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Abstract. In view of the shortcomings of large dead-weight and limited spanning capacity for 
traditional composite girders and the fatigue failure and pavement deteriorations for steel 
girders, composite girders with lightweight composite deck emerged as good alternatives. 
Thus, trial design schemes of long-span cable-stayed bridges with steel-NC (normal concrete) 
and steel-UHPC (ultra-high performance concrete) composite decks were proposed under 
different span conditions. The static performance and technical feasibility of the designed 
bridges and the influence of structural parameters of main girder on different static effects 
were analysed, based on which, the determinative static effects and their variation with 
span length were investigated. The results show that the designed NC-slab schemes with 
main spans no more than 900 m can meet the requirements of static strength, stiffness 
and stability, while the 1000  m NC-slab scheme cannot meet the compressive strength 
requirements of the concrete slab. The UHPC-slab schemes meet the static requirements even 
when the main span reaches 1100 m, and the most unfavourable static effect turns to be the 
maximum compressive stress of steel girders. The main structural parameters of the main 
girder that most affect the unfavourable static effects include the main girder height and the 
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thickness of the lower flange steel plate. Using UHPC-slab instead of NC-slab improves the 
spanning capacity of cable-stayed bridges by approximately 25%, close to the reduction rate 
of the dead-weight of main girder. 

Keywords: cable-stayed bridge, composite open deck section, normal concrete, ultra-high 
performance concrete, static performance, spanning capacity, trial design.

Introduction

Cable-stayed bridges developed rapidly in the last half century due to their good 
mechanical properties, large spanning capacities, and good economic performances. 
Long-span cable-stayed bridges with a main span exceeding 1000  m have been 
built, such as the Sutong Bridge in China with a main span of 1088 m and the Russky 
Island Bridge in Russia with a main span of 1104 m (Syrkov & Krutikov, 2014). The 
Changtai Yangtze River Bridge in China, having a main-span of 1176  m, breaks 
the world’s span record of cable-stayed bridges. Meanwhile, much effort has been 
devoted to investigations on span limitations of cable-stayed bridges (e.g., Nagai et 
al., 2004; Zhao et al., 2019; Yang et al., 2020). For long-span cable-stayed bridges, 
steel girders with orthotropic steel bridge decks are mostly used, which have 
advantages of large bearing capacity, light dead-weight and convenient construction. 
However, the excessive stress amplitudes in the steel deck and welding seams due 
to insufficient deck stiffness, as well as the inappropriate details both make the 
conventional orthotropic steel deck system prone to fatigue cracks (Wolchuk, 
1990; Shao et al., 2013). Additionally, the flexible orthotropic steel deck makes the 
pavement damage problem become prominent, and thus shortens the service life of 
pavements (Kim et al., 2014). Based on the popular concept of “high-performance 
structural engineering”, durability and life-cycle economic performance have 
become important factors restricting the further application and development of 
orthotropic steel decks in long-span cable-stayed bridges.

To solve the problems of orthotropic steel bridge decks, composite girders with 
concrete deck can be used. However, the heavy self-weight of traditional composite 
girders limits the breakthrough of the main-span length of composite girder cable-
stayed bridges, which in turn limits their wider application. At present, the largest 
composite girder cable-stayed bridge with concrete deck is the Gordie Howe 
International Bridge with a main span of 853 m (Martin et al., 2023). As a result, the 
lightweight steel-concrete composite deck system emerged as a new alternative (e.g., 
Walter et al., 2007; Shao et al., 2018; Chen et al., 2019). The significant advantage 
of this deck system over the orthotropic steel deck system lies in the fact that it 
enhances the deck stiffness, thus effectively reducing the stresses in both the deck 
plate and the connection between the deck plate and the longitudinal ribs under 
wheel loads (Shao et  al., 2013). Meanwhile, compared with concrete decks in 
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conventional composite girders, the lighter self-weight of the composite deck makes 
it possible to further enhance the span capacity of composite-girder cable-stayed 
bridges.

As an innovative and advantageous bridge deck system, lightweight composite 
deck has been increasingly applied in engineering practice. The Dongting Lake 
Suspension Bridge in China with a main span of 1480  m adopts a plate-truss 
composite stiffening girder with composite deck (Li et al., 2022). The Second 
Hanjiang River Bridge in China, a single-tower cable-stayed bridge with a main 
span of 310  m, has an 80  mm-thick high-performance concrete slab between the 
orthotropic steel deck and the pavement. Steel-concrete composite decks were 
also used in renovation projects of conventional orthotropic steel decks, such as 
the deck renovations of a single-pylon cable-stayed bridge (Shao & Cao, 2018) and 
a continuous truss bridge (Shao et al., 2019) in China. Currently, the engineering 
application of composite deck in cable-stayed bridges is mainly limited to small-span 
cable-stayed bridges. The completion of the partially earth-anchored Danjiangkou 
Reservoir Bridge with a main span of 760  m in China in 2023 signifies the first 
successful application of composite decks in long-span cable-stayed bridges (Liao 
et al., 2023). However, in engineering practice, a certain gap remains between the 
spanning capacity of composite girder cable-stayed bridges and that of steel girder 
cable-stayed bridges. Although the current engineering practice of lightweight 
composite decks in long-span cable-stayed bridges is limited, with the application of 
new materials such as ultra-high performance concrete (UHPC) (e.g., Al-Ramahee et 
al., 2017; Shao et al., 2018) and the development of different lightweight composite 
deck structures (e.g., Kim & Jeong, 2010; Su et al., 2019; Liu et al., 2019), composite 
decks present good application prospects in long-span cable-stayed bridges. A few 
trial design studies on kilometre level cable-stayed bridges using composite decks 
were carried out. For instance, Yao and Shao (2018) preliminarily verified the 
feasibility of a 1100  m-main-span cable-stayed bridge with lightweight steel-UHPC 
composite deck from the viewpoints of static performance, dynamic characteristics 
and economic performance, and the main girder was designed with a box section 
and a PK section. However, traditional composite cable-stayed bridges usually adopt 
open-section composite girders with superior force transmission and economic 
performance. The mechanical performance of kilometre level open-section 
composite-girder cable-stayed bridges with steel-concrete composite deck remains 
to be explored.

Parametric analysis is a useful way to investigate the mechanical performance of 
novel structural systems, and has been widely employed to improve the structural 
performance of cable-stayed bridges. For instance, a detailed parametric analysis 
was conducted by Zhao et al. (2019) for steel girder cable-stayed bridges to explore 
the relationship between the span limit and key structural parameters, including 
the height-to-span ratio, cable strength, cable spacing, and load weight on the girder. 
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Arellano et al. (2019) performed a parametric analysis to evaluate the influence 
of pier, pylon, and deck stiffness on the mechanical behaviour of multi-span cable-
stayed bridges under alternate live loads. More recently, Zhang et al. (2024) carried 
out a parametric analysis for a three-tower cable-stayed bridge with main spans of 
1400 m to determine a favourable structural scheme with enhanced aerostatic and 
aerodynamic stability, considering parameters such as the tower height-to-span 
ratio and girder depth. Jiao et al. (2024) analysed the impact of different structural 
system types (different number of towers and girder-pier connection forms in the 
longitudinal direction) on the seismic fragility of a multi-tower cable-stayed bridge. 
These studies provide valuable insights into the parameter sensitivity of cable-
stayed bridges. However, parametric investigations focusing on long-span cable-
stayed bridges with open-section composite girders and steel-concrete composite 
decks remain limited.

In this study, five sets of trial design schemes for long-span open-section 
composite-girder cable-stayed bridges (abbreviated as OCCBs) with steel-concrete 
composite deck (abbreviated as SCD) were proposed. Three-dimensional finite 
element (FE) models were established for each design scheme using the TDV RM 
Bridge computer program. The mechanical performance and technical feasibility 
of each scheme was analysed, and the determinative static effect was discussed. 
Furthermore, parametric analysis was carried out to investigate the sensitivity of 
structural static performance to primary structural parameters of the main girder. 
Finally, the variation of the most unfavourable static effects of the proposed OCCBs 
with main span length was discussed. This study contributes to improving the 
competitiveness of composite girder cable-stayed bridges in a larger span range and 
providing more feasible structural systems for the design of future long-span cable-
stayed bridges.

1.	 Overview of trial design schemes

1.1.	 Main design conditions

The main design conditions for the trial design of OCCBs with SCD are 
summarised in Table 1, including the design loads, load combinations and material 
properties. As shown in Table 1, the design loads mainly include dead load, vehicle 
load, wind load, temperature load, settlement effect, and shrinkage and creep effect. 
The dead load is composed of Phase I and Phase II dead load. The Phase I dead 
load was calculated according to the actual section area of the main girder, taking 
into account the diaphragms and other components, and the Phase II dead load of 
90  kN/m accounts for the pavement, handrails, curbs, and attachments, etc. The 
design wind speed at a height of 10 m (Vs10) was taken as 41.12 m/s with reference 
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to the design parameters for the Xihoumen Sea-Crossing Suspension Bridge in China 
to simulate an offshore wind environment, and the A-type power law wind profile 
with a surface roughness coefficient of 0.12 was assumed. The reference height of 
the main girder was set to 65  m for this case study, and thus the reference wind 
speed at the main girder height is 51.5 m/s. The drag force coefficients of the main 
girder and stay cables were assumed to be 1.3 and 0.8, respectively, according 
to the Chinese wind-resistant design specification for highway bridges (JTG/T 
3360-01–2018, 2018). For the towers, the drag force coefficient was determined 
according to the actual section shape of the tower column at different heights. The 
temperature load includes the effects of an overall temperature difference of ±20 °C 
and a gradient temperature difference of ±10 °C at the bridge deck. The foundation 
settlement effect was considered by selecting the most unfavourable combination 
of a 10  cm settlement of each tower and a 5  cm settlement of each pier. The effect 
of shrinkage and creep was calculated according to the Chinese specifications for 
design of highway reinforced concrete bridges (JTG 3362–2018, 2018), and the initial 
loading age of concrete slab was set to 270 days.

The fundamental combination of actions was considered in this study, including 
the operational load combinations and extreme wind load combinations of bridge 
under the newly completed state and the state 10 years after completion. The 
details of these four different load combinations are shown in Table  1. Compared 
with the newly completed state, the main difference in load combinations for the 
bridge completed for 10 years is the consideration of the shrinkage and creep 
effect of concrete. The selection of a 10-year extension period for the calculation of 
the shrinkage and creep effect is mainly due to the small increase in the shrinkage 
strain and creep coefficient of concrete 10 years after the completion of the bridge 
(JTG 3362–2018, 2018). Additionally, it should be explained that different load cases 
for the live load in the deck were considered to obtain the most unfavourable effects.

The materials used for the trial design mainly include Q420qE steel for steel 
girders and steel deck plates, normal concrete with material grade C60 (NC-C60) 
and UHPC for deck slabs of different main span schemes, NC-C50 for bridge towers, 
and high-strength steel wires for stay cables. The design strength of different 
materials is shown in Table  1, where ′fd  and fd respectively represent the design 
compressive and tensile strength of steel, fcd and ftd respectively represent the 
design compressive and tensile strength of concrete, ′f

sd and fsd are respectively the 
design compressive and tensile strength of HRB500 reinforcing bars, and Ec and Es 
denote the elastic moduli of concrete and steel, respectively. The material properties 
in Table  1 except for the UHPC are taken from relevant design specifications (JTG 
3362-2018, 2018; JTG D64-2015, 2015). The material mechanical properties of UHPC 
mainly refer to the test results of Shao et al. (2022).
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Table 1. Main design conditions

Design conditions Descriptions

D
es

ig
n 

lo
ad

s

Dead load
Phase I: Self-weight of main girder, taking into account 
the diaphragms and other components
Phase II: 90 kN/m

Vehicle load Highway – Class I, with a total of 8 lanes

Wind load
Operational wind load under operational wind speed 
of 25 m/s
Extreme wind load under reference wind speed of 51.5 m/s

Temperature load Overall temperature difference: ±20 °C (main girder)
Gradient temperature difference: ±10 °C (concrete slab)

Settlement Towers: 10 cm; Piers: 5 cm

Shrinkage and creep Initial loading age of concrete slab: 270 days

Lo
ad

 c
om

bi
na

ti
on

s Comb. 1 Dead load + Settlement + Temperature load + Operational 
wind load + Vehicle load + Braking force

Comb. 2
Dead load + Settlement + Temperature load + Operational 
wind load + Vehicle load + Braking force + Shrinkage 
and creep

Comb. 3 Dead load + Settlement + Temperature load + Extreme wind 
load

Comb. 4 Dead load + Settlement + Temperature load + Extreme wind 
load + Shrinkage and creep

M
at

er
ia

l 
pr

op
er

ti
es

Steel girder Q420qE: fd =  ′fd = 305 MPa, Es = 2.06×105 MPa

Reinforced concrete 
slab

NC-C60: fcd = 26.5 MPa, ftd = 1.96 MPa, Ec = 3.6×104 MPa
UHPC: fcd = 97.7 MPa, ftd = 8.0 MPa, Ec = 4.85×104 MPa
HRB500: fsd = 415 MPa, ′fsd = 400 MPa, Es = 2.0×105 MPa

Towers NC-C50: fcd = 22.4 MPa, ftd = 1.83 MPa, Ec = 3.45×104 MPa

Stay cables PES: fd = 1005 MPa, Es = 1.95×105 MPa

1.2.	 Details of trial design schemes

Under the aforementioned design conditions, trial design schemes of OCCBs with 
main spans of 800 m, 900 m, 1000 m and 1100 m were proposed. The primary design 
parameters of the designed bridges are shown in Table 2. Each design scheme was 
arranged as a 5-span continuous symmetrical structure with two diamond-shaped 
towers, two side piers (SPs) and two auxiliary piers (APs). The side-to-main span 
ratio was set to 0.45 for each design scheme, which is within the commonly used 
side-to-main span ratio range of 0.4 to 0.5 for composite cable-stayed bridges.

The open-section composite girder consisting of a steel-concrete composite 
deck system and double steel box girders was selected for each trial design 



7

THE BALTIC JOURNAL 
OF ROAD 

AND BRIDGE 
ENGINEERING

2 02 6/2 1 (2 )

Tingting Ma, Shishou Zhang, Meitao Shang

Case Study of Mechanical Performance of Kilometer Level Cable-Stayed Bridges 
With Steel-Concrete Composite Deck

scheme considering the advantages of simple longitudinal and transverse beam 
lattice system, clear and efficient force transmission, and satisfactory economic 
performance, as shown in Figure 1. The thickness of the steel deck plates is 8 mm. 
Different concrete materials were adopted for concrete slabs for investigation of the 
impact of concrete material on structural mechanical performance, including the 
NC-C60 for the 800 m, 900 m and 1000 m main-span schemes, and the UHPC for the 
1000 m and 1100 m main-span schemes. The standard thickness of the concrete slab 
is 14 cm for the NC slab and 8 cm for the UHPC slab. Considering the large axial force 
and wind-induced bending moment in the main girder at the tower location and the 
unfavourable forces at the side spans, the thickness of the concrete slab at relevant 
locations was increased. The main plates of the steel box girders, such as the lower 
flange plates, were also designed with variable thickness according to the internal 
force distribution. The concrete slabs were designed to be integrally prefabricated 
with the steel girders to form composite girder segments, and the integral hoisting 
construction of the composite girder segments was assumed in this study.

Table 2. Primary structural parameters for trial design schemes of cable-stayed bridges

Design parameters
Main-span length

800 m 900 m 1000 m 1100 m

Span layout, m
132+228+800

+228+132
144+261+900

+261+144
165+285+1000

+285+165
177+318+1100

+318+177

Tower height, m 222 242 262 282

Main girder width, m 39.5 39.5 39.5 39.5

Main girder height, m 4.0 4.0 4.0 4.0

Thickness of concrete slab, 
cm

14~18 (C60) 14~18 (C60)
14~18 (C60)
8~12 (UHPC)

8~12 (UHPC)

Thickness of steel deck 
plate, mm

8.0 8.0 8.0 8.0

Thickness of lower flange 
steel plate, mm

17~41 31~42
30~44 (C60)

27~40 (UHPC)
31~43

Number of stay cables/pair 116 132 164 180

Cable distance (mid-span), 
m

13.5 13.5 12.0 12.0

Cable distance (side-span), 
m

10.5, 13.5 10.5, 13.5 9.5, 12.0 9.5, 12.0

Elastic stiffness, kN/m 20 000 20 000 50 000 50 000

The bridge towers of each design scheme are made of reinforced concrete and 
designed with a diamond shape, as shown in Figure 2. The stay cables are made of 
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galvanized parallel steel wires, and Figure 3 shows the cross-sectional area of each 
stay cable for different span schemes. A semi-floating system was selected for each 
design scheme, and a pair of elastic connections was set between the main girder 
and the crossbeam of each tower to limit the longitudinal drift displacement of the 
main girder. The elastic stiffness of individual longitudinal elastic connection for 
each design scheme is shown in Table 2.

Figure 1. Cross section of main girder (Unit: mm)

Figure 2. Layout of bridge towers (Unit: m)
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Figure 3. Cross-sectional area of stay cables

2.	 Mechanical performance of trial design schemes

2.1.	 FE modelling

The FE models of the proposed cable-stayed bridges were developed using the 
software TDV RM Bridge. Figure  4 shows the FE model of the trial design scheme 
with a main span of 1000  m as an example. The composite girder was modelled 
using three-dimensional (3-D) elastic beam elements with six degrees of freedom 
at each node, a commonly used modelling method in previous studies (e.g., Yang 
et al., 2017; Wang et al., 2023). The composite deck sections for the beam elements 
were generated by separately creating corresponding geometric sections of the 
concrete slab, the steel deck plate and the steel box girders, and the sectional 
constants can be automatically calculated in the TDV RM Bridge program based on 
the input geometric parameters and material properties of each component of the 
cross-section. The reinforcement in the concrete slab was not simulated in the FE 
model for simplicity. The towers and piers were also modelled by 3-D elastic beam 
elements. The element size of the main girder is around 3.5  m, with the girder 
segment between two adjacent cables divided into three beam elements. For the 
towers, the beam element length ranges approximately from 2.0  m to 3.5  m. The 
beam element sizes were determined based on a mesh effect analysis. The stay 
cables were simulated by 3-D tension-only elastic bar elements, and the elastic 
moduli of the stay cables were modified using the Ernst formula to consider the sag 
effect (Yang et al., 2017; Wang et al., 2023). This simplified cable model has been 
validated in obtaining reliable static load effects even in a cable-stayed bridge with 
a main span of 1316  m (Wen & Zhou, 2022). In the FE models, the linear elastic 
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material constitutive models were adopted and the material properties are shown in 
Table 1.

Based on the designed semi-floating system, the longitudinal elastic connections 
between the main girder and the towers were modelled by spring elements, and 
the transverse connections were simulated by coupling constraints. Coupling 
constraints were also used between the main girder and bridge piers to realize the 
coupling of their vertical and lateral translational degrees of freedom, as well as 
torsional degrees of freedom about the bridge axis. The towers and piers were fully 
constrained at the base. The Phase II dead load was applied to the girder spine in the 
form of line load. The influence of geometric nonlinear factors such as beam-column 
effect and large deformation effects was considered in the FE static analyses.

Figure 4. Finite element model of 1000 m-main-span cable-stayed bridge

2.2.	 Reasonable finished state of bridge

Determination of the reasonable finished state of bridge, which mainly depends 
on the optimisation of cable forces, is a key issue in the design of cable-stayed 
bridges, and is also an important basis for subsequent static performance analyses. 
The reasonable finished state of a cable-stayed bridge includes requirements in both 
the structural internal force and the alignment of the bridge. In this study, the widely 
used influence matrix method (Xiao et al., 2001) was adopted to optimise cable 
forces, and the reasonable finished state of the designed cable-stayed bridges should 
meet the following specific requirements: (1)  The girder is basically flat and the 
pylons are straight prior to the applications of live loads, i.e., the displacement of the 
main girder and towers under the action of dead load are kept within corresponding 
“feasible ranges” (0.03 cm for the side span girder, 0.001 m for the centre span girder 
and 0.001  m for the towers); (2)  The cable force generally increases uniformly as 
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the cable length increases, and there is no tension relaxation for each cable; (3) The 
reaction force at the top of both the side piers and the auxiliary piers has a certain 
pressure reserve, and no tensile reaction force occurs under the action of various 
live loads.

Based on the above-mentioned principles for cable force optimisation, the 
reasonable internal force of stay cables for the reasonable finished state of bridge 
was determined in an iterative way. The cable force distributions of different trial 
design schemes are shown in Figure  5. In view of the symmetrical arrangement 
of the designed cable-stayed bridges, results of only half span of the bridges were 
given in corresponding figures. It can be seen that the cable force generally increases 
uniformly with the increase of the cable length, and only the cable force in the 
local area near the bridge tower changes abruptly. Correspondingly, the vertical 
displacement of the main girder and the longitudinal displacement of the tower in 
the finished state of different span schemes are controlled within their predefined 
feasible ranges.

0

2000

4000

6000

8000

10000

12000

AP

 800 m (C60)
 900 m (C60)
 1000 m (C60)
 1000 m (UHPC)
 1100 m (UHPC)

SP Center

 

 

ecrof elba
C

, k
N

Tower  
Figure 5. Distributions of cable force in finished state of bridge

Figure 6 depicts the distributions of the axial force and the bending moment of 
the main girders in the finished state of bridge. It can be seen that the use of thin 
UHPC slab significantly reduces the axial force of the main girder, and a reduction 
rate of 23.7% is observed for the 1000 m-main-span scheme. The distributions of the 
bending moment are relatively uniform, especially in the middle span. The maximum 
bending moment occurs near the bridge towers and the auxiliary piers. It needs to be 
explained that the relatively large bending moment near the auxiliary piers can be 
further reduced by adjusting the weight load at side spans.
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a) – Axial force b) – Bending moment
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Figure 6. Internal forces of main girders in finished state of bridge

2.3.	 Strength analysis

1.	 Key stress points

In order to obtain the most unfavourable stress response on cross-sections of 
the composite girders under different load combinations, several key stress points 
were selected on deck section for stress extraction. The key stress points are shown 
in Figure 7, in which DC01 and DC02 are unfavourable stress points on the concrete 
slab, and GS01 and GS02 are stress points at the top and bottom edges of the steel 
girder, respectively. The stress response at the specified stress points can be 
directly extracted from the TDV RM Bridge program.

Figure 7. Layout of key stress points on half of bridge deck section

2.	 Stress distribution

By extracting the stress envelope of each stress point under different load 
combinations, the stress envelope of steel girders and concrete slabs along the full 
span can be obtained. Figures 8 and 9 respectively show the longitudinal normal 
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stress envelopes of the steel girders and concrete slabs for each trial design scheme 
under the four load combinations described in Section 1.1 The variation of the most 
unfavourable stresses with the main span length is shown in Figure 10, in which ssc 
and sst respectively represent the maximum compressive and tensile stresses of the 
steel girders, while scc and sct correspond to those of the concrete.
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The results in Figures 8 and 9 show that the unfavourable compressive stress 
of the steel girders mainly occurs in cross-sections near the bridge towers and 
auxiliary piers, while the maximum tensile stress occurs in the mid-span cross-
section. The most unfavourable stress of steel girders is the compressive stress. 
The stress distribution characteristics of the concrete slabs are generally similar 
to those of the steel girders, i.e., the most unfavourable compressive and tensile 
stress appears in the cross-sections near the bridge tower and the mid-span section, 
respectively.

Figure  10 shows that the maximum compressive stress of steel girders and the 
most unfavourable compressive and tensile stresses of concrete slab increase as the 
main-span length increases. When the main span reaches 1000  m, the increase of 
the maximum compressive stress of the design scheme using NC-C60 concrete slab 
is even greater, which represents a potential restriction on the further growth of the 
main-span length for schemes using NC slabs. On the other hand, the use of UHPC 
leads to a considerable increase in the maximum compressive stress of the concrete 
slabs due to the significant reduction in the thickness of concrete slabs. However, the 
high strength of UHPC materials makes the stress response easier to meet material 
strength requirements, which will be discussed in the following sub-section.

3.	 Strength evaluation

To further assess the feasibility of each trial design scheme from the perspective 
of static strength, it is necessary to conduct strength evaluation. Firstly, the strength 
evaluation criteria for composite deck section need to be clarified. Considering 
that the plastic rotation capacity of a composite deck section is usually limited by 
the local buckling of the steel plates, the Chinese code for design of highway steel-
concrete composite bridge (JTG/T D64-01–2015, 2015) stipulates that the load effect 
and the bearing capacity of composite deck sections should be calculated using the 
elastic and linear-elastic method, respectively, and the sign of reaching the bearing 
capacity of a composite deck section is that the stress at any point of the section 
reaches the design value of material strength. The stress response σ on any cross-
sections should meet the following relation:

	 γ σ0 ≤ f ,	 (1)

where g0 is the factor for importance of structure and is 1.1 in this study, and f 
represents the design strength of reinforcing bars, steel plates or concrete. The 
stress response s of the main girder can be obtained from the TDV RM Bridge 
program. Due to the difference between the linear-elastic composite section 
modelled in the FE program without modelling of the actual reinforcing bars and the 
actual composite section that has the contribution of the reinforcement and allows 
concrete cracking, the design strength f used for evaluation of the stress response 
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obtained from the FE model should be modified based on the assumption that the 
composite section in FE model and the actual composite section have the same 
combined bearing capacity of axial force and moment. The concept of equivalent 
design strength was thus proposed in this study to replace the theoretical design 
strength of different materials for strength evaluation. Figure  11 shows the 
simplified diagrams of various sections involved in the derivation of equivalent 
design strength. It should be explained that the I-shaped cross-section in the figure 
is only a simplified representation of the steel-concrete composite cross-section that 
consists of a composite deck system and double steel box girders.

Figure 11. Simplified diagram of calculation models for composite cross-sections

For the compressive strength evaluation of concrete slabs in sagging moment 
areas, the design compressive strength of concrete was modified considering 
the influence of the reinforcement in concrete slabs. Based on the linear-elastic 
analysis principle and that the actual composite section and the linear-elastic 
composite section in FE model have the same combined bearing capacity composed 
of the ultimate axial compressive force Ncu and sagging moment Mu, the relationship 
between the equivalent compressive strength fcd_e and the design strength fcd of 
concrete can be given by
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where A and I respectively denote the area and moment of inertia of the transformed 
sections (see Figure  11) based on the conversion of material elastic modulus 
between concrete and steel; subscripts 0 and 1 represent the transformed section 0 
and section 1, respectively; yc0 and yc1 are the vertical distance from the neutral axis 
of section 0 and section 1 to the top of the concrete slab, respectively; ηc is defined 
as the amplification factor of the design compressive strength and is related to the 
proportion between Ncu and Mu. Equation (4) gives the feasible range of ηc, which 
was derived from Equations (2) and (3).

For the tensile strength evaluation of concrete slabs in hogging moment areas, 
the design tensile strength of concrete was also modified to evaluate the stress 
response obtained from elastic analysis of the FE models, which has not considered 
the influence of reinforcement and concrete cracking on stress response. According 
to the provisions of the specification (JTG/T D64-01–2015, 2015), if the concrete 
cracking is considered, the contribution of concrete should not be taken into 
account in calculation of the flexural bearing capacity, but the effect of longitudinal 
reinforcing bars should be considered. Thus, the actual composite section in hogging 
moment areas was transformed to another equivalent steel section, i.e., section 0′ 
in Figure 11. According to the linear-elastic design principle, the combined bearing 
capacity of section 0′ composed of the ultimate axial compressive force Ncu and 
hogging moment ′Mu corresponds to the critical yielding state of the reinforcing bars 
or the lower flange steel plate, as given by

	 f
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,	 (5)
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where ′A0 and ′I0 are the area and the moment of inertia of section 0′, respectively; 
ys and ′ys represent the vertical distance from the neutral axis of section 0′ to the 
centre of the reinforcing bars and the bottom surface of the section, respectively. 
Through preliminary analysis, it was found that the ultimate load bearing state is 
usually controlled by the yielding of the lower flange steel plate, as described in 
Equation (6). Based on the same combined load bearing capacity of Ncu and ′Mu 
between section 1 and section 0′, the equivalent tensile strength ftd_e of concrete can 
be expressed by
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where ηt is defined as the amplification factor of the design tensile strength of 
concrete, which depends upon the relative proportion between Ncu and ′Mu. In the 
case of concrete slab in tension, the reinforcing bars in concrete slab are in tension 
as well when the lower flange steel plate yields, i.e.,
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Based on Equations (6) and (8), the lower limit of ′Mu can be obtained. On the 
other hand, it can be seen from Equation (6) that ′Mu reaches the upper limit when 
Ncu is zero. Therefore, the ultimate hogging moment ′Mu meets the following relation:
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Accordingly, the range of the amplification factor ηt can be obtained by 
substituting Equation (9) into Equation (7), as given by
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For the strength evaluation of the steel components of the composite section, 
only the most unfavourable compressive stress under the combined action of axial 
compressive force and hogging moment was evaluated because that the main girder 
of a cable-stayed bridge bears enormous axial force and the steel material has the 
same tensile and compressive strength. The equivalent compressive strength ′f

d_e of 
steel material can be expressed as
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where Ncu and ′Mu respectively represent the combined ultimate axial compressive 
force and hogging moment for section 0′ corresponding to the critical yielding state 
of the lower flange steel plate (see Equation (6)), ys1 is the vertical distance between 
the neutral axis and the bottom edge of section 1, and ηs is the amplification factor 
of the design compressive strength of steel. When considering the adverse impact of 
concrete cracking on the stress response of steel girders, the feasible range of ηs can 
be obtained by substituting Equations (6) and (9) into Equation (11), as given by
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However, when the tensile stress of concrete does not exceed the design tensile 
strength, the contribution of the concrete material in load bearing capacity can be 
taken into account. In this case, the design compressive strength ′fd  of steel was 
directly used for simplicity to evaluate the stress response of steel girders obtained 
from the elastic FE model, without calculating ′f

d_e to consider the contribution of 
reinforcement in concrete slabs.

Based on the strength evaluation criteria stated in this study, the equivalent 
design strengths depend upon the design parameters of the composite deck 
section, including the geometric dimensions, reinforcement parameters and design 
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strength of materials. In this study, longitudinal reinforcing bars with a diameter 
of 22 mm and a reinforcement ratio of 2% were adopted for the NC slabs referring 
to the previous research on steel-NC composite deck (Su et al., 2018). For the UHPC 
slabs, longitudinal reinforcing bars with a diameter of 10 mm and a reinforcement 
ratio of 1.74% were selected based on the research of Liu et al. (2019). Based on the 
reinforcement parameters and the detailed design parameters shown in Tables 1 
and 2, the structural parameters involved in Equations (2)–(12) can be calculated, 
and then the equivalent design strengths including fcd_e, ftd_e and ′f

d_e can be 
obtained. Considering that the main geometric dimensions of the main girders for 
different span schemes using the same concrete material are relatively similar, the 
equivalent design strengths of the trial design scheme with a main span of 1000 m 
were used as representatives for simplicity.

According to Equation (4), the amplification factor ηc of the design compressive 
strength for the NC slab is between 1.04 and 1.05. Considering that the maximum 
compressive stress of concrete slabs occurs near the bridge tower and is dominated 
by the axial force, therefore ηc is taken as 1.04. Similarly, ηc for the UHPC slab is 1.03. 
Since the maximum tensile stress of concrete slabs appears in the mid-span section 
where the axial force is zero, thus ηt is calculated to be 13.22 for the NC slab and 4.24 
for the UHPC slab according to Equation (10).

The calculation of the equivalent design compressive strength ′f
d_e of steel 

mainly considers the adverse effects of concrete cracking. For design schemes with 
NC slabs, it can be seen from Figures 8 and 9 that the tensile stress of the concrete 
slab in cross-sections with unfavourable compressive stress of steel girders exceeds 
the design tensile strength of material, which means the occurrence of concrete 
cracking. Therefore, the design compressive strength of steel should be modified, 
and the range of the amplification factor ηs calculated based on Equation (12) is 
between 0.816 and 0.908, depending upon the proportion between Ncu and ′Mu. 
Since the maximum compressive stress of steel girders appears near the auxiliary 
piers where the proportion between the axial force and hogging moment is medium, 
thus a compromise value of 0.862 is approximately adopted for ηs. For design 
schemes with UHPC slabs, the tensile stress of concrete slab in cross-sections with 
unfavourable compressive stress of steel girders is lower than the design tensile 
strength of UHPC, therefore the contribution of the concrete material in load bearing 
capacity can be considered and the design compressive strength of steel is directly 
used for strength evaluation.

Based on the amplification factors analysed above, the equivalent design 
strength of concrete slabs and steel girders were obtained. Table  3 provides a 
comparison between the maximum stress responses of different span schemes and 
corresponding equivalent design strengths. It can be seen that the stress responses 
of the 800 m and 900 m main span schemes with C60 concrete slabs can meet 
the strength requirements. When the main span reaches 1000  m, the maximum 
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compressive stress of the C60 concrete slab increases significantly and greatly 
exceeds the equivalent material strength, limiting the further growth of the main-
span length. The use of UHPC with ultra-high material strength significantly reduces 
the thickness of concrete slabs, which makes the weight of the composite girder 
reduced by about 25%. In addition, although the maximum compressive stress of 
the concrete slab increases significantly when the thin UHPC slab is used, the safety 
margin remains large due to the high compressive strength of material, and the 
main static factor that limits the span growth turns to be the stress response of steel 
girders. When the main-span length reaches 1100  m, the maximum compressive 
stress of the steel girders slightly exceeds the design strength, basically meeting the 
design requirements.

Table 3. Comparison between the maximum stress response  
and corresponding equivalent design strength

Span, m
Concrete slab Steel girder

scc, MPa fcd_e, MPa sct, MPa ftd_e, MPa ssc, MPa ′fd_e, MPa

800 (C60) 25.8 27.6 14.3 25.9 250.4 263

900 (C60) 26.2 27.6 16.2 25.9 260.1 263

1000 (C60) 33.9 27.6 16.7 25.9 265.0 263

1000 (UHPC) 59.3 100.6 22.9 33.9 298.4 305

1100 (UHPC) 64.4 100.6 24.5 33.9 311.9 305

2.4.	 Stiffness analysis

The stiffness analysis of bridges mainly focuses on the ratio of the vertical 
deflection of main girder to main-span length under the action of vehicle loads 
(JTG/T 3365-01–2020, 2020). The deflection envelope of the main girder under the 
vehicle load for each trial design scheme is shown in Figure 12(a). It can be seen that 
although the maximum deflection at mid-span becomes larger as the main-span 
length increases, the deflection-to-span ratio for each trial design scheme is far less 
than the limit value of 1/400 specified in relevant specification (JTG/T 3365-01–
2020, 2020), indicating that the deflection response is not a dominant factor for the 
design of the long-span cable-stayed bridges involved in this study. In addition, the 
distribution of the lateral deflection of main girders under the action of transverse 
wind with a return period of 100 years was also analysed, as shown in Figure 12(b). 
Although there is no clear limit value for this lateral deflection in current Chinese 
specifications, it can be seen that the ratio of lateral deflection to span length is 
generally small for each trial design scheme.
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a) – Vertical deflection b) – Lateral deflection
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Figure 12. Deflection envelope of main girder

2.5.	 Static stability analysis

Static stability performance is an important concern for long-span cable-stayed 
bridges, and thus was analysed for the designed bridges. The analysis results 
indicate that the first instability mode of each trial design scheme occurs under the 
combined action of dead load, full-span live load and longitudinal operational wind 
load, and the instability mode is the in-plane buckling of the main girder. Table  4 
shows the first instability mode and corresponding stability safety coefficient (j) of 
each trial design scheme.

Table 4. First instability mode and stability safety coefficient

Span, m jj First instability mode Variation of jj with span

800 (C60) 7.011

800 900 1000 1100
4.5

5.0

5.5

6.0

6.5

7.0

7.5

Span, m

ϕ

900 (C60) 6.588

1000 (C60) 5.698

1000 (UHPC) 5.619

1100 (UHPC) 4.805
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It can be seen that the coefficient j of each trial design scheme is greater than 
4.0, meeting the requirements specified in the relevant specification (JTG/T 3365-
01–2020, 2020), and an approximately linear decrease of j with the increase of the 
main span-length can be observed.

3.	 Parametric analysis on structural static performance

To investigate the influence of main structural parameters on the static 
performance of the designed cable-stayed bridges, parametric analyses were 
conducted on the trial design schemes. Based on the parametric analysis results, the 
dominant structural parameters that affect different static effects were identified. 
Moreover, the feasible ranges of different structural parameters were obtained for 
each span scheme.

3.1.	 Parametric analysis conditions

The influence of the main structural parameters of main girders, including the 
height and width of main girder, thickness of the concrete slab and steel plate of 
composite deck, and thickness of the lower flange steel plate of steel girder, on key 
structural static performance was investigated. The structural static performance 
concerned in this study includes the maximum compressive stress of steel girders 
(ssc), the maximum tensile stress (sct) and compressive stress (scc) of concrete slabs, 
the mid-span vertical deflection (dv) under vehicle loads, the mid-span transverse 
deflection (dl) under extreme transverse static wind loads, and the static-stability 
safety coefficient (j).

The parametric analysis conditions are summarised in Table  5. The height of 
main girders is changed by adjusting the web height of steel girders, while the 
thickness of concrete slab and the other steel plates remains unchanged. The 
variation of the main girder width is realized by adjusting the centre distance of the 
double box-shaped steel girders. The thickness variation values of the concrete slab 
and steel plate of the composite deck, as well as the lower flange steel plate, are kept 
the same along the bridge span. Meanwhile, the height of the main girder remains 
unchanged by simultaneously adjusting the web height. The benchmark of each 
parameter in Table 5 is the initial structural parameters described in Section 2.2 for 
each trial design scheme. The parametric analysis on static performance adopts the 
univariate method, which changes the individual structural parameters in Table  5 
while keeping the remaining structural parameters unchanged. For each analysis 
case, the cable forces are re-optimised to achieve a reasonable finished state of 
bridge.
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Table 5. Summary of parametric analysis cases

Parameter Variation range Interval

Main girder height H, m dH −1.5–0.5 0.5

Main girder width B, m dB −4–4 2

Thickness of concrete slab tc, cm dtc −2–2 1

Thickness of steel deck plate ts, mm dts −4–4 2

Thickness of lower flange steel plate tf, mm dtf −10–10 5

3.2.	 Parametric analysis results

The static effects of different trial design schemes under different structural 
parameter conditions are shown in Figure  13. The thresholds for different static 
responses are also shown in this figure using dashed lines. Considering that the 
maximum vertical deflections (dv) of different span schemes under different 
parameter conditions are far less than the limit values stipulated in the specification 
(JTG/T 3365-01–2020, 2020), and the maximum transverse deflections (dl) are 
generally moderate and have not been explicitly limited in relevant specifications, 
thus the parametric analysis results for dv and dl are not given in Figure 13.

The results in Figure 13 indicate that the influence of structural parameters on 
relevant static performance is generally similar between different span schemes. 
The maximum compressive stress of steel girders is most affected by the main 
girder height H and the thickness of the lower flange steel plate tf, and this stress 
can be effectively reduced by raising H or tf. The maximum tensile and compressive 
stresses of concrete slabs are most sensitive to the main girder width B, especially 
when the span length becomes larger. The main reason is that the transverse 
bending moment caused by the cross-wind load increases nonlinearly with the 
increase of the main-span length, thus the proportion of the stress caused by the 
transverse bending moment in the total stress increases accordingly, and this 
stress is closely related to the value of B. The static-stability safety coefficient is 
mainly affected by the main girder height, and increases rapidly as H increases. 
Additionally, moderate changes in thickness of the concrete slab and steel deck plate 
of the composite deck have relatively small influence on the overall mechanical 
performance of the main girder, and they may have greater impacts on the local 
mechanical performance of the composite deck system.
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Figure 13. Static performances under different structural parameters
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According to the parametric analysis results and response thresholds shown 
in Figure  13, the feasible ranges for different structural parameters, which are 
within the parameter ranges concerned in this study, were further calculated by 
linear interpolation, as shown in Table 6. It is worth noting that the feasible ranges 
were obtained based on univariate method, therefore the combination of various 
structural parameters in these feasible ranges does not necessarily mean the static 
feasibility of the corresponding bridge scheme.

Table 6. Feasible ranges for main structural parameters

Parameter
Span, m H, m B, m ddtc, cm ts, mm ddtf, mm

800 (C60) >3.68 ≥35.5 ≥−2.0 ≥4.0 ≥−5.0

900 (C60) >3.91 >36.6 ≥−2.0 ≥7.0 ≥−1.0

1000 (C60) None None None None None

1000 (UHPC) >3.75 ≥35.5 ≥−2.0 ≥4.0 ≥−1.0

1100 (UHPC) None >40.8 None ≥12.0 ≥6.0

Notes: “None” indicates that there is no relevant parameter range that meets the static requi-
rements.

4.	 Variation of static performance with span length

Based on the static analysis results of different span schemes with different 
structural parameters, the variations of dominant static effects with main span 
length were obtained, as shown in Figure 14. The static effects in this figure are the 
optimised results based on parametric analysis. For the NC-slab schemes, the main 
static factor controlling the structural design is the compressive stress of concrete 
slabs (scc) (see Table  3). It can be seen from Figure  13 that the main structural 
parameters concerned in this study have little influence on scc. Therefore, the 
static performance of the initial NC-slab schemes was employed. For the UHPC-slab 
schemes, the determinative static factor is the compressive stress of steel girders 
(ssc) (see Table 3), while the main structural factors affecting ssc include the main 
girder height and the thickness of the lower flange steel plate. Considering that the 
main girder height of 4 m in the initial design schemes is relatively high, thus it was 
kept unchanged and only the thickness of the lower flange steel plate was increased 
to reduce ssc. The maximum thickness of the lower flange steel plate of the UHPC-
slab schemes with main-span lengths of 1000  m and 1100  m was increased to 
63 mm, which is the upper limit for the thickness of steel plates corresponding to the 
design strength of 305 MPa used in this study, as specified in the specification (JTG 
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D64–2015, 2015). Then the optimised static responses of the UHPC-slab schemes 
were obtained by linear extrapolation of relevant parametric analysis results.
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Figure 14. Variation of static response with main-span length

It can be seen from Figure  14 that the dominant stress response after 
optimisation increase and the static stability coefficient decreases as the span 
increases. The static performance of NC-slab schemes with main spans of 800  m 
and 900 m can meet the static requirements. When the main span reaches 1000 m, 
the maximum compressive stress of the concrete slab greatly exceeds the concrete 
strength, limiting the further growth of the main-span length. The optimised UHPC-
slab schemes with main spans of 1000 m and 1100 m can meet the static design 
requirements, with the unfavourable static effects being the compressive stress of 
steel girders and the static-stability safety coefficient, which have relatively small 
safety margins.

The linear interpolation or extrapolation of the main-span length with respect 
to the static responses shown in Figure  14 was further conducted to explore the 
room for further increasing the span of OCCBs with SCD under the overall layout 
parameter conditions (e.g., the side-to-main span ratio and tower height-to-span 
ratio) assumed in the present study and the optimal main girder parameter 
conditions obtained by the parametric analysis. The interpolation results show that 
when the main span of the NC and UHPC schemes reaches approximately 920 m and 
1170 m, respectively, the maximum compressive stress of the concrete slab and the 
steel girder reaches corresponding allowable strength value. A span growth rate 
of approximately 25% was observed using the UHPC slabs instead of the NC slabs, 
which is close to the reduction rate of the dead-weight of the composite girder. 
Additionally, according to the parametric analysis results, appropriate increase 
in main girder height can to some extent further expand the applicable span of the 
cable-stayed bridges concerned in this study.
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Conclusion

Trial design schemes of long-span OCCBs with SCD were proposed. The 
mechanical performance and static feasibility of the design schemes, the influence 
of different structural parameters on key static responses, and the variation of static 
effects with main span length were investigated, and the following conclusions were 
summarised.

(1) The main static responses of the NC-slab schemes with main spans of 800 m 
and 900 m and the UHPC-slab schemes with main spans of 1000 m and 1100 m can 
meet the requirements of static strength, stiffness and stability. The NC-slab scheme 
with a main span of 1000 m has a large dead weight, making the compressive stress 
of the concrete slab exceed the allowable strength value, and thus limiting the 
further growth of span length. The use of UHPC greatly improves the compressive 
strength of the concrete slab and effectively reduces the dead weight of the main 
girder by approximately 25%, which makes the proposed kilometre-level UHPC-slab 
schemes meet the requirements of static strength, and the most unfavourable static 
effect turns to be the maximum compressive stress of steel girders.

(2) Under the assumed overall layout parameter conditions, parametric analysis 
results for the key structural parameters of the main girder indicate that the 
compressive stress of steel girders of the composite girder can be most effectively 
reduced by raising the main girder height or thickness of the lower flange steel plate, 
while the tensile and compressive stresses of the concrete slab are most sensitive to 
the main girder width, especially when the span length becomes larger. The static-
stability safety coefficient is most affected by the main girder height. Moderate 
changes in thickness of the concrete slab and steel deck plate of the composite deck 
system generally have small influence on the overall static performance of the main 
girder. The parametric analysis results provide a series of static feasible solutions 
for composite girder cable-stayed bridges with main spans not exceeding 1100 m.

(3) The interpolation results based on the parametric analysis achievements 
show that under the overall layout parameter conditions (e.g., the side-to-main 
span ratio and tower height-to-span ratio) assumed in the present study, when the 
main span of the NC and UHPC schemes reaches approximately 920 m and 1170 m, 
respectively, certain dominant static effect reaches corresponding allowable value. 
Using UHPC for the composite deck section instead of NC improves the spanning 
capacity of cable-stayed bridges by approximately 25%, close to the reduction rate 
of the dead-weight of main girder. Appropriately increasing the main girder height, 
optimising the side-to-main span ratio and tower height-to-span ratio, etc., may 
probably further expand the applicable span of OCCBs with SCD, which is expected 
to be investigated in future research work.
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