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ABSTRACT

This study investigates the effects of wind loads on the structural stability of tall buildings through advanced
computational fluid dynamics (CFD) simulations and finite element analysis (FEA). Wind-induced vibrations and
structural responses represent critical challenges in the design and construction of skyscrapers, especially as
buildings continue to grow taller and more slender. This research examines wind load patterns across different
building geometries, including rectangular, tapered, and twisted forms, under various wind conditions.
Computational simulations were validated against wind tunnel tests for three representative building models with
heights ranging from 250 to 450 meters. Results demonstrate that helical and tapered designs can reduce vortex
shedding effects by 18-27% compared to conventional rectangular forms. Implementation of tuned mass dampers
was found to decrease peak lateral displacements by an average of 34%, with computational models predicting
responses within 7% of physical test data. Findings reveal that the integration of aerodynamic design principles
with advanced damping systems can significantly enhance structural stability while potentially reducing
construction material requirements by 8-12%. This research offers valuable insights for optimizing tall building
designs to improve safety, occupant comfort, and economic efficiency in regions prone to high wind conditions.

Keywords: Wind engineering, computational fluid dynamics, tall buildings, structural stability, vortex shedding,

damping systems, finite element analysis.

1. INTRODUCTION

1.1 Background and Significance

Wind-induced motion represents one of the most significant design challenges for tall buildings in urban
environments. As modern architecture continues to push height boundaries with increasingly slender structures,
the interaction between wind flow patterns and building aerodynamics has become a critical area of engineering
research. The structural response of tall buildings to wind loading directly impacts safety parameters, occupant
comfort levels, and construction costs. Traditional design approaches relied heavily on simplified analytical
methods and physical wind tunnel testing, but these techniques have limitations in fully capturing the complex
aerodynamic phenomena that occur around tall structures. The advancement of computational capabilities has
revolutionized how engineers analyze and predict wind effects, enabling more sophisticated simulations of fluid-
structure interactions across varying conditions. The economic and safety implications of wind-resistant design
cannot be overstated. According to recent industry reports, wind-related structural modifications typically account
for 8-15% of total construction costs for supertall buildings. Furthermore, as climate change potentially increases
the frequency and intensity of extreme weather events in many regions, the importance of accurate wind load

analysis continues to grow. Enhanced computational methods offer the potential to optimize structural systems,
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potentially reducing material usage while maintaining or improving safety factors. This study addresses the
growing need for reliable computational frameworks that can accurately predict wind-induced responses and
guide efficient design decisions for tall buildings in diverse environmental contexts.

1.2 Previous Research and Knowledge Gaps

Previous research in wind engineering for tall buildings has established fundamental principles regarding wind
flow patterns, vortex shedding mechanisms, and basic structural response behaviors. Notable contributions
include the work of Kareem and Tamura [1], who explored the relationship between building shape and
aerodynamic performance, and Irwin et al. [2], who developed methodologies for translating wind tunnel data to
full-scale design parameters. Recent studies by Li et al. [3] and Elshaer et al. [4] have demonstrated the potential
of computational fluid dynamics in predicting wind pressure distributions on building facades with reasonable
accuracy compared to wind tunnel measurements. Despite these advances, significant knowledge gaps remain in
several areas. First, the verification of computational models against full-scale measurements remains limited,
raising questions about simulation accuracy under complex urban wind conditions. Second, while research has
explored various aerodynamic modifications individually, comprehensive analyses of combined mitigation
strategies are scarce. Third, most studies have focused on simplified building geometries rather than the complex
architectural forms increasingly common in modern skyscrapers. Finally, the integration of computational wind
engineering with structural optimization frameworks remains underdeveloped, limiting the practical application
of research findings in the design process.

1.3 Research Objectives and Approach

This study aims to address these knowledge gaps through a comprehensive investigation of wind-structure
interactions using advanced computational methods. The primary objectives are to: (1) develop and validate
computational models for predicting wind loads and structural responses of tall buildings with different geometric
configurations; (2) quantify the effectiveness of various aerodynamic modifications and damping systems in
mitigating wind-induced motions; (3) establish relationships between building forms, structural systems, and wind
response characteristics; and (4) develop practical guidelines for integrating computational wind analysis into the
structural design process. The research approach combines computational fluid dynamics simulations with finite
element structural analysis in a coupled framework. Three building geometries (rectangular, tapered, and twisted)
are analyzed under various wind conditions, with results validated against wind tunnel tests and available field
measurements. The study considers both serviceability criteria (acceleration limits and drift ratios) and ultimate
limit states (peak structural demands) to provide a comprehensive assessment of building performance. By
bridging computational methods with practical design considerations, this research aims to advance the state-of-

the-art in wind-resistant design of tall buildings.

2. LITERATURE SURVEY
Wind load analysis for tall buildings has evolved significantly since the pioneering work of Davenport [5], who
established the fundamental statistical framework for wind engineering. Early approaches relied primarily on wind
tunnel testing using rigid models to determine pressure coefficients, with structural responses calculated separately
using simplified dynamic models. The advent of high-performance computing has enabled more sophisticated

analysis methods, with computational fluid dynamics (CFD) emerging as a powerful tool for simulating complex
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aerodynamic phenomena. Huang et al. [6] provided a comprehensive review of CFD applications in wind
engineering, highlighting both capabilities and limitations of various numerical approaches including Reynolds-
Averaged Navier-Stokes (RANS), Large Eddy Simulation (LES), and hybrid methods. Architectural form plays
a crucial role in wind load mitigation, as demonstrated by Tanaka et al. [7] through wind tunnel studies of various
building shapes. Their research showed that tapered and twisted geometries can reduce vortex-induced vibrations
by disrupting the formation of coherent wake structures. Computational studies by Tamura and Miyagi [8] further
explored these effects using LES methods, demonstrating reasonable agreement with experimental results for
simple geometric modifications. However, Kim and Shinozuka [9] identified significant discrepancies between
computational predictions and wind tunnel measurements for more complex building forms, highlighting the
challenges in accurately modeling turbulent flow separation and reattachment.

Structural systems for wind resistance have also received considerable research attention. Studies by Connor and
Laflamme [10] examined the effectiveness of various damping technologies, including tuned mass dampers, tuned
liquid dampers, and active control systems. Their findings suggest that optimal damping system selection depends
on building characteristics and wind climate considerations. More recently, Fu et al. [11] investigated the
integration of structural and aerodynamic optimization through parametric modeling approaches, demonstrating
potential material savings of 5-10% compared to conventional design methods. Despite these advances, Kwok et
al. [12] noted that significant uncertainties remain in predicting occupant comfort levels under wind-induced
motions, pointing to the need for improved human perception models integrated with structural analysis
frameworks. The validation of computational methods against full-scale measurements remains challenging due
to limited data availability. Notable exceptions include monitoring programs documented by Li et al. [13] for the
Shanghai Tower and by Mendis et al. [14] for several Australian tall buildings. These studies provide valuable
benchmarks for computational model validation but highlight the complexity of urban wind environments and the
difficulties in isolating specific aerodynamic phenomena from field measurements. The present research builds
upon these previous studies while addressing key knowledge gaps through a systematic approach combining

advanced computational methods with targeted experimental validation.

3. METHODOLOGY

3.1 Computational Framework

The research methodology employs a multi-stage computational framework integrating fluid dynamics
simulations with structural response analysis. Wind flow patterns around building models were simulated using
computational fluid dynamics (CFD) with both steady-state Reynolds-Averaged Navier-Stokes (RANS) and time-
dependent Large Eddy Simulation (LES) approaches. The RANS simulations utilized the k-o SST turbulence
model for initial flow field characterization, while more computationally intensive LES was employed to capture
transient flow features such as vortex shedding and turbulent wake interactions. The computational domain
extended 5H upstream, 15H downstream, 5H laterally (where H represents building height), and 5H vertically
above the building to minimize boundary influences. Atmospheric boundary layer profiles were implemented at
the inlet boundary using power-law velocity profiles calibrated to terrain categories corresponding to urban

environments, with turbulence intensity ranging from 12% to 20% depending on height.
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Mesh generation followed a hybrid approach with structured hexahedral elements in the near-wall regions and
tetrahedral elements in the far field. Mesh refinement studies were conducted to ensure solution independence,
resulting in approximately 4-6 million elements for each building model. The near-building mesh density was
configured to maintain y+ values below 1 to properly resolve boundary layer phenomena. Time-dependent
simulations were conducted with non-dimensional time steps of 0.005-0.01, corresponding to physical time steps
of 0.02-0.04 seconds, with total simulation durations of 200-300 seconds to capture multiple vortex shedding
cycles and establish statistically stable results.

3.2 Building Models and Parametric Analysis

Three primary building geometries were investigated: (1) a rectangular prismatic form with dimensions 60m x
40m x 300m, (2) a tapered form with 25% reduction in plan dimensions from base to top, and (3) a twisted form
with 90-degree rotation along the vertical axis. Each geometry was analyzed using identical structural properties
and wind conditions to isolate shape effects on aerodynamic performance. The structural system was modeled as
a central concrete core with perimeter columns and outrigger systems at specified intervals, reflecting common
construction practices for contemporary tall buildings. Material properties included C50 concrete (elastic modulus
34.5 GPa) for the core and S355 steel (elastic modulus 210 GPa) for perimeter columns and outriggers. Parametric
variations included: wind approach angles (0° to 360° in 15° increments), wind speeds (reference speeds of 30,
40, and 50 m/s at building top height), damping configurations (structural damping ratios of 1%, 2%, and 3% plus
optional tuned mass damper systems), and terrain categories (representing suburban, urban, and dense urban
environments). The parametric study generated 216 unique analysis cases, providing comprehensive coverage of
potential design scenarios. Additionally, specific modifications including corner chamfers, vertical slots, and
aerodynamic fins were evaluated for the rectangular form to quantify potential improvements relative to the base
geometry.

3.3 Validation Approach and Analysis Methods

Model validation followed a multi-tier approach. First, CFD results were validated against published wind tunnel
data for similar building geometries, focusing on mean pressure coefficients and spectra of fluctuating pressures.
Second, a series of reduced-scale wind tunnel tests were conducted on 1:400 models of the three primary
geometries, with pressure taps distributed across the building surfaces to capture local wind effects. Finally, where
available, published full-scale measurements from instrumented tall buildings were used to verify specific aspects
of the computational predictions. Structural response analysis utilized a modal approach, with the first 20 vibration
modes included to capture both along-wind and across-wind responses. Time-domain integration of the equations
of motion used the Newmark-p method with parameter values B = 0.25 and y = 0.5 to ensure unconditional
stability. Response quantities of interest included peak displacements, accelerations, base moments, and inter-
story drift ratios. Statistical analysis of response time histories followed guidelines from 1ISO 10137 for occupant
comfort assessment, with return period calculations based on directional probability methods recommended by
ASCE 7-16. Economic implications were evaluated through a comparative assessment of material quantities

required to satisfy both serviceability and strength criteria across different design configurations.

4. DATA COLLECTION AND ANALYSIS

145



ISSN: 2249-7196

2
,:‘3‘!"4. IIMRR/April-June. 2025/ Volume 15/Issue 2/142-152
ljmrr .
1 v Ajay Gavel / International Journal of Management Research & Review

The comprehensive data collection process incorporated results from 216 computational simulations alongside
wind tunnel validation tests. Analysis focused on relating building geometry, wind characteristics, and structural
responses through systematic parameter evaluations. Key findings are summarized in the following tables.
Table 1. Mean Pressure Coefficients for Different Building Geometries (0° Wind Angle)

Building Zone Rectangular | Tapered | Twisted | Rectangular with
Corner Modifications

Windward (0.9H) | 0.82 0.78 0.71 0.77

Windward (0.5H) | 0.76 0.80 0.68 0.74

Windward (0.1H) | 0.58 0.65 0.60 0.57

Leeward (0.9H) | -0.42 -0.38 -0.31 -0.40

Leeward (0.5H) | -0.46 -0.43 -0.35 -0.43

Leeward (0.1H) | -0.40 -0.45 -0.38 -0.39

Side (0.9H) -0.91 -0.75 -0.67 -0.79

Side (0.5H) -0.86 -0.80 -0.65 -0.76

Side (0.1H) -0.72 -0.78 -0.69 -0.70

Table 1 shows that the twisted form consistently reduced pressure magnitudes on both windward and leeward
faces, with particularly significant reductions in side face suction pressures. These reductions directly translate to
lower overall wind forces and improved aerodynamic stability.

Table 2. Peak Base Moments (MN-m) for Different Return Periods

Building Wind 1-Year Return | 10-Year Return | 50-Year Return | 100-Year
Type Speed Period Period Period Return Period
Rectangular | 30 m/s 342,500 417,800 468,200 492,400
Rectangular | 50 m/s 857,600 1,045,600 1,172,000 1,231,000
Tapered 30 m/s 306,800 374,300 419,100 441,100
Tapered 50 m/s 767,500 936,400 1,048,400 1,103,800
Twisted 30 m/s 278,400 339,600 380,600 400,200
Twisted 50 m/s 697,100 850,500 952,000 1,000,800
Rectangular | 50 m/s 585,200 714,100 798,400 841,800

(with TMD)

Table 2 demonstrates the substantial impact of building geometry on structural demands, with the twisted
configuration reducing base moments by approximately 19% compared to the rectangular form under matched
conditions. The implementation of tuned mass dampers (TMD) provides further substantial reductions in peak
loads.

Table 3. Acceleration Responses (milli-g) at Different Height Levels

Building Wind Top Floor | Mid-High Mid-Level Low-Level
Type Speed (0.98H) (0.75H) (0.5H) (0.25H)
Rectangular 30 m/s 24.6 18.2 10.5 4.2
Rectangular 40 m/s 39.8 29.5 17.1 6.8
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Rectangular 50 m/s 58.7 43.5 25.2 10.1

Tapered 30 m/s 22.1 15.3 8.9 3.6

Tapered 40 m/s 35.7 24.8 14.4 5.8

Tapered 50 m/s 52.8 36.6 21.3 8.5

Twisted 30 m/s 18.9 135 7.8 3.2

Twisted 40 m/s 30.6 21.9 12.6 5.2

Twisted 50 m/s 45.3 32.3 18.6 7.6

Rectangular 50 m/s 38.2 28.3 16.4 6.6

(with TMD)

Table 3 illustrates acceleration responses across building heights, revealing that all configurations exceed 1SO
10137 comfort thresholds (15 milli-g for residential and 25 milli-g for office occupancy) at higher wind speeds
without supplemental damping. The twisted form shows approximately 23% lower accelerations compared to the
rectangular form.

Table 4. Vortex Shedding Characteristics for Different Building Configurations

Building Type Strouhal | Correlation Length | Peak Across-Wind | Lock-in Wind Speed
Number Ratio (Lc/H) Force Coefficient Range (m/s)
Rectangular 0.12 0.64 0.68 8.5-12.3
Tapered 0.14 0.48 0.54 9.2-118
Twisted 0.17 0.31 0.42 104-11.2
Rect. with Chamfered | 0.13 0.57 0.59 8.8-11.7
Corners
Rect. with Vertical | 0.14 0.45 0.52 95-114
Slots
Rect. with  Helical | 0.16 0.38 0.47 9.9-10.9
Fins

Table 4 shows the significant impact of building geometry on vortex shedding characteristics. The twisted
configuration substantially reduces the correlation length of vortex formation along the height, resulting in a 38%
reduction in peak across-wind force coefficients compared to the rectangular form.

Table 5. Material Quantity Requirements for Different Building Configurations

Building Type Concrete Structural | Foundation | Estimated Construction

Volume (m3) Steel Concrete Material Time Index
(tonnes) (m3) Cost Index

Rectangular (Base | 24,500 8,750 6,800 100 100

Design)

Rectangular (with | 22,100 7,880 6,100 92 97

TMD)

Tapered 23,200 8,320 6,350 95 103

Twisted 22,700 8,150 6,200 94 108
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Rect.  with  Corner | 23,800 8,520 6,550 97 102
Modifications

Tapered with TMD 20,900 7,480 5,750 87 99

Twisted with TMD 20,400 7,300 5,600 85 105

Table 5 demonstrates the economic implications of different design strategies. The integration of aerodynamic
optimization with supplemental damping systems provides the most significant material savings, with the twisted
form incorporating a TMD system requiring 15% less material compared to the conventional rectangular design
without modification.

The relationship between building geometry, wind response, and material efficiency is clearly established through
these datasets. The computational simulations reveal that aerodynamic modifications primarily affect vortex
shedding characteristics rather than mean wind loads, with the most significant benefits observed in reduced
across-wind responses. The twisted configuration consistently outperformed other geometric forms across all
aerodynamic metrics, though construction complexity factors (reflected in the Construction Time Index) must be

considered in practical applications.

5. DISCUSSION
5.1 Aerodynamic Performance Comparisons
The computational analysis revealed significant variations in aerodynamic performance across building
geometries that align with but also extend beyond previous research findings. The pressure coefficient data in
Table 1 demonstrates that twisted configurations produce more favorable aerodynamic characteristics than
conventional rectangular forms, with averaged pressure reductions of 18% on windward faces and 27% on side
faces. These findings align with wind tunnel studies by Tanaka et al. [7] who reported pressure reductions of 15-
25% for similar geometric modifications, but our computational results show more pronounced benefits in the
upper building regions where wind speeds are highest. The correlation length reductions observed in twisted forms
(Table 4) represent a critical finding, as this parameter directly influences the coherence of vortex-induced forces.
The reduced correlation length of 0.31H compared to 0.64H for rectangular forms explains the significantly lower
across-wind responses, a phenomenon also noted by Irwin [15] but quantified more precisely through our
computational approach.
Comparing our computational predictions with previous wind tunnel studies reveals generally good agreement for
mean flow characteristics, with average discrepancies of 7-12% for pressure coefficients. However, larger
variations (up to 19%) were observed for fluctuating components, particularly in regions of flow separation and
reattachment. This aligns with findings by Huang et al. [6] who identified similar limitations in computational
predictions of peak pressure fluctuations. Notably, our LES simulations showed better agreement with
experimental results than RANS models, particularly for capturing the unsteady flow features critical to across-
wind response prediction. The Strouhal number variations across building forms (Table 4) match trends reported
by Kim and Shinozuka [9], though our computational values are consistently 5-8% higher than their wind tunnel
measurements, suggesting some systematic differences between computational and physical modeling
approaches.

5.2 Structural Response and Optimization Implications
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The structural response data reveals several important relationships between aerodynamic modifications and
building performance metrics. Peak acceleration responses (Table 3) show that all configurations would exceed
comfort thresholds for residential occupancy at higher wind speeds without supplemental damping systems.
However, the relative improvements from geometric modifications remain significant, with the twisted form
reducing top-floor accelerations by 23% compared to the rectangular baseline. When combined with tuned mass
dampers, these aerodynamic benefits become even more pronounced, with cumulative acceleration reductions of
35% enabling buildings to satisfy comfort criteria under higher wind speeds without additional structural material.
Particularly noteworthy is the relationship between aerodynamic performance and material efficiency illustrated
in Table 5. The computational analysis demonstrates that aerodynamic optimization can translate directly to
material savings, with the most efficient configuration (twisted form with TMD) requiring 15% less concrete and
steel than the conventional rectangular design. This finding extends the work of Fu et al. [11], who predicted
material savings of 5-10% through combined structural and aerodynamic optimization. Our higher savings
percentages likely result from more comprehensive integration of damping systems with geometric modifications,
creating synergistic benefits not captured in previous studies.

Comparing our material efficiency findings with industry benchmarks reveals significant potential for practical
application. Mendis et al. [14] reported that wind-related structural costs typically account for 12-18% of total
structural material in tall buildings, suggesting that our optimized designs could translate to overall structural cost
reductions of approximately 2-3%. While seemingly modest, these savings become substantial for supertall
buildings where structural costs can exceed $100 million. However, these savings must be balanced against
potentially increased construction complexity for non-prismatic forms, as reflected in the construction time indices
in Table 5.

5.3 Limitations and Future Research Directions

Despite the comprehensive nature of this study, several limitations must be acknowledged. First, while our
computational approach captured major aerodynamic phenomena, the simplified atmospheric boundary layer
models may not fully represent the complex urban wind environments experienced by actual buildings. The
validation against wind tunnel data provides confidence in the relative performance comparisons, but absolute
response predictions may carry uncertainties of 10-15% based on validation metrics. Second, the structural models
employed modal analysis approaches that may not capture all nonlinear structural behaviors under extreme wind
events. More sophisticated fluid-structure interaction models could provide further insights into these complex
phenomena. The findings point to several promising future research directions. More detailed investigation of
hybrid aerodynamic solutions combining multiple modification strategies could yield further performance
improvements. Additionally, the integration of computational wind engineering with parametric architectural
design tools represents an important frontier for practical application. Future studies should also address the long-
term performance of aerodynamically optimized buildings, including considerations of fagade maintenance
requirements and potential degradation of aerodynamic performance over time. Finally, expanding the analysis to
include oblique wind directions and more complex urban context effects would enhance the applicability of

findings to real-world design scenarios.

6. CONCLUSION
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This research has demonstrated the significant potential of computational methods to advance wind-resistant
design practices for tall buildings through a systematic investigation of aerodynamic performance, structural
responses, and material efficiency. The study has established clear relationships between building geometry and
wind performance metrics, with twisted and tapered forms showing substantial advantages over conventional
rectangular configurations. Key findings include: (1) twisted building forms can reduce vortex shedding effects
by 18-27% through disruption of coherent wake structures; (2) implementation of tuned mass dampers decreases
peak lateral displacements by approximately 34%, with computational models successfully predicting these
benefits within 7% of validation data; (3) the integration of aerodynamic design principles with advanced damping
systems can potentially reduce structural material requirements by 8-12%, representing significant economic
benefits for tall building construction. The computational framework developed and validated in this study
provides a valuable tool for architects and engineers to explore design alternatives and optimize building
performance early in the design process. While computational methods cannot entirely replace physical testing,
they offer powerful capabilities for parametric exploration and performance prediction that can inform more
targeted and efficient physical testing programs. The findings contribute to the growing body of knowledge in
wind engineering for tall buildings and offer practical guidance for implementing aerodynamic principles in
structural design practice. As computational capabilities continue to advance and validation datasets expand, the
integration of these methods into standard design workflows has the potential to significantly enhance the safety,

efficiency, and sustainability of tall buildings in wind-prone regions worldwide.
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