the reference wind speed at 10m, and 𝛼 is the 

gournd roughness coefficient, taken as 0.16. 

To model stochastic fluctuating wind, time-histories are 

simulated via the FFT-accelerated harmonic superposition 

method. The Kaimal spectrum Eq. (19) and Davenport 

coherence function [43] are employed to define the power 

spectral density and spatial correlation, respectively. 

𝑆𝑢(𝑓) =
200𝑢∗

2𝑧

𝑉𝑧 (1 + 50
𝑓𝑧

𝑉𝑧
)

5/3
(19)

 

𝑢𝑗(𝑡) = ∑ ∑|𝐻𝑗𝑙(𝜔𝑘)|√2𝛥𝜔𝑘

𝑁

𝑘=1

𝑗

𝑙=1

𝑐𝑜𝑠[𝜔𝑘𝑡 − 𝜃𝑗𝑙(𝜔𝑘) + 𝜙𝑙𝑘] (20) 

where 𝑆𝑢(𝑓)  represents the wind speed power spectral 

density; 𝑢∗  denotes the air friction velocity; 𝑓  refers to the 

Monin coordinate; 𝑢𝑗(𝑡) indicates the fluctuating wind speed at 

the 𝑗-th simulation point at time 𝑡; 𝑁 is the number of frequency 

intervals; 𝜔𝑘  is the angular frequency of the 𝑘 -th frequency 

point; 𝜙𝑙𝑘  denotes an independent random phase angle 

uniformly distributed within the interval [0,2𝜋] ; and 𝐻𝑗𝑙(𝜔𝑘) 

corresponds to the spectral density component obtained via 

Cholesky decomposition. 

Since transmission towers are relatively stiff and experience 

negligible icing, this study focuses exclusively on the icing of 

conductors. An idealized cylindrical ice accretion model is 

adopted, assuming a uniform ice layer along the wire axis with 

a density of 900 kg/m³. The combined wind-ice loads are 

determined based on the DL/T 5154-2012 standard [44]. 

Relative to the ice-free scenario, the wind load calculation for 

iced conductors is modified to account for two critical aspects: 

(1) the amplification of wind load due to the enlarged windward 

area; and (2) the change in the drag coefficient induced by the 

altered aerodynamic profile of the conductor. 

𝑊𝑥 = 𝛼𝑤 ∙ 𝑊0 ∙ 𝜇𝑧 ∙ 𝜇𝑠𝑐 ∙ 𝛽𝑐 ∙ 𝐷 ∙ 𝐿𝑝 ∙ 𝐵1 ∙ 𝑠𝑖𝑛2𝜃 (21) 

where 𝛼𝑤  represents the wind pressure non-uniformity 

coefficient; 𝜇𝑧  denotes the wind pressure height variation 

coeficient; 𝜇𝑠𝑐 is the drag coefficient of the conductors, set to 

1.2 to account for the effect of the ice layer; 𝛽𝑐 denotes the wind 

load adjustment coefficient for conductors; 𝐷 is the calculated 

outer diameter of the conductors; 𝐿𝑝  indicates the horizontal 

span of the transmission tower; 𝐵1  is the wind load 

amplification factor for conductors; 𝑊0 represents the standard 

reference wind pressure, given by 𝑊0 = 𝑉2/1600; and 𝜃 is the 

wind angle of attack. 
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Applying precise surface loads directly to OTLs is 

computationally prohibitive. Therefore, following conventional 

transmission line analysis methods, this study discretizes the 

OTLs into multiple segments [45]. The wind load for each 

segment is calculated and subsequently applied as  

a concentrated force to the conductor nodes. Eq. (21) is utilized 

to calculate the load per unit length of the conductor, where the 

reference wind speed 𝑉10  is set to 10 m/s, the ice thickness 

ranges from 10 mm to 30 mm, and the wind angle of attack 

varies from 0° to 90°, as illustrated in Fig. 10. It is evident that 

the load borne by the iced conductor increases significantly and 

continues to grow as the wind angle of attack increases. 

 

Figure 10. Variation of combined wind and ice loads on OTLs 

with wind angle of attack. 

3.3. Fragility analysis 

To quantitatively evaluate the performance of OTLs under 

combined wind and ice loads, this study employs a fragility 

analysis method based on limit state performance indicators and 

probabilistic demand models. This approach is utilized to 

calculate the failure probability of OTLs across different service 

years. In this study, the Engineering Demand Parameter (EDP) 

is explicitly defined as the actual dynamic stress response of the 

conductor under various wind speeds and icing conditions. The 

Intensity Measure (IM) is selected as the basic wind speed 

corresponding to the sampling points [46]. Furthermore, a cubic 

polynomial regression in logarithmic space (log-cubic fitting) is 

adopted to characterize the relationship between the EDP and 

IM, as expressed in Eq. (22). 

𝑙𝑛(𝐸𝐷𝑃) = 𝑝3(ln(𝐼𝑀))3 + 𝑝2(ln(𝐼𝑀))2 + 𝑝1ln(𝐼𝑀) + 𝑝0(22) 

where 𝑝3, 𝑝2, 𝑝1, and 𝑝0 are regression coefficients. 

The determination of the regression coefficients relies on the 

dynamic stress response data of the conductors under varying 

load intensities. The specific parameter settings and 

computational procedures are outlined as follows: First, 40 

basic wind speed samples are substituted into the fluctuating 

wind speed formulation described in Section 3.2 to produce 40 

corresponding sets of wind speed time histories. Subsequently, 

for two typical ice thickness scenarios (10 mm and 30 mm), the 

maximum dynamic stress response of the conductor at a 90° 

wind angle of attack is calculated and paired with its respective 

basic wind speed. Finally, the regression coefficients are 

obtained by fitting the data using Eq. (22). The resulting fitted 

curves are illustrated in Fig. 11, expressed as: (a) 0.1617𝑥3 −

0.6536𝑥2 + 0.7857𝑥 − 0.9489 ; and (b) 0.1556𝑥3 −

0.5952𝑥2 + 0.6858𝑥 − 0.8197. 

 

Figure 11. Regression analysis of structural demands. 

Consequently, the fragility curves of the conductor are 

calculated for different wind speeds [47]. 
𝑃[𝐸𝐷𝑃 ≥ 𝐿𝑆|𝐼𝑀] = Φ (

ln(𝐸𝐷𝑃) − ln(𝐿𝑆)

𝛽𝐸𝐷𝑃|𝐼𝑀

) (23) 

where 𝛽𝐸𝐷𝑃|𝐼𝑀  denotes the logarithmic standard deviation, 
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and 𝐿𝑆  refers to the limit state performance indicator, 

specifically defined as the ultimate rupture stress of the 

aluminum strands. Additionally, 𝛽𝐸𝐷𝑃|𝐼𝑀  is determined via 

Eq.(24). 

𝛽𝐸𝐷𝑃|𝐼𝑀 =
√∑ [ln(𝐸𝐷𝑃𝑖) − (𝑝3(ln(𝐼𝑀𝑖))

3
+ 𝑝2(ln(𝐼𝑀𝑖))

2
+ 𝑝1ln(𝐼𝑀𝑖) + 𝑝0)]

2
𝑛
𝑖=1

𝑛 − 2
(24)

 

 

Figure 12. Fragility curves of OTLs at different service ages. 

In this study, the mean wind speed at 10 m above ground 

serves as the stochastic variable. For each load case, 80 wind 

speed samples (0–30 m/s) are randomly extracted to generate 

wind load time histories. The sampling distribution is non-

uniform: sparse at lower wind speeds and dense at higher ones. 

During dynamic time-history analysis, the maximum stress 

response is extracted 0.1 m from the conductor suspension point, 

a typical stress concentration zone. To assess material 

degradation's impact on life-cycle structural fragility, the 

conductor's limit state capacities at 0, 15, 30, and 50 years 

designated as T0, T1, T2, and T3 are determined based on 

aluminum strand residual strength Section 2.4, serving as time-

dependent failure thresholds. 

Fig. 12(a) and (b) present the fragility curves of the 

conductors across different service years for the Shenyang (10 

mm ice accretion) and Xianning regions, respectively. The 

analysis considers a wind angle of attack of 90°, which 

represents the most unfavorable load case. Specifically, at the 

initial service stage T0, the critical wind speed corresponding to 

a 10% failure probability is 18.67 m/s for the Shenyang region. 

Under the same failure probability, the critical wind speed for 

the Xianning region is 17.05 m/s. This indicates that during the 

initial service period, the conductors in Xianning exhibit higher 

fragility compared to those in Shenyang, which is attributed to 
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the more severe ice loads experienced in Xianning. In other 

words, they are more susceptible to failure at lower wind speeds. 

In Fig. 12(c) and (d), the fragility curves for both regions 

exhibit a relatively flat trend under a 0° wind angle of attack. 

Even at a high wind speed of 30 m/s and the T3 service stage, 

the failure probability of the OTLs remains at a consistently low 

level. This observation indicates that the failure probability of 

OTLs is closely correlated with the wind angle of attack, 

thereby highlighting the necessity of route optimization. 

Therefore, designers should avoid routing lines perpendicular to 

dominant local strong winds or locally enhance the structural 

capacity for specific wind attack angles. 

3.4. Reliability assessment 

Building upon the time-dependent failure probabilities derived 

in Section 3.3, this study further evaluates structural safety 

using the reliability index. The index is calculated via Eq. (25): 

𝛽 = −Φ−1(𝑃𝑓) (25) 

where Φ denotes the standard normal distribution. 

Unlike failure probability, which can span multiple orders of 

magnitude, the reliability index provides a linear and 

geometrically significant measure of safety [48,49]. A higher 𝛽 

value implies a lower failure probability and higher structural 

reliability. This transformation facilitates a more intuitive 

performance evaluation of OTLs subjected to combined wind-

ice loads and material degradation. In this study, the minimum 

target reliability index for the structure is established at 3.4. This 

value satisfies and exceeds the minimum requirement of 3.2 

specified for Grade II structures in the standard GB 50068-2018 

[50]. 

 

Figure 13. Time-dependent reliability index curves. 

Fig. 13 illustrates the time-dependent reliability index 

curves for both regions under combined wind and ice loads at 

the MADS design wind speed. Both regions show a monotonic 

decrease in reliability over time due to material deterioration. 

However, their decay rates and safety margins differ 

significantly under identical loading conditions, highlighting 

the decisive impact of climatic variations on the life-cycle 

reliability of OTLs. Specifically, the Shenyang region exhibits 

pronounced fragility; due to more severe environmental loads, 

its reliability index falls below the safety threshold after only 26 

years, with the failure probability surging to 40% by the end of 

its service life. In contrast, the Xianning region maintains  

a robust safety margin with a moderate decay rate, extending its 

safe service life to 40 years and keeping its end-of-life failure 

probability at a controllable 5%.The distinctly divergent 

reliability index curves of the two aforementioned regions 

demonstrate that the structural safety of OTLs is inherently 

time-dependent and strongly correlated with local 

meteorological conditions. Consequently, maintenance 

personnel must dynamically adjust inspection frequencies based 

on regional climatic characteristics to prevent sudden failures of 

OTLs. 

4. Conclusion 

This paper proposes a reliability assessment framework for 

OTLs that integrates regional climatic characteristics with full 

life-cycle effects. By combining the cumulative fatigue damage 

of conductors with system fragility curves, the failure 

probability of specific OTLs in the Shenyang and Xianning 

regions is evaluated from the dual dimensions of structural 

safety and service age. Consequently, time-dependent reliability 

index curves are obtained and discussed in detail. The main 
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conclusions are summarized as follows: 

(1) Based on historical meteorological data from 1975 to 

2025 in Shenyang and Xianning, a joint probability 

density model of wind speed and wind direction was 

established using the Frank Copula function. The results 

indicate that this model, by incorporating the correlation 

between wind speed and direction, can accurately 

quantify the occurrence probability of aeolian vibration 

across different climatic regions. 

(2) Vortex-induced forces generated by long-term aeolian 

vibration cause nonlinear degradation of the residual 

strength of aluminum strands, which significantly 

diminishes the ultimate structural resistance over the life 

cycle. 

(3) Neglecting the long-term fatigue damage of conductors 

creates significant safety blind spots. Fragility analysis 

results demonstrate that the failure probability of OTLs 

in the mid-to-late stages of service rises sharply when 

encountering extreme climates (e.g., surging to 40% near 

the end of the service life in severe ice-accretion regions). 

(4) The reliability of OTLs is highly correlated with regional 

climates, and the reliability indices of identical OTL 

models exhibit distinct decay trajectories in different 

regions. 

It should be noted that while OTLs are susceptible to various 

hazards throughout their life cycle, this study primarily focuses 

on wind and ice disasters. However, the proposed framework is 

highly adaptable and can be extended to evaluate the actual 

failure probabilities of OTLs under multi-hazard scenarios, such 

as rainfall or earthquakes. Ultimately, this methodology 

provides a crucial theoretical basis for further risk assessment 

and life-cycle optimization of transmission networks across 

diverse regional climatic conditions.
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