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Featured Application: In this paper, a fast construction method for a composite girder cable-
stayed bridge is proposed. The method is used on the Xiangsizhou Bridge, and it complies with
all bridge rules while reducing the entire construction time of the bridge by 4 months.

Abstract: This paper presents a comprehensive study of the Xiangsizhou Bridge, a double-tower
double-cable steel-concrete composite girder cable-stayed bridge located in Pingnan, Guangxi, China.
A finite element model of the full-bridge spatial truss system was established using a dual main
beam simulation of the steel-concrete composite girder. To obtain the initial reasonable bridge state,
the minimum bending energy method was employed, followed by optimization of the state using
the unknown load coefficient method to attain the final reasonable completion state. This paper
proposes an innovative construction scheme for the erection of the main girders, which is designed to
address the issue of excessive tensile stresses in the bridge deck slabs that can arise in conventional
construction schemes. This scheme can save about 4 months of construction time and shorten the
construction cycle of main beam erection by 60%. Furthermore, the study derived and verified a
formula for the intermediate cable force during the construction process, which demonstrated its
effectiveness. This study provides practical value for the design and construction of similar bridges.

Keywords: composite girder cable-stayed bridge; numerical calculations; finished bridge state;
construction optimization; wet joint; interim cable forces

1. Introduction

The composite girder cable-stayed bridge is a structure that combines the upper
concrete bridge deck panel with the lower steel main beam through shear connectors, fully
utilizing the compressive performance of the concrete structure and the tensile performance
of the steel beam [1,2]. When compared to an orthotropic plate that is under compression
on the upper part of the steel beam, utilizing a concrete bridge deck panel has the potential
to not only save costs but to also enhance the overall performance of the bridge deck [3,4].
Composite girder cable-stayed bridges typically use a single-segment cyclic construction
sequence, which involves first hoisting the main beam segment and then hanging the
stay cable and first tensioning, then pouring the wet joint, and finally, the stay cable
second tensioning. However, this construction method has low efficiency and a long
construction period. Now, there is a more efficient double-segment cyclic construction
method. Different construction sequences will affect the stress distribution of the steel
main beam and bridge deck panels of the composite girder cable-stayed bridge. Multiple-
segment cyclic construction may cause cracks in the concrete bridge deck panels and
affect the cable force during the bridge’s construction and operation, thereby affecting the
safety and durability of the structure. Therefore, under the premise of a tight construction
schedule, determining the reasonable completion state and reasonable construction state [5]
corresponding to the multiple-segment cyclic construction plan while ensuring the safety
of the composite girder cable-stayed bridge during the construction and operation period
is a key technical issue for this type of bridge [6].
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The stress state of a composite girder cable-stayed bridge is influenced by the main
girder construction sequence, and optimizing the main girder erection process also requires
corresponding adjustments to the construction cable forces of the cable-stayed bridge.
Adjusting the cable forces during construction has an important impact on the reasonable
completion state of the cable-stayed bridge [7-9]. Specifically, the timing of the composite
of the bridge deck and steel main girders, as well as the pouring and curing time of the
wet joint during construction, will affect the stress distribution and completion state of the
composite girder cable-stayed bridge. Therefore, it is necessary to optimize the main girder
erection process during construction and determine the intermediate cable force values
according to the actual situation to ensure the safety and durability of the cable-stayed
bridge during the construction and operation phases.

Scholars have conducted numerous studies on the effects of construction optimization
on the structural stress of composite beam cable-stayed bridges. Wang et al. [10] employed
four methods to analyze the impact of preloading on the deformation and stress of bridge
structures. Chen et al. [11] proposed the force equilibrium method to determine the
initial cable tension of the cable-stayed bridge under constant load, resulting in a more
reasonable distribution of bridge deck bending moments. Hassan et al. [12] put forth a
new method to determine the optimal post-tension cable tension of the bridge structure
in the completed state, which effectively reduced the vertical defects of the deck and the
horizontal deflection of the tower. Barbaros et al. [13] studied the influence of cable tension
and different cable arrangement forms on structural stress performance. Huang et al. [14]
studied the long-term performance of bridge decks affected by concrete shrinkage and
creep at the back-pouring strip of steel-concrete composite beams. Hu et al. [15] studied
the impact of different lagged pouring procedures for concrete bridge decks on structural
stress. Ruan et al. [16] conducted a feasibility analysis of the overall structural stress of
the bridge using the single-section, double-section, and three-section cyclic construction
methods. In summary, previous studies have primarily focused on the effects of cable-
staying forces on structural stresses in cable-stayed bridges and the impact of improved
wet joint casting processes on bridge deck slabs. This paper addresses the issue of excessive
tensile stresses in the concrete deck slab that may occur during the three-segment cyclic
construction scheme by improving the construction process scheme. Based on previous
research and using the Xiangsizhou Bridge of the Liyu Expressway in Guangxi, China, as
the engineering basis, the revised construction process was successfully applied to an actual
bridge project for the first time, resulting in improved on-site construction efficiency and a
significantly shortened bridge construction period. Furthermore, the paper investigates the
mechanical characteristics of the cantilever assembly construction of the combined girder
cable-stayed bridge and derives the corresponding intermediate cable force formula based
on the three-segment cyclic construction process of the cable-stayed bridge. According to
this formula, the exact value of the intermediate cable force tension can be found, avoiding
the use of valuation and artificial experience coefficients and reducing the uncertainty
caused by human factors during the bridge construction process. This research shortened
the construction period of the main girder of the Xiangsizhou Bridge by four months and
can be applied to future bridges of the same type. Moreover, it provides a reference for
other types of bridges, demonstrating its significant practical and economic importance.

2. The Xiangsizhou Bridge

The semi-floating composite beam cable-stayed bridge structure with double towers
and double-cable planes was adopted for the main bridge of Xiangsizhou Bridge. The main
span is 450 m, and its span arrangement is (40 + 170 + 450 + 170 + 40) meters. The bridge
profile layout is shown in Figure 1. The main beam adopts a separated double-box section
with a beam height of 3.5 m, and the top slab is set with a bidirectional 2% cross slope.
The bridge deck has a full width of 33.5 m, and the main beam cross-section is shown in
Figure 2. An overview of the project is shown in Table 1.
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Figure 1. Arrangement of the main bridge of The Xiangsizhou Bridge (unit: m).
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Figure 2. Cross-section of the main girder of The Xiangsizhou Bridge (unit: cm).

Table 1. Project overview.

Components

Description

Main beam

Beam Segments: 89 segments in total.

Beam Lifting: Near cable tower and auxiliary pier: lifted by floating crane.
Standard segments: lifted by bridge deck crane.

Steel Material: Q345G] (Similar to ‘ASTM A572 Grade 50).

Concrete Material: C55 high-performance concrete.

Stay cable

Material: 160 low-relaxation high-strength prestressed steel strands.

Tensile Strength: 1860 MPa.

Fatigue Stress Amplitude: Not less than 200 MPa.

Specifications: 15.2-37, 15.2-43, 15.2-55, 15.2-61, 15.2-73, and 15.2-85.
Anchorage points: Longitudinal distance of 19 x 10.8 m on the main span and
a longitudinal distance of 14 x 10.8 m + 5 x 7.2 m on the side span.

Main tower

Structure: Diamond-shaped cable-stayed tower.

Total Height: 147.3 m above the tower base for both cable-stayed towers.
Crossbeam: Middle crossbeam set at a distance of about 51.4 m from the
lower crossbeam.

Top Crossbeam: Set at the tower top.

Material: C55 high-performance concrete.

Bridge deck

Construction: Steel beams are prefabricated and directly poured to form
composite beams. A 500 mm gap is left at both ends of each section as a
post-pouring joint, which is subsequently filled with C55 slightly

expanding concrete.

Storage Time: At least two months to reduce the impact of concrete shrinkage
and creep on the structure.
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3. Determination of Reasonable Completion State
3.1. Finite Element Model

This paper presents a finite element model of the spatial truss system of the Xiang-
sizhou Bridge using MIDAS CIVIL commercial software (version 8.9.5) [17]. The element
size is based on the design drawings, with an element size of approximately 0.5 m at the
wet joints of the main beam element section, and an element size of approximately 3 m
for equal section elements in the middle part of the main beam section. The main tower
element size is approximately 1 m. The entire bridge consists of 1884 elements, including
1724 beam elements and 160 cable elements, as illustrated in Figures 3 and 4. Figure 5
depicts the Xiangsizhou Bridge after its construction. The steel-concrete composite beam is
simulated using a double main beam, where the steel main beam and the bridge deck are
modeled separately as beam elements, and the shear connection between them is simulated
using a rigid connection in an elastic link. The main tower, auxiliary pier, and transition pier
are all modeled using spatial beam elements, while the cable-stayed bridge is simulated
using cable elements. The main material parameters of the entire bridge model are shown
in Table 2.

Figure 3. Spatial finite element model of the Xiangsizhou Bridge.

Figure 4. Partial dimensional model of main beam.

3.2. Reasonable Completion State

There are several methods to determine the reasonable completion state [18], and for the
Xiangsizhou Bridge, this paper adopts a comprehensive method, combining the minimum
bending energy method [19] with the unknown load coefficient method [20,21]. Specifically,
the bending stiffness of the main beam and main tower is reduced by 10,000-times for the first-
stage analysis, and the preliminary results of the cable-stayed bridge state are obtained through
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static analysis. Then, the cable forces are iteratively modified through the unknown load
coefficient method to achieve a reasonable completion state. Considering the most unfavorable
load combination, the bending moment and stress of the entire bridge and main beam in a
reasonable bridge state are shown in Figures 6 and 7.

Figure 5. The Xiangsizhou Bridge after construction.

Table 2. Main material parameters.

Structure Materials Elastic Modulus (MPa)  Unit Weight (kN/m?)
Steel beam Q345G]J 2.06 x 10° 78.5
Tower C50 3.45 x 10* 265
Bridge deck C55 3.55 x 10* 265
Cable Steel strand * 1.95 x 10° 91

* Low-relaxation high-strength prestressing steel strand with a tensile strength of 1860 MPa (similar to ASTM
A416/A416M).

£.01698=+004
5.00557=+004
3.99417=+004
2,98276=+004
1.97136e+004
9.59954=+003
{ 0.00000=+000
~+ -1,06286e +004
T -2.074262+004
1 -3,085672+004
-4,09707e+004
-5.10848e +004

Figure 6. Bending moment of the Xiangsizhou Bridge (unit: kN-m).

According to Figures 6 and 7, the combined method used in this paper yields a
relatively uniform distribution of bending moments in the main tower and main beam.
The maximum bending moment in the main tower is located at the base of the tower and
is 6.02 x 10* kN-m, while the maximum bending moment in the main beam is located at
the transition pier and is 2.69 x 10* kN-m. The transmission of weight load from the main
girder to the main tower in a cable-stayed bridge occurs through the anchorage relationship
between the cable and the main girder, which ultimately transfers the load to the foundation.
The cable stay’s action on the main girder structure distributes the bending moment in a
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wave-like cycle, ensuring even distribution of the bending moment throughout the bridge
and preventing an excessive bending moment on any section of the main girder. Under
the reasonable completion state, the bridge deck and steel main beam are subjected to
compressive stress. The maximum compressive stress in the bridge deck is —18.30 MPa,
which is located in the 13th section of the main beam. The maximum compressive stress in
the steel main beam is —95.82 MPa, which is located in the 5th section of the main beam.
During the bridge formation phase, both the deck slab and steel main girders experience
compressive stresses only, which is advantageous for the structural stresses of the bridge.
The compressive capacity of a concrete deck slab is much greater than its tensile capacity.
Therefore, ensuring that the bridge is kept under compressive stress can prevent the deck
slab from cracking under tensile stress. The overall distribution of cable forces is shown in
Figure 8, which is basically consistent with the pattern of increasing force from the main
tower to the far end. In the diagram, B1 to B20 indicate the cable numbers of the side span
from the main tower to the bank, while Z1 to Z20 indicate the cable numbers of the main
span from the main tower to the main span. The maximum cable force is 6283.3 kN, located
at the anchorage point of the B20 tail cable, and the maximum cable force for each cable
under load combinations corresponds to a safety factor that is generally close.

2.75072-001

0.00000e+000
-1.71975e+001
= -2,59338=+001
-3.46701=+001
-4,34063=+001
-5.21426=2+001

-5.96152e+001
= -7.83515=+001
-8, 702782 +001
-9.58240e+001

— -6.0878%e+001

Figure 7. Stress in the main girder of the Xiangsizhou Bridge (unit: MPa).
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Figure 8. Cable force distribution at reasonable completion state.

4. Three-Segment Cycle Construction Scheme

The construction process of a composite beam cable-stayed bridge has significant
impacts on the overall structural forces, construction duration, and material usage. In
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the engineering practice of the Xiangsizhou Bridge, factors, such as geographical location,
hydrogeological conditions, time to open for traffic, and project economics, have imposed
limitations on the construction. With a tight construction schedule, the installation period of
the main beam determines the overall duration of the bridge project. Therefore, optimizing
the construction process to shorten the duration while ensuring construction quality and
structural safety is a critical issue that must be addressed for the Xiangsizhou Bridge.

To expedite the construction progress of composite beam cable-stayed bridges, scholars
have proposed three approaches. The first method aims to reduce the tensioning frequency
of cable-stayed ropes. The second method aims to shorten the maintenance time of the
bridge deck wet joint, and the third method is to use a double- or multi-segment cyclic
construction mode. However, each method has its drawbacks. The first approach involves
tensioning the cable-stayed ropes to the final position in one go, which can cause cracks in
the bridge deck due to excessive tensile stress. This can negatively impact the structural
stress and durability of the bridge. The second approach aims to shorten the maintenance
time of the bridge deck wet joint. However, this may result in concrete cracking, which
can affect the overall stress of the bridge deck and steel main beam. The third approach
involves the adoption of a double- or multi-segment cyclic construction mode. Although
the double-segment cyclic construction has been used in several large-span composite
beam cable-stayed bridges in China, further three-segment cyclic construction may lead to
excessive tensile and compressive stresses on the bridge deck and high stress on the steel
main beam in the joint area. Therefore, necessary measures must be taken to reduce the
stress on the bridge deck and steel main beam.

According to the design requirements of the Xiangsizhou Bridge, the wet joint of
the bridge deck panel adopts C55 concrete, and the strength of the wet joint concrete
should reach 90% or more before proceeding to subsequent construction steps. Based on
the analysis of the construction cycle of the main beam segment, the conventional single-
segment construction cycle requires a duration of 10 days, of which 5-7 days are needed
for curing the wet joint of the bridge deck panel, and during this curing period, no other
operations are allowed on the bridge deck. Through comprehensive consideration and a
large number of finite element simulation analyses and optimizations, a three-segment cycle
construction of the bridge deck panel wet joint is adopted, as shown in Figure 9. For every
three consecutive beam segments, the three-segment cycle scheme (simultaneous setting of
three wet joints between four segments of the bridge deck panel, reinforcement binding,
concrete pouring, and curing) is compared with the single-segment cycle scheme (one wet
joint between two segments of the bridge deck panel, reinforcement binding, concrete
pouring, and curing, usually requiring 10 days). The three-segment cycle scheme can save
two segments of the wet joint construction time compared with the single-segment cycle
scheme, which means at least 20 days of the construction period can be saved. Six rounds
of three-segment cycle construction of the 20 beam segments can save 120 days of the
construction period, which is of great significance for completing the main bridge closure
plan on time.

To ensure that the bridge deck and the tensile and compressive stresses of the steel
main beam in the completed beam segments during the three-segment cycle construction
of the steel-concrete composite girder cable-stayed bridge do not exceed the standard, it is
necessary to carry out a third tensioning of the diagonal cable on the 1 + 2# beam segment
after the first tensioning of the n + 3# cable. The purpose of this tensioning is to increase the
positive bending moment of the corresponding beam segment, increase the compressive
stress reserve of the corresponding beam segment’s bridge deck, and avoid the tensile
stress of the n + 2# beam segment’s bridge deck exceeding the limit value when hoisting
the n + 4# beam segment. This adjustment is a critical step in determining the completed
state of the steel-concrete composite girder cable-stayed bridge during the three-segment
cycle construction.
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Figure 9. Three-segment cycle construction steps.

5. Determination of Intermediate Cable Force Formula

In order to ensure that the internal forces of the structure during the construction of a
cable-stayed bridge are not too great, and to ensure the safety of construction, a reasonable
and efficient cable-tensioning plan must be designed to achieve a reasonable completed
bridge state. In the cable-tensioning plan for construction, convenience should not be
pursued blindly by attempting to tension the cables in one go, but rather a phased cable-
tensioning plan should be designed to increase the safety reserve of the internal forces of the
structure during the construction of the cable-stayed bridge, thus ensuring the safety of the
construction process. Therefore, determining the appropriate intermediate cable-tensioning
force during cable-stayed bridge construction is a key technical issue.

5.1. Basic Assumptions

To derive the formula for the intermediate cable tension in subsequent calculations, it
is necessary to make a basic assumption: after the adjacent steel beams of the main beam
are connected, but before the wet joint concrete is poured, the rigid connection between
the steel beams can be simulated as hinged support. The following is a validation of this
basic assumption:

The finite element model of Xiangsizhou Bridge separately extracted the standard
beam segment of the main span for simulated analysis of the supports. The influence of
vertical displacement and cable tension under both rigid and hinged connections at the
steel beam joints was simulated by applying boundary constraints. The results are shown
in Figures 10 and 11.

According to Figures 10 and 11, it can be seen that the simulated vertical displacement
between the steel beams for both rigid and hinged connections is identical at 248.177 mm.
The cable tension only differs by 0.03 kN. Additionally, the vertical bending stiffness of the
steel beam section is only 2.5511 m*, which makes simulating the steel beam connections
as hinged supports before pouring the wet joint concrete between adjacent steel beam
segments during lifting completely reasonable and feasible.
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5.2. Derivation of Intermediate Cable Force Formula

The tension value of the cable-stayed cable is not only related to the initial tension
of the cable-stayed cable and the tension of the bridge cables, but also closely related
to the construction process and the main beam construction plan. Different main beam
erection plans will result in different tension values for the cable-stayed cables. Therefore,
the tension values during the cable-stayed cable construction process should be adjusted
according to the on-site construction plan to achieve the optimal internal force of the
bridge structure. In order to better control the construction of the Xiangsizhou Bridge, it is
necessary to simulate and calculate the intermediate cable tension of the cable-stayed bridge
during the construction process. A force diagram of the three-segment cyclic structure is
shown in Figure 12.

In Figure 12, the three-segment cyclic construction involves lifting three main beam
segments on the basis of the already poured beam segment. Point A is the connection
between the n# beam segment lifted and the steel beam of the poured beam segment, point
B is the connection between the 1 + 1# beam segment and the n# beam segment steel beam,
and point C is the connection between the n + 2# beam segment and the n + 1# beam
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segment steel beam. The simplified simulation of the steel beam connection after lifting the
main beam segment is modeled as a hinged support connection. At this time, the hinged
supports at points A, B, and C each receive a horizontal force H; and a vertical force R;. G;
is the weight of the lifted main beam segment, T; is the tension force of the cable-stayed
cable, and «; is the angle between the cable-stayed cable and the horizontal direction. D,
and D, are the forces acting on the front support point and rear anchor point of the bridge
deck crane, respectively; Lg; is the horizontal distance between the weight action point
of the beam segment and the hinged support; Ly; is the horizontal distance between the
cable-stayed cable anchor point at the beam end and the hinged support; Lg; is the length
of the lifted beam segment. It should be noted that the above formula symbolsi=1, 2, 3.

Stay cable 7 T T,
D,
D
R R 1 R
"\ Lps ? 3
Gy G, G;
g H, oy ;A &) | H, a3
Y Poured beam section A n# beam section B Lea n+1# beam section  C LGs n+2# beam section
4
L1i I Ln i L3 |
I
LR LRri Lr2 LRrs3

Figure 12. Force diagram of three-segment cyclic structure.

To facilitate the structural analysis of the three-span continuous construction, it can
be considered as a main structure and a sub-structure. As the sub-structure affects the
main structure, while the main structure does not affect the sub-structure, it is necessary to
divide them into three parts in the calculation of the structural force diagram. Specifically,
in Figure 12, the completed beam section of the cable-stayed bridge can be regarded as
the main structure, while the subsequent suspended beam sections can be viewed as sub-
structures applied to the main structure. Therefore, the forces of the n + 2# sub-structure
can be calculated first, followed by the forces of the n + 1# sub-structure, and finally the
forces of the n# sub-structure. The balance equation for the first part can be written as:

Hs = Tzcosas )
R3 4 T3sinaz = G3 (2)

The moment of the hinge support at point C is obtained as
Gz Lgs = Tasinaz-Lrs 3)

The above equation can be solved to obtain

_ _Gs-Lgs
H3 ~ tanasz-Lr3
Ry = G3'(LT3;LG3) (4)
T, — Galcs
sinag-Lr3

Once the horizontal force Hz and vertical force Rj in the first part of the n + 2# auxiliary
structure are determined, the mechanical balance equations can be set up for the second
part of the n + 1# auxiliary structure.

Hj; + H3 = Thcosay 5)

Ry 4+ R3 + Tyrsinay = Gy + Dy (6)
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The moment of the hinge support at point B is obtained as
Go-Lgy + D1-L1y = Tpsinap-L1y + Ra-Lpo 7)
The above equation can be solved to obtain

Hy = Go-Lgp+Dyi-Lo—R3-Lgy H,

tﬂ'rlle'LTz
R, = Gz‘(sz—ch)L-i-st'(LRz—LTz) (8)
T, — GZ'ch+D1'£T2*R3'LRz
2 sinay-Lp

After obtaining the horizontal force H, and vertical force R; in the second part of the
n + 1# auxiliary structure, the mechanical equilibrium equation can be established for the
first part of the n# basic structure.

Hj; 4+ Hy = Ticosaq 9)

Ri+ Ry + Tysinay = Dy + Gy (10)

The moment of the hinge support at point A is obtained as

Dy-Lpy + Gy-Lgy = Tisinar-Lty + Ry-Lgy (11)

D»-L -Lc1 — Ryr-L
1, = Derloo +.G1 Gl 2-Lr1 (12)

sinnqg-L1
Substituting Equation (12) into Equations (9) and (10) yields

Dy-Lpy + Gy-Lg1 — Ra-Lgy
Hy = — H. 13
! tanai-L1q 2 (13)
R, = D;-(Lt1 — Lp2) + G1-(L11 — Lg1) + Ra-(Lry — L1v) (14)

Lt

According to the above formulas, the intermediate cable forces of the three beam
segments can be obtained, as shown in Equations (4), (8), and (12). Using these formulas,
the specific tension values of the cables during construction can be determined, avoiding the
use of artificial assumptions and empirical coefficients to determine the intermediate cable
forces, ensuring the stability and safety of the structure from construction to completion.

6. Structural Force Analysis of Composite Girder Cable-Stayed Bridge
6.1. Structural Forces during the Construction Phase

A large-span cable-stayed bridge is usually constructed using the method of double-
cantilever symmetrical construction. In the construction process of the main beam section,
in order to ensure that the cable force reaches a reasonable state for the completion of the
bridge, it is necessary to perform multiple tensioning and system conversion of the cables.
This paper derives a formula for the intermediate cable force of the cable-stayed bridge and
calculates the tensioning force of the cables during construction based on the weight of the
main beam section. Then, this set of cable forces is used as the initial tensioning force and
input into the model for positive mounting calculations [22,23]. The difference between the
obtained result and the target value is corrected by the least squares method [24]. Then, the
obtained cable forces are input into the model for positive mounting calculation, and the
iteration is continued until the model converges. It is worth noting that the last tensioning
of each cable is not controlled by tensioning force but by the control of non-stress cable
length [25]. Finally, the numerical values obtained using the formula for the intermediate
cable force are input into the finite element model for the positive mounting simulation and
compared and analyzed with the actual construction monitoring model data of the bridge.
During the bridge construction phase, ensuring the safety of the main girder construction
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process is of the utmost importance. Therefore, particular attention should be paid to
ensuring that the tensile stress on the deck slab does not exceed the limit value during
the construction process. This is necessary to prevent excessive tensile stress on the deck
structure, which may result in cracking. The maximum tensile and compressive stresses of
the steel main beam and bridge deck panel in each beam section during the construction
phase can be obtained, as shown in Figures 13 and 14.
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Figure 13. Bridge deck panel stress during construction phase. (a) Tensile stress. (b) Compressive stress.

—#— Construction model
—=&— Theoretical model

—a— Construction model
—=&— Theoretical model

Stress(MPa)

Allowable stress -325 MPa

e R e

1 L | | 1 1 I

2# 4 6#

8# 10#  12#  14#  16#  18#  20# 2% 4# o# 104 12#  14%  16#  18#  20#

Beam section number Beam section number
(a) (b)
Figure 14. Steel main beam stress during construction phase. (a) Tensile stress. (b) Compressive stress.

According to Figures 13 and 14, the tensile and compressive stresses of the steel main
girders and the bridge deck panels in each beam segment during the construction phase do
not exceed the allowable values specified in the standards. The structural stresses obtained
using the intermediate tension formula are generally consistent with the distribution
and trend of the stresses obtained from the bridge construction monitoring model. The
maximum tensile stress of the steel main girders obtained using the intermediate tension
value method is 81.46 MPa, the maximum compressive stress is 231.35 MPa; the maximum
tensile stress of the bridge deck panel is 1.75 MPa, and the maximum compressive stress
is 14.51 MPa. The compressive stress of the bridge deck panel increases with the increase
in the cantilever length of the main girder segment during construction and eventually
reaches the maximum compressive stress before the main span closure. The compressive
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stress of the steel main girders during the construction phase exhibits periodic changes as
the diagonal cables are tensioned.

6.2. Structural Forces during the Bridge Completion Stage

To optimize the structural stress in the bridge completion state, the main beam struc-
ture should only be subjected to compressive stress, not tensile stress. This is particularly
important for the concrete bridge panels in composite beams, as their inferior tensile
properties compared to compressive properties make them susceptible to cracking under
excessive tensile stress. Thus, it is crucial to ensure that the compression performance of
the bridge panel is fully utilized to increase its compressive stress reserve and prevent any
adverse effects of tensile stress. The maximum stress values of the steel girder and the
bridge deck at various stages of the main beam erection process were obtained. The specific
results are shown in Table 3.

Table 3. Maximum compressive stresses in each section of the steel girders and bridge deck at bridge
completion stage.

. Bridge Deck Compressive Steel Beam Compressive
Beam Section Number & Stress (MP;)) Stress (MP};)
1 —5.27 —136.14
2 —5.16 —149.21
3 —4.92 —153.06
4 —4.64 —152.28
5 —4.26 —177.53
6 —3.99 —166.60
7 —3.80 —137.57
8 —3.50 —162.81
9 —5.29 —163.59
10 —7.65 —122.19
11 —8.41 —181.91
12 —8.27 —182.68
13 —9.63 —132.87
14 —5.56 —161.84
15 —4.21 —163.40
16 —2.71 —121.93
17 —3.26 —156.47
18 —-3.79 —158.47
19 —5.93 —126.50
20 —4.49 —189.73

According to Table 3, it can be seen that in the completed bridge state, both the bridge
deck and steel main girder only bear compressive stress. The maximum compressive
stress of the bridge deck is 9.63 MPa, located at the 13th girder section, and the maximum
compressive stress of the steel main girder is 189.73 MPa, located at the 20th girder section,
which both meet the specification requirements. Considering the load combinations during
the completion stage and the most unfavorable load combinations during operation, the
maximum tensile and compressive stresses of the bridge deck and steel main girder also
meet the specification requirements. A comparison of the difference between the tension
values during the construction and the reasonable tension values during the completion
stage is shown in Table 4.

According to Table 4, the difference between the reasonable cable force values and the
cable force values calculated using the forward iteration method for the completed bridge
state is compared. The cable forces are distributed evenly between the two, and the pattern
of cable force change is consistent. The cables located near the tower—beam intersection
have a shorter length and, consequently, a smaller cable force, while those situated farther
away from the intersection have a longer length and experience a gradual increase in cable
force. This pattern of cable force distribution follows the standard rule. The maximum
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difference in cable force is 40.11 kN, located in the Z3 inclined cable, and the difference in
the cable force is only —1.42%, which meets the standard requirements.

Table 4. Difference between reasonable completion state and construction stage cable force comparison.

Cable Number Reasonable Completion Construction Stage . o Cable Number Reasonable Completion Construction Stage . o
at Side Span State Cable Forcep(kN) Cable Force (kN Differences (%) at Main Span State Cable Forcs (kN) Cable Force (kN Differences (%)
B1* 2826.71 2818.18 0.30 Z1 2793.49 2820.95 —0.98
B2 2838.46 2832.90 0.20 72 2903.02 2938.89 —1.24
B3 2676.58 2675.34 0.05 z3 2820.68 2860.79 —1.42
B4 3463.52 3466.69 —0.09 Z4 3738.49 3781.52 —-1.15
B5 3773.72 3780.18 -0.17 z5 4404.27 4438.03 -0.77
B6 3265.97 3274.62 —0.26 76 2666.30 2687.98 —0.81
B7 3414.27 3424.41 —0.30 77 3173.88 3183.60 —0.31
B8 3304.18 3318.70 —0.44 z8 3672.86 3672.53 0.01
B9 3680.29 3696.24 —0.43 79 3513.87 3504.05 0.28
B10 3954.56 3971.91 —0.44 Z10 3777.32 3761.75 0.41
B11 4421.20 4441.88 —0.47 Z11 4563.95 4543.96 0.44
B12 5136.19 5162.38 —0.51 Z12 447248 4452.65 0.44
B13 4905.55 4932.81 —0.56 Z13 5282.34 5264.66 0.33
B14 5694.06 5726.54 —-0.57 Z14 5373.30 5356.12 0.32
B15 5416.82 5444.92 —0.52 Z15 5535.90 5523.17 0.23
B16 5665.77 5693.99 —0.50 716 5619.22 5610.69 0.15
B17 5161.80 5190.05 —0.55 217 6187.87 6182.76 0.08
B18 5814.35 5847.14 —0.56 718 5452.20 5449.41 0.05
B19 5737.61 5770.19 —0.57 Z19 5825.14 5823.43 0.03
B20 6283.33 6315.66 —0.51 720 5987.37 5985.52 0.03

* B1 to B20 indicate the cable numbers of the side span from the main tower to the bank, while Z1 to Z20 indicate
the cable numbers of the main span from the main tower to the main span.

7. Conclusions

The construction process for a combined girder cable-stayed bridge is complex and
technically challenging. The stress state of the bridge during the construction process is
closely related to the construction procedure. This study employs finite element simulation
using the commercial finite element software MIDAS CIVIL (version 8.9.5) to analyze the
entire bridge structure, using the Xiangsizhou Bridge, a twin-tower, double-rope deck com-
bination girder cable-stayed bridge in Pingnan, Guangxi, China, as a case study. The study
proposes a rapid solution for the erection of the main girders, called the three-segment
cyclic construction scheme, which saves construction and maintenance time and accelerates
the construction schedule by casting three wet joints simultaneously. The main difference
between the three-segment cyclic construction scheme and the single-segment cyclic con-
struction scheme and the two-segment cyclic construction scheme lies in the tensioning
steps of the diagonal cables. The three-segment cyclic solution requires three tensions
on some sections of the beam, and the timing of the third tensioning of the cable and
specific force values are crucial to ensuring the program runs smoothly. Improvements
to the construction process during the construction of cable-stayed bridges will not only
resolve construction issues but also significantly enhance construction efficiency, thereby
generating enormous social and economic benefits.

During the construction process of cable-stayed bridges, multiple tensioning is often
required. However, there is no clear formula available for determining the specific tension-
ing of an intermediate cable force in cable-stayed bridges. Therefore, the determination of
the intermediate cable force is often based on a valuation or artificial empirical coefficients,
which increases the uncertainty and risks in the bridge structure construction process. In
this paper, a formula for calculating the intermediate cable force of the cable-stayed bridge
is derived based on the mechanical characteristics of the cantilever assembly construction
of a combined girder cable-stayed bridge. The intermediate cable force values calculated
using this formula are input into a finite element model for analysis. The simulation results
obtained from the model show that the stress distribution and change trends are basically
the same as those obtained from the construction monitoring model of the Xiangsizhou
Bridge, which proves the validity of the formula. This provides a significant reference value
for building similar bridges in the future and reduces the uncertainty of human influence
in the bridge construction process.

The cable forces play a crucial role in determining the internal forces of a bridge
structure. To ensure an optimal structural stress state of the bridge, the cable force needs to
be maintained at a reasonable level. In this study, the structural forces of a cable-stayed
bridge are analyzed in both the construction and finished states. The bending moments are
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found to be distributed evenly throughout the bridge. During the construction stage, the
stresses in the deck slab and steel girders are within the code limits. In the completed state,
the main girders are subjected only to compressive stresses, which are more favorable to
the structural forces. The cable force increases gradually with the cable length, consistent
with the cable force distribution rule.

The research findings presented in this paper were successfully implemented for
the first time in an actual bridge project, namely the Xiangsizhou Bridge in Pingnan,
Guangxi. The construction of the Xiangsizhou Bridge was carried out on site, following
the three-segment cyclic construction scheme proposed in this paper, which resulted in a
four-month reduction in the construction period for the main girder erection. The bridge
was completed and opened to traffic, and all of its performance indicators met the required
specifications. The measured shape and internal force state of the bridge were found to be
in high agreement with the theoretical values. The results of this study can be applied to
similar bridge projects, as well as providing a valuable reference for other types of bridges.

Author Contributions: Conceptualization, H.K.; software, E.H. and H.H.; validation, HK. and E.-H.;
formal analysis, H.H.; resources, H.K.; data curation, E.H.; writing—original draft preparation, E.H.;
writing—review and editing, E.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data in this article are available from the corresponding author
upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Briseghella, B.; Fa, G.; Aloisio, A.; Pasca, D.; He, L.; Fenu, L.; Gentile, C. Dynamic characteristics of a curved steel-concrete
composite cable-stayed bridge and effects of different design choices. Structures 2021, 34, 4669—4681. [CrossRef]

2. Cheng, X,; Nie, X; Fan, ].S. Structural Performance and Strength Prediction of Steel-to-Concrete Box Girder Deck Transition Zone
of Hybrid Steel-Concrete Cable-Stayed Bridges. J. Bridge Eng. 2016, 21, 04016083. [CrossRef]

3. Macorini, M.F.; Amadio, C. Finite-Element Model for Collapse and Long-Term Analysis of Steel-Concrete Composite Beams.
J. Struct. Eng. 2004, 130, 489-497.

4. Fatemi, S.J.; Ali, M.S.; Sheikh, A.H. Load distribution for composite steel-concrete horizontally curved box girder bridge. J. Constr.
Steel Res. 2016, 116, 19-28. [CrossRef]

5. Zhou, G.P; Li, A.Q.; Li, ].H,; Duan, M.J.; Xia, Z.Y.; Zhu, L. Determination and Implementation of Reasonable Completion State for
the Self-Anchored Suspension Bridge with Extra-Wide Concrete Girder. Appl. Sci. 2019, 9, 2576. [CrossRef]

6. Ahmed, AK.;; Mahmoud, L.; Amr, S.; Amr, Z. Factors affecting slip and stress distribution of concrete slabs in composite beams.
Eng. Struct. 2021, 245, 112880.

7. Fabbrocino, F.; Modano, N.; Farina, I.; Carpentieri, G.; Fraternali, F. Optimal prestress design of composite cable-stayed bridges.
Compos. Struct. 2017, 169, 167-172. [CrossRef]

8. Yan, D.H. Rational Design State Determination and Construction Control of Cable-Stayed Bridge. Ph.D. Thesis, Hunan University,
Changsha, China, 2001.

9. Davide, R.I; Vanni, N.; Davide, A.; Sandro, C.; Fabrizio, G.; Luigino, D. A Good Practice for the Proof Testing of Cable-Stayed
Bridges. Appl. Sci. 2022, 12, 3547.

10. Wang, Y.C.; Andreas, S.V.; Shu, H.S. Optimization of cable preloading on cable-stayed bridges. Smart Syst. Bridg. Struct. Highw.
1997, 3043, 248-259.

11.  Chen, D.W. Determination of initial cable forces in prestressed concrete cable-stayed bridges for given design deck profiles using
the force equilibrium method. Comput. Struct. 1999, 74, 1-9. [CrossRef]

12. Hassan, M.M.; Nassef, A.O.; El Damatty, A.A. Determination of optimum post-tensioning cable forces of cable-stayed bridges.
Eng. Struct. 2012, 44, 248-259. [CrossRef]

13. Barbaros, A.; Rafiullah, G.; Tayfun, D.; Sevket, A. The effect of post-tensioning force and different cable arrangements on the
behavior of cable-stayed bridge. Structures 2022, 44, 1824-1843.

14. Huang, D.W.,; Wei, J.; Liu, X.C,; Xiang, P; Zhang, S.Z. Experimental study on long-term performance of steel-concrete composite

bridge with an assembled concrete deck. Constr. Build. Mater. 2019, 214, 606-618. [CrossRef]


https://doi.org/10.1016/j.istruc.2021.10.060
https://doi.org/10.1061/(ASCE)BE.1943-5592.0000958
https://doi.org/10.1016/j.jcsr.2015.08.042
https://doi.org/10.3390/app9122576
https://doi.org/10.1016/j.compstruct.2016.09.008
https://doi.org/10.1016/S0045-7949(98)00315-0
https://doi.org/10.1016/j.engstruct.2012.06.009
https://doi.org/10.1016/j.conbuildmat.2019.04.167

Appl. Sci. 2023,13, 5738 16 of 16

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Hu, J.; Zeng, Y.E; Jia, ].F. Research on working procedure of lag pouring of wet-joint in bridge deck concrete slab on composite
girder of cable-stayed bridge. Railw. Eng. 2016, 4, 30-34.

Ruan, Y.H,; Sun, L.P,; Wang, X. Research on multi-segment cyclic construction technology of main girder of cable-stayed bridge
with composite girder. Guangdong Highw. Commun. 2022, 48, 30-35.

Yu, B.C.; Gao, S.X,; Gao, C.; Yang, J.; Xie, B. The determination of the problem of the cable-stayed bridge reasonable superposi-
tioning optimization under the constant load state, basing on the unknown load coefficient method of Midas/Civil. Appl. Mech.
Mater. 2012, 178, 2081-2084. [CrossRef]

Wang, L.F; Xiao, Z.W.; Li, M.; Fu, N. Cable Force Optimization of Cable-Stayed Bridge Based on Multiobjective Particle Swarm
Optimization Algorithm with Mutation Operation and the Influence Matrix. Appl. Sci. 2023, 13, 2611. [CrossRef]

Liang, P; Xiao, R.C.; Zhang, X.S. Practical method of optimization of cable tensions for cable-stayed bridges. J. Tongji Univ. (Nat.
Sci.) 2003, 11, 1270-1274.

Wu, Z.R. Determining of Reasonable Completion State and Simulation Analysis of Construction Controlling of Cable-Stayed
Bridges. Master’s Thesis, Chongqing University, Chongging, China, 2014.

Yan, W.J.; Yuen, K.V. A new probabilistic frequency-domain approach for influence line extraction from static transmissibility
measurements under unknown moving loads. Eng. Struct. 2020, 216, 110625. [CrossRef]

Yan, D.H.; Liu, G.D. Forward-iteration method for determining rational construction state of cable-stayed bridges. China J. Highw.
Transp. 1999, 2, 61-66.

Fa, G.Z.; He, L.Q.; Fenu, L.; Briseghella, B. Dynamic Performance Analysis of a Curved Cable-Stayed Bridge Based on the Direct
Method and the Sensitivity-Based Iterative Method. Adv. Civ. Eng. 2022, 2022, 7071760. [CrossRef]

Ghosh, S.; Ghosh, S.; Chakraborty, S. Seismic reliability analysis of reinforced concrete bridge pier using efficient response surface
method-based simulation. Adv. Struct. Eng. 2018, 21, 2326-2339. [CrossRef]

Qin, S.Q. Control method of stress-free status for erection of cable-stayed bridge. Bridge Constr. 2003, 2, 31-34.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.4028/www.scientific.net/AMM.178-181.2081
https://doi.org/10.3390/app13042611
https://doi.org/10.1016/j.engstruct.2020.110625
https://doi.org/10.1155/2022/7071760
https://doi.org/10.1177/1369433218773422

	Introduction 
	The Xiangsizhou Bridge 
	Determination of Reasonable Completion State 
	Finite Element Model 
	Reasonable Completion State 

	Three-Segment Cycle Construction Scheme 
	Determination of Intermediate Cable Force Formula 
	Basic Assumptions 
	Derivation of Intermediate Cable Force Formula 

	Structural Force Analysis of Composite Girder Cable-Stayed Bridge 
	Structural Forces during the Construction Phase 
	Structural Forces during the Bridge Completion Stage 

	Conclusions 
	References

