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In cable-stayed bridges, especially asymmetric bridges, counterweights are always made to work together with cable pretension
forces to get a reasonable finished state. To solve the optimization problem of the cable-stayed bridge considering the coun-
terweights, the integrated optimizationmethod (IOM) for estimating cable forces and counterweights is proposed. In this method,
the counterweights are proposed to act on the anchor points. After that, the summary of the minimum weighted total bending
energy and the summary of the counterweights are considered as two objective functions of a multiobjective problem. Finally, the
dynamic weighted coefficient method is used to solve this problem and realize the Pareto solution set. IOM presents detailed
procedures in a simple numerical model and is then applied to the Yong-ding special-shaped cable-stayed bridge.,e results show
that not only IOM can realize the priority selection of the loading position of the counterweights but also get a better reasonable
finish state because of the introduction of the counterweight dimension; the dynamic weighted coefficient method can quickly find
the Pareto optimal solution set and be further screened by decision-makers; counterweight is very helpful to reduce torsion and
other spatial effects in cable-stayed bridges. IOM can be used as a universal optimization method for cable-stayed bridges.

1. Introduction

Cable-stayed bridges are statically indeterminate structures,
and their structural behavior is greatly influenced by cable
pretension forces. ,erefore, the determination of cable
pretension forces is critical in the design procedure.

However, with the development of cable-stayed bridges
in recent years toward large-span, spatialization and artistry,
and various cable-stayed bridges of strange shapes appear
more and more frequently [1–3]. Sometimes the reasonable
finish state cannot be achieved by adjusting the cable force
alone; the counterweight is used to work together with cable
pretension forces [4]. For example, in long-span cable-
stayed bridges, the side spans often use concrete beams that
are heavier than the midspan steel box girder or add extra
counterweights to balance the self-weight of the main span
[5]. Besides, curved bridges [1] or special-shaped bridges
[2, 3] which are asymmetrical across the bridge direction,

counterweights are often used to control the asymmetric
effect of the structure in the transverse direction.

,ere have been several methods proposed in the lit-
erature for determining pretension forces of cable-stayed
bridges [6, 7], which can be divided into four types: the
optimization methods for specified structural conditions,
the minimum bending energy methods, the unit load
methods, and the mathematical optimization methods.

,e optimization method of the specified structure state
takes the internal force and displacement of the cable-stayed
bridge structure as the optimization objective, and the
constraints are usually set as a specified value or feasible
region. Wang et al. [8] aimed at zero vertical displacements
of anchor points and proposed the zero displacement
method of cable-stayed bridges; Chen et al. [9] proposed the
force equilibrium method later. In this method, the addi-
tional bending moments of the girder can be considered, so
it is more rational than the zero displacement method. ,e
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optimization goal and the mechanical concept of these
methods are clear, and the calculation process is also con-
venient. However, it cannot consider the forces and de-
formations of pylon and girder at the same time.

,e objective function of the bending energy minimum
method comprehensively considers the force and defor-
mation of the main girder and the bridge tower, which
reflects the essential characteristics of cable force optimi-
zation and can obtain more reasonable optimization results.
Based on the theory of minimum bending energy, Liang
et al. [10] proposed a practical method (PM) of estimating
pretension force, which is widely used in China. However,
PM can only play a role in the bridge preliminary design
stage because of the absence of constraints. Sung et al. [2]
used the bending energy minimummethod with constraints
to derive the objective functions as a quadratic form of the
posttensioning cable forces, and the applications of this
method on the Mau-Lo Hsi cable-stayed bridge showed
great applicability for asymmetric cable-stayed bridges.

,e unit load method [11] is the link that establishes the
relationship between the cable force and the objective
function, and it is also a comprehensive cable force opti-
mization tool. Sung et al. [2], Li et al. [12], and Hassan et al.
[13] used the unit load method to build the mathematical
optimization model of the bending energy minimum or the
summary of displacement.

After building the model, the mathematical optimization
methods can play their role. ,ey can select the objective
function, constraint conditions and optimization algorithm
according to the structural characteristics of different types of
cable-stayed bridges, and the results obtained can also take into
account the forces and deformations of each member of the
cable-stayed bridge and have strong applicability. Ha et al. [14]
used the genetic algorithm (GA) to optimum stay cables of steel
cable-stayed bridge considering nonlinear inelastic character-
istics (single-objective). Hassan et al. [13] took the shape of the
structure as the goal and achieved multiobjective optimization
by GA using the weighted coefficient method [15, 16]. ,e
disadvantages of this method are obvious. (1) ,e weighted
coefficient is sensitive and requires certain experience to de-
termine. (2) ,e absence of Pareto solutions makes it still a
single-objective optimization. Some more well-known opti-
mization techniques also include the simulated annealing al-
gorithm [1, 17], the particle swarm algorithm [18, 19]. ,ey are
used in the field of structural optimization design due to their
better global convergence, versatility, and ease of parallel
processing. Despite these advantages, when facing multi-
objective optimization, these methods are either too expensive
to learn or are not real multiobjective optimization.

Lee et al. [20] took into account the influence of the
counterweights but did not involve the calculation of the
counterweights. Song et al. [5] took a long-span cable-stayed
bridge as an example, assumed that the side span coun-
terweights was a continuous uniform load, and used the hill-
climbing algorithm to calculate the bridge cable force
considering the counterweights. ,e assumption of con-
tinuous uniform distribution of the weight of this method
limits its application scenarios. Besides, the hill-climbing
algorithm is inefficient and easy to fall into local

convergence. So far, the optimization of cable-stayed bridges
with counterweights has not been studied systematically and
effectively. Most engineers still use manual iteration for
multiple trial calculations to coordinate and optimize the
initial tension and counterweight.,is method has low work
efficiency and unstable target state effects and cannot fully
exploit the performance of cable-stayed bridges.

Based on the above research, this paper proposes a
universal integrated optimization method (IOM) that can
consider counterweights and suitable for asymmetric cable-
stayed bridges. Firstly, the optimization scheme of the al-
gorithm is elaborated. Secondly, the calculation process of
the algorithm is demonstrated through a numerical model of
a cable-stayed bridge that is asymmetric along the bridge
direction and is compared and studied with the practical
method of bending minimum energy method (PM) and
coordinated optimization method without considering
counterweights (COM). Finally, IOM is applied to the highly
asymmetrical Yong-ding River special-shaped cable-stayed
bridge, and the problems such as counterweights distribu-
tion and space torsion have been studied and demonstrated
in detail.

2. Optimization Formulation

2.1. Design Variables. ,e reasonable finished dead state of
cable-stayed bridges is generally achieved by adjusting the
pretension force to optimize the objective function. As
shown in Figure 1, without considering the counterweights,
the function can be regarded as an optimization curve on the
plane W� 0, and its minimum value is recorded as the local
best point A on the plane. However, when counting the
counterweights, the objective function can be expanded to a
3D optimization surface including the optimization curve.
,e lowest point on the optimized surface can be credited as
the space global best point B. It is easy to know that f (B)≤ f
(A).

In the beginning, the designer did not know where the
counterweights should be arranged. To solve this problem,
we can assume that the counterweights act on all anchor
points and the number of counterweights corresponds to the
number of cables. After completing the solution, the anchor
point can be considered as unweighted as long as the result
of calculated Wi is very small or zero. At first, the design
variables can be expressed as

X � T1, T2, . . . , Tn, W1, W2, . . . , Wn 
T
, (1)

where T is the cable pretension force,W is the counterweight
on the anchor point, and n is the number of cables.

2.2. Objective Function. ,e objective function determines
the reasonable finish state of the cable-stayed bridge. ,e
bending energy minimum method not only considers the
internal force of the main girder and the bridge tower
comprehensively but also reflects the essential characteristics
of cable force optimization. Summary of squares of bending
moment of each element is defined as the bending energy,
which can be expressed by arrays as
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U � ML 
T
[B] ML  + MR 

T
[B] MR , (2)

where B � diag (Li/4EiIi), i � 1, 2, 3, ···, n. For element i, Li

and Ii are the length and the moment of inertia of the
section, respectively. Ei is Young’s modulus of materials.,e
introduction of stiffness B can allocate bending moments
according to the bearing capacity of different elements so
that the stress of each element can be kept at the same
basically. ML  is the bending moment vector at the left end
of the element under the dead load state. MR  is the
bending moment vector at the right end of the element
under the dead load state. It can be sorted out as follows:

U � X
T

HX + 2c
T
X + K, (3)

where H � CT
MLBCML + CT

MRBCMR, cT � MT
LDBCML

+MT
RDBCMR, and K � MT

LDBMLD + MT
RDBMRD. CML and

CMR represent the influence matrix of the left and right
bendingmoments of the element under the action of the unit
variable X; MLD and MRD represent the bending moment
vectors at the left and right end of the element under the
dead load of the reasonable finish state, respectively.

It is not hard to see that different anchor points have
different efficiencies in changing the major objective func-
tion.,e designer hopes that a reasonable bridge state can be
obtained by adding a small amount of counterweights to
some of the best efficient anchor points. ,e summary of
counterweights S � 

n
i�1 Wi can be set as the secondary

objective function so that limited counterweights will be
biased towards efficient anchor points; the others will be set
as zero automatically. In this way, the number of coun-
terweights will also be restricted at the same time. ,e ex-
pression form of the influence matrix is

S � O1×n, I1×n X. (4)

2.3. Constraints. ,e purpose of setting constraints is to
limit the mathematical solution of the design variables
within the allowable engineering range. In the process of
determining the reasonable finish state of various cable-
stayed bridges, there are five possible constraints.

2.3.1. Constraint of Cable Forces.

Tmin ≤TD + CXX≤Tmax, (5)

where Tmin is the lower limit value of cable forces, Tmax is the
upper limit value of cable forces, and TD is the cable force
under the dead load; CX is the influence matrix of cable force
under unit cable force and counterweight.

2.3.2. Constraint of Uniformity of Cable Forces. If only the
cable force constraint conditions are used for optimization,
the resulting cable force distribution may be very uneven. It
is necessary to introduce the cable force distribution of
adjacent stay cables as a cable force uniformity condition.
Suppose the cable forces of three adjacent stay cables on the
same cable plane are Ti− 1, Ti, and Ti+1. ,e uniformity of
cable forces is defined as
Zi � (Ti− 1 + Ti+1/2) − Ti, (i � 2, . . . , n − 1), and the expres-
sion form of the influence matrix is Z � [D, O(n− 2)×n]X,
where

D �
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. (6)

,e constraint of uniformity of cable forces is defined as

zminI(n− 2)×1 ≤ D, 0(n− 2)×n X≤ zmaxI(n− 2)×1, (7)

where zmin and zmax are the minimum and maximum values
of uniformity of cable forces.
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Figure 1: Schematic diagram of IOM.
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2.3.3. Constraint of Displacement. According to the influ-
ence of dead load on the displacement, the displacement
constraint condition of structure can be expressed as

δmin ≤ δD + CδX≤ δmax. (8)

δmin, δmax is the lower and upper limit of displacement;
δD is the displacement of the structure under the dead load;
Cδ is the influence matrix of structural displacement under
unit cable force and counterweight.

2.3.4. Constraint of Internal Force. ,e introduction of the
linear stiffness B in the main objective function can dis-
tribute the appropriate bending moment according to the
bearing capacity of different elements, so that the maximum
stress of each element is kept at a certain level.,erefore, it is
not necessary to limit the internal force for the whole
structure. Only in some cases, it may be necessary to control
the internal force for some special sections, and the con-
straint conditions can be set as

Mmin ≤MD + MXX≤Mmax, (9)

where Mmin is the lower limit of internal force; Mmax is the
upper limit of internal force; MD is the internal force of
structure under the dead load; and MX is the influence
matrix of the internal force of the structure under unit cable
force and counterweight.

2.3.5. Constraint of Relative Displacement. For special-
shaped cable-stayed bridges, such as the double girders
model of the Yong-ding bridge in Section Engineering
Application, in order to prevent excessive torsional defor-
mation of the structure in the transverse direction, the
difference of vertical displacement of the two girders still
needs to be limited, and the difference of displacement along
the bridge direction of two limbs of the tower can also be
considered in the same way. It can be expressed as the
structural relative displacement as follows:

Δδmin ≤ΔδD + ΔCδX≤Δδmax, (10)

where Δδmin, Δδmax is the lower limit and upper limit of the
relative displacement; ΔδD is the displacement difference
between themain girders or the tower under the dead load of
the structure; ΔCδ is the influence matrix of the displace-
ment difference between the main girders or the tower under
unit cable force and counterweight.

2.4. Multiobjective Optimization. Two objective functions
(U and S) have been established in Section 2.2, which
constitutes a multiobjective optimization problem.

,ere is usually only one optimal solution in single-
objective optimization problems, and the optimal solution
can be obtained by relatively simple and commonly used
mathematical methods or program toolboxes. However, in
the multiobjective optimization problem, objective func-
tions restrict each other. ,e performance of one objective is
often improved at the cost of decreasing the performance of

other objectives. It is impossible to have a solution that
optimizes all objectives’ performance, so for multiobjective
optimization problems; the answer is usually a set of non-
inferior solutions—Pareto solution.

,ere are two main solutions for solving multiobjective
optimization as follows: (1) the intelligent algorithm rep-
resented by NSGA-II [21]; (2) the traditional optimization
method represented by the weighted coefficient method [15].

,e disadvantage of the traditional weighted coefficient
optimization method lies in the arbitrariness of the selection
of weights. It is difficult for engineers to determine the
optimal weighted coefficients, so the resulting design vari-
ables have strong arbitrariness. In fact, the arbitrary selection
of weight coefficients corresponds to the Pareto optimal
solution set in multiobjective optimization.

Assuming that the weight coefficient of the sum of
bending energy isUx and the weight coefficient of the sum of
weights is Sx, a single-objective function P(x) � (U/Ux) +

(S/Sx) is established following the traditional linear
weighted coefficient method. Multiply both sides by Ux and
suppose w � (Ux/Sx), we have

F(x) � UxP(x) � U +
Ux

Sx

S � U + wS, (11)

where F (x) only reflects the numerical relationship and does
not represent any physical meaning. After the minimum
value of the utility function is solved, the design variables
should be substituted into the original objective function to
have its physical meaning.

As shown in Figure 2, the larger the weight coefficient w,
the larger the value ofU and the smaller the value of S. When
w>w0 (to be determined), the value of the secondary ob-
jective function will be zero, and the problem is reduced to
the optimization of the bridge cable force without consid-
ering the counterweights. When w is very small, F is almost
unaffected by S and U will gradually stabilize at Umin, which
corresponds to the minimum summary of the bending
energy that can be found by random weights. When w � 0,
the influence of S disappeared.

In conclusion, the reasonable completion state of
asymmetric cable-stayed bridges can be expressed as follows:

minF(X) �
1
2
X

T
HX + c

T
+ w × O1×n, I1×n  X,

s.t. AX≤ b,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(12)

where F(X) is the single-objective utility function of qua-
dratic programming form that omits constant terms. It
contains the primary objective functionU and the secondary
objective function S. It is worth noting that w is a variable.
For different weighted coefficients w, different solutions of F
(x) will be obtained. After that, a solution of Pareto can be
achieved by substituting the solution of F (x) intoU (x) and S
(x). As long as taking many weighted coefficients, we can get
a series of resolutions, forming a whole Pareto solution.
AX≤ b is the selected constraint conditions from the
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previous section. For example, when considering the con-
straint of internal force, equation (9) can be expressed as

MXX≤Mmax − MD

− MXX≤ − (Mmin − MD)
 , so A is MX

− MX

  and b is

Mmax − MD

− (Mmax − MD)
 .

2.5. Optimization Process. Figure 3 shows the flow chart of
the IOM algorithm considering the counterweights. Among
them, if all counterweights are excluded from the design
variables, then COM without considering the counter-
weights can be realized simultaneously.

(1) Establish the finite element model of cable-stayed
bridge.

(2) Extract the influence vectors of displacement, cable
force, and internal force of the cable-stayed bridge
under a constant load of the completed bridge.
Extract the influence matrix of displacement internal
force and cable force of the cable-stayed bridge under
the action of unit cable force. Extract the influence
matrix of displacement, internal force, and cable
force of the cable-stayed bridge under the action of
unit counterweight.

(3) Take T as a design variable without considering the
counterweights; draw up a reasonable constraint
condition; establish a mathematical model of COM
and solve.

(4) If the solution T0 and U0 cannot be solved, modify
the constraint conditions and solve it again. If there
is a solution, the result of a set of pretension forces is
credited as T0 and the summary of bending energy is
credited as U0. If the calculation is not satisfied,
modifying the constraint conditions can only arrive
at the unsolvable situation. ,en, the counterweights
must be considered.

(5) Introduce the counterweights; take X as an inde-
pendent variable. Establish a mathematical model of
IOM and solve.

(6) If the solution cannot be solved, modify the con-
straint conditions and solve it again. If there is a

solution, choose the best according to the Pareto
curve; the result of a set of pretension forces is
credited as X1, and the summary of bending energy is
credited as U1. If the calculation is not satisfied,
modifying the constraint again and again until
satisfaction.

3. Numerical Example

,is section introduces a simple numerical model of a cable-
stayed bridge. ,e ratio of side span to midspan is 0.55,
showing asymmetry along the bridge. ,ree different op-
timization schemes are used for the optimization of rea-
sonable finish dead state: (1) practical method (PM) of
bending energy minimum [12], (2) coordinated optimiza-
tion without considering the counterweights (COM), and
(3) integrated optimization method (IOM) considering the
counterweights on anchor points. ,e comparison of three
corresponds reasonable finish states is given subsequently.

3.1. Case Description. ,e simulation model of the cable-
stayed bridge is established in ANSYS software. ,e entire
structure is symmetrical along the middle of the span. ,e
geometric dimensions and variable numbers of the semi-
structure are shown in Figure 4. ,e entire structure is
symmetrical along the midspan, so a semistructure finite
element model is established. ,e midspan span is 120m,
and the side span is 55m.,emain tower is 45m high above
the bridge deck and 15m below the bridge deck. Tower and
beam are consolidated together. ,e structural materials of
the tower and beam are steel, and the specific material
parameters are shown in Table 1.

,ere are a total of 12 design variables, which are the
pretension of 6 cables (T) and the value of 6 counterweights
(W). When the length of the stay cable is less than 500m, the
nonlinear geometric effect of the stay cable is not strong, and
the correction of the elastic modulus by applying a cable
force value close to the target state to the stay cable is
sufficiently accurate [20]. In this case, the Ernst formula is
used to calculate the elastic modulus reduction when
T�1200 kN, and the modified cable elastic modulus is as
follows:

Etan �
E

1 + wLx( A/12T
2

 E
(13)

3.2. Calculation Process. Under unit weight at each cable
point position and the influence vector of the main objective
function are shown in Figure 5. ,e side span counter-
weights can generally reduce the main objective function,
and the return is positive. ,e midspan counterweights
increase the bending energy and is not suitable for con-
figuration. Also, the effect of counterweights at the outside
anchor pointW11 is the best, and the counterweights should
be mainly concentrated on the side span side point in the
counterweight design. In long-span cable-stayed bridges, the
counterweights are generally arranged on the outside of the
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Figure 2: Objective function U/S and w.
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side span, which can also be explained from the counter-
weight efficiency in the above discussion.

With S as the independent variable and U as the de-
pendent variable, a Pareto frontier scatters plot can be drawn
as shown in Figure 6. ,e zero position of the counterweight
(triangle) is used as the COM optimization result, and the
150 kN position of counterweight (five-pointed star) is the
IOM optimization result.

After analysis, it can be found that the single-objective
optimization method with the weighted coefficient as the
independent variable can also obtain the Pareto objective
solution similar to the multiobjective optimization. ,e
theoretical basis is the simplest and easy to be accepted by
engineers.

4. Result Analysis

,e design variable results are shown in Figure 7. ,e co-
ordinated optimization method does not add

counterweights to all positive effect points (W11∼W13 in
Figure 4), but only adds one counterweight atW11, the most
efficient node. After adding the counterweight, the cable
force distribution did not change significantly.

,e comparison of structural bendingmoments is shown in
Figure 8. Regardless of whether PM or COM is used, the
bending moment of the main girder is essentially the same, but
the bending moment at the bottom of the pylon using COM is
only half of that in PM, indicating that the stiffness of the pylon
in this example is small, and the bending moment changes are
more sensitive to the main girder. Compared with the opti-
mization of a cable-stayed bridge without considering coun-
terweights, the IOM significantly improves the bending
moment of the outermain girder section of the side span, and at
the same time, the bending moment of the bridge tower is
almost zero. Noticing the magnitude difference between the
bending moments of the pylon, the improvement of the
bending moment of the pylon is not significant in Figure 6.,e
difference of 3e13 is only 1/8 of the value of COM, which can be

IOMCOM Establish FEM of cable-stayed bridge  

• Take T as design variable  
 • Draw up a reasonable constraints

• Establish a mathematical model of COM 
• Solve

Extract the
influence
matrix of

displacement
and internal
force of the
structure
under the

action of unit
counterweight

W1~Wn

Extract the influence vector of
displacement and internal force
of the structure under the dead

load of the completed bridge

Extract the influence matrix of 
displacement and internal force 
of the structure under the action 

of unit cable force T1~Tn 

• Introduce the counterweight 
• Take X as an independent variable 
• Modify the constraints 
• Establish a mathematical model of IOM 
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Modify the 
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Solvable

Satisfying

Unsolvable

Result of pretension forces on IOM: X1

Summaryof bending strain energy: U1 
Modify the constraints 

and solve 

Unsolvable

Solvable

Unsatisfying

Unsolvable

Solvable

Unsatisfying

Solvable

End

Satisfying

 

Result of pretension forces on COM: T0
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Figure 3: Flow chart of IOM.
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Table 1: Parameter of the simple cable-stayed bridge.

Girder Column Cable
Iyy (m4) 0.7 5.0 —
Area (m2) 2.0 4.0 0.003
Density (kg/m3) 2600 2600 2600
Poisson’s ratio 0.3 0.3 0.3
Elastic modulus (Pa) 2.05e11 2.05e11 2.05e11
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blamed on the weak stiffness of the tower. ,e comparison of
structural deformation is shown in Figure 9. PM has the largest
deformation, followed by COM, and IOM is the smallest. ,e
bending moment and displacement of the bridge tower in the
reasonable finish state using IOM are basically zero.

5. Engineering Application

5.1. Project Overview. ,e shape of the main tower of the
special-shaped cable-stayed bridge on the Yong-ding River is
an arched structure with two-tower columns that are not
uniformly inclined. ,e center lines of the two-tower col-
umns of the bridge tower are 25.1meters apart along the
bridge at the bottom of the tower, and the two-tower col-
umns forming the same tower are not uniformly inclined.

,e stay cables are arranged in a harp style with gradual
distances, and the distance between the cables on the tower is
2.90～7.26m. ,e vertical height of the main tower above
the bridge deck is about 112.195 meters, and the inclination
angle of the north tower pillar is about 61.251°. ,e vertical
height of the low tower above the bridge deck is about
76.5meters, and the south tower pillar inclination angle is
about 71.127°. Figure 10 shows the overall layout and cable
numbering of Yong-ding River Bridge.

5.2. Finite Element Model. ,e 3D FEM is established in
MIDAS CIVIL. As is shown in Figure 11, there is no sym-
metrical relationship between the transverse and longitudinal
directions, showing a high degree of asymmetry. ,ere are 112
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cables in the bridge, and the correction of Young’s modulus is
considered as all cables’ initial tension being 3000kN.

,is bridge is a cable-stayed bridge with a tower-beam
consolidation system. ,e high tower is consolidated with
the beam and pier. ,e low tower is consolidated with the
beams, then set with sliding bearings on the pier. ,e
connection of the tower beam, the tower and the pylon

support, the main beam node and the stay cable node, and
the connection between the pylon node and the stay cable
node are all simulated by the rigid connection of “master-
slave restraint.” ,e side pier supports are simulated by
elastic connections.

,e overall structure model has a total of 3857 nodes and
4941 elements.
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5.3. Integrated Optimization. ,e design variables are the
initial tension of 112 cables and 112 anchor point coun-
terweights, a total of 224 design variables. In complex
models, the applicability of the PM method is difficult to
guarantee. ,erefore, only IOM and COM are compared in
this project. ,e primary objective function selects the sum
of the bending strain energy of the north-south main girders
and the bridge tower above the bridge deck (excluding the
bridge deck moment), and the secondary objective function
selects the sum of the counterweight on the anchor points.
Similar to Figures 2 and 6, the weight coefficient is set as 1013

for IOM and 1023 for COM.
,e constraints under several different conditions after

adjustments are shown in Table 2. ,e lower limit of the
pretension force constraint is to prevent the cable from being
slack, and the upper limit is to prevent the cable from being
broken; the uniformity constraint is given a symmetric
upper and lower limit based on the trial-calculated cable
force, and the limit value of 100 is used here; ,e coun-
terweights constraint can be given a maximum value.

With COM_1, the maximum displacement of the
pylon along the bridge can only be restricted to 0.03m,
and the maximum torsional displacement can only be
restricted to 0.08m, which is very unsatisfactory. How-
ever, if the constraints continue to be tightened in
COM_2, the algorithm will not converge, indicating that
the maximum value problem cannot be solved within
these constraints. After considering counterweights,
IOM_1 can make it solvable under COM_2’s constraints
and IOM_2 can continue to tighten the displacement
constraint, and the torsion of the bridge deck can even be
limited within 0.01m. ,e following COM default to
COM_1 and IOM default to IOM_2.

6. Result Analysis

,e design variables obtained by IOM are shown in
Figure 12. Due to the special-shaped characteristics of the
bridge tower, the cable force distribution on the north and
south beams does not show a certain regularity, nor does it
increase with the cable length. In the pretension of the cables
in the middle span of the north main girder, as the cable
length increases, the pretension even shows a decreasing
trend.

According to the distribution of counterweights in
Figure 5, its role can be summarized in two points: (1)
balance the side span and midspan load. Same as Section 3,
the side span should be counterweighted relative to the
midspan preferentially; (2) balance the spatial effect of the
north and south main girders, that is, the midspan coun-
terweights should be staggered on the north or south main
beams.

In the cable-stayed bridge of Yong-ding River, coun-
terweights reflect the characteristics of scattered distribution
and “dense outside but sparse inside.” ,e counterweights
on the north side are concentrated on the side span of the
high tower and the midspan of the low tower. ,e coun-
terweights on the south side are concentrated on the mid-
span and low span of the high tower except for the two
counterweights on the side span of the high tower. ,e
characteristics of staggered counterweights can ensure the
effectiveness of the counterweights and at the same time play
a certain role in compensating for nonuniformly inclined
bridge towers. On the other hand, the weight density of the
side span was significantly higher than that of the middle
span, which can balance the excessive load of the middle
span due to the asymmetric span ratio along the bridge
direction.

,e vertical displacement of the north-south main
girders is shown in Figure 13. Regarding vertical displace-
ment of the main girders, both schemes have been limited to
5 cm. ,e vertical displacement of the north-south main
girders of COM shows the opposite movement trend, and
the maximum vertical displacement difference in the same
section reaches 7 cm.

After repeatedly adjusting the constraint conditions, it can
be found that only considering the adjustment of the cable force
cannot constrain the vertical displacement of the north-south
main girders within the target range, and the consideration of
the counterweights is very necessary. ,e constraint condition
of the torsional displacement difference of the north-southmain
beam of IOM can be tightened to [− 0.01, 0.01]. It can be found
in Figure 14 that the torsional displacement difference is sig-
nificantly improved compared with the case that the coun-
terweights are not considered.

,e maximum values of the remaining parameters of the
structure in a reasonable finish state are shown in Table 3.
,e main objective function U and secondary objective

Figure 11: FEM of the Yong-ding cable-stayed bridge.
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function S using COM are smaller than the IOM. In other
words, the bending moment of the bridge tower and the
main beam are smaller reflected in the internal force of the
structure. However, observers should not miss a great im-
provement of the displacement state of the tower along the

bridge direction and the main girders. ,e IOM increases
the counterweight dimension, expands the feasible range of
the objective function value, tightens the constraint con-
ditions, and limits the bridge tower displacement and the
bridge deck torsion within the ideal range.
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Figure 13: Comparison of vertical displacement between main girders.

Table 2: Range of constraint conditions.

Constraints COM_1 COM_2 IOM_1 IOM_2 Units
Cable force [0.18, 0.40] [0.18, 0.40] [0.18, 0.40] [0.18, 0.40] FpkA kN
Uniformity of cable force [− 100, 100] [− 100, 100] [− 100, 100] [− 100, 100] kN
Vertical displacement of girders [− 0.05, 0.05] [− 0.05, 0.05] [− 0.05, 0.05] [− 0.05, 0.05] m
Displacement of bridge tower along bridge [− 0.03, 0.03] [− 0.02, 0.02] [− 0.03, 0.03] [− 0.02, 0.02] m
Relative displacement of North-South girders [− 0.08, 0.08] [− 0.01, 0.01] [− 0.08, 0.08] [− 0.01, 0.01] m
Counterweights — — [0, 500] [0, 500] kN
Solvable Yes No Yes Yes —
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Figure 12: Design variables of girders (cable forces and counterweights).
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7. Conclusions

In order to solve the reasonable finish state of an asymmetric
cable-stayed bridge, this paper proposes the integrated
optimizationmethod (IOM) considering the counterweights
on the anchor point:

(1) Compared with the hill-climbing algorithm, IOM
has high efficiency and good convergence. ,e as-
sumption of counterweights on anchor point is
applicable to all cable-stayed bridges, and it can be
easily converted to uniform weight based on simple
structural mechanics.

(2) ,e counterweights are of great benefit to the
improvement of the reasonable finish state of the
cable-stayed bridge. IOM introduces the coun-
terweights dimension to expand the optimization
space and can obtain a better bridge state than
COM. By changing the weight coefficient, IOM
can offer lots of Pareto solutions (COM included)
to choose.

(3) When the constraints are not strict, the main ob-
jective function using IOM is better than COM. In
the simple cable-stayed bridge model comparison
case, the IOM can automatically arrange the coun-
terweights at the most efficient cable point, without
manually judging the loading position, which can
greatly improve the structural state.

(4) When the constraints are strict, IOM uses a small
increase in the objective function in exchange for the
tightening of the constraint conditions, which im-
proves the displacement state of the structure makes

the algorithm continue to converge. In the study of
the reasonable completion status of the Yong-ding
River, COM cannot find a satisfactory solution under
the constraint condition but IOM can do it better.
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