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Abstract 
Wind-induced vibrations remain a critical concern in the design and serviceability of long-span and 
prestressed concrete bridge decks. With increasing structural slenderness, bridges are becoming more 

susceptible to aerodynamic instabilities such as flutter, vortex-induced vibrations (VIV), and buffeting. 

Traditional wind tunnel testing, although reliable, is costly and time-intensive. Recent advancements in 
Computational Fluid Dynamics (CFD) and Fluid-Structure Interaction (FSI) have enabled efficient 

numerical prediction of aeroelastic behavior. 
This review paper presents a comprehensive synthesis of experimental, analytical, and numerical studies 

related to wind-induced vibrations in bridge structures, with a focus on prestressed concrete decks. The 
role of turbulence modeling, aeroelastic coupling techniques, and geometric parameters is critically 

examined. Additionally, lessons from historical failures such as the Tacoma Narrows Bridge collapse are 

discussed to highlight the evolution of modern bridge aerodynamics. 
The paper identifies key research gaps in nonlinear aeroelastic modeling, full-scale CFD validation, and 

mitigation strategies, providing directions for future research and safer bridge design. 
 

Keywords: Wind-induced vibration, prestressed concrete bridges, CFD, FSI, flutter, vortex shedding, 
aeroelasticity 

 

Introduction 

Modern bridge engineering has steadily evolved toward longer spans, lighter structural 

systems, and slender deck geometries, especially in prestressed concrete bridges. This shift is 

driven by the need for material efficiency, cost optimization, and aesthetic appeal. However, 

as the structural stiffness decreases and flexibility increases, bridges become significantly 

more susceptible to aerodynamic instabilities and wind-induced vibrations, making wind-

structure interaction a critical aspect of design. 

Wind effects on bridges are inherently complex because they involve fluid-structure 

interaction (FSI), where the airflow influences the structural response, and the resulting motion 

of the structure, in turn, alters the airflow. These interactions can lead to several forms of 

dynamic responses: 

• Buffeting: Buffeting is a random, turbulence-induced vibration caused by fluctuating 

wind velocities in the atmospheric boundary layer. Unlike deterministic loads, buffeting 

arises from stochastic wind components and results in irregular structural responses. It is 

particularly significant for long-span bridges due to their large exposed surface area and 

flexibility. 

• Vortex-Induced Vibrations (VIV): When wind flows past a bluff body such as a bridge 

deck, alternating vortices are shed from either side of the structure. If the frequency of 

vortex shedding approaches the natural frequency of the bridge, a lock-in phenomenon 

occurs, leading to large-amplitude oscillations. Although VIV is generally not 

catastrophic, it can cause fatigue damage, discomfort to users, and serviceability issues.  

• Flutter: Flutter is the most critical form of wind-induced instability. It is a self-excited 

aerodynamic phenomenon where energy from the wind continuously feeds into the 

structure, causing oscillations that can grow uncontrollably. Unlike buffeting, flutter does 

not require turbulence; it can occur even in steady wind flow and may lead to sudden 

structural failure if not properly accounted for in design.  

 

A historically significant example highlighting the importance of aerodynamic stability is the  

https://www.engineeringpaper.net/
https://www.doi.org/10.33545/26648776.2026.v8.i2a.190


International Journal of Research in Engineering  https://www.engineeringpaper.net 

~ 7 ~ 

Tacoma Narrows Bridge collapse. The bridge exhibited large 

torsional oscillations under moderate wind conditions and 

ultimately failed due to aeroelastic flutter. This event 

fundamentally changed bridge engineering practices, leading 

to the integration of aerodynamic analysis, wind tunnel 

testing, and stability criteria in design codes worldwide. 

Traditionally, wind tunnel testing has been the primary 

method for analyzing aerodynamic behavior. While highly 

reliable, it is often expensive, time-consuming, and limited in 

parametric flexibility. With advancements in computational 

power and numerical methods, Computational Fluid 

Dynamics (CFD) has emerged as a powerful alternative. 

Software tools such as ANSYS Fluent enable engineers to 

simulate complex airflow patterns around bridge decks and 

evaluate aerodynamic forces with high accuracy. When 

coupled with structural solvers through FSI techniques, CFD 

allows for: 

• Detailed visualization of pressure distribution and vortex 

formation  

• Prediction of aerodynamic coefficients (lift, drag, 

moment)  

• Simulation of transient wind effects and dynamic 

structural response  

• Assessment of flutter stability and vibration amplitudes  

 

Moreover, CFD provides the flexibility to analyze multiple 

design configurations without the need for physical 

prototypes, making it highly suitable for optimization studies 

and early-stage design evaluation. 

In modern bridge engineering practice, a hybrid approach is 

often adopted combining CFD simulations, analytical 

models, and experimental validation to ensure both accuracy 

and efficiency. As computational techniques continue to 

advance, CFD-based aeroelastic analysis is becoming an 

indispensable tool for designing safe, efficient, and resilient 

long-span bridges. 

 

2. Classification of wind-induced vibrations 

Wind-induced vibrations in long-span bridges arise due to 

complex interactions between aerodynamic forces and 

structural response. These vibrations can be broadly 

classified into buffeting, vortex-induced vibrations (VIV), 

flutter, and galloping, each governed by distinct physical 

mechanisms and analytical models. 

 

2.1 Buffeting 

Buffeting is a forced vibration phenomenon caused by 

turbulent fluctuations in wind velocity. Unlike other 

aeroelastic instabilities, buffeting originates from stochastic 

wind loading rather than self-excited mechanisms. 

1. It results from random variations in wind speed and 

direction, particularly in the atmospheric boundary layer. 

2. The excitation is broadband in nature, meaning it spans 

a wide range of frequencies. 

3. Buffeting response depends on: 

• Turbulence intensity 

• Integral length scales 

• Structural damping and stiffness 

 

The dynamic response of a bridge under buffeting can be 

modeled using spectral analysis. The buffeting force can be 

expressed as: 

 

Fb(t) = (ρU2BCf′u′(t))/2 

Where: 

• 𝜌= air density  

• 𝑈= mean wind velocity  

• 𝐵= deck width  

• 𝐶𝑓
′= aerodynamic derivative  

• 𝑢′(𝑡)= fluctuating wind component 

 

Buffeting typically governs serviceability limits, causing 

discomfort to users and contributing to fatigue loading over 

time. 

 

2.2 Vortex-induced vibrations (VIV) 

Vortex-Induced Vibrations arise due to alternating vortex 

shedding from the surface of the bridge deck or structural 

elements. 

• When wind flows past a bluff body, vortices are shed 

alternately from either side, creating oscillating lift 

forces. 

• The shedding frequency is given by the Strouhal 

relationship: 

 

𝑓𝑠= 𝑆𝑡 ⋅ 𝑈 / 𝐷 

 

Where: 

• 𝑓𝑠= vortex shedding frequency  

• 𝑆𝑡= Strouhal number  

• 𝑈= wind velocity  

• 𝐷= characteristic dimension  

• Lock-in phenomenon occurs when: 

 

𝑓𝑠 ≈ 𝑓𝑛  
 

where 𝑓𝑛is the natural frequency of the structure. 

Key characteristics: 

• Produces moderate amplitude oscillations 

• Occurs over a narrow wind speed range 

• Can persist for long durations, leading to fatigue damage 

 

Although not usually catastrophic, VIV is critical in design 

of slender bridge decks and cables. 

 

2.3 Flutter 

Flutter is a self-excited aeroelastic instability that can lead to 

catastrophic structural failure. 

• It involves coupled bending and torsional motion of the 

bridge deck. 

• Occurs when aerodynamic energy input exceeds 

structural damping. 

• Unlike buffeting, flutter does not require turbulence it 

can occur in smooth, steady wind. 

 

The condition for flutter can be expressed as: 

 

Ucr = f (mass, stiffness, aerodynamic derivatives) 

 

Where 𝑈𝑐𝑟  is the critical flutter speed. 

 

Key features: 

• Rapid increase in oscillation amplitude 

• Highly nonlinear behavior 

• Potential for sudden collapse, as seen in the Tacoma 
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Narrows Bridge Collapse 

 

Flutter analysis is typically carried out using: 

• Linear aeroelastic theory 

• Flutter derivatives 

• Coupled CFD-FSI simulations 

 

Flutter is the primary ultimate limit state in long-span bridge 

design. 

 

2.4 Galloping 

Galloping is a low-frequency, large-amplitude oscillation 

typically observed in bluff bodies with asymmetric cross-

sections, such as cables or iced conductors. 

• Caused by aerodynamic instability due to negative 

aerodynamic damping 

• Governed by the Den Hartog criterion:  

 

dCL / dα +CD<0 

 

Where: 

• 𝐶𝐿= lift coefficient  

• 𝐶𝐷= drag coefficient  

• 𝛼= angle of attack 

 

Characteristics: 

• Large amplitude (can exceed structural dimensions) 

• Low frequency 

• Occurs at relatively low wind speeds 

 

Galloping is particularly dangerous for: 

• Stay cables 

• Transmission lines 

• Slender bridge elements 

 

Mitigation measures include: 

• Aerodynamic shaping 

• Dampers 

• Helical fillets 

 

3. Historical perspective and lessons learned 

The dramatic failure of the Tacoma Narrows Bridge Collapse 

marked a turning point in the field of bridge aerodynamics 

and aeroelasticity. Prior to this event, bridge design primarily 

focused on static loads, with limited understanding of 

dynamic wind effects. The collapse highlighted the critical 

importance of aerodynamic stability in long-span structures 

and led to the development of modern wind engineering 

practices. 

 

3.1 Background of the collapse 

The Tacoma Narrows Bridge, completed in 1940 in 

Washington, USA, was one of the longest suspension bridges 

of its time. Its design featured a slender, flexible deck with 

relatively low stiffness, making it highly susceptible to wind-

induced oscillations. 

• The bridge earned the nickname “Galloping Gertie” due 

to its visible oscillations even under moderate wind 

conditions.  

• On November 7, 1940, under wind speeds of 

approximately 19 m/s (~68 km/h), the bridge 

experienced large-amplitude torsional oscillations and 

ultimately collapsed.  

3.2 Key causes of failure 

The collapse was not due to structural weakness in terms of 

material strength, but rather due to aeroelastic instability, 

specifically flutter. The main contributing factors include: 

 

1. Aerodynamic Instability (Flutter) 

• The bridge experienced self-excited oscillations caused 

by interaction between wind flow and structural motion.  

• Energy input from the wind exceeded the inherent 

structural damping, leading to divergent oscillations.  

 

2. Low Torsional Stiffness 

• The deck had insufficient resistance to twisting.  

• This allowed coupled bending-torsion motion, a key 

requirement for flutter instability.  

 

3. Solid Deck Section Blocking Airflow 

• The use of solid plate girders restricted airflow through 

the deck.  

• This increased aerodynamic lift forces and created 

unstable flow separation patterns.  

 

4. Lack of Wind Tunnel Testing 

• At the time, aerodynamic testing was not standard 

practice.  

• The design did not account for dynamic wind effects or 

aeroelastic phenomena.  

 

3.3 Lessons learned 

The failure fundamentally changed how engineers approach 

bridge design. Several critical lessons emerged: 

 

1. Importance of Aeroelastic Analysis 

• Structural design must consider fluid-structure 

interaction (FSI).  

• Dynamic wind effects are as important as static loads.  

 

2. Role of Structural Stiffness 

• Adequate torsional and bending stiffness is essential to 

prevent instability.  

• Modern bridges incorporate stiffening systems to resist 

deformation.  

 

3. Aerodynamic Shape Optimization 

• Deck geometry significantly influences wind behavior.  

• Streamlined shapes reduce vortex formation and 

aerodynamic forces.  

 

3.4 Outcomes and advancements in engineering 

Following the collapse, the field of bridge aerodynamics 

advanced rapidly, leading to several key developments: 

 

1. Development of Flutter Derivatives 

• Quantitative parameters known as flutter derivatives 

were introduced to describe aerodynamic forces.  

• These are now fundamental in flutter prediction models.  

 

2. Mandatory Wind Tunnel Testing 

• Wind tunnel experiments became a standard requirement 

for long-span bridges.  

• Scale models are tested under simulated wind conditions 

to evaluate:  

• Flutter stability  
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International Journal of Research in Engineering  https://www.engineeringpaper.net 

~ 9 ~ 

• Buffeting response  

• Vortex shedding effects  

 

3. Improved Deck Configurations 

Modern bridge decks are designed to enhance aerodynamic 

performance: 

 

1. Box girder sections  

• Streamlined and closed shapes  

• Reduce drag and improve stability 

  

2. Truss systems  

• Allow airflow through the structure  

• Minimize aerodynamic loading  

 

3. Perforated or vented decks  

• Reduce pressure differences across the deck  

 

3.5 Impact on modern bridge engineering 

The lessons from Tacoma directly influence iconic modern 

bridges such as the Akashi Kaikyō Bridge and the Bandra-

Worli Sea Link, where: 

• Advanced CFD simulations complement wind tunnel 

testing  

• Aeroelastic stability is evaluated at the design stage  

• Safety margins for flutter are strictly enforced  

 

4. Computational approaches in bridge aerodynamics 

Modern bridge aerodynamics relies heavily on numerical 

simulations to complement experimental methods. With 

advances in computational power, high-fidelity simulations 

now enable detailed prediction of wind-structure interaction, 

reducing dependence on purely empirical approaches. 

 

4.1 Computational fluid dynamics (cfd) 

Computational Fluid Dynamics (CFD) is used to simulate 

airflow behavior around bridge decks and structural 

components by solving the Navier-Stokes equations 

governing fluid motion. 

 

𝜌 (
∂u

∂𝑡
+ u ⋅ ∇u) = −∇𝑝 + 𝜇∇2u 

 

Where: 

• 𝜌= air density  

• u= velocity vector  

• 𝑝= pressure  

• 𝜇= dynamic viscosity  

 

These equations are solved numerically over a discretized 

domain representing the bridge geometry and surrounding 

airflow. 

Key Outputs 

CFD simulations provide detailed aerodynamic insights: 

• Pressure distribution  

• Helps identify high-pressure and suction zones on the 

deck  

• Critical for load estimation  

• Velocity field  

• Reveals flow separation, recirculation zones, and wake 

formation  

• Essential for understanding vortex shedding  

• Aerodynamic coefficients  

o Lift coefficient (𝐶𝐿)  

o Drag coefficient (𝐶𝐷)  

o Moment coefficient (𝐶𝑀) 

 

These coefficients are inputs for structural and aeroelastic 

analysis  

 

Turbulence Modeling 

Since wind flow around bridges is highly turbulent, 

appropriate turbulence models are required: 

 

1. k-ε (k-epsilon) Model  

• Widely used and computationally efficient  

• Suitable for fully developed turbulent flows  

• Less accurate near walls and separation regions  

 

2. k-ω SST (Shear Stress Transport) Model  

• Combines advantages of k-ε and k-ω models  

• Better prediction of boundary layer behavior and flow 

separation  

• Commonly used in bridge aerodynamics  

 

3. LES (Large Eddy Simulation)  

• Resolves large turbulent structures directly  

• Captures unsteady vortex shedding phenomena 

accurately  

• Computationally expensive but highly accurate  

 

Applications in Bridge Engineering 

CFD is extensively used in projects like the Bandra-Worli 

Sea Link and the Akashi Kaikyō Bridge for: 

• Deck shape optimization  

• Prediction of vortex-induced vibrations  

• Estimation of wind loads under different conditions  

 

4.2 Fluid-structure interaction (fsi) 

Fluid-Structure Interaction (FSI) analysis integrates CFD 

with structural dynamics to simulate the mutual interaction 

between aerodynamic forces and structural response. 

Unlike standalone CFD, FSI considers that: 

• Wind affects the structure  

• Structural motion, in turn, alters the airflow  

 

This bidirectional coupling is essential for capturing 

aeroelastic phenomena such as flutter and VIV. 

 

Types of FSI Coupling 

1. One-Way Coupling  

• Fluid forces are computed using CFD and applied to the 

structure  

• Structural deformation does not influence the flow  

• Computationally efficient but less accurate  

• Suitable for small deformation problems  

 

2. Two-Way Coupling (Strong Coupling)  

• Continuous data exchange between fluid and 

structural solvers  

• Accounts for feedback effects between flow and 

deformation  

• More accurate for:  

• Flutter analysis  

• Large deformation cases  
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• Nonlinear aeroelastic behavior  

 

Governing Structural Equation 

The structural response under aerodynamic loading is 

governed by: 

 

Mlẍ + Cẋ + Kx = Faero(t) 

 

Where: 

• 𝑀= mass matrix  

• 𝐶= damping matrix  

• 𝐾= stiffness matrix  

• 𝑥= displacement  

• 𝐹𝑎𝑒𝑟𝑜(𝑡)= dependent aerodynamic force  

 

Key Outputs of FSI Analysis 

FSI simulations provide critical structural performance 

metrics: 

1. Displacement response  

• Vertical and torsional deflections  

• Helps assess serviceability  

 

2. Stress variation  

• Identifies critical stress regions  

• Useful for fatigue and failure analysis  

 

3. Vibration amplitude  

• Determines severity of oscillations  

• Essential for flutter and VIV assessment  

 

Applications in Modern Analysis: 

FSI is now a standard tool in advanced bridge design: 

• Capturing flutter instability  

• Evaluating dynamic response under turbulent wind  

• Supporting performance-based design approaches  

 

In tools like ANSYS (commonly used in your project 

workflow), FSI is implemented using: 

• System Coupling interface  

• Partitioned solver approach (CFD + structural solver)  

• Iterative convergence for accurate load transfer  

 

4.3 Integrated insight 

• CFD alone → Provides aerodynamic forces  

• FSI → Captures real structural behavior under those 

forces  

 

Together, they form a comprehensive framework for 

analyzing wind-induced effects in long-span bridges, 

enabling safer and more optimized designs. 

 

5. Influence of structural and aerodynamic parameters 

The aeroelastic performance of long-span bridges is strongly 

governed by a combination of structural properties and 

aerodynamic characteristics. Parameters such as deck 

geometry, material behavior, and wind conditions directly 

influence the onset of instabilities like flutter, vortex-induced 

vibrations (VIV), and buffeting. 

 

5.1 Deck geometry 

The cross-sectional shape and proportions of the bridge deck 

play a crucial role in determining aerodynamic stability. 

 

Box Girder Sections 

• Modern bridges commonly adopt streamlined box girder 

sections due to their superior aerodynamic performance.  

• These sections:  

a. Reduce flow separation  

b. Minimize vortex formation  

c. Improve torsional rigidity  

• Closed box sections also enhance torsional stiffness, 

which is critical in preventing flutter.  

 

Examples of successful implementation include the Bandra-

Worli Sea Link and the Akashi Kaikyō Bridge. 

 

Width-to-Depth Ratio (B/D Ratio) 

The ratio of deck width (𝐵) to depth (𝐷) significantly affects 

aerodynamic behavior: 

 

1. High B/D ratio (wide and shallow deck) 

• More susceptible to flow separation  

• Increased likelihood of flutter  

 

2. Low B/D ratio (deeper deck)  

• Improved aerodynamic stability  

• Higher structural stiffness  

 

The critical flutter velocity is strongly influenced by this 

ratio: 

 

𝑈𝑐𝑟 ∝ √
𝐾𝑡𝑜𝑟𝑠𝑖𝑜𝑛

𝜌𝐵2
 

 

Where: 

• 𝑈𝑐𝑟= critical flutter speed  

• 𝐾𝑡𝑜𝑟𝑠𝑖𝑜𝑛= torsional stiffness  

• 𝐵= deck width  

• 𝜌= air density  

 

Thus, optimizing deck proportions is essential to delay 

aeroelastic instability. 

 

Additional Geometric Modifications 

• Edge fairings → reduce drag and vortex shedding  

• Ventilated decks → allow airflow passage  

• Inclined webs → improve flow attachment  

 

These refinements are widely used in modern aerodynamic 

design. 

 

5.2 Material properties 

Material selection directly influences the mass, stiffness, and 

damping characteristics of the bridge, which are key 

parameters in dynamic response. 

 

Prestressed Concrete 

Prestressed concrete is widely used in bridge decks due to its 

favorable mechanical properties: 

1. Higher stiffness  

• Increases natural frequencies  

• Reduces susceptibility to resonance  

 

2. Enhanced durability  

• Better resistance to environmental degradation 
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3. Reduced vibration amplitude  

• Due to higher inherent damping compared to steel  

 

The natural frequency relationship highlights this influence: 

 

𝑓𝑛 =
1

2𝜋
√

𝐾

𝑀
 

 

Where: 

• 𝐾= stiffness  

• 𝑀= mass  

 

Higher stiffness results in higher natural frequencies, which 

helps avoid lock-in with vortex shedding frequencies. 

 

Damping Characteristics 

• Structural damping dissipates vibrational energy  

• Increased damping:  

• Reduces amplitude of oscillations  

• Delays onset of flutter  

 

Supplemental damping devices (e.g., tuned mass dampers) 

are often used in combination with material design. 

 

5.3 Wind characteristics 

Wind properties are inherently variable and significantly 

influence aerodynamic response. 

 

Turbulence Intensity 

1. Represents fluctuations in wind velocity relative to 

mean speed  

 

2. High turbulence 

• Increases buffeting response  

• May disrupt vortex synchronization (reducing VIV in 

some cases)  

 

3. Low turbulence 

• Promotes coherent vortex shedding  

• Increases likelihood of VIV and flutter  

 

Wind Speed (Critical Threshold) 

Wind speed is the most critical parameter governing 

aeroelastic instability: 

• Each bridge has a critical wind speed beyond which 

flutter occurs  

• Below this threshold:  

• Vibrations remain bounded  

• Above this threshold:  

• Oscillations grow rapidly (instability)  

 

The aerodynamic force dependence on wind speed is given 

by: 

 

𝐹 ∝
1

2
𝜌𝑈2 

 

This quadratic relationship shows that even small increases 

in wind speed can lead to significant increases in 

aerodynamic forces. 

 

Wind Direction and Angle of Attack 

• Skewed wind angles can alter pressure distribution  

• Angle of attack influences lift and moment coefficients  

• Critical for realistic CFD and FSI simulations  

 

5.4 Combined influence and design implications 

The interaction between geometry, material, and wind 

characteristics determines overall bridge performance: 

• Geometry + Wind → Aerodynamic forces  

• Material + Structure → Resistance to forces  

• FSI → Combined dynamic response  

 

A poorly optimized combination can lead to failures similar 

to the Tacoma Narrows Bridge Collapse, while a well-

designed system ensures: 

• High flutter stability margin  

• Reduced vibration amplitudes  

• Long-term structural safety  

 

6. Numerical modeling considerations 

Accurate prediction of wind-induced responses in bridge 

aerodynamics depends heavily on the quality of numerical 

modeling. Factors such as mesh quality, boundary conditions, 

computational domain size, and solution validation directly 

influence the reliability of CFD and FSI simulations. 

 

6.1 Mesh generation 

Mesh generation is one of the most critical steps in CFD 

analysis, as it determines how well the governing equations 

are resolved across the computational domain. 

 

Hybrid Mesh (Tetrahedral + Prism Layers) 

• Tetrahedral elements are commonly used in the bulk 

flow region due to their flexibility in handling complex 

geometries like bridge decks, cables, and pylons.  

• Prism (inflation) layers are generated near solid surfaces 

to accurately capture the boundary layer behavior.  

 

Key advantages: 

• Efficient handling of complex geometries  

• Improved accuracy near walls  

• Better resolution of shear stress and pressure gradients  

 

Near-Wall Treatment 

• Proper resolution of the boundary layer is essential for 

predicting:  

• Flow separation  

• Drag and lift forces  

• Dimensionless wall distance (𝑦+) should be maintained:  

• 𝑦+ ≈ 1for high-accuracy models (e.g., k-ω SST)  

• 𝑦+ > 30for wall-function approaches (e.g., k-ε)  

 

Local Mesh Refinement 

1. Fine mesh is required in critical regions:  

• Around the bridge deck edges  

• Wake region downstream  

• Regions of expected vortex shedding  

 

2. Adaptive refinement improves:  

• Accuracy of vortex prediction  

• Stability of transient simulations  
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6.2 Boundary conditions 

Boundary conditions define how the fluid enters, interacts 

with, and exits the computational domain. 

 

Velocity Inlet 

• Specifies incoming wind speed and direction  

• Can include:  

• Turbulence intensity  

• Turbulence length scale  

 

Typical logarithmic wind profile for atmospheric boundary 

layer: 

 

𝑈(𝑧) = 𝑈𝑟𝑒𝑓 (
𝑧

𝑧𝑟𝑒𝑓
)

𝛼

 

 

Where: 

• 𝑈(𝑧)= velocity at height 𝑧 

• 𝛼= terrain-dependent exponent  

 

Pressure Outlet 

• Applied at the downstream boundary  

• Assumes fully developed flow leaving the domain  

• Prevents artificial reflections of flow disturbances  

 

Wall Boundary (Bridge Surface) 

• No-slip condition is applied  

• Surface roughness may be included for realistic 

simulation  

 

6.3 Domain size 

The computational domain must be sufficiently large to avoid 

artificial interference with the flow field. 

 

Blockage Effects 

1. If the domain is too small, flow accelerates artificially 

around the structure  

2. This leads to:  

• Overprediction of aerodynamic forces  

• Incorrect vortex behavior  

 

Recommended Domain Dimensions 

Typical guidelines for bridge aerodynamics: 

• Upstream distance: 5H-10H  

• Downstream distance: 15H-20H  

• Lateral clearance: 5H-10H  

• Top clearance: 5H-10H  

 

Where 𝐻is the characteristic height of the bridge deck. 

Maintaining blockage ratio below 5% is generally 

recommended for accurate results. 

 

6.4 Convergence and validation 

Ensuring numerical accuracy requires both solution 

convergence and model validation. 

 

Convergence Criteria 

1. Residuals for governing equations should typically 

fall below:  

• 10−5for steady simulations  

• 10−4for transient simulations  

 

2. Additional monitoring parameters:  

• Lift and drag coefficients  

• Velocity and pressure stability  

• Time-step independence (for transient cases)  

 

Mesh Independence Study 

• Simulations are repeated with progressively finer 

meshes  

• Key outputs (e.g., 𝐶𝐿, 𝐶𝐷) are compared  

 

A mesh is considered independent when: 

 
∣ 𝜙𝑓𝑖𝑛𝑒 − 𝜙𝑐𝑜𝑎𝑟𝑠𝑒 ∣

𝜙𝑓𝑖𝑛𝑒
< 𝜖 

 

Where: 

• 𝜙= monitored parameter  

• 𝜖= acceptable error (typically < 5%)  

 

Validation with Experimental Data 

 

1. Numerical results must be compared with 

• Wind tunnel data  

• Published literature  

• Field measurements  

 

This ensures: 

• Model reliability  

• Realistic prediction of aerodynamic behavior  

 

For instance, validation practices evolved significantly after 

the Tacoma Narrows Bridge Collapse, leading to 

standardized aerodynamic testing protocols. 

 

6.5 Practical insight for ansys-based simulation 

In tools like ANSYS Fluent (commonly used in your project 

work): 

1. Use inflation layers (10-15 layers) near walls  

2. Maintain skewness < 0.85 for mesh quality  

3. Choose turbulence model based on accuracy vs cost:  

4. k-ω SST → best for bridge aerodynamics  

5. For FSI:  

• Ensure tight coupling convergence  

• Use small time steps for transient stability  

 

6.6 Key takeaway 

Reliable numerical modeling requires a balance between: 

• Accuracy (fine mesh, advanced models)  

• Computational cost (time and resources)  

 

A well-designed simulation framework ensures: 

• Accurate prediction of aerodynamic forces  

• Reliable aeroelastic response  

• Strong correlation with experimental results 

 

7. Case study: bandra-worli sea link 

The Bandra-Worli Sea Link (BWSL) serves as a prominent 

real-world benchmark for analyzing wind-induced effects on 

long-span bridge decks, particularly in coastal environments. 

Its design integrates advanced aerodynamic considerations, 

making it highly relevant for validating CFD and FSI-based 

studies. 
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7.1 Overview of the structure 

Location: Mumbai, India (Arabian Sea coastline)  

Structural system: Cable-stayed bridge with approach 

viaducts  

Total length: ~5.6 km  

Main span: ~500 m (cable-stayed portion)  

Deck type: Prestressed concrete box girder  

The bridge was designed to withstand severe environmental 

loading, including wind, waves, and corrosion effects typical 

of marine conditions. 

 

7.2 Key aerodynamic features 

Coastal Environment 

The bridge is exposed to marine wind conditions, 

characterized by:  

High humidity and salt content  

Strong, steady winds with intermittent turbulence. 

 Wind flow is relatively unobstructed, leading to:  

Higher wind speeds  

Increased aerodynamic loading  

This makes BWSL an ideal case for studying realistic 

atmospheric boundary layer effects. 

 

High Design Wind Speed (~44 m/s) 

The bridge is designed according to Indian Standard IS 875 

(Part 3) wind loading provisions.  

• The design wind speed of approximately 44 m/s (~160 

km/h) corresponds to extreme coastal conditions.  

 

Implications: 

• Structural elements must resist high aerodynamic forces  

• Flutter and VIV must be avoided within this wind range  

• Safety margins are incorporated to ensure aeroelastic 

stability  

 

Long-Span Configuration: 

Long spans inherently exhibit:  

• Lower natural frequencies  

• Increased flexibility  

 

This makes them more susceptible to: 

• Flutter instability  

• Vortex-induced vibrations  

• Buffeting under turbulent winds  

 

To counter these effects, the bridge incorporates: 

• Aerodynamically optimized deck geometry  

• High torsional stiffness  

• Adequate damping mechanisms  

 

7.3 Deck and material characteristics 

• Prestressed Concrete Deck Provides:  

• High stiffness, reducing deflection  

• Improved resistance to dynamic loading  

• Enhanced durability in marine conditions  

• Compared to steel decks:  

• Higher mass → reduces vibration amplitude  

• Better damping → improves dynamic performance  

• Box Girder Geometry 

• Streamlined cross-section minimizes:  

• Flow separation  

• Aerodynamic drag Improves:  

• Flutter resistance  

• Overall aerodynamic stability  

 

7.4 Aerodynamic and aeroelastic considerations 

• The design of BWSL incorporates principles derived 

from historical failures such as the Tacoma Narrows 

Bridge Collapse. 

 

Key considerations include: 

• Flutter Analysis  

• Ensuring critical flutter speed is well above design wind 

speed  

• Buffeting Analysis  

• Evaluating response under turbulent wind conditions  

 

VIV Assessment  

• Preventing lock-in conditions through proper design  

 

7.5 Role of cfd and fsi in analysis 

Modern computational approaches are highly relevant for 

analyzing bridges like BWSL: 

 

CFD Applications 

Simulation of airflow around deck sections  

Evaluation of:  

• Pressure distribution  

• Wake formation  

• Aerodynamic coefficients  

 

FSI Applications 

Prediction of:  

• Deck displacement  

• Stress variation  

• Vibration amplitudes  

 

Captures coupled aeroelastic response, essential for:  

• Flutter prediction  

• Dynamic performance assessment 

 

7.6 Relevance  

The Bandra-Worli Sea Link is an ideal reference model for 

your project because: 

It uses prestressed concrete deck, aligning with your study 

focus  

It operates under high wind speeds, suitable for aeroelastic 

analysis  

It represents a real-world validated design, useful for 

comparison with simulation results  

 

It can be used to: 

Validate CFD results (pressure, velocity)  

Compare FSI outputs (displacement, stress)  

• Benchmark aerodynamic coefficients 

 

8. Research gaps 

Despite advancements, several challenges remain: 

• Limited full-scale validation of CFD models  

• Difficulty in capturing nonlinear flutter  

• High computational cost of LES/DES  

• Lack of standardized FSI coupling methods  

 

9. Future research directions 

• Hybrid CFD-AI models  
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• Real-time structural monitoring  

• Advanced turbulence modeling (LES/DES)  

• Aerodynamic shape optimization  

 

10. Conclusion 

Wind-induced vibrations are a governing design criterion for 

modern prestressed concrete bridges. CFD and FSI methods 

have significantly enhanced predictive capabilities, but 

challenges remain in accuracy, validation, and computational 

efficiency. Future work should focus on integrating 

numerical and experimental approaches for safer and more 

optimized bridge designs. 
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