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Abstract 

This study frames the aerodynamic response of the reinforced concrete trapezoidal box grider 

under extreme climatic conditions from three geographically distinct regions: the katabatic 

wind-dominated Antarctic, the transitional Arctic Circle, and the hot, low-density Sahara 

Desert, highlighting the micro parameters of the climate influencing the aerodynamic response. 

Computational fluid dynamics (CFD) simulation was done in ANSYS Fluent, addressing the 

utilisation of the standard k-ε turbulence model and Sutherland’s temperature-dependent 

viscosity formulation. Aerodynamic coefficients were evaluated from -8° to +8°. The 

validation against the literature amplifies the accuracy of the methodology. The results indicate 

the vital role of climatic parameters on aerodynamic force. The cold & high wind speed as from 

Antarctica shows the most critical aerodynamic response with a stronger eddy viscosity; in 

contrast, the Sahara desert’s hot and low-density atmosphere provided a low substantial force 

The findings highlight that aerodynamic force magnitudes vary greatly with regional climatic 

parameters, indicating that design considerations must incorporate localised environmental 

factors to ensure bridge safety and performance under extreme wind conditions. This study 

provides novel insights into region-specific aero-dynamic challenges for long-span bridge 

decks, promoting better-informed structural design to mitigate risks associated with diverse 

climatic influences. 
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1 Introduction 

In this realm of civil engineering, developing long-span bridges is one of the significant 

evolutions. This infrastructure enables efficient transportation across geographical barriers 

such as valleys, rivers, and straits. The growth of population and urbanisation has intensified, 

and the demand for longer, sustainable, and aesthetically refined bridge structures has 

increased. With the demand for advancement in infrastructural revolution, there come a lot of 

challenges for ensuring that the structure shall not only withstand the static load but also shall 

deal with the complex dynamic loading under different environmental factors, especially for 

the induced wind influenced by the climate [1]. The study of by Montaya et al. 2021, support 

the statement, where he has conducted a analytical simulation to identify the aerodynamic 

performance of twin-box bridge decks, which represents as the critical research area, 

particularly due to the complex interaction of gap distance, as well as deck geometry, and 
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aeroelastic phenomena like flutter and buffeting, he additionally joined the fragmented pieces 

of previous studies on aerodynamic responses, which emphasizes the sensitivity of 

aerodynamic responses to the gap-to-depth ratio, identifying thresh-olds beyond which flow 

patterns and vortex dynamics shift significantly [2]. Their integration into long-span bridge 

design remains recent. Along with that, the implementation of an economical design for a long-

span bridge used in a steel twin box girder (STBG) without any appendages. Along with that, 

the gap distance in the twin box girder influences the buffeting effect that is evident in the 

previous studies [3]. Rather than that, limited research was conducted to include all the 

parameters for amplifying STBG capability and nullifying its loopholes. Nevertheless, very 

few parametric analyses were conducted throughout the aerodynamic context, where a 

parametric buffeting analysis of long-span railway bridges confirmed that skewed wind 

directions substantially affect buffeting loads on train-bridge systems, impacting structural 

fatigue and ride comfort [4, 5]. Additionally, recent studies highlight the wind power generation 

from the measurable climatic impact, including localised nighttime warming, by reassignment 

of heat and altering boundary layer mixing [6]. Moreover, climate change driven by wind 

pattern shifts in North America altered design wind speeds and structural reliability, which may 

impact the energy production, grid resilience, and necessitate revised safety margins for bridge 

and infrastructure design [7]. The scrutinised outcome indicates the lack of investigation with 

respect to climatic parameters; in contrast, they have focused on macro parameters of the wind.  

This article focuses on analysing the dynamic response of the bridge deck under extreme 

conditions, along with diversified climatic parameters. Throughout the analysis, several 

parameters of the climate were considered, such as wind speed, angle of at-tack, turbulence 

percentage, dynamic viscosity, and temperature. All these parameters were integrated using 

Sutherland's formula, along with the standard k-ε turbulence model, which was employed for 

the modelling of air as well as to simulate the enhanced response of the deck. ANSYS Fluent 

was used throughout the analysis. 

2 Methodology 

The study elaborates that the total aerodynamic (FDT) acting on the bridge deck is decomposed 

into different components, pressure drag force (FDP) and frictional drag force (FDF) acting upon 

the bridge deck. In this section, we can understand that the drag force (FD) and moments (M) 

are easy to compute by numerical simulation. Those forces are used to analyse the lift force 

coefficient (CL), drag force coefficient (CD), and moment coefficient (CM). Fig.4 mentions the 

different components of force, where (FH) is the horizontal force, (FV) is the vertical force, (FD) 

is the drag force, (FL) is the lift force, M is the moment, and α is the angle of attack. [8], The 

equation 1 below defines the total force (FDT) applied on the deck is the sum of pressure drag 

force (FDP) and frictional drag force (FDF), which can be further break into equation 2, 3 & 4 

where the abbreviation denotes the following symbols, pressure drag coefficient concerning 

angle of attack (CDP(α)), frictional drag coefficient concerning angle of attack (CDF(α)), depth 

of the deck D, span of the bridge is L, breath of deck B, drag coefficient concerning the angle 

of attack CD(α), tributary length (ΔLi), mean pressure (pi), shear stress along the direction of 

drag force (six), overall monitoring points (n), moni-toring point (i), and the angle between the 

vertical axis and pressure direction (Hi). Finally, by simplifying the equations, we get the 

formula of CD(α), CDP(α), CL(α), and CM(α) mentioned in equations 5, 6, 7, and 8. The equations 

of forces are simplified below with a schematic diagram in Fig. 1 
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𝐹𝐷𝑇 = 𝐹𝐷𝑃 + 𝐹𝐷𝐹 = 0.5𝜌𝑈2𝐶𝐷𝑃(𝛼)𝐷𝐿 + 0.5𝜌𝑈2𝐶𝐷𝐹(𝛼)𝐷𝐿      (1) 

𝐹𝐷𝑇 = 0.5𝑈2𝐶𝐷(𝛼)𝐷𝐿           (2) 

𝐹𝐷𝑇 = ∑ = 1𝑝𝑖∆𝐿𝑖 sin 𝜃𝑖
𝑛
𝑖           (3) 

𝐹𝐷𝐹 = ∑ = 1τ𝑖𝑋∆𝐿𝑖
𝑛
𝑖            (4) 

𝐶𝐷(𝛼) =
𝐹𝐷𝑇

0.5𝜌𝑈2𝐷𝐿
           (5) 

𝐶𝐷𝑃(𝛼) =
𝐹𝐷𝑃

0.5𝜌𝑈2𝐷𝐿
           (6) 

𝐶𝐿(𝛼) =
𝐹𝐿

0.5𝜌𝑈2𝐵𝐿
           (7) 

𝐶𝑀(𝛼) =
𝑀

0.5𝜌𝑈2𝐵𝐿
           (8) 

 

Fig. 1. Aerodynamic Forces diagram (P. Haldar & S. Karmakar (2023) 

2.1 Validation 

 

Fig. 2. Plot of Aerodynamic Coefficients (P. Haldar & S. Karmakar, 2023) 

This article was chosen for validation because the framework of this piece was vali-dated 

against the experimental results of the bridge deck. The validation of the RC deck was done by 

comparing the analytical results with the results obtained from P. Haldar & S. Karmakar, 2023 

[8]. The results of CD, CL, and CM have come close enough at different angles of attack. The 
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analysis was done in ANSYS Fluent. The magnitude of the results matches the reference given 

below in Fig. 3. 

 

Fig. 3. Comparison of the magnitude of aerodynamic coefficients (CD, CL, CM) 
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2.2 The governing equations used throughout the model for analysis 

The standard k-ε model was utilised due to its balanced computational efficiency and proven 

reliability in turbulent flow simulations. The advanced model like RNG, realizable k-ε, and 

LES, provides perfect accuracy for unsteady flows. The computational cost and complexity are 

higher in this realm of aerodynamics. Therefore, there might be a chance of proclamation in 

future for sensitivity tests with these models to further validate results.  

The k-ε numerical model is trending equations in the field of aerodynamics in ANSYS Fluent. 

It estimates the turbulent kinetic energy (k) and its dissipation rate (ε) developed by Launder 

and Spalding. It combines theory and experiments to give reliable and cost-effective results for 

turbulent flow, even though ε is based on empirical data. The equation of k is directly derived 

from the original form of the Navier-Stokes equations mentioned in eqn. (9). However, the 

equation for ε is not derived mathematically, but rather developed using physical intuition and 

empirical adjustments, and it does not closely resemble the exact mathematical formulation 

mentioned in eqn. (10) [9]. The standard k-ε model postulates the turbulent flow, neglecting 

molecular viscosity, making it unsuitable for transitional regimes. To address its limitations and 

improve accuracy across varied flow conditions, enhanced variants were developed by the 

researchers, such as the RNG and k-ε models, both of which are available in ANSYS Fluent 

for broader applicability. 

RNG k-ε Model [10]: According to the Renormalisation Group (RNG) theory, the model 

includes additional terms that improve the flow's accuracy for high strain rates, swirling flows, 

and transitional regimes. 

Realisable k-ε Model [10]: This version ensures that the model adheres to certain physical 

constraints (realisability conditions), improving predictions for boundary layer flows, 

separation, and recirculation zones. 

Kinetic energy (k) equation: 

(
𝜕(𝜌𝐾)

𝜕𝑡
) + (

𝜕(𝜌𝐾𝑈𝑖)

𝜕𝑥𝑖
) =

𝜕

𝜕𝑥𝑖
[(

𝜇+𝜇𝑡

𝜎𝑘
)
𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝑏 + 𝜌𝜖 − 𝑌𝑀 + 𝑆𝑘  (9) 

 

Turbulent dissipation rate (ε) equation: 

(
𝜕(𝜌𝜀)

𝜕𝑡
) + (

𝜕(𝜌𝜀𝑈𝑖)

𝜕𝑥𝑖
) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜀
)
𝜕𝜀

𝜕𝑥𝑗
] + 𝐺1𝜀 (

𝜀

𝑘
) (𝐺𝑘 + 𝐶3𝜀𝐺𝑏) − 𝐶2𝜀𝜌

𝜀2

𝑘
+ 𝑆𝜀 (10) 

ρ: fluid density 

Uᵢ: velocity component in the i-th direction 

μ: dynamic viscosity 

μₜ: eddy viscosity 

σk, σε: turbulent Prandtl numbers for k and ε 

Gk: generation of turbulence kinetic energy due to mean velocity gradients 

Gb: generation of turbulence kinetic energy due to buoyancy 
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YM: Contribution of fluctuating dilatation in compressible turbulence to the overall dissipation 

rate 

Sk, Sε: user-defined source terms 

C1ε, C2ε, C3ε: model constants 

The turbulent (eddy) viscosity is modelled as: 

𝜇𝑡 = 𝜌𝐶𝜇 (
𝑘2

𝜀
)        (11) 

The following standard model constants are:  

Cμ=0.09, σk=1, σε=1.3, C1ε=1.44, C2ε=1.92 

 

Fig. 4. Dimension of Deck and flow domain. 

2.3 Air modelling & climatic conditions 

The air pressure was designed according to Sutherland’s formula. A temperature-dependent 

model is used to calculate the dynamic viscosity of gases more accurately than using a constant 

value. The equation is represented as: 

𝜇(𝑇) = 𝜇0 (
𝑇

𝑇0
)

3

2
× [

(𝑇0+𝑆)

(𝑇+𝑆)
]      (12) 

μ(T): Dynamic viscosity at temperature T 

μ₀: Reference viscosity at reference temperature T₀ 

T: Local temperature (in Kelvin) 

T₀: Reference temperature 

S: Sutherland constant (for air: ~110.4 K) 

Table 1. Climatic conditions considered for the analysis and their reference 

Nation 
Density 

(Kg/m3) 

Wind 

speed 

(m/s) 

Dynamic 

viscosity 

(Kg/ms) 

Temp 

(°C) 

Turbulence 

(%) 
Ref 

Antarctic 1.225 90.8 1.81E-05 -89 80 [11] 

Arctic 

Circle 
1.6 5.5 1.71E-05 0 50 [12] 

Sahara 

Desert 
1.204 3 1.81E-05 47 60 [13] 
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3 Results and discussions 

    

Fig. 5. Variation of aerodynamic coefficients (Drag coefficient CD, Lift coefficient CL, 

Moment coefficient CM) with angle of attack (AoA) 

 

Fig. 6. Variation of aerodynamic forces (FD, FL, FM) with angle of attack (AoA)  

a) Katabatic wind-prone Antarctic region b) Arctic Circle region

c) Sahara Desert region

a) Katabatic wind-prone Antarctic region b) Arctic Circle Region

c) Sahara Desert Region
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The coefficients of CD, CL, and CM of 3 distinct climates are mentioned in Fig. 5, which 

indicates relatively steady values throughout the AoA, while the CM showed a notable and 

large deflection in 6°, 8°, and 0°, -8° in the Antarctic and Arctic regions, respectively. The 

Sahara Desert showed the least severe aerodynamic loading and more stable flow due to lower 

wind speeds and air density.  

3.1 Pressure contour lines indicating the Eddy viscosity 

The forces influenced by 3 distinct climates are mentioned in Fig. 6, indicating that the drag 

and lift forces of the Antarctic region are extremely high with values peaking around ±60,000 

N, and the moment force shows strong nonlinearity, dropping to nearly -100,000 N·m at 

negative AoA. The Arctic region showed maximum lift and drag forces near ±300 N and 

moment forces below -500 N·m. while in the Sahara, the drag and lift are under ±40 N and 

moments near -120 N·m due to low wind speed and air density. The nonlinear moment 

behaviour of the deck in the Antarctic region at specific angles of attack (AoA) arises from 

complex flow separation and vortex shedding phenomena caused by the high-speed wind 

influenced by dense katabatic winds. At these AoA, strong turbulent eddies form and detach 

from the bridge deck surface, altering pressure distribution and generating fluctuating 

moments. 

It has been observed that the integration of these parameters creates a large difference in 

response. The eddy viscosity indicates that the integration of high-density/low temperature 

wind and turbulence percentage along with other micro parameters generate a lot of thrust on 

the deck, which leads to vortex shedding and separation of the wind. Whereas the higher 

temperature/ lower density winds generate a low-intensity vortex and air separation. 

Additionally, the angle of attack has captured a lot of functionality in framing the effect of wind 

in Figs 7, 8, and 9.  

The eddy viscosity contours indicate the amplified unsteady aerodynamic forces and cause the 

observed nonlinear moment response. This contrasts with the milder turbulence and steadier 

flow patterns in the Arctic and Sahara, leading to more linear moment behaviour. The 

comparison of Eddy viscosity in Figs. 7, 8, and 9 highlights the severe turbulence flow effect 

on the bridge deck in the Antarctic region, which results in larger and stronger eddies that can 

amplify unsteady aerodynamic forces and potentially compromise structural stability. On the 

other hand, the Arctic Circle faces moderate turbulence effects, and the Sahara experiences the 

least severe turbulence effect. This indicates that colder, denser air with higher wind speeds 

tends to intensify aerodynamic challenges. The contour colours [Pa s] are a clear indication of 

the intensity of viscosity.  
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Fig. 7. Eddy viscosity contours under Antarctic, katabatic wind for the bridge deck. 
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Fig. 8. Eddy viscosity contours under the Arctic Circle region for the bridge deck. 
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Fig. 9. Eddy viscosity contours under the Sahara Desert wind for the bridge deck. 
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4 Conclusion 

The aerodynamic analysis across three regions shows that, while drag, lift, and mo-ment 

coefficients share similar trends with angle of attack, actual aerodynamic force magnitudes 

vary substantially due to environmental conditions. The katabatic wind-prone Antarctic region 

exhibits exceptionally high forces, far exceeding those in the Arctic Circle and the Sahara 

Desert. This highlights that relying solely on coefficients may mask critical design risks—full 

force calculations using local data are essential. Ultimately, robust region-specific assessment 

is necessary to prevent underestimating structural or stability hazards in extreme environments, 

especially for high-wind regions like the Antarctic. The result demonstrates that the katabatic 

winds of the Ant-arctic region impose the most critical aerodynamic forces on long-span bridge 

decks due to their high speeds, dense air, and intense turbulence. This indicates a vital role of 

including climatic parameters into bridge design to enhance safety and durability. Engineers 

should consider increased safety margins and adopt more conservative load factors when 

designing for such harsh environments. The current design requires a scrutiny to explicitly 

include region-specific aerodynamic loading parameters like those identified here, to prevent 

underestimating risks. Moreover, the selection of high-performance materials with superior 

fatigue resistance and durability against fluctuating wind loads is vital to ensure long-term 

structural integrity in these demanding conditions. 
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