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Abstract: The construction duration of long-span arch bridges is excessively prolonged due to
insufficient closing precision and the non-convergence of traditional cable adjustment calculation
methods. This study investigates cable force management in long-span concrete-filled steel tubular
(CFST) arch bridges during cable-stayed buckle construction, aiming to improve construction safety
and precision in arch rib alignment. Using the Pingnan Third Bridge and Tian’e Longtan Bridge
as practical examples, the research develops a multi-objective optimization method for cable forces
that integrates influence matrices, constrained minimization, and a forward iterative approach.
This method offers a robust strategy for tensioning and cable-stayed buckling, enabling real-time
monitoring, calculation, and adjustment during the construction of large-span CFST arch bridges.
The results reveal that the iterative approach notably enhances calculation efficiency compared to
conventional methods. For instance, field measurements at the Pingnan Third Bridge show a minimal
arch closure error of only 3 mm. Additionally, the study addresses concerns about excessive stress
in exposed steel tubes during concrete casting. By optimizing the sequence of main arch closure
and concrete casting, stress in the exposed steel tube is reduced from 373 MPa to 316 MPa, thus
meeting specification requirements. In summary, the multi-objective cable force optimization method
demonstrates superior efficiency in determining cable tension and controlling rib alignment during
cable-stayed buckle construction of long-span CFST arch bridges.

Keywords: long-span CFST arch bridge; influence matrix; constrained minimization; construction monitoring

1. Introduction

The utilization of cable-stayed buckles has demonstrated effectiveness as a widely em-
ployed technique for constructing long-span arch bridges. Presently, eight arch bridges with
spans exceeding 400 m are operational on a global scale. Notably, the Pingnan Third Bridge
and the Tian’e Longtan Bridge feature impressive spans of 560 m (comprising 44 segments)
and 600 m (comprising 48 segments), respectively. In CFST arch bridges, the span increases
proportionally with the number of arch rib segments, thereby rendering the determination of
reasonable cable force and the alignment control of arch rib an intricate process. As such, the

construction monitoring of large-span arch bridges poses a significant challenge and calls for
precise cable force determination and arch rib alignment control [1-7].

The present study investigates the optimization and implementation of cable force
in the process of cable-stayed buckle construction of a CFST (Concrete Filled Steel Tubu-
lar) arch bridge, with primary reference to cable-stayed bridges [8,9]. Various methods
Attribution (CC BY) license (https://  have been proposed, including the influence matrix, forward iteration, and backward
creativecommons.org/ licenses /by / iteration [10]. However, these methods have limitations such as low computational effi-
40/). ciency, ignoring cable force uniformity, and arch alignment accuracy. To address these
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limitations, Xu et al. [11] proposed an improved iteration method but did not consider cable
force uniformity and arch alignment accuracy. In contrast, Zhang et al. [12] argued that the
backward iteration method is incapable of obtaining an accurate solution in complicated
constructions due to unknown parameters and nonlinear effects. Therefore, this study pro-
poses an approach to calculate the displacement influence matrix under the arch self-weight
and cable forces based on the influence matrix [13-19]. The objective optimization function
is the deviation between the control point and target alignment during construction.

In contrast, the deviation between the arch and its target alignment after arch closure
serves as the constrained function. While this method effectively manages the uniformity
of cable forces, it does not sufficiently address the accuracy of arch closure or the alignment
of upstream and downstream segments. Another approach, known as the influence matrix
method, involves adjusting and optimizing cable forces based on the influence degree
matrix at each stage. The cable forces for the hoisting segments are calculated according
to the construction sequence. However, without appropriate constraints on the influence
matrix, the resulting cable forces can be non-uniform, leading to misalignment of the arch
and failure to meet the desired objectives.

This study develops a rapid cable regulation method using the influence matrix to
achieve high-precision adjustments in the linear shape of cable-structure bridges, such
as arch bridges, during construction. This method ensures that the bridge achieves its
optimal shape upon completion, aligning with engineering needs while offering notable
social and economic benefits. Real-time monitoring throughout construction allows for the
identification of deviations from the ideal state, enabling precise regulation and control.
This paper presents a study that uses the Pingnan Third Bridge and Tian’e Longtan Bridge
as case studies to develop a multi-objective cable force optimization method. The method
integrates the influence matrix, constrained minimization, and forward iterative techniques
to determine the optimal cable forces during the hoisting of arch rib segments in long-span
CFST (Concrete-Filled Steel Tubular) arch bridges. This approach is especially useful for
monitoring and optimizing the construction of arch bridges that require one-time tensioning
without subsequent cable adjustments. By comparing the in situ measured data, it is found
that the measured errors in cable force are within specification limits, and the alignment
of the arch rib during installation and after arch closure is satisfactory. Therefore, this
multi-objective cable force optimization method provides an effective means of controlling
cable forces in long-span CFST arch bridges and offers a valuable reference for similar
bridge construction projects.

2. Method and Theory of Cable-Stayed Buckle
2.1. General Solution of Initial Cable Tension and Hoisting Cable Force

The cable-stayed buckle arch bridge’s force calculation is documented in the literature
pertaining to cable-stayed bridges [20-23]. Presently, the optimization and determination
of cable force during construction predominantly employ the influence matrix method. The
control objective {AR} considers the influence of all structural dead load and cable force.
The main purpose of the objective function is to reduce the difference between the target
value and the model prediction value. An overarching equation to solve for the initial
tension of the buckle cable in a CFST arch bridge is established as follows:

[A{To} + {AS} = {AR} (1)

where [A] represents the unit influence matrix for cable force adjustments relative to control
targets; Ty represents the initial cable tension that needs to be determined; {AS} represents
the displacement caused by the dead load during the construction of the arch cable-stayed
buckle; {AR} represents the target displacement for the arch bridge design alignment.;
m and n are the numbers of elements of {AR} and {AT}, respectively, and m = n.

For the nonlinearity of a long-span arch bridge, the sag effect of the cable is mainly
considered at the stage of cable-stayed suspension, and the sag effect is simulated by the
equivalent elastic modulus method. In the context of cable-stayed buckle arch bridges,
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cable tension is determined via iterative forward calculations that utilize the initial tension
as a starting point. Notably, the installation of new components occurs tangentially to
the previous components. Consequently, the impact of tangential displacement resulting
from this installation on the finite element calculation must be accounted for to ensure
the calculation results conform to actual engineering requirements. The nonlinearity of
the superposition principle is thus introduced, which leads to discrepancies between the
calculated cable forces obtained from the influence matrix and the actual tension experi-
enced during installation. Therefore, further optimization and adjustment are required to
minimize errors in the tensioning of cables for cable-stayed buckle arch bridge construction
that considers the influence of tangential installation displacement.

2.2. Arch Rib Alignment Control Method Based on Multi-Objective Optimization

The innovative multi-objective cable force optimization method proposed herein is
based on the iterative analysis of rigid frame structures. This approach simultaneously
controls the cable forces in the completed bridge, its geometry, and the displacement of the
towers, achieving a one-time tensioning effect without subsequent adjustments to cable
forces. It eliminates the need for a sequential adjustment process for orderly tensioning,
fundamentally addressing the technical challenges associated with traditional empirical
methods that require strict adherence to a predetermined tensioning sequence. If an
inappropriate order is chosen for cable tensioning, it necessitates repeated adjustments to
achieve design specifications, resulting in complex construction procedures and difficulties
in ensuring precision.

When constructing a long-span CFST arch bridge, several factors must be considered to
ensure the safety and uniformity of cable forces. These factors include the alignment of the
arch rib, the uniformity of cable forces, and safety considerations. The alignment of the arch
rib is primarily evaluated based on the cable closure and target alignment, the displacement
error of the north and south segments following cable closure, the displacement error of the
upstream and downstream sections of the cross brace, and the displacement error of the
maximum cantilever end before cable closure. To achieve cable force uniformity and ensure
safety during construction, cable forces are optimized by adjusting alignment. The least square
method is used to establish the square error function Q, which optimizes cable forces:

Q(X) = [[[As]{AX} + {disor — dest} |

(2)
Q= Zfi] [{diSOl - udest} - Z]n:l Acxij ’ AXj ]2

where Aa; represents the change in the jth control target caused by a unit adjustment in
the ith cable force.

According to the extreme value theorem, when the objective function Q({AX}) takes
the minimum value, AXy needs to satisfy the following equation,

el
R — 0k =1,2,-- ) ©)
2) ) { [{disor — ugest} — Y1y Aot~ X)) (—o) } =0 (4)
Simplified Equation (4) can be obtained:
Zl‘nzl Yoy Do+ AXg =} 37 atc{dlisor — Uest ®)

Equation (2) can be written in matrix form:

(Al T[A] {AX} = [A]; T {disor — ugest} (6)
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Equation (4) is a system of linear equations with n unknowns and n equations and
the final optimized one-time tension initial cable force {T} can be obtained by solving the
{AX} according to Equation (6):

{T} = {To} +{AX} )

where {T} represents the initial cable tension of the control target before adjustment.

The constrained optimization problems are usually transformed into simpler subprob-
lems that can be solved and used as the basis of the iterative process. Based on the solution of
the Kuhn-Tucker (K-T) equation, the constrained optimization problem is transformed into
an unconstrained optimization problem, and the constraint variables and functions are:

HA()]AX—i-diSO —uo\ < Ag
[CAX +w| < Ay

[[C]AX +up| < A,

d151 - Ax < [Ao}AX < As - disl

o
k= =
0 <0 0 1 .1 1 2 2 2
L O ] I R |
01 O vt Oy o1 O v Oy 01 & v Oy (8)
0 — : . : s 1= . . . ; N2 = . . .
0 <0 0 1 <1 1 2 52 2
5n1 6r\2 6nn 5nl 6r12 e 5nn 6nl 5r12 T 6nn
1 .1 1 1 .l 1 1 .1 1
5%1 5%2 5%11 5%1 5%2 5%11 5%1 5%2 5%n
01 O -t Oy 01 O it Oy o1 Op v by,
1= . . L GC= . 1 G= } )
1 41 1 1 41 1 1 41 1
o 2 0 dm o dn2 0 O oy dnp v O

where disg represents the actual displacement after cable closure under the initial force t0;
dis; represents the actual displacement of the current tension segment under the initial
forcee t0; dis, represents the actual displacement of the current transverse brace seg-
ment under the initial force; AX represents the optimized cable force incremental vector;
Ag represents the allowable error in target displacement between the control point after
cable closure and the bare arch; A; represents the upstream and downstream displacement
error of the transverse brace segment; A, represents the displacement error of the largest
cantilever before cable closure; C; represents the upstream and downstream displacement
difference control matrix for the current transverse brace segment; C; represents the south
and north displacement difference control matrix after cable closure; Cs represents the
displacement difference control matrix of the closure segment; uy represents the difference
between the total displacement of the initial model and the actual displacement after cable
closure under the initial force t0; u; represents the displacement difference vector of the
south and north arch rib after cable closure under the initial force t0; u, represents the
displacement difference vector of the upstream and downstream arch rib under the initial
force t0; ug represents the displacement difference vector of the closure segment; A, repre-
sents the lower limit of the current constraint tensile segment; Ag represents the upper limit
of the current constraint tensile segment and denotes the cable tension force; fj;, represents
the cable-breaking force.

With the aim of achieving alignment, uniformity, and safety in cable tension while
maintaining the established status of the bridge, adjustments to the linear configuration of
long-span cable-stayed bridges are made by optimizing cable forces during construction.
A rapid solution method for determining appropriate installation cable tensions is devel-
oped to ensure that the number of tensioning operations is minimized. This approach
guarantees that cable forces remain uniform and within permissible safety limits, ultimately
leading to an optimal shape for the bridge.
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3. Calculation Steps of Arch Rib Alignment Control Based on Multi-Objective Optimization

For long-span CFST arch bridges with numerous segments and intricate construction
processes, cable force adjustments must be made repeatedly to satisfy multiple objectives
concurrently. This necessitates the involvement of individuals with extensive experience in
cable adjustment calculations. However, the tediousness of manual cable adjustment can be
eliminated by utilizing MATLAB R2016a. The mathematical formulation implemented in
MATLARB utilizes the cyclic loading method to tackle the problem [24-27]. It is important to
ensure that the objective and constraint functions are continuous to prevent the occurrence
of a locally optimal solution. In addition, the objective and constraint functions must be
real numbers when the fmincon function is used for maximum constraint minimization.
The steps involved in solving the alignment control problem of long-span bridge arch ribs
using cable-stayed construction and multi-objective optimization are shown in Figure 1.

Material |
parameter
| Finite element model Geometric |
| Load > of structure in < ‘ |
Influence construction stage bafameter 1
matrix ¢ | | Boundary |
| condition
| Derive inﬂuence < A A A :
| matrix GGG
________ 1‘_ - - 1
| ———— [ Aligmmentcontol | [orecord 1
— gnment control ot
| Initial value method of cable- ?u?fggr\:eg(x) |
Multi- | of e'ltate stayed buckle arch |
ol.aje.ctiv.e | »| variable » 1ib of long-span arch Constraint |
optimization | Uy U U bndge ba'sed. on variables and  |¢
dis, dis, dis, multi-objective functions |
| optimization A, A, A,A A |'Consideration
- | — = — — — — — — — the safety of
________ ¥ ———— | the cabl
| Calculate whether Adding | ¢ cable
Forward | the cable force and constrain .
iteration alignment meet the variables and |
| requirement fuction /° fim ||
- B J
A
End

Figure 1. Iterative calculation steps of cable force adjustment.

4. Engineering Applications
4.1. Engineering Overview and Calculation Model Acquisition

The Pingnan Third Bridge’s cable-stayed buckle system comprises two components:
the buckle and the horizontal force adjustment cable. The cable buckle supports the
cantilever assembly of the arch rib segment. At the same time, the ground stretching form
is incorporated into the design for the safety and convenience of the cable buckle. The
horizontal force adjustment cable consists of active and passive adjustment cables. In the
event that the buckle tower is affected by unbalanced horizontal forces, the horizontal
force adjustment cable regulates the tower’s deviation within a small range, mitigating
the influence of the hoisting segment on the buckle segment elevation. The buckle cable
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was constructed from high-strength, low-relaxation 1860 MPa ©15.24 mm steel strands,
with a single strand’s area and elastic modulus (E) being 140 mm? and 1.95 x 105 MPa,
respectively. The anchor end of the buckle cable is secured with a low retraction anchorage
situated close to the hoisting arch rib segment’s end at the buckle point. The overall layout
of the cable-stayed buckle method is depicted in Figure 2. The Pingnan Third Bridge’s
finite element model comprises 12,321 nodes and 24,251 elements, with material properties,
geometric characteristics, boundary conditions, and external load information consistent
with the design drawing data. Due to the bridge’s symmetry, the cable buckles are labeled
based on the construction stage’s sequence. The modeling assumptions employed include
steel’s ideal elastic material property and the plane section assumption for cross-section
deformation. The finite element model is presented in Figure 3.

Figure 3. The schematic diagram of the displacement control point.

The Tian’e Longtan Bridge, which spans 624 m, is a rib-skeleton concrete arch bridge
with a cable buckle design featuring divided cables, whereby the pulling end cable force
is equal to the anchoring end. A single-bundle cable force was used during construction,
whereas each arch rib segment consisted of two-bundle cables. The buckle cable was
constructed of high-strength, low-relaxation steel strands with 1860 MPa $15.24 mm.
A single steel strand has an area of 140 mm? and an elastic modulus of 1.95 x 105 MPa.
The anchor end comprises a low-retraction anchorage located at the buckle point close to
the end of the hoisting arch rib segment. The control point is the intersection point of the
arch rib upper axis and the top vertical web axis horizontally translated outward from the
main chord during construction. The finite element model of the Tian’e Longtan Bridge
has 7614 nodes and 15,545 elements, and its material properties, geometric characteristics,
boundary conditions, and external load information are consistent with the design drawing
data. The buckles are numbered based on the bridge’s construction stage sequence, owing
to its symmetry. The modeling method is similar to that of Pingnan Third Bridge, the solid
model is shown in Figure 4 below, and the finite element model is shown in Figure 5.
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Figure 5. The schematic diagram of the cable-stayed buckle construction.

4.2. Results of Arch Rib Alignment Based on Multi-Objective Optimization

The cable-stayed buckle method finite element model of the Pingnan Third Bridge and
Tian’e Longtan Bridge was utilized to extract the displacement change influence matrix
of the different construction segment control points, namely, the current tension segment,
the current transverse brace segment, and the cable closure segment. This was achieved
by considering the cable force of the current arch rib installing segment. In addition, the
displacement influence matrix of the bare arch resulting from the weight change of the arch
rib and the transverse brace of each segment was also extracted. The alignment operation
was employed to solve the influence matrices C1, Cp, C3, which were solved by Ag, A1, A».

In this study, the arch rib installation stage was simulated based on the final construc-
tion sequence, which involved using the tower cable-stayed buckle cantilever assemblage
method. The Pingnan Third Bridge and Tian’e Longtan Bridge hoisting stages were divided
into 44 and 48 sections, respectively. The cable force was used to balance the arch rib
segment self-weight load during the cantilever assemblage. The construction approach
involved symmetrical installation on both sides, which started with installing the upstream
and downstream arch ribs, followed by transverse connection between the segments, and
finally, installing the next segment until cable closure. The objective function aimed to
simultaneously satisfy three criteria, including minimizing the sum of squares of the dif-
ference between the mean value of the actual displacement of the cantilever end in the
arch rib segments installation and the control point displacement of the cantilever end
in the arch transverse brace installation caused by the bare arch weight. Furthermore, it
sought to minimize the variance between the mean value and target displacement and
reduce the influence of the tension buckle cable of the uninstalled segment of the arch
rib on the displacement control point of the installed segment. A comparative analysis
reveals that for the Pingnan Third Bridge, the inflection point of the optimization function
dispersion occurred at delta = 30 mm, with the dispersion increasing exponentially as the
delta decreased. When the delta > 30 mm, the dispersion delta tended to smooth; therefore,
it is recommended that the difference between the actual and the target displacement of
the control point should not be large, and the delta of the Pingnan Third Bridge should be
selected between 30 mm to 35 mm. Similarly, the delta of Tian’e Longtan Bridge should be
40 mm~50 mm. This is illustrated in Figures 6 and 7, which show the dispersion and delta
variation curves for the Pingnan Third Bridge and Tian’e Longtan Bridge, respectively.
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Figure 6. Relationship curve between dispersion and delta of the Pingnan Third Bridge.
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Figure 7. Relationship curve between dispersion and delta of the Tian’e Longtan Bridge.

4.3. Solution Results

The analysis results in Section 4.3 demonstrate that the displacement delta between the
actual and target values of the cable closure for the Pingnan Third Bridge is 35 mm, while
that of the Tian’e Longtan Bridge is 45 mm. The multi-objective arch rib alignment control
technique was employed to evaluate the structural construction. The theoretical displacement
analysis under the cable tension iteration’s final value is reported in Tables 1 and 2.

Table 1. The theoretical displacement calculation results of Pingnan Third Bridge (mm).

The Target The Actual .The Actual . The Actual Relative Error of
. . Displacement of  Displacement of the .
Segment Displacement After Displacement After Actual Displacement
the Current Current Transverse
Cable Closure Cable Closure . to Target
Tension Segment Brace Segment
1 -5 —14 0 —11 -9
2 —15 —38 8 —32 —23
3 —23 —49 9 —44 —26
4 —33 —58 106 —54 —25
5 —54 -71 —11 —80 -17
6 —77 -79 25 —87 -2
7 —100 —86 -97 —180 14
8 —119 —95 —51 —207 24
9 —137 —115 —191 —292 22
10 —152 —149 —84 —353 3
11 —162 —197 —322 —329 —35
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Table 2. The theoretical displacement calculation results of Tian’e Longtan Bridge (mm).

The Actual The Actual Percentage of Error
The Target The Actual . .
. . Displacement of  Displacement of the Between Actual
Segment Displacement After Displacement After .
the Current Current Transverse Displacement and
Cable Closure Cable Closure . .
Tension Segment Brace Segment Target Displacement

1 —6 —20 =5 —15 —14
2 —14 —41 —14 —35 —27
3 —28 -59 —31 —53 =31
4 —56 —85 —59 —69 —29
5 —98 —118 —105 —152 —20
6 —150 —156 —156 —180 —6
7 —208 —199 —216 —302 9
8 —270 —245 —277 —347 25
9 —333 —295 —339 —434 38
10 —384 —339 —388 —490 45
11 —415 —374 —417 —464 41
12 —423 —395 —420 —506 28

The segmental division of Pingnan Third Bridge is shown in Figure 8 below. The
segmental division of Tian’e Longtan Bridge is shown in Figure 9 below.

Figure 8. Arch rib segment division (Pingnan Third Bridge) (the number indicates the arch rib
segment number).

Figure 9. Arch rib segment division (Tian’e Longtan Bridge) (the number indicates the arch rib

segment number).
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The multi-objective arch rib alignment control method was analyzed and calculated to
investigate the displacement change in different segments’ cantilever end control points, as
observed in Figures 10-13. The results revealed a more gradual displacement change in
comparison to other methods. The control points of the two adjacent sections displayed
no significant displacement change, indicating good continuity in construction alignment.
After the cable closure of the Pingnan Third Bridge and the Tian’e Longtan Bridge, the
error between the control point elevation and the target alignment was 10 mm and 30 mm,
respectively. During the hoisting construction of the Tian’e Longtan Bridge, the error
between the control point elevation and the target alignment was less than 45 mm. All of
the errors observed in the study met the required specifications. These findings demonstrate
the effectiveness of the multi-objective arch rib alignment control method in achieving
precise alignment during construction.

1400

1200 +

=3

=3

=1
T

Cable force (kN)
oo
(=3
(=}
T

00— v 1
S1 S3 S5 S7 S9 SIINII N9 N7 N5 N3 NI

The buckle number

Figure 10. The comparison diagram of the initial iteration cable tension and optimized cable force
of Pingnan Third Bridge (unit: kN). Note: S = South, N = North, A = Cable force after upstream
optimization, B = Cable force after downstream optimization, C = Cable force before upstream
optimization, D = Cable force before downstream optimization.

4500
4000 |
3500 |
3000 |
2500 |
2000 |
1500 -
1000 -
sool &

Cable force (kN)

L
S1 S3 S5 S7 S9 SII NIl N9 N7 N5 N3 NI
The buckle number

Figure 11. The comparison diagram of the initial iteration cable tension and optimized cable force of
the Tian’e Longtan Bridge (unit: kN). Note: S = South, N = North, A = Cable force after upstream
optimization, B = Cable force after downstream optimization, C = Cable force before upstream
optimization, D = Cable force before downstream optimization.

4.4. In Situ Measurement Comparison

The comparison of in situ and theoretical data is presented using the Pingnan Third
Bridge as an example, given that the Tian’e Longtan Bridge is currently under construction.
During the in situ monitoring of the Pingnan Third Bridge, a one-time passive adjustment
method for cable tension was utilized, and the optimization of cable tension was performed
to achieve the convergence goal. Cable closure was carried out at a stable time of elevation
and axis change, and the arch rib alignhment was continuously monitored in situ. The
displacement of the control point is presented in Figure 14 and analyzed using the multi-
objective optimization method for arch rib alignment. Results show that the cable closure
error of Pingnan Third Bridge is 3 mm. This precision adjustment method for arch rib
alignment enabled control of each arch rib’s alignment during the hoisting construction
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process, while ensuring uniform cable force that met safety requirements. This approach
effectively resolved the issue of repeated cable adjustments and offered the advantages of
high efficiency and convenience.

40

30+ -~ B

Alignment deviation(mm)

750 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Ul U3 US U7 U9 UIIDlI D3 D5 D7 D9 DIl
The control points number

Figure 12. The displacement result diagram of the Pingnan Third Bridge. Note: U = Up, D = Down,
A = The difference between the alignment of the after cable closure and the target displacement,
B = The displacement difference between south and north after cable closure, C = The displacement
difference between the upstream and downstream of the installed horizontal brace segment, D = The
displacement difference between south and north in the current tension stage.

50
40 -
30+

Displacement (mm)

Ul U3 Us U7 U9 Ull DIl D9 D7 D5 D3 DI
The control points number

Figure 13. The displacement result diagram of the Tian’e Longtan Bridge. Note: U = Up, D = Down,
A = The difference between the alignment of the after cable closure and the target displacement,
B = The displacement difference between south and north after cable closure, C = The displacement
difference between south and north in the current tension stage, D = The displacement difference
between the upstream and downstream of the installed horizontal transverse brace segment.

L

(=3

(=}
T

Displacement(mm)

|
33
[=3
=1
T

—300

A0S S5 Ts7 89 SIINII N9 N7 N5 N3 NI
Control point

Figure 14. The displacement of in situ measured and theoretical of the Pingnan Third Bridge.

Note: S = South, N = North, A = The upstream in situ measured displacement, B = The upstream

theoretical displacement, C = The downstream in situ measured displacement, D = The downstream

theoretical displacement.



Buildings 2024, 14, 3281

12 of 15

5. Comparative Analysis of Each Optimization Scheme

According to the construction process of the Tian’e Longtan Bridge, the mid-span section
of the exposed steel tube stress is the most concerning area. This observation indicates that the
cable closure section of the CFST rigid skeleton arch bridge is the most critical and high-risk
segment. Consequently, the division of construction stages commenced with the installation
of the cable closure. To analyze the stress superposition of the exposed steel tube accurately,
the construction stage and sequence were considered and are presented in Table 3.

Table 3. The construction stage division of the Tian’e Longtan Bridge.

Stage Construction Stage Content
CS1 Install 12 segment rigid skeleton
CS2-CS6 Install cable closure segment and transverse braces
CS7 Dismantle cable
CS8 Dismantle interim transverse brace
CS9-CS24 Casting and activating concrete in the tube
C525-CS26 Casting and activating permanent transverse braces
CS527-CS62 Bottom concrete encasement stage
CS63-CS68 Activate bottom stiffness
CS69-CS110 Web concrete encasement stage
CS111-CS115 Activate web stiffness
CS115-CS144 Top plate concrete encasement stage

In the process of constructing a rigid skeleton arch bridge, each stage of construction is
characterized by creep, shrinkage, boundary constraints, and changes in structural stiffness
due to the application of structural load step by step. The final structure’s mechanical prop-
erties and stress state are closely related to the previous stages of construction. Specifically,
in the concrete encasement process, the stress state of the exposed steel tube is affected by
the previous stress superposition process. Therefore, optimizing the stress of the exposed
steel tube requires considering the previous stress process. The construction process can
be divided into two main stages: the installation of the rigid skeleton and the concrete
encasement. The former is achieved through hoisting and cable-stayed buckle methods.
At the same time, the latter is constructed using the multi-point balanced loading method,
which ensures the stability of the structure by effectively balancing the stress of each sec-
tion during construction. Therefore, optimization of the construction process focuses on
the design of the rigid skeleton installation and concrete encasement casting schemes, as
presented in Table 4.

Table 4. The optimization scheme of the Tian’e Longtan Bridge.

The Optimization Scheme Optimization Stage Optimization Content
A Rigid skeleton installation stage Optimize the cable closure scheme
B Concrete encasement casting stage Optimize the web casting sequence
C Rigid skeleton installation stage Concrete Optimize the sequence of cable closure and
encasement casting stage web casting at the same time

During the installation phase of the rigid skeleton, the original plan for installing the
upstream segments 11 and 12 involved first performing a unilateral cable closure followed by
installing the downstream segments 11 and 12. However, an optimized scheme was developed
to install the upstream segment 12 only after completing upstream and downstream segments
11 and 12 and to perform the downstream cable closure only after the upstream segment was
installed. For the concrete encasement phase, the construction method adopted was the vertical
ring and longitudinal section multi-surface casting, resulting in a uniform stress distribution
and smooth deformation of the rigid skeleton. The exhaustive method was employed to adjust
the sub-ring casting sequence, with the apex of the arch cast first to enhance the strength of
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the cross-section near the apex and reduce subsequent superimposed stress. Based on the
optimized working surface and casting sequence, the stress and deformation process of the
structure was calculated, as shown in Figure 15. The optimized cable closure and casting
scheme significantly decreased the exposed steel tube’s stress from the original 373 MPa to
316 MPa, meeting the specification requirements.

0

—50 —2— Original scheme
—=&— Scheme A

—100 |- —O— Scheme B
—*— Scheme C

—150 |
—200 -

Exposed steel tube stress (MPa)

_400 Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

Construction stage

Figure 15. The comparison diagram of stress optimization schemes for the Tian’e Longtan Bridge.

6. Conclusions

The alignment control problem considered in this study can be summarized as cable
force optimization, which is different from the existing cable force optimization, since the
arch rib alignment, tower deviation, cable force uniformity, and safety during construction
for long-span arch bridges’ cable-stayed buckles are considered. This approach effectively
addresses the defects of traditional monitoring and calculation methods. Additionally, this
paper proposes a solution to address the impact of temperature by conducting daily mea-
surements at low temperatures. From a construction perspective, it is essential to resolve
the issue of arch rib positioning under varying temperature conditions. The following
conclusions are drawn:

(1) The multi-objective cable force optimization method is an efficient and convenient
approach for iterative calculation and engineering applications. It can analyze the
relationship between delta and optimization dispersion to determine the difference
between actual and target displacement after cable closure under the action of the
bare arch.

(2) In constructing cable-stayed buckle long-span arch bridges, arch rib alignment, cable
force uniformity, and safety are considered comprehensively. Optimizing the align-
ment of cable force during construction ensures that the cable force is uniform and
meets specification requirements, effectively overcoming the traditional manual cable
adjustment and cable force inhomogeneity issues.

(3) The alignment deviation in the construction process could affect the cable force. Still, the
multi-objective cable force optimization method can ensure precision during arch segment
installation, and the arch/bridge completion states meet specification requirements.

(4) The control cross-sectional stress of exposed steel tube in rigid skeleton arch bridge
is related to the installation method and the concrete casting scheme. To achieve a
good stress control effect, selecting the appropriate construction scheme to reduce
construction risk is necessary.
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