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SUMMARY  

Typhoon usually causes significant effects on coastal infrastructures, including long-span bridges, large wind turbines, 

transmission grids etc. Most current design standards rely on deterministic analysis of wind effects, inadequately 

addressing the variability of TC wind and fail to answer the reliability or failure probability of the structure. This study 

bridges this gap using stochastic TC simulations to analyze the failure of coastal structures from a probabilistic 

perspective. The semi-analytical 3D TC wind model, stochastic TC track model and data-driven turbulence parameter 

model are introduced to generate 10,000-year synthetic TC events and probabilistic wind fields. The wind dataset is 

applied to a long-span bridge, a wind turbine and a transmission tower to calculate their long-term structural responses. 

The variation of internal forces or displacements with wind speed at different positions of the structure are obtained. 

The annual failure probability of the structure is finally analyzed. The insights inform resilient structural designs in 

typhoon-prone regions, aiming to mitigate risks and economic losses associated with coastal infrastructure operations. 
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1. INTRODUCTION 

With an expanding span or height, modern infrastructures exhibit increasing flexibility, thereby 

elevating the susceptibility to wind excitation. This heightened sensitivity underscores the 

necessity of accurately assessing the wind environment and quantifying its effects on such 

structures, particularly those repeatedly exposed to extreme wind events such as typhoons, which 

commonly affect coastal regions of China. Great efforts have been put in estimating the typhoon-

induced vibration of flexible structures, which are usually based on deterministic inputs (Hu et al, 

2013). Nonetheless, uncertainties in the structural system, boundary conditions, aeroelastic terms, 

and external loads can all contribute to the scattered wind-induced vibrations. Typhoon winds, as 

one of the decisive external loads for coastal infrastructure, exhibit strong variability, which has 

been proved in many measured data thanks to the advances in field observation techniques. The 

use of the deterministic wind design parameters provided in codes and standards fails to account 

for the wide range of typhoon wind variability, and is insufficient to reproduce the stochastic nature 

of the structure response, which can even lead to underestimation of the measured results(Liu et 

al., 2022, 2023). Motivated by these challenges, this study adopts a probabilistic perspective to 

investigate typhoon effects on multiple representative infrastructures along the southeastern coast 

of China. 



2. TYPHOON WIND FIELD MODEL 

2.1 Semi-analytical 3D Typhoon Wind Field Model 

The TC boundary-layer wind field is derived from the momentum conservation equation (Fang et 

al., 2019, 2021a): 
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where 𝑝𝑐 is the central pressure, Δ𝑝the pressure deficit, 𝑅𝑚 is the radius to maximum wind speed, 

and 𝐵 a radial-shape parameter. Above the boundary layer, the gradient wind speed follows: 
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where 𝑓 is the Coriolis parameter and 𝑉𝑡 is the storm translation velocity. These relations allow 

simulation of height-varying mean wind-speed profiles at any typhoon life-cycle stage. 

2.2 Stochastic Typhoon Track Model 

The typhoon track model stochastically generates typhoon paths from genesis to lysis while 

preserving the statistical characteristics of historical observations. The evolution of key 

parameters-translation speed 𝑉𝑇, heading direction 𝜃𝑇 , relative intensity 𝐼𝑢, radius to maximum 

wind speed 𝑅max,𝑠 , and radial pressure-shape parameter 𝐵𝑠 , which can be formulated using 

recursive relationships calibrated from the JMA Best Track dataset (Fang et al., 2021b): 
Δ ln𝑉𝑇 = 𝑣1 + 𝑣2 ln 𝑉𝑇 (𝑖) + 𝑣3 ln 𝑉𝑇 (𝑖 − 1) + 𝑣4𝜃𝑇(𝑖) + 𝜀Δln𝑉𝑇  (4) 

Δ𝜃𝑇 = 𝜃𝑇(𝑖 + 1) − 𝜃𝑇(𝑖) = ℎ1 + ℎ2𝜃𝑇(𝑖) + ℎ3𝜃𝑇(𝑖 − 1) + ℎ4𝑉𝑇(𝑖) + 𝜀Δ𝜃𝑇  (5) 
ln[𝐼(𝑖 + 1)] = 𝑐1 + 𝑐2 ln[𝐼(𝑖)] + 𝑐3 ln[𝐼(𝑖 − 1)] + 𝑐4 ln[𝐼(𝑖 − 2)] 

+𝑐5𝑇𝑠(𝑖 + 1) + 𝑐6[𝑇𝑠(𝑖 + 1) − 𝑇𝑠(𝑖)] + 𝜀ln(𝐼) 
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𝐵𝑠(𝑖 + 1) = 𝑏1 + 𝑏2√𝑅𝑚𝑎𝑥,𝑠(𝑖 + 1) + 𝑏3𝐵𝑠(𝑖) + 𝑏4𝐵𝑠(𝑖 − 1) + 𝜀𝐵𝑠 
(8) 

where 𝑣𝑗 , ℎ𝑗 , 𝑟𝑗, 𝑏𝑗 (𝑗 = 1 to 4) and 𝑐𝑘 (𝑘 = 1 to 6) represent model regression coefficients; 𝜀  is 

error terms constructed to represent the discrepancies between the regression model and the actual 

measured data; 𝐼 is the relative intensity of typhoon. 

2.3 Probabilistic Turbulence Parameter 

The typhoon turbulence spectrum follows (Liu et al., 2022): 

𝑆(𝜔) =
𝜎𝑢
2𝐴𝑧

𝑈(1 + 1.5𝐴
𝜔𝑧
2𝜋𝑈)

5
3

 (9) 

where 𝐴 is a dimensionless spectral parameter, which is modeled as lognormally distributed with 

both mean and variance correlated with mean wind speed 𝑈. 

The along-wind turbulence intensity 𝐼𝑢(𝑧) is described by a GEV distribution: 
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where the parameter 𝜇  and scale parameter 𝜎  at different heights are fitted using exponential 

functions, while the shape parameter 𝑘 is obtained through interpolation at various heights. 

3. RELIABILITY ANALYSIS OF COASTAL STRUCTURES 

3.1 Long-span bridges 

Figure 1(a) illustrates the evolution of the probability density distribution of the buffeting response 

with respect to the mean wind speed of Xihoumen Bridge, represented here by the mid-span RMS 

acceleration. The predicted probabilistic bounds almost fully encompass the measured scatter of 

the typhoon-induced response. Theoretically, all measurement data should fall within the high-

probability prediction region (the yellow sphere). Figure 1(b) shows the exceeding probability of 

10-min peak vertical displacement in mixed climate, which can be further used in loss analysis 

and performance-based wind design. With the increase in peak displacement threshold, the 

exceeding probability first diminishes violently and then decreases slowly. 

(a) (b)  

Figure 1: Vertical acceleration RMS: (a) Modeled and measured data; (b) Exceeding probability of peak responses 

3.2 Wind Turbine 
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                             Figure 2. Safety factor of the blade                               Figure 3. Exceeding probability 

Figure 2 show the risk situations of the DTU 10MW wind blade, with each column representing 

the distribution of safety factors subjected to each typhoon event. It can be observed that under 

typhoon conditions, the safety factor at the mid-span of the blade is less than 1, indicating that 

the load exceeds resistance, implying a potential for structural damage. Structural failure is 

considered to occur when the local load demand at any blade cross-section exceeds its 

corresponding resistance. The structural reliability indices recommended by ASCE, which are 

applicable to the typhoon conditions. Because wind-turbine damage under typhoon winds is 

typically sudden and can lead to substantial economic losses, it is categorized as either sudden 

or progressive failure. Based on the annual failure probability, the estimated blade failure 

probability (8.0 × 10−5) exceeds the ASCE target values. This indicates that, for the selected 

TC-prone site, the structural safety design of the wind turbine should be further enhanced to 

withstand extreme typhoon hazards. Figure 3 presents the exceedance probability of blade-tip 
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deflection, As the peak displacement threshold increases, the exceedance probability drops 

rapidly and then decreases more gradually. 

3.3 Transmission Tower 

The selected transmission tower is a self-supporting double-circuit drum-type structure with a total 

height of 43.6 m and a base height of 27.0 m. The static condensation method is employed to 

facilitate a significant model order reduction for the transmission tower. The procedure condensed 

the system from 3,168 to 168 degrees of freedom, thereby enabling a substantial increase in 

computational efficiency alongside maintained high fidelity, shown in Figure 4. Under a 10,000-

year return period typhoon load case, the dynamic response of the reduced-order model is 

investigated. The frequency-domain modal superposition analysis is conducted to obtain the top 

displacement time history, based on which the exceeding probability of the peak displacement is 

evaluated. Figure 5 shows the exceeding probability of the peak response, where the peak 

responses corresponding to exceeding probabilities of 0.05 and 0.01 are 0.262 m and 0.641 m, 

respectively. 

          

                             Figure 4. Transmission tower                           Figure 5. Exceeding probability 
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