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Abstract: The
optimization methods, which fail to automatically optimize

limitations of conventional cable force
and consider the overall performance of the bridge structure,
as well as the drawbacks of extensive calculations, lengthy
processing time, low efficiency, and slow convergence speed,
when combined with intelligent optimization algorithms,
should be addressed. Ansys and Matlab are used as the
structural ~ calculator and master control  programs,
respectively, with the minimum bending moment energy as the
control objective. Moreover, the influence matrix and elite
retention strategy are incorporated into the genetic algorithm to
optimize the cable force during the bridge formation stage.
This method can simultaneously account for the force
characteristics of the main girder and pylon. Utilizing the
influence matrix, the issue that each generation requires finite
element evaluation can be resolved, thereby drastically
reducing the amount of calculation. In addition to capitalizing
on the benefits of the conventional influence matrix method,
the proposed approach considers the iterative process of
parameter selection and permits the addition of special
constraint requirements to critical sections of the structure,
thereby enhancing the realism of the optimization procedure.
Furthermore, the introduction of the elite retention strategy
enhances the convergence speed and stability of evolutionary
iterations. Finally, a practical engineering application is
utilized to validate the viability of the proposed method.
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ecades of research and development have resulted in
Dthe introduction of new materials and technologies
that effectively increase the spanning capacity of bridge
structures, in addition to the relatively lightweight and es-
thetically pleasing structures of modern cable-stayed
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bridges'" .
hanced, and the costs need to be reduced through a more
precise structural design that optimizes the overall struc-
ture. The structural force is substantially influenced by
the cable force, which is a critical force transmission ele-
ment in a cable-stayed bridge. Consequently, during the
bridge formation phase, the cable force must be precisely
optimized for the cable-stayed bridge. Wang et al. "' es-
tablished the zero displacement method to achieve the
minimum displacement of the primary girder. Focusing
solely on displacement as the objective can result in ex-
cessive bending moments at specific locations. Chen et

Hence, the material efficiency needs to be en-

al. ™ proposed the internal force balance method as a so-
lution to the problems of the zero displacement method.
Fan et al. " proposed using the sum of structural bending
moments squared as the optimization target. The mini-
mum bending energy method, which was developed by
Zhou et al. ', circumvents the shortcomings of the sum
of squares method by incorporating the weighting effects
of the bending rigidity of the main girder and pylon into
the bending moment. Liang et al. ' presented a workable
approach that is quick and easy to use. This method can
be considered a condensed form of the influence matrix
technique. Xiao et al.'”’ introduced the influence matrix
method, which effectively manages and modifies the in-
ternal forces and displacements on the crucial sections of
the main girder and main tower. Huang et al. ' integrat-
ed the rigid boom and influence matrix methods to opti-
mize the cable force. Li et al.'” determined that the in-
fluence matrix method, in conjunction with the rigidly
supported continuous beam method, could produce the
ideal state of the completed bridge more rapidly and effi-
ciently. However, the continuous development of comput-
ers has significantly enhanced computing power, which
has brought new ideas for the optimization of cable force.
Atmaca et al. """"" combined the metaheuristic algorithm
Jaya with the optimization procedure. The cable force
was optimized by considering the cable stress and main
beam displacement. The result was a cable force that was
suitable for the cable. Wang et al. "' and Dan et al.'"
employed a multi-objective particle swarm optimization
approach, in conjunction with the influence matrix meth-
od, to develop the mathematical model for optimizing the
cable force. The method reduced the optimization time
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and improved the optimization results. Song et al. ™"
emphasized that, for asymmetric cable-stayed bridges, a
counterweight on the side span must be implemented. A
novel alternative model-assisted differential evolution
method is proposed to enhance the power of cable force
optimization. Sung et al. """ investigated the incorpora-
tion of simulated annealing and particle swarm optimiza-
tion into the mutation of the genetic algorithm, which en-
hanced the capacity of the algorithm to break out from the
local optimal solution. Ha et al. "' proposed a cable force
optimization approach based on the nonlinear inelastic
analysis and micro-genetic algorithm. In addition to ac-
counting for the cable sag effect, first-order effect, and
large displacement, this method significantly reduces the
amount of calculation needed. A novel algorithm that in-
corporates simulated annealing algorithms and cubic
spline interpolation curves was introduced by Guo et
al'®™' . The optimization technique is enhanced by con-
sidering the counterweight problem, cable droop prob-
lem, and geometric nonlinearity, ensuring that the ap-
proach is more applicable to real-world scenarios.

The traditional optimization methods need to manually
adjust the finite element model, which is unable to com-
plete the automation of the optimization process and has
the disadvantage of a cumbersome and time-consuming
optimization process. By integrating advanced mathemati-
cal optimization techniques with finite element analysis,
the finite element evaluation of each generation during the
iteration process needs to be conducted. This approach
significantly increases the computational workload, resul-
ting in time-consuming and inefficient outcomes. Thus, a
novel software application that can accurately ascertain the
most favorable cable force for such bridges needs to be
devised. Taking the minimum bending moment energy as
the target, the stress characteristics of the main beam and
main tower can be considered at the same time. There-
fore, the minimum bending moment energy is used as the
target variable, and the influence matrix method is imple-
mented to derive the explicit expression of the optimiza-
tion objective function. Integrating the influence matrix
and genetic algorithm may effectively address the limita-
tions of finite element evaluations in every generation,
minimize the number of computations, and boost the op-
timization speed. The optimization phase of the genetic
algorithm incorporates the elite retention strategy™”,
which enhances the convergence speed and stability of the
evolution process. To validate the feasibility and accuracy
of the method, an engineering example of a large-span
cable-stayed bridge is utilized.

1 Description of the Optimization Problem

During the design phase of a cable-stayed bridge, ma-
terial utilization, which is highest when there is axial
force, needs to be considered. Once the structure is deter-

mined, the girder and pylon of the bridge need to be opti-
mized to maximize the axial force by minimizing the ben-
ding energy. The overall structural safety factor of the ca-
ble-stayed bridge is currently elevated. By optimizing the
cable force to minimize the bending moment energy, both
the main pylon and main girder can be simultaneously
considered. This approach is beneficial for achieving the
optimal distribution of the bending moment in the tower
girder. Hence, the minimum bending moment energy is
designated as the target variable in this study.

1.1 Determination of the bending strain energy

The objective function of this study is to minimize the
bending moment energy. The bending moment energy ex-
pression of the structure is represented by the influence

matrix and bending moment vectors of the primary girder
[21]

and pylon'”". The equation for the expression of the ben-
ding moment energy is written as follows:
M (s)
= 1
U f S s (1)

where U is the bending moment strain energy of the struc-
ture; M(s) is the bending moment of the unit; E and [/
are the modulus of elasticity of the material and the mo-
ment of inertia of the cross-section of the structure, re-
spectively.

Given that the finite element model represents discrete
rod constructions for the main girder and main pylon,
Eq. (1) can be written as follows:

- li 2 2
U = Z 4Ef1i(ML’ + M) (2)

where m is the number of units of the pylon and girder di-
vided in the finite element software; [,, E,, and I, are the
length, material elastic modulus, and cross-sectional mo-
ment of inertia of the main girder and i-th main pylon unit
i, respectively; and M|, and M, are the bending moments
at the left and right ends of the i-th beam unit, respective-
ly. Eq.(2) can be rewritten in terms of matrix multipli-
cation and addition as follows:

U=MBM, + M;BM, (3)
where M, and M, are the left and right end bending mo-

ment vectors, respectively, of all girder units, and B is
the coefficient matrix of the bridge structure.

b]l
B= b22
bmm
b. = L i=1,2 4
iZapg  Th2eem 4)

where b, is the bridge structural coefficient for different
units of the main girder and main pylon. Assuming that
the bending moment vectors at the ends of the main girder
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and main tower in the initial state are M,, and M,,, re-
spectively, the cable force needs to be adjusted to achieve
the goal of the minimum bending moment energy, and
the adjustment vector of the cable force is set as T. Then,
the bending moment vectors at the two ends of the girder
unit after the adjustment can be expressed as follows:

M, =M, + CLTML} )

M,=M, +C,TM,

where C; and C, are the influence matrix of the cable
force on the left and right end moments of the girder units
in a cable-stayed bridge, respectively. The specific ben-
ding moment energy expression can be derived by substi-
tuting the bending moment vectors at the extremities of
the beam unit following the cable force adjustment to the
bending moment energy expression as follows:

U=C,+M,BC,T+T'C;BM,, + T'"C{BC, T +
My BC.T +T'CiBM,, + T'CyBC,T (6)
C, in Eq. (6) can be considered the bending moment

energy present in the initial bridge structure and is ex-
pressed as follows:

C,=M,,BM,, + M, ,BM,, (7

1.2 Access to the influence matrix

To derive the influence matrices C; and C; of cable
forces on the bending moments at the extremities of the
we employ a
straightforward single-tower cable-stayed bridge, as illus-
trated in Fig. 1. The main girder and pylon consist of nine

primary girder and pylon components,

girder parts, labeled a, b, ..., i. Four wires are posi-
tioned diagonally, specifically labeled 1), @), @), and
@), respectively. Under the starting conditions, when all
four cables have no force, the bending moment vectors at
both ends of the beam element are D, and D,,. The ad-
justment vector represents the force in the diagonal cable,
while the adjusted vector represents the bending moment
at both ends of the beam element. A unit force is applied
to Cable (), while the other cable forces are maintained
at zero. At this point, the bending moment vectors at
both ends of the beam element are represented by D,, and
D,,, whereas the influence vector is written as follows:

AD,, =D,, _DLU} (8)
ADy, =Dy, =Dy,
@
@
A a b c f A

Fig.1 Single-tower cable-stayed bridge

Similarly, the following expressions can be inferred:

AD,.=D,. -D
b= ”‘} i=1,2,3,4 (9)
ADy; =Dy, = Dy,
AD,, =
[dy, dyn disy dy dis dy dy dig dLQi]T
ADy, =
[drii droi dryi dry dis; digy dyg di, dR9i]T

(10)

where AD,; and AD,, are the vectors that indicate the ben-
ding moment effect of the i-th cable on the left and right
i and d;
the values of the bending moment influence of the i-th ca-

ends of the unit, respectively. Similarly, d are

ble on the left and right ends of the j-th unit, respective-
ly.

Assuming a total of m elements in the girder and pylon
and n diagonal cables, the force of each diagonal cable
increases by one unit. Instances C, and C; illustrate the
influence matrix C,, which is the product of the influence
vectors produced by m elements.

C . =[AD,, AD, AD,, ] =
dLll dLlZ i dLln
dL.21 a’L'22 dL.Qn (11)
dLml dLml R dLmn

In the context of the current project, the influence of
each cable on the vertical bending moment of the main
girder under unit cable force is depicted in Fig. 2, where
the influence of a cable tends to diminish with increasing
distance from the anchor point of the stay cable, which is
generally consistent with the actual situation.

30
£
5 B
g 15| ZXLL; —eZX12; —+-7ZXL3; —v-ZXL4
£ “e-7XL5; 7XL6; 7XL7; —e-ZXL8
2 —+7X19; —+ZXL10; —-ZXL11; ——ZXLI12
T 30 F-7ZXL13; *ZXL14; +—2ZXL15; —+ZXL16
2 = 7XL17; —oZXL18; —+ZXL19

_45 L 1 1 1 1 1 1 |

250 0 50 100 150 200 250 300 350

Distance from pylon/m

Fig. 2
bending moment of the main girder

Influence of the tension cable forces on the vertical

2  Genetic Algorithm

The genetic algorithm was first developed by Hol-
land™ in 1975 and was subsequently condensed into an
intelligent optimization method by De'” and Gold-
berg"*
algorithm emulates the natural evolution process of bio-
including inheritance, mutation,

. The optimized calculation method of the genetic

logical genes, and
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crossover. This approach has bionic properties, has a ro-
bust capability to search globally, and is not instance-de-
pendent. Hence, the genetic algorithm compensates for
the lack of knowledge regarding the exact range of the
lowest bending moment energy and has significant practi-
cal significance in optimizing cable forces for cable-stayed
bridges. In the population reproduction space, Fig. 3 il-
lustrates the process of continuous evolution and optimiza-
tion of elite individuals. The global optimal solution in its
ideal state is denoted by Z. Q. is the historical optimal
solution on a global scale, while J,, is the local optimal
solution. E, is the elite of the initial population, whereas
O, is the average person. Individuals have higher individ-
ual fitness values as their positions increase.

Population reproduction space °
Ohes 4

o O} !
1090 © ?Se\ec“o“ /

o5 0

Fig.3 Process of population reproduction optimization

2.1 Modeling analysis

The Ansys software is used to create a finite element
model of a cable-stayed bridge. The particular guidelines
and procedures used are as follows: The primary control
program utilized is Matlab. Finite element model analysis
is performed by invoking Ansys from Matlab. By obtai-
ning the influence matrix indicated previously, a suitable
cable force increment is applied based on the starting ca-
ble force, and the influence matrix can be obtained by
calling Ansys constantly via Matlab.

2.2 Generating populations

A population of p_ pieces, representing a collection of
cable forces, is generated at random within a specified
range using Matlab. Binary codes are initially generated
to simulate the genetic sequence of the gene. The process
of converting decimal numbers into binary numbers and
binary numbers into decimal numbers is referred to as en-
coding and decoding, respectively. The utilization of bi-
nary information facilitates individual selection,
over, and mutation. The binary code must be translated
into a decimal value before it can be inputted into Ansys.

Cross-

This study determined that a small population size would
lead to a large bias in the final optimization results. The

initial population size should be set moderately.

2.3 Transforming the objective function into a fitness
function

Eq. (6) illustrates the bending strain energy of the main
girder and main structure of the cable-stayed bridge,
which serves as the objective function of the genetic algo-
rithm described in this article. The fitness function value
measures the adaptability of an individual in the popula-
tion. A higher fitness function value indicates a smaller
overall bending strain energy sum, which signifies a
stronger individual with a more reasonable cable-staying
force. Combining the aforementioned characteristics, the
fitness function of this study is expressed as follows:

1
fi= (12)

i

i=1,2, .. p,

where o, is the total bending strain energy of the main
girder and main tower for the case of the i-th set of cable
forces, i.e., U as described previously, and f; is the fit-
ness function value corresponding to an individual of the
i-th population.

2.4 Selection, crossover, and mutation

To increase the convergence and global convergence
speeds of genetic algorithms, an elite retention strategy is
presented in this study. This strategy maintains that indi-
viduals with fitness function values within the top p% of
the population are directly retained for the next genera-
tion, while the remaining (1 — p)% of the population
uses a roulette wheel strategy for the selection and replica-
tion operations (or the direct removal of ordinary individ-
uals and replication of elite individuals to reach a popula-
tion size of p ). The following are the key steps in the
roulette wheel strategy.

1) The probability of selection for each individual in
the remaining (1 — p) % of the population is calculated as
follows:

PG 1y = LD
2 fh

where P is the probability vector selected by the individu-
al; f(i) is the fitness function value of the i-th individual;
and n is the total number of individuals in the remaining
(1 = p)% of the population.

2) n values between [0, 1] are randomly generated by
the rand function in Matlab, and the generated random
numbers are subsequently arranged in ascending order
R =sort (rand (p,, 1)) if

i=12..n (13)

ZHgnzmnn (14)

then the k-th individual is retained, and the selection is fi-
nalized by repeating this method »n times.
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In this study, a fixed probability of crossover and mu-
tation operators is provided for each generation of the
generated population to prevent the cable force optimiza-
tion results from settling into the local optimal solution,
as opposed to the conventional genetic algorithm, which
does not perform crossover operations every few genera-
tions. The procedure for the crossover operator is illustra-
ted in Fig. 4; however, only a schematic diagram is
shown. The crossover probability and the position of the
crossover point are determined and fine-tuned based on
unique requirements.

pre.  LOL0[0]0]0]0]0]0]010[0[0]Unit 1
crossover [TTT[ 1[I 1[I[I[1[L1][1[1][1]Unit2

[0T0T0T0[O[O T[T 1] 1[1]1]Unit1
[[I[I[I[1]1[0]0]0[0]0[0] Unit 2

Post-
Crossover

Fig.4 Crossover operation

The mutation operator emulates the natural process of
DNA mutation, which can lead to specific individuals di-
verging from the original population and introducing new
genetic variations, preventing the optimization results of
the algorithm from being trapped in the local optima. The
desired probability and random mutation locations for in-
terchanging gene codes “0”and “1” are specified. Fig. 5
depicts the specific procedure.

Pre-
et LLOTTTO[O]T]0]0[ TT0[0]0]
Post-
mutation L1fo[1]ofo[1]1]o[1]0]0]0]

Fig.5 Mutation operation

Matlab

p
Matlab calls Ansys for finite element
analysis to obtain the influence matrix

C,.,Cg, and generate mat files
I

|

2.5 Renewing populations and breeding for excel-

lence

After selection, crossover, and mutation, the new pop-
ulation and individuals are evaluated, the fitness value of
each individual is calculated, the individual with the
highest fitness value is recorded, and whether the condi-
tions for terminating the iteration are met is checked. If
the conditions are met, then the iteration output process is
terminated. However, if the conditions are not met, we
need to go back to Section 2. 3.

3 Specific Process of the Optimization Method

The step-by-step procedure for the cable force optimi-
zation method described in this study is illustrated in Fig.
6. The entire procedure is separated into two frame-
works, as previously stated. To conduct data interactions
and obtain the influence matrix of the finite element mod-
el, Ansys is invoked, while Matlab serves as the primary
control program. The cable force is subsequently opti-
mized in Matlab using the elite genetic algorithm.

Two optimization strategies are considered in this
study. The first optimization strategy involves retaining
elite individuals to obtain the next generation by perform-
and mutation operations on
common individuals in the original population. The sec-

ing crossover, selection,
ond optimization strategy entails eliminating commoners,
duplicating the chosen elites to the same number as the in-
itial population, and generating the next generation
through the selection, crossover, and mutation processes.
In the context of the current project, Fig. 7 illustrates
that, during the initial 100 iterations of both approaches,

Ansys

Data interaction

i Ansys finite element analysis

output.txt = to extract the internal forces

of the structure

Y
p
Set algorithm parameters: population
size p, , crossover probability p,,

input.txt }—H

'
i
i
\

Receive the input ’ !
parameters of Matlab

mutation probability p,,, etc.

I

]
Generate initial populations,
convert to decimal numbers

containing p, individuals (7,,7,, ",

Generating a new generation of populations
T).n
represents the number of cables

1
The objective function value o,and
the fitness function value f; of the
unit in the population are
calculated

!

Record the individual with the
largest fitness function value and
the best individual quality in the

population

}

Selection, crossover, and mutation of
individuals in a population

Iy

The algorithm is terminated to obtain the
optimal solution

Fig.6 Optimized program flowchart
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the fitness value of the objective function significantly in-
creases. After 200 iterations, the fitness gradually varies
and subsequently converges. Notably, the mutation oper-
ation must occur before the crossover operation in the sec-
ond method. Excessive variation in the fitness values of
the initial populations distinguishes the two approaches.
The main reason for this difference is that the optimal in-
dividuals of the initial population randomly generated by
the second method are more dominant, followed by the
differences in the feasible region of the cable force. The
optimal individual of each generation obtained using
Method 1 may be better or worse than the previous gener-
ation. The optimal individual of each generation obtained
using Method 2 may have a larger optimal individual fit-
ness value than the previous generation until conver-
gence. In the present study, the second method is used to
optimize the cable force.

105
100
95

90

Fitness value

—a— Method 1
85 —o— Method 2

80

1
0 200 400 600 800 1000 1200
Generation number

Fig.7 Fitness value of the objective function

4 Engineering Examples

4.1 Project overview

A large-span cable-stayed bridge is a bridge with a span
of 300 m + 300 m, a single tower, and a double cable-
stayed design. The bridge is constructed of herringbone
girders and utilizes a floating structural system. The pri-
mary beam of the cable-stayed bridge is a closed, stream-

lined, flat steel box beam and has a height of 4.0 m and
a width of 35.876 7 m. A cross beam is placed every 5
m. The main beam of this bridge is symmetrical and does
not need a counterweight operation. The bridge tower has
a rectangular cross-section and has asymmetrical design.
Its cross-section is 13.875 3 m long and 7. 689 2 m wide
across it, and its height is 261.8 m. The diagonal cables
consist of planar cables with a harp arrangement. A total
of 76 cables are constructed using steel strands with a
compressive strength of 1 860 MPa.

The cable-stayed bridge in this study is designed with
symmetrical features on both sides. As a result, an addi-
tional pier or counterweight operation on the side span is
not needed. Applying a live load to both the entire bridge
and mid-span is important to the bridge system, as it will
result in a more cautious assessment of the cable force. In
this study, two distinct types of real load conditions are
considered. As shown in Fig. 8(a), the distributed load
is 7.875 kN/m, the concentrated load is 270 kN, and a
cable-stayed bridge is set up with four lanes. Actual pro-
jects should also account for the effects of concrete
shrinkage and creep, steel fatigue, temperature, and wind
load™ . In the genetic algorithm, the population size is
set as 200, the crossover probability is set as 0. 6, and the
mutation probability is set as 0. 3.

4.2 Establishment of the finite element model of a
cable-stayed bridge via Ansys

Based on the fishbone girder model, a finite element
model of the cable-stayed bridge is established via An-
sys™ . To simplify the calculation, the main beam and
main tower are simulated by the Beam4 unit, and the ca-
ble is simulated by the Link10 unit. The section charac-
teristics and material parameters of the model are shown
in Table 1. Because the focus of this study is on optimi-
zing the cable force of cable-stayed bridges, the end of
the main girder is directly constrained. The model has

921 nodes and 992 elements, as shown in Fig. 8(b).

Concentrated load 1 080 kN

Case 1 Distributed load 31.5 kN/m
| 2 2 2 2 2 2 2 N N N N N N N N N 2N N A A
Concentrated load 1 080 kN
Distributed load 31.5 kN/m
Case 2 I 2 2 L2 2 |

(a)

& ‘l 2
(b)

Fig.8 Ansys finite element model and live load condition diagram. (a) Load distribution; (b) Finite element model
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Table 1 Material parameters and section characteristics of the cable-stayed bridge

Structure 1,,/m* Area/m? Density/(kg - m~%) Poisson’s ratio Elastic modulus/GPa
Girder 230.906 1.768 3 8 005 0.3 206
Pylon 410.989 54.8 2 600 0.2 35.5
Cable 0.012 046 8 005 0.3 195

4.3 Constraint conditions

To ensure the safety of the cable-stayed bridge and im-
prove the utilization rate of the material, the cable force
is 0.2f,, A, <T,<0.4f A, according to the specification
restrictions, where f, is the standard value of the tensile
strength of the stay cable, and A, is the cross-sectional
area of the stay cable. For the main beam and main tow-
er, the displacement and internal force should be within a
certain range, and the displacement limit of the main
beam should be | S| <6 cm. Because the cable-stayed
bridge is a left-right symmetrical structure, the displace-
ment effect of the main tower can be disregarded.

To reduce the space of cable force optimization, this
study proposes a feasible region of cable force, i.e., the
cable force is limited to the set range, as shown in Fig. 9.
The four points (L,, fo)+ (Lys fum)s (Lys fonn) . and
(L,, fom) constitute the feasible region of cable force,
where f, .. fi.. and 5., and £, are the upper and low-
er limits of the first and last cable force values, respec-
tively, and L is the corresponding position of the anchor
point of the cable. The range of the feasible region is re-
lated to the optimization speed, and the smaller the
range, the faster the cable force optimization. The feasi-
ble range of the cable force can be preliminarily deter-
mined according to the traditional optimization method,
adjusted according to the project requirements, and finally
determined.

a  Cable force point fz_n_mx
8 o_ Cable anchor point e
& | zxi Feasible region TLLL) 4:\
) H
) (L1 o) :
S ([ Simay oo A :
- Lz’fz . j
7 '
ML) T 2min!
fimm - . = H

L, Distance from
the main tower

Fig.9 Feasible region diagram of the cable force

4.4 Optimal results

The entire optimization process in this study takes only
85.6 s. Compared with other optimization methods, the
proposed method can not only automatically complete the
optimization of the cable force but also rapidly obtain the
optimization results so that the optimization efficiency is
considerably improved. Fig. 10 illustrates the iterative
process of the population within a feasible region of the
cable force. The process is optimized for a duration of

200 generations, with each generation consisting of only
the best individual, to simplify the presented data. Dur-
ing the early phase of population reproduction iteration,
the overall adaptability of the population is low, indica-
ting that it is far from the optimal cable force condition of
the bridge. The population rapidly evolves to its ideal
state following reproduction and iteration. As a result,
the cable force increases from the main tower to the side
span, whereas the displacement and bending moment of
the main girder remain within an acceptable range. The
displacement and bending moment of the main tower in-
variably satisfy the specifications because of the symmet-
rical nature of the bridge type. In summary, the optimi-
zation outcomes adhere to the tenets of homogeneous ca-

ble force, vertical tower, and flat beam optimization
principles.
Iterations:
20
G
Z 10 50
)
2 0 100
=]
g
2
£ -10 150
5
)
=20 1 1 1 1 1
2300 =200 <100 0100 200 300 2%
Distance from pylon/m
(a)
Iterations:
4
£
£ 50
5
g
[}
g 100
2
2
g-Ir 150
-3 1 1 1 1 1
7300 =200 <1000 100 200 300 >0

Distance from pylon/m
(b)
Fig.10  Girder response and cable force changes within 200
generations. (a) Vertical bending moment of the girder; (b) Vertical
displacement of the girder

The optimized cable force values are shown in Table 2,
where ZXL1, ZXL2, ..., ZXL19 are the stay cable num-
bers from the main pylon to both sides. After the optimi-
zation of the cable force, the influence matrix method is
used to optimize the cable force. The maximum cable
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force is 2 795.90 kN, and the difference between maxi-
mum and minimum cable forces is 1 452.25 kN. After
introducing the genetic algorithm, the maximum cable
force is 2 742.82 kN, and the difference between maxi-
mum and minimum cable forces is 1 362. 69 kKN. A com-
parison of the maximum and minimum cable force differ-
ences reveals that the difference can be controlled within a
smaller range after the introduction of the genetic algo-
rithm. The vertical bending moment diagram of the opti-
mized main girder is shown in Fig. 11(a). After the in-
troduction of the genetic algorithm, the maximum nega-
tive bending moment of the main girder is 10 012.92
kN - m, and the maximum positive bending moment is
7 524.01 kKN - m. The maximum negative bending mo-
ment of the influence matrix method is 9 777.75 kN - m,
and the maximum positive bending moment is 7 680. 81
kN - m. Based on the diagram, the main beam bending
moment diagrams of both methods are nearly identical.
The main beam bending moment diagram exhibits a uni-
form oscillation at zero, which closely resembles the ideal
condition. Fig.11(b) shows the vertical displacement of
the improved girder. The application of genetic algorithm
optimization enables the introduction of a specific pre-
camber to the main beam. In addition, there is a vertical
displacement of 1.5 mm in the upward direction at the
quarter span. The optimization process of the impact ma-
trix method focuses on minimizing the energy associated
with bending moments. As the structure is entirely float-
ing, there will be a vertical displacement of 1.5 mm
downward at the main tower site. The aforementioned
results show that the proposed method not only has the

Table 2 Cable force of a cable-stayed bridge at dead load
Cable force/kN

Cable number

GA IMM
ZXL1 2 604.54 2 580.58
ZXL2 1 380.13 1 343.65
ZXL3 1 805.42 1 833.98
ZX1A 1732.72 1732.53
ZXL5 1851.72 1802.29
ZXL6 1844.16 1833.87
ZXL7 1 905.68 1 883.67
ZXL8 1917.44 1935.18
ZXL9 2 058.74 1992.10
ZXL10 1 987.06 2 052.68
ZXL11 2 175.47 2 116.75
ZXL12 2 166.77 2 183.80
ZXL13 2266.01 2253.21
ZXL14 2 278.01 2 324.07
ZXL15 2 492.00 2 394.40
ZXL16 2 405. 60 2 463.70
ZXL17 2 580.22 2523.72
ZXL18 2577.71 2 597.30
ZXL19 2742.82 2 795.90

Note: GA denotes the genetic algorithm, and IMM denotes the impact
matrix method.
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Fig.11 Comparison of the results of two different methods.
(a) Vertical bending moment of the girder; (b) Vertical displacement
of the girder

advantages of fast optimization speed, high efficiency,
and ideal optimization results for the influence matrix
method but can also properly control the load and dis-
placement effects of some specific structures or sections
according to engineering needs, which overcomes the
limitation that the influence matrix method has only a sin-
gle solution.

As shown in Fig. 12, the impacts of different initial ca-
ble force values on the bridge response are considered.
The initial cable force is a crucial component of the opti-
mization process. The vertical displacement and vertical
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Fig.12 Comparison of the optimization results under different
initial cable forces of the genetic algorithm. (a) Vertical displace-
ment of the girder; (b) Vertical bending moment of the girder
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bending moment of the main girder under two distinct ini-
tial cable force circumstances are depicted in Figs. 12(a)
and (b), respectively. The findings indicate that, with
two different initial cable force values, the optimal values
of the displacement and bending moment of the main
beam are approximately equal. However, when the initial
cable force is 0, the main beam undergoes a slight posi-
tive displacement. The impact of the initial cable force on
the optimization outcomes is insignificant for the proposed
optimization approach in this research.

Fig. 13 shows the effect of the main girder under self-
weighting and two kinds of live load conditions. Fig. 13
(a) shows the vertical displacement diagram of the main
beam under different working conditions. Fig. 13 (b)
shows the axial force diagram of the main girder under
different working conditions. Fig. 13 (c) shows the verti-
cal bending moment diagram of the main girder under dif-
ferent working conditions. The two cases are shown in
Fig. 8. The results show that the displacement of Case 2 is
significantly larger than the displacement of Case 1 and
self-weight, which is attributed to the smaller mid-span
stiffness. The maximum displacement of the main girder
is 0.530 777 m. According to the cable-stayed bridge de-
sign specifications, the allowable range of the main girder
displacement is L, /400 =300/400 =0.75 m, so the main
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Fig.13 Response comparison of the main girder under differ-
ent load conditions. (a) Vertical displacement of the girder; (b)
Longitudinal axial force diagram of the main girder; (c) Vertical ben-

ding moment of the girder

girder displacement is within the allowable range. L, is
the span of computation. Fig. 13(b) shows that the max-
imum axial force of the main girder is located at the inter-
section of the pylon and the main girder. The increase in
the axial force of the beam under live load conditions is
attributed to the application of the live load, which leads
to an increase in the cable force and an increase in the
transverse component of the cable force. Fig. 13 (c)
shows a large negative bending moment on the left side of
the main beam in Case 2, which needs special attention in
engineering practice. The main reason is that there is no
auxiliary pier or counterweight on the side span, which is
caused by the lack of constraints. The displacement and
load effects of the pylon are shown in Fig. 14. Given that
the bridge types investigated in this study are symmetrical
on both sides, the response characteristics of the main
tower are relatively simple and are no longer described

here.
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Fig.14 Displacement load effect of the pylon under different
load conditions. (a) Longitudinal bending moment diagram of the py-
lon; (b) Vertical axial force diagram of the pylon; (c¢) Longitudinal
displacement diagram of the pylon

Fig. 15 shows the calculation of the normal stress of the
pylon and girder under different working conditions. Fig.
15(c) shows that the main girder is in a state of full-sec-
tion compression, and only the lower edge of some sec-
tions experiences tensile stress. Here, SH represents the
upper edge stress of the girder, and DI represents the low-
er edge stress of the girder. The maximum tensile stress is
54.84 MPa, and the maximum compressive stress is
63.76 MPa. The two maximum values appear in Case 2,
and the normal stress under all load conditions is within
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the allowable range of the main beam stress. The tensile
and compressive design strengths of the girder are 260 and
-260 MPa, respectively. Figs. 15(a) and (b) show
that all of the sections of the pylon are in a state of full-
section compression, and the maximum compressive
stresses on different sides of the section are 9. 38 and
9.96 MPa. The former appears in Case 1, and the latter
appears in Case 2. However, both of these values are less
than the compressive strength design value of 24.4 MPa
for concrete. The tensile and compressive design strengths
of concrete are 1.89 and —24.4 MPa, respectively.
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Fig. 15 Stress distributions of the pylon and girder under dif-
ferent load conditions. (a) Normal stress of the left pylon; (b)Nor-
mal stress of the right pylon; (c¢) Normal stress of the girder

5 Conclusions

1) The advantages of the influence matrix method,
which simplifies a nonlinear problem to a linear problem
and applies a genetic algorithm to improve the global
search capability of cable force optimization, are incorpo-
rated. In the given feasible domain of a cable-stayed
bridge, the proposed method can efficiently and stably
conduct cable-stayed bridge cable force optimization and
finally obtain the ideal initial cable force.

2) The proposed method not only has the advantages
of the influence matrix method, such as fast speed, high
efficiency, and ideal results but can also add specific con-
straints under the premise that the minimum bending mo-
ment can be the target, which can meet some specific
needs in engineering practice and improve the free selec-
tivity of the optimization results. Then, the elite retention

strategy is incorporated into the optimization process. By
doing so, the optimization process will achieve enhanced
stability and efficiency.

3) The algorithm is insensitive to reasonable initial pa-
rameters, such as the initial value of the cable force, pop-
ulation size, and feasible region of the cable force. How-
ever, the initial parameters should be within a reasonable
range. For large-span cable-stayed bridges, the ratio of
the side span to the main span should be controlled within
a reasonable range during the design process. A symmet-
rical span is not necessarily the most reasonable option.
In some cases, auxiliary piers or counterweights should
be used to increase the vertical stiffness of the bridge.
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