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Abstract

To solve the problem of the steel longitudinal beam being unable to match precise installation of the
steel main beam due to torsional deformation during the steel installation process of a composite twin-
box girder cable-stayed bridge, a torsion correction method through the multipoint jacking adjustment
of transverse steel beams is proposed. Based on the constrained torsion calculation theory for closed
thin-walled members, a constrained torsion differential equation for steel longitudinal beams and its
general solution were established. Then, the torsion angle and the jacking force on each steel beam at
zero torsion angles were obtained. In addition, a local refined model by the finite element software
Abagus was established, simulating the jacking process with the transverse steel beams as a lever arm.
The accuracy of the theoretical and numerical analysis was verified by the measured results on site.
Results show that the torsion angle of the steel longitudinal beam could be adjusted through multipoint
jacking of the steel crossbeam, the installation error caused by the torsion is effectively eliminated,
and the efficiency and accuracy of the composite twin-box girder cable-stayed bridge are improved.
(Received in April 2023, accepted in July 2023. This paper was with the authors 1 month for 1 revision.)
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1. INTRODUCTION

A composite girder is a form of a main girder in which the concrete bridge deck and the steel
beams are assembled through shear connectors. Compared with the concrete main girder, the
composite girder is more suitable for long-span cable-stayed bridges owing to its lighter dead
weight and easier-to-control construction quality. Compared with the high-cost and
complexly stressed orthotropic steel bridge deck of the steel box girder, the concrete bridge
deck of the composite girder has lower cost and higher rigidity. Therefore, steel-concrete
composite girders are widely applied in cable-stayed bridges with a main span of 400-700 m
because of their light weight, high structural rigidity and excellent dynamic performance
[1, 2]. However, during the double-cantilever construction of the main girder of the composite
girder cable-stayed bridge, manufacturing and installation errors often cause deformation and
torsion of the main girder after the installation of a section of the main girder, making the
subsequent section difficult to assemble and connect, thereby affecting the construction
progress [3].

In view of this, scholars studied the deformation and torsion of the main girders of cable-
stayed bridges with different structural types during the cantilever assembly [4-6]. However,
the main girder of the composite girder cable-stayed bridge has undergone multiple system
transformations during the construction stage. In addition, the deformation and torsion angle
of the main girder changes with different construction conditions because of the complex
stress of the main girder and the unstable structural system in the double-cantilever
construction stage. Therefore, accurately assessing the deformation and torsion effects of the
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main girder of the composite girder cable-stayed bridge and finding an efficient method to
correct the deformation and torsion are urgent problems to be solved.

Thus, this study establishes a constrained torsion calculation theory for closed thin-walled
members based on theoretical calculations, finite element models and field measurements and
obtains the torsion angle. The simulated results are compared with those of the ABAQUS
finite element model and those measured at the construction site. The objectives are to create
accurate measures to correct the torsion of the main girder during the construction stage and
to provide a reference for the construction of composite twin-box girder cable-stayed bridges.

2. STATE OF THE ART

Scholars conducted considerable work on the main girder of composite girder cable-stayed
bridges. Cai et al. [7] used the finite element method (FEM) to study the vertical deformation
and bridge deck stress of the to-be-installed girder section and the installed cantilever girder
section of the Navigation Opening Bridge of Taizhou Bay Sea-Crossing Bridge under the
construction stage loads. The objective is to ensure the accurate connection of the composite
steel box girders of cable-stayed bridges during cantilever construction. Cai et al. also
analysed the influence of the length of the hoisting segment, the position of the crane and the
forced alignment measures on the vertical deformation of the section and the bridge deck
stress. They found that adjusting the lateral position of the bridge deck crane can reduce the
relative vertical deformation difference of the alignment section. However, the adjustment
period is long and affects the safety of the structure. From another aspect, Jiang and Tang [8]
used the finite element software Abaqus to establish a segment model. They also analysed the
effect of lateral spacing of the bridge deck cranes on the deformation of installed and hoisting
girder sections, including the lateral anti-overturning stability and relative misalignment of the
hoisting girder section. The objectives are to solve the problem of large local deformation
caused by the hoisting girder section of the bridge deck crane during the construction of the
main girder of the bridge and realise the accurate alignment and installation of the girder
section. Their results indicate that the girder segments can be precisely aligned by welding the
side web first and then partially loosening the hook of the bridge deck crane. However, the
measure will generate a large additional torsion on the web. The main girder erection schemes
for composite girder cable-stayed bridges generally adopt one cycle per segment; that is, after
the installation of the steel main girder and the bridge deck, the tensioning of the stay cables
and the pouring and curing of the wet joints are carried out [9-12]. The advantage of ‘one
cycle per segment’ is that this case can greatly control the internal force of the main girder but
requires considerable cable tensioning, wet joint pouring cycles and a long construction
period, particularly when the main girder is in the large cantilever construction stage for a
long time. Wang et al. [13, 14] carried out systematic in situ stress monitoring of the
composite girder of a twin I-shaped composite steel girder cable-stayed bridge under constant
load. They also collected the normal stress data of the main girder of the bridge during
construction and operation. Furthermore, they established a finite element model for
numerical simulation and indoor segmental model testing and analysed the variation pattern
of the shear lag effect. Wang et al. concluded that cable spacing and bridge deck are the main
factors affecting the shear lag effect under constant loads. She et al. [15] built a full model and
a local spatial model of a composite girder cable-stayed bridge by combining the finite
element (FE) and field measurement methods to analyse the shear-lag effect in the composite
twin-box girder under multiple typical construction conditions through numerical simulation
and comparison with field measurements. Meanwhile, Zhao et al. [16] established a refined
model of a lightweight composite twin-box girder by using finite element software to achieve
accurate alignment of girder segments. They also simulated the whole process of main girder
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hoisting and cable tensioning and proposed an external prestress-graded tensioning-girder
replacement integrated light-weight twin-box composite girder correction technology system.
This system has effectively reduced the deformation difference between the new and old
sections of the main girder and improved assembly accuracy. Then, Atmaca and Atos [17]
conducted a nonlinear static study on the structural behaviour of the bridge, including the
shrinkage and creep of the concrete and the sag of the stay cables, by establishing a spatial
finite element model of a composite girder cable-stayed bridge. They found that the
construction scheme has a great influence on the structural behaviour of the bridge. Based on
a simple linear girder model and parametric analysis, Giaccu et al. [18] proposed a method for
calculating deck stresses in composite girder cable-stayed bridges. This method can help
identify the actual detailed stress trends in concrete slabs and steel beams of the composite
girder and is suitable for composite girder cable-stayed bridges with different geometric
shapes. Szurgott and Bernacki [19] researched steel-concrete bridges under the action of high-
speed trains. The results are plotted as a function of train velocity, thus permitting an
assessment of the dynamic response of the bridge for each span length. Based on the principle
of fatigue damage, Gao et al. [20] analysed the fatigue failure morphology and crack
development of the test composite girder under equivalent fatigue load.

Gara et al. [21, 22] incorporated four displacement functions into the virtual work
equation and solved the numerical equations via the FEM to analyse the shear lag and slip
effects of composite girders. However, the results had certain errors because of spatial
discretisation.

The above studies mainly focused on the analysis of the reasons for the deformation and
torsion and the spatial force behaviour of the main girders of composite girder cable-stayed
bridges of different structural types during the cantilever construction stage of the main girder
through finite element numerical simulation. However, studies on the deformation and torsion
of the main girder in the construction stage of composite twin-box girder cable-stayed bridges
are limited. Moreover, studies on technologies that correct the main girder torsion through
theoretical analysis and calculation are scarce. Hence, this study analyses the deformation and
torsion of the main girder of a composite girder cable-stayed bridge through theoretical
calculation, numerical simulation and field measurements. The study also proposes a torsion
correction method through multipoint jacking adjustment of steel transverse beams, providing
a basis for the construction of the main girders of composite twin-box girder cable-stayed
bridges. The objectives are to develop the correction technology for the deformation and
torsion of the main girder in the main girder erection stage of composite twin-box girder
cable-stayed bridges and ensure the smooth progress of the main girder erection.

The rest of this paper is organized as follows. Section 3 establishes the restraint torsion
differential equation for steel longitudinal beams. This section also solves the general solution
of the differential equation through the initial parameter method based on the sector geometry
characteristics of the steel longitudinal beam section. In addition, this section derives a
theoretical calculation formula for the jacking forces in the jacking adjustment of transverse
steel beams, establishes a local model using Abagus and numerically analyses the jacking
adjustment. Then, Section 4 verifies that the theoretical analysis and modelling methods have
good accuracy by comparatively analysing the data obtained from the theoretical analysis, the
finite element calculation model and the field measurement. Finally, Section 5 summarises the
paper with relevant conclusions.

3. METHODOLOGY

The construction of the steel main girder of the composite twin-box girder cable-stayed bridge
generally adopts segmental assembly. Specifically, the steel longitudinal beams on both sides
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are installed first. Then, the steel transverse beams are installed at the cantilever front end of
the main girder, and finally, the small longitudinal beams are installed to form a frame system
(Fig. 1). However, after the steel longitudinal beams on both sides are installed, installation
errors generally occur, and such errors will cause internal torsion of the cross-section. This
case results in a vertical height difference between the top plates of the steel transverse beams
and the top plate of the steel longitudinal beams and a vertical height difference between the
inner and outer sides of the top plate of the steel longitudinal beams. Consequently, this case
will lead to the failure to connect the steel transverse beams and the steel longitudinal beams
through splice plates. As shown in Fig. 1, assume that the torsion angles of the left and right
steel longitudinal beams are 61 and 6>, respectively. In this case, if the steel transverse beams
are first spliced with the left steel longitudinal beam, then a vertical height difference 6.(61L)
will exist between the right side of the top plates of the steel transverse beams and the top
plate of right steel longitudinal beam. This height difference will result in a misalignment
between the bolt holes of the steel longitudinal and transverse beams and those of the splice
plates (Fig. 2).

longitudinal beams

torsion angles &; torsion angles@> 5,

transverse beams

Figure 2: Rigid torsion of the steel longitudinal beam cross-section caused by installation errors.
3.1 Theoretical analysis

The solution of the constrained torsion differential equation: Considering that the
cantilevers of the top and bottom plates of the steel longitudinal beams are very short, their
contribution to the torsion resistance of the main girder is limited. Therefore, their
contribution is ignored in the following theoretical analysis. Fig.3 shows the torsion
equivalent calculation diagram of the steel longitudinal beams.
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Figure 3: The torsion equivalent calculation diagram of the steel longitudinal beams.

The constrained torsion differential equation for closed thin-walled members is used:
Mz = Mt + Mw

where M is the total torque of the member section, Ms = GJg' is the free torque, My = -Elwf,,
is the secondary torque, ¢ is the angle of free torsion, 6, is the warping function, J and I are
the torsional and sectoral moment of inertia of the section, respectively and G and E are the
shear modulus and elastic modulus, respectively. The constrained torsion differential
equations for steel longitudinal beams are obtained as follows:

1 El " —GJgp"=-m
7

According to the sector geometry characteristics of the steel longitudinal beam section, the
following can be obtained:
u :1_i 1 4ah

I, (a+hy

4A*  4(ah)?
ds .,a+h
= 92

[-ﬂ t ( t )

the area surrounded by the centreline of the thin wall of the section. I, is the polar moment of

— . : . ah(a+h)t

inertia of the section relative to the torsion centre. |, = [ﬁrzds = % :

The constrained torsion differential equation for steel longitudinal beams is established
based on the constrained torsion calculation theory for closed thin-walled members. In
addition, the general solution of the differential equation is solved through the initial
parameter method based on the sector geometry characteristics of steel longitudinal beams.
The torsion angle ¢ can be obtained as follows:

m ushkz
=——\k(z-1)- + pthkl
¢ kGJ[ @)= }

212 (h _ A)2
In the formula, the coefficient k = ﬂﬂ. | w=Dja)2tds=M , Where o is the
El, 24(a+h)

where J is the torsional moment of inertia of the section. J = , Where A is

sector coordinate of the section.

Solution of the jacking force: Considering the long length of the steel transverse beams,
the jacking force provided by the jack will generate a large moment of a couple for the steel
longitudinal beams. An appropriate multipoint jacking of steel transverse beams can correct
the torsion, aligning the bolt holes of the longitudinal and transverse beams with those of the
splice plates. To this end, this study proposes a torsion correction method through multipoint
jacking adjustment of steel transverse beams, as shown in Fig. 4.
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X1
Figure 4: Simple calculation diagram of multipoint jacking adjustment of transverse beams.

Denoting the jacking force on steel transverse beam 3 at D as X4, the torsion angle of the
left longitudinal beam AB is as follows:

Xl pshkz
7)=—2-|k(z-I hkl 1
»,(2) kGJ|: ( o) chkl, + ut :| (1)
Hence, transverse beam 1 rotates in the XY plane by ¢1(lo1).
Next, denoting the jacking force on steel transverse beam 2 at E as X2, the torsion angle of
the right longitudinal beam CD is as follows:

Xl ushkz
K(z—1.)— + uthkl 2
kGJ{ (2-12) chkl,, OZ} @

To make the right longitudinal beam horizontal in the XY plane at point F, the torsion
angle of the right longitudinal beam at point F is as follows:

X, 12
l,) =6, —— 3
?,(l3) = 6, 2FI, 3)
Finally, denoting the jacking force on steel transverse beam 1 at F as Xs, the torsion angle
of the left longitudinal beam AB is as follows:

Xl ushkz
k(z—I,,)—————+ uthkl 4

»,(2) =

@;(2) =

04
Therefore, transverse beam 1 rotates in the XY plane by ¢3(0). To make the left
longitudinal beam horizontal in the XY plane at F point,

@1(lo)+ ¢3(0)=061 ®)
Under the combined action of X1, X2 and X3, the vertical displacement of transverse beam
1 at the free end F, vr, is as follows:

X, (1, =1,,)? , (1 )? X1, X I°
Vo =@ (I ) +—220 97 (2] +] _Xolle —le)” 21, +1.)+o.O)+—=%4+"2_ (6
r =@ () 6EI, (2, +1y,) 6EI (2l +103) + 95(0) 3EI,  3El, (6)
The vertical displacement of the right Iongltudlnal beam at point F, vrr, is as follows:
xl(IO _|01)2 X (I ) Xly,”
= 21, +1 _ Xolle —lg)” 2l +32u 7
FR 6E|1 ( 0 01) 6E|1 ( 02 03) 3E|l ( )

To make the elevations of transverse beam 1 and the right longitudinal beam at point F the
same,
VFEL+ vEr =61l (8)

The jacking forces X1, X2 and X3 can be obtained by combing Eqgs. (3), (5) and (8).
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« __—AF6 +BGY +ADI¢ ~ DGY, ©)
! —ADE + ACF - BCG
« __~BEG —BCI¢ — DEG, +CF0), (10)
2 ADE — ACF + BCG
« __—AEG +ACIg ~CGH, (11)
®  _ADE-ACF +BCG

where: A:é{k(lm—loz)—%wthkloz} B= 2:;2 :
C= é{k(lm —IO)—%+mhklo}; D =é(—klm + pthkl,, ) ;
Ezé[k(lm—IO)—Ai:Shh—;I:Hythklo}L%_lllm)z(Zlo +1y,)
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3.2 Simulation analysis

Key issues such as selection, meshing, boundary conditions and interfaces in the
establishment of the FEM using ABAQUS are briefly introduced as follows:

Selection of element type and meshing: Steel longitudinal beams and steel transverse
beams are represented by three-dimensional eight-node brick elements with reduced
integration (C3D8R). Meshing is performed through structured meshing technology whilst
maintaining the consistency of the mesh of the contact part.

Simulation of the cross-section: Models of steel longitudinal beams and steel transverse
beams are established, and then, a section of steel longitudinal beams and a section of steel
beams are directly merged through the ‘merge’ function.

Boundary conditions and load forms: One end of the steel longitudinal beams is
consolidated, and the other end is cantilevered, which is consistent with the actual situation of
the project. The jacking forces X1, X2 and Xs are replaced by pressure.

This study chooses to solve in the ABAQUS/Standard module. The structural
displacement at any position on the main girder can be obtained through local analysis, and
the obtained data can be used for subsequent analysis. Fig. 5 shows the finite element models
of local space.

4. RESULT ANALYSIS AND DISCUSSION

4.1 Project overview

One composite girder cable-stayed bridge is a steel-concrete composite beam cable-stayed
bridge with two towers and two cable surfaces. The elevation arrangement is shown in
Fig. 6a. The span of the main bridge is arranged as (90 + 240 + 720 + 240 + 90) m, which main
span is 720 m. The bridge floor width is 36.5 m, and the cross-section diagram is shown in
Fig. 6 b. The main girder of the composite girder adopts the form of a twin-box section, and
this is formed by connecting the box-shaped steel main girder and the precast concrete bridge
deck through shear connectors arranged on the longitudinal beams, transverse beams, and
small longitudinal beams. The length of the standard segmental steel main beam is 12 m and
width id 35.12 m, consists by two side steel box beams, three steel beams (spacing 4 m) and a
small longitudinal beam, Fig. 6 ¢ shown the partial diagram of the main girder.
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a) Loads and boundary conditions

b) Vertical displacement
Figure 5: Finite element models of local space.

] 140 720 240 90

Number of cables

. HZIHZ2Y CI29CZ| _= B1-CB29

a)
: 35

Concrete

bridge deck

e “shear connector
longitudinal beam

small longitudinal beam
c)

Figure 6: A Yangtze River Bridge: a) Elevation of the main bridge (units: m); b) Standard cross-
section of the composite girder (units: m); ¢) Local schematic diagram of the main girder.
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4.2 Theoretical analysis results

Based on the theoretical analysis in Section 3.1 and substituting the relevant parameters of the
main girder of the cable-stayed bridge above, the values of X1, X2 and X3 corresponding to
different values of ¢ and @» can be obtained. Considering the completely symmetrical frame
structure of the twin-box girder, the torsion angle generated owing to installation errors is
generally within £0.3°. The value of 6 is set within the range of 0°-0.3°, and the value of 6. is
set within the range of -0.3°-0.3°. Fig. 7 depicts the corresponding values of X1, X2 and Xs.

1.12 - 112
| R B o0
089 Boe

| B 078 B s

| 067 5 022
0.56 0.00

0.4 | & 02

0.33 045

B 0.22 B o

| M 011 B 090
‘ I -0.01 = -1.12

a1
[=}
S
S

3000
1000
-1000
-3000
-5000
-7000
-9000
& -11000

‘ i -13000
-15000

Figure 7: Values of X1, X, and Xz corresponding to different values of 8; (0-0.3°) and 6, (-0.3°-0.3°).

4.3 Field verification

In the actual construction of a composite girder cable-stayed bridge, the torsion angle of the
left steel longitudinal beam of the steel main girder of the #5 segment, 61 was 2.0°, and the
torsion angle of the right steel longitudinal beam, 6>, was —1.6°. The torsion angles were
adjusted using a steel transverse beam multipoint jacking adjustment device (Fig. 8). Table I
presents the values of X1, X2 and X3 obtained from theoretical calculation, numerical analysis
and field measurement based on the theoretical calculation in Section 3.1 and the ABAQUS
finite element analysis in Section 3.2. The theoretical and numerical solutions are close to the
measured values, indicating the validity of the theoretical and numerical calculations.
Through the jacking measure, the errors caused by the torsion angle of the steel longitudinal
beams of the composite twin-box girder were nearly eliminated and met the requirements of
precise alignment of the steel beam. In addition, the bolt holes of the steel longitudinal and
transverse beams were quickly aligned with the bolt holes of the splice plate, so the steel
transverse beams were installed smoothly.
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Figure 8: Position of the jacking device.

Table I: The jacking forces corresponding to 6:=2.0° and 6, = —1.6°
under different calculation methods.

. Jacking force (kN)
Calculation method X X, X
Analytical solution 744 —577 8
Numerical solution 727 -563 7
Measured value 756 -593 7

5. CONCLUSION

This study examined the torsion of the main girder using theoretical calculations, numerical
simulations and field measurements. The aim was to address the misalignment issue that
arises from the inability to connect steel longitudinal beams and steel transverse beams via the
splice plate. This problem was due to the torsion of the steel longitudinal beams, which was
caused by installation errors of the main girder in the composite twin-box girder cable-stayed
bridge. Finally, the following conclusions could be obtained:

(1) The constrained torsion differential equation for steel longitudinal beams is established
based on the constrained torsion calculation theory for closed thin-walled members, and the
general solution of the differential equation is solved using the initial parameter method. On
this basis, the theoretical calculation formula for the jacking forces in the jacking adjustment
of transverse steel beams is deduced.

(2) A torsion correction method through multipoint jacking adjustment of steel transverse
beams is proposed based on theoretical calculations and ABAQUS finite element analysis.
The field measurements show that the torsion correction method proposed in this study has a
good implementation effect and can quickly align the bolt holes of the steel longitudinal and
transverse beams with the bolt holes of the splice plate. Consequently, the steel transverse
beams can be installed smoothly, providing a reference for correcting the main girder torsion
of other composite girder cable-stayed bridges.

(3) The values of the jacking forces X1, X2 and Xz obtained through theoretical calculation
and numerical simulation are very close to the measured values. This result indicates that the
theoretical analysis and modelling methods have good accuracy.

In this study, theoretical analysis, finite element numerical analysis and field
measurements are combined to analyse the problem of main girder torsion in a composite
twin-box girder cable-stayed bridge during the construction stage. The torsion correction
method through multipoint jacking adjustment of transverse steel beams proposed in this
study has a certain reference value for the future construction of main girders of composite
girder cable-stayed bridges. The research object is limited to a twin-box composite girder.
Thus, the proposed torsion correction method is not necessarily suitable for other types of
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composite girders, such as twin I-shaped composite steel girders, PK box composite girders
and closed box composite girders. Therefore, future research can study the main girder
installation process of additional types of composite girder cable-stayed bridges to deepen the
understanding of the main girder torsion problem and to develop additional convenient torsion
correction methods.
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