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ABSTRACT

This research article provides a complete parametric analysis of the effects of wind loads on
cable-stayed bridges, utilizing the Quincy Bayview Bridge as a case study. The study applies
sophisticated finite element analysis using SAP2000 to model the bridge's structural response
under varying wind conditions. A realistic model of the bridge is created, depicting its precise
geometry, material qualities, and dynamic interactions between components such as double-
plane stay cables and concrete pylons. The analysis looks at the bridge's performance at various
wind angles (0°, 30°,45°, 60°, and 90°) and speeds, as prescribed by IS 875 (Part 3), in different
climatic zones including Pune, Mumbai, and Delhi. Displacement, base reaction, and bending
moments are key metrics that are used to assess the structural integrity and resilience of the
bridge. The findings provide important insights into the bridge's dynamic behavior, illustrating
how differences in wind angles and speeds affect lateral and vertical motions, internal stresses,
and pressures applied on supports. The results highlight the susceptibility of cable-stayed
bridges to aerodynamic forces, underlining the need of extensive testing throughout the design
phase to reduce the dangers associated with aerodynamic instability. This research intends to
contribute to the creation of more robust and efficient bridge designs by identifying crucial
performance indicators and possible weak areas, thereby improving the safety and durability
of cable-stayed bridges under varying environmental circumstances. The study closes with
suggestions for future design methods and research initiatives to improve the structural
performance of these critical infrastructure components.

Keywords: Cable-Stayed Bridges, SAP 2000, wind load, angle of attack, Seismic
Performance, Finite Element Analysis, etc.

1. INTRODUCTION

Cable-stayed bridges are one of the most aesthetically appealing and popular bridges
worldwide due to their advantages i.e., lightweight, relatively small cross-sections, and high
structural efficiency. Meanwhile, the race for achieving a longer span cable-stayed bridge is
entering a new era with the Russky Bridge (with a main span of 1104 m) holding the current
world record. On the other hand, cable stayed bridges are characterized by low structural
damping, complex dynamic behavior and longer natural time periods [1]Their relatively small
section and lighter weight make them susceptible to oscillations under dynamic loadings such
as wind, earthquake, pedestrian and traffic loads. Moreover, as the span length of cable-sta
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bridges increases, the flexibility of the structure and the length of stay cables also increase,
which may result in acrodynamic stability issues.

1.1 Necessity of Wind Analysis for Cable-Stayed Bridges:

Many dynamic stresses, such as those caused by traffic, wind, pedestrians, and seismic activity,
may affect cable-stayed bridges[2]. Furthermore, the stay cables have very little inherent
damping and are quite flexible.
These bridges' geometric and structural characteristics are also quite intricate.
In addition to this, it is still unclear what the precise nature of excitation is and the mechanism
behind part of the vibration phenomena is the non-linearity of the geometry and material is the
most significant characteristic of this kind of construction[3].

1.2 Need for Wind Analysis

Any building is affected by wind in three distinct ways. They are aerodynamic, dynamic, and
static. The kind of structure determines how it will react to a load[4]. When examining how a
structure reacts to wind stress, it is important to consider both the static and aerodynamic
impacts. Wind affects structural elements that are thin and flexible both along and across the
wind's path of action.

Bridges supported by cables are very flexible and have very little inherent dampening. They
are often exposed to a range of dynamic stresses, including wind, earthquake, and vehicle
loads[5]. Complex geometrical and structural characteristics characterize cable-stayed bridges.
The nonlinearity of the material and design of this bridge is one of its most remarkable aspects.
In addition to them, it is still unclear exactly what the process and exact kind of stimulation are
that lead to the production of vibrations[6].

1.2.1 Types of Wind Induced Vibrations

The cables of a cable-stayed bridge are constructed by wrapping wires or strands composed of
fiber-reinforced polymers (FRP) or steel. Their low damping qualities, suppleness, and light
weight make them well-liked. When exposed to wind, they may oscillate violently and get
readily aroused. A variety of processes and conditions may cause vibrations in cables. The
vibrations of the pylon towers and bridge deck are connected with those of the cable[7].

Therefore, the primary cause of vibration on the other structural elements of the bridge is
vibration on the cables. The various vibrations caused by wind are as follows:

1 Aerodynamic Galloping

Galloping due to wind effect means the wave like motion of elongated bodies which are not
aerodynamic in shape (bluff bodies). In the case of a cable-stayed bridge the bluff body is
usually the bridge deck. So aerodynamic galloping is the oscillation of bridge deck when acted
upon by wind.It is a low frequency situation and therefore does not create an adverse effect
usually.
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2 Wake Galloping

Wake galloping is the vibration of the bridge deck induced due to the wake effect formed
between cables. When wind is acted on two cables which are spaced close to each other, a force
or wake effect is developed between the cables. Under the action of this force the cables tend
to rotate in opposite directions which induces torsional oscillations. This vibration is
transmitted to the bridge deck which in turn causes galloping effect on the deck.

3 Buffeting

Buffeting is the sudden instability occurred due to shock wave oscillations or air flow
separation created when two objects strike each other. Sudden impact of a seismic load or
dynamic load leads cables to strike one another. This sudden shock induces vibration on the
whole structure. Buffeting is a high frequency phenomena.

4 Vortex Shedding

When air flows past a slender and tall body at certain velocities, an oscillation is experienced.
This oscillating force is called vortex shedding. In the case of a cable-stayed bridge pylons are
prone to experience this effect. When wind flows past the pylon, low pressure vortices are
formed on the downstream side of it. This vortex force will be likely to move the pylon from
side to side. If the vortex shedding frequency becomes equal to resonance frequency of the
structure, the whole structure will vibrate with harmonic oscillations. Vortex shedding is a
higher frequency phenomena and it depends mainly on the size and shape of the pylon.

5 Fluttering

Fluttering is an unstable vibratory motion of the structure due to the coupling between elastic
deformation of the structure and the aerodynamic force acted on it. Fluttering occurs due to the
combined effect of bending and torsion. Long span bridges like suspension bridge and cable-
stayed bridges are more prone to fluttering because of their large d/t value, d being the depth
of structure parallel to wind and t being the least lateral dimension. Fluttering is a major
vibratory motion and has even lead the collapse of Tacoma Narrows cable-stayed bridge in
1940.

6 Resonant buffeting

Resonant buffeting occurs in bridges with 2 parallel planes of cables. This phenomena happens
mainly due to the wake effect formation between the cables. Wind striking the upwind and
downwind portions of the cable with a time delay induces the whole cables to move laterally.
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Fig. 1: Different types of dynamic loads in the cable stayed bridges[8]

As shown in above figure, stay cables are generally subjected to direct vibration due to the
wind acting along the cable and indirect vibration through cable anchorages at the deck and
towers due to wind, traffic, and earthquake loads.

The optimization of cable-stayed bridges is a difficult issue for structural engineers. Although
the first studies on this issue were published over 40 years ago, it is now a popular study area,
with more than half of the studies published in the previous decade. Traditionally, optimization
methods were used to optimize cable forces and design, with the goal of minimizing costs. 80%
of past research on the optimization of cable-stayed bridges was focused on these two
problems. However, in the last decade, there has been a growing interest in applying
optimization algorithms to a variety of applications, including the design of hybrid fiber
reinforced polymeric deck and cables, monitoring and assessment of existing bridges, and the
design of passive and active control devices to improve seismic performance. Cable-stayed
bridges are made up of three primary structural elements: decks, towers, and cable-stays. They
have many inclined cable stays that help to sustain the deck throughout its length. This enables
for the building of large-span bridges with shallow decks. The deck functions as a continuous
beam elastically supported by inclined stays, which offer vertical support as well as natural
prestressing in the deck. The cable-stays convey the deck's vertical stresses to the towers. The
towers' compression transfers the weight to the foundations. These bridges are extremely
redundant, with their behavior determined by the stiffness of the load-supporting parts (deck,
towers, and cable stays) as well as the distribution of cable forces. They provide an effective
structural solution for medium-to-long spans and are extensively utilized across the globe. The
slenderness of the deck and the design of the cable suspension system give these constructions
obvious visual appeal. The graphic below depicts the weight transfer method in a symmetrical
cable-stayed bridge. Several publications provide detailed explanations of the major
characteristics and structural behavior of cable-stayed bridges [9], [10].
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Fig. 2: Scheme of load transfer in a cable-stayed bridge [11]

The design of cable-stayed bridges is a difficult process that entails solving a number of
complex problems, including the defining of the structural system, the determination of
member cross-sections, the calculation of cable forces distribution, building phases, and
geometric nonlinear effects. For concrete bridges, time-dependent effects are critical and must
be addressed. Optimization techniques are especially well suited to solving design problems in
big and complex structures such as cable-stayed bridges. They offer an effective technique to
handle large amounts of information with the goal of lowering material prices and creating
affordable and structurally efficient solutions. Furthermore, because of their decision-making
skills, these techniques are well-suited to solving a variety of problems in these complex
structures [11].

The aim of this study is to conduct a parametric analysis of wind load effects on cable-stayed
bridges across diverse wind angles and climatic regions using SAP2000. The study seeks to
comprehensively evaluate the dynamic response of a cable-stayed bridge model under varying
wind conditions, considering the interaction between structural components and the effects of
different wind angles and regional wind speeds. By employing advanced simulation
techniques, the research aims to identify critical performance indicators and contribute to the
development of more resilient and efficient bridge designs in the context of varying
environmental conditions.

2. LITERATURE REVIEW

Feder [11] presented an optimality criterion method for calculating cable prestressing forces in
steel bridges. The optimality criteria included cable strains and bending moments in the main
girder and tower base. The influence coefficients of the cable forces were employed, and the
issue was formulated as a system of linear equations solved using the least squares method. To
optimize cable forces in concrete bridges with prestressed decks while taking into account the
concrete creep effect, Furukawa et al[12]. also applied the minimization of a strain energy
criteria. The tendon forces in the main girder were described as linear functions of cable forces.

Qin [13] investigated the construction phases of segmental cantilever construction and
addressed the optimal cable-stretching planning using a linear programming (LP) problem. In
concrete cable-stayed bridges, Kasuga et al[14]. studied cable force modifications, including
the cable creep effect. An effect matrix of the cable forces was employed, and the adjustme
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forces were determined using a nonlinear programming (NLP) problem and work minimization
owing to these forces. Wang et al.[15] studied four techniques to optimize cable forces in order
to reduce deformations and stresses caused by the bridge's dead load. The authors investigated
the following: minimization of the sum of the squares of the vertical displacements of the cable
anchor points at the deck (MMSVD); minimization of the maximum moment along the bridge
deck (MMM); continuous beam method (CBM); and simply supported beam method (SBM).
The latter was chosen as the optimum method after comparing the estimated bending and
vertical displacements of the bridge deck. Janjic et al.[16] introduced the unit force method
(UFM) to calculate cable forces in order to achieve the required deck bending moment
distribution for the whole bridge under dead load. The method incorporates the construction
sequence, geometrical nonlinearities, and time-dependent phenomena such as concrete creep
and shrinkage, as well as prestressing tendon relaxation. The optimization of cable forces for
asymmetric steel bridges was addressed by Sung et al.[17] and Lee et al.[18].

Sung et al.[ 19] employed a cable force effect matrix and the minimization of total strain energy
defined as a quadratic function of post-tensioning cable forces. To obtain the appropriate deck
bending moment distribution for the structure's final stage under dead load and cable
prestressing forces, Lee et al.[18] applied a two-step methodology based on the unit load
method. Sun et al.[20] utilized the trust region algorithm to calculate the appropriate cable
forces for the bridge's deck and towers that minimize the bending strain energy under
permanent loads. Baldomir and Hernandez [21], Baldomir et al. [22], and Hernandez et al. [23]
found the cable areas for a long span steel bridge by minimizing the cable volume using a
gradient-based sequential quadratic programming (SQP) algorithm using finite difference
sensitivity. Zhang and Bai [24] calculated the cable forces for a single-pylon, double-plane
concrete bridge. The least bending strain energy was utilized to represent the objective function
as a quadratic form of the cable prestressing forces. The ANSYS parametric design language
(APDL) was employed to resolve the optimization problem. Yu et al.[25] utilized the
Midas/Civil software's unknown load factor method (ULF) to optimize an asymmetrical
bridge's cable forces. This method makes use of the impact matrix notion, and the
displacements, responses, and internal forces of members may all be considered constraints.
By minimizing the square root of sum of squares (SRSS) of the deck and tower nodal points'
deflections, Hassan et al. [26] calculated the cable forces in steel - concrete composite bridges.
Hassan [26] utilized the same algorithm to obtain cable areas via minimization of the steel
weight of the cables. In both papers, B-spline interpolation curves were used to characterize
the distribution of cable forces and to effectively manage the large number of variables that
occur as a result of the many cables. Sun et al. [27] suggested an optimization method for
calculating cable forces based on construction phases, with the goal of achieving the desired
final state upon bridge completion. The forward analysis approach was utilized to model the
construction process. The optimization was designed as a quadratic programming problem to
minimize the difference between the bridge's determined and ideal final states.

Zhang et al. [28] presented a two-stage technique to obtaining the best cable tensions for hybrid
cable-stayed suspension bridges under dead load. The finite element method (FEM) with
geometrical nonlinearities and a constraint relaxation quadratic programming method wer
used. Lonetti and Pascuzzo [29] devised a method for obtaining the best post-tensioning c
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forces and cable cross-sections for self-anchored cable-stayed suspension bridges. The FEM
was utilized to do structural analysis with geometrical nonlinearities, dead and live loads.
Constraints on ultimate and serviceability limit states, maximum allowed stresses, and bridge
deflections were evaluated. A sparse nonlinear optimizer (SNOPT) was utilized to tackle a
restricted nonlinear programming (NLP) problem. Martins et al.[30] determined cable forces
while taking into account construction phases, time-dependent effects of concrete, and
geometrical nonlinearities [28]) and [30]. The solution was discovered by minimizing a
constraint aggregation (displacements and stresses) convex scalar function produced using an
entropy-based method. In terms of long-span optimization, Asgari et al. [31] proposed a
multiconstraint technique based on the application of an inverse problem via the unit load
method. By minimizing the weighted total bending energy of the girder and the tower, Song et
al. [32] determined the cable forces, load, and counterweight range in long-span bridges.

Sun and Xiao [32] proposed a method for the optimization of the dead load state in earth-
anchored cable-stayed bridges. The method is based on the rigidly supported continuous beam
method as well as the feasible zone method. The ANSYS APDL language was utilized for the
optimization of self-anchored cable forces via the minimization of cable strain energy. The
earth-anchored cable forces were optimized using the feasible zone of pylon bending moments.
Using the cantilever erection method, Sung et al.[33] addressed optimal construction planning.
The cable forces were calculated using the minimization of the difference between completion
displacements and pre-planned construction objectives. During each construction step,
constraints on the cables' axial forces were considered. To increase the ability to escape local
minimums, particle swarm optimization (PSO) and simulated annealing (SA) were merged into
a traditional genetic algorithm's (GA) mutation process. Carpentieri et al. [34] created an
algorithm for designing the cables' pre-tensioning sequence optimally. The cables' pre-
tensioning forces, which create a "optimal" bending moment distribution throughout the deck,
were determined by solving a linear problem. Fabbrocino et al. [34] computed the cable
prestressing forces in bridges with steel-concrete composite decks to obtain the necessary
bending moment distribution over the longitudinal beams. An influence matrix of cable forces
was used, and the target cable moment distribution was developed with the goal of making the
most of the materials that make up the bridge.

Ha et al. [35] used a nonlinear inelastic analysis to develop a three-stage algorithm for
optimizing the initial cable tensions and overall weight of the cables. We present a micro-
genetic algorithm (LGA)-based method using a unit load matrix to decrease computing effort.
Through the minimization of the SRSS of the deck vertical and pylon horizontal deflections,
the initial cable tensions were obtained. The cable areas were calculated using the minimization
of the overall weight of the cables, taking into account the tensions beneath the bridge's dead
and active cables as well as the previously computed starting cable tension. The stresses on the
bridge's member strain and deck vertical and deck horizontal deflections were considered.
Baldomir et al. [36] reduced the cable volume of the Forth Replacement Crossing Bridge when
it comes to multi-span bridges. To achieve the necessary geometry under self-weight, two
design factors per stay were considered: the cross sectional area and the prestressing force. The
optimization problem was solved using the commercial program Altair Optistruct v11 (2013)
Cid et al. [37] determined the cable anchor locations, areas, and forces in a multi-span bri
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with steel towers and cable deck, taking into account the geometrical nonlinearities. The cable
steel volume minimization was carried out using a gradient-based SQP algorithm, and the
sensitivities were calculated using finite differences. Arellano et al. [38] also studied multi-
span bridges to calculate cable overlap lengths in bridges with crisscross cables. As objective
functions, the cable system's minimal cost, the minimum maximum displacement of the pylon
head, and the maximum alternative live load on the bridge were considered. The multi-
objective problem was addressed with the non-dominated sorting genetic algorithm IT (NSGA
10).

Performance-based design is an approach in which structural criteria are articulated in terms of
meeting a performance objective. This is in contrast to the traditional method, which defines
structural requirements as limitations on member forces caused by a certain level of applied
shear force. A performance objective outlines the intended seismic performance of a structure.
The highest permissible damage state (performance level) for a given design hazard is used to
define seismic performance. A performance objective that takes into account damage states at
various levels of ground motion is referred to as a dual or multiple level performance objective
[39].

Non-linear static analysis, also known as pushover analysis, is a powerful method for
measuring inelastic strength and deformation demands in structures, as well as uncovering
design flaws [39]. Its primary benefit is that it allows the design engineer to determine
significant seismic response quantities and utilize engineering judgment to appropriately
modify the force and deformation demands and capabilities that regulate the seismic response
near failure. The pushover analysis generates a force-displacement curve known as the
pushover curve. It is a plot of base shear (total lateral load) vs lateral displacement at a specific
position on the roof level, including all stages of lateral load / load increments. It should be
highlighted that the pushover analysis is just approximate and does not take into consideration
dynamic features such as hysteresis, increased mode involvement, and so on. It is known to
provide excellent outcomes for normal structures (with no torsional irregularity). The pushover
curve may be transformed to an acceleration versus displacement response spectrum, indicating
the structure's "seismic capacity." Including "seismic demand" in the same plot may help
determine whether capacity matches demand. A performance point is defined as the moment
at which seismic capacity and demand coincide [40].

3. METHODOLOGY

The study's methodology involves a systematic approach to analyze the wind load effects on a
cable-stayed bridge using SAP2000. The process begins with the development of an accurate
and detailed model of the bridge in ETABS, capturing the intricate geometry and material
properties of the Quincy Bayview Bridge, including its double-plane stay cables and concrete
pylons. The modeling process integrates dynamic interactions between the bridge components,
ensuring a realistic simulation environment. Various wind angles (0°, 30°, 45°, 60°, 90°) and
wind speeds corresponding to different climatic regions (Pune, Mumbai, and Delhi) are applied
to the model based on data from IS 875 (Part 3). The simulation results are then analyzed to
evaluate the bridge's performance under these different scenarios, focusing on the structure's
dynamic response to wind loads, potential for progressive collapse, and overall integrity. T
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findings are subsequently discussed, leading to the development of conclusions and
recommendations aimed at enhancing the structural resilience of cable-stayed bridges in
diverse environmental conditions.

Modeling in etabs
« different angles in
wind loading

* Application of wind
analysis of the bridge

Study of cable stayed

bridge Literature review

Conclusion Result and discussion

Fig. 3: Methodology of Work
3.1 Bridge details

The geometry of the selected bridge for this study is similar to the Quincy Bayview Bridge,
located in Illinois, USA. The length of the main span (M) is 285.6 m, with two side spans (S)
of 128.1 m. Therefore, the total length of the bridge (L) is 541.8 m. The deck superstructure is
supported by double planes of stay cables in a semi-harp type arrangement, where forty cables
are anchored into each transverse H frame-shaped pylon. As such, eighty stay cables support
the entire bridge deck, with forty supporting the main span and twenty cables supporting each
side span. The bridge has two lanes of traffic with a width of 12.2 m measured between centers
of the cables. The typical cross-section of the bridge deck consists of a precast concrete deck
having a thickness of 0.23 m and a width of 14.20 m. Two steel main girders are located at the
outer edge of the deck. These girders are interconnected by a set of equally spaced floor steel
beams. The distance between each pair of floor steel beams is 9.0 meters The pylons consist of
two concrete legs, interconnected with a pair of struts. The upper strut cross beam connects the
upper legs and the lower strut cross beam supports the deck. The lower legs of the pylon are
connected by a 1.22 m thick wall, which is placed as a web between the two legs[41].

3.2 Material Properties:

The materials employed in the construction of the cable-stayed bridge encompass concrete and
steel for specific components. The reinforced pylon and box girder utilize concrete with the
following properties. For the cables, steel is employed with distinct properties. These material
specifications are crucial considerations in ensuring the structural integrity and performance of
the cable-stayed bridge, with each component designed to meet the required standards for
strength, elasticity, and density.
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Steel Modulus of elasticity, (Es) =200 GPa
Unit weight, (ys =77 kN/m3
Poisson's ratio, (vs) =350 MPa
Yield strength, (Fy) =0.30

Concrete Modulus of elasticity, (Ec) =24.87 GPa
Unit weight, (yc) =24.0 kN/m3
Poisson's ratio, (vc) =0.20
Compressive strength, (fc') =30 MPa

Cables Modulus of elasticity, (Esc) =205 GPa
Unit weight, (yscable) = 82.40 kN/m3
Ultimate tensile strength, = 1.6 GPa
(TcCable)

e Modeling details

The modeling details consist of three cases, each representing a different region with varying
wind speeds and angles. In Case 1, the region is Pune with a wind speed of 39 m/s. The wind
angles considered for this case are 0 degrees, 30 degrees, 45 degrees, 60 degrees, and 90
degrees. For Case 2, the region is Mumbai with a wind speed of 44 m/s, and the same wind
angles of 0 degrees, 30 degrees, 45 degrees, 60 degrees, and 90 degrees are used for analysis.
Finally, in Case 3, the region is Delhi with a wind speed of 47 m/s, where the wind angles
evaluated are also 0 degrees, 30 degrees, 45 degrees, 60 degrees, and 90 degrees. Each case
studies the impact of varying wind angles on the structure based on the specific wind speeds

of the respective regions.

Note: Wind speed taken from IS: 875(Part3): Wind Loads on Buildings and Structures -

Proposed Draft & Commentary
Source: [41]

The basic wind speed for any site shall be obtained and shall be modified to include the

following effects to get design wind speed,
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Vz at any height, Z for the chosen structure:

(a) Risk level, (b) Terrain roughness and height of structure, (c¢) Local topography, and (d)
Importance factor for the cyclonic region.

It can be mathematically expressed as follows:

Vz=Vbxkl xk2xk3xk4,

where Vz = design wind speed at any height

z in m/s, k1 = probability factor (risk coefficient) (see 5.3.1 from IS 875 part 3),
k2 = terrain roughness and height factor (see 5.3.2 from IS 875 part 3),

k3 = topography factor (see 5.3.3 from IS 875 part 3), and

k4 = importance factor for the cyclonic region (see 5.3.4 from IS 875 part 3).

For the given bridge, the width of the bridge deck is 24.4 meters, the length is 14.2 meters, and
the height for wind exposure calculations is 69.8 meters. The basic wind speeds considered are
39 m/s, 44 m/s, and 47 m/s, with Terrain Category 1. The importance factor k1 is taken as 1.15,
the risk coefficient is 1.0, the topography factor k3 is 1.0, and the windward coefficient Cp is
0.8, while the leeward coefficient is 0.5.

To calculate the wind loads acting on a structure, we first determine the design wind speed at
a height of 0 meters. The design wind speed is adjusted for height, terrain, importance, and
topography. Given the basic wind speed of 47 meters per second, and with coefficients for
height and terrain, we calculate the design wind speed to be approximately 2319.45 meters per
second. Next, we calculate the wind pressure using the formula that incorporates the square of
the design wind speed. This results in a wind pressure of approximately 1391.67 Newtons per
square meter, equivalent to 1.391 KN.

Moving on to the wind load on the structure, we have specified dimensions: a width of 24.4
meters, a height of 69.8 meters, and a length of 14.2 meters. We start by calculating the
effective area for various angles of wind incidence. At zero degrees, the effective area is about
1703.12 square meters. At thirty degrees, the effective area increases to approximately 1970.48
square meters. At forty-five degrees, it is around 1904.86 square meters. At sixty degrees, the
area is about 1709.90 square meters. Finally, at ninety degrees, the effective area is
approximately 991.16 square meters.

Using the calculated wind pressure and a windward coefficient of 0.8, we can calculate the
wind load for each angle. At zero degrees, the wind load is approximately 2275.37 KN. At
thirty degrees, the load increases to around 2632.56 KN. At forty-five degrees, the wind load
is about 2544.89 KN. At sixty degrees, it is approximately 2284.43 KN, and at ninety degrees,
the wind load is around 1324.19 KN.
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Next, we consider the leeward side of the structure, using a leeward coefficient of 0.5. For the
leeward side at zero degrees, the wind load is about 1422.11 KN. At thirty degrees, the load is
approximately 1645.35 KN. At forty-five degrees, it is around 1590.55 KN. At sixty degrees,
the leeward load is about 1427.77 KN, and at ninety degrees, it is approximately 827.62 KN.

Finally, we combine the windward and leeward forces to calculate the total wind load on the
bridge deck for each angle. At zero degrees, the total wind load is approximately 853.26 KN.
At thirty degrees, the total load is around 987.21 KN. At forty-five degrees, the total wind load
is about 954.33 KN. At sixty degrees, it is approximately 856.66 KN, and at ninety degrees,
the total wind load is around 496.57 KN. These calculations provide essential insights into the
total wind load acting on the structure, ensuring its structural integrity against wind forces.

3.3 Summary of calculations:
Pune region:

Table 2: Pune region

Height K1 K2 K3 Vy V. P, P, in KN
0 1 1.05 1 39 1597.05 958.23 0.95823
15 1 1.09 1 39 1657.89 994.734 0.994734
20 1 1.12 1 39 1703.52 1022.112 1.022112
30 1 1.15 1 39 1749.15 1049.49 1.04949
50 1 1.2 1 39 1825.2 1095.12 1.09512

100 1 1.26 1 39 1916.46 1149.876 1.149876

:;1;11(; Area ;;;Lf:‘erent Fwindward Fieeward Fiotal

0 1703.12 1305.58454 815.990339 489.5942
30 1970.48192 1568.08429 980.052681 588.0316
45 1904.85596 1557.58091 973.488067 584.0928
60 1709.90456 1435.62219 897.263868 538.3583
90 991.16 868.351311 542.71957 325.6317

Volume 49 Issue 2 (June 2025)
https://powertechjournal.com



J
/

Received: 16-04-2025

ISSN:1000-3673

Mumbai region:

Table 3: Mumbai region

Revised: 05-05-2025

. Power System Technology

Accepted: 22-06-2025

Height K1 K2 K3 Vi \ P, P, in KN
0 1 1.05 1 44 2032.8  1219.68 1.21968
15 1 1.09 1 44 2110.24 1266.144  1.266144
20 1 1.12 1 44 2168.32 1300.992  1.300992
30 1 1.15 1 44 2226.4 1335.84 1.33584
50 1 1.2 1 44 2323.2  1393.92 1.39392
100 1 1.26 1 44 243936 1463.616 1.463616
wind angle Area;liglief;ferent Fwindward Fleeward Fiotal
0 1703.12 1661.80912 1038.6307 623.1784
30 1970.48192 1995.93109 1247.45693 748.4742
45 1904.85596 1982.56189 1239.10118 743.4607
60 1709.90456 1827.32713 1142.07945 685.2477
90 991.16 1105.2782 690.798874 414.4793
Delhi region:
Table 4: Delhi region
Height K1 K2 K3 Vy V; P, P, in KN
0 1 1.05 1 47 231945 1391.67 1.39167
15 1 1.09 1 47  2407.81 1444.686  1.444686
20 1 1.12 1 47  2474.08 1484.448  1.484448
30 1 1.15 1 47 254035 152421 1.52421
50 1 1.2 1 47 2650.8  1590.48 1.59048
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100 1 1.26 1 47 2783.34 1670.004  1.670004
wind angle Area:ﬁgiefsferent Fuwindward Fieeward Frotal
0 1703.12 2275.36832 1422.1052 853.2631
30 1970.48192 2632.56385 1645.3524 987.2114
45 1904.85596 2544.88756 1590.55473 954.3328
60 1709.90456 2284.43249 1427.77031 856.6622
90 991.16 1324.18976 827.6186 496.5712

3.4 Modeling images:

Fig. 6: 3D view

Above figure shows plan, front and 3D view of the cable stayed bridge in SAP 2000.
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4. RESULTS

The results section presents a detailed analysis of the structural response of the cable-stayed
bridge model under varying wind load conditions. The key parameters evaluated include
displacement, base reaction, and bending moment, which are critical indicators of the bridge's
performance. By simulating different wind angles and speeds across multiple climatic regions,
the study provides insights into how these factors influence the overall stability and behavior
of the bridge. Displacement results offer a view of the bridge's lateral and vertical movement
under wind forces, while base reaction results highlight the forces exerted on the bridge
supports. Additionally, the bending moment analysis reveals the internal stresses within the
bridge components, crucial for understanding potential weak points and areas prone to failure.
These findings are integral to assessing the structural resilience of the bridge and form the basis
for the subsequent discussion and recommendations.

4.1 Maximum displacement in m

1. Pune region

Displacement in m
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o
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Graph 1: Maximum displacement in m for Pune region

The displacement response of the structure in the Pune area varies with angle of attack, with a
peak at 30 degrees caused by higher lateral force components operating at this angle. As the
angle increases to 45 and 60 degrees, the displacement decreases marginally, indicating a more
stable response to larger angular stresses. The displacement is at its lowest point at 90 degrees,
suggesting that the load operates more axially, resulting in less lateral displacement. This
pattern illustrates how load direction affects structural behavior at varying attack angles.
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2. Mumbai region

Displacement vs Angle of Attack

2.5
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Displacement in m

05}

0 degree 30 degree 45 degree 60 degree 90 degree
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Graph 2: Maximum displacement in m for Mumbai region

In the Mumbeai region, the displacement of the structure increases with the angle of attack,
reaching a maximum at 30 degrees, likely due to the increased lateral load component. At 45
degrees, the displacement remains high but slightly decreases, indicating a minimal reduction
in the lateral response. As the angle progresses to 60 degrees, the displacement drops, showing
a stabilizing trend under larger angular forces. At 90 degrees, the displacement is at its lowest,
suggesting that the load is primarily axial, minimizing lateral deformation. This behavior
demonstrates the impact of load angle on the structural performance in the region.

3. Delhi region

Displacement in mm

Displacement in mm

0 degree 30 degree 45 degree 60 degree 90 degree
Angle of Attack

Graph 3: Maximum displacement in m for Delhi region
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In the Delhi region, the structure exhibits maximum displacement at 30 degrees, where lateral
forces are most pronounced. At 45 degrees, the displacement reduces slightly, indicating a
marginal decline in the lateral impact. As the angle increases to 60 degrees, the displacement
decreases m, showing a continued reduction in structural deformation. At 90 degrees, the
displacement reaches its minimum value, suggesting that axial loading predominates, thereby
minimizing lateral displacement. This trend highlights the varying influence of the angle of
attack on the structure's lateral response.

4.2 Base reaction in KN

1. Pune region

Base Reaction vs Angle of Attack
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Graph 4: Base reaction in KN for Pune region

In the Pune region, the base reaction peaks at 30 degrees, indicating maximum lateral force
impact at this angle. As the angle increases to 45 and 60 degrees, the base reaction decreases,
with a significant drop at 90 degrees, suggesting that the load becomes more axial, reducing
lateral force transmission.

2. Mumbai region

Base Reaction vs Angle of Attack
| —®—Base Reaction Data ||

3000

Base Reaction (kN)
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20 60 80 100

40
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Graph 5: Base reaction in KN for Mumbai region

In the Mumbai region, the base reaction reaches its highest value at 30 degrees, reflecting the
strongest lateral force effect. As the angle increases to 45 and 60 degrees, the base reaction
gradually decreases, with a sharp reduction at 90 degrees, where the wind is perpendicular to
the bridge, resulting in less force transferred to the supports due to a more distributed loa
across the side spans and pylons.
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3. Delhi region

Base Reaction (kN) vs. Angle of Attack
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Graph 6: Base reaction in KN for Delhi region

In the Delhi region, the base reaction reaches its peak at 30 degrees, indicating the highest
lateral force influence. As the angle increases to 45 and 60 degrees, the base reaction decreases
progressively, with a significant drop at 90 degrees, suggesting a shift toward axial force
dominance and reduced lateral load impact. These results highlight the critical impact of wind

angle on base reactions, with the 30-degree angle presenting the most challenging condition
for support forces in the Delhi region.

4.3 Bending moment in KNm
1. Pune region

- 10 Bending Moment vs Angle of Attack
| —@— sending Moment |

3

N
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Graph 7: Bending moment in KNm for Pune region
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The bending moment results for the Pune region illustrate how different angles of attack impact
the internal stresses within the cable-stayed bridge. The bending moment reaches its maximum
at 30 degrees, indicating the highest flexural demand due to lateral loading. As the angle
increases to 45 and 60 degrees, the bending moment gradually reduces, with a significant
decrease at 90 degrees, reflecting a predominantly axial load condition.

2. Mumbai region

w104 Bending Moment in KNm
|—&— Bending Moment |

Bending Moment (KNm)

o 10 20 30 40 50 60 7O a0 o0
Angle of Attack (Degrees)

Graph 8: Bending moment in KNm for Mumbai region

In the Mumbai region, the bending moment peaks at 30 degrees, showing maximum flexural
stress due to lateral forces. As the angle shifts to 45 and 60 degrees, the bending moment
decreases, with a substantial drop at 90 degrees, indicating a transition toward axial load
dominance, where the wind is perpendicular to the bridge, resulting in reduced internal stresses
due to the wind load being more evenly distributed across the side spans and pylons.

3. Delhi region

. «10% Bending Moment vs. Angle of Attack
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Graph 9: Bending moment in KNm for Delhi region
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In the Delhi region, the bending moment is maximized at 30 degrees, indicating the highest
flexural stress due to lateral loads. As the angle increases to 45 and 60 degrees, there is a slight
reduction in the bending moment, followed by a significant decrease at 90 degrees, which
suggests a shift towards axial load effects.

5. CONCLUSION

In conclusion, this research emphasizes the need of knowing wind load effects on cable-stayed
bridges, which are becoming more common in contemporary infrastructure due to their
aesthetic appeal and structural efficiency. The results show that the dynamic behavior of these
bridges is very sensitive to variations in wind angles and speeds, demanding a detailed
examination during the design process to reduce the dangers associated with aerodynamic
instability. The use of sophisticated modeling tools, such as those found in SAP2000, is helpful
in reproducing real-world circumstances and analyzing structural performance under a variety
of environmental situations.

This research paper presents a complete parametric analysis of the effects of wind load on
cable-stayed bridges, with an emphasis on the complex interactions between varying wind
angles and climatic conditions. Using modern finite element analysis software, notably
SAP2000, the research painstakingly evaluates the Quincy Bayview Bridge, emphasizing its
unique structural characteristics such as double-plane stay cables and strong concrete pylons.
In compliance with IS 875 (Part 3) requirements, the examination includes a broad variety of
wind angles (0°, 30°, 45°, 60°, and 90°) and speeds that represent varied climatic settings such
as Pune, Mumbai, and Delhi. The findings provide light on the bridge's dynamic behavior under
various wind conditions, indicating major weaknesses linked to progressive collapse and
overall structural integrity. By identifying important performance indicators, the research
hopes to improve the design and optimization of cable-stayed bridges, ultimately contributing
to the creation of more robust structures capable of withstanding dynamic environmental loads.

The research used a methodical approach, beginning with the development of a realistic model
of the Quincy Bayview Bridge, which captured its complicated geometry and material
qualities. The analysis provided substantial insights into the bridge's dynamic response to wind
loads, with predictions indicating the possibility of collapse under certain situations. Wind load
studies, accounting for wind speeds and angles, revealed that at a wind speed of 39 m/s (Pune),
the computed wind loads varied dramatically across angles, with a maximum windward load
of around 2632.56 kN at 30°. This pattern maintained with wind speeds of 44 m/s (Mumbai)
and 47 m/s (Delhi), with significantly different loading dynamics, underscoring the relevance
of wind direction in the structural response of cable-stayed bridges.

The following comparative conclusions and discussions are inferred:

e The angle of attack has a specific influence on bridge deflection in Pune, Mumbai, and
Delhi regions. At 30 degrees, all regions show the highest displacements, with Delhi having
the greatest deflection (3.071041 meters), followed by Mumbai (2.328372 meters) and
Pune (1.829263 meters). This shows that the 30-degree angle causes the most substantia
lateral displacement owing to the combined influence of longitudinal and transverse wj

Volume 49 Issue 2 (June 2025)
https://powertechjournal.com



. Power System Technology

Y 1SSN:1000-3673

Received: 16-04-2025 Revised: 05-05-2025 Accepted: 22-06-2025

forces at all locations. At 45 degrees, displacements reduce marginally compared to 30
degrees, with Delhi suffering the highest deflection (2.968762 meters), indicating persistent
susceptibility to oblique wind conditions. The lowest displacements occur at 90 degrees,
when the wind is perpendicular to the bridge. Pune has the least deflection (1.012983
meters), showing superior performance in terms of decreased lateral movement. The 30-
degree angle regularly causes the highest displacement, notably in Delhi, making it the
most important condition for deflection. In contrast, the 90-degree angle produces the least
displacement across all regions, with Pune achieving the best results in terms of decreased
deflection.

e A comparison investigation of base reactions in Pune, Mumbai, and Delhi shows how
varying angles of attack affect the forces encountered by the bridge supports. At 30 degrees,
the base reactions are strongest in all regions, with Delhi having the highest force (3948.846
kN), followed by Mumbai (2993.897 kN) and Pune (2352.126 kN). This implies that the
30-degree angle places the most stress on the supports owing to the combined impacts of
longitudinal and transverse wind forces. At 45 degrees, the base reactions remain strong,
with Delhi (3817.331 kN) still experiencing large forces, but significantly reduced in
comparison to 30 degrees. The base reactions drop at 60 degrees, indicating a reduction in
forces, with Pune (2153.433 kN) having the lowest reaction among the regions. The lowest
base reactions are seen at 90 degrees, with Pune (1302.527 kN) receiving the least force,
suggesting a more uniformly distributed load and improved performance in terms of
reduced support forces. Overall, the 30-degree angle produces the highest base reactions,
particularly in Delhi, making it the most crucial condition for support forces, while the 90-
degree angle produces the best outcomes in terms of reduced base reactions, with Pune
displaying the best performance.

e An examination of bending moments in Pune, Mumbai, and Delhi shows how different
angles of attack impact internal stresses in cable-stayed bridge. At 30 degrees, all regions
suffer the greatest bending moments, with Delhi recording the highest value (48570.8029
kNm), indicating that this angle causes the most severe internal stresses due to the
combined effects of longitudinal and transverse wind forces. Mumbai follows with a
bending moment of 36824.9286 kNm, while Pune has a somewhat lower moment of
28931.1551 kNm. At 45 degrees, the bending moments remain large, with Delhi exhibiting
high internal stresses (46953.1755 kNm), but marginally reduced from 30 degrees. The
moments fall at 60 degrees, with Delhi having a bending moment of 42147.7795 kNm,
indicating a decrease in internal stresses as the wind direction changes. The lowest bending
moments occur at 90 degrees, with Delhi (24431.3011 kNm) having the least internal stress,
followed by Mumbai (20392.3828 kNm) and Pune (16021.0817). This implies that the
wind perpendicular to the bridge produces the best conditions in terms of reduced internal
stresses. Overall, the 30-degree angle causes the highest internal bending moments,
particularly in Delhi, making it the most crucial condition for internal stresses, while the
90-degree angle produces the best outcomes in terms of reduced bending moments, with
Pune demonstrating the best performance.
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This research not only expands the information base about the performance of cable-stayed
bridges, but it also gives practical insights for engineers and designers looking to improve
bridge resilience. Overall, the results highlight the need of careful wind analysis in the design
of cable-stayed bridges, which are prone to dynamic loads. The study provides significant
insights into improving bridge designs for improved performance and safety, making it an
essential resource for engineers and designers in the field. Future research may look at other
environmental elements and structural configurations to increase the resilience and
dependability of cable-stayed bridges in the face of various climatic difficulties.
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