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ABSTRACT 

Cable-stayed bridges have emerged as a preferred solution for long-span crossings due to their 

efficient use of materials and visually appealing design. Nevertheless, their slender aerodynamic 

configuration renders them highly susceptible to dynamic wind effects such as flutter and vortex 

shedding, which may compromise serviceability and safety. This study formulates the problem by 

examining the aerodynamic stability of a composite I-girder cable-stayed bridge under varying wind 

speeds through the application of Computational Fluid Dynamics (CFD). The bridge deck, with a 

main span of 150 m, was modeled in three-dimensional solid form and subjected to wind speeds of 

4, 8, 12, and 25 m/s. Modal analysis indicated that the torsional-to-bending frequency ratio (ft/fb) 

was 1.61, falling below the minimum requirement of 2.5 set by Indonesian Bridge and Road 

Guidelines No. 02/P/BM/2022, thereby justifying further aerodynamic assessment. The novelty of 

this research lies in integrating structural modal analysis with CFD-based simulations under site-

specific wind conditions, providing insights rarely explored in regional contexts. Results 

demonstrated that the stability parameter fell within category A for 4 and 8 m/s, where wind effects 

were negligible, but shifted to category B at 12, 17.8, and 25 m/s, requiring attention to deck cross-

section geometry. Vortex shedding patterns at 17.8 m/s were regular and consistent, indicating 

potential resonance, while flows became increasingly complex at 25 m/s, generating higher 

aerodynamic forces and turbulence energy. Maximum lateral displacements reached 425.6 mm and 

vertical displacements up to 388.6 mm at extreme wind speeds. In conclusion, CFD-based numerical 

analysis proved essential in identifying critical wind-induced responses, confirming its importance 

as a design-stage tool to ensure the long-term stability and reliability of cable-stayed bridges. 

Keywords: cable-stayed bridge, composite I-girder, CFD, stability parameter, wind load. 

INTRODUCTION 

Cable-stayed bridges represent a vital component of modern transportation infrastructure, offering 

efficient solutions for long-span crossings while maintaining an aesthetically appealing form. Their 

slender and flexible configuration has made them increasingly popular in large-scale infrastructure 

projects. However, these same characteristics also render cable-stayed bridges vulnerable to 

dynamic wind loads, which may induce vibrations, excessive deformations, or even structural failure 

under extreme conditions. 

Aerodynamic studies during both the design and post-construction phases are therefore 

indispensable. Dynamic wind actions can trigger oscillations that threaten the safety and 

serviceability of the structure. The historical collapse of the Tacoma Narrows Bridge in 1940 

remains a pivotal lesson in the importance of integrating aerodynamics into bridge engineering. 

Among the analytical tools available, Computational Fluid Dynamics (CFD) has emerged as an 

effective numerical method for evaluating wind–structure interactions, including vortex formation, 

flow patterns around bridge decks, and structural responses to aerodynamic forces. 

CFD provides detailed insights into pressure distribution, velocity fields, and turbulence energy that 

are difficult to obtain solely through experimental testing. Moreover, it allows for efficient and cost-
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effective analysis of cable arrangements, deck geometries, wind angles of attack, and various wind 

scenarios. For the sustainable and safe design of bridges in the digital era, integrating structural 

modeling with fluid simulations has become essential. In this research, the objective is to evaluate 

the dynamic response of a composite I-girder cable-stayed bridge under varying wind speeds. 

The novelty of this study lies in combining structural modal analysis with CFD simulations under 

site-specific wind conditions in Ambon Bay, Indonesia—an aspect rarely addressed in regional 

bridge studies. By identifying that the torsional-to-bending frequency ratio falls below the required 

threshold of Indonesian standards, this research underscores the need for advanced aerodynamic 

assessment. The results are expected to provide valuable insights for enhancing both local practice 

and broader design guidelines. 

RESEARCH METHODS 

Bridge Data 

The geometric characteristics of the bridge were determined based on detailed structural data. The 

bridge has an overall span length of 300 meters, consisting of a main span measuring 150 meters 

and two side spans of 75 meters each. The reinforced concrete deck slab was designed with a 

thickness of 0.25 meters, supporting the composite girder system. The bridge provides a total width 

of 21.5 meters, ensuring adequate capacity for traffic lanes and auxiliary functions. The pylon towers 

rise to a height of 83.5 meters, serving as the primary vertical support for the cable-stayed system. 

Meanwhile, the girder depth is 2.30 meters, contributing to the stiffness and overall load-bearing 

capacity of the deck. These dimensional properties form the fundamental basis for structural 

modeling and aerodynamic analysis in this study. Table 1 presents the material properties of the 

cable-stayed bridge structure. The geometry of the girder and cross beam is illustrated in Figure 1.  

Table 1. Types and grades of materials used in the cable-stayed bridge 

Component Material Grade / Strength 

Pylon Reinforced Concrete f’c = 40 MPa 

Bridge Deck Steel IWF Section fy = 345 MPa; fu = 450 MPa 

Cable Prestressing Steel Strands ASTM A416-06, Grade 270 

 

 

Figure 1. Geometry of the main girder and cross beam of the cable-stayed bridge structure 

Wind Speed Data 

The daily wind data for Ambon City covering the two-year period of 2023–2024 were obtained from 

the official meteorological database of the Indonesian Agency for Meteorology, Climatology, and 

Geophysics (BMKG). The analysis was conducted using the WRPlot software, with the results 

illustrated in Figure 2. The frequency distribution reveals that wind speeds in the range of 0.50–2.10 

m/s occurred at 1.40%, while wind speeds of 2.10–3.60 m/s occurred at 19%. The most dominant 

wind speed categories were 3.60–5.70 m/s, with a frequency of 34.9%, and 5.70–8.80 m/s, with a 

frequency of 38.4%. Meanwhile, wind speeds of 8.80–11.10 m/s occurred at 5.90%, and wind speeds 

exceeding 11.10 m/s occurred at only 0.40% of the total observations. 
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Based on this frequency distribution, representative wind speeds of 4 m/s, 8 m/s, and 12 m/s were 

selected for the numerical simulations in this study, along with an extreme wind condition of 25 m/s 

to evaluate the bridge’s aerodynamic stability under critical loading scenarios. 

 

   a. Wind Rose   b. frequency distribution of wind speeds 

Figure 2. Wind rose (a) and frequency distribution of wind speeds (b) in Ambon City during 

2023–2024 based on WRPlot analysis 

Computational Fluid Dynamics (CFD) Simulation 

The software employed for the CFD simulations in this study was Cradle CFD 2024.1 Student 

Edition. The length considered in the model corresponded to the main span of 150 meters, which 

was taken as the representative scale for the analysis. The girder was assumed to remain fixed, 

serving as an idealized representation of the bridge deck subjected to wind flow. 

The boundary conditions were defined following the guidelines of British Standard (2005) and PD 

6688-1-4:2015 BSI [1], where the velocity inlet was specified at the upstream boundary, the pressure 

outlet was applied at the downstream boundary, slip wall conditions were assigned to the remaining 

outer walls, and a no-slip wall condition was imposed on the surface of the bridge deck girder. The 

geometric parameters of B and D, representing the width and depth of the girder, are illustrated in 

Figure 3. 

 

Figure 3. Boundary conditions were defined following the guidelines of British Standard (2005) 

and PD 6688-1-4:2015 BSI  

For the inflow conditions, daily wind speed data from BMKG were adopted together with the critical 

vortex shedding velocity to ensure realistic aerodynamic loading scenarios. The flow was modeled 
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as incompressible, and the k-ω SST turbulence model was employed to capture near-wall effects 

and accurately represent the complex turbulent flow behavior around the bridge deck. 

Bridge Structural Modeling Using Midas Civil 

The cable-stayed bridge was structurally modeled using Midas Civil 2024 Student Version to 

evaluate its dynamic behavior under wind loading. The modeling process was followed by the 

determination of boundary conditions to accurately represent the structural constraints of the system. 

As illustrated in Figure 4, the girder support at the pylon was assigned a translational restraint in the 

y-direction, which serves as resistance against lateral wind forces. On the left side of the bridge, 

translational movement was restrained solely in the z-direction, while rotational restraints were 

applied in all three axes (x, y, and z). Furthermore, the pile cap support was defined as a fixed support 

condition, providing complete restraint against both translational and rotational degrees of freedom. 

This configuration reflects realistic structural behavior by ensuring that the bridge model is properly 

constrained while maintaining sufficient flexibility to simulate wind-induced responses. 

 

Figure 4. Structural modeling and boundary conditions of the cable-stayed bridge 

Natural Frequencies and Stability Parameters 

Through the structural modeling of the cable-stayed bridge using MIDAS Civil 2024, a modal 

analysis was carried out to identify the natural frequencies of the structure and to assess its dynamic 

response. The results showed that the first vertical bending frequency (fb) was obtained at Mode 

Shape 1 with a value of 0.672 Hz, while the first torsional frequency (ft) appeared at Mode Shape 6 

with a value of 1.084 Hz. The ratio between torsional and bending frequencies (ft/fb = 1.61) was 

notably lower than the minimum threshold of 2.5 as specified in the Guidelines for Roads and 

Bridges No. 02/P/BM/2022 (Ministry of Public Works and Housing, 2022). This shortfall indicates 

that the bridge does not comply with the required standard and therefore warrants more detailed 

aerodynamic investigations. 

A similar issue has been documented in both field measurements and analytical modeling of the 

Merah Putih Bridge in Ambon, where the first vertical bending frequency (0.660 Hz) was reported 

to be very close to the first torsional frequency (0.800 Hz) [2], [3]. Such proximity between modes 

reinforces the risk of resonance phenomena in long-span cable-stayed bridges. Taken together, these 

findings stress the necessity of performing aerodynamic stability analyses that address critical 

aeroelastic effects—including vortex shedding, galloping, and flutter—in order to ensure the safety, 

serviceability, and long-term adequacy of bridge designs. 

http://dx.doi.org/10.32832/astonjadro.v15i3.21590
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  a. bending behavior   b. torsional behavior  

Figure 5. Mode shapes of the cable-stayed bridge: (a) bending behavior and (b) torsional behavior 

The phenomenon of vortex shedding in fluid mechanics arises when airflow interacts with bridge 

components such as decks or cables, producing alternating periodic vortices on either side of the 

structure. When inadequately controlled, this process can significantly modify the aerodynamic 

forces acting on the bridge, potentially inducing unwanted vibrations and, in extreme situations, 

causing structural instability or failure. The behavior of vortices in bridge girders has been 

systematically investigated by Von Karman (Walther, 1999) [4], who introduced the use of the 

Reynolds number (Re) and the Strouhal number (S) as key dimensionless parameters to describe 

and predict vortex characteristics. The mathematical representation of these parameters can be 

expressed as follows: 

v = (
fb x h

S
)  𝑅𝑒 =

𝑉 𝑥 𝐵

𝑣
  

where fb is the natural bending frequency, h is the height of the vehicle deck, S is the Strouhal 

number with values typically ranging between 0.10 and 0.20, v is the wind speed (m/s), B is the 

bridge deck width (m), ν is the kinematic viscosity of air (≈ 0.15 cm²/s), and Re is the Reynolds 

number (in the order of 10⁵–10⁷). 

Wind vortices or turbulence occur at certain wind speeds, inducing resonance and amplifying the 

vibration response of the structure. From the calculation of Equation (1) using a Strouhal number of 

0.10, the critical wind speed at which vortex shedding occurs was determined to be 17.80 m/s. 

Subsequently, the vortex effect was evaluated using the Reynolds number (Re). The Reynolds 

number must satisfy specific requirements because it depends on the acting wind speed, with the 

acceptable range being 10⁵–10⁷. Based on the calculation of Equation (2), the Reynolds number was 

obtained as 2.55 × 10⁷, which exceeds the upper limit of 10⁷, indicating that the airflow is highly 

turbulent. This turbulence arises because inertial forces dominate, causing the fluid to move in a 

highly irregular manner, significantly overpowering the viscous forces that would otherwise act to 

stabilize the flow. 

(Ministry of Public Works and Housing, 2015) in the Technical Guidelines for Cable-Stayed Bridges 

[5] explains that the level of bridge vulnerability to dynamic wind loads is expressed by the 

parameter Pb, as follows: 

Pb = (
ϕb2

m
) (

16V2

bLfb2) 

where ϕ is the air density = 1.3 (kg/m³), b is the total width of the bridge deck (m), m is the bridge 

weight per unit length (kN/m), V is the average wind speed over a one-hour period (m/s), L is the 

maximum span length (m), and fb is the natural bending frequency (Hz). The classification of bridge 

vulnerability levels to dynamic wind loads is presented in Table 2.  
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Table 2. Types and grades of materials used in the cable-stayed bridge 

Category Type Condition Description 

Category A Pb < 0.04 The influence of dynamic wind on the bridge 

structure is not significant. 

Category B 0.04 ≤ Pb ≤ 1 Attention is required regarding the cross-sectional 

shape of the bridge. 

Category C Pb > 1 The influence of dynamic wind is highly significant. 

Based on the wind conditions observed at the bridge site, the wind speed data were found to range 

between 4, 8, and 12 m/s, with an extreme wind speed of 25 m/s. Corresponding to these wind speed 

values, the dynamic wind stability parameters of the bridge are presented in Table 3 and Figure 6. 

Table 3. Dynamic wind stability parameters of the bridge 

Wind Speed (m/s) Stability Parameter 

(Pb) 

Category 

4 0.0050 Category A 

8 0.0199 Category A 

12 0.0448 Category B 

17.80 0.0986 Category B 

25 0.1945 Category B 

 

Figure 6. Dynamic wind stability parameters of the bridge 

The assessment of the dynamic wind stability parameter offers a deeper understanding of how the 

cable-stayed bridge performs aerodynamically under different wind regimes. As illustrated in Table 

3 and Figure 6, the parameter remains within Category A when wind speeds are 4 m/s and 8 m/s, 

signifying that the influence of dynamic wind forces on the bridge structure is minimal. Under these 

conditions, the bridge can be considered to operate safely in low to moderate wind environments 

without raising significant aerodynamic concerns. 

When wind speeds increase to 12 m/s, 17.80 m/s, and 25 m/s, however, the stability parameter shifts 

to Category B. This transition indicates that the geometry of the bridge deck cross-section becomes 

a decisive factor affecting overall stability. The movement into Category B reflects the growing 

presence of critical aerodynamic phenomena, including vortex shedding and elevated turbulence 

intensity, both of which can magnify the structural response and heighten the potential for dynamic 

instabilities. 

These results underscore that although the bridge remains sufficiently stable at lower wind 

velocities, greater attention must be devoted to the design and refinement of the deck profile when 

high wind conditions are considered. Careful adjustments to geometric detailing and structural 

configuration are therefore vital to ensure the bridge’s resilience. Ultimately, the findings confirm 

that the aerodynamic stability of cable-stayed bridges is strongly dependent on wind speed, and 

long-term safety under severe wind scenarios requires rigorous optimization of both structural form 

and aerodynamic design. 
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Results of CFD Simulation 

The computational simulations carried out using Cradle CFD 2024.1 employed multiple wind speeds 

under both steady-state and transient flow conditions. The wind speeds analyzed were 4 m/s, 8 m/s, 

12 m/s, and 25 m/s, representing typical to extreme scenarios observed at the bridge site. These 

simulations enabled detailed visualization of the airflow patterns around the bridge deck, with 

particular emphasis on the phenomenon of vortex shedding. 

At t = 100 seconds, the simulation results revealed a marked contrast in vortex behavior between 

wind speeds of 17.80 m/s and 25 m/s. For the case of 17.80 m/s, the vortex shedding patterns 

appeared regular and consistent, highlighting a critical condition in which resonance may occur 

when the vortex shedding frequency coincides with the natural frequency of the structure. 

Conversely, at 25 m/s, the airflow developed into a more complex pattern, with velocity magnitudes 

near the upper and lower surfaces of the deck increasing from 25 m/s to 28 m/s. This escalation 

indicates the presence of extreme wind loading conditions, generating significantly greater 

aerodynamic forces acting on the bridge deck. 

In addition, the analysis demonstrated that turbulence energy intensifies as wind speed increases. 

The maximum turbulence energy was found to be 0.228 m²/s² at 17.80 m/s, and slightly higher at 

0.229 m²/s² for 25 m/s. Although the numerical difference appears minor, the nonlinear nature of 

aerodynamic effects at such wind speeds amplifies structural responses. These findings, presented 

in Figures 7 and 8, underscore the importance of accounting for nonlinear aerodynamic behavior at 

high wind velocities in the design and stability assessment of cable-stayed bridges. 

 

Figure 7. Vortex shedding pattern obtained from the 17.80 m/s simulation at t = 100 seconds 

 

Figure 8. Vortex shedding pattern obtained from the 25 m/s simulation at t = 100 seconds 

In addition, the simulation results also encompassed the analysis of forces and moments, which were 

evaluated to understand the structural response of the cable-stayed bridge. The findings indicate that 
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the largest forces occur in the transverse direction (Y-axis), while the largest moments are 

concentrated in the vertical direction (Z-axis). At a wind speed of 4 m/s and 8 m/s, the maximum 

transverse force in the Y-direction occurred at t = 0.5 seconds, reaching 31.3 kN and 62.6 kN, 

respectively. At subsequent time steps, these values decreased to 4.5 kN and 17.5 kN. For a wind 

speed of 12 m/s, the maximum Y-direction force was recorded at t = 1.5 seconds, with a magnitude 

of 100.73 kN, which then reduced to 39.5 kN in later stages. At the extreme condition of 25 m/s, the 

maximum Y-direction force occurred at t = 2.5 seconds, reaching 290.3 kN, while subsequent values 

decreased to 170.5 kN. 

Similarly, the results for the vertical moment (Z-axis) revealed increasing magnitudes with higher 

wind speeds. At 4 m/s and 8 m/s, the maximum Z-direction moments were observed at t = 0.5 

seconds, amounting to 2350 kN·m and 4700.56 kN·m, respectively. At later time intervals, these 

values decreased to 340 kN·m and 1315 kN·m. For a wind speed of 12 m/s, the maximum vertical 

moment reached 7561.88 kN·m at t = 1.5 seconds, subsequently reducing to 2975 kN·m. At 25 m/s, 

the maximum vertical moment was recorded at 21,773 kN·m at t = 2.5 seconds, later decreasing to 

12,975 kN·m. 

These results clearly demonstrate that wind speed has a substantial influence on the magnitude of 

both forces and moments, which in turn may induce significant structural vibrations and lift forces 

on the bridge deck. Such effects are illustrated in Figures 9 and 10, emphasizing the importance of 

considering wind-induced responses in the aerodynamic design and safety evaluation of cable-

stayed bridges. 

 

Figure 9. Force in the Y-direction on the bridge deck at wind speeds of 4, 8, 12, 25 m/s 

 

Figure 10. Moment in the Z-direction on the bridge deck at wind speeds of 4, 8, 12, and 25 m/s 
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Bridge Structural Response 

Subsequently, the calculated forces and moments were applied to the structural bridge model 

developed in Midas Civil 2024 using a time history analysis approach. The variation of forces and 

moments with respect to time was incorporated as dynamic loading through the nodal dynamic 

feature of the software. At a wind speed of 25 m/s, the resulting displacements were found to be 

highly significant, particularly in the transverse direction (Y-axis) and the gravitational direction (Z-

axis). 

For the Y-axis response, the maximum displacement occurred at t = 1 second with values of 44.80 

mm and 97.81 mm for wind speeds of 4 m/s and 8 m/s, respectively. At higher wind speeds of 12 

m/s and 25 m/s, the maximum displacement occurred at t = 2.5 seconds, reaching 155.30 mm and 

425.60 mm, respectively. In subsequent time steps, the average Y-direction displacements were 

recorded as 5.58 mm, 20.55 mm, 45.34 mm, and 194.91 mm for wind speeds of 4 m/s, 8 m/s, 12 

m/s, and 25 m/s, respectively. 

For the Z-axis response, the maximum displacement at t = 1.5 seconds was 17.17 mm for the 4 m/s 

case, while at t = 3 seconds, the displacements were 59.89 mm, 120 mm, and 388.60 mm for wind 

speeds of 8 m/s, 12 m/s, and 25 m/s, respectively. In the subsequent time steps, the average Z-

direction displacements were found to be –0.90 mm, 3.23 mm, 10.51 mm, and 62.16 mm for wind 

speeds of 4 m/s, 8 m/s, 12 m/s, and 25 m/s, respectively. 

The displacement responses at the midspan of the main bridge (node 1274) are further illustrated in 

Figures 11 and 12, which provide a clearer depiction of the bridge’s structural behavior under 

dynamic wind loading. 

 

Figure 11. Y-direction displacement at the mid-span of the main span under different wind speeds 

 

Figure 12. Z-direction displacement at the mid-span of the main span under different wind speeds 
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RESULT AND DISCUSSION 

The modal analysis conducted in this study revealed that the torsional-to-bending frequency ratio 

(ft/fb) was only 1.61, which is significantly lower than the minimum threshold of 2.5 required [6]. 

This shortfall highlights the susceptibility of the bridge to resonance phenomena, given the close 

proximity between the first vertical bending frequency (0.672 Hz) and the first torsional frequency 

(1.084 Hz). Similar observations were reported in the Merah Putih Bridge in Ambon, where modal 

frequencies of 0.660 Hz and 0.800 Hz were found to be closely spaced, increasing the likelihood of 

resonance [2], [3]. These findings are consistent with the work [7], who emphasized that low ft/fb 

ratios heighten aeroelastic instability in Π-type composite girders, and with Badhurshah et al. (2024), 

who showed that insufficient separation between modal frequencies in twin-box girders intensifies 

aeroelastic coupling, thereby reducing safety margins in long-span designs [8]. Recent studies on 

the Xiangshan Harbor Cable-Stayed Bridge also confirmed that inadequate frequency separation 

significantly lowers flutter reliability, underscoring the importance of modal control in bridge design 

[9]. 

The onset of vortex shedding was identified at a critical velocity of 17.8 m/s, where periodic and 

stable vortex patterns were observed. Such conditions are particularly concerning because they align 

closely with the natural frequencies of the structure, creating the potential for resonance. This 

phenomenon supports the findings, who noted that inhomogeneous wind fields tend to accelerate 

the onset of aeroelastic oscillations in cable-stayed bridges [10]. As wind velocity increased further 

to 25 m/s, the flow patterns became considerably more complex, with local wind accelerations 

recorded at up to 28 m/s above the deck surface, reflecting extreme turbulence. These results are 

consistent, who demonstrated that turbulence intensification significantly magnifies lift forces and 

torsional moments, thereby exacerbating aerodynamic instabilities [11]. In addition, found that 

clearance and proximity effects could trigger premature vortex shedding even at moderate wind 

speeds, further illustrating the sensitivity of bridge decks to boundary conditions [12]. 

The aerodynamic stability assessment based on the stability parameter (Pb) further reinforces these 

concerns. While the bridge remained in Category A at wind speeds of 4 m/s and 8 m/s—conditions 

under which wind-induced effects are negligible-it transitioned to Category B at 12 m/s, 17.8 m/s, 

and 25 m/s. This shift indicates that at higher wind velocities, the geometric characteristics of the 

deck become decisive in determining stability. This observation corresponds, who demonstrated that 

the aerodynamic stability of suspension and cable-supported bridges during construction is heavily 

dependent on cross-sectional geometry, which can be optimized to improve performance [13]. Also 

noted that small static angles of attack, such as a slight “nose-up” orientation, can elevate critical 

flutter speeds, underscoring the importance of fine-tuning deck aerodynamics during the design 

stage [14]. 

The CFD simulations revealed further evidence of nonlinear aerodynamic escalation. At 25 m/s, the 

maximum transverse force acting on the deck reached 290.3 kN, while the torsional moment peaked 

at 21,773 kNm. These values represent a sharp increase compared with the 12 m/s condition, 

underscoring the nonlinear relationship between wind velocity and aerodynamic response. Such 

patterns align with the findings of Fan et al. (2022), who identified that aerodynamic interference 

among parallel girder configurations generates nonlinear distributions of aerodynamic forces [15]. 

Showed that once wind speeds surpass critical thresholds, displacement responses grow nonlinearly, 

potentially leading to lock-in phenomena characterized by prolonged vibration cycles [16]. Long-

term evaluations of flutter reliability also indicate that such risks can accumulate across the life cycle 

of the bridge, as degradation and environmental changes alter modal properties and reduce safety 

margins [17]. 

The structural responses corroborated these aerodynamic findings. At the extreme wind speed of 25 

m/s, transverse displacement at midspan reached 425.6 mm, while vertical displacement was 

measured at 388.6 mm—an order of magnitude greater than the 44.8 mm displacement recorded at 

4 m/s. The quasi-quadratic growth of displacement with wind speed aligns with the work, who 

demonstrated that flutter and vortex-induced vibrations (VIV) become significantly more 

pronounced in non-optimized composite girder decks as wind velocity increases [18]. Furthermore, 

studies by revealed that even environmental factors such as temperature variations can shift modal 
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frequencies in composite cable-stayed bridges, suggesting that the large displacements recorded in 

this study could become even more critical under combined wind–thermal effects [19]. These results 

indicate that under critical conditions, the bridge deck would experience excessive dynamic 

deformations, threatening both structural safety and serviceability. 

Beyond the numerical findings, the relevance of this study can be better understood when 

contextualized with the contributions of Akhmad Aminullah and colleagues, who have advanced 

methodologies for monitoring and validating dynamic responses in cable-supported bridges. 

Demonstrated through Enhanced Frequency Domain Decomposition (EFDD) that accurate modal 

identification is essential for anticipating resonance risks, as shown in their structural health 

assessment of the Kretek II Bridge [20]. Illustrated that tiltmeters can reliably estimate bridge 

displacements when processed with interpolation and integration methods, a finding particularly 

pertinent to the present study where large wind-induced displacements were predicted [21]. 

Conducted shake table tests on a floating cable-stayed bridge model, revealing that transverse and 

torsional responses dominate under dynamic excitation, which strongly resonates with the present 

observation of force and displacement amplification in the transverse direction [22]. These insights 

also align with recent perspectives on aero-structural design optimization, where nonlinear 

aeroelasticity-driven approaches are increasingly being adopted to fine-tune deck profiles and 

enhance flutter stability in long-span bridges [23]. 

Taken together, this body of evidence paints a coherent picture: cable-stayed bridges with low 

torsional-to-bending frequency ratios are highly vulnerable to aeroelastic instabilities; vortex 

shedding is strongly governed by deck geometry and turbulence characteristics; and increasing wind 

velocities induce nonlinear aerodynamic and structural responses that significantly magnify 

displacement demands. Importantly, the collective contributions of Aminullah and colleagues bridge 

the gap between numerical simulations and experimental or field-based validation, underscoring the 

critical role of structural health monitoring systems-such as tiltmeters and accelerometers-in 

providing early warnings of lock-in phenomena. Consequently, the present study reinforces the 

growing consensus in the literature that CFD analyses should be systematically incorporated into 

the early stages of cable-stayed bridge design, prior to wind tunnel testing, to ensure aerodynamic 

resilience, serviceability, and long-term reliability of long-span bridge infrastructure. 

CONCLUSION 

This study confirms that the aerodynamic stability of cable-stayed bridges with composite I-girders 

is highly sensitive to modal properties and dynamic wind actions, as indicated by a torsional-to-

bending frequency ratio of 1.61, below the required threshold of 2.5, and by the onset of vortex 

shedding at 17.8 m/s with turbulence intensifying at 25 m/s. CFD simulations revealed nonlinear 

growth of aerodynamic forces, moments, and displacements, with maximum transverse and vertical 

responses reaching 425.6 mm and 388.6 mm, respectively, underscoring the need for cross-sectional 

optimization and stability parameter evaluation. By integrating site-specific wind data, modal 

analysis, and CFD, this research provides new insights into aeroelastic behavior rarely explored in 

Indonesia, while aligning with international findings and emphasizing the importance of monitoring 

systems and experimental validation to anticipate resonance and lock-in phenomena. The results 

highlight that CFD-based evaluations should be systematically adopted in design reviews, 

particularly for coastal and wind-prone regions, and future research should expand toward multi-

hazard assessments to ensure the resilience, safety, and sustainability of long-span bridges. 
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