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Abstract

Dynamic wind-induced vibrations of structures will cause cyclic stresses in structural
elements, potentially leading to fatigue damage accumulation or structural failure. Existing
research on wind-induced fatigue mainly focuses on tower and large-span steel structures,
such as chimneys, signal towers, transmission towers, long-span bridges, and wind turbines.
However, existing studies on wind-induced fatigue damage in tall steel buildings remain
limited. To determine whether and under what conditions wind-induced fatigue damage
needs to be considered in tall steel structures, this study investigates wind-induced fatigue
failure through wind tunnel tests and numerical simulations. Specifically, six real tall steel
buildings were examined to assess their fatigue life under dynamic wind loads. First,
wind tunnel tests using synchronous pressure models were conducted to obtain wind
load time histories of these six buildings. Subsequently, time histories of wind-induced
displacements and component stresses were calculated. The wind-induced fatigue life of
each building was evaluated using the rain-flow counting method and the Palmgren–Miner
rule, revealing that the fatigue life generally exceeds 400 years. The results demonstrate
that tall steel structures designed according to current standards perform well in resisting
wind-induced fatigue damage. Furthermore, when the ratio of the wind-induced root mean
square (RMS) stress to the ultimate strength of a structural element reaches 0.125–0.164,
the fatigue life of components may fall below the design life, indicating the necessity of
considering potential fatigue damage. The RMS stress ratio can be preliminarily compared
with the RMS stress ratio threshold proposed in this study to determine whether wind-
induced fatigue damage needs to be considered in tall steel buildings. Finally, a simplified
fatigue life prediction formula is established to provide approximate estimates for the
fatigue life of tall steel buildings.

Keywords: tall steel buildings; wind-induced fatigue failure; wind-induced vibration;
time-domain analysis; wind tunnel test

1. Introduction
As is well known, cyclic stress in structural elements may lead to fatigue phenomena,

even if the cyclic stress is smaller than the material’s stress limit [1–5]. For wind-sensitive
structures, dynamic wind-induced vibrations will result in fluctuating stress of structural
elements. Fluctuating stress may lead to fatigue failure, and many instances of damage
or collapses have been observed in various types of structures [6,7]. Extensive research
has been conducted on the fatigue problems of wind-sensitive structures. For example,
Ribeiro [8] proposed a methodology for assessing the wind-induced fatigue life of tall
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towers and applied this method to a 120 m cable-stayed steel lattice tower. Huo [9]
investigated the wind-induced fatigue analysis of typical pitch-controlled 1.25 MW wind
turbine structures. Banday [10] studied the buffeting-induced fatigue damage of long-span
bridge decks under uncertain turbulence conditions. Rong [11] examined the wind-induced
fatigue performance of large-span transmission tower-line systems, taking into account the
combined probability distribution of wind direction and speed. From the perspective of
research subjects, existing studies mainly focus on tower and large-span steel structures,
including transmission towers [11,12], chimneys [13,14], signal towers [7,8,15], long-span
bridges [16–18], large-span spatial structures [19,20], wind turbines [21–24], and other
structures [25–28].

However, unlike the design and studies of other wind-sensitive structures where
significant attention is paid to wind-induced fatigue analysis, the wind resistance design
of tall buildings primarily focuses on the ultimate bearing capacity of structural elements,
with relatively little attention given to cumulative fatigue damage. There is limited research
on wind-induced fatigue in steel tall buildings, and few case studies have been conducted
on the fatigue life of actual tall structures. Reference [29] mainly proposed an evaluation
model for the fatigue life of structural components in buildings equipped with viscoelastic
dampers and conducted fatigue analysis on a 15-story building. Reference [30] introduced
a generalized cluster analysis framework and applied it to evaluate the crosswind fatigue
life of the pinnacle of Burj Khalifa. Although these studies addressed specific technical
challenges in fatigue analysis of tall steel structures, the case studies employed were pri-
marily for validating the proposed methodologies rather than systematically investigating
the fatigue life of real tall steel buildings. Due to the inadequacy of related research, two
critical questions remain unanswered: Is it necessary to consider the fatigue life of steel tall
buildings due to wind-induced vibrations under current normal design conditions? Under
what specific conditions is it necessary to consider the fatigue life of steel tall buildings?

To address the aforementioned two questions, this study investigates the wind-
induced fatigue life through case studies of six actual steel tall buildings. This research
aims to evaluate the fatigue life of tall steel structures under current conventional design
conditions and identify the specific conditions under which fatigue damage becomes a
critical concern for tall steel structures. This study further establishes an empirical fatigue
threshold based on the root mean square stress ratio and develops a simplified fatigue
life prediction formula, providing practical design references for engineers conducting
wind-induced fatigue design of tall steel structures.

2. Prototype Buildings and Wind Tunnel Test
This study examines six steel tall buildings located in three regions of China. The main

information is shown in Table 1. The dynamic characteristics such as natural frequencies
and corresponding mode shapes were obtained through finite element analysis (FEA)
software. The finite element model employed for wind-induced response calculations in
this study is a comprehensive three-dimensional spatial model that incorporates all six
spatial degrees of freedom and accurately accounts for the mass and stiffness distribution
of the structure. Notably, the fundamental dynamic parameters—specifically the first three
natural frequencies and mode shapes—are comparatively presented in Table 1.

The above six buildings are all practical tall structures with wind-resistant designs
conducted by the author’s research team. Synchronous pressure wind tunnel tests, which
enable quantification of wind load spatial correlations, were performed in the WD-1 bound-
ary layer wind tunnel at Wuhan University. The scaled rigid pressure models were fabri-
cated from polymathic methacrylate and Figure 1 shows photographs of the wind tunnel
test models for each building. A specific number of pressure points were arranged on the
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surface of the models to measure the fluctuating wind pressure. The sampling time for
the fluctuating pressure was 60 s, and the corresponding prototype sampling durations
all exceed 50 min according to similarity theory. The sampling frequency of 331 Hz was
calibrated to encompass the fundamental modal frequencies of the prototype structure in
compliance with the Nyquist sampling theorem. Simultaneously, the blockage ratio was
maintained below 5% to ensure the wind pressure data remained unaffected by blockage
effects. The rigid model demonstrated sufficient stiffness and was securely anchored to the
base, preventing any wind-induced displacement that could compromise the authenticity
of the wind load data. The six buildings examined in this study are all bluff bodies with
sharp edges, which exhibit minimal sensitivity to Reynolds number effects. Consequently,
such effects are generally considered negligible in structural wind-resistant design [31,32].
The main information of the wind tunnel tests for each building model is presented in
Table 2, and the wind direction angles and coordinate definition are illustrated in Figure 2.

Table 1. Main information of each building.

Building Location Height First Three Modes First Three
Frequencies Designed Group

1# Changsha 347 m

       

0.17 Hz Hunan Provincial
Architectural Design Institute

Group Co., Ltd. Changsha,
China.

0.18 Hz

0.34 Hz

2# Wuhan 187 m

   

0.23 Hz
Wong Tung Group.
Hongkong, China.

0.29 Hz

0.35 Hz

3# Wuhan 157 m

   

0.27 Hz
Wong Tung Group.
Hongkong, China.

0.33 Hz

0.40 Hz

4# Wuhan 242 m

     

0.18 Hz CITIC Architectural Design &
Research Institute Co., Ltd.

Wuhan, China.
0.20 Hz

0.28 Hz

5# Wuhan 248 m

     

0.16 Hz Central-South Architectural
Design and Research Institute

Co., Ltd. Wuhan, China.
0.21 Hz

0.26 Hz

6# Huangshi 92 m

   

0.39 Hz Central-South Architectural
Design and Research Institute

Co., Ltd. Wuhan, China.
0.43 Hz

0.46 Hz

      
(a) (b) (c) (d) (e) (f) 

Figure 1. Wind tunnel test photos of each building: (a) building 1#; (b) building 2#; (c) building 3#;
(d) building 4#; (e) building 5#; (f) building 6#.
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Table 2. General information of rigid pressure model test.

Building Ground
Roughness Category

Geometric
Scale Ratio Wind Direction Pressure

Point Number

1# C 1:400 0–350◦, interval 10◦ 360

2# B 1:200 0–345◦, interval 15◦ 582

3# B 1:200 0–345◦, interval 15◦ 574

4# C 1:250 0–345◦, interval 15◦ 510

5# C 1:300 0–345◦, interval 15◦ 499

6# B 1:200 0–345◦, interval 15◦ 402

 

      
(a) (b) (c) (d) (e) (f) 
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Figure 2. Wind direction and coordinates: (a) building 1#; (b) building 2#; (c) building 3#;
(d) building 4#; (e) building 5#; (f) building 6#.

3. Probability Distribution of Wind Speed and Direction
The wind speed and direction samples used in this study are derived from statistical

data provided by the China Meteorological Data Network (https://www.cma.gov.cn/
(accessed on 5 January 2022)), specifically the daily maximum wind speed values and
corresponding wind direction data at a height of 10 m, with a 10 min average time interval,
recorded over the past 30 years at the Changsha, Wuhan, and Huangshi meteorological sta-
tions, respectively. Based on the statistical data of wind speed and direction, the probability
distributions of wind speed and direction for each region can be obtained (see Figure 3).

After obtaining the frequency distribution of wind speed samples within each wind
speed and direction interval, the Gumbel distribution was used to express the joint distri-
bution function of wind speed and direction with the expression:

P(x, θ) = f (θ) exp
[
− exp

(
− x − b(θ)

a(θ)

)]
(1)

where x represents the average wind speed value, θ denotes the wind direction angle,
P(x, θ) is the probability of occurrence for each wind speed and direction, and f (θ) is the
wind direction frequency function that reflects the distribution of extreme wind speed
samples across different wind directions; a(θ) and b(θ) are the scale parameter and location
parameter, respectively.

The meteorological statistical data are results under discrete wind directions and
speeds, while wind vibration analysis requires the density function of all possible wind
speeds and directions. To address this issue, harmonic functions [33] were employed to fit
the wind direction frequency and the distribution function parameters around the entire
circumference. The formulas are shown as follows:

f (θ) = cθ +
n

∑
i=1

dθ cos(iθ − eθ) (2)

https://www.cma.gov.cn/
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a(θ) = ca +
n

∑
i=1

da cos(iθ − ea) (3)

b(θ) = cb +
n

∑
i=1

db cos(iθ − eb) (4)

  

(a) (b) 

 
(c) 

Figure 3. Probability distribution of wind speed and direction: (a) Changsha; (b) Wuhan;
(c) Huangshi.

In the above equations, c, d, and e are the undetermined parameters in the harmonic
function, with the superscripts θ, a, and b used to distinguish the wind direction frequency
function, scale parameter, and shape parameter, respectively; n represents the order of the
harmonic function, and n is set to 5 according to accuracy requirements. The least squares
method is used to fit each undetermined parameter, thereby obtaining the joint probability
distribution model of wind speed and direction for each region, and the fitting results
are shown in Figure 4. By comparing the results in Figures 3 and 4, it can be seen that
the distribution model is quite consistent with the probability distribution of the original
statistical results; meanwhile, calculations show that the correlation coefficient between the
fitted results and the actual sample data for each wind direction is above 0.996, indicating a
high fitting accuracy.
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(a) (b) (c) 

Figure 4. Probability distribution model of wind speed and direction: (a) Changsha; (b) Wuhan;
(c) Huangshi.

After obtaining the joint probability distribution function of wind speed and direction
at the meteorological station, the joint distribution function at the building location can
be derived based on the wind speed conversion relationship, which can then be used for
structural wind-resistant design.

4. Calculation of Wind-Induced Response
4.1. Static Wind-Induced Response

The wind-induced static and dynamic response of the structure can be calculated
based on the structural mechanic theory and wind load obtained from wind tunnel tests.
First, the mean wind load at each position of the building surface under different wind
directions is obtained by averaging the wind load time history. These mean wind loads
are then converted into concentrated forces at corresponding positions of structure nodes,
which are subsequently applied to the finite element model in the form of nodal forces with
three components of orthogonal decomposition. Static analysis of the loaded finite element
model yields the mean wind-induced displacements and the mean wind-induced stress
responses of structural elements. Taking building 4# as an example, Figure 5, Figure 6, and
Figure 7 illustrate the node concentrated force, displacement results, and element stress
results for the first six wind directions of the structure, respectively.

       
(a) (b) (c) (d) (e) (f) (g) 

Figure 5. Partial details of applied mean wind forces (Unit: N): (a) structural model; (b) 0◦; (c) 15◦;
(d) 30◦; (e) 45◦; (f) 60◦; (g) 75◦.



Appl. Sci. 2025, 15, 11736 7 of 18

       
(a) (b) (c) (d) (e) (f)  

Figure 6. Mean displacement response of structure (Unit: m): (a) 0◦; (b) 15◦; (c) 30◦; (d) 45◦; (e) 60◦;
(f) 75◦.

      
(a) (b) (c) (d) (e) (f)  

Figure 7. Mean stress response of components (Unit: MPa): (a) 0◦; (b) 15◦; (c) 30◦; (d) 45◦; (e) 60◦;
(f) 75◦.

4.2. Dynamic Wind-Induced Response

Based on the dynamic wind loads derived from wind tunnel tests and the structural
dynamic characteristics, the wind-induced response was calculated using the direct time
history integration method. The calculation results indicate that for wind-induced displace-
ment responses, the fundamental modes (Modes 1 to 3, corresponding to two translational
modes and one torsional mode) contribute over 95% to the total vibration response, whereas
the contributions of Modes 7 to 9 are negligible. Meanwhile, acceleration responses are also
dominated by lower-order modes, with higher-order modes (Modes 7 to 9) contributing less
than 5%. To ensure computational accuracy, the first nine modes are adopted for dynamic
analysis in this study. The above calculation process of wind-induced vibration can be
implemented through MATLAB version R2016b programming, and the relevant algorithms
are already well-known in the wind engineering field, so the detailed process will not
be introduced. After calculating the wind-induced dynamic displacement response time
history using time-domain methods and considering the average displacement response
obtained in Section 4.1, the total dynamic displacement response of each building can be
calculated. Figure 8 shows the dynamic displacement response of six buildings in the
weak axial direction at various wind direction angles. Table 3 shows the maximum top
lateral displacement of each building, which is the ratio of the extreme displacement to
the structural height. According to the results in Table 3, the top lateral displacement is
less than 1/1000, which is a very small value. The design codes stipulate that the top
lateral displacement of tall buildings should be less than 1/400 [34]; clearly, the lateral
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displacements of the six buildings discussed in this paper are all significantly smaller than
this value.
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Figure 8. Wind-induced extreme displacement response: (a) building 1#; (b) building 2#; (c) building
3#; (d) building 4#; (e) building 5#; (f) building 6#.

Table 3. Lateral top displacement of each building.

Building 1# Building 2# Building 3# Building 4# Building 5# Building 6#

structural height 347 m 187 m 157 m 242 m 248 m 92 m

lateral
displacement 0.23 m 0.084 m 0.068 m 0.21 m 0.24 m 0.015 m

displacement ratio 1/1510 1/2230 1/2310 1/1150 1/1030 1/6133
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The number of structural elements of each building is about 20,000 to 100,000, so the
computational workload is too large to directly calculate the stress time histories of all
elements using time-domain methods. To address this, a simplified approach was adopted
to compute the time histories of element stress. First, the relationship between structural
displacements and element stresses was established through the finite element model
loading described in Section 4.1. Based on this relationship and the displacement response
time history results from Section 4.2, the stress response time histories of every element
can be derived. As is known, locations with maximum stress amplitude are typically the
initiation points of fatigue failure [34]. Figure 9 shows the locations of the maximum-stress
element (termed “critical element“ in this study) among the steel elements in each building.
Figure 10 presents the stress time histories of these critical elements under 0◦ wind direction
with once-in-a-century wind speeds. As shown in Figure 10, the maximum stresses in
critical elements of all buildings remain below 100 MPa, much smaller than the ultimate
strengths of Q235 and Q345 steel materials.

    
(a) (b) (c) (d) (e) (f) 

Figure 9. Critical elements of each building: (a) building 1#; (b) building 2#; (c) building 3#;
(d) building 4#; (e) building 5#; (f) building 6#.
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Figure 10. Stress time history of critical element (wind direction: 0◦): (a) building 1#; (b) building 2#;
(c) building 3#; (d) building 4#; (e) building 5#; (f) building 6#.
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5. Calculation and Analysis of Fatigue Life
5.1. Calculation Method

Wind tunnel tests can obtain the wind load time history of specific wind speeds
and directions over a limited duration, which can be converted into structural wind load
time histories for all practical wind speed–direction combinations by applying similarity
relationships and considering the ergodic property of wind loads. Subsequently, stress
response time histories under different actual wind speeds and directions can be derived
through relevant calculations with consideration of joint wind speed–direction distribution.
Thereafter, the annual fatigue damage can be calculated as follows:

First, the rain-flow counting method is used to record the number of cycles for each
stress amplitude. Miner’s linear damage accumulation rule posits that fatigue damage
under variable-amplitude loading can be calculated through linear superposition and is
independent of the loading sequence [3]. The number of cycles leading to fatigue failure of
the material varies under different stress amplitudes, and the relationship between the two
can be described by the well-known S-N equation, expressed as a power function:

NSm = C (5)

where S represents the stress amplitude and N denotes the number of cycles to failure cor-
responding to the stress amplitude. The constants m and C are material-specific parameters,
with values determined according to relevant standards [34]: C = 3.26 × 1012, m = 3.

Subsequently, the annual fatigue damage can be calculated based on Miner’s linear
cumulative damage rule as follows:

D =
k

∑
i=1

ni
N

≤ 1 (6)

where k is the number of calculation intervals, n is the actual number of cycles for each
stress amplitude, and D represents the cumulative damage value over one year. Fatigue
failure occurs when the total cumulative damage value reaches 1.

Thus, the fatigue life can be determined as:

T =
1
D

(7)

5.2. Calculation Results and Analysis

To investigate the impact of different wind speeds on fatigue life, Figure 11 presents
the root mean square (RMS) stress values and annual fatigue damage of critical structural
components for each building under the most unfavorable wind direction at wind speeds
of 5 m/s, 10 m/s, 15 m/s, and 20 m/s. It can be found that the variation trends of RMS
stress and fatigue damage with increasing wind speed are generally consistent across all
critical components, both exhibiting monotonic growth. When wind speed remains below
10 m/s, the fatigue damage values of all critical components remain relatively close with
minimal incremental changes. However, once wind speed exceeds 10 m/s, the amplitude
of increase in fatigue damage becomes substantially more pronounced. This phenomenon
occurs because stress values at critical structural locations experience accelerated growth
beyond the 10 m/s threshold, consequently imposing greater impact on fatigue life and
leading to its significant reduction.
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Figure 11. Variations of RMS stress and annual fatigue damage with wind speed: (a) RMS stress;
(b) annual fatigue damage.

Figure 11 presents the fatigue life of critical members in the tall steel structure under
the most unfavorable wind direction. However, in reality, the actual fatigue life of structural
members differs from that under a single wind direction due to variations in wind direction.
To account for the joint distribution of actual wind direction and speed, the calculation
results for critical elements are presented in Table 4, where T1 represents the fatigue life of
each critical element under the joint distribution of actual wind speed and direction. Since
the probability distribution of wind speed and direction varies across different regions, an
extreme situation is also considered in this study, where the prevailing wind direction is
assumed to mainly occur in the hazardous direction for structure, and the corresponding
fatigue life is denoted as T2 in Table 4. As can be seen from Table 4, the fatigue life of each
tall building is over 400 years. The design life of large tall buildings is about 100 years
according to current design codes [34,35], so the above calculated fatigue life significantly
exceeds the design life, which means that wind-induced fatigue failure will not occur
within the service life.

Table 4. Calculated fatigue life of each building.

Building Material Fatigue Life T1 Fatigue Life T2

1# Q345 533.97 years 391.98 years
2# Q345 647.63 years 468.67 years
3# Q235 681.87 years 569.87 years
4# Q345 732.66 years 582.93 years
5# Q345 714.72 years 611.14 years
6# Q345 645.24 years 502.90 years

Figure 12 displays the fatigue damage rates of selected members in a long-span
structure from reference [19] under both fixed and random wind directions. As shown in
Figure 12, the fatigue damage rate under fixed wind direction is higher than that under
random wind directions, indicating that the fatigue life under random wind directions
exceeds that under fixed wind direction. This observation aligns with the results presented
in Table 4 and Figure 11 in this paper, thereby validating the findings of our study. The
difference arises because when wind consistently loads the structure from one direction,
a small group of members remains perpetually within the most critically affected zone,
leading to an unchanged damage distribution pattern.
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Figure 12. Fatigue damage rates of selected members in a long-span structure [19].

The above analysis indicates that both the element stresses and fatigue life have
significant safety margins for the cases discussed in this study. Since wind speeds vary
across different regions, and the design conditions and safety margins of each building
may be different, the fatigue life may decrease to some extent when these tall buildings are
located in areas with higher wind speeds or when the design margins for element stresses
are smaller. To discuss the conditions under which it is necessary to consider fatigue life,
the design wind speed is gradually increased until the fatigue life is reduced to 100 years,
and then the corresponding element stress conditions are examined. Table 5 presents the
RMS stress in the critical elements of each tall building when the fatigue life is 100 years.

Table 5. The RMS stress when fatigue life is 100 years.

Building RMS Stress Stress Ratio ησ
RMS Stress in

Extreme Conditions ησ in Extreme Conditions

1# 71.0 MPa 0.145 41.8 Mpa 0.085
2# 61.0 MPa 0.125 41.9 Mpa 0.086
3# 61.8 MPa 0.164 44.3 Mpa 0.118
4# 77.8 MPa 0.159 45.1 Mpa 0.092
5# 62.2 MPa 0.127 45.8 Mpa 0.093
6# 66.8 MPa 0.136 49.6 Mpa 0.101

In Table 5, the symbol ησ is the ratio of RMS stress of the critical element to its ultimate
strength. It can be seen from Table 5 that the fatigue life of the critical elements will be
shorter than its design life when the ratio ησ reaches 0.125–0.164, which means it is necessary
to consider the fatigue damage of the structure under this condition. Furthermore, under
extreme conditions where the prevailing wind predominantly acts in the most hazardous
direction for the structure, the fatigue life of the critical element will be shorter than
the design life when ησ reaches 0.085–0.118, also necessitating consideration of potential
fatigue damage.

5.3. Approximate Method to Estimate Fatigue Life

Taking the wind direction angles of 0◦ to 45◦ for building 1# as an example, the
relationship between the RMS stress of the elements and fatigue damage is shown in
Figure 13. It can be observed from Figure 13 that the RMS stress of the elements is positively
correlated with fatigue damage, and the fatigue damage increases approximately in a
parabolic manner with the rise of RMS stress. To provide a simplified estimation method
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for the fatigue life of tall buildings, an approximate relationship between fatigue damage
and RMS stress is proposed based on the results of Figure 13, as follows:

D = 0.69η2
σ + 0.11ησ (8)

where ησ is also the dimensionless stress value, equal to the ratio of the RMS stress of the
critical element to its ultimate tensile strength. The coefficient of determination (R2) for
Equation (8) is 0.923. Note that Figure 13 shows that the ησ–fatigue life relationship varies
with wind direction; since this study solely provides an approximate method to estimate
fatigue life based on case studies, this directional variation was not incorporated.
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Figure 13. Relationship between RMS stress and fatigue damage.

Based on the estimation formula of Equation (8) and the wind speed–direction joint
distribution, the fatigue life of critical elements can be calculated. Table 6 presents a
comparison between the fatigue life values derived from the estimation formula and those
from time-domain calculations. As seen from Table 6, the results from the two methods
show good agreement, with a maximum error within 20%, indicating that the estimation
formula has acceptable accuracy and can be used for preliminary estimation of fatigue life.

Table 6. Calculation results and fitting results of fatigue life.

Building Calculated Fatigue Life Estimated Cumulative
Damage by Equation (8) Estimated Fatigue Life

1# 533.97 years 0.00199 500.68 years
2# 647.63 years 0.00182 548.19 years
3# 681.87 years 0.00167 599.25 years
4# 732.66 years 0.00155 644.49 years
5# 714.72 years 0.00159 627.19 years
6# 645.24 years 0.00179 558.41 years

5.4. About the Application of This Research in Practical Engineering

The main argument of this study is that when the RMS stress ratio ησ reaches a certain
value, it becomes necessary to consider the potential fatigue damage of steel tall buildings.
The finding can provide reference for two types of professionals in practical engineering:
first, wind resistant consultants or researchers in research institutions, and second, structure
designers in design institutes.
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For wind resistance consultants or researchers, when conducting wind resistance
analysis for steel tall buildings on the basis of wind tunnel tests, the time history of
wind loads on the building surface can be obtained first. Thereafter, the RMS stress of
structural elements can be determined according to the relevant theoretical calculations,
and subsequently, the RMS stress ratio ησ can be calculated. This ratio can be used to
determine whether fatigue life verification is necessary.

For structural designers in design institutes, another stress ratio can be directly ob-
tained through structural design software during the design process, which is the ratio of
equivalent stress to ultimate tensile strength (termed “equivalent stress ratio”). The rela-
tionship between the equivalent stress ratio and the RMS stress ratio is derived as follows.

According to random vibration theory, the relationship between the equivalent load
and the root mean square load is as follows:

Fe = Fm + gFσ (9)

where Fe, Fm, and Fσ represent the equivalent wind load, mean wind load, and RMS wind
load, respectively. g is the peak factor, and its value can be determined by referring to the
relevant wind load code or through statistical analysis of wind tunnel test data.

The equivalent load is equal to the product of the mean load and the wind vibration
coefficient, which can be abbreviated as:

Fe = βFm (10)

where β is the wind vibration coefficient and its value can be determined by referring to
relevant wind load codes.

According to Equations (9) and (10), the relationship between the equivalent load and
the RMS load can be expressed as:

Fe =
gβ

β − 1
Fσ (11)

For a given load and structural form, the relationship between the equivalent load and
the RMS load also corresponds to the relationship between the equivalent stress and the
RMS stress of the structural elements. Therefore, the relationship between the equivalent
stress ratio ηe and the root mean square stress ratio ησ is as follows:

ηe =
gβ

β − 1
ησ (12)

The RMS stress ratio threshold proposed in Section 5.2 of this paper may serve as
a reference for wind-resistant design guidelines. After obtaining the RMS stress ratio,
designers can compare its value with the RMS stress ratio threshold proposed in Section 5.2
to make a preliminary determination of whether fatigue damage needs to be considered.
When the RMS stress ratio of key members reaches 0.125–0.164, the tall steel building
should undergo detailed fatigue life assessment. When the structurally most hazardous
wind direction aligns with the prevailing wind direction and the RMS stress ratio reaches
0.085–0.118, a refined structural fatigue life evaluation is also required. It is important to
note that orienting the building to avoid alignment between the most hazardous wind
direction and the prevailing wind direction can significantly enhance both structural safety
and economic efficiency.

For the aforementioned two types of professionals, once the need for fatigue life
verification is determined, an approximate estimation of the fatigue life can be made using
the estimation formula proposed in this study. Alternatively, as the proposed method in
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this paper is merely an approximate and simplified calculation, the fatigue life can also be
accurately calculated based on existing relevant algorithms.

6. Limitations in This Study and Future Research Prospects
This study focused on investigating the fatigue life of primary structural components

in tall steel buildings, without modeling non-structural elements. However, as noted in
the literature [36], masonry infill walls, cladding, and other non-structural elements may
significantly influence the overall behavior of the structural system, particularly under
lateral loading conditions. Therefore, to accurately determine the fatigue life of structural
members, future studies should incorporate non-structural components in modeling. Ad-
ditionally, to align with common design scenarios specified in Chinese codes, this study
primarily analyzed the structure under linear assumptions and did not account for nonlin-
ear effects such as soil–foundation–structure interaction and local nonlinear effects. Further
research incorporating these aspects could enhance the accuracy and comprehensiveness
of the findings.

This study is limited to a case study analysis of only six tall steel buildings; therefore
the estimation Equation (8) is derived from only six case studies and may not generalize to
all tall building configurations since the design parameters such as structure form, building
shape, vibration frequency, building height, design wind speed, and ground roughness
will affect structure vibrations and fatigue life. Moreover, directional variability and non-
Gaussian turbulence effects were not explicitly considered in the simplified approach. and
other random parameters of the structure such as randomness in material properties were
also not included in Equation (8). For improved accuracy of Equation (8), these factors need
to be integrated into future investigations. Similarly, due to the limited sample size in this
study, the proposed RMS stress ratio threshold should only be regarded as a preliminary
estimation for wind-induced fatigue damage. To establish a widely applicable stress ratio
threshold, systematic analysis with a substantially expanded dataset is required.

It should be emphasized that Equation (8) depends on both the structural parame-
ters of tall steel buildings and the characteristics of wind loads, such as building height,
structural configuration, modal shapes, and regional wind load characteristics. The struc-
tural vibration modes directly determine the dynamic response under wind excitation,
consequently influencing stress distribution throughout the structure and thereby critically
affecting the wind-induced fatigue life of components. Building height and configuration
govern the natural frequencies and modal characteristics, which subsequently modify
the wind-induced response and ultimately impact the fatigue life of structural members.
Furthermore, wind load characteristics directly govern the dynamic structural response.
As demonstrated in Figure 11, significant variations in structural stress patterns under
different wind velocities consequently lead to substantial differences in fatigue life.

With the deepening of studies on the impact of multiple hazards on structural safety,
the effects of multi-hazard coupling on fatigue damage and the dynamic response of tall
steel buildings should become a key focus of future investigations, such as those into
wind–earthquake interaction and rain–wind interaction. Additionally, the exploration
of advanced technical approaches, such as machine learning-based fatigue estimators
trained on larger datasets, could also be pursued to enhance predictive generalization in
wind-induced fatigue analysis.

7. Conclusions and Prospect
This study conducts a systematic investigation into the wind-induced fatigue life of six

tall steel structures. It firstly determines whether conventionally designed tall steel build-
ings require consideration of wind-induced fatigue damage. Subsequently, it establishes
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empirical indicators and corresponding thresholds for assessing when such considerations
become necessary in tall building design. Finally, the research provides an approximate
empirical formula for preliminary estimation of fatigue life in tall steel structures, thereby
furnishing structural designers with evidence-based guidance for evaluating wind-induced
fatigue performance. A detailed summary of conclusions is provided below:

(1) Under the current normal design conditions, both the element stresses and fatigue
life of steel tall buildings exhibit significant safety margins. The fatigue life is approx-
imately over 400 years, indicating that wind-induced fatigue failure will not occur
within the design life.

(2) When the ratio of the RMS stress to the ultimate tensile strength reaches 0.125–0.164,
the fatigue life of the critical elements will be shorter than the design life. In such cases,
it is necessary to consider the potential for fatigue failure of the structure. Designers
should take preventive measures to avoid the occurrence of such scenarios.

(3) Under extreme conditions where the prevailing wind predominantly acts in the most
hazardous direction, the fatigue life of critical elements will be shorter than the design
life when the stress ratio reaches 0.085–0.118, also necessitating consideration of
potential fatigue damage of the steel tall building.

(4) This paper proposes an approximate estimation formula for the fatigue life of steel
structure tall buildings. This approximate formula can assist designers in mak-
ing preliminary estimations of the wind-induced fatigue life for tall steel buildings.
A procedure based on the RMS stress ratio is proposed to preliminarily assess whether
structural fatigue life needs to be considered. When the estimation results indicate
that the fatigue life is close to the design life, further precise calculations of fatigue life
should be conducted.

(5) It should be mentioned is that this study discusses only six engineering cases; the
approximate estimation formula and the proposed RMS stress ratio threshold are
derived from only six case studies and may not generalize to all tall building configu-
rations since the design parameters such as structure form, building shape, vibration
frequency, building height, design wind speed, and ground roughness will affect
structure vibrations and fatigue life. In addition, the simplified approach does not
explicitly incorporate directional variability or non-Gaussian turbulence effects. These
factors are likely to compromise the accuracy of this empirical formula. Therefore,
if a more precise relationship between these design parameters, random parameters
of structures, and wind loads and fatigue life could be established, it would provide
more accurate guidance for practical engineering applications. If necessary, this work
requires more engineering cases and theoretical research in the future.

(6) With the deepening of studies on the impact of multiple hazards on structural safety,
the effects of multi-hazard coupling on fatigue damage and dynamic response of tall
steel buildings should become a key focus of future investigations, such as those into
wind–earthquake interaction and rain–wind interaction. Additionally, the exploration
of advanced technical approaches, such as machine learning-based fatigue estimators
trained on larger datasets, could also be pursued to enhance predictive generalization
in wind-induced fatigue analysis.
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