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Abstract

Climate change has been associated with an increasing occurrence of extreme wind phenom-
ena, including hurricanes, tornadoes, and downbursts, with noticeable rises in both their
frequency and severity. These events have heightened concerns regarding their devastating
impacts on structures, infrastructure, and economies. To provide a comprehensive and
reliable review, a large number of previous studies and scientific references were collected
and carefully screened. The selection process focused primarily on studies directly related
to structural engineering applications, wind-induced structural responses, tornado and
hurricane loading mechanisms, and simulation techniques used in wind engineering re-
search. References unrelated to structural behavior, engineering analysis, or wind-resistant
design were excluded to maintain the technical relevance and consistency of the review.
This review explores parameters influencing wind loads, focusing on tornado flow field
characteristics such as swirl ratio, ground roughness, translation speed, and topography. It
also examines structural properties such as geometry, material, orientation, and proximity
to the tornado path that govern a building’s ability to withstand wind-induced forces. The
review evaluates experimental techniques, including wind tunnel tests, tornado simulators,
and numerical simulations using Computational Fluid Dynamics (CFD) to improve under-
standing and resilience. These approaches are compared for effectiveness in replicating
real-world scenarios and enhancing predictive accuracy. Furthermore, key engineering
standards, such as ASCE 7-22 and FEMA guidelines, are highlighted, showing their role
in improving structural design, identifying gaps in research, and advocating for future
studies. It emphasizes integrating emerging computational technologies, including ma-
chine learning, to enhance structural design efficiency and disaster response performance.
This review aims to guide researchers and engineers toward developing resilient structures
capable of mitigating the impacts of extreme wind events.

Keywords: tornado impacts; hurricane hazards; wind tunnel test; artificial intelligence;
CFD; numerical tornado simulation

1. Introduction
The impacts of climate change are increasingly evident in the growing occurrence

and strength of extreme wind events worldwide [1–4]. Extreme wind events pose serious
threats, often causing severe structural failures and major economic consequences. In 2024,
hurricanes Beryl, Helene, and Milton caused widespread destruction, with Beryl being
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the earliest Atlantic Category-5 storm and Helene devastating Florida. These storms have
resulted in billions of dollars in losses worldwide. Tornado outbreaks also hit the U.S.
and Europe, including a deadly EF4 tornado in Mississippi, Arkansas, and Tennessee;
and an EF3 tornado in Italy’s Veneto region. These events highlighted the vulnerability
of infrastructure and the need for better disaster preparedness, mitigation measures, and
rebuilding efforts.

The growing trend in construction and development has led to a greater focus on
different building construction and design methods. It is important to ensure the safety and
structural integrity of buildings against all types of loads to which they may be subjected.
Wind-induced loads and windborne debris constitute major sources of damage to civil
structures during extreme wind events [1].

Tornadoes rank among the most severe windstorms and can result in substantial
damage to structures [2,3]. It is considered one of the most dangerous and destructive
natural disasters; it also causes a great deal of human and economic losses. Tornadoes
annually cause billions of dollars in damage to life, property, and more. Despite this
significant impact, research on damage prediction and mitigation remains a relatively new
focus within the field of wind engineering [4]. Due to their intense rotational nature and
multi-directional velocity components, tornado flow fields exhibit distinct characteristics
compared to traditional straight-line wind profiles [2,5–13].

Tornadoes vary in type, wind speed, and intensity, forming violent, rotating, small-
scale atmospheric vortices. While their area of influence is much smaller than that of
typhoons, their rotational wind speeds are significantly stronger. In recent years, tornado
occurrences have increased in densely populated areas, leading to severe damage or col-
lapse of low-rise township buildings due to insufficient resistance. Therefore, incorporating
tornado-resistant design in civil engineering structures is essential for improving disaster
preparedness, mitigating damage, and safeguarding lives and structures in tornado-prone
areas [14,15].

To mitigate the significant damage caused by tornadoes, it is crucial to conduct in-
depth investigations into the mechanisms governing tornado–structure interactions, their
formation processes, wind field structure, and evolutionary patterns. Currently, tornado
wind fields are predominantly studied through experimental modeling, numerical sim-
ulations, and real-world field data. Among these, observations in the field provide the
most direct means of studying tornado behavior. Despite its high cost and the challenges
of managing various uncontrollable factors, it remains highly valued for its authenticity
and reliability. However, the presence of a debris wall inside tornadoes further complicates
field observations, making them even more challenging [3,16–19].

Measuring tornadoes in the field is a challenging task. This has led to the development
of tornado generators in the laboratories, providing researchers with an opportunity to
study and gain a better understanding of tornadoes [20,21].

There was no dedicated chapter for tornado loads in previous editions of the American
Society of Civil Engineers (ASCE 7) standard [22]. However, the most recent ASCE 7-22
edition guides tornado-related structural loads through a newly incorporated chapter [22].
This chapter provides detailed procedures for assessing and designing for tornado loads,
including determining tornado wind speeds, pressure coefficients, and other related factors.
Earlier versions of the standard primarily focused on wind loads from hurricanes or
general high-speed winds, without detailed consideration for the unique characteristics of
tornadoes. The Federal Emergency Management Agency (FEMA) [23] has also published
guidance on the design, planning, and construction of safe rooms and tornado shelters to
enhance protection against extreme wind events.
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These publications include FEMA 320 [23], which offers prescriptive guidance for
the design of safe rooms, and FEMA 361 [24], which offers more detailed standards for
building tornado and hurricane shelters. These documents address key issues such as
wind-induced forces, atmospheric pressure changes, and debris impact that are crucial for
designing buildings capable of withstanding tornadoes. These guidelines help engineers
design more resilient buildings and shelters, ensuring that structures and occupants can
better withstand the devastating effects of tornadoes. The growing awareness of tornado
risks and their severe localized impacts has led to the introduction of these guidelines for
designing buildings to better withstand tornado-related forces.

This comprehensive review investigates the critical parameters influencing wind
loads on structures, focusing on tornado flow field characteristics and structural prop-
erties that dictate a building’s resilience against these forces. Furthermore, the review
explores experimental and numerical simulation methods that advance the understand-
ing of tornado-induced pressures. Recent advancements in engineering codes, including
ASCE 7-22 [22] and FEMA guidelines [23], are also analyzed, highlighting their role in
designing more resilient structures. Despite the growing body of literature on wind engi-
neering and tornado effects, there is still a lack of studies that provide a fully integrated
synthesis of the diverse aspects of the problem, including tornado aerodynamics, structural
response, experimental and numerical approaches, and modern design codes within a
unified framework, as most existing research addresses these components separately. By
consolidating existing knowledge and identifying research gaps, this review emphasizes
the potential role of emerging computational technologies, such as machine learning, in ad-
vancing predictive capabilities and structural engineering practices. By providing insights
into the interaction between wind events and structures, it aims to mitigate the impacts of
extreme wind events and enhance the safety and sustainability of buildings.

2. Wind Events
Wind events are natural atmospheric phenomena characterized by strong and often

destructive winds. These events include downbursts, hurricanes, and tornadoes, each
varying in scale and impact. Tornadoes and downbursts are localized, high-intensity
wind events, while hurricanes are large-scale systems affecting vast areas. Extreme wind
events can inflict substantial damage on both built structures and the natural environment,
highlighting the importance of studying them for improving prediction methods and
developing effective mitigation strategies. Understanding their formation, wind field
dynamics, and behavior is essential for reducing the risks associated with these powerful
forces of nature.

Tornadoes, hurricanes, and downbursts are intense wind events with distinct differ-
ences. Tornadoes and hurricanes differ significantly in size, duration, and origin. Tornadoes
are small-scale phenomena, typically hundreds of meters wide, lasting from minutes to a
few hours, causing localized destruction, and forming from thunderstorms. Hurricanes, on
the other hand, are massive systems spanning hundreds of kilometers, lasting for days or
weeks, impacting vast areas with strong winds, heavy rains, and flooding, and developing
over warm oceans. Downbursts, like tornadoes, are localized events and cause localized
destruction [25]. A downburst, as defined by Fujita [26], involves the rapid descent of
cold, moist air from a storm cloud, striking the ground and radiating outward horizontally,
caused by a sudden downward rush of air during a thunderstorm [27]. A defining feature
of downbursts is their 3D wind structure combined with a distinctive nose-shaped velocity
profile, marked by highly non-stationary and non-Gaussian properties [28–32]. Extensive
attempts have been made using field measurements [33–36], experimental testing [37–39],
and computational simulation [40–42].
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3. Characteristics of Extreme Wind Events
This section outlines the most critical characteristics influencing structure loading,

along with comparisons to previous studies. Haan et al. [43] identified essential character-
istics, including tornado core radius, path, swirl ratio, and translation speed.

Tornado-induced wind loads are governed by several critical parameters, including
the swirl [44–48], translation speed [14,45,49–52], ground roughness [45,53,54] and topog-
raphy [55–57] or building-related parameters, including geometry [58], proximity to the
tornado mean path [11,59–61], and orientation [2,10,60,62].

3.1. Maximum Horizontal Wind Speed

The Fujita (F) Scale [63] and Enhanced Fujita (EF) Scale [64] provide tornado classifica-
tions according to wind speeds and damage, but they differ in accuracy and methodology.
The F-Scale, introduced in 1971, categorizes tornadoes from F0 to F5 with wind speeds
estimated subjectively, often overestimating stronger tornadoes. In 2007, the EF-Scale
replaced it in the U.S., refining wind speed estimates (EF0 to EF5) using standardized
damage indicators and engineering analysis. The EF-Scale corrects F-Scale inaccuracies,
with EF0 starting at 65 mph (105 km/h) and EF5 exceeding 200 mph (322 km/h), ensuring
more precise assessments. This study will examine both classifications. Additionally, the
Saffir-Simpson Scale is a five-level system used to measure hurricane intensity according
to sustained wind speeds, ranging from Category 1 (least intense) to Category 5 (most
severe) [65].

The ranges of wind speed for the Saffir-Simpson, Fujita (F), and Enhanced Fu-
jita (EF) scales provide essential insights into categorizing wind events, as shown in
Figure 1. It compares EF-scale 3 s gust wind speeds with Saffir–Simpson 1 min sus-
tained wind speeds. However, it should be noted that these two scales are based on
different wind-averaging periods (gust versus sustained), which makes a direct quantita-
tive comparison inappropriate. It may be more accurate to state that the EF scale begins
at lower wind speeds and extends to higher values, rather than implying fundamentally
different or non-comparable ranges. Each scale serves a specific purpose and is based on
unique criteria:

• Saffir-Simpson Scale: Focuses on hurricanes, categorizing them by sustained wind
speeds and potential for damage. Its straightforward ranges make it practical for storm
surge and evacuation planning. The Saffir-Simpson Scale has a relatively narrow range,
as it is specifically designed to classify tropical hurricanes based on their sustained
wind speeds, focusing on the most intense and destructive storms. These storms
typically exhibit a narrower range of wind speeds compared to tornadoes, which are
evaluated using the Fujita (F) and Enhanced Fujita (EF) scales.

• Fujita Scale (F): Primarily used historically for tornadoes, it estimates wind speeds
based on observed damage. While useful, its reliance on post-event damage assess-
ment made it less precise. The Fujita scale (F-scale) has a larger wind speed range
compared to the Enhanced Fujita scale (EF-scale). This is because the EF scale was
introduced as an enhancement of the Fujita scale, with more precise wind speed
estimates based on observed damage.

• Enhanced Fujita Scale (EF): Introduced to improve the accuracy of tornado intensity
estimation by providing a more reliable, engineering-based relationship between
observed damage and wind speed, addressing limitations and overestimation issues
in the original Fujita Scale.
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Figure 1. Wind speed range (mph) for Saffir-Simpson, Fujita (F), and Enhanced Fujita (EF) scales.

As observed in Table 1, many scientific researchers historically used the Fujita (F) scale
more frequently than the Enhanced Fujita (EF) scale because of historical usage and data
availability, and studied tornadoes rated F2 because approximately 90% of all tornadoes
are classified F2 or lower [66], and to balance between frequency, damage potential, and
practicality for research purposes.

Table 1. Wind events studied and their scale or category.

Scale Frequency References

Category 4 2 [67,68]

Category 5 4 [69–72]

F2 7 [8,47,48,73–76]

F4 3 [15,47,77]

EF-3 1 [58]

EF-5 1 [4]

3.2. Swirl Ratio

Swirl ratio, a key parameter in numerical and experimental tornado simulations [43,78],
quantifies the ratio of tangential momentum to the vortex inflow rate at a specific radius [58].
Previous studies have identified it as the primary factor influencing tornado flow character-
istics [44,78]. According to Davies-Jones [79], the core radius of a tornado vortex depends
on the swirl ratio, and larger swirl ratios make the vortex more prone to fragmenting into
multiple vortices. Iowa State University’s tornado simulator replicates tornado wind fields
to study their impacts on structures and environments, contributing to the advancement
of safer, tornado-resistant designs. The simulator uses advanced technology to generate
controlled vortices, enabling researchers to study tornado dynamics and their impact on
structures and the environment. By altering the vane angle, the swirl ratio of the vortex can
be controlled [43]. Table 2 shows the ranges applied in earlier studies.

A swirl ratio range of (0.82–2.60) is commonly used because it aligns with natural
tornado dynamics, provides a critical transition point for vortex structures, and offers
practical advantages for experimental studies, as shown in Figure 2.
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Table 2. Used swirl ratio(s) in previous research.

Used Swirl Ratio(s)

0.05–0.18 0.22–0.35 0.4–0.8 0.82–2.6

References [8,47,48,52,62,73,77] [10,45,47,48,52,62,73,77,80] [45,47,48,77] [4,7,10,44–48,58,62,73]

Frequency 9 10 9 16

Figure 2. Used swirl ratios frequency.

Swirl ratio S was calculated in some previous studies according to the following
equation [10,46,62]:

S = πVθmax
r2

C
Q

where Vθmax denotes the peak tangential velocity at the radius of peak wind speed, rC

represents the vortex core radius, and Q is the flow rate.
Razavi and Sarkar [52] explored the impact of tornado characteristics, particularly

the swirl ratio, in determining wind loads acting on low-rise structures, using laboratory-
simulated tornadoes as illustrated in Figure 3, with two swirl ratios given in Table 2, and
three translation speeds, peak forces were evaluated using a scaled gable-roof low-rise
structure model, and they discovered that lower swirl ratio tornadoes cause higher peak
loads and considerably higher peak load coefficients, which were similar to their peak
pressure drop observed at the ground surface. Structures situated on the tornado’s mean
path experience a decrease in peak roof uplift of 6–19% for lower swirl ratios and up to 16%
for higher swirl ratios.

Swirl ratio tests of Kuai et al. [46] demonstrated that higher swirl ratios increase the
vortex core radius while decreasing peak tangential velocity, and that larger swirl ratios
expand the turbulent radial flow near the ground.

Most previous research [11,59,60] examined tornado-induced wind pressures using
a single swirl ratio, except for the work by Sengupta et al. [10], and Haan et al. [62], who
investigated multiple swirl ratios for buildings located along the tornado’s mean path.

Kumar et al. [73] developed full-scale numerical Finite Element models using ANSYS
software (Release 11.0) [81] of gable roof buildings to study tornado-induced wind loads
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and stress distribution. The results indicated that lower swirl ratio tornadoes (0.08) generate
higher peak stresses on buildings than tornadoes with higher swirl ratios (0.24 and 1.14).

Figure 3. Illustration of the Iowa State University Tornado Simulator (ISU-TS).

3.3. Translation Speed

The translation speed of full-scale tornadoes refers to the speed at which the tornado moves
across the ground. This speed significantly affects the wind field dynamics and the resulting
damage, with higher speeds amplifying wind asymmetry across the tornado path. Full-scale
tornadoes have been recorded moving at translation speeds of 13 m/s, 16.5 m/s, and 23 m/s, as
reported by Lee and Wurman [82], Thampi et al. [4], and Haan et al. [43], respectively.

Razavi and Sarkar [52] reported that, under low-swirl conditions, increasing tor-
nado translation speed elevates peak roof uplift along the tornado’s mean path but re-
duces it elsewhere; for high-swirl tornadoes, translation speed has a negligible impact on
maximum uplift.

Feng and Chen [8] used wavelet-based techniques to analyze dynamic pressures and
internal forces on a low-rise structure during tornado exposure, showing a decrease in peak
loads as tornado translation speed rises.

A laboratory investigation conducted by Razavi and Sarkar [14] utilized the ISU
Tornado Simulator (Figure 3) to investigate the impact of tornado translation on near-
ground flow fields. Unlike stationary vortices, translating tornadoes affect the pattern and
intensity of horizontal wind speeds, causing earlier radial inflow reversal and expanding
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the core radius. The highest horizontal velocities appeared behind the tornado center, with
higher translation speeds further decreasing peak velocities at all heights.

3.4. Surface Roughness and Topographic Effects

Terrain roughness is an important factor that significantly influences the behavior of
the near-surface wind field of tornadoes [83]. Table 3 shows previous research attempts to
represent the ground roughness.

Table 3. Ground roughness attempts for simulation.

Ground Roughness
Attempts for Simulation Frequency References

Smooth and rough surface 5 [45,61,77,83,84]

Smooth surface only 2 [48,58]

Open terrain 4 [58,62,85,86]

Most researchers assume both smooth and rough surfaces, as shown in Figure 4,
because that allows them to study the extremes of terrain effects on tornado dynamics,
providing a comprehensive understanding of wind interactions with the ground and
structures. Also simplifies experimentation, enhances comparability, and aligns with
real-world scenarios where tornadoes impact diverse terrains.

Figure 4. Ground Roughness Frequency.

Ground roughness significantly influences tornado strength and characteristics, di-
rectly impacting their effects on structures. Wang and Cao [77] found that ground roughness
significantly affects internal pressures, particularly for openings on windward walls. Razavi
and Sarkar [58] regarded open terrain and smooth surfaces as valid and useful exposure
conditions for their study. Diamond and Wilkins [49] investigated how terrain roughness
influences the wind field. They discovered that increasing surface roughness reduces the
core radius and decreases internal pressures regardless of swirl ratio [61,84], and lowers ex-
ternal pressures [61]. Sabareesh et al. [84] further demonstrated that introducing roughness
increases net local roof forces.

The tests of Kuai et al. [46] revealed that surface roughness significantly affects tor-
nado dynamics. It decreases peak tangential speed near the ground while having less
effect at higher altitudes. Razavi and Sarkar [57] investigated the topographic effects on
the near-surface flow of a translating tornado. The tornado simulation included three
different topographies, with the ridge producing the highest wind amplification, speed-up
ratios (+14%), and maximum exposure factors for EF2 and EF3 wind speeds. Topography

https://doi.org/10.3390/civileng7030047

https://doi.org/10.3390/civileng7030047


CivilEng 2026, 7, 47 9 of 29

strongly affected wind velocity, drag, and exposure, making low-rise buildings on ridges
particularly susceptible.

Wang et al. [54] examined tornado-like vortex flow properties by measuring three-
dimensional wind velocity and dynamic pressure over varying ground roughness and
swirl ratios. They showed that rough ground surfaces induced higher axial velocity within
the vortex core, like the effect of a reduced swirl ratio. Pressure drops near the ground
were more significant over rough surfaces than over smooth ones. The impact of ground
roughness was primarily confined to lower elevations, influencing the near-ground vortex
structure in a manner largely dependent on the swirl ratio.

Razavi et al. [83] studied the effect of ground roughness on tornado-like vortices
through laboratory simulations of both stationary and translating tornadoes. Using a
scaled-down ISU tornado simulator and advanced measurement tools for stationary and
translating tornadoes. Near-surface flow characteristics were examined over both rough
and smooth terrains. They revealed that for both stationary and translating tornadoes,
rough terrain led to smaller core radii, lower tangential velocities, stronger radial and
vertical flows, and reduced local swirl ratios.

4. Structure Properties
The impact of wind events on structures is influenced not only by the intensity and

characteristics of the wind but also by the structural properties of buildings that significantly
affect structural loading and endurance. A building’s response to wind forces is primarily
influenced by its structural properties [87]. Key factors include Structure type, geometry,
material, orientation, and relative distance to the tornado’s mean path. These characteristics
determine how a building interacts with wind loads and its capacity to withstand extreme
events.

4.1. Structure Type and Geometry

Structural geometry plays a crucial role in wind load distribution. Common geometri-
cal factors affecting wind loads include building dimensions (plan shape and height) and
roof geometry.

Figure 5a,b show the approximate proportions of the type and plan shape of structures
examined during wind events in previous studies, respectively. As shown, approximately
half of the structures examined in previous studies are classified as low-rise buildings.
Compared to high-rise structures, low-rise buildings are more prone to tornado damage
because of lighter weight, weaker construction, and greater exposure to uplift forces.
Table 4 illustrates how previous studies have investigated various wind events across
various structures.

Table 4. Structures studied by previous researchers during wind events.

Structure Type Frequency References

Low-rise building 33 [4,8,9,15,52,58,62,69,71–73,77,88–108]

High-rise building 4 [7,76,86,109]

Transmission tower 8 [47,67,85,110–114]

Other Structures 9 [2,48,74,115–120]
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Figure 5. Previously studied structures during wind events: (a) Structure type, and (b) Structure
plan shape.

Case et al. [58] examined the influence of varying building geometries on the pressures
experienced by low-rise structures during tornadoes, as shown in Figure 6. By analyzing
different structural shapes and dimensions, the study revealed that peak loads are strongly
affected by various building characteristics, including eave height, roof slope, building
plan area, aspect ratio, and architectural features such as attached garages, roof overhangs,
and soffits.

Figure 6. Models used in [58].

Wang et al. [121] examined how opening ratio, central opening orientation, and
distance from the tornado-like vortex affect wind pressures on and within the building,
showing that internal pressures are strongly influenced by the opening-to-leakage ratio.
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Roof Inclination

Razavi and Sarkar [90] analyzed how flat, gable, and hip roofs influence uplift, shear,
and moment on low-rise buildings under simulated tornadoes, as shown in Figure 7.
showing that flat roofs sustained the highest forces, gable roofs resisted shear better, hip
roofs resisted uplift more, and experimental results aligned with ASCE 7-16 standard [22].

Figure 7. Illustration of three building models and their dimensions used in Razavi and Sarkar [90].

Kumar et al. [73] involved creating full-scale finite element models of gable roof build-
ings with various roof angles of 13.4◦, 25.5◦, and 35.1◦. They found that the 25.5◦ roof
angle produced the highest peak stresses, followed by the 13.4◦ and 35.1◦ roofs. Maximum
stresses occurred at the roof-wall junctions and the ridge, with high stress concentrations
near the roof’s center. As roof angle increases, stress and pressure on the roof also in-
crease. The roof’s damage started earlier with higher roof angles, even when the tornado
was farther from the building. The analysis revealed early failure of the corner joints
and plywood, followed by disintegration of the front and rear walls, especially for the
35.1◦ roof.

4.2. Structure Material

Structural material selection plays a key role in a building’s resistance to extreme
wind events, including hurricanes, tornadoes, and downbursts. Materials like steel and
reinforced concrete offer high strength and durability, making them ideal for withstanding
intense wind forces due to their resistance to bending or deformation. Lighter materials,
such as wood, while flexible, are more susceptible to high wind damage and may not
withstand the extreme forces of tornadoes or hurricanes. The aerodynamic properties of
materials also influence how a structure responds to wind, with heavier materials generally
reducing sway but potentially requiring more robust foundations. Additionally, the long-
term effects of exposure to wind, moisture, and storms can degrade certain materials,
such as wood or untreated metals, compromising their strength. Ultimately, the choice of
material affects a building’s ability to endure wind events, with proper selection playing
a key role in ensuring safety and minimizing damage during such extreme conditions.
Figure 8 shows the materials of structures studied in previous research.
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Figure 8. Structure material of previously studied structures during wind events.

4.3. Relative Distance to Tornado’s Mean Path and Building Orientation

Due to the distinct nature of tornado winds compared to straight-line winds [2,5–13],
Mishra et al. [11] analyzed the pressure distribution of a stationary tornado, and they found
that the distance from the tornado center governs external pressures on cubic buildings.
Amirinia and Jung [86] demonstrated that hurricane surface wind characteristics differ
from those of non-hurricane surface winds.

Low-rise buildings are particularly vulnerable to tornadoes, as these events frequently
strike suburban areas predominantly consisting of low-rise residential structures [121],
Feng and Chen [8] analyzed and characterized dynamic pressures and internal forces on a
low-rise structure. They demonstrated that tornado pressure patterns depend on building
location within the tornado vortex, with the core region exhibiting more uniform pressures.

Xu et al. [15] developed a numerical tornado model, and found that:

• Negative pressures dominate at the tornado center, producing symmetric structural
deformation, with the front and back walls showing somewhat larger displacements.

• At the core radius, displacement is largest at the middle walls of upper floors. Local
positive pressure appears on the front wall.

• At 2× core radius, displacement is smaller, with left and back walls showing
more deformation.

Liu et al. [115] investigated the impacts of tornado-induced wind loads on cooling
towers using large eddy simulations (LES). They showed that tornado forces on cooling
towers are significantly larger and more fluctuating than those from straight-line winds,
especially near the tornado core (r ≤ 1.5 rc). Fluctuations in aerodynamic forces are
attributed to two primary factors: sub-vortices within the tornado core and vortex shedding
from the tower. Beyond r > 3.0rc, the forces resemble those from straight-line winds. Under
a stationary tornado with constant swirl, Hu et al. [60] showed that building proximity to
the tornado center and orientation strongly affect loads, with peak pressures exceeding
those from straight-line winds by a factor of three.

Previous Studies [10,59,60,62] examined the effect of building orientation only at
specific locations, which does not ensure the identification of the worst tornado loading
scenario. Cao et al. [2] showed that a cooling tower exposed to a stationary tornado
experiences both pressure drops and flow–structure interactions, with peak forces near the
core radius. Tornado winds differ markedly from straight-line winds, yet few studies have
considered translating tornadoes [4,10,58,62], primarily for buildings along the tornado’s
path or at fixed locations.
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Jischke and Light [59] demonstrated that tornado-induced loads surpass those from
equivalent straight-line winds, stressing the need to account for building orientation and
position relative to the tornado center when evaluating tornado wind effects.

Using a Ward-type tornado simulator, Sabareesh et al. [61] investigated the effects
of building locations from the vortex center and terrain roughness on surface pressures
experienced by a cube-shaped building model under swirl flow. They revealed that peak
pressures occurred at roof corners and leading edges within the vortex core, driven by
strong tangential and updraft flows. Buildings near the vortex boundary experienced varied
pressure distributions, with windward and leeward faces showing reduced pressures. At
greater distances, oblique flow influenced pressure patterns, causing higher suction on
side walls.

Wang et al. [121] demonstrated that internal pressures are strongly affected by whether
a large wall opening is located on the windward face or a sidewall.

5. Simulation Method
The detailed flow dynamics of tornadoes and downbursts cannot be effectively de-

fined or distinguished by standard wind simulators [122]. Hence, recent studies have
utilized arrays of multi-point and sonic anemometers, together with LiDAR technology,
to measure non-synoptic wind events in coastal harbors, as demonstrated by [123–127].
Other approaches include using LiDARs alone for canopy and topographic flow assess-
ments, as seen in the works of Mann et al. [128]. Additionally, mobile Doppler radars have
been employed for tornado flow measurements [17,82,125,129–134], while Dual Doppler
Radar and multi-point measurement techniques have been applied to analyze various gust
events (Gunter and Schroeder [129]). However, simulation methods are also essential for
studying wind events and their impacts on structures, particularly due to the high costs
and challenges associated with managing uncontrollable variables [16,17]. These methods
are broadly categorized into experimental approaches, including wind tunnel and tornado
simulator tests, and numerical simulations using computational techniques such as CFD.
Both approaches offer unique advantages and are often used in complementary ways to
gain insights into wind-structure interactions.

Figure 9 summarizes the research methodology adopted in 45 peer-reviewed studies
included in this review. The studies were classified according to their primary research
approach into three categories: 19 numerical studies, 22 experimental studies, and 4 studies
combining both numerical and experimental methods. This classification was conducted
to identify the most widely adopted research methodologies in wind engineering and to
assess current research trends and methodological developments in the field. As illus-
trated in Figure 9, approximately 49% of the reviewed studies employed experimental
methods, such as wind tunnels and the Iowa State University (ISU) Tornado Simulator,
while about 42% relied on numerical simulations, primarily Computational Fluid Dynamics
(CFD), and the remaining 9% integrated both approaches. Experimental facilities enable
researchers to investigate tornado and hurricane flow characteristics, including swirl ratio,
translation speed, and turbulence, while directly observing structural responses under
controlled laboratory conditions. The reported percentages represent the distribution of the
reviewed studies and are intended to illustrate general research trends rather than provide
statistical inference.

Wind Tunnel Tests: These tests simulate straight-line winds or tornado-like vortices,
offering insights into pressure distributions and aerodynamic forces on structures. Studies
have demonstrated the impact of roof geometry, structure orientation, and terrain roughness
on wind-induced loads, for example [14,43,85,92,96,109,111,112,117,135–137] conducted
wind tunnel tests in their studies. Wind tunnel tests can be an effective simulation method
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for traditional straight-line winds but not for tornadoes, as there are significant differences
between them, as mentioned before.

Figure 9. Distribution of the primary research methodologies adopted in the 45 reviewed studies.

Tornado Simulators: These simulators replicate the complex dynamics of tornadoes,
enabling the study of swirling wind effects with different components, and their interaction
with structures, and analyzing localized effects, which differ significantly from straight-line
winds [2].

The ISU Tornado Simulator, a large-scale facility, has been used in multiple stud-
ies [4,7,14,52,58,62,76,83,90] to simulate tornadoes and analyze their effects. Wang and
Cao [77] and Cao et al. [2] simulated stationary tornado vortices using the Tongji University
tornado simulator, China, as illustrated in Figure 10. The widely used Ward-type simulator,
originally developed by Chang [20] and later refined by Ward [21], generates tornado
vortices via the guide vanes positioned on the test floor [11,138,139].

Figure 10. Illustration of tornado vortex simulator at Tongji University.

The Wall of Wind is a large-scale wind tunnel, designed to replicate Category 5
hurricane conditions. Utilizing a matrix of 12 fans, it generates wind speeds of more
than 72 m/s [140]. This facility is designed to produce airflow with varying turbulence
characteristics through active and passive control mechanisms [141].

Recent developments in tornado simulators involve elevated guide vanes to enhance
vertical airflow [43]. The 25 m Wind WindEEE Dome at Western University offers a
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three-dimensional, time-dependent testing environment [122], allowing simulation of
tornado-like flows via controlled fan operation [142].

In contrast, some studies have utilized numerical simulation software programs to
model wind events, as presented in Table 5.

Table 5. Used software programs in previous numerical simulations.

Used Software Programs Frequency References

Ansys (Release 11.0) [81] 5 [4,15,73,143,144]

Abaqus (Version 2021) [145] 4 [67,89,143,146]

SAP2000 (Version 25.78) [147] 1 [113]

ETABS (Version 2021) [148] 1 [97]

FLUENT (Version 19.2) [149] 3 [45,47,150]

FAST (Fatigue, Aerodynamics, Structures,
and Turbulence) (Version 2021) [151] 1 [48]

OpenFOAM (Version 7) [152] 4 [80,153–155]

Figure 11 presents the distribution of software packages used in numerical wind
engineering studies. The analysis is based on all 19 numerical studies included in this
review that explicitly reported the computational software employed for numerical simula-
tion. The software packages were classified by the primary simulation platform used in
each study to identify the most widely adopted computational tools in wind engineering
research and to highlight current trends in numerical modeling. As illustrated in Figure 11,
ANSYS, OpenFOAM, and FLUENT are among the most widely utilized software packages
for Computational Fluid Dynamics (CFD) simulations of extreme wind events. These nu-
merical tools provide a cost-effective and scalable alternative to experimental investigations,
enabling detailed analyses of tornado and hurricane flow fields, pressure distributions, tur-
bulence characteristics, and wind-induced structural responses. The reported percentages
represent the frequency of software use across the 19 reviewed numerical studies and are
intended to illustrate general research trends rather than to provide statistical inference.

Figure 11. Distribution of software packages used in the reviewed numerical studies.
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Some of the advantages of numerical simulation include: High precision in capturing
complex flow dynamics, ability to model full-scale scenarios that are challenging to repli-
cate experimentally, flexibility to explore parametric variations, such as ground roughness
or building geometry, but there are also limitations, including: Computationally intensive,
requiring significant processing power for high-resolution simulations; results depend on
the accuracy of input parameters and turbulence models. Hence, some studies tried to
combine experimental and numerical simulations to provide robust insights into wind
events. For example, experimental data from wind tunnels are often used to validate
numerical models, ensuring the reliability of CFD simulations. Similarly, numerical simula-
tions complement experimental methods by exploring a broader range of scenarios and
refining design recommendations.

6. Used Codes/Standards for Wind Events
Figure 12 summarizes the engineering codes and standards adopted in the reviewed

studies. The classification was conducted based on 40 selected publications that explicitly
specified the design codes or standards used in their analyses. This assessment was
performed to identify the most frequently adopted codes in wind engineering research and
to highlight current trends in structural design and wind load evaluation practices. As
illustrated in Figure 12, the ASCE 7 standard is the most widely adopted code among the
reviewed studies. This is expected because ASCE 7 provides comprehensive procedures
for evaluating wind loads and, in its latest edition (ASCE 7-22) [22], introduces a dedicated
chapter addressing tornado loads, including tornado wind speeds, pressure coefficients,
and other parameters required for tornado-resistant design. The reported percentages
represent the frequency of code adoption within the reviewed publications and are intended
to illustrate general research trends rather than provide statistical inference.

Figure 12. Distribution of engineering codes and standards adopted in the reviewed studies.

European standards such as Eurocode 1 (EN 1991-1-4) [156] and Canada’s NBCC [157]
also address region-specific wind actions, while the International Building Code (IBC) [158]
incorporates wind load criteria globally. These codes improve structural safety, reduce
economic losses, and promote sustainability by enabling resilient building designs. Con-
tinuous improvements in wind engineering standards, combined with CFD analyses and
intelligent construction technologies, bolster readiness for severe wind events and climate
impacts. Table 6 illustrates the commonly used codes in previous research articles to
address wind and tornado loads on different structures.
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Table 6. Previously utilized codes/standards in wind events research.

Utilized Codes/Standards Frequency References

ASCE 7 Standard [22] 18 [8,68,71,72,76,77,86,89–92,95,97,114,120,137,159,160]

Eurocode [156] 2 [85,113]

National Building Code of
Canada (NBCC) [157] 2 [88,98,100]

Florida Building Code (FBC) [161] 3 [71,120,159]

Chinese Code [162] 8 [2,67,96,109–112,114]

British Standard [163] 3 [2,67,114]

ASCE-74 Guidelines [164] 2 [47,74]

International Building Code (IBC) [158] 1 [68]

Australia/New Zealand Structural Design
Standard [165] 1 [114]

7. Structural Damage Caused by Extreme Wind Events
7.1. Tornado-Induced Damage

Tornadoes are among the most destructive localized wind hazards, producing extreme
wind speeds, intense pressure gradients, rapidly changing wind directions, and severe
windborne debris impacts [62]. Unlike straight-line winds, tornadoes generate highly
three-dimensional and non-stationary flow fields that impose complex loading conditions
on structures [138]. As a result, buildings are subjected to combined uplift, lateral, torsional,
and impact loads that may exceed the design assumptions of conventional wind-resistant
structures. Residential buildings are particularly vulnerable due to failures initiated in roof
coverings, roof-to-wall connections, garage doors, and wall systems, which often lead to
progressive structural collapse [107,108]. The severity of damage is strongly influenced by
tornado intensity, building geometry, construction quality, and the presence of openings that
increase internal pressure. These characteristics make tornado-resistant design significantly
more challenging than conventional wind design [10].

Furthermore, post-disaster investigations have shown that windborne debris is one of
the primary causes of structural damage during tornado events [17,166]. Debris impacts
frequently penetrate building envelopes, resulting in sudden increases in internal pressure
that accelerate roof uplift and wall failures [99,107,167,168]. Critical facilities, including
schools, hospitals, and emergency shelters, require enhanced structural detailing and
protective measures to withstand these combined hazards. Consequently, recent design
standards such as ASCE 7-22 [22] have introduced dedicated tornado load provisions,
while FEMA guidelines [23] emphasize continuous load paths, impact-resistant envelopes,
and improved connection detailing to enhance structural resilience against tornadoes.

7.2. Hurricane-Induced Damage

Hurricanes are large-scale atmospheric systems capable of producing prolonged high
wind speeds, heavy rainfall, storm surge, and flooding over extensive geographical re-
gions [169]. Unlike tornadoes, hurricane winds are predominantly straight-line and persist
for several hours, leading to repeated cyclic loading that progressively weakens structural
components and connections [170]. Common structural failures include roof covering
loss, roof framing damage, cladding failures, glazing breakage, and progressive envelope
deterioration, which subsequently increases internal pressure and accelerates structural
damage [171]. In coastal regions, these wind effects are often accompanied by storm surge
and wave action, resulting in severe foundation erosion, scour, and inundation that further
compromise structural stability [72].

https://doi.org/10.3390/civileng7030047

https://doi.org/10.3390/civileng7030047


CivilEng 2026, 7, 47 18 of 29

Numerous post-hurricane damage assessments have demonstrated that inadequate
connection detailing, insufficient load paths, and poor construction practices remain major
contributors to structural failures [171]. Buildings designed according to modern wind-
resistant codes generally exhibit significantly improved performance compared with older
structures, emphasizing the importance of updated design provisions and retrofit strategies.
Recent research has also highlighted the increasing use of numerical simulations, wind
tunnel experiments, and machine learning techniques to better understand hurricane-
induced wind loads, predict damage patterns, and optimize resilient structural design
under future climate scenarios [68].

7.3. Comparison Between Tornado and Hurricane Damage

Table 7 presents a comparison between tornadoes and hurricanes based on their wind
characteristics and structural impacts. Despite both being extreme wind hazards, they
differ significantly in terms of wind field characteristics, spatial extent, duration, loading
mechanisms, and damage patterns. Tornadoes primarily cause localized damage through
intense rotating winds and debris impacts, whereas hurricanes produce widespread dam-
age due to prolonged straight-line winds, storm surge, and heavy rainfall. Understand-
ing these differences is essential for selecting appropriate structural design criteria and
mitigation strategies.

Table 7. Comparison of tornado and hurricane characteristics.

Aspect Hurricane Tornado

Duration Hours to days Seconds to minutes

Scale Hundreds of kilometers Hundreds of meters

Wind speed Moderate-high Very high

Wind direction Relatively consistent Rapidly changing

Pressure drop Small Significant

Debris Moderate Extremely severe

Storm surge Yes No

Rainfall Heavy Limited

Damage path Wide Narrow

7.4. Strategies for Improving Structural Resistance to Extreme Wind Events

One of the most effective strategies for reducing wind-induced structural damage is
establishing a continuous load path that efficiently transfers wind loads from the roof to the
foundation. Post-disaster investigations following major tornadoes and hurricanes have
consistently shown that structural failures are frequently initiated at weak connections
rather than inadequate member strength [100,159]. In particular, failure of roof-to-wall
connections often results in progressive collapse of the roof system, followed by failure of
the exterior walls due to the loss of structural integrity. Therefore, ensuring continuity be-
tween roof framing, walls, floors, and foundations through properly designed connections
is considered a fundamental principle of wind-resistant structural design. Modern design
standards, including ASCE 7-22 [22] and FEMA guidelines [23], strongly emphasize the
importance of continuous load paths for mitigating wind damage.

Among all structural connections, roof-to-wall connections are widely recognized as
one of the most critical components governing building performance under extreme wind
loads [168]. Numerous post-event damage surveys have demonstrated that inadequate
fastening, insufficient anchorage, and poor construction practices frequently initiate roof
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uplift failures during tornadoes and hurricanes [95]. The use of hurricane clips, metal straps,
anchor bolts, and improved fastening systems significantly increases the uplift resistance
of roof systems by providing a direct load transfer mechanism between roof framing
and supporting walls. Studies have shown that strengthening roof-to-wall connections
substantially reduces the probability of progressive structural failure, particularly in low-
rise residential buildings, where roof failures are often the primary cause of catastrophic
damage [15,71].

8. Artificial Intelligence and Machine Learning Applications in
Wind Engineering

Artificial intelligence (AI) and machine learning (ML) have recently emerged as promis-
ing technologies in wind engineering because of their ability to analyze large datasets,
identify complex nonlinear relationships, and significantly reduce computational costs [172].
Traditional approaches, including full-scale field measurements, wind tunnel experiments,
and high-fidelity Computational Fluid Dynamics (CFD) simulations, often require sub-
stantial time, computational resources, and financial investment [48]. AI-driven models
provide efficient surrogate solutions capable of learning from numerical or experimental
data and rapidly predicting wind characteristics and structural responses while maintain-
ing acceptable levels of accuracy [173]. Consequently, AI techniques are increasingly being
incorporated into wind engineering applications, particularly for hazard assessment, struc-
tural reliability analysis, aerodynamic optimization, and real-time decision-making [174].

8.1. Machine Learning-Based Wind Field Modeling

One of the most active research areas involves the application of machine learning for
wind field prediction and reconstruction. Deep Neural Networks (DNNs), Convolutional
Neural Networks (CNNs), Artificial Neural Networks (ANNs), Long Short-Term Memory
(LSTM) networks, and Physics-Informed Neural Networks (PINNs) have been successfully
employed to predict complex wind flow patterns around buildings without repeatedly per-
forming computationally expensive CFD analyses [174]. These models have demonstrated
the capability to estimate velocity distributions, pressure coefficients, turbulence charac-
teristics, and vortex structures with high accuracy after adequate training. In addition,
AI-assisted surrogate models have been used to accelerate parametric studies involving dif-
ferent building geometries, terrain conditions, and wind directions, substantially reducing
computational time while preserving reliable predictive performance.

Recent studies have demonstrated the growing potential of Artificial Intelligence (AI)
and Machine Learning (ML) for wind field modeling across a wide range of wind engi-
neering applications. Graph Neural Networks (GNNs) combined with UNet architectures
have been employed to estimate high-elevation wind speeds in complex mountainous
terrain, where the integration of topographic information and physical constraints sig-
nificantly improved prediction accuracy [175]. Similarly, ML-based surrogate models
have been developed for tropical cyclone (TC) wind field prediction, replacing conven-
tional parametric approaches by combining Principal Component Analysis (PCA) with
Quantile Regression Forests or deep learning techniques, thereby providing more accu-
rate probabilistic wind field representations and uncertainty quantification [176]. Hybrid
physics-informed frameworks integrating numerical models with ML algorithms, such as
FVCOM coupled with Long Short-Term Memory (LSTM), Convolutional Neural Networks
(CNN), CNN-LSTM, and ConvLSTM, have also demonstrated substantial improvements
in storm surge forecasting by reducing the prediction errors associated with traditional
numerical simulations [177]. More recently, advanced deep learning models, including
Fully Connected Deep Neural Networks (FC-DNNs), CNNs, and Transformer networks,
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have been introduced for tropical cyclone wind field reconstruction using multiple meteoro-
logical variables [178]. Among these approaches, Transformer-based models achieved the
highest prediction accuracy and the lowest prediction errors, outperforming conventional
linear models and other deep learning architectures. Overall, these studies demonstrate
that integrating AI with physical knowledge and numerical simulations provides a robust
and efficient framework for accurately modeling complex wind fields while significantly
reducing computational costs.

8.2. Structural Response Prediction

Machine learning has also been widely adopted to predict structural responses sub-
jected to extreme wind events [179]. Instead of performing repeated nonlinear finite element
analyses, supervised learning algorithms can estimate key engineering demand parameters
such as maximum displacement, base shear, overturning moment, acceleration, and stress
distribution directly from structural and wind characteristics. Tahera et al. [180] integrated
codal analysis, ETABS simulations, wind tunnel testing, and AI-based models (ANN and
LSTM) to evaluate the wind response of a 25-story reinforced concrete building. The wind
tunnel results validated the numerical predictions, while the LSTM model outperformed
the ANN in predicting storey displacements and drifts. The findings also demonstrated that
building orientation significantly affects wind-induced structural response, emphasizing
the potential of AI to enhance wind engineering analysis and design.

Beyond structural response prediction, AI has become an effective tool for disaster
management and resilience enhancement. Machine learning algorithms have been em-
ployed to estimate post-disaster damage, identify vulnerable regions, optimize emergency
response strategies, and support rapid recovery planning following hurricanes and tornado
outbreaks [181]. Remote sensing imagery combined with deep learning techniques has
enabled automated damage detection immediately after extreme wind events. Furthermore,
optimization algorithms integrated with machine learning have been utilized to improve
aerodynamic building configurations, optimize structural member dimensions, and identify
cost-effective design solutions while satisfying structural safety requirements. These capa-
bilities support performance-based design and improve the resilience and sustainability of
infrastructure exposed to extreme wind hazards.

Gerolimos et al. [181] proposed an Open World Machine Learning (OWML) frame-
work to enhance decision-making in natural disaster management by integrating machine
learning techniques with continuously evolving knowledge. The framework was evaluated
across four types of natural disasters, namely earthquakes, floods, wildfires, and hurricanes,
demonstrating its capability to process large geospatial datasets and adapt to previously
unseen disaster scenarios. The findings indicated that the OWML framework improves
predictive accuracy, supports evacuation planning, and enhances disaster response, high-
lighting its potential as an effective decision-support tool for natural hazard management
despite challenges related to data quality and model complexity.

Figure 13 illustrates the general workflow of AI/ML applications in wind engineer-
ing. Experimental data, field measurements, and CFD simulations serve as the primary
data sources for training AI/ML models, which are subsequently applied to wind field
prediction, pressure estimation, structural response prediction, damage assessment, struc-
tural optimization, digital twins, and real-time monitoring. This framework highlights the
growing role of AI in improving the efficiency and accuracy of wind engineering analyses.

Future research should focus on developing reliable benchmark datasets, integrating
physics-based constraints into machine learning models, improving the interpretability
of AI predictions, and combining experimental, numerical, and field measurements to
establish robust digital twins for structural systems subjected to extreme wind events. Such
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developments are expected to improve predictive capability, reduce computational costs,
and facilitate real-time structural assessment and resilient infrastructure design.

Figure 13. Conceptual Framework of Artificial Intelligence and Machine Learning Applications in
Wind Engineering.

9. Conclusions and Recommendations for Future Work
Climate change has increased extreme wind events, causing severe structural and

economic losses. Tornadoes, among the most destructive, generate complex wind fields
that differ from straight-line winds, making their study crucial for building resilience.

This review provides an in-depth analysis of how extreme wind events, especially
tornadoes, impact structural performance, focusing on the critical parameters that govern
wind loads and structural resilience. Key findings indicate that tornado flow characteristics,
including swirl ratio, translation speed, and ground roughness, significantly influence the
intensity and distribution of wind-induced pressures on structures. Additionally, structural
properties such as geometry, material, orientation, and proximity to the tornado path
were identified as decisive factors in determining structural performance under extreme
wind loads.

Wind tunnel and tornado simulator experiments, together with numerical techniques
like CFD, have played a key role in enhancing knowledge of wind–structure behavior.
These methodologies have enabled researchers to simulate complex wind events and
identify key parameters that inform design standards. Recent updates in engineering codes
have made significant strides in addressing tornado-specific loads and offering design
recommendations for safe rooms and resilient structures. However, there are still gaps
in current research that need to be addressed to overcome these challenges and some
suggestions to help improve the field of wind engineering.

Future work should emphasize the following:

• Multi-Parameter Analysis: Investigating the combined effects of tornadoes’ parameters
to model their full impact on structures.

• Focus on Translating Tornadoes: More studies on translating tornadoes and their
unique wind field characteristics will help refine simulation accuracy and
building codes.

• Advanced Material Development: Exploring lightweight, high-strength materials,
such as fiber-reinforced composites, that improve structural performance under ex-
treme wind forces.

• The orientation and placement of a building relative to the tornado center critically
affect the resulting wind loads.
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• Interference effects: The impact of translating tornadoes in dense urban areas, includ-
ing the shielding and funneling effects caused by surrounding buildings.

• Integrating experimental and numerical simulations to better understand wind events
and refine design practices.

• Response of specialized structures to dynamic and wind-induced vibrational loads
during extreme wind events.

• AI and Machine Learning Integration: Utilizing data-driven approaches to op-
timize design parameters, enhance predictive accuracy, and improve real-time
disaster response.

• Big Data Applications: Leveraging IoT sensors and big data analytics allows continu-
ous monitoring of wind performance and informs effective mitigation measures.

• Field Monitoring: Capturing real-time structural responses to extreme wind events us-
ing Internet of Things (IoT-based sensors), to improve the accuracy of
simulation validations.

• Climate Adaptation: Assessing how climate change influences the occurrence and
severity of wind events to guide updates to design codes.

• Expand high-fidelity CFD simulations: More studies employing Large Eddy Simula-
tion (LES), Detached Eddy Simulation (DES), and Fluid–Structure Interaction (FSI)
are needed to accurately capture the complex transient behavior of tornadoes and
hurricanes, particularly in urban environments.

• Strengthen experimental validation: Although CFD has become increasingly power-
ful, wind tunnel experiments and full-scale field measurements remain essential for
validating numerical models and ensuring the reliability of simulation results.

• Develop hybrid experimental–CFD frameworks: Future research should focus on
integrating experimental testing with numerical simulations to leverage the accuracy
of laboratory measurements and the flexibility of CFD analyses.

• Expand the application of AI and Machine Learning in wind engineering: Al-
though AI and ML have shown promising capabilities in wind field modeling,
pressure prediction, and structural response analysis, their application in wind
engineering remains relatively limited compared with traditional numerical and
experimental approaches.

• Develop standardized benchmark datasets for AI training: The lack of comprehensive,
high-quality datasets integrating experimental measurements, field observations, and
CFD simulations limits the development, validation, and generalization of AI models.

• Enhance roof-to-wall connection systems: Since roof-to-wall connection failure is
one of the primary causes of structural collapse during extreme wind events, further
research is required to develop more efficient and resilient connection details, validate
their performance experimentally and numerically, and establish practical design
recommendations for future wind-resistant construction.
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