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Abstract

Addressing the issues of the complex mechanical responses and significant spatial effects
of asymmetric large-span cable-stayed steel box girder bridges with shared public-rail traf-
fic under operational loads (live load, static wind, and structural temperature differences),
this paper uses the Lijiatuo Yangtze River Double-Line Bridge on Chongqing Metro Line 18
as the engineering background to construct multi-scale finite element models for the entire
bridge and the closure segment, and validates them against GNSS displacement and strain
monitoring data from the actual bridge. The study shows that the spatiotemporal asym-
metry of operational live loads induces significant lateral bias effects in the main bridge, re-
sulting in reverse displacements in the mid-span section, and with stress distributions char-
acterized by “oscillation in the side spans and concentration in the mid-span.” The study
also shows that, under static wind loads, the bridge’s lateral displacement approximately
increases linearly with wind speed, and the mid-span response is higher than that of the
side spans, showing significant spatial sensitivity to wind loads. Finally, the study shows
that, although the system temperature difference causes small overall displacements, it still
induces symmetrical lateral deformations and local stress concentrations near the closure
segment. Local refined analyses further reveal the displacement distribution mechanism
of the closure segment under operational loads. The health monitoring data agree well
with the simulation results, validating the reliability of the numerical model. The research
systematically reveals the spatial mechanical behavior of such bridges under operational
loads, providing theoretical basis and engineering references for the design optimization
and safety monitoring of similar asymmetric cable-stayed bridges.

Keywords: the asymmetric cable-stayed bridge with the same level of road and rail; large-
span steel box girder; spatial effect; live load effect; static wind load; system temperature
difference

1. Introduction

To address the current situation of increasing traffic volume and scarce bridge re-
sources, the monorail and road dual-purpose bridge has been actively utilized due to its
advantages of integrated transportation and higher carrying capacity. Compared with
conventional symmetrically arranged cable-stayed bridges, the large-span steel box girder
cable-stayed bridge with asymmetric layout on the same level of the road and railway has
the lane and track area located on both sides of the main girder in space, and the stiffness
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center and load action center do not coincide. In terms of time, railway trains operate at
night while road traffic runs almost 24/7, causing the structure to be in a state of partial
loading for a long time. At the same time, its sensitivity to wind loads and temperature
loads has also significantly increased. Therefore, it is very necessary to study the lateral
effect of a large-span steel box girder cable-stayed bridge with asymmetric layout on the
same level as a road and railway.

At present, scholars both at home and abroad have conducted certain research on the
lateral effects of bridges. Among these, Man Zhou et al. [1] explored the lateral mechanical
effects of box girder prefabricated segments with CSW under vehicle loads in elastic and
cracked states. Li Gang et al. [2] studied the mechanical characteristics and live load effects
of ultra-wide steel box girders in road-rail level deck cable-stayed bridges. Liu Anshuang
and Li Xiaogang et al. [3] proposed reasonable value suggestions for large-span track sus-
pension bridges based on existing domestic and international bridge codes, and verified
the rationality of the suggested limit range for large-span track suspension bridges through
static characteristics and wind—vehicle-bridge coupling vibration analysis. Zhang Pengfei
and Wen Yue et al. [4] established a finite element model to analyze the lateral mechani-
cal effects of the track structure on a bridge under transverse wind loads. Li Shengyang
etal. [5] focused on the lateral mechanical effects of A-shaped bridge towers without lower
crossbeams under static loads. Mutashar et al. [6] discussed the mechanical effects of typ-
ical skew composite adjacent box girder bridges under live loads. Chen Yuwei et al. [7],
based on the heat conduction theory and ABAQUS finite element numerical simulation,
analyzed the temperature difference and temperature stress distribution characteristics of
the steel-concrete composite section of wide-span hybrid girder cable-stayed bridges un-
der non-uniform solar radiation. Deng Wenqin and Zhang Wenjin et al. [8] studied the in-
fluence of different cross-sectional forms of steel-concrete composite girder bridge decks
on the lateral bending effect. Hu Hao and Gao Ce et al. [9] analyzed the local mechanical
behavior of the main girder of large-span railway single-plane prestressed concrete low-
tower cable-stayed bridges. Zhao H and Ding Y et al. [10], based on the use of a wavelet
transform to separate temperature-induced and vehicle-induced deflections, verified the
deflection’s sensitivity to temperature, analyzed the influence of temperature-induced
deformation on vehicle-induced deflection, and described the statistical laws of vehicle-
induced deflection. Crespi P and Zucca M et al. [11] proposed a multi-modal pushover
efficient evaluation program, which can take into account the nonlinear mechanical behav-
ior and complex dynamic response characteristics of reinforced concrete bridges under the
premise of controlling the computational load.

In conclusion, existing research has largely focused on conventional symmetrical
bridges, and there is still a lack of systematic study on the lateral effects of such long-span,
same-level, asymmetric steel box girder cable-stayed bridges for combined road-rail use.
Given that their lateral effects are particularly sensitive to wind loads and the spatial and
temporal asymmetry of live loads is pronounced, this paper takes China’s first bridge of
this type —the Lijiatuo Yangtze River Double-Line Bridge on Chongqing Rail Transit Line
18—as the background. Using MIDAS/Civil and MIDAS FEA NX (2022 v1.1) software,
full-bridge and localized refined finite element models were established, with lateral dis-
placement and stress as the main indicators. The loads experienced by the structure during
service, including road and rail transit live loads, wind loads, and temperature loads, are
collectively referred to as operational loads. The study aims to reveal the lateral mechanical
behavior and structural response mechanisms under operational loads, providing theoret-
ical support for the design, construction, and health monitoring of similar bridges, and
serving as a reference for enhancing the safety and durability of long-span bridges under
complex loading conditions.
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2. Related Structural Theory

(1) Influence of Asymmetric Arrangement on Lateral Mechanical Behavior

For the cross-section of the main beam of the bridge, the stiffness center can be approx-
imately regarded as the weighted center of the flexural stiffness (EI) of each component.
In the cross-section of this bridge, there are differences in the structural form and stiffener
arrangement between the lane area and the rail travel area, resulting in a lateral bending
stiffness of the EI, that is not symmetrical about the centerline, a center of stiffness that is
Ci(xx, yx), and a resulting action point of the vehicle live load that becomes Cy(xp,y;). In
an asymmetrical arrangement x; # x,. When the load-resultant action line does not pass
through the stiffness center, the main beam not only undergoes lateral bending, but also
produces torsion around the vertical axis (z-axis), and its differential relationship can be
expressed as follows [12,13]:

d4
El,"20) G120 = i (x)

In the formula, v(x) is the lateral displacement of the bridge; @(x) is the torsion an-
gle; EIy is the section’s lateral bending stiffness; El,, is the section’s constrained torsional
stiffness; GI; is the section’s free torsional stiffness; qy(x) is the lateral distributed load;
mz(x) = qy(x) * e is the distributed torque; and e = x;, — x, is the load eccentricity.

(2) Shear hysteresis effect

For asymmetrical wide steel box girders, the shear lag effect significantly exacerbates
the non-uniform distribution of transverse stresses in the cross-section. When the load is
eccentric, the flange on the side away from the load (top and bottom plates) cannot fully
develop its compressive capacity, resulting in stress concentration in the flange on the side
near the load. Longitudinal normal stress considering the shear lag effect ox(y,z) can be
corrected to the following:

M,Z
ox(y,2) = f[l +9(y)] @)

In the formula, M, represents the lateral bending moment; I, represents the lat-
eral moment of inertia; and ¢(y) is a stress distribution function describing the shear
hysteresis effect, and its value is related to the cross-sectional shape, load position, and
boundary conditions.

Among these, the transverse bending moment, torsion, and shear force lag in such
beams are coupled into the same mechanism: uneven loading simultaneously generates a
transverse bending moment and distributed torque. The web shear flow not only transmits
the transverse shear force but also superimposes the torsional shear flow. The flange shear
flow spreads out, causing the longitudinal normal stress to be non-linearly distributed
laterally. The magnitude of ¢(y) is determined by the transverse shear force, torque and
support conditions. Additionally, after the effective flange width is compressed by the
shear lag, the bending/torsion stiffness of the section decreases, which in turn amplifies
the transverse deflection and torsional angle. Therefore, the subsequent analysis adopts
the “full bridge + local” approach, which is based on the above coupling understanding.

(3) Live Load Impact Factor

The live load impact factor is a design factor that equates the dynamic effects of mov-
ing loads to amplified static effects, as follows [14]:
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When L < 50 m, we find the following;

0.15
=13 05L ©)
When L > 50 m, we find the following:
u = 0.05 4)

(4) Equivalent Static Wind Load

According to the “Code for Wind-Resistant Design of Highway Bridges” [15], the ba-
sic wind speed for bridge design is as follows:

Usip = (Ke — Uyp) ®)

In the formula, Ugj is the basic wind speed under standard site conditions at a height
of 10 m, K, is the site category conversion coefficient for wind speed, and Uy is the maxi-
mum wind speed with a return period of several years at an observation station or a design
location 10 m high under non-standard site conditions.

Design reference wind speed at the reference height Z of the bridge or component U

is as follows: .

Z 0
Ug = Kf% Us1o (6)

In the formula, Uy is the design reference wind speed, Ky is the wind resistance risk
factor, Z is the reference height of the bridge or component, and «y is the surface roughness
coefficient at the bridge site.

Equivalent gust wind speed U, (m/s) is as follows:

Uy = Gyly 7)

In the formula, Gy is the equivalent static gust factor.
Equivalent static gust load in the downwind direction per unit length of the main
beam under wind action on the transverse bridge F; is as follows:

1
Fg = 5pUg*CD ®)

In the formula, p is the air density, Cp is the transverse force coefficient of the main
beam, and D is the characteristic height of the main beam.

(5) System Temperature Difference

According to the “Code for Design of Urban Rail Transit Bridges” [14], the system
temperature difference should be calculated starting from the time of structural closure,
and it is recommended to take the difference between the closure temperature and the
historical extreme minimum and maximum temperatures separately.

{AT1 = Ty, — Ty, ©)
AT, = Ty, — Ty,

In the formula, AT and AT, are the overall temperature rise differences, respectively;
Ty, and T, are the record highest annual temperature and the highest temperature at the
time of closure, respectively; and Tr, and T;, are the lowest temperature at the time of
closure and the record lowest temperature, respectively.

https://doi.org/10.3390/buildings16040821


https://doi.org/10.3390/buildings16040821

Buildings 2026, 16, 821

50f29

3. Project Overview

The Li Jia Tou Yangtze River Duplex Bridge project starts from the Qionglong Penin-
sula in Jiulongpo District and ends at Li Jia Tou in Bapan District. The duplex bridge is
located approximately 52 m upstream of the current Li Jia Tou Yangtze River Bridge and
crosses the Yangtze River in parallel. The total length of the bridge is 1306.2 m. The main
bridge is a (68.4 + 150.8 + 454 + 161.3 + 102.2 + 50) m double-tower double-cable surface
six-span steel box girder dual-track and dual-rail dual-purpose cable-stayed bridge. The
bridge deck is designed to be non-symmetrically arranged on the same level for both pub-
lic and railway use. P1, P4, and P5 are auxiliary piers, and P6 is the connection pier. The
layout of the main bridge is shown in Figure 1. The upstream side is a municipal road
(the Fourth Vertical Line) with a single lane in each direction, and the downstream side
is a double-track rail transit (Line 18). The main beam is a monolithic steel box girder,
with a beam height of 4.0 m at the centerline and a total width of 33.95 m. The cross-
sectional layout is as follows: 1.025 (wind nozzle) + 2.2 m (inspection cable zone) + 15.5 m
(traffic lane) + 0.4 (anti-collision guardrail) + 1.2 m (anti-collision isolation zone) + 10.4 m
(railway area) + 2.2 m (inspection lane and cable zone) + 1.025 (wind nozzle) = 33.95 m.
The cross-sectional layout of the main beam is shown in Figure 2. The bridge towers are
diamond-shaped H-type bridge towers. The top elevation of the P2 and P3 bridge towers
is 342.0 m, and a 3.0-meter-high tower base is set. The total height of the P2 bridge tower is
179.5 m, with a bottom elevation of 162.5 m, and the total height of the P3 bridge tower is
174.5 m, with a bottom elevation of 167.5 m. P2 and P3 bridge towers are composed of three
tower columns in the upper, middle, and lower sections and two cross beams. The upper
and lower tower columns are hollow thin-walled sections, and the lower tower column
and lower cross beam adopt hollow sections. Except for the anti-collision filling concrete
of the lower tower column’s anti-collision part, which uses C25, the rest are all C50 con-
crete. The upper and lower tower columns (without cable zone) and the main tower are
of ordinary reinforced concrete structure. The upper and lower cross beams of the bridge
towers are of prestressed concrete structure. The cross-sectional view of the bridge towers
is shown in Figure 3. The anchorage of the cable stays is set at the tower ends as tensioning
ends, and the ends of the beam are anchoring ends. P2 and P3 tower sides are respectively
equipped with 40 pairs of cable stays, using 7.0 mm zinc-aluminum alloy high-strength
low-relaxation parallel steel wire HDPE-sheathed finished cables, with tensile strength not
less than 1670 MPa. The cable stay numbers are as follows: the side span and main span
of the Qionglong side are NA20 to NA01, NJ01 to NJ20, and the side span and main span
of the Bapan side are SA20 to SA01, SJ01 to SJ20. A cross-sectional view of the cable stays
is shown in Figure 4.
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Figure 1. Layout of the main bridge structure (unit: cm).
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Figure 2. Cross-sectional layout of the main beam (unit: cm).
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Figure 3. Main tower cross-sectional view (unit: cm).
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Figure 4. Cross-sectional view of the cable-stayed cable.
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4. Finite Element Model
4.1. Full-Bridge Finite Element Model

To study the mechanical characteristics of the main girder of the Li Jiaduo Yangtze
River Dual-Channel Bridge, the finite element calculation model of the bridge was estab-
lished using MIDAS/Civil with the base of the P2 tower as the coordinate origin (as shown
in Figure 5). The longitudinal direction of the bridge is the X direction, the transverse di-
rection is the Y direction, and the vertical direction is the Z direction. The model consists of
1074 nodes and 891 elements. The end anchorage zone of the stay cables adopts the mod-
eling method where the cable end nodes and the beam end/tower end nodes coincide, and
the displacement coordination is achieved through the rigid connection in the elastic con-
nection. The processing of this connection node essentially aims to avoid the weakening of
the lateral and torsional constraints of the cable-bridge-tower system, thereby causing the
calculated lateral displacement and torsional response to be larger. The loads of the bridge
mainly include the following: the first-phase permanent load (the age of concrete creep is
considered to be 30 years based on the service life), the second-phase permanent load and
vehicle live load (vehicle live load and train live load), lateral wind load, and temperature
load. The stay cables, tower and main girder are simulated using truss elements and beam
elements respectively. Boundary constraints are as follows: the tower is fixed at the base,
the bridge piers are fixed at the bottom, the main girder is unconstrained in the transverse
direction, and the vertical and transverse directions are constrained at the bridge piers and
towers. The stay cables, tower, and main girder are connected by the rigid connection in
the elastic connection. The mechanical parameters of each component (Q345q steel and
C50 concrete) are reasonably selected based on relevant literature and specifications, and
the parameters, such as elastic modulus, have a small variation range, which has a limited
impact on the overall stiffness of the structure. See Table 1 for details.

Figure 5. Finite element numerical analysis model of Lijiatuo Yangtze River Double-Line Bridge.

Table 1. Mechanical properties of materials.

Component

Material Poisson’s Ratio Elastic Modulus/Mpa

Main bridge steel box girder
and cable tower

Steel Q345q 0.3 2.10 x 10°

Zinc-aluminum parallel

Cable-stayed cable 0.3 2.05 x 10°
steel strands
Auxiliary pier, junction pier C40 Concrete 0.3 3.25 x 10*
Sota lower tower column C25 Concrete 02 2.80 x 10*
anti-collision filling
Other padding of the Sota C50 Concrete 0.2 3.45 x 10*
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4.2. Local Finite Element Model

Given that the full bridge finite element model has limitations in reflecting the local ef-
fects of the structure, and the mid-span closure section, as a key part of this type of bridge,
requires a detailed analysis, the MIDAS FEA NX software was used to establish a local
finite element model for this closure section. The coordinate system of the model is de-
fined as follows: the longitudinal direction of the bridge is the Y direction, the transverse
direction is the X direction, and the vertical direction is the Z direction. The total length
of the model is 12 m, and it is divided into three sections along the longitudinal direction.
Section 2 (S2) is the main research object and is simulated using 150 plate elements. The
mesh type is a mixture of triangles and quadrilaterals, with a size control of 30 mm. To
accurately simulate the actual stress state of the mid-span closure section, the boundary
conditions at the end sections of the longitudinal direction of the model are fixed; that is,
all nodes’ six degrees of freedom (DX, DY, DZ, RX, RY, RZ) are constrained. This bound-
ary condition setting is based on the analysis results of the entire bridge: this area is less
directly constrained by the bridge tower and is rigidly connected with adjacent beam sec-
tions. The fixed constraints can reasonably reflect the constraint effect provided by the
adjacent beam sections. In terms of loads, the main factors considered are self-weight, ve-
hicle live load, lateral wind load, and temperature load. The local finite element model
is shown in Figures 6 and 7, and the specific material and size information of each plate
element is detailed in Table 2.

\\
)

Figure 6. Partial model of the closing section of the Jiatuo Yangtze River Double-Line Bridge.

Figure 7. Mesh division of the 52 segment model.

Table 2. Unit material dimensions.

Name of Plate Component Size and Thickness/mm
Steel box girder top slab 16
Bottom plate of steel box girder, transverse stiffening ribs 24
Reinforced U-rib 8
Wind nozzle, vertical stiffener, steel box girder side bottom plate 10
Web plate 18
Side web 30
Diaphragm construction 12
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5. Full Bridge Numerical Simulation

Based on the aforementioned theoretical research and engineering overview, this sec-
tion establishes a full-bridge finite element model and systematically conducts structural
response analysis under operational loads (live load, static wind, and system temperature
differences), focusing on revealing the spatial mechanical behavior and response charac-
teristics of the asymmetrical cable-stayed bridge under operational conditions.

5.1. Live Load Numerical Simulation
5.1.1. Analysis of Live Load Values

Under vertical loads, the integral steel box girder exhibits both longitudinal and trans-
verse bending deformation characteristics. Due to the significant differences in the loading
patterns between highways and rail transit, the stress mechanism of the integral steel box
girder is more complex. The operating hours of Chongqing Rail Transit Line 18 are from
06:30 to 23:48. During this period, the special nature of the combined road-rail bridge
leads to differences in the loading time on the road side and the rail side, thereby causing
a significant bias load effect. Based on this, and in accordance with relevant specifications
and the design requirements of the main bridge, the uniform load and concentrated load
are used to simulate the lane load for calculation. The standard value of the uniform load
for the I-level lane on the highway is 10.5 kN/m, and the concentrated load is taken as
360 kN. The rail load adopts the national standard as-type vehicle, with a vehicle fixed
distance of 13.4 m and a fixed axle distance of 2.2 m, and the axle load range is 80 kN to
150 kN. The impact coefficient is taken as 0.051. To comprehensively assess the structural
stress state, three working conditions are considered, as shown in Table 3 and Figure 8:
Condition one is double-track rail train fully loaded, without vehicle load; Condition two
is single-direction four-lane fully loaded, without train load; Condition three is in accor-
dance with Article 5.3 of the “Code for Design of Urban Rail Transit Bridge” [14], whereby,
for components that simultaneously bear rail transit and road loads, the values should
be taken based on the most unfavorable combination. This paper takes the fully loaded
vehicle load + 0.85 times the fully loaded rail train load.

Table 3. Load Application Condition.

Load Condition Highway Vehicle Load Rail Train Load
Operating condition one None Fully loaded
Operating condition two Fully loaded None

Operating condition three 1.0 vehicle load 0.85 train load
awnstream upstean
b

Eccentric 2 track train load (Condition 1)

E%%jh; v_gji_

Eccentric 4-line highway vehicle load (Condition 2)

dho o BB R

2-line track + 4-line highway load (working condition 3}

Figure 8. Loading conditions of different moving loads.
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5.1.2. Live Load Effect Analysis

A full-bridge finite element model of the Lijiatuo Yangtze River Double-Line Bridge
was established based on MIDAS/Civil, and three types of live load combination scenarios
were set for loading calculations, all applied along the entire bridge span. The lateral dis-
placement variations of the beams under different live load combinations were analyzed,
with the calculation results shown in Figure 9.

Working condition 1

13.2 Working condition 2

P2 Tower Closure Segment P3 Tower

Working condition 3

Transverse displacement (mm)

0 250 750 1000

500
Bridge axis coordinates (m)

Figure 9. Displacement values under live load.

The analysis shows that the lateral displacement response of the side spans of the
main bridge is relatively small under different working conditions, with the maximum
value being 2.1 mm (condition two). The lateral displacement of the middle span increases
gradually from the abutment towards the mid-span, reaching its maximum at the closure
section. Specifically, when condition one (full load of double-track railway) and condi-
tion two (full load of one-way four-lane road) are applied, due to the opposite eccentricity
ratio e, opposite torques are generated, causing the middle span of the main girder to ex-
hibit reverse lateral deformation (with the maximum displacements being —11.51 mm and
13.64 mm respectively) —directly confirming the mechanical characteristics of asymmetric
arrangement—and the displacement increase in condition two reaches 18.6%, reflecting
the more significant contribution of multi-lane vehicle loads. The displacement at the aux-
iliary pier is effectively constrained within the range of 0.07 to 0.21 mm. Particularly, in
the middle span section approximately 85.9 m long, a local response opposite to the overall
trend occurred, and the displacement curve near the mid-span presented a “discontinuous
sudden change” form. After analysis, in this combined working condition, the eccentric
directions of the road lane loads and the railway train loads are opposite (the railway train
load is reduced by 0.85), so the torsional effect changes its sign along the span, resulting in
reverse lateral displacement near the closure section at the mid-span.

Based on the analysis of the spatial lateral deformation characteristics of the beam,
the changes in the spatial stress distribution state of the beam were studied. The envelope
diagrams of the stress distribution changes of the main bridge under different working
conditions were extracted, as shown in Figure 10.
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Figure 10. Stress envelope diagram of the main bridge under different moving load conditions.
(a) Stress envelope diagram of the main beam under working condition 1. (b) Stress envelope di-
agram of the main beam under working condition 2. (c) Stress envelope diagram of the main beam
under working condition 3.
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From the stress envelope diagram in Figure 10, it can be seen that the stress distri-
bution of the main beam exhibits significant spatial non-uniformity: The stress amplitude
along the longitudinal direction of the bridge axis shows a distribution pattern of “edge
span oscillation-middle span concentration,” because the shear lag effect under asymmet-
ric loading coupled with bending and torsion causes (y) in certain areas to increase signif-
icantly, resulting in local stress being much greater than the calculated value of the elemen-
tary beam theory. This is especially true near the complex constrained edge spans and the
stiffening sections with sudden stiffness changes in the middle spans. The stress responses
to different load forms vary. The stress amplitude in the mid-span area caused by the track
train load (condition one) is 19.7-26.6% higher than that caused by the road vehicle load
(condition two), because the track train load, due to its larger axle load and impact effect,
generates significantly greater stress in the mid-span area than the road vehicle load. The
stress extremes in the combined load condition (condition three) are significantly greater
than those in the single load condition, with the maximum tensile stress occurring at the
11/25 L1 section, with a value of 20.8 MPa, representing an increase of 35.1% compared
with condition one. After comprehensively considering the lateral displacements under
various live loads and the stresses of the main beams, the main beams at the P1 and P4
auxiliary piers, the mid-span of the main span, 9/20 L1, and 11/25 L1 were selected as con-
trol sections to analyze the lateral stresses under different moving load conditions. The
results are shown in Tables 4-6.

Table 4. Lateral Stress under condition 1.

Control Section Stress at the Edge of the  Stress at the Bottom Stress on the Upper Stress at the Lower
Lane/MPa Edge of the Lane/MPa  Edge of the Rail/MPa Edge of the Rail/MPa
P1 auxiliary pier 8.98 —11.42 8.99 —11.44
P4 auxiliary pier 10.83 —14.51 11.00 —14.44
Midspan of the —8.74 14,51 ~10.11 13.32
main beam
9/20 L1 —9.37 15.11 —10.51 13.88
11/25 11 —9.68 15.42 —10.74 14.36

Table 5. Lateral stress under operating condition 2.

Control Section Stress at the Edge of the  Stress at the Bottom Stress on the Upper Stress at the Lower
Lane/MPa Edge of the Lane/MPa  Edge of the Rail/MPa Edge of the Rail/MPa
P1 auxiliary pier 12.41 —16.21 12.43 —16.25
P4 auxiliary pier 14.00 —19.03 13.72 —19.23
Midspan of the ~13.54 16.39 ~10.21 19.03
main beam
9/20 L1 —14.09 17.08 —11.31 19.54
11/25L1 —13.57 16.64 —10.61 19.22

Table 6. Lateral stress under operating condition 3.

Control Section Stress at the Edge of the  Stress at the Bottom Stress on the Upper Stress at the Lower
Lane/MPa Edge of the Lane/MPa  Edge of the Rail/MPa Edge of the Rail/MPa
P1 auxiliary pier 13.12 —17.00 13.22 —16.87
P4 auxiliary pier 15.41 —20.82 15.36 —20.82
Midspan of the ~13.49 19.63 ~13.11 19.79
main beam
9/20 L1 —14.22 20.03 —13.79 20.44
11/2511 —14.73 20.68 —14.29 20.81

From the analysis of Tables 46, it can be concluded that, under different working
conditions, each control section exhibits consistent stress patterns: the P1 and P4 auxil-
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iary pier sections show the characteristics of a negative bending moment cantilever beam
(with tension on the upper edge and compression on the lower edge), while the remaining
sections present the characteristics of a positive bending moment for a simply supported
beam (with compression on the upper edge and tension on the lower edge). Under the
combined effect of live loads, the stress differences between the lane and the upper edge of
the track are relatively small, ranging from 0.01 MPa (in condition one, P1 auxiliary pier)
to 3.33 MPa (in condition two, at the mid-span of the main span). The stress difference on
the lower edge ranges from 0.02 MPa to 2.64 MPa, with the extreme values occurring at the
corresponding sections to the upper edge.

From the perspective of the response nature, the above distribution reflects the com-
plex stress behavior of the cable-stayed bridge under asymmetric loading: the mid-span
area exhibits the stress pattern of a simply supported beam, while at the auxiliary piers, due
to the constraints, it forms a cantilever beam stress state. Among these, the combined load
(Case 3) has a significant superposition effect on the stress, and in the area near the closure
section, due to the relatively weak transverse torsional stiffness, it becomes a stress concen-
tration area. The stress difference between the lane and the track further confirms the bias
loading effect caused by the asymmetric distribution of live loads and its nonlinear influ-
ence on the internal force distribution. From the mechanical mechanism perspective, this
response originates from the bending—torsion coupling effect caused by the eccentric load.
The eccentric distance of the combined lateral load force relative to the section stiffness cen-
ter determines the magnitude of the torque, resulting in simultaneous lateral bending and
torsion of the section. The superposition of torsional shear flow and lateral bending shear
flow increases the gradient of the shear flow in the near-load side flange and restricts the
diffusion of the edge shear flow to the far side, i.e., the shear lag effect. At the constraint
abrupt change points (such as the main tower, auxiliary piers, and closure section), the re-
distribution of constraint torsion and local shear flow further enhances the coupling effect
in the longitudinal local area. Therefore, the “edge span oscillation-mid-span concentra-
tion” distribution of the stress envelope (Figure 10) is the result of the combined action of
lateral bending, torsion, and shear lag, rather than a single bending effect.

Based on the above analysis, in the design and operation phases, special attention
should be paid to the local stress control of the closure section and the auxiliary piers
area. In particular, the phenomenon of compressive stress concentration at the P4 aux-
iliary pier should be monitored. It is recommended to strengthen structural monitoring
and maintenance in the corresponding sections, and take targeted measures to improve
the stress distribution, thereby effectively preventing fatigue or instability risks that may
be triggered under long-term load conditions and ensuring the safety and durability of the
bridge throughout its entire service life.

5.2. Numerical Simulation of Wind Load Under Calm Conditions
5.2.1. Analysis of Wind Load Values

The dominant wind direction at the bridge site throughout the year is north wind,
with a frequency of approximately 13%. In summer, the wind direction is mainly north-
west, with a frequency of about 10%. The annual average wind speed is approximately
1.3 m/s, and the maximum wind speed is 26.7 m/s. The wind load is taken according to the
provisions of the “Code for Design of Urban Rail Transit Bridge” [14] and the “Bridge Wind
Resistance Code for Highways” [15]. Ultimate wind force: Basic wind speed 27.5 m/s.

Therefore, after referring to the above specifications and related reference [16], in this
section, when the wind direction is perpendicular to the driving direction, the most un-
favorable wind load is applied. The basic wind speeds are 5 m/s, 10 m/s, 15 m/s, 20 m/s,
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25 m/s, and 30 m/s, and are loaded in six grades. The transverse displacement and trans-
verse stress of the bridge under different wind speed loads are compared and analyzed.

5.2.2. Lateral Static Wind Load Effect

The results of the bridge’s lateral displacement under different wind loadings with
varying main beam spans are shown in Figure 11.

100 —

80 =
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10 -

P2 Tower Closire Segment P3 Tower
| ' I ! 1 !
200 400 600 800

Transverse displacement (mm)

Bridge axis coordinates (m)

Figure 11. Transverse displacement of the main bridge under different wind loads.

As shown in the above figure, the transverse displacement of the main bridge in-
creases with the increase of wind speed under level 6 loading, with a maximum value
of 91.8 mm under level 6 wind load. Under transverse wind load, there is a significant
difference between the transverse displacement of the side spans and the middle span.
When the wind speed is 30 m/s, the maximum transverse displacement of the side spans
is 39.5 mm, while the maximum transverse displacement of the middle span is approxi-
mately 2.3 times larger than that of the side spans; thus, the displacement of the side spans
is significantly smaller than that of the middle span. When the wind speed is 25 m/s, the
maximum transverse displacement of the Jiulongpo side span is 28.3 mm, while that of the
Banan side span is 23.8 mm, a decrease of about 15.9%. Under different wind loads, the
maximum transverse displacement is concentrated near NJ19 in the cable-stayed section
of the middle span, about 16.7 m from the closure section of the middle span. The reason
for the above phenomenon is the presence of auxiliary piers, which, by supporting the stay
cables and bridge deck load, can reduce the deformation and vibration of the bridge and
improve overall stability; at the same time, the auxiliary piers can disperse the wind force
acting on the main towers, reducing the stress and deformation on the main towers and
enhancing structural stiffness, thereby improving the wind resistance of the bridge. This
also causes the transverse displacement of the side spans to be significantly smaller than
that of the middle span. In addition, the Jiulongpo side span has only one auxiliary pier,
P1, while the Banan side span has two auxiliary piers, P4 and P5. The increased number of
auxiliary piers strengthens the transverse stiffness of the side spans and further enhances
their wind resistance, leading to the aforementioned situation.

Figure 12 shows the variation of main beam stress under different wind speed loads.
As can be seen from Figure 12: with the increase in the wind speed loading level, the stress
response of the main beam also increases. This is because the lateral force generated by
the wind load on the main beam creates a bending moment, causing the main beam to
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bend, which in turn leads to an increase in tensile and compressive stresses, ranging from
0 to 10.7 MPa. Under lateral wind load, the stress variation of the main beam over the
entire bridge exhibits an irregular and unstable pattern. When the wind speed reaches
30 m/s, the maximum tensile stress is 10.7 MPa, and the maximum compressive stress is
7.9 MPa, with both maximum values located on the side span on the Jiulongpo side, at
distances of 68.8 m and 52.8 m from pier A0, approximately 8/25 L and 6/25 L of the span
length, respectively. Further analysis shows that, in the side span 178.2 m away from the
P3 tower, the maximum tensile and compressive stress values are 8.1 MPa and 6.4 MPa,
which are 24.3% and 19% smaller than those on the side span of the P2 tower, respectively.
The maximum tensile stress in the mid-span is 9.4 MPa, located between the cable-stayed
sections NJ19 and NJ20 in the cable zone of the mid-span, 14.9 m from the mid-span closure
segment (point k in the figure). In addition, the maximum stress observed at the mid-span
location is tensile stress, with a value of 9.3 MPa.
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Y [ V=25m/s
V=30m/s
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Figure 12. Main beam stress under different wind loads.

After considering the lateral displacement and main girder stress response values un-
der different wind load speeds, when the wind speed V = 30 m/s, the sections at 6/25 L,
8/25 L, mid-span of the main span, and point k are taken as control sections to study the
lateral stress of the steel box girder under lateral wind load. The results are shown in
Table 7 below.

Table 7. Lateral stress under wind load of 30 m/s.

Control Section Stress at the Edge of Stress at the Bottom Stress on the Upper Stress at the Lower
the Lane/MPa Edge of the Lane/MPa Edge of the Rail/MPa Edge of the Rail/MPa
6/25 L 7.92 5.91 -7.92 —5.90
8/25L 10.71 7.94 —10.71 —7.94
Main span midpoint -9.30 —6.93 9.30 6.93
k point —9.37 —6.99 9.37 6.99

According to the analysis results in Table 7, when the lateral wind speed is 30 m/s, the
stress characteristics of the main girder at control sections 6/25 L and 8/25 L show tension
at the upper and lower edges of the carriageway and compression at the upper and lower
edges of the rail. In contrast, the stress distribution at the midspan and K points exhibits the
opposite characteristics, with compression at the upper and lower edges of the carriageway
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and tension at the upper and lower edges of the rail. Under the action of lateral wind
loads, the stress at the upper edge of the carriageway and the upper edge of the rail, as
well as the stress at the lower edge of the carriageway and the lower edge of the rail, show
a negative correlation at the four control sections. Specifically, at the cross-section of the
steel box girder at 6/25 L, the maximum tensile stress at the upper edge of the carriageway
is 7.92 MPa, the maximum compressive stress at the upper edge of the rail is —7.92 MPa,
and the maximum stress difference between the upper and lower edges of the rail and the
carriageway within the same cross-section is 2.77 MPa. This phenomenon primarily occurs
at the main girder near the P1 auxiliary pier.

Based on the above research, under the action of lateral wind loads, the structural re-
sponse of a same-level, asymmetric, long-span steel box girder cable-stayed bridge for both
road and rail exhibits significant spatial non-uniformity and load sensitivity. Auxiliary
piers enhance local stiffness, effectively restraining lateral deformation of the side spans;
the main span, due to its large span and weak lateral wind resistance stiffness, shows non-
linear response growth with wind speed, and the closure segment experiences stress con-
centration due to insufficient torsional resistance. In view of this, during the design phase,
the influence of auxiliary pier layout on overall wind resistance performance should be
fully considered, and, during operation, monitoring should focus on vulnerable regions
such as areas with large stress differences and cable zones of the main span, tracking their
lateral displacement and stress variations.

5.3. Numerical Simulation of Temperature Effect
5.3.1. Analysis of Temperature Load Values

The temperature for the closure of the bridge is set at 18 °C to 23 °C. Based on
the “Urban Rail Transit Bridge Design Specifications” [14], considering regional climate
records, structural safety redundancy, and engineering experience, this is a commonly
used method in bridge design. The overall heating is considered as 43 °C — 18 °C =25 °C,
and the overall cooling is considered as 23 °C — (—1.8) °C=24.8 °C ~ 25 °C.

The lateral displacement of the main bridge under the temperature difference of the
system is shown in Figure 13. Here, “+” indicates the displacement (on the track side)
perpendicular to the direction of the bridge towards the east, and “—" indicates the dis-
placement (on the lane side) perpendicular to the direction of the bridge towards the west.

3
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Overall cooling by 25 C
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Figure 13. Transverse displacement of the main bridge under system temperature difference.
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5.3.2. System Temperature Effect

The lateral displacement of the main bridge under system temperature difference is
shown in Figure 13. Here, “+” indicates displacement perpendicular to the bridge span
towards the east side (track side), and “—" indicates displacement perpendicular to the
bridge span towards the west side (roadway side).

As shown in Figure 13: the transverse displacement of the main girder due to overall
temperature rise is very small, with the maximum displacement values for each span being
—0.09 mm, 2.13 mm, and —0.11 mm, respectively, showing an overall ‘convex’ trend. As
the main girder is constrained at the piers and cable towers in the transverse bridge direc-
tion and cannot deform or expand freely, the displacement of the main girder is relatively
small at the P2 and P3 towers, being 1.25 mm and 1.33 mm, respectively. Additionally,
auxiliary piers P1, P4, and P5 will experience contraction due to temperature effects, so
the corresponding main girder displacement values are close to but not zero. The over-
all main bridge structure exhibits an eastward shift, with the maximum value of 2.13 mm
occurring near the midspan closure segment of the main span. This is because the clo-
sure segment is located in the medium-span area of the bridge with a larger span and is a
non-cable segment beam, which experiences less constraint; thus, when the temperature
changes, the structural effects are amplified in the closure segment. Therefore, the trans-
verse displacement near the closure segment is more pronounced. The cooling effect of the
system follows the opposite pattern to that of the warming effect.

The stress on the main beam under the system temperature difference is shown in
Figure 14. Here, “+” indicates tension and “—" indicates compression. With an overall
temperature change of 25 °C, the system temperature difference causes the structure to
tend to elongate or shorten. When the structure is constrained by boundaries, internal
restraint forces are generated, causing the stress distribution on the main beam of the cable-
stayed bridge to become more complex when constrained by supports, stay cables, etc.
Therefore, the stress variations in the main beam are irregular. Under overall heating, the
stress range in the main beam is from —8.0 MPa to 7.9 MPa. Due to a sudden stress change
occurring at the extreme value location on the Jiulongpo side span, both the maximum and
minimum values occur on that side span, at approximately 3/10 L and 3/5 L respectively
(L is the length of the main beam from the model beam end to the P2 tower). The reasons
for the sudden change are as follows:

10
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Figure 14. Main beam stress under system temperature difference.
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As shown in Figure 15, under the influence of temperature rise and self-weight, the
cable-stayed cables undergo elongation and contraction changes. The main span on the
Jiulongpo side experiences significant deflection, while the displacement changes of the
side span and main span on the Banan District side are relatively small. Figure 16 shows
that, under system temperature rise, the cable forces of the NA20-NAO1 cables on the side
span of the Jiulongpo side exhibit a ‘normal distribution” pattern, with the maximum cable
force generated by cable NA13 reaching 199.8 kN. The cable forces from the beam end to
the P1 auxiliary pier are relatively small, thus having a minor impact on the main beam in
this section. Moreover, the cable forces corresponding to NA12-NA14 at the P1 auxiliary
pier are larger compared with other NA cables on the side span of the Jiulongpo side, and,
since the P1 auxiliary pier has vertical constraints with the main beam, the deformation is
minimal. Therefore, the deflection changes of the side span on the Jiulongpo side shown
in Figure 15 occur. Ultimately, the main beam from the P2 tower side to the mid-span and
the main beam from the A0 beam end to the P1 auxiliary pier compress against each other,
causing a sudden stress change at this location and leading to maximum and minimum
stress values.

- Ba'nan District -

Figure 15. Vertical deformation of the main beam with an overall temperature increase of 25 °C.
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Figure 16. Variation of cable force under system temperature difference.

Due to the symmetrical response of the structure to an overall temperature increase
and decrease of 25 °C, only the temperature increase is studied during stress analysis.
Therefore, after considering the transverse displacement and main girder stress under the
temperature differential of the system, the sections at 3/10 L, 3/5 L, midspan of the main
span, and midspan of the Ban’an side span are chosen as the control sections for analyzing
the transverse stress under the temperature rise effect of the system, as shown in Table 8.
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Table 8. Lateral stress of the system at a temperature increase of 25 °C.

Control Section Stress at the Edge of Stress at the Bottom Stress on the Upper Stress at the Lower
the Lane/MPa Edge of the Lane/MPa Edge of the Rail/MPa Edge of the Rail/MPa
3/10L —6.08 7.92 —6.81 7.38
3/5L 3.34 —7.83 3.11 —8.01
Main span midpoint 0.73 -3.21 0.51 —3.04
Central span on the ~0.14 0.72 ~0.75 0.26

south side of Banan

From Table 8, it can be seen that, under an overall structural temperature rise of 25 °C,
and due to the temperature effects being applied to the entire main bridge model, there are
many influencing factors, making it extremely complex and in turn causing different effects
on main beams at different locations. Therefore, at section 3/10 L and at mid-span of the
side span on the Banan side, both are in a simply supported beam positive bending moment
stress state, but the response value at mid-span of the side span on the Banan side is small.
At section 3/10 L, the maximum lateral compressive stress of the steel box girder cross-
section occurs at the top of the tracks, with a value of 6.81 MPa, and the maximum lateral
tensile stress occurs at the bottom of the carriageway, with a value of 7.92 MPa. At sections
3/5 L and at mid-span of the main span, the girder is in a cantilever beam negative bending
moment stress state; the maximum lateral compressive stress of the steel box girder occurs
at the bottom of the track, with a value of 8.01 MPa, and the maximum lateral tensile stress
occurs at the top of the carriageway, with a value of 3.34 MPa. In the same control section,
the maximum difference at the top edge is 0.73 MPa and the maximum difference at the
bottom edge is 0.54 MPa, both occurring at section 3/10 L, which can be considered as the
lateral stress being symmetrically distributed under the system’s temperature difference.

Compared with ordinary cable-stayed bridges, this bridge, due to the particularity
of its non-symmetrical arrangement of the roadway and rail on the same level, exhibits
more complex stress characteristics under temperature effects. Its lateral displacement
and stress distribution are influenced not only by temperature changes but also show sig-
nificant asymmetric effects due to the structural asymmetry. Therefore, during the de-
sign stage, compared with ordinary cable-stayed bridges, this bridge requires more refined
consideration of the structural response under temperature effects, enhancing its temper-
ature adaptability through measures such as optimizing cross-section design and increas-
ing torsional stiffness in key areas. During the operation stage, real-time monitoring of
temperature-sensitive areas (such as closure segments and stress change points) should be
reinforced to ensure structural safety.

6. Local Numerical Simulation

To thoroughly reveal the spatial effects of an asymmetrical cable-stayed bridge under
operational loads, this paper conducts a detailed local analysis focusing on the midspan
closure section of the steel box girder as a key part; due to space limitations and for the
sake of intuitive indicators, lateral displacement, which can reflect the overall structural
deformation trend, is selected as the core evaluation index. The study systematically ex-
amines its response under different operational loads to complement full-bridge analysis
and to reveal the local spatial mechanical behavior of the steel box girder.

The overall bridge analysis aims to study the macroscopic mechanical behavior of the
entire structure under different loads, revealing the general patterns of lateral displace-
ment and stress distribution under live load, static wind, and temperature effects. In con-
trast, the local analysis focuses on the closure segment at midspan, further examining the
displacement response characteristics of the local steel box girder under load, serving as
a refinement and complement to the overall bridge analysis. It should be noted that, due
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to differences in analysis scale and boundary conditions, the data in this local study may
slightly differ from the previously mentioned overall bridge analysis, which is a reasonable
phenomenon. The final conclusions will primarily be based on the overall bridge analysis,
and the local analysis of the steel box girder in this section is only for supplementary refer-
ence, aiming to further reveal the distribution characteristics of the mechanical responses
of the steel box girder under loading.

6.1. Live Load Analysis

Based on the live load analysis of the full-bridge analysis mentioned earlier, three load
conditions are applied to the local model: Condition 1 for railway vehicle loads, condition
2 for highway vehicle loads, and condition 3 for combined railway and highway vehicle
loads. The values are taken according to relevant literature and standards and applied to
the model in the form of pressure, as shown in Figure 17.

Figure 17. Local analysis live load diagram. (a) Track train load application diagram. (b) Highway
vehicle load application diagram. (c) Road vehicle and rail train load application diagram.
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Under various working conditions, the lateral displacements generated by the local
model of the steel box girder are shown in the figure below.

As shown in Figure 18, under different live load conditions, the steel box girder at the
mid-span closure section experiences the largest lateral displacement where the live load
acts; under condition 1, the maximum lateral displacement caused by train load occurs
on the inner track, ranging from —16.4 mm to —18.5 mm, while the lateral displacement
on the outer track ranges from —12.1 mm to —14.3 mm, and the lateral displacement in
most areas ranges from —1.5 mm to 0.61 mm; under condition 2, under the action of high-
way vehicle loads, the lateral displacement values of the four lanes from outer to inner
are [9.1 mm, 10.8 mm)], [14.3 mm, 16.1 mm], [10.8 mm, 12.5 mm], and [3.9 mm, 5.6 mm)],
respectively, with the maximum lateral displacement occurring in the second lane, and
the middle two lanes showing larger displacements than the edge lanes. This is attributed
to the stronger constraints and higher stability of the edge lanes in the structural design,
whereas the middle lanes are less restrained, resulting in significant lateral displacement.
Under condition 3, under the combined action of train and highway vehicle loads, the lat-
eral displacement values are larger than those under condition 1 and condition 2, with the
maximum lateral displacement on the track side being [17.1 mm, 20.5 mm] and on the lane
side [16.2 mm, 19.5 mm)].
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Figure 18. Lateral displacement diagram under local live load. (a) Lateral displacement of the rail
transit train under load (condition 1). (b) Lateral displacement of highway vehicles under load
(condition 2). (c) Lateral displacement of the track under train load (condition 3).

TIEPLACENENT
™, m

https://doi.org/10.3390/buildings16040821


https://doi.org/10.3390/buildings16040821

Buildings 2026, 16, 821 22 of 29

Through the local live load analysis of the closure segment across the pier, the spatial
non-uniformity of the transverse displacement of the steel box girder under live load was
revealed, which is closely related to the load distribution. This further deepens the under-
standing of the local structural behavior of this special bridge type and provides detailed
basis for structural optimization and local stiffness enhancement of the closure segment.

6.2. Analysis of Static Wind Load

In this article, the local transverse static wind load is taken with a wind speed of
v=30m/s, and it is applied as pressure on the local model, as shown in Figure 19. The
lateral displacement of the steel box girder in the mid-span closure segment under trans-
verse wind load is shown in Figure 20.

Figure 19. Local analysis lateral wind load application diagram.
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Figure 20. Local analysis lateral wind load displacement diagram. (a) Lateral displacement diagram
of the full model under lateral wind load. (b) Displacement variation of the roof slab under lateral
wind load.
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According to Figure 20, under a lateral wind load of 30 m/s, the local model exhibits a
significant spatially non-uniform distribution of structural displacement, with displace-
ments concentrated in specific areas, ranging from 139.8 mm to 399.5 mm. This non-
uniformity is mainly attributed to the boundary condition where the lateral wind load
is applied only on the windward side. Analysis shows that the maximum lateral displace-
ment of the windward structure under the lateral wind load reaches 2996.3 mm, about
10 times that of the leeward side displacement (291.4 mm). This result fully indicates that
lateral wind load has a non-negligible impact on the bridge structural response.

To further investigate the variation pattern of structural displacement, the top plate of
the model was selected for a specialized analysis. By studying the distribution character-
istics of the top plate’s lateral displacement, it was found that, along the lateral direction
from left to right, the displacement shows a clear decreasing trend. Compared with the
lateral displacement distribution in localized areas, the displacement distribution of the
top plate exhibits higher uniformity, with a maximum displacement of 23.7 mm and a
minimum displacement of 2.1 mm.

This local analysis further develops the conclusions of the full-bridge analysis, clar-
ifying that the mid-span closure segment of the steel box girder is a critical stress area
under static wind loads. Accordingly, it is recommended that, in the design of the clo-
sure segment, particular attention should be paid to the coordination of its lateral stiffness
and torsional stiffness, especially the strength of the edge components on the windward
side. Consideration can be given to suppressing local deformation by optimizing the spac-
ing of diaphragms or adding local stiffening ribs. In the bridge health monitoring system,
displacement and strain sensors should be symmetrically arranged on the windward and
leeward sides of the closure segment to monitor long-term displacement differences and
stress distribution, providing data support for assessing the cumulative effects of wind-
induced fatigue.

6.3. Temperature Effect Analysis

The overall temperature increase of 25 °C was selected as the working condition, and
this temperature load was applied to the local steel box girder model through node tem-
perature loading, as detailed in Figure 21. Based on the above loading conditions, the
transverse bridge displacement response of the local steel box girder under an overall tem-
perature increase of 25 °C is shown in Figure 22.

The analysis results show that, under the overall temperature increase of 25 °C, the
lateral displacement of the mid-span closure section of the steel box girder exhibits a rel-
atively significant symmetrical distribution feature, and the lateral displacement values
from the outside to the inside show a decreasing trend. The maximum negative displace-
ment is located on the highway side, with a value of —3.61 mm; the maximum positive
displacement occurs on the track side, with a value of 3.57 mm. This is because, on the one
hand, the structural symmetry of the mid-span closure section steel box girder makes the
thermal expansion and contraction effects on both sides relatively balanced when heated,
resulting in a symmetrical lateral displacement. On the other hand, from the outside to
the inside, the temperature gradient on the beam body gradually decreases, so the lateral
displacement values also decrease accordingly.

This local analysis verifies the conclusion in the overall bridge analysis that the mid-
span closure section is the key part for temperature effects, and further indicates, from the
microscopic scale, that, although the temperature response of the entire bridge is relatively
small, a local symmetrical lateral displacement still appears that cannot be ignored in the
closure section. This phenomenon reveals the unique response mechanism of local steel
box girders under temperature action. Although the load arrangement is asymmetric, the
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structural symmetry of the closure section steel box girder still dominates its local temper-
ature deformation mode, demonstrating the coupling effect between overall constraints

and local deformation.
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Figure 22. Lateral displacement diagram under a temperature increase of 25 °C.

Based on the above understanding, it is recommended that, in similar bridge design,
in addition to paying attention to the overall temperature effect, the design for resisting
temperature deformation of the closure section should be further detailed, especially fo-
cusing on the configuration of its symmetrical stiffness. During operation, long-term mon-
itoring of the lateral displacement of the closure section should be strengthened to provide
data support for evaluating the cumulative temperature effect and the long-term perfor-
mance of the structure.

7. Monitoring Response Analysis and Its Comparison with
Numerical Simulation

7.1. Health Monitoring System

All of the above are based on finite element simulation analysis, lacking actual bridge
verification, and there are doubts about their correctness. In view of this, this paper, in
accordance with relevant norms [17], will use the monitoring data collected by the health
monitoring system to verify the reliability of the full bridge simulation data. Considering
that the analysis of the above operational loads (vehicle, wind, temperature) involves the
midspan section of the main span, and that the structural response of the main bridge is
more significant under live load, and due to space limitations, this paper will separately
verify the displacement of the monitored Section 7 of the main girder (midspan section of
the main span) under live load in condition 1, as well as the stress at the midspan section
under condition 2.

A schematic diagram of the overall layout of monitoring points in the long-term health
monitoring system of the Lijiatuo Yangtze River Second Line Bridge is shown in Figure 23
(A represents the main tower monitoring section, B represents the main girder monitor-
ing section, and C represents the cable-stayed monitoring). The monitoring points in-
clude @ expansion joint displacement, @ video surveillance, @ vertical deformation
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of the main girder, @ stress of the main girder, @ temperature of the main girder,

vibration of the main girder (lateral), @ vibration of the main girder (longitudinal),
horizontal displacement at the top of the piers, @ bearing reaction, GNSS de-
formation system, @ ship collision (lateral), @ ship collision (vertical), @ ship colli-
sion (longitudinal), horizontal displacement at the top of the towers, @ wind speed
and direction, rainfall, @ temperature and humidity, vibration of the main tower
(lateral), vibration of the main tower (longitudinal), stress of the main tower,

temperature of the main tower, @ steel structure fatigue, @ water level, cable
force monitoring.
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Figure 23. Detailed Layout of Monitoring Section Seven of the Main Beam.

7.2. Monitoring Response Analysis and Numerical Simulation Comparison

This article is based on the GNSS deformation monitoring system and fiber Bragg
grating strain gauges of the Lijiatuo Yangtze River Double-Track Bridge. It extracts the
transverse deformation data and stress variation data of the mid-span cross-section of the
main girder on 24 January 2025, as summarized in Figure 24 and Table 9.

Figure 24a and Figure 24b respectively show the lateral displacement and stress
changes of the main span mid-section of the main girder on 24 January 2025. There are ob-
vious fluctuations and numerous peaks, which is because the transient dynamic responses
caused by vehicle, train loads and wind loads under the operating state are superimposed
on the quasi-static displacement, and GNSS monitoring experiences short-term lockouts,
weekly jumps and other measurement noises in complex environments, thus presenting
local peaks.

Among them, Figure 24a shows that the lateral displacement of the mid-section of the
main span presents dynamic change characteristics under the actual operation state. The
maximum lateral displacement to the west (lane side) is —10.9 mm, and the maximum dis-
placement to the east (railway side) is 7.7 mm. Additionally, this typically shows a negative
displacement towards the lane side. The maximum displacement value in the first working
condition is —11.5 mm, which differs from the maximum displacement value of the moni-
toring data by 0.6 mm, indicating that the theoretical model has high accuracy. Figure 24b
reflects the stress changes of the mid-section of the main span. The data collected by the
fiber optic grating strain gauge shows that the stress of this section is all compressive stress,
ranging from —11.6 MPa to —5.5 MPa. The maximum compressive stress value in the sec-
ond working condition is —13.5 MPa, which differs from the maximum compressive stress
value of —11.6 MPa of the monitoring data by 1.9 MPa, further verifying the reliability of
the theoretical model.
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Figure 24. Monitoring data variation chart. (a) Transverse displacement variation of the main span
midsection (unit: mm). (b) Stress variation at mid-span cross-section (unit: Mpa).

Table 9. Comparison of measured and theoretical values of displacement and stress.

Project Maximum Monitored Value Maximum Theoretical Value Difference
Displacement value/mm —-10.9 —-11.5 0.6
Stress value/Mpa —11.6 —135 1.9

Overall, the lateral displacement and stress monitoring data of the mid-section of the
main span cross-section of the Li Jiaduo Yangtze River Dual-Channel Bridge are highly
consistent with the theoretical simulation data, indicating that the theoretical model has
scientificity and effectiveness in describing and predicting the mechanical characteristics
of the bridge structure.

8. Conclusions and Prospect

This paper takes the Lijiatuo Yangtze River Double-Line Bridge as the background
and, by establishing detailed finite element models of the entire bridge and its local parts,
systematically studies the mechanical responses of a large-span steel box girder cable-
stayed bridge with an asymmetrical arrangement of road and rail on the same level under
operational loads (including live load, wind load, and temperature load). The findings are
validated using health monitoring data, and the main conclusions are as follows:

https://doi.org/10.3390/buildings16040821


https://doi.org/10.3390/buildings16040821

Buildings 2026, 16, 821

27 of 29

Numerical simulations of the entire bridge indicate that the eccentric effect of live
loads during operation and wind loads are the main factors affecting the structural
response. The temporal and spatial asymmetry of the road and track loads leads to
reverse lateral displacement of the main beam, with the maximum lateral displace-
ment of the middle span reaching 13.64 mm under the full load condition of the road.
The stress distribution shows a non-uniform characteristic of “oscillation at the side
spans—concentration at the middle spans,” with the maximum tensile stress under
the combined load reaching 20.8 MPa. Under the lateral static wind load, the lateral
displacement of the main bridge is positively correlated with the wind speed, and
the maximum displacement of 91.8 mm occurs near the diagonal cable NJ19 of the
middle span, approximately 2.3 times that of the side span. The stress range of the
main beam is 0-10.7 MPa. Although the temperature effect causes a relatively small
overall displacement (about 2.13 mm), it is prone to cause local stress concentration
in the constraint mutation area. The full bridge response shows obvious spatial non-
uniformity. The middle span closure section is prone to form stress concentration
due to its weak torsional stiffness, while the auxiliary pier shows the characteristic
of a cantilever beam. Therefore, for similar asymmetric bridges, it is necessary to
focus on the lateral stiffness and torsional construction design of the mid-span clo-
sure section and the middle-span cable area, and to conduct the most unfavorable
condition verification.

Local numerical simulation revealed the response mechanism of the closure section
under operational loads. Under the live load condition, the lateral displacement of
the middle lane is larger than that of the edge lane, and the combined load effect fur-
ther increases the extreme displacement value, reaching 20.5 mm. Under the lateral
static wind load, the lateral displacement on the windward side is approximately
10 times that of the non-windward side, and the spatial non-uniform distribution
characteristic is significant. Under the temperature load, the displacement is sym-
metrically distributed, with the maximum displacement on the highway side and the
railway side being —3.61 mm and 3.57 mm respectively. It is recommended to en-
hance the ability of local structures to resist deformation under operational loads in
key areas, such as the closure segments, by optimizing the layout of diaphragms and
stiffening ribs.

The health monitoring data indicate that the maximum lateral displacement of the
mid-span cross-section of the main span is —10.9 mm, with an error of only 0.6 mm
compared with the theoretical value —11.5 mm. The maximum compressive stress
monitored is —11.6 MPa, with an error of 1.9 MPa compared with the theoretical
value of —13.5 MPa, both of which are within the reasonable range, verifying the ac-
curacy of the finite element model. It is recommended to set an early warning thresh-
old based on this in operation, strengthen real-time monitoring of key areas such as
the closure section and auxiliary piers, and improve the level of refined structural
safety management.

Although this paper has conducted a relatively systematic numerical analysis and pre-

liminary monitoring verification of the spatial effects of asymmetric cable-stayed bridges
under operational loads, there is still room for further in-depth research. In terms of nu-
merical analysis, future research can delve into the evolution law of the response under
the coupling effect of multiple factors such as vehicle, wind, and temperature during long-
term operation, and adopt dynamic analysis methods to consider the influence of train
speed on live load distribution and dynamic amplification. In terms of monitoring data
verification, it is difficult to fully reveal the statistical laws by relying solely on determinis-
tic finite element analysis. In recent years, models such as the generalized extreme value
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mixture model can model monitoring data with mixed skewness characteristics and pre-
dict extreme response states [18], while the Gaussian mixture model provides an effective
tool for clustering and interpretable prediction of multi-source monitoring data [19]. There-
fore, future research can further combine probabilistic and statistical methods to model
long-term monitoring data and predict extreme values, thereby more scientifically assess-
ing the performance evolution and safety risks of the structure under random loads.
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