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Abstract 

To address the challenges of optimizing cable-stayed bridges under seismic loading, a  

multi-objective particle swarm optimization (PSO) procedure to optimize load-bearing  

components of cable-stayed bridges is presented. The procedure integrates numerical  

computing software MATLAB with finite element analysis software ANSYS. The final  

goal is to identify the optimal cross-sectional dimensions of towers and girders, as well as the  

optimal cross-sectional areas of cables and their corresponding pre-tension forces. The goal  

is achieved by coupling the PSO for global searching, time history analysis or spectrum  

analysis for dynamic evaluation, and the influence matrix method for determining the cable  

pre-tension forces. The effectiveness of proposed procedure is validated through a two  

dimensional (2D) and a three dimensional (3D) symmetric layout bridge. Following that,  

the design procedure is utilized in the preliminary design of a single tower bridge without  

backstays located in Pescara, Italy. The results demonstrate that the proposed optimization  

procedure could be an useful tool to optimize cable-stay bridges under seismic loading. 
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1 Introduction 

Benefiting from the availability of high-speed computers and rapid improvements in  

structural optimization algorithms, optimization techniques have been applied to structural  

designs, including buildings (Feng 2024a 2024b) and bridges (Feng et al. 2021 2022).  

Cable-stayed bridges are among the most competitive bridge types for large spans, having been  

constructed worldwide since the completion of the first modern cable-stayed bridge, the  

Stromsund bridge in Sweden, with a main span of 182 m in 1955 (Fu and Wang 2014). They  

compete effectively with other bridge types that have main spans ranging from 200–500 m  

due to their excellent performance, aesthetic appeal, and economic advantages. However,  

despite these benefits, the use of cable-stayed bridges presents several challenges (Song  

et al. 2018). For instance, a cable-stayed bridge is a statically indeterminate structure, and  

its behavior results from the complex interaction of various factors, heavily influenced by  

cable arrangement and the stiffness distribution of load-bearing components such as cables,  

decks, and towers. In previous decades, several parametric studies have analyzed structural  

response in relation to various design factors, including anchoring positions and the stiffness  

of structural components. With improvements in structural optimization approaches and the  

accessibility of high-performance computing, attempts using optimization techniques have  

been made increasingly for optimizing the layout and size of cable-stayed bridges. These  



studies (Baldomir et al. 2010; A. M. Martins et al. 2016; Simões and Negrão 2000) focus  

on identifying optimal load-bearing components with the goal of minimizing total material  

costs under the constraints of stress and deflection. Furthermore, with the development of  

heuristic optimization algorithms, attempts (Arellano et al. 2019; Ha et al. 2018; M. Hassan  

2013; M. M. Hassan et al. 2013; Lute et al. 2009, 2011) have been made to determine the  

global optimal solutions for complex problems arising from an increased number of design  

variables and geometric nonlinearity. 

Besides the factors mentioned above, calculating cable tensioning forces is critical in  

influencing the structural behaviors of cable-stayed bridges. Since the load-balance method  

was proposed in 1972, numerous methods have been developed to optimize cable tensioning  

forces, including the Zero Displacement Method (ZDM), Continuous Beam Method  

(CBM), Force Equilibrium Technique (FET), Unit Load Method (ULM), and optimization  

methods (A. M. B. Song et al. 2018; Martins et al. 2020). The ZDM calculates cable  

tensioning forces based on the idea that the vertical displacements at the connections of stay  

cables with the girder are zero. The CBM obtains cable tensioning forces by assuming that  

the main girders are rigidly supported by the cables and behave like continuous beams. In  

the FET, cable tensioning forces are treated as design variables and are calculated iteratively  

to achieve a specific bending moment distribution along the girder. The ULM applies unit  

loads to the cables and multiplies them by appropriate factors to reach a target bending  

moment distribution (Guo et al. 2019). The cable tensioning forces are chosen in optimization 

methods based on the optimization of specific objective functions related to structural  

economy or efficiency, such as total strain energy, which is widely employed. 

When seismic loads are considered, the optimization problem becomes more challenging  

due to the significant dynamic effects on structural responses (Feng 2025; A. M. B. Martins  

et al. 2019). Unlike static loads, which remain constant during the optimization process, the  

dynamic characteristics and responses of bridges under seismic loads vary with changes in  

the stiffness distribution of the load-bearing components. As the sizes of these components  

change, the global mass and stiffness of the structure, along with its damping and vibration  

frequencies, also change, ultimately affecting the seismic forces and dynamic responses  

of the bridge. Additionally, the fact that cable-stayed bridges are statically indeterminate  

structures, combined with the complexities of calculating cable tensioning forces, further  

complicates the design process. This makes it more difficult to find feasible solutions using 

the traditional trial-and-error method. Few studies have addressed the optimization of cable- 

stayed bridges under seismic effects. For instance, Martins et al. (A. M. B. Martins et al.  

2019) proposed a computational tool for the optimal design of concrete cable-stayed bridges  

subject to seismic action, while Ferreira (Ferreira and Simões 2022) optimized a 350 m long  

curved cable-stayed road bridge under seismic acceleration. Both studies highlight that  

optimization algorithms are particularly well-suited to handle the numerous factors involved,  

avoiding the trial-and-error process and enabling the development of cost-effective and  

structurally efficient solutions under both static and dynamic loading conditions. 

In this study, to assist structural engineers in designing a cable-stayed bridge in Pescara,  

a multi-objective PSO-based procedure for optimizing the aforementioned factors based on  

preliminary layout is presented. The final goal is to identify the optimal sizes of load-bearing 

components and the cable pre-tension forces. This goal is achieved by coupling PSO  

for global searching, time history analysis or spectrum analysis for dynamic evaluation, and  

the IMM for determining cable tensioning forces. The procedure is formed by combining  

numerical computing software MATLAB (Documentation 2024) and finite element analysis  

software ANSYS (Ansys 2024). The effectiveness of proposed procedure is verified by a 2D  

and a 3D symmetric layout bridge. Subsequently, the procedure is applied to design a single  

tower bridge located in Pescara, Italy. Compared to previous literature, the main innovative  

contributions of this study are as follows: a) This research incorporates seismic load  



considerations, which have been addressed by very few studies on cable-stayed bridge  

optimization. Additionally, most prior research focuses solely on optimizing the cable. In  

contrast, this study simultaneously optimizes the load-bearing components, including the cable, 

deck and tower; b) The methodology combines multi-objective PSO for global searching with  

influence matrix method for cable pre-tension forces calculating. To the authors’ knowledge,  

this is the first time this approach has been reported; c) The proposed computational  

framework is applied to the preliminary design of a real bridge. In contrast, most previous  

work has focused on numerical examples and lacked real engineering applications. 

 

2 Optimization problem description 

The load-bearing components to be optimized include sizing optimization and cable tensioning 

forces optimization, with the latter depending on the outcomes of the former. To  

minimize the total material used of load-bearing components, the optimization problem can  

be defined by the Objective Function (OBJ), Design Variables (DVs), and State Variables  

(SVs). 

2.1 Objective function 

Given the following considerations: a) differing stiffness distributions in stay cables and  

other loading components, including the deck and tower; b) stay cables are composed of  

steel, whereas the deck and tower can be made of either steel or concrete; c) the optimization  

of stay cables involves cable pre-tension forces optimization. Hence, the optimal design is  

determined using two distinct objective functions: minimizing the total volume of the stay  

cables (f1) and minimizing the cumulative volume of the deck and towers (f2). 

 

2.2 Design variables 

The topological design variables (number of cable stays, tower shape, deck shape) and geo- 

metrical design variables (deck width, span lengths, tower height) are remain fixed during  

the optimization due to they are determined according to the practical and site conditions  

(A. M. Martins et al. 2016). The size parameters of the tower and deck, defined by their  

cross-sections, are considered as design variables, along with the cable cross-sectional  

areas. Thus, the global design variable vector is given by: 

 

2.3 State variables 



To avoid unreasonable states in cable-stayed bridges, five types of state variables (SVs)  

are considered. The first two constraints relate to the stress in load-bearing components,  

including the cables, deck, and tower. This is directly linked to the load-carrying capacity of  

the structural elements. By monitoring stress, we can ensure that the design remains within  

safe limits under various load conditions, thus preventing structural failure. The following  

constraints address the deflections of the deck and tower, which are essential for assessing  

the bridge’s serviceability and stability. Limiting deflection helps avoid issues such as  

cracking, yielding, or even collapse, thereby ensuring safety. The final constraint pertains to  

natural vibration frequencies, which relate to the global stiffness and mass of the structure,  

influencing its overall behavior. 

 

(a) Stress of the cable 

 

 

 



3 Optimization methodology and procedure 

3.1 Particle swarm optimization 

PSO is a population-based stochastic optimization technique inspired by the social behavior  

of animal swarms (Arora 2004). Each particle in the swarm represents a potential solution to an 

optimization problem and has a position and velocity. The algorithm initializes a population of 

particles with random positions and velocities and iteratively updates their positions based on  

their current position, velocity, and the best positions found so far by the swarm (gbest) and each 

particle (pbest). In multi-objective PSO as shown in Fig. 1, the goal is to find a set of non-

dominated solutions, where no solution can be improved in one objective without worsening 

another (Deb 2001). An external archive stores the non-dominated solutions found during the 

optimization process. The algorithm uses roulette-wheel selection to choose the gbest from the 

archive, considering both convergence speed and diversity maintenance. The computational flow  

of multi-objective PSO involves initializing the population, evaluating the objective functions of the 

particles, identifying and storing non-dominated solutions in the external archive, updating the 

particles’ velocities and positions, and updating the non-dominated solutions in the archive. This 

process continues until a termination criterion, such as a maximum number of iterations, is met. 

 

 
 

 

3.2 Influence matrix method 

The IMM is a practical approach based on the general influence matrix (Ru-cheng et al.  

2001). By applying a unit load sequentially along each cable, the bending moment influence  

matrices for the girder and tower are determined, and a system of equations related to least  

bending energy is formed. The cable tensioning forces are obtained by solving the system  

of equations as follow: 

 

 
 

where [CL] and [CR] are the left and right bending moment influence matrices, respectively.  

[B] is a diagonal matrix related to the bending stiffness of each finite element with the  

nonzero elements of the matrix represented by li/(4EiIi). The vectors {ML0} and {MR0}  

denote the left and right bending moments under the initial tension forces {P0}, respectively.  

The vector {T} represents the adjusted tension forces, with a dimension equal to the number  

of cables. The procedure of the IMM is as follows: 

1. Develop finite element model of the bridge, get the length li, elastic modulus Ei, and  

inertia moment Ii of each tower and deck element, assemble the diagonal matrix [B]. 

2. Add dead load and initial tension forces {P0}, get the left and right bending moments of  



each tower and deck element, and assemble the vector {ML0} and {MR0}. 

3. Add a unit force successively along each stay cable, get the left and right bending  

moments of each tower and deck element, and assemble the matrix [CL] and [CR]. 

4. Calculate the adjusted tension forces {T} using equation 9, obtain the cable pre-tension  

forces by {P} = {P0} + {T}. 

 

3.3 Dynamic analysis methods 

Given the mass matrix m, the stiffness matrix k of a linearly elastic system, or the force– 

deformation relations fs(u, u˙) for an inelastic system, along with the damping matrix c, the  

dynamic equilibrium subject to ground acceleration u¨g(t) is represented by the following  

second-order differential equation: 

 

 
For a linearly elastic system, fs(u, u˙)  simplifies to ku. Dynamic responses can typically be  

obtained using either time history analysis or response spectrum analysis (Chopra 2020).  

Time history analysis provides a detailed examination of the structural response over time  

by applying a complete time-varying excitation, while response spectrum analysis calcu- 

lates the maximum expected response based on a simplified representation of ground motion  

using a response spectrum, offering a quicker and less computationally intensive approach.  

When a detailed understanding of the structural response over time is crucial, time history  

method is preferred. In contrast, response spectrum analysis is typically used when only the  

peak response to a range of potential seismic events is required. 

 

3.4 Multi-objective pso and design procedure 

The methodology presented relies on a modified multi-objective PSO based on the open- 

source code (Heris 2015). This is combined with the IMM, programmed in an in-house  

MATLAB code (Documentation 2024), to calculate the cable pre-tension forces. Additionally, 

finite element (FE) simulations are performed when necessary to obtain the state variables 

associated with the optimization problem. MATLAB manages this process by calling  

the FE software ANSYS to carry out analysis. The flowchart of the multi-objective optimization  

for optimizing cable-stayed bridges is illustrated in Fig. 2. 

1. Setup main procedure: In MATLAB, input the multi-objective PSO control parameters, 

including population size, weighting coefficients, maximum iterations, and objective functions. 

Generate the initial population randomly. 

2. Calculate cable pre-tension forces: Transform the design variables (DVs) into ANSYS  

to perform finite element analysis and obtain the cable pre-tension forces. 

3. FE analysis: Add cable pre-tension forces and load cases in ANSYS. Perform finite  

element analysis, including static and dynamic analyses. Perform load case combinations to 

generate critical outcomes. Obtain the state variables (SVs) and objective function (OBJ)  

for each particle in the population under the critical loading condition. 

4. Determine non-dominated solutions: Identify non-dominated solutions and store  

them in an external archive. Create a hypercube of the current search space to locate the  

particles. 

5. Roulette-wheel selection: Choose the gbest by roulette-wheel selection. Update each  

particle’s velocity and position using its current velocity, its best value so far (pbest),  

and gbest. 

6. Check convergence criteria: Evaluate the convergence criteria. If satisfied, terminate  

the design process and output the non-dominated solutions from the external archive as  

Pareto-optimal front. Otherwise, update the non-dominated solutions in the repository  



 
 

through inserting new non-dominated positions and eliminating any dominated positions.  

Update each particle’s pbest, generate a new population, and repeat steps 2–5. 

 

 

4 Numerical example 
 

4.1 A 2D symmetric layout cable-stayed bridge 

The example illustrated in Fig. 3 is a cable-stayed bridge with a 140 m main span and  

two 70 m side spans, comprising 24 cables arranged in a single plane. This configuration  

includes 12 cables supporting the side spans and 12 cables supporting the main span, with  

each steel tower anchoring 12 cables. The towers rise 70 m above the foundation and 50 m  

above the deck. The bridge utilizes a beam-and-slab section for the deck and a rectangular  

hollow section for the towers, both constructed from steel grade S355, which has a yield  

stress of 355 MPa. The modulus of elasticity is assumed to be 206 GPa, with Poisson’s ratio  

and material density set at 0.3 and 7850 kg/m3, respectively. In addition to the dead load and  

cable tensioning forces, the bridge is assumed to be subjected to north-south (NS) direction  

of the ground motion recorded at the site in Amboy, as shown in Fig. 4, with the ground  



acceleration scaled to 0.7 m/s2. 

To simplify the design procedure, the cable tensioning forces are determined to achieve a  

desired geometry of the bridge after construction, without considering the construction control. 

 

 

 
 

A maximum allowable limit of 800MPa is set for the cables to prevent fatigue damage.  

Given the symmetry of the bridge, there are a total of 12 design variables by adding 6 size  

parameters for the deck and tower on 6 cross-sectional areas for the cables. Table 1 lists the  

design variables along with their corresponding lower and upper bounds. To represent the  

size changes of the cables, the design variable reflects the number of parallel steel wires with  

a diameter of 7 mm. 

 
 

The lower and upper bounds are set at 25 and 225, corresponding to an  

equivalent diameter of 35 mm and 105 mm for the cables, respectively. These variables are  

integer-valued to accommodate manufacturing limitations. The following equations sum- 

marize the design constraints considered for this application example:  

 

σc,i ⩽ 800 MPa (i = 1,2, ·  ·  · ,12)  



|σ| ⩽ 355 MPa 

|δs,i| ⩽ 70/550 m (i = 1,2, · · · , 6)                                                                                          (11) 

|δm,i| ⩽ 140/550 m (i = 1,2, ·  ·  · , 6)  

|u| ⩽ 24/550 m 

 

 
 
Table 1 Design variables and their final values for the 2D example 

 
 

4.2 Results and discussion 

Figure 5(a) shows the evolution of the Pareto-optimal front across generations 1, 5, 10, 20 and 30. 

A good spread of solutions is evident, with a clearly defined front of non-dominated designs. The 

final Pareto-optimal designs are shown in Fig. 5(b). Four designs on the Pareto-optimal front, 

labeled A, B, C and D, are singled out for further investigation. Table 1 lists the optimum sizes of 

the load bearing members for these four designs. Design A has the lowest cable volume (1.86 m
3
) 

but the largest cumulative volume of the deck and towers (482.7 m
3
). Design D features the highest 

cable volume (2.68 m
3
) but the lowest cumulative volume of the deck and towers (243.1 m

3
). 

Between designs B and C, the Pareto-optimal front displays a knee. The cumulative volume of the 

deck and towers is substantially greater for designs to the left of B, while designs to the right of C 

incur higher cable volume. Between B and C, Pareto-optimal designs provide a suitable 

compromise between these two goals. 

 



 
 

The results of the bridge’s optimal design are depicted in Fig. 6. To illustrate the effect  

of cable tensioning, the bridge with optimal sizes from design A, calculated without cable  

tensioning forces, is compared. As shown in Fig. 6(a), cable forces rise from the tower to the  

support and mid-span, with higher tensioning forces for cables near the center of the main  

span. This is due to these cables limiting deck deflection. Similarly, the backstay cable at the  

end of the deck exhibits a higher pre-tension force to counteract large overturning moments  

on the tower, consistent with general cable-stayed bridge design principles. Compared with  

and without applying the cable pre-tension forces, Fig. 6(b) indicates that applying any of  

the four sets of cable pre-tension forces can reduce maximum deflections at the mid-span  

by at least 60%. Figure 6(c) and Fig. 6(d) illustrate the deck and tower’s bending moment  

distribution. Notably, adopting the optimal sizes and corresponding cable tensioning forces  

significantly decreases the bending moments. For instance, the deck’s maximum absolute  

bending moment is 69,194 kN · m for the design without tensioning forces, while the optimized 

designs of A, B, C, and D yield bending moments of 14,694 kN ·  m, 18,968 kN · m,  

28,762 kN ·  m, and 33,959 kN · m, representing reductions of 79%, 73%, 58%, and 51%,  

respectively. 

Table 2 presents the maximum stress of the load-bearing components, including the cable,  

deck, and tower, along with their respective volumes. It is evident that the stress state variables  

in these components are within acceptable limits, indicating that the designs are feasible.  

Design B exhibits the highest stress among all optimal designs, reaching 768.9 MPa  

in the No. 1 stay cable, which is close to the limit of 800 MPa. Design C shows the highest  

stress in the deck and tower, at 79.5 MPa and 17.3 MPa, respectively, both of which are well below 

the limit of 355 MPa. The volumes listed correspond with the values in the final set  

of Pareto-optimal designs, as shown in Fig. 5(b). 

 



Table 2  Stresses and volumes for the 2D example 

 
 

Figure 7 shows the time history of the displacement at the tower top for the four optimal  

designs. Overall, the displacements of all models follow the trend of the recorded ground  

motion. However, the initial displacements vary due to the effects of cable tensioning forces  

and the stiffness distribution of the load-bearing components. The tower vibrates around  

60 mm, 100 mm, 110 mm, and 50 mm for designs A, B, C, and D, respectively. Especially,  

design C approaches the maximum tower displacement threshold of 127 mm, indicating  

that the displacement constraint is active during the optimization process due to the seismic  

loading. 

In general, these results validate the effectiveness of the proposed procedure in optimizing  

load-bearing components and corresponding cable tensioning forces under seismic loading.  

The multi-objective optimization process generates a well-defined front of non-dominated  

designs, exhibiting a distinct knee in the objective space. This provides multiple non-dominated 

solutions for designers to evaluate. Furthermore, the bridges demonstrate excellent structural 

behavior and reasonable structural state for these designs, with uniformly distributed bending 

moments across the structure and allowable stress and deflection level. 

 

 
 

 



5 Numerical example 

 
5.1 A 3D symmetric layout cable-stayed bridge 

Figure 8 features a cable-stayed bridge with a 120 m main span and two 60 m side spans.  

The deck superstructure is supported by double planes of stay cables: 36 cables support the  

main span, and 18 cables support each side span. As such, 36 cables are anchored into each  

concrete tower which is 25 m high from the foundation and 19.1 m high from the deck.  

The typical deck cross-section has a total width of 14 m with two I-shaped steel main girders 

located at the outer edge of the deck. These girders are connected by a series of evenly  

spaced transverse steel beams. Additionally, two smaller I-shaped steel secondary beams  

are symmetrically placed between the main girders to support the deck. All deck components  

are fabricated from steel grade S355. The concrete towers are made from C35/45  

concrete, with a characteristic compressive cylinder strength of 35 MPa and an average  

tensile strength of 3.2 MPa (fctm = 0.30fck2/3). The modulus of elasticity for the concrete is  

assumed to be 34 GPa. Poisson’s ratio and material density are set to 0.2 and 2500 kg/m
3
,  

respectively. Similar to the 2D example, in addition to the dead load and cable tensioning  

forces, the bridge is subjected to the ground motion recorded at the site in Amboy, as shown  

in Fig. 4. The record’s NS-direction is applied along the X-axis of the bridge, while the EW- 

direction is applied along the Z-axis. The model includes a total of 21 design variables: 12  

size parameters for the deck and 9 cross-sectional areas for the cables. Stress and deflection  

constraints are consistent with those in the 2D example, except for updated tower height  

and span lengths. 

 

5.2 The effect of seismic loading on the Pareto-front 

Figure 9 shows the final Pareto-optimal fronts of the 3D numerical example, comparing  

cases with and without seismic loading, along with the feasible and infeasible designs  

obtained through the optimization process. Dark points represent designs that satisfy all  

constraints, while red points indicate infeasible designs violating stress or deflection con- 

straints. To assess the effect of seismic loading on the Pareto front, the final Pareto-optimal 

front without seismic loading is also plotted in Fig. 9(b). In both scenarios, feasible  

designs dominate the total designs, leading to a clearly defined front of non-dominated  

solutions. The Pareto-optimal front with seismic loading is positioned to the left of the front  

without it, yet both share the same point, K1. When seismic loading is not considered, the  

Pareto-optimal front exhibits a knee between the points (5.7 m3,124.1 m3) and K1 (12.8 m3,  

64.4 m3). Conversely, with seismic loading, the knee appears between (4.8 m3,108.6 m3)  

and K1 (12.8 m3, 64.4 m3). This indicates that seismic loading significantly affects the final  

Pareto-optimal front, tending to favor solutions with lower deck volumes while maintain- 

ing the same cable volume, or conversely, solutions with higher cable volumes at the same  

deck volume. This trend is further supported by the distribution of feasible designs in both  

cases. Without seismic loading, feasible designs cluster between deck volumes of 80 m³  

and 160 m³. In contrast, with seismic loading, they are primarily found between 80 m³ and  

140 m³. This may be attributed to the optimization process, which reduces deck volume to  

optimize the bridge’s stiffness and mass distribution, ultimately enhancing overall structural  

responses. 

 

5.3 The effect of seismic loading on constraints 

Based on the evaluations performed during the loop, the absolute maximum deflections  

distributions for the side span, main span, and tower of the feasible designs, along with their  

corresponding deck volumes, are illustrated in Fig. 10. The deflection limits for the side  

span, main span, and tower are set as 109 mm, 218 mm, and 45 mm, respectively. In both  



cases, the maximum deflections of feasible designs meet these constraints. Examining the  

x-axis, we observe that the majority of designs without seismic loading are located on the  

right side which has higher deck volume, while those with seismic loading cluster around  

the middle. This observation aligns with the findings from the Pareto-optimal front. Looking  

at the y-axis, tower deflections under seismic loading are generally higher than those  

without it. The deflections with seismic loading primarily range from 16 mm to 22 mm,  

compared to 14 mm to 20 mm without seismic loading. This difference reflects the influence  

of seismic loading, which induces additional plane deflections due to ground motion.  

In terms of the side span and main span deflection distributions, no significant difference is  

observed. However, a closer look at the K1 point in Fig. 9 reveals that the maximum deflections  

of the side span, main span, and tower without seismic loading are 81.3 mm, 88.2 mm,  

and 17.2 mm, respectively. With seismic loading, these maximum deflections increase to 

84.3 mm, 89.2 mm, and 19.0 mm, respectively. This illustrates that seismic loading imposing  

more severe constraints on deflections, thereby influencing the final results. 

 

5.4 Changes in natural frequencies 

Figure 11 shows the first four natural vibration frequencies of non-dominated designs on  

the Pareto-optimal front under seismic loading, alongside the deck and cable volumes. A  

general trend indicates that natural frequencies decrease with increasing deck volume and  

increase with rising cable volume. However, it’s important to note that natural frequencies  

do not strictly adhere to this trend, particularly for mode 2, suggesting that the structural  

behavior of cable-stayed bridges involves complex interactions. The variation in natural  

frequencies reflects how changes in the size of load-bearing components affect the overall mass  

and stiffness of the structure. As the dimensions of these components change, their stiffness  

and mass distribution are altered, leading to modifications in the global mass and stiffness  

of the structure. This, in turn, influences the damping characteristics and the dynamic forces  

acting on the bridge, affecting its dynamic responses. 

 

 
 

 

6 The cable-stayed bridge of Pescara 
 

6.1 General situation 
Due to the rapid expansion of traffic, a new bridge is urgently needed to cross the river  

“Fiume Pescara” in Pescara, Italy. The rendering of the preliminary design for the new  

bridge is shown in Fig. 12(a). The bridge features a Single Tower Single Cable Plane cable- 



 



 

 
 

stayed bridge without backstays, as detailed in Fig. 12(b). The total length of the bridge is  

118.8 m, measuring from the tower’s foot to the deck’s end, with a deck length of 86 m. A  

single inclined tower with an innovative shape is designed, consisting of two distinct sections 

connected at the tower’s center. The heights of the two separated parts are 52.4 m and  

39.5 m, respectively. The lower section is constructed of concrete, while the upper section is  

made of steel. Figure 12(c) illustrates the typical cross-section of the deck, which has a total  

width of 28 m, including 7.9 m for lanes and 3.15 m for walkways on each side. The deck’s  

cross-section features two separated steel boxes composed of steel plates and tubes, with  



additional steel tubes linking the two boxes to support the concrete deck. The dimensions  

and thicknesses of the steel plates and tubes are depicted in Fig. 12(c). 

 

6.2 Finite element model 

A detailed three-dimensional (3D) FE model is developed, as illustrated in Fig. 13, using  

ANSYS and SAP2000 to verify the model’s accuracy across both platforms. In ANSYS, the 

Beam188 element is chosen for the steel tubes and the tower, while the deck and stay cables are 

simulated with Shell63 and Link10 elements, respectively. There are 9719 nodes and 7476  

elements in total. It’s to be noted that there are discontinuities in shape between elements at the 

base of the tower in the ANSYS model. This issue arises because beam elements and simplified 

cross-sections are used to simulate the tower, allowing for the capture of the bridge’s overall 

behaviour rather than detailing the geometry. The steel used is S355, and the concrete is C35/45. To 

simulate the actual boundary conditions of the bridge, in the ANSYS and SAP2000 model, all the 

degree of freedoms at the bottom of tower and both ends of the deck are fixed. 

Besides the bridge’s self-weight and cable tensioning forces, several other loads are considered 

according to the Italian code DM 14–01-2008 (Italiana 2008): 1) Live loads with concentrated and 

evenly distributed loads. The uniformly distributed loads are 9kN/m2 for the first lane and 

2.5kN/m2 for other lanes. The concentrated loads representing double-axle truckloads are 600kN 

for the first lane and 400kN for the 2nd lane. 5 different positions for the concentrated load are 

considered (0, ¼, ½, ¾ and full span length) to cover most of the effects of the traffic from lorries 

and vehicles; 2) Concrete shrinkage calculated with a relative humidity of 60%; 3) Uniform 

temperature variation of ± 25 °C and temperature difference of ± 10 °C, calculating with component 

coefficient of linear expansion αT = 1×10−5/◦C; 4) Wind loads acting on the tower and/or deck 

from different direction, with a pressure of 1.1 kN/m2; 5) Seismic loads considering with response 

spectrum method, with a design ground acceleration ag = 0.24 m/s2. These loads are combined to 

create the critical outcomes, and the optimum design is evaluated under their combined effects. 

Figure 14 shows the stress contour of the bridge when the concentrated load is placed at the middle 

of the span, combining with the dead load and initial pre-tensioning forces. 

The first four vibration modes of the Pescara bridge are shown in Fig. 15. The first vibration mode 

corresponds to the vibration of the tower, while the second mode represents the symmetrical 

vibration of the deck in the vertical plane. The third mode is associated with the rotation of the 

deck, and the fourth mode corresponds to the antisymmetric vibration of the deck in the vertical 

plane. The respective frequencies of these four vibration modes are 0.90, 1.07, 1.81, and 2.31 Hz. 

These vibration frequencies serve as state variables during the optimization process. 

 

 

 



6.3 Optimization model 

Considering the well-designed and significantly irregular shape of the tower, which poses  

challenges in parametric modeling, its size parameters are fixed based on the preliminary  

design. 4 size parameters of the deck are set as design variables, as depicted in Fig. 16. This  

results in a total of 15 design variables, including 11 cable cross-sectional areas. Table 3  

lists the design variables along with their corresponding lower and upper bounds. The con- 

straints considered for this application example are summarized in the following equations: 

 

 
 

 

 



|��.�
� |≤ 800 MPa         (i = 1,2, …, 11;  k = 1,2, …, 7 ) 

|�� |≤ 355 MPa (k = 1,2, …, 7 ) 

|��
�|≤ 86/550 m (i = 1,2, …, 11;  k = 1,2, …, 7 )    (12) 

|��|≤ 52.4/550 m (k = 1,2, …, 7 ) 

	� ≤ 1.5	�.
  (i = 1,2, …, 4 ) 

 

Table 4  Stresses 

 
 

6.4 Optimization results 

50 finite element analyses (FEA) are performed in each round, as the population size is set to 50. 

The best design solution is found after 30 generations as well as 1500 times of FEA. Each FEA run 

takes about 3 minutes, leading to a total of 75 hours on a computer with 8 cores and 128 GB of 

memory. Figure 17(a) shows the evolution of the Pareto-optimal front at generations 1, 5, 10, 20, 

and 30. A good spread of solutions is evident, resulting in a well-defined front of non-dominated 

designs. Figure 17(b) presents the final set of Pareto-optimal designs, highlighting four specific 

designs labeled A, B, C, and D for further investigation, alongside the original design. Table 3 

details the optimum sizes of the load bearing members for the five designs.  

 
 

 



The optimization results indicate that the areas for cables (no. 4 to no. 8) near the center of the main 

span are larger, likely because these cables are critical in limiting deck deflection. Design D 

exhibits the lowest volume of deck (38.3 m
3
) but the largest volume of cables (4.3 m

3
). Design A 

has the highest volume of deck (57.1 m
3
) but the lowest volume of cables (3.0 m

3
). Between designs 

B and C, the Pareto-optimal front exhibits a knee, with a significant increase in cumulative volume 

for the deck in designs to the left of C. Conversely, designs to the right of B incur higher cable 

volume. Between B and C, Pareto-optimal designs provide a suitable compromise between these 

two goals. 

 
 

Figure 18 presents the results of bridge’s optimum design. The optimization has resulted in higher 

tensioning forces for cables (no. 5 to no. 8) near the center of the main span, as shown in Fig. 18). It 

may be due to the fact that these cables are the ones limiting the deck deflection. Additionally, the 

tensioning force of cable at the deck’s extreme end (no.11) is significantly greater than that of the 

other cables. This is likely due to its role in controlling the horizontal displacement at the top of the 

tower, thereby influencing tower bending deflections and stresses. These observations align with 

standard designs of cable-stayed bridges. The maximum deflection at mid-span is illustrated in Fig. 

18(b). The original design exhibits a deflection of − 112.0 mm, while designs A, B, C, and D show 

deflections of − 58.0 mm, − 65.0 mm, − 92.0 mm, and − 78.0 mm, respectively, indicating 

reductions of 48%, 42%, 18%, and 30%. The maximum absolute bending moments of the deck for 

the original design is 8463 kN ·  m. In contrast, designs A, B, C, and D have bending moments of 

6689 kN · m, 6006 kN · m, 6488 kN · m, and 5772 kN · m, reflecting reductions of 21%, 29%,  



23%, and 32%. For the tower, the maximum absolute bending moment in the original design is 

26,660 kN ·  m, with designs A, B, C, and D showing moments of 17,071 kN · m, 18,479 kN ·  m, 

21,012 kN ·  m, 18,978 kN · m, respectively, indicating reductions of 36%, 31%, 21%, and 29%. It 

is noteworthy that the bending moment distribution in the tower is substantially higher than that in 

the deck.  

The results explain that the tower split into two parts at the bottom to bear the large bending 

moment in the preliminary design. Considering the bridge has the lowest bending moment at the 

tower foot, the design solution of A is selected and submitted by the author’s design company to 

run the competition. 

Based on the evaluations performed during the loop, the cable areas, represented by the number of 

parallel steel wires, along with the corresponding pre-tension forces for cables No. 1, 7, and 11, are 

illustrated in Fig. 19. As previously mentioned, the optimal design solutions are derived from the 

structural behavior, a fact further supported by this figure. As evident from the figure, the number 

of parallel steel wires for cable No. 1 predominantly remains below 150, while for cable No. 7, it 

ranges between 100 and 225. Cable No. 11 exhibits a variation in the number of parallel steel wires 

from 50 to 225. Similarly, the pre-tension force for cable No. 1 mostly stays below 400 kN, while 

for cable No. 7, it ranges between 100 kN and 600 kN. Cable No. 11 demonstrates a pre-tension 

force variation from 300 kN to 800 kN. These observations collectively indicate that the 

optimization process strategically allocates larger areas and higher tensioning forces to the cables 

situated near the center of the main span. These cables play a pivotal role in effectively limiting the 

deck deflection. Additionally, the cables attached to the deck’s extreme ends, which serve to brace  

the tower, are also assigned larger areas and higher tensioning forces. 

 

 



Table 4 lists the maximum stress of the cable and deck. Unlike the 2D example, the stresses  

in the cables are relatively small, while the stresses in the deck are significantly higher. All  

stress state variables are within acceptable limits, indicating that the designs are feasible. 

The No. 11 stay cable in design B has the highest stress among all optimal designs,  

measuring 333.1 MPa, which is well below the limit of 800 MPa. The highest stress in the  

deck occurs in design D, at 350.4 MPa, which is close to its limit of 355 MPa. The volumes  

listed here correspond with the values in the final set of Pareto-optimal designs, as shown  

in Fig. 17(b). In the original design, the volumes of the tower and deck are 3.5 m³ and  

46.9 m³, respectively. It is evident that the original design is dominated by the Pareto set,  

further verifying the effectiveness of the proposed computational procedure. Table 5 shows  

the natural frequencies of the bridge for various design solutions as well as the increment  

after optimization. These values may be primarily attributed to the increase in deck cross- 

sectional sizes and the overall structural stiffness. An increase in the natural frequencies  

causes an increase in the spectral accelerations. However, the algorithm by rearranging the  

stiffness and mass distribution between the deck and towers finds a solution where the over- 

all structural response, under static loading and seismic action, is improved. 

 

Table 4  Stresses and volumes for the 3D example 

 
 

7 Conclusions 

In this paper, design procedure coupling multi-objective PSO and the influence matrix  

method to optimize load-bearing members of cable-stayed bridges under seismic loading  

is presented. The proposed procedure is verified by a 2D and a 3D symmetric layout bridge  

and is utilized in the preliminary design of a single tower bridge, without backstays, to be  

located in Pescara, Italy. The following conclusions can be drawn: 

   1. In the 2D numerical example, a well-defined front of non-dominated designs exhibiting  

a distinct knee in the objective space is generated though multi-objective PSO. The procedure 

predicts optimal cable sizes and identifies cable pre-tension forces under specific stress and 

displacement constraints while simultaneously optimizing other load-bearing components, 

including the deck and tower. This results in multiple non-dominated solutions for designers, 

demonstrating excellent structural behavior and reasonable states under static and seismic loading. 

Notably, several designs approach the maximum tower displacement threshold of 127 mm under 

seismic load, indicating that the tower displacement constraint is active during optimization and  

that seismic loading plays a dominant role in these final optimal designs. 

   2. In the 3D numerical example, both with and without seismic loading, feasible designs dominate 

the total designs, yielding a clearly defined front of non-dominated designs.  

The Pareto-optimal front with seismic loading is positioned to the left of the front without it, 

indicating significant impacts of seismic loading on the final Pareto-optimal front. This scenario 

tends to favor solutions with lower deck volumes at the same cable volume or higher cable volumes 

at the same deck volume. The maximum deflection distribution shows that seismic loading imposes 

more severe constraints, influencing the final results. Additionally, there is a general trend where 

natural frequencies decrease with increasing deck volume and increase with greater cable volume. 

However, due to the statically indeterminate nature of cable-stayed bridges, this interaction between  

various factors can be complex. 



   3. For the cable-stayed bridge of Pescara, a well-defined front of non-dominated designs is 

generated with the original design dominated by the Pareto set. Compared to the original design,  

the maximum deflection at mid-span of non-dominated solutions is significantly reduced, and the 

bending moments in the bridge are more uniformly distributed. For instance, while the original 

design has a deflection of − 112.0 mm, designs A, B, C, and D show deflections of − 58.0 mm, − 

65.0 mm, − 92.0 mm, and − 78.0 mm, respectively, indicating reductions of 48%, 42%, 18%, and 

30%. Meanwhile, the design procedure optimizes the bridge based on its structural behavior. For 

example, larger areas and higher pre-tension forces are assigned to the cables at the deck’s extreme  

ends, which are critical for bracing the tower. This aligns with standard design practices for cable-

stayed bridges. Moreover, considering the increase in the natural frequencies, the algorithm by 

rearranging the stiffness and mass distribution between the deck and towers finds a solution where 

the overall structural response, under static loading and seismic action, is improved. These results 

indicate that the proposed procedure can be an effective tool for the engineer to design cable-stayed 

bridges. 
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