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Abstract. To address the prevalent inaccuracies in arch rib alignment and the il-
logical outcomes of cable forces encountered during the cable-stayed buckle
suspension construction of long-span steel box arch bridges, we introduce a
novel multi-scale optimization method for determining the cable forces in a
570-meter-span basket-handle steel box arch bridge. The proposed approach
utilizes a structural stiffness-displacement influence matrix and integrates a dis-
placement calculation formula that accounts for the sequential assembly pro-
cess. By constraining force variations between adjacent cables, the method lev-
erages finite element software and algorithmic routines for the iterative deter-
mination of initial cable tensions. Results demonstrate that the implementation
of algorithm-derived initial cable tensions in construction-phase FEA yields
arch rib control point displacements within 0.2 cm of the desired single-stage
arching displacement, thus satisfying the requirements for arch rib alignment
accuracy. A comparative evaluation of various initial cable tension settings and
computational methods confirms the algorithm’s efficacy in optimizing the pre-
determined initial cable tension configuration, thereby ensuring compliance
with the final arching displacement specifications.

Keywords: Bridge Engineering; Cable-Stayed Suspension; Cable Force Opti-
mization; Influence Matrix; multi-scale optimization

1 Introduction

The cable-stayed buckle suspension method, with its advancements in construction
technology, has become extensively utilized in the construction of long-span arch
bridges 12!, This method employs cables to secure and tension the segments of the
arch ribs, leveraging tensile forces to counteract the bending moments within them,
thereby ensuring the structural stability and precise control of the bridge’s geometry.
Consequently, accurate determination of cable forces during construction phases is
critical for ensuring the safety of arch rib assembly processes and achieving the de-
signed final arch geometry®!.
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Traditional methods for calculating cable forces in cable-stayed buckle suspension
systems include the zero-displacement method, zero-moment method, forward as-
sembly iteration method, and fixed-length cable clamping method ™. The zero-
displacement method P! involves applying hinged constraints at control points to re-
strict their displacement, it uses the calculated reaction forces to reverse-calculate the
cable forces, a practice that often results in cable forces misaligned with the intended
direction of the design. The zero-moment method ¥ focuses on adjusting the cable
forces to achieve zero bending moments at the joints of the arch rib segments, yet in
the calculation of cable forces for large-span arch bridges currently under construction
or completed, the application of this method can yield negative and uneven cable
forces. The forward assembly iteration method [7) employs finite element influence
matrices for iterative solution, by setting boundary conditions for each construction
stage, which determines the final cable release shape. However, for large arch bridg-
es, these approachs increases computational complexity and time, resulting in reduced
overall computational efficiency. These commonly used methods lead to issues such
as inefficient iteration and poor accuracy in achieving the desired arch shape for long-
span bridges with numerous cables.

Advancements in computer technology and finite element analysis have led to the
continuous development of various optimization principles and influence matrix-
based methods for cable force optimization in cable-stayed suspension systems 511,
However, those methods are tailored for cable force calculation in CFST and rein-
forced concrete arch bridges, where gravity is uniformly distributed across arch rib
segments. In steel box arch bridges, cross beams and wind bracings significantly af-
fect cable forces, necessitating control over the iterative direction of cable forces to
ensure rational cable force configuration.

To tackle the inefficiencies associated with inaccurate cable tension calculations,
irrational cable force distributions, and insufficient precision in achieving the desired
arch shape during the construction of long-span steel box arch bridges with cable-
stayed buckle suspension, this paper proposes an innovative multi-scale optimization-
based approach. The method is exemplified through a case study of a 570-meter-span
basket-type steel box arch bridge. It integrates multi-scale optimization, the influence
matrix method, and the forward assembly iteration technique to iteratively determine
the optimal cable tensions throughout the construction process. A comparative analy-
sis with other cable tension optimization methods underscores the effectiveness of this
approach in ensuring rational cable forces and attaining the target arch shape.

2 Multi-Scale Optimization Method of Cable Forces

2.1 Influence Matrix Method

The Influence Matrix Optimization Algorithm can calculate the cable forces required
to achieve specific displacements, but it does not guarantee that the cable forces
match the gravity of the arch rib segments throughout the entire system. Furthermore,
when solving for the cable force optimization in large-span arch rib structures, since
the influence matrix [M] is derived based on the structural stiffness of the current
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construction stage, it cannot account for the impact of the already installed arch rib
segments on the initial assembly positions of the segments to be installed. This means
that the influence matrix [M] is an upper triangular matrix:
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Employing an upper influence matrix [M] in linear programming that neglects the
influence of subsequent segment installation positions will result in substantial dis-
crepancies between the computed and actual displacements of the arch rib during the
long-overhanging construction phase. Consequently, the cable forces derived from
this linear programming approach may fail to satisfy the necessary conditions for
achieving the desired alignment.

2.2 Cable Force Optimization Mode

Influence Matrix-Based Optimization.

Recognizing that the existing influence matrix of the structure only captures the
displacement effects of the installed arch rib segments at each construction stage,
resulting in an upper triangular matrix [M], iterating this influence matrix [M] for
large-span cable-stayed suspension systems may fail to converge to the precise cable
force solution. Consequently, it is essential to consider the influence of the stiffness
and displacement of subsequent assembled segments.

Figure 1. Schematic diagram of tangential displacement correction

where a is the angle formed between the line extending from the end of the arch rib
segment to the arch springing and the horizontal axis; f is the slight rotation angle
generated during the installation of the arch rib segment; m,; is the corresponding
element in the x-direction influence matrix; m.; is the corresponding element in the z-
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direction influence matrix; JX; is the distance from the end of the ith arch rib segment
to the arch springing.

In Figure 1, segment 1 represents the installed arch rib segment, and segment 2 is
the segment to be installed. Under the action of its own weight and cable forces, the
currently installed segment 1 produces a slight rotation angle f. Since the rotation
angle £ is infinitesimally small relative to the length of the arch rib, the geometric
relationship can be expressed as follows:

ﬁ: \/mX112+m2112 (2)

X

1

During the sequential assembly of the arch rib segment 2,its end position has al-
ready changed. The diagonal element m;; of the influence matrix indicates the vertical
displacement direction of the current segment’s end. As shown in the Figure 1, the
current arch rib segment 1 is lifted, and the end of the segment to be installed, seg-
ment 2, shifts from position B to B’. Based on the geometric relationship, the dis-
placement value for the continuation of the assembly at the end of segment 2 can be
determined as follows:

My, =X, [Sin(O{2 +,3)—sin((l2)] (3)

Having obtained the corrected influence matrix [M’], it is expressed as follows:
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Prescribed Initial Cable Force Optimization.

In cable-stayed suspension construction, the selection of initial cable forces signifi-
cantly impacts the calculation results of the influence matrix method. An inappropri-
ate preset of initial cable forces may lead to difficulties in subsequent cable force
adjustments.
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Figure 2. Schematic diagram of initial cable force solution

where / is the length of the arch rib segment; x is the distance from the initial end of
the arch rib to the fastening point; 4 is the angle between the arch rib segment and the
horizontal plane; 6 is the angle between the cable and the horizontal plane; G is the
weight of the segment.

To better reflect the actual stress state of the guyed cables, the initial cable forces
corresponding to each arch rib segment are determined through the force analysis of
each independent arch rib segment, as shown in Figure 2. Assuming that each arch rib
segment and the current position’s crossbeam or horizontal wind bracing are solely
supported by the current guyed cable, the preset initial cable force T for each arch rib
segment is as follows:

T=(G,, +G

arch beam

)écosa/xsin(a+8) %)

Iterative Directional Optimization.

Since this optimization algorithm is based on the influence matrix method, to op-
timize the iteration along the preset initial cable force configuration, the difference
between the relaxed cable shape of the arch rib and the shape of the arch rib after the
first drop is taken as the objective. The range of change in the difference of adjacent
cable forces is introduced as a constraint to solve for the optimal initial cable forces
that satisfy the arch shaping. The optimization model is as follows:

Constraint Conditions:

at,, —at, < o

0<{T}<{T,,} (6)
[S—el<{s}<{s+e}

Objective Function:

min:f(x)z‘ (S-5) (7)
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where A4t, is the change in cable force of the nth guy cable during iteration; {7;} is the
cable force at the ith iteration; {7} is the limit value of the guy cable force; {S;i} is
the displacement at the ith iteration for the relaxed cable stage of the arch rib; {S} is
the target displacement of the arch rib; ¢ is the allowable deviation for the target dis-
placement; ¢ is the allowed range of variation in cable forces between adjacent cables.

3 Engineering Application

3.1 Engineering Overview

This bridge is an exceptionally large basket-type mid-span steel box arch bridge. The
total length of the main bridge is 612 meters, with a clear span of 570 meters over the
river. The clear height of the arch is 126.67 meters, and the ratio of clear height to
span is 1:4.5. The main arch ribs are primarily constructed using chamfered steel box
arches, with a combination of steel and concrete in the local area of the arch feet. The
arch axis is designed with multiple parabolic curves. The single-side basket arch ribs
are inclined inward by 8°, and between the two sides, a total of 10 horizontal wind
braces and 2 horizontal crossbeams are provided.The cable-stayed and buckle suspen-
sion system is depicted in Figure 3.

Figure 3. Schematic diagram of arch rib segment division

3.2 Establishment of the Finite Element Model

Finite element analysis software is employed for modeling and computational purpos-
es in the example. The primary arch rib is modeled utilizing beam elements, while the
cable components are represented by truss elements. To provide a visual representa-
tion of the calculation process for the initial cable force, the construction of the tower
and the back cables is omitted in this example. The ends of the cable arch rib are rig-
idly connected, with the connection to the tower simplified to fixed constraints. The
boundary conditions at the arch feet are simulated as fixed throughout the entire con-
struction process.The model is shown in Figure 4.
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Figure 4. Schematic diagram of the finite element model

3.3  Calculation of Cable Force in the Cable Arch System

Utilizing the finite element model during the construction phase gets the influence
matrices M. By incorporating the horizontal angles of each arch rib segment and the
distances between the segment centroids and the arch feet from the design documents,
the modified influence matrix M' for the cable-stayed and fastened system can be
determined using Equations (4).Based on the design documents, the weight of each
arch rib assembly segment and the corresponding horizontal angles of the fastening
cables are listed. By integrating Equation (5), the preset initial cable forces for each
hoisting segment of the arch rib can be calculated, as shown in Table 1. The bold
segments indicate the positions of the horizontal beams and wind bracings, meaning
that the additional weight of the beams and bracings is included in the preset initial
cable forces.

Table 1. Preset Initial Cable Force Table

Cable Position Initial Cable Force / kN Cable Position Initial Cable Force / kN

G4 2591.18 Gl14 1044.54
G5 1207.99 G15 1771.38
Go6 1196.61 G16 1132.93
G7 1036.23 G17 1177.06
G8 1041.90 G18 2010.43
G9 1731.11 G19 1242.55
G10 1085.94 G20 1288.75
Gl11 1117.44 G21 2240.32
G12 1875.75 G22 1439.91
G13 1020.78 G23 1248.93

The preset initial cable forces from Table 1 are input into the initial cable force cal-
culation algorithm, the slack cable displacements at each control point and the maxi-
mum cable forces during construction are shown in Figure 5. As observed from the
figures, the vertical displacement changes of the control points on each arch rib are
uniform during adjacent construction stages. Moreover, the variation direction of the
maximum cable force during construction is entirely consistent with the preset cable
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forces, with a maximum force difference within 30%. This effectively reflects the
actual weight distribution of the structure.
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Figure 5. Comparison chart of displacement and cable force at the control points of arch rib

4 Comparative Analysis and Validation

4.1 Optimization Comparison Analysis of Preset Initial Cable Forces

Based on the cable force optimization method described in Section 2, the preset initial
cable forces of 500kN, 1500kN, and the improved initial cable forces from Section
2.2.2 are respectively input into the once-tensioned cable-stayed and fastened force
calculation model for optimization. The calculated results of the once-tensioned initial
cable forces are shown in Figure 6. As observed from the figures, when the initial
input cable forces in the optimization model are SO0KN and 1500kN, the initial cable
forces of the entire bridge are relatively uniform and linear. This verifies that in the
asymmetric cable-stayed and fastened system, the algorithm can achieve the variation
law of the optimized initial cable forces along the assumed initial cable forces, and
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meet the requirements for the alignment of the control points on both sides of the river
after the cables are loosened to be consistent with the target alignment. Using the
improved initial cable forces for optimization better reflects the distribution of struc-
tural mass and component arrangement, while also minimizing the displacement
change of the arch rib control points from the maximum cantilever stage to the cable
loosening stage.
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Figure 6. Optimization Results for Different preset initial cable force

4.2  Comparison Analysis of Cable Force Optimization Methods.

The improved initial cable forces from Section 2.2.2 are input into the present compu-
tational model and a model without constraints on adjacent cable force changes (here-
inafter referred to as the unconstrained influence matrix model) for optimization. The
results are then compared with those from the forward assembly iteration method. The
maximum cable forces during the construction process using the three calculation
methods are shown in Figure 7. As can be seen from the figures, the final alignment
obtained using the present method aligns best with the target alignment, with a maxi-
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mum control point deviation of 1.8mm. In contrast, the forward assembly iteration
method results in the largest deviation between the calculated control point displace-
ment and the target displacement, which is 10mm. Both the present optimization
method and the unconstrained influence matrix method adequately represent the mass
distribution and component layout of the structure. However, the unconstrained influ-
ence matrix method exhibits significant abrupt changes in the cable forces of adjacent
cables near the wind bracing sections, resulting in poorer overall uniformity of the
cables. The forward assembly iteration method shows a considerable discrepancy
between the actual weight of the arch rib at the positions of the horizontal beams and
the arch crown, with a difference from the preset initial cable forces exceeding
2000kN.
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Figure 7. Optimization Results for Different Optimization Methods

The displacement of each control point during the construction phase for the three
methods is shown in Figure 8. As can be observed from the figure, the displacement
trends of the control points caused by different initial cable force combinations are not
identical in the Cable-Stayed Buckle Suspension. The displacements of the control
points of the arch rib calculated using the present model gradually approach the target
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alignment as the construction progresses. Additionally, the range of displacement
changes of the control points calculated using the present model is smaller than that
obtained using the unconstrained influence matrix method and the forward assembly
iteration method. The maximum displacement differences between the present model
and the other two methods at the same construction stage are 32cm and 25cm, respec-
tively.
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Figure 8. Displacement of arch rib control points during construction for different methods.

5 Conclusion

Based on the displacement influence matrix method, this study derives a displacement
calculation formula that considers the impact of sequential assembly, and combines it
with the improved initial cable force iteration to obtain an optimization algorithm for
the initial cable force of a single-tensioning cable system. Taking a long-span steel
box arch bridge as the background, this paper conducts the initial cable force calcula-
tion for unsymmetric long-span steel box arch bridges, thereby deriving the following
conclusions:

1) Based on the displacement influence matrices in two directions, a formula for
the displacement impact of sequential assembly on the segment to be installed is de-
rived. By applying this formula, the influence matrix method solves the problem of
convergence difficulty in calculating the initial cable force of the cable-stayed and
fastened system for long-span arch bridges, ensuring that the displacement of the arch
rib assembly segments is within the allowable deviation.
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2) The final cable forces obtained through iteration using the improved initial cable

force formula can reflect the mass distribution and component layout of the structure,
achieving a rationalized configuration of the cable forces and ensuring flexibility in
cable force adjustments during construction, thereby enhancing the safety of the ca-
ble-stayed and fastened construction process.

3) By introducing the constraint of the difference in adjacent cable force changes,

the calculated initial cable forces of the cables iterate along the direction of the preset
initial cable forces. The optimization results with this constraint can better reflect the
cable force configuration of the preset initial cable forces, and all meet the require-
ment that the slack cable alignment is the design alignment.
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permission directly from the copyright holder.


http://creativecommons.org/licenses/by-nc/4.0/

	Multi-Scale Optimization Method for Cable Tension Calculation in Long-Span Steel Box Arch Bridge with Cable-Stayed Buckle Suspension



