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Abstract.  The traditional design procedure of a prestressed concrete (PC) cable-stayed bridge is complex and time-consuming.
The designers have to repeatedly modify the configuration of the large number of design parameters to obtain a feasible design
scheme which maybe not an economical design. In order to efficiently achieve an optimum design for PC cable-stayed bridges,
a multi-parameter optimization technique is proposed. In this optimization technique, the number of prestressing tendons in
girder is firstly set as one of design variables, as well as cable forces, cable areas and cross-section sizes of the girders and the
towers. The stress and displacement constraints are simultaneously utilized to ensure the safety and serviceability of the
structure. The target is to obtain the minimum cost design for a PC cable-stayed bridge. Finally, this optimization technique is
carried out by a developed PC cable-stayed bridge optimization program involving the interaction of the parameterized
automatically modeling program, the finite element structural analysis program and the optimization algorithm. A low-pylon PC
cable-stayed bridge is selected as the example to test the proposed optimization technique. The optimum result verifies the
capability and efficiency of the optimization technique, and the significance to optimize the number of prestressing tendons in
the girder. The optimum design scheme obtained by the application can achieve a 24.03% reduction in cost, compared with the
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initial design.
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1. Introduction

Cable-stayed bridges are highly redundant structures,
especially in modern cable-stayed bridges that a large
number of cables are required for more slender main girder.
The design procedure of those complicated structures
becomes complex because the cables, the profile of the
girders and the towers, and the prestressing tendons in the
case of a prestressed concrete (PC) cable-stayed bridge are
interactive and coupled to each other. Therefore, a
reasonable configuration of those design parameters is
always difficult to obtain.

The traditional design procedure of a cable-stayed
bridge is generally performed in three stages. In the first
stage, the profile of the girders and the towers is determined
according to the experience of successfully designing
schemes of similar cable-stayed bridges. The second stage,
as well as the most key and complicated step in the whole
design procedure of a cable-stayed bridge, includes the
calculation of cable forces and cross-section areas of cables.
The third stage, which is not included in the case of steel
cable-stayed bridges, involves the configuration of the
prestressing tendons in the PC girder. If the stresses and
deformations obtained in the third stage, cannot meet the
requirement of the design code, the design process must go
back to the first stage and restart the whole design
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procedure again. This procedure will repeatedly continue
until all the design criteria are satisfied. The final design
strategy achieved by this traditional design procedure is just
a feasible scheme and its reasonableness depends on the
experience and skills of the designers. Since different
designers will obtain different feasible schemes, a criterion
is needed to evaluate which one is the best among those
feasible design schemes.

Many studies have focused on the solution to improve
the tedious, expensive and time-consuming design
procedure. There are several methods which were proposed
to determine the post-tensioning cable forces in cable-
stayed bridges based on controlling the desired geometry of
the final bridge state (Dan et al. 2014, Feng et al. 2017,
Zhang et al. 2014, Cheng et al. 2004, Lee et al. 2008,
Lonetti and Pascuzzo 2014, Modano et al. 2015).

Some researchers have attempted to apply optimization
techniques on the design of cable-stayed bridges. In some
available references, only the optimization of cable forces
was studied. Sung et al. (2006) used the minimum strain
energy theory to obtain the optimum post-tensioning cable
forces of the bridge. The equality constraints for the
restriction on the displacements of the tower and the
inequality constraints for the limitation on the envelopes of
the cable forces are both implemented in the optimization
model. Fabbrocino et al. (2017) presented an approach to
the optimum pre-tensioning design of composite cable-
stayed bridges whose aim is to achieve a target bending
moment distribution over the deck. Martins et al. (2015a)
presented a multi-objective optimization algorithm to
compute the cable forces of the concrete cable-stayed
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bridges to achieve the desired final geometry. Load history
and geometry changes due to the construction sequence and
the time-dependent effects of the concrete were included in
the structural analysis. Martins et al. (2015b, 2016)
developed this multi-objective optimization algorithm,
additionally considering the geometrical nonlinearities in
the structural analysis, to compute cable forces of concrete
cable-stayed bridges. Hassan et al. (2010) aimed at
obtaining the minimum vertical deflection of the deck and
the horizontal deflection of the towers’ top simultaneously
by optimizing the post-tensioning cable forces. An
optimization technique was presented, combining finite
element analysis, B-spline curves, and an optimization
algorithm. This optimized result improved the convergence
speed, the accuracy of final solution and the performance of
the optimization technique, and decreased the number of the
design variables in the meantime.

Some researches referred to the optimization of cable
cross-section areas. Hassan (2013) investigated an
optimization technique to achieve the minimum weight of
steel in stay cables under self-weight, initial post-tensioning
cable forces, and live load cases. An optimization problem
of cable cross section, considering constraints of cable
stresses and deck displacements, was examined in the study
of Baldomir et al. (2010).

There have been a few attempts to determine the
optimum cross-section of girders and towers. Venkat et al.
(2009) presented a system level optimization, considering
the side to main span ratio, the tower height to bridge length
ratio, and the crucial size of the girder and the tower cross-
section as design variables. An approach combining genetic
algorithm (GA) and support vector machine (SVM) has
been adopted to minimize the cost of the cable-stayed
bridge. Among all these optimization methods for cable-
stayed bridges, only Simdes and Negrao (2000) considered
the comprehensive influence of cables, decks, and towers in
the optimization problem. An optimization method for
cable-stayed bridges with steel box-girder decks was
presented. The deck and the tower cross-section size, the
cable forces and areas, and the length of end block zone of
cables in towers were set as the design variables. A multi-
criteria approach was considered for the optimization itself,
with constraints on maximum stresses, minimum stresses in
stays and deflections under dead load condition.

Among all these above-mentioned studies, most of them
focused on the cable-stayed bridge with the steel girder, a
few of them aimed at the cable-stayed bridge with the
concrete girder. Major differences between the steel and PC
cable-stayed bridges are the consideration for the time-
independent influence of the concrete and the prestress in
the girder. Those two differences make it more difficult to
optimize the concrete cable-stayed bridges compared with
the steel cable-stayed bridges. Most of the current available
studies related to PC cable-stayed bridges mainly
concentrated on the cable force optimization, and few of
them have referred to optimizing the size of the girders and
the towers. The optimization of the prestress in girder of PC
cable-stayed bridges has not yet been studied.

In the current available optimization methods for PC
cable-stayed bridges, the cable force and cable area

optimization would lag behind the design of the girders and
the towers. For example, if the parameters of the girders are
changed to explore another feasible design scheme, another
configuration of the cable forces and areas, and the prestress
in the girders corresponding to the new parameters of the
girders may be obtained. Therefore, a large number of
feasible design schemes will be achieved according to the
different heights of the girder. The designers have to rely on
their experiences and skills to select a final design from a
large number of feasible candidate schemes, which is still a
challenging and complicated work. Owing to the complex
structural behavior of the cable-stayed bridge, it is
impossible to foresee the configuration for all design
parameters. Therefore, a more automatic and reasonable
optimization technique will be needed if more parameters
are set as variables. When the optimum target is related to
the cost, an economical design scheme for PC cable-stayed
bridges will be obtained if the expense of all materials of
the structure is considered.

This study outlines a multi-parameter optimization
technique for PC cable-stayed bridges. In particular, several
coupled parameters are taken into account, including
comprehensive influence of all load-bearing elements,
corresponding to the prestress, the girders, the towers, and
the cables. The target is to obtain the minimum cost design
for PC cable-stayed bridges, based on the objective function
related to structural economy. In this optimization
technique, the number of prestressing tendons in girder is
firstly set as one of the design variables, as well as cable
forces and areas, cross sizes of the girders and the towers.
The stress and displacement constraints are simultaneously
utilized to ensure the safety and serviceability of the
structure. The optimization technique is carried out by a
developed PC cable-stayed bridge optimization program
involving the interaction of the parameterized automatically
modeling program, the finite element structural analysis
program and the optimization algorithm. Creep and
shrinkage of concrete and cable-sage effect will also be
taken into consideration in the structural analysis.

2. Structural analysis and modeling
2.1 Numerical simulation procedure

Since the stress and deformation constraints cannot be
expressed in explicit function with design variables, the
structural analysis should be executed in every optimization
iteration to calculate the values of constraints. Some FE
programs have this capability, such as Abaqus and Ansys.
These FE programs are general for mechanical analysis, but
they are not convenience for bridge structural analysis. In
fact, it is not easy to consider the effects of concrete creep
and shrinkage, and to calculate the loss of prestress. They
cannot provide the influence lines loading method to
determine the worst live load loading position. Moreover, it
will cost a lot of time to setup and shutdown these programs
when called by the main optimization program for each
time, which reduces the optimization efficiency. Currently,
there are several commercial programs available for bridge
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structural analysis, such as Midas and Doctor Bridge.
However, these programs cannot provide second-developed
interface for users. As independent systems, this kind of
structural analysis programs cannot work as a subsystem to
be called repeatedly, and cannot evaluate the constraints for
the optimization algorithm.

Consequently, a reprogramed bridge structural analysis
source program is needed to meet the requirement of
structural analysis and seamlessly integrate into the main
optimization program. A structural analysis code is
developed in this work, based on the theory of the finite
element theory. Besides the general mechanical analysis for
structure, the developed code can analysis the effects of
concrete creep and shrinkage, the loss of prestress, and can
implement the influence lines loading.

Although the erection process of the cable-stayed bridge
has impact on the stresses and deformations of the bridge,
the main goal of the present work is to achieve the
minimum cost for the bridge at operation state. Therefore,
the erection process is not considered in the structural
analysis and the algorithm will be improved in the future.

2.2 Design loads

In this study, the optimum design variables are
evaluated, by the combined effect of loads, as follows:

+ Self-weight of all structural components and

appendages attached to the bridge, such as the bridge

deck pavement.

« Traveling live load. The traveling live load is

comprised of uniform load and one concentrated force.

According to the second-class road load in China code

(JTG D60-2004), the standard value of uniform load is

7.875 kN/m, and the standard value of concentrated

force is 270 kN. The loading position of live load is

determined by the influence lines loading method.

« Post-tensioning forces of stayed cables.

* Prestress in the concrete girder.

« Concrete creep and shrinkage.

« Cable-sag effect

Displacements and stress constraints should be
computed with different loading conditions. Deflections and
displacements must be considered under serviceability
loading conditions. In the study, deflections and
displacement constraints are computed under combination
for short-term action effects, which is composed of the
characteristic value of permanent action and the frequent
value of variable action. The frequent value of traveling live
load is 0.7, according to China code (JTG D60-2004).
While, the stresses are obtained in elastic phase, and the
partial safety factor and the combination factor for action
effects are equal to 1.0, according to China code (JTG D60-
2004).

2.3 Time-dependent effects

The stresses and deformations in concrete cable-stayed
bridges are significantly influenced by the time-dependent
material behavior of concrete (Yang et al. 2015). The total
strain &,(t) at time t of a concrete specimen can be written as

the sum of the stress dependent strain & and stress
independent strain &.(t)

8h(t): ge+gc(t) (1)

where g,(t) is the total strain at time t, & is the instantaneous
strain and e.(t) is the creep strain.

The creep characteristic of concrete can generally be
described by the creep coefficient ¢(t), which is written as

e(D=¢:(0)/z. O]

The total shrinkage strain &(t,z) from age z to age t is
defined as

& (t»T) :g‘vk(e-pz_e-pr) (3)

where g is the terminal value of shrinkage deformation and
p is the coefficient of increasing speed of shrinkage
deformation.

The time t of the concrete creep and shrinkage is
considered for 1500 days.

2.4 Cable-sag effects

Cable-stayed bridges are highly flexible and redundant
structures. They behave intensely geometrical nonlinearity.
The nonlinearity of a cable-stayed bridge is introduced from
three main resources: the cable-sag effect, the beam-column
effect and the large displacement effect. From 1960s,
researchers of many countries have devoted themselves to
the geometrical non-linear behavior of structures (Yang et
al. 2010, Yang and Cai 2016). Most of them agree in that
the cable-sag effect governed the geometrical nonlinearity.
Ernst firstly proposed an equivalent, or Ernst modulus
method, to calculate the decrease or loss of cable elasticity
modulus caused by catenary effect under self-weight of
cables (Ernst 1965). It is generally adopted to consider the
nonlinearity of cables. The calculation of equivalent
elasticity modulus is given by

eq 22 (4)

where Eq represents the equivalent elasticity modulus, E, is
the cable material effect of elasticity, y is weight per unit
volume, | is the length of horizontal projection and oy is the
tension stress in the cable.

3. Proposed optimization technique
3.1 Objective function

In this study, the objective is to find the minimum cost
of the PC cable-stayed bridge. The cumulative material cost
of the bridge is expressed as

FQO=X5L CW, ®)

where X represents optimization variables, n is the type of
materials, C; and W; respectively represent the price factor
and the total weight of material i.
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3.2 Design variables

As previously referred, in this study, the target is to
optimize the cost of the PC cable-stayed bridge under
design constraint conditions. The cost of a structure mainly
consists of expenses of all structure components. Therefore,
the parameters regarding the consumption of all types of
main materials, such as cables, concrete and steel strand,
should be set as the design variables due to these types of
materials governing the cost of a cable-stayed bridge. The
variables of the proposed optimization model are as
follows:

« The height of the girder section. Since the stiffness of
the deck is conclusively decided by the height of the
girder, the height optimization for the girder is the one
of the most effective way to improve the stress state and
deflection state.
» The width of the tower cross-section along the
longitudinal direction of the bridge. It is necessary to
optimize the section of the tower because the tower
occupies a considerable concrete usage.
« Tensioning forces of cables.
» The areas of cables. In general, the cable is the most
expensive component of a cable-stayed bridge compared
with other structural members. The optimum areas of
the cables, corresponding to the optimum cable forces,
may contribute the most to decrease the cost of a cable-
stayed bridge.
» Prestressing tendons in each beam elements.
Generally, the optimization of the prestress in the girder
is a complex topological problem because of the
difficulty of foreseeing the distribution of prestressing
tendons in each girder (Kutylowski and Rasiak 2014). In
order to transform it into a simpler quantity optimization
problem, a solution is proposed. In the structural
analysis model, at least one prestressing tendon is
allocated at both top and bottom margin of every beam
element for the need of calculation. That is to say, in the
initial input for structural analysis model, at least one
prestressing tendon is needed to be allocated at both the
top and bottom margin of the girder region, even if the
prestress is actually not needed. Similarly, in the final
optimized result, the pretress is probably not needed in
this girder region where one prestressing tendon is
allocated.

3.3 Constrains

Since the optimum structure must satisfy the
requirement of structural strength and stiffness, constrains
are utilized to ensure the stresses and deformations meeting
the design criteria. The constraints are divided into two

types.

3.3.1 Stress constrains

The stress state of the girder is affected integrally by the
cable forces, and locally by the prestress in the deck. As a
result, the stress control is crucial. Stress constrains of the
beam and the tower elements are given as follows

-loc]<lonl<lol] (6)

where [¢7,] is the stress of section m at point n, whose
value is positive if and only if it is a tension stress, [o]
denotes the allowable tension stress and [o ] stands for the
allowable compressive stress.

3.3.2 Deformation constraints

The stiffness, as well as the strength, must be ensured in
the design of the cable-stayed bridge, to prevent the deck
from suffering a great displacement. The displacement
constrains of the girder and the tower is given by

| a)D-max |Swmﬂx (7)

|uT—max |§Mmax (8)

where wp.max 1S the maximum deflection of the beam
elements, Urmax is the maximum displacement of the tower
elements at longitudinal direction, wma is the allowable
deflection of the girder and un. is the allowable
displacement of the tower in longitudinal direction.

3.4 Optimization algorithm

The variables are nonlinear to the stress and deformation
constraints. The sequential quadratic programming (SQP)
algorithm has been one of the most successful general
methods in solving nonlinear constrained optimization
problems (Carpentieri et al. 2015). In its many implemented
forms, this method has been shown to be a very useful tool
for solving nonlinear programs, especially where significant
degree nonlinearity is presented (Boggs and Tolle 2000).
The other reason of choosing the SQP algorithm is that it is
an efficient optimization algorithm to solve the large-scale
optimization problem for bridges.

In the optimization model of this study, the variables of
the prestressing tendon number, the cable strand number
and the cable force are integers. The area variables of the
girder and the tower are transformed into integers, so that
all the design variables are integers. For example, the initial
width of the tower top section is 4.2 m, it is transformed
into 42 when computing the gradients. Therefore, all the
optimum variables are integers. Generally, SQP is a
gradient-based method that is programmed for non-integer
values. But the optimum variables in the manuscript are
integers, thus an improved version of SQP is needed. The
MISPQ program, a Fortran implementation of a trust region
SQP algorithm for mixed-integer nonlinear programming
(Exler et al. 2007, 2009), is adopted as the algorithm in this

paper.
3.5 Optimization technique and procedure

Due to the significant computational efficiency of
Fortran language, all code programs in this paper are
implemented in Fortran. The optimization technique,
combining the parameterized automatically modeling
program, the finite element structural analysis program and
the optimization algorithm, is described as follows:

1. Prescribe the starting values for the variables to be
optimized, according to the preliminary design.

2. Build the initial finite element modeling files with the
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| Prescribe starting value for the variables to be optimized |

]

| Built the structure analysis file Iv—

J

Execute structure analysis subroutine to compute objective
function and all constraint function values

]

| Compute gradients of objective function and all constraints I

I

| Execute SQP subroutine |

Stopping criteria

Fig. 1 Flow chat for the optimization procedure

parameterized automatically modeling program based on
the preliminary design.

3. Compute the objective and all constraint function
values for the first time. The constraint function values are
obtained by the structure analysis.

4. Compute the gradients of the objective function and
all constraints. Derivatives subject to the integer variables
can be approximated using a difference formula.

5. Execute the SQP subroutine. If the internal stopping
criteria are satisfied, the program terminates. Otherwise,
call the structure analysis subroutine to compute the
objective and the constraint function values for all variables
with the modified values, and call SQP again.

The optimization procedure is summarized into a flow
chart, as shown in Fig. 1.

4. Example and results

The low-pylon cable-stayed bridge behaves between the
normal cable-stayed bridge and the continuous beam bridge.
In the case of the low-pylon cable-stayed bridge, the cables
provide an external prestressing assist for the girder,
compared with the continuous beam bridge. Generally, a
greater stiffness girder is needed compared with the normal
cable-stayed bridges, because less number of cables is
located to support the girder. At the same time, more
prestressing tendons are needed. Therefore, it is significant
to optimize the prestress in the girders of the low-pylon
cable-stayed bridge.

4.1 Bridge description

A low-pylon cable-stayed bridge, with spans of 100.1 m
and 100.1 m, is selected as the example to verify the
optimization technique in this study. This low-pylon cable-
stayed bridge is a real project in Zhejiang Province, China.
The initial design of the bridge is taken as the initial

Fig. 2 Elevation of the example bridge (Unit: cm)
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condition in the optimization program. The elevation of the
bridge is presented in Fig. 2. Main components of the
bridge are described as follows:

1. Girder: a variable cross-section PC box-girder design
is adopted and shown in Fig. 3. The height of the box girder
is varied from 3 m to 5 m in the region adjacent to the
tower. The 39.6 m wide deck allows a configuration of 3
lanes in each direction. The grade of concrete for the girder
and the tower is C50, and the standard value of strength for
compressive stress and tension stress are, respectively, 32.4
MPa and 2.64 MPa. The standard value of strength for the
prestressing tendons in the girder is 1860 MPa.

2. Tower: the single tower of the bridge is fixed with the
deck. The size of rectangular section of the tower varies
from top to bottom, as shown in Fig. 4.

3. Cables: the girder is supported by one single cable
plane. Fourteen pairs of cables are anchored symmetrically
at each side of the tower. Each cable consists of 73-¢15.2
steel strands and bears 800 t tension force. The standard
value of the cable tensioning strength is 1860 MPa.

Main design parameters of the girder, the tower, and
cables are listed in Table 1.
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Fig. 5 Finite element model of the example bridge

Table 1 Main design parameters for the bridge

Member E(MPa) A(Mm?) Ixx(mm*) lyy(mm*) Izz(mm®)

Girder
section
away 3.45x10* 2.38x107 9.87x10%® 3.37x10%® 1.89x10'°
from the
tower
Girder
section
adjacent 3.45x10* 4.20x10" 4.20x10° 1.55x10* 3.01x10%°
to the
tower
Tower
section at 3.45x10% 8.40x10° 7.85x10'? 1.23x10% 2.80x10%
top
Tower
section at 3.45x10* 1.56x107 2.99x10%° 3.52x10% 1.17x10%
bottom

Cable 1.95x10° 1.02x10* 0 0 0

4.2 Finite element model

The two-dimensional finite element model of the bridge
is shown in Fig.5. The girders and towers are modeled with
beam elements, and the stay cables are modeled with cable
elements. There are totally 84 girder elements, 28 cable
elements, and 16 tower elements.

4.3 Optimization model for the example

Making use of the geometric symmetry of the structure,
the number of variables and constraints is halved. The
optimization model of the bridge is described as follows:

4.3.1 Design variables

There are 116 design variables considered for the
example bridge with the following meanings and
sequences:

X(1): the height of box girder adjacent to tower Hy;

X(2): the height of box girder away from tower Hy;

X(3): the width of the tower cross-section at the top of
tower THy;

X(4): the width of the cross-section at the bottom of
tower TH,;

X(5)~X(18): cable stress S;~Sy4;

X(19)~X(32): the number of steel strands for each cable
NC1~NCy4;

X(33)~X(74): the number of prestressing tendons at
upper margin of the girder;

X(75)~X(116): the number of prestressing tendons at
bottom margin of the girder.

According to the deck and tower profile of some
previous designs for low-pylon cable-stayed bridges in the
world, the upper and lower bounds of the first four variables
are given as follows

L/42<H\<L/14 9)
L/77<H,<L/27 (10)
24 m<TH;<7.1 m (11)
1.3m <TH,<3.7 m (12)

where L is the main span of the bridge.

In order to make the cable perform its functions
properly, the tensioning force for the cable should not be
too great or too small. In the case of the low-pylon cable-
stayed bridge, the cables work as an external prestressing
system and the upper limit of cable stress is set as 0.6Rb in
China code (JTG/T D65-01-2007) (greater than the upper
limit 0.4Rb for normal cable-stayed bridges, where Rb is
the standard value of cable tensioning strength). Eventually,
0.55Rb is prescribed as the upper limit for cable stresses in
this example, considering an improvement for safety
coefficient. The minimum stress in stay cables is set as 0.3
Rb to prevent cable from suffering too small stress state.
Therefore, the limitation of cable stresses for the bridge is
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given by
558 MPa<S;<1023 MPa i=1.2,...,14 (13)

Considering the product model of the stay cables in the
market, the range of the number for each cable is

22<NC<151, i=12,...,14 (14)

Since the section size of the girder limit the maximum
number of prestressing tendons, the range of prestressing
tendon number is

1<SNP<100 i=1,2,...,84 (15)

4.3.2 Constraints

There are 7 constraints considered for the example
bridge with the following meanings and sequences:

G(1): the maximum stress of the upper and bottom of
the left and right section for the beam and tower elements;

G(2): the minimum stress of the upper and bottom of the
left and right section for the beam and tower elements;

G(3): the maximum deflection of the girders;

G(4): the longitudinal displacement constraint at top of
the tower;

G(5): the maximum cable stress;

G(6): the minimum cable stress;

G(7): the width of the tower cross-section at top of the
tower must less than that at the bottom of the tower.

The developed program allows the users to select the
limit of tension and compression stress for concrete. The
users can choose the stress limit according to the code
criterion or a stricter requirement. 60% of the standard
value of strength of concrete compressive stress is
prescribed as the allowable compressive stress according to
the China code (JTG/T D65-01-2007). The structural
analysis result of the model illustrates that only a few beam
elements near the bearings bear tension stress. In order to
obtain a full prestressed girder, a large number of materials
will be cost to eliminate the tension stress. Therefore, 20%
of the standard value of strength of concrete tension stress is
prescribed as the allowable tension stress to improve the
optimal efficiency. The upper and lower stress limit of the
concrete is given by

-19.44 MPa<¢”,<0.53 MPa (16)

The allowable value of the deflection in China code
(JTG/T D65-01-2007) for each beam elements of the girder
is given by

A<L/500=20.02 cm i=1,2,...,42 (17)

The allowable value of the longitudinal displacement in
China code (JTG/T D65-01-2007) for the elements at top of
the tower is given by

A<H/500=5.05 cm (18)
where H is the height of the tower.

4.3.3 Optimization model

The optimization model of the example is as follows.
All design variables are transformed into integers:

1. Objective function

F(X)=5538-W,+178.5-W,+16202.4-W;  (19)

Table 2 Cost factor of each member

Member Prestressing tendon  C50 concrete  Cable

Cost
(Chinese yuan/t) 5538 178.5 16202.4
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Fig. 6 Objective function value reduction corresponding to
iteration

Table 3 Objective function values

Design
scheme
Objective
function value

Initial design Optimum result
(million Chinese yuan) (million Chinese yuan)

5.838 4.435

Save

24.03%

where W;, W,, and W, represent the weight (t) of the
prestressing tendons, the concrete and the cables,
respectively.
The cost factor of each member shown in Table 2 is
offered by the design institute of the bridge.
2. Variable bounds:
24<X(1)<71
13<X(2)<45
24<X(3)<71
13<X(4)<37
558<X(i)<1023
22<X(i)<151
1=<X(i)<100

i=5,6...18
i=19,20...32
i=33,34...116
3. Constraints:
19.44+G(1) >0
0.53-G(2)=0
200.2-G(3)=0
50.8-G(4)>0
1023.0+G(5)>0
-G(6)-558.0>0
G(7)=>0
The optimum result is obtained at iteration 35. The
computing procedure costs about 145 minutes. The
comparison of the design variables for the initial design and
the optimum results are listed in Tables 3-6.

4.4 Results after optimization

4.4.1 The cost

The objective function value reduction corresponding to
iteration is shown in Fig. 6. The objective function, which
means the cost of the bridge, is reduced after each iteration.
Table 3 shows the cost of the optimum design scheme is
4.435 million Chinese yuan, which saves 24.03% cost of the
initial design 5.838 million Chinese yuan. The optimum
design scheme is more economic structure.
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Table 4 Cross-section size of the girder and the tower

o Initial Optimum
design(m) result(m)
Height of the girder near side span 3.0 14
Height of the girder adjacent to 50 2.4
the tower
Width of section at bottom of the 5.2 3.4
tower
Width of section at top of the 4.2 3.2
tower

Table 5 Number of the prestressing tendon for each element

—a— Initial prestress at upper fibre

804 Fy —e— Initial prestress at bottom fibre
—a— Optimum prestress at bottom fibre
—w— Optimum prestress at upper fibre

Number of prestressing tendons
-
o
1

o4
n
-
5]

15 20 25 30 35 40

Element

Fig. 7 Prestress configuration in the girder for half structure
of the bridge

Table 6 Cable areas and forces

Element Initial design O;:élsrL\;:m Element Initial design O?;'STIL:m
Upper Bottom Upper Bottom Upper Bottom Upper Bottom
1 6 36 6 1 22 1 60 1 40
2 6 36 1 16 23 1 60 1 40
3 6 36 1 29 24 1 60 1 40
4 6 48 1 49 25 4 48 1 28
5 6 72 1 51 26 4 48 1 28
6 6 72 1 72 27 9 36 1 16
7 6 72 1 81 28 9 36 1 17
8 6 72 2 78 29 13 36 1 19
9 6 72 1 66 30 13 36 1 19
10 6 72 1 66 31 42 24 6 7
11 1 72 1 56 32 42 24 6 7
12 1 72 1 56 33 24 12 6 1
13 1 72 1 52 34 24 12 6 1
14 1 72 1 52 35 30 1 12 1
15 1 72 1 52 36 36 1 18 1
16 1 72 1 52 37 42 1 24 1
17 1 72 1 52 38 52 1 35 1
18 1 72 1 52 39 62 1 44 1
19 1 60 1 40 40 72 1 54 1
20 1 60 1 40 41 82 1 63 1
21 1 60 1 40 42 82 1 63 1

4.4.2 Cross-section size of the girder and the tower

It is obtained from Table 4 that, the height of the girder
section adjacent to the tower reduces from 5.0 m to 2.4 m,
and the height of the girder section away from the tower
reduces from 3.0 m to 1.4 m. The width of the section at top
of the tower reduces from 4.2 m to 3.2 m, and the width of
the section at bottom of the tower reduces from 5.2 m to 3.4
m. Since the height of the girder and the width of tower
cross-section are reduced, the concrete weight reduces by
25.7%, from 16243.8 t before optimization to 12070.0 t
after optimization.

4.4.3 Prestressing tendons

The number of the prestressing tendons for most girder
elements after optimization is less than that for the initial
design, except several girder elements near the backstay, as
shown in Table 5 and Fig. 7. The pretressing tendon is
actually not needed in this girder region where one
prestressing tendon is allocated. After optimization, the
weight of the prestressing tendons can reduce from 128.0 t
to 90.4 t, meaning a 29.4% reduction compared with the
initial design.

Initial design Optimum result
CNat(;?e Number of  Area Ifr:;:'czl Number of  Area Ifr:)l;uczl
strands(915.2) (mm?)  (t) strands(p15.2) (mm?) (1)

C1 73 10015.6 800 52 71344 629
Cc2 73 10015.6 800 53 72716 670
C3 73 10015.6 800 52 71344 671
C4 73 10015.6 800 52 7134.4 657
C5 73 10015.6 800 53 7271.6 698
C6 73 10015.6 800 53 7271.6 698
Cc7 73 10015.6 800 54 7408.8 712
C8 73 10015.6 800 52 71344 685
C9 73 10015.6 800 54 7408.8 712
C10 73 10015.6 800 57 78204 751
Cl1 73 10015.6 800 58 7957.6 772
C12 73 10015.6 800 65 8918 891
C13 73 10015.6 800 75 10290 1029
Cl4 73 10015.6 800 63 8643.6 864

Cable

weight 137.6 109.6

®

4.4.4 Cable areas and forces

The uniform 73-915.2 steel strands are adopted in the
initial design, and the total cable weight for the initial
design is 137.6 t. Compared with the initial uniform 800 t
tensioning forces for every cable, the optimum cable initial
tensioning forces are different to each cable. In general, the
forces of the long cables are large than the short cables. Due
to different cable forces, the number of the strands of each
cable is not uniform. The cable areas and forces of the
initial and optimum designs are listed in Table 6. The total
cable weight for the optimum result is 109.6 t, meaning a
20.3% reduction compared with the initial design.

4.5 Structural analysis for the initial design and the
optimum scheme

The stresses of the girder and tower elements for the
initial and the optimum design schemes, are depicted in Fig.
8 and 9. In these figures, the symbol “-” for the stress
represents the compression stress. It is obtained that the
maximum and minimum stresses of the girder and the tower
are almost compression stresses. Tension stress only
appears in a few beam elements near the bearings. The
compression stresses of the girder and the tower for the
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Fig. 8 The stresses of beam elements
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Fig. 9 Maximum compression stresses of tower elements

optimum scheme are larger than those for the initial design
due to the reduction of the section of the girder and the
tower, as well as the reduction of the prestressing tensions.
The maximum compression stresses of the girder for the
initial design and optimum scheme are 14.37 MPa and
18.80 MPa, respectively. The maximum tension stresses of
the girder are 0.44 MPa and 0.53 MPa, respectively for the
initial design and the optimum scheme. The maximum
compression stresses of the tower are 7.40 MPa and 18.84
MPa, for the initial design and the optimum scheme
respectively. The tension and compression stresses for all
girder and tower elements of the initial design and the
optimum scheme can meet the stress constraints set by Eq.
(16). The maximum compression stresses of the girder and
the tower nearly reach the compression stress limit. The
tension stresses of the elements between the bearing and the
backstay are close to the tension stress limit, shown in Fig.
8(d). The maximum tension stress of the girder reaches the
tension stress limit, which indicates that the tension stress of
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Fig. 10 The stresses of cable elements

the girder is an active constraint.

The maximum and minimum stresses of the cables are
shown in Fig. 10. The stresses of the optimum scheme are
larger than those of the initial design due to the reduction of
the cable area. It can be concluded that all the maximum
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Fig. 11 Deflections of beam elements

and minimum cable stresses for the initial design and the
optimum scheme can meet the requirement from Eq. (13).
Most of the cable stresses are close to the maximum stress
limit, shown in Fig. 10(b). The maximum stress of the cable
is 1023MPa, which reaches the maximum stress limit.
Therefore, the maximum stress of the cable is also an active
constraint in this optimum example.

The deflections of the girder for the initial design and
the optimum scheme are shown in Fig. 11. Since the
stiffness of the girder for the optimum scheme is less than
that for the initial design due to the reduction of the section,
the deflections of the girder after optimization increase. The
maximum deflection of the optimum scheme is 14.37 cm,
which is much larger than the maximum deflection 2.49 cm
of the initial design. Although the deflections of the girder
after optimization increase, they are still within the
allowable limit value of 20.02 cm (see Eqg. (17)). The
maximum longitudinal displacement at top of the tower is
4.31 cm under the non-symmetrical live load, less than the
allowable limit value of 5.08 cm (see Eq. (18)).

The structural analysis results indicate that the optimum
design scheme is a safe, economic and reasonable structure.
In this optimum example, the tension stress of the girder
and the maximum stress of the cable are active constraints.
The optimization technique proposed in this paper is
feasible and effective.

5. Conclusions

» A multi-parameter optimization technique considering
prestress in girder is proposed in this study, aiming at
obtaining the minimum cost design for PC cable-stayed
bridges. The number of prestressing tendons in girder is
firstly set as one of design variables, as well as cable
forces, cable areas and cross-section sizes of the girders
and the towers.

» The multi-parameter optimization technique is carried
out by a developed PC cable-stayed bridge optimization
program involving the interaction of the parameterized
automatically modeling program, the finite element
structural analysis program and the optimization
algorithm. The concrete creep and shrinkage effect and
the cable-sage effect are considered in the structural
analysis.

» The multi-parameter optimization technique is applied
in a low-pylon PC cable-stayed bridge. Due to the
reduction of the number of the prestressing tendons, and
the section of the girder, the tower and the cables, the

optimum design scheme can achieve a 24.03% reduction
in cost, compared with the initial design. The 29.4%
reduction of the prestressing tendons weight indicates
that it is significant to optimize the prestress in the
girder. The optimum result verifies the capability and
efficiency of the multi-parameter optimization
technique.

* The structural analysis results for the optimum scheme
indicate that the stresses and the deformations meet the
constraint conditions, i.e. these values are within the
allowable limit. Therefore, the optimum scheme
produces a safe, economic and reasonable structure. In
this optimum example, the tension stress of the girder
and the maximum stress of the cable are active
constraints. The optimization technique proposed in this
study is feasible and effective.

* The erection process of the cable-stayed bridge is not
taken into consideration in this optimization technique.
The algorithm will be improved in the future.

Acknowledgments

This work was supported by the Grant (No. 51378504)
from the National Natural Science Foundation of China
(NSFC). This support is greatly appreciated.

References

Baldomir, A., Hernandez, S., Nieto, F. and Jurado, J.A. (2010),
“Cable optimization of a long span cable-stayed bridge in La
Coruna (Spain)”, Adv. Eng. Softw., 41, 931-938.

Boggs, P.T. and Tolle, J.W. (2000), “Sequential quadratic
programming for large-scale nonlinear optimization”, J.
Comput. Appl. Math., 124, 123-137.

Carpentieri, G., Modano, M., Fabbrocino, F., Fraternali, F.
“Optimal design and dynamics of truss bridges”, COMPDYN
2015 - 5th ECCOMAS Thematic Conference on Computational
Methods in Structural Dynamics and Earthquake Engineering,
1731-1740.

Cheng, J., Xiao, R.C. and Jiang, J.J. (2004), “Probabilistic
determination of initial cable forces of cable-stayed bridges
under dead loads”, Struct. Eng. Mech., 17(2), 267-279.

Dan, D.H., Chen, Y.Y., Yan, X.F. (2014), “Determination of cable
force based on the corrected numerical solution of cable
vibration frequency equations”, Struct. Eng. Mech., 50(1), 37-
52.

Ernst, JH. (1965), “Der E-Modul von Seilen unter
berucksichtigung des Durchhanges”, Der, Bauingenieur, 40(2),
52-55.

Exler, O. and Schittkowski, K. (2007), “A trust region SQP
algorithm for mixed-integer nonlinear programming”, Optim.
Lett., 1, 269-280.

Exler, O., Lehmann, T. and Schittkowski, K. (2009), “MISQP: A
Fortran implementation of a trust region SQP algorithm for
mixed-integer nonlinear programming - User’s guide”, Report,
Department of Computer Science, University of Bayreuth, D-
95440 Bayreuth.

Fabbrocino, F., Modano, M., Farina, 1., Carpentieri, G. and
Fraternali, F. (2017), “Optimal prestress design of composite
cable-stayed bridges”, Compos. Struct., 169, 167-172

Feng, D.M., Scarangelloa, T., Feng, M.Q. and Ye, Q. (2017),
“Cable tension force estimate using novel noncontact vision-



A multi-parameter optimization technique for prestressed concrete cable-stayed bridges considering prestress in girder

based sensor”, Measur., 99, 44-52.

Hassan, M.M. (2013), “Optimization of stay cables in cable-stayed
bridges using finite element, genetic algorithm, and B-spline
combined technique”, Eng. Struct., 49, 643-645.

Hassan, M.M., Nassef, A.O. and El Damatty, A.A. (2010),
“Determination of optimum post-tensioning cable forces of
cable-stayed bridges”, Eng. Struct., 44, 248-2509.

JTG D60-2004 (2004), General Code for Design of Highway
Bridges and Culverts.

JTG/T D65-01-2007 (2007), Guidelines for Design of Highway
Cable-stayed Bridge.

Kutylowski, R. and Rasiak, B. (2014), “Application of topology
optimization to bridge girder design”, Struct. Eng. Mech., 51(1),
39-66

Lee, T.Y., Kim, Y.H. and Kang, S.W. (2008), “Optimization of
tensioning strategy for asymmetric cable-stayed bridge and its
effect on construction process”, Struct. Multidiscip. Optim., 35,
623-629.

Lonetti, P. and Pascuzzo, A. (2014), “Optimum design analysis of
hybrid cable-stayed suspension bridges”, Adv. Eng. Softw., 73,
53-66.

Martins, A.M.B., Simdes, L.M.C. and Negréo, J.H.J.O. (2015a),
“Cable stretching force optimization of concrete cable-stayed
bridges including construction stages and time-dependent
effects”, Struct. Multidiscip. Optim., 51, 757-772.

Martins, A.M.B., Simdes, L.M.C. and Negrao, J.H.J.O. (2015b),
“Optimization of cable forces on concrete cable-stayed bridges
including geometrical nonlinearities”, Comput. Struct., 155, 18-
27.

Martins, A.M.B., Simdes, L.M.C. and Negrédo, J.H.J.O. (2016),
“Optimum design of concrete cable-stayed bridges with
prestressed decks”, Int. J. Comp. Meth. Eng. Sci. Mech., 17(1),
339-349.

Modano, M., Fabbrocino, F., Gesualdo, A., Carpentieri, G.,
Fraternali, F. (2015), “On the optimal design of the pre-
tensioning of cable-stayed bridges (Sul progetto ottimale dello
schema di tesatura dei ponti strallati)”, Atti del XXV
CONGRESSO C.T.A. - XXV ltalian Steel Days (Salerno, 1-3
Ottobre 2015), Vol. 1: Tensegrity and Stability (Tensegrity e
Stabilitad), 117-124.

Simdes, L.M.C. and Negrdo, J.H.J.O. (2000), “Optimization of
cable-stayed bridges with box-girder decks”, Adv. Eng. Softw.,
31, 417-423.

Sung, Y.C., Chang, D.W. and Teo, E.H. (2006), “Optimum post-
tensioning cable forces of Mau-Lo Hsi cable-stayed bridge”,
Eng. Struct., 28, 1407-1417.

Venkat, L., Akhil, U. and Singh, K.K. (2009), “Computationally
efficient analysis of cable-stayed bridge for GA-based
optimization”, Eng. Appl. Artif. Intell., 22, 750-758.

Yang, M.G. and Cai, C.S. (2016), “Longitudinal vibration control
for a suspension bridge subjected to vehicle braking forces and
earthquake excitations based on magnetorheological dampers”,
J. Vib. Control, 22(17), 3659-3678.

Yang, M.G., Cai, C.S. and Chen, Y. (2015), “Creep performance
of concrete-filled steel tubular (CFST) columns and applications
to a CFST arch bridge”, Steel Compos. Struct., 19(1), 111-129.

Yang, M.G., Chen, Z.Q. and Hua, X.G. (2010), “A new two-node
catenary cable element for the geometrically non-linear analysis
of cable-supported structures”, P. I. Mech. Eng. C, 224(C6),
1173-1183.

Zhang, J. and Au, F.T.K. (2014), “Calibration of initial cable

forces in cable-stayed bridge based on Kriging approach”,
Finite Elem. Anal. Des., 92, 80-92.

CcC

577


http://link.springer.com/journal/158
http://www.sciencedirect.com/science/article/pii/S004579491500070X
http://www.sciencedirect.com/science/article/pii/S004579491500070X
http://link.springer.com/journal/158
http://www.sciencedirect.com/science/article/pii/S004579491500070X
http://www.sciencedirect.com/science/article/pii/S004579491500070X



