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Abstract: Modern bridge construction towards a higher degree of low carbonization and assembly
has been the general trend, while developing and broadening the low-carbon and assembled-oriented
Accelerated Bridge Construction (ABC) technology can better realize the trade-offs between construc-
tion quality, efficiency, cost and sustainability. In the current mainstream ABC technologies such
as precast-assembled concrete bridge and assembled steel bridge schemes, it is difficult to achieve
an excellent balance between the above multicriterion trade-offs. To this end, this paper proposes a
novel low-carbon and assembled composite bridge scheme as an innovative case of ABC technology
based on a 26.7 km-length urban viaduct project in China with urgent environmental protection
and assembly demands. Construction sustainability, the comprehensive economy and low-carbon
performance are well balanced by the collaborative application of new steel–concrete composite
structures, the rapid assembly interface design and low-carbon material technologies. The proposed
scheme has been applied to a completed real-scale bridge, and the whole construction process only
experienced 105 days of effective time, accompanied with slight environmental interference and
construction noise and a small amount of labor and equipment input. In addition, the safety of the
bridge, the rationality of the design concept and the calculation method have been verified by the
static and dynamic loading tests of the real-scale bridge.

Keywords: accelerated bridge construction; low-carbon bridge; assembly construction; sustainability;
composite structure

1. Introduction

In recent years, under the background of the increasing traffic demand in China, a
new expressway for urban traffic and reconstruction and extension projects for existing
highways have gradually spread [1,2]. Urban standard-span bridges (20–40 m spans) are
numerous and commonly found in densely populated, traffic-concentrated, and environ-
mentally sensitive areas. The onsite bridge construction activities can have significant
impacts on the environment, mobility and safety [3,4]. Noise, dust, lane closures and
other adverse effects caused by the traditional bridge construction process will most likely
determine the feasibility of the bridge scheme [5]. With the continuous implementation
of the carbon peaking and carbon neutrality goals in China, the environmental protection
requirements of urban bridge schemes have been referred to an unprecedented decision-
making priority. Minimizing the impact of bridge construction activities on the existing
traffic, environment and surrounding residents has become a new requirement for bridge
engineering in the development of a harmonious society [6].

In order to solve the above environmental protection needs, accelerated bridge con-
struction (ABC) [7–9] has rapidly developed and become the mainstream technology of
urban bridge construction. The basic connotation of ABC is to adopt highly prefabricated
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and rapid assembly methods to minimize the adverse impact of bridge construction on
the existing environment and traffic, as well as speeding up construction and reducing
engineering risks and investment [10]. At present, ABC gradually develops in the direction
of low carbonization and assembly. The industrialization-oriented ABC characterized by
standardized design, industrial prefabrication and assembly construction is ushering in
unprecedented development opportunities [11,12] and it is the general trend for modern
bridge construction to move towards a higher level of assembly. The large-scale application
of low-carbon and assembled (LA) bridge technology [13,14] with multiple performance
attributes, such as an excellent structural quality, weak environmental impact, less traffic
interference, low construction cost and rapid on-site assembly, can open up a new situa-
tion for the integration and development of digital technology, intelligent manufacturing,
rapid assembly and intelligent equipment industry and promote the development of the
industrial chain of the process, equipment, management and maintenance [15–20].

To realize the LA goal, assembled bridge schemes such as the precast-assembled
concrete bridge (P-ACB) and assembled steel bridge (ASB) have been developed and
widely used. The P-ACB was originally proposed to solve a series of problems of on-site-
cast concrete bridges such as high carbon emissions, a high input of labor and equipment,
a long construction period and a strong environmental impact [21,22]. At present, the
research frontier of P-ACB focuses on the prefabrication and installation of substructures
such as capping beams and piers. The components are prefabricated in the factory with an
overall or segmented prefabrication scheme, and transported to the site through large-scale
transport equipment for modular assembly. The pre-embedded holes, steel bars or specific
connecting materials are designed at the assembly interfaces between capping beams and
piers to realize the connection. The structural form and performance improvement of the
connection are the key factors affecting the reliability of P-ACB. Zhen et al. [23] proposed
a novel connection adopting lap-spliced large-diameter bars and ultra-high-performance
concrete grout to accelerate the assemble progress of precast bridge piers. Shafieifar et al. [24]
envisioned a new connection detail, where the capping beam and the pier are spliced in the
pier and joined with a closure joint of ultra-high-performance concrete. Li et al. [25] proposed
precast segmental ultra-high-performance concrete piers with post-tensioned tendons to
realize the LA goal. Some scholars [26–28] also proposed to adopt a high-performance
grouted sleeve to realize the connection of segmented columns or capping beams.

The P-ACB technology can greatly accelerate the construction, especially for urban
bridges in scenarios of environmental protection requirements, small traffic impact require-
ments, limited on-site areas, difficult construction organization and complex construction
conditions. However, for the overall prefabrication scheme, the large size of the prefabri-
cated components will bring strict requirements on the trafficability of large-scale transport
lines and the capacity of hoisting equipment. For the segmented prefabrication scheme,
the large number of assembly interfaces will bring the problems of the high demand of
assembly accuracy, complex connection details and the low reliability of the connection
quality. Therefore, the application of the P-ACB is limited to developed coastal cities. For
instance, the maximum mass and height of the prefabricated concrete piers of Hangzhou
Bay Bridge [29] in the Zhejiang province, China, are 458 t and 17.38 m, respectively, while
the prefabricated piers of the Hong Kong–Zhuhai–Macao Bridge [30], China, need to be
transported and installed by large floating cranes at sea.

The ASB is a typical type of LA bridge, since almost no concrete material is used,
accompanied with fewer carbon emissions from the cement production and lightweight
steel components which facilitate on-site assembly [31,32]. Thus, the ASB embodies a
considerably higher degree of LA performance than P-ACB. The main structural forms of
ASB are a steel box, steel plate and steel truss girder, where a large number of stiffeners are
arranged to maintain stability, which leads to high steel consumption and large welding
work. To this end, many scholars performed a structural optimization design with the goal
of reducing steel consumption, carbon emissions and cost. D. Martínez-Muñoz et al. [33]
carried out an optimization of a box-girder steel bridge, with cost and emissions as objective



Buildings 2024, 14, 1855 3 of 27

functions, through applying the unsupervised learning technique of the k-means and the
continuous swarm intelligence metaheuristics. Fé van Lookeren Campagne [34] generated
a steel truss bridge using only reclaimed steel, by optimizing the material usage in relation
to the function and avoiding cut-off waste, which achieves a 63% reduction in carbon
emission compared to a traditionally designed new steel truss bridges. Zekeriya Aydın
et al. [35] performed a size, layout and tendon profile optimization of a prestressed steel-
trusses bridge using the Jaya algorithm to minimize carbon emissions and cost under
the constraint conditions of ensuring the stability of the steel structure. Nevertheless,
to realize the large-scale popularization and application of the ASB, some key technical
problems must be overcome, such as the high investment consumption of construction and
life-cycle maintenance, redundant multi-links of processing, manufacturing, coating and
transportation, high industrialization requirements of assembly, welding and bolting and
difficult quality control [36].

To this end, a composite bridge combines the double advantages of steel and concrete
materials, and eliminates the problems of the high cost and poor stability performance of ASB
and the problems of the heavy self-weight and high material consumption of P-ACB [37–39].
Therefore, based on the sustainable needs of a specified engineering project, this paper
proposes a novel LA composite bridge scheme with less material consumption, lower carbon
emissions, lighter components, reliable structural safety and an acceptable engineering cost.
The advanced design concept, new structure and material application of the LA composite
bridge structural system are elaborated in detail, and the comprehensive sustainable effects
on economic and social indicators are provided through an engineering application.

2. Engineering Project Overview
2.1. Project Information

As shown in Figure 1, the Chengle Highway Expansion Project (CHEP), a highway
to connect Chengdu and Leshan in the Sichuan province, China, is the first case of a
large-scale highway reconstruction and expansion project from four lanes to eight lanes
and its completion will greatly promote the urban development of Chengdu, Deyang,
Meishan and Ziyang in the Sichuan Province, China. This paper studies the CHEP viaducts
within Chengdu, located between the Third-ring Road and the Second-ring Highway. The
total length of the viaducts is about 26.7 km, which is composed of five main-line bridges
and four interchange bridges, involving 16.7 km main-line bridges and 10 km ramp-line
bridges. The total investment of the project is about 4.37 billion RMB (£0.49 billion), which
is expected to be completed and opened to traffic in 2025.

The initial design criteria included the following:

■ Traffic speed: 120 km/h.
■ Traffic load: Chinese highway-I load.
■ Road layout: dual eight-lane highway with a standard width of 42 m.
■ Service life: 100 years.
■ Earthquake: seismic intensity VII, peak ground acceleration 0.10 g.
■ Standard span of main girder: mostly 30 m (accounting for 75%).

2.2. Environmental Protection and Assembly Demands

Considering the environmental sensitivity and high traffic density of the project area,
specific measures for environmental protection and efficient assembly are crucial. As shown
in Figure 1, the viaducts project within the Chengdu urban area is located in the urban built-
up area and planning area, passing through the Wuhou District, the Shuangliu District
and the Xinjin District of Chengdu, with a dense population, concentrated traffic and
sensitive environment. The whole design range involves 34 environmental sensitive points,
which need to cross multiple underlying roads, operating railways and municipal pipe
networks. The houses and factories on both sides of the route line are dense, accompanied
by complex construction boundary conditions. The bridge design scheme needs to be
forced to adopt a low-carbon structural system and ABC technology with performances of
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low carbon emissions and rapid assembly so as to reduce the impacts on existing traffic,
the surrounding environment and residents.
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3. ABC-Oriented LA Composite Bridge Scheme
3.1. Overall Scheme Comparison

For the construction requirements of CHEP, overall, feasible bridge schemes include
concrete bridges, P-ACB and ASB. As shown in Figure 2, for concrete bridges with a span
of 20 m~60 m, the superstructure generally adopts a prefabricated box girder or T-shape
girder and the superstructure adopts cast-in-place capping beams and piers. This scheme
owns good structural integrity and a mature construction procedure, but there are the
following problems in using this kind of scheme in CHEP: (1) The concrete consumption
is 1.41 million m3; the large consumption of cement and gravel leads to high carbon
emissions. The construction period is long due to the low efficiency, accompanied by
serious construction noise and dust pollution. (2) A multi-pile foundation has to be used in
this scheme to withstand the heavy structural weight from the concrete girders, capping
beams and piers and a total of 5388 pile foundations and 1596 pile caps are used, which
means more construction links and a longer time consumption. In addition, 3 × 106 m3 of
waste soil stacking has a great impact on the environment. (3) To ensure the traffic of the
bottom road under the bridge, partial capping beams have to adopt the integral structure
with a span of 42 m, a maximum weight of 700 t and a concrete consumption of nearly
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300 m3. Building the superstructure using the temporary support method needs much
equipment and labor and inevitably causes serious safety risk, environmental impacts
and traffic disruption. (4) There are too many assembly interfaces between prefabricated
girders, including 60 transverse connections and 70 wet joints, which will lead to a large
amount of on-site work and an insufficient assembly degree.
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Figure 2. Concrete bridge scheme.

As shown in Figure 3, for the P-ACB scheme, the superstructure generally adopts a
prefabricated box girder or T-shape girder and the superstructure adopts precast-assembled
concrete capping beams and piers. The components are prefabricated and staged in the
factory and transported to the site using large-scale transport equipment for modular
assembly. The pre-embedded holes, steel bars or specific connecting devices are designed
at the assembly interfaces between the capping beams and piers to realize the connection.
This technology can greatly promote ABC, but there are still the following problems for
this project: (1) The standard size of the prefabricated capping beam is 42.3 m and the
overall weight is 700 t. The lifting weight is more than 200 t even if it is divided into three
segments for assembly and the requirements for the trafficability of large-scale transport
routes and the hoisting capacity of the equipment are extremely high. (2) The large number
of assembly interfaces will bring the problems of the high demand of assembly accuracy,
complex connection details and the low reliability of the connection quality. (3) The
small number of superstructures and the low degree of standardization will lead to low
production efficiency even if using the smart precast field. Moreover, the structure is
complex and the construction process is numerous, which means a high construction cost
for LA goals.
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Figure 3. P-ACB scheme.

As shown in Figure 4, the ASB scheme generally adopts steel box girder or steel plate
girder as the bridge superstructure. The production of the steel girder has to go through
multiple complex processes, such as plate unit manufacturing, welding, test pre-assembly
and coating, and the production cycle is long, with a high demand for advanced labors
and equipment. The steel material consumption of the steel girder is usually greater than
300 kg/m2 and the cost only for processing and manufacturing exceeds 30% of the material
cost. Therefore, the cost of the steel bridge is usually unacceptable to the government or
investors compared with the concrete scheme and is limited to the application cross-line
and cross-obstacles scenes. Furthermore, there is a wide variety of components involving
steel boxes, steel plates, stiffened ribs and other components with different sizes and
weights, which are of low standardization, and it is difficult to control the accuracy of
on-site assembly.
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To sum up, the above bridge schemes cannot meet the high requirements of the
low-carbon, intelligent and assembled construction for the CHEP. Accordingly, this paper
proposes a novel LA composite bridge scheme for ABC, which minimizes the amount of
on-site work and reduces the impacts of construction activities on the environment through
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standardized designs, industrialized prefabrication, assembly construction and the sustain-
ability concept. As shown in Figure 5, the LA composite bridge’s structural system consists
of dense-girder–H-shaped (DGH) composite girders, a prestress-assisted concrete-filled
steel box (PCSB) capping beam, a concrete-filled steel tube (CFST) pier and a single-pile re-
inforced concrete (SPRC) pile foundation. The detailed description of the structural system
and the application of low-carbon materials are shown in Sections 3.2 and 3.3, respectively.
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3.2. A Novel LA Composite Bridge Structural System
3.2.1. Dense-Girder–H-Shape Composite Girder

At present, the commonly applied forms of steel plate composite girders in the world
are multi-girder and few-girder systems, according to the number of girders. The few-
girder system greatly reduces the consumption of steel for a better economy, but requires
dense transverse connecting members between girders to maintain structural integrity
and stability, and even the need to stretch transverse prestress in the bridge deck brings
complex and cumbersome processes. In addition, its safety redundancy under extreme
loads is not excessive, and the dynamic performance needs to be focused on. Oppositely,
the transverse load distribution coefficient of the multi-girder system is small, showing
better stress uniformity for each girder, while the safety redundancy and disaster resilience
under the scenario of local component failure can be guaranteed. In addition, its small
girder height and light lifting weight make it more suitable for ABC. However, the prob-
lem of excessive steel consumption needs to be overcome under today’s low-carbon and
sustainable development concept.

Based on the multi-girder design concept, this paper proposes the DGH composite
girder that adapts to the transverse force transmission of vehicle loads, so that any wheel
load is borne by at least two girders. Meanwhile, a large number of transverse connection
members and stiffened steel plates are innovatively eliminated through structural optimiza-
tion, which greatly overcomes the problem of the high consumption of steel structures in
a multi-girder system. As shown in Figure 6, the DGH composite girder is composed of
multiple H-shaped steel girders and a corrugated steel–concrete composite bridge deck,
with a girder height of 1.0 m and a deck thickness of 0.3 m. The applicable span of the
DGH composite girder is 20–35 m. Specifically, there is no stiffened steel plate arranged
on the girders, as well as no intermediate transverse connecting members within the span.
Only the corrugated steel–concrete composite end beams filled with concrete are set at both
ends, which greatly eliminates the stiffener structure and the number of welds. Only the
concrete-filled corrugated steel composite girder-end crossbeams are designed at both ends,
which significantly simplifies the stiffener structure and the number of welds and greatly
reduces the steel consumption.
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The elimination of transverse connecting members and stiffeners may imply a need to
focus on the integrity, stability and lateral force transmission performance of the structure.
The above concerns are ensured by the following multiple design strategies: (1) a girder
spacing of less than 1.8 m (wheel spacing of standard vehicles in China) ensures a uniform
structural response from an individual girder even under the worst-case scenario and the
dense-girder system adaptively increases the lateral stiffness of the superstructure owing
to the sectional contribution of multiple girders. (2) The optimal thickness parameter of
0.3 m for the composite bridge deck greatly improves the integrity and stiffness of the deck,
with the assistance of the corrugated steel base plate which owns large axial stiffness and
out-of-plane stiffness relative to flat steel plates. (3) The optimum width design value of
0.68 m for the top plate and bottom plate of the H-shape steel girder makes it have a greater
torsional stiffness than the traditional I-shape steel girder to resist the local instability risk.
(4) The girder-end crossbeams are designed using the combination of a corrugated steel
shell and concrete, and a larger thickness of 0.46 m (usually about 0.3 m for a concrete box
girder or a T-shape girder) improves the stiffness of the girder-end crossbeams to provide
strong boundary constraints for the DGH girder, so as to magnify the integrity and stability
of the bridge superstructure.

In addition, the dense-girder arrangement increases the transverse force-transmission
paths of the structural system and improves the redundancy and robustness of the system
when dealing with extreme loads or disaster situations [40]. When local members fail, the
stress of the structure be can easily redistributed due to the strong composite bridge deck
and girder-end crossbeams and the further spread of damage can be significantly limited
by using alternate transmission paths to distribute the loads to other H-shaped girders. The
local stability, load lateral distribution and other structural responses of the DGH composite
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girder have been verified by loading tests. As shown in Figure 7, two testing conditions
of two girders and four girders are respectively designed to explore the transverse force-
transmission performance of the DGH girder without transverse connecting members.
Firstly, the loading test of four girders under Condition 1 (loads are transferred laterally
through the composite bridge deck) is carried out, after which the structure is cut in half for
the loading test of four girders under Condition 2 (no transverse force-transmission path).
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Figure 8 shows the loading-displacement curve of Condition 1 and the ultimate bearing
capacity of the structure is 9360 kN. After unloading, the loading test is repeated four times
and the bearing capacity remains at the same level, which verifies the structural safety.
Figure 9 shows the loading-displacement curve of Condition 2 and the ultimate bearing
capacity of the structure is 7050 kN. By comparing the testing results of four girders and
two girders, 2310 kN of the loads is transversely transferred through the composite bridge
deck, although no transverse connecting members exists. It proves that the transverse
force-transmission performance of the composite bridge deck is reliable and the basis for
canceling the transverse connecting members between girders is sufficient.
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In addition, from Figure 9, the loading-displacement curve of Condition 2 can be
divided into six phases: phase 1 (the elastic working stage), phase 2 (the cracking stage of
the bridge deck), phase 3 (the bridge deck is crushed), phase 4 (the buckling of the web
plate of the H-shaped girder), phase 5 (the deformation development of the web plate) and
phase 6 (the large deformation of the web plate). It can be seen that the first-order failure
of the structure is the crushing failure of the bridge deck and the second-order failure is
when the local buckling of the web plate occurs. In other words, the failure of the web plate
buckling occurs during a long loading process after the elastic working stage, which proves
that the web plate without stiffeners has no safety problems in the objective service stage.

3.2.2. Prestress-Assisted Concrete-Filled Steel Box Capping Beam

The standard width of the capping beam of the CHEP is 42.3 m, which involves
technological challenges in the structural design of the extra-large span capping beam. The
construction of the extra-large-span capping beam usually adopts the P-ACB scheme (as
shown in Figure 10) and its technological limitations are described in detail in Section 3.1.
To this end, this paper proposes the PCSB capping beam as one of the solution schemes
for the technological challenges in the extra-large-span capping beam design, which is
a composite structure formed by stretching prestress on the steel box and then pouring
self-compacting concrete (SCC) into the box. The combination of a steel box and concrete
fully integrates the advantages of the two materials, that is, the strength of the concrete
is significantly improved owing to the constraints from the steel box and the steel box is
laterally supported by the concrete, which reduces the instability risk of the steel structure.
Meanwhile, the application of prestressed wires reduces the tensile stress level of the steel
box and concrete under the objective service stage and improves the service performance
during the whole life-cycle. Compared with the concrete capping beam, the toughness is
improved while the weight is reduced. Compared with the steel capping beam, less steel
consumption and greater stiffness and stability make it more suitable for the application
scenarios of extra-large-span capping beams.

As shown in Figure 11, for the CHEP, the standard width of the capping beam is
42.3 m, which meets the traffic demand of eight lanes in two lines. The spacing between
the two piers is 25.8 m and the middle-span section height of the capping beam is 2.6 m.
A total of 36 prestressed wires with a horizontal straight line arrangement are installed
on the capping beam and the amount of steel structure is 70 t and the amount of concrete
is 35.6 m3. The typical construction sequence of the PCSB capping beam is as follows:
(1) stretching the prestressed bundles and anchoring them at both ends of the steel box;
(2) hoisting the capping beam with the anchored prestressed bundles and welding the
bottom plate of the capping beam to the top surface of the pier steel pipe; (3) the SCC is
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poured into the steel box from one end of the capping beam; and (4) after the concrete
strength meets the design requirements, the prestressed bundles are loosened to transfer
the prestress to the steel box and concrete, so as to form a composite structure.
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Figure 11. Structural detail of the PCSB capping beam.

The PCSB capping beam is very suitable for the construction scenarios with the ABC
requirements and environmentally friendly requirements. The steel box lifting weight of
the PCSB capping beam is only 70 t, which shows excellent lightweight characteristics
compared with the concrete capping beam, which can accelerate the construction and
promote the level of industrial construction, relying on the steel box as the template for
concrete pouring with no brackets and template engineering, which can minimize the
impacts of the construction process on traffic and the environment. The use of SCC without
vibration operation can greatly reduce the impact of construction noise on the environment.

3.2.3. Pier and Pile Structure

As shown in Figure 10, the superstructure of the LA composite bridge structural system
adopts CFST piers, and each pier is connected to a SPRC pile foundation through a pier–pile
transition connector. As the total weight of the DGH composite girders, PCSB capping
beam and CFST piers of the novel bridge scheme is reduced by about 40% compared
with that of the traditional concrete bridge scheme, only a single pile can meet the safety
demand without the need to design a pile-group foundation, which thus eliminates the
huge pile cap structure, greatly saves the amount of concrete, speeds up the construction
and also significantly reduces the noise and mud pollution associated with multi-pile
drilling operations.
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Meanwhile, for the CFST pier, the compressive strength of the concrete is increased
by 1.8~2.5 times due to the hoop confinement effect of the steel tube on concrete and the
stability of the steel tube is also improved by the support effect of the concrete in the tube.
The mutual achievement of the steel and concrete materials makes the CFST pier have
better ductility and crashworthiness. During the construction, for the piers with a length of
12 to 20 m, the lifting weight of a single steel pipe is only 10.3 to 17.2 t so that the ordinary
lifting equipment can achieve rapid construction. In addition, the steel tube can be used
as a support template for concrete pouring without the need to set up any temporary
scaffolding, which avoids the interference to the traffic under the bridge.

As shown in Figure 12, a variety of anchorage structures are used to realize the
structural safety of the pier–pile transition connector so that the force flow transmission
between the two structures of the CFST and reinforced concrete is smooth. The shear
holes are set at the bottom of the CFST pier and the PBLs are welded on the inner wall
of the steel tube so that the concrete and steel tube in the pier–pile transition area can
work together with a good bonding performance and the opening holes on the PBLs can
transform the shear force of the steel tube into the concrete. The outer-layer protective
sleeve provides an additional hoop confinement effect and increases the cross-sectional
area in the pier–pile transition area, thereby improving the bearing capacity and bending
performance under the earthquake action. The annular stirrups and vertical reinforcements
in the pile foundation extend upward to the CFST pier area and weld with the steel tube,
which enhances the anchorage reliability and force transmission uniformity between the
two structures. The above measures make the pier–pile transition connector very strong
and improve the seismic performance, which can eliminate the tied beam between piles
and obtain the beneficial effects of saving materials, simplifying the process and speeding
up the construction period.
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3.3. Large-Scale Application of Low-Carbon Materials and Technologies
3.3.1. Self-Compacting Concrete

SCC is widely used in all the composite structures of the LA composite bridge scheme
and the concrete can be quickly poured and compacted by its own gravity (as shown in
Table 1 and Figure 13), so the labor intensity of workers can be greatly reduced owing to the
elimination of the use of vibrators and the noise pollution to the surrounding environment
can be minimized. The multi-objective mixture design of self-compacting concrete is
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proposed to minimize the amount of slurry material, while satisfying the strength and
working performances. Compared with the same-grade concrete, the amount of cement
can be reduced by about 25 kg/m3, which can reduce carbon emissions by about 12,500 t
for the CHEP.

Table 1. Working performance of SCC.

Item Slump Index
(mm)

Flow Index
(mm) Slump-Flow Time (s) V-Funnel Emptying Time

(s)

C40 SCC in PCSB
capping beam 265 650 10 15

C30 SCC in CFST pier 270 650 10 16

Remarks: The evaluation indexes of SCC in the table above are derived from China code [41], where the Slump
and the Flow index shows the filling ability, while the Slump-flow time and the V-funnel emptying time indicate
the passing ability and flow velocity.
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3.3.2. Uncoated Weathering Steel

All steel components in contact with atmospheric environment in CHEP are made of
uncoated weathering steel (UWS) and the amount of UWS is 327,000 t. Table 2 shows the list
of UWS bridges built in recent years and the CHEP is the first large-scale application of UWS
in China; it is also the largest case of UWS consumption in a single project around the world.

The LA composite bridge scheme using UWS integrates the following advantages:
(1) The coating process in the factory is eliminated, so the cost is reduced, the construc-
tion speed is accelerated and the labor intensity is reduced. (2) No secondary coating is
required, so the maintenance frequency as well as the cost in the life-cycle is observably
reduced. (3) The corrosion resistance of the bridge components is improved owing to
the atmospheric corrosion resistance of the UWS, which greatly improves the life-cycle
durability of the structure.

It should be noted that the use of UWS in wet areas and particularly in contact with
rain water may cause the removal of the protective rust layer and then the corrosion
can progress over time, reducing the resistance and durability of steel sections [42]. The
corrosion resistance performance of UWS is greatly related to the composition of alloying
elements and their compounds and the protective effect of the rust layer is closely related to
environmental conditions (temperature, humidity, sunlight, salt content, etc.) [43]. Therefore,
the designer should choose the alloying element composition of the UWS according to the
bridge operating environment (defined by the atmospheric corrosion resistance index I, a
larger I means a better weather resistance). For the CHEP, considering the climate environment
of Chengdu, China, the value of I is 6.0. In addition, the formation of the protective rust layer
on the surface of UWS generally takes about three years, thus yellow rust liquid appears
on the surface of UWS in the early stage of use. It is difficult to form a stable rust layer on
the surface of UWS under the climate condition with a high salt content [44], which reduces
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the performance advantage of UWS. Therefore, in the LA composite bridge scheme, the side
H-shape girder, the PCSB capping beam and the CFST pier are required to perform the rapid
stabilization treatment of the rust layer on the surface of UWS.

Table 2. UWS bridges built in recent years.

Project Year Country Bridge Length (m) Bridge Type Amount of UWS (t)

The CHEP (under construction) 2023 China 26,700 Beam bridge 327,000
Linyi Huanghe River Bridge 2021 China 5427 Beam bridge 56,000

Fuzhou Hongtang Bridge 2021 China 1055 Cable-stayed bridge 24,000
Shaxi Bridge of

Putian–Yanling Expressway 2021 China 1408 Rigid frame bridge 22,000

Zangmu Brahmaputra River bridge 2021 China 525.1 Arch bridge 12,800

China–Russia Amur River Bridge 2022 China
Russia 1274 Cable-stayed bridge 6600

Guanting Reservoir Grand Bridge 2016 China 1140 Truss-beam bridge 7200
Dalian Puwan New District

Cross-sea Bridge 2015 China 2882 Beam bridge 20,334

Tanana River Railway Bridge 2012 America 1006 Beam bridge 15,000
New Pattullo Bridge
(under construction) 2023 Canada / Cable-stayed bridge 12,725

China–Maldives Friendship Bridge 2018 Maldives 760 Beam bridge /
Suez Canal El Ferdan

Railway Bridge 2021 Egypt 640 Truss-beam bridge 14,000

In addition, designers are advised to consider a corrosion allowance of 0.5~1.5 mm
in the thickness design of the steel plate to reduce the impact of the lost rust layer on the
durability of steel sections. More importantly, from the disease analysis of UWS bridges in the
United States, a good drainage detail and ventilation structure design are necessary. As shown
in Figure 14, an inclined water baffle is arranged on the top flange of the side H-shape girder
to avoid the hydrops on the surface of the UWS that affects its weatherability. Meanwhile,
the water baffle is also the construction template of the concrete of the bridge deck, as well as
the fact that it improves the stability of the top flange of the side H-shape girder. In addition,
two beam-end water baffles are arranged on both ends of the PCSB copping beam to prevent
rainwater from entering the inclined bottom plate of the PCSB copping beam.
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3.3.3. Tunable-Stiffness Bearings Technology

Equal-stiffness bearings are generally adopted in a multi-span girder bridge, where
the horizontal stiffness of each bearing between two expansion joints is the same regardless
of the pier height, resulting in significant differences in the mechanical response of the piers
with different heights, uneven stress and damage to the bearings. In addition, the length of
a single multi-span girder bridge between two expansion joints is less than 150 m and too
many expansion joints are designed, resulting in poor driving comfort and a high level of
driving noise.

To this end, the tunable-stiffness bearings technology, which has been formed to a
local standard [45] in the Sichuan Province, China, is proposed to achieve a long-connected
and few-joint structural system through the following strategies:

(1) A coordinated matching strategy between the horizontal stiffness of the bearing
and the piers is proposed to enhance the total stiffness of the main girder within a long-
connected bridge, as well as reduce the horizontal displacement of the main girder under
the actions of temperature, braking force and earthquake. As shown in Figure 15, the
calculation principle for the aggregative horizontal stiffness of a multi-span girder bridge
is as follows:
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Step 1: the horizontal stiffness of all bearings on the same pier Kbi is superimposed

Kbi = Ki1 + Ki2 (1)

where Ki1 and Ki2 are the horizontal stiffness of the bearings on both sides of the i-th
pier, respectively.
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Step 2: The horizontal stiffness of the bearings and the i-th pier are integrated into the
aggregative horizontal stiffness of the i-th pier Ki

A

Ki
A =

KbiKi
(Kbi + Ki)

(2)

where Ki is the horizontal stiffness of the i-th pier, which is related to parameters such as
the pier height and section size. Then, the total horizontal stiffness of a length-connected
bridge composed of n piers is

Ktotal =
n

∑
i=1

Ki
A = f (Kbi, n, Ki) (3)

Equation (3) relates the total horizontal stiffness of the main girder Ktotal to the
horizontal stiffness of the bearings Kbi, the horizontal stiffness of the bridge piers Ki and
the number of piers n . By adjusting Kbi and n, the group piers can participate in the stiffness
contribution to improve the Ktotal . Moreover, the adjustable horizontal stiffness of the
bearings can change the boundary conditions of the piers, thereby regulating the internal
forces of each pier and making the mechanical response of all piers uniform regardless of
their height.

(2) The calculation method for the optimal length of the main girder between two
expansion joints is proposed, where the horizontal stiffness of bearings Kbi and the number
of piers n are adopted as the optimization design variables D to carry out multi-objective
trade-offs between the stress optimality, driving comfort and life-cycle sustainability. The
optimization model is established as follows:

f ind D = [Kbi, n]T

obj. f1(D) = max{n}
f2(D) = max{Ktotal}

f3(D) = min
{

n
∑

i=1
(Mi − M)

2
}

s.t. g(D) = f ≥ 0.2 Hz

(4)

where Mi is the bottom bending moment of the i-th pier and M is the average bottom
bending moment of all piers. The above model ensures structural stiffness and dynamic
performance by satisfying the constraint condition that the natural frequency of vibration
is greater than 0.2 Hz. f 1 is designed to maximize the number of piers to extend the
length of the main girder, so as to minimize the number of expansion joints, improve
driving comfort and reduce noise pollution during the operation stage. f 2 is designed
for maximizing the total longitudinal stiffness of the main girder in pursuit of better
stiffness and a dynamic performance for better driving comfort. f 3 is designed to achieve a
uniform stress distribution on bearings and piers in order to enhance the durability and
sustainability during the entire bridge life-cycle.

Specifically, for the CHEP, based on the proposed tunable-stiffness bearings technology,
the length of the main girder between the two expansion joints is increased to 300 m and
the number of expansion joints reduces to 50% of traditional bridges, which can greatly
reduce the vehicle operation noise of bridges in urban areas.

4. Sustainability Assessment on the LA Composite Bridge Scheme
4.1. Construction Sustainability Performance

Considering the various influencing factors on construction sustainability, this paper
uses an index system by considering the following six aspects: carbon emissions, envi-
ronmental impacts, traffic disruption, construction time, construction cost and assembly
degree. The construction sustainability performances of the concrete bridge scheme, P-ACB
scheme, ASB scheme and LA composite bridge scheme are compared in Table 3. The carbon
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emissions are calculated according to the carbon emissions of various materials in the
production process. The construction time is determined according to the construction
schedule of various bridge schemes. The construction cost is calculated according to the
project budget of various bridge schemes. The assembly degree is measured according to
the proportion of materials processed in the factory and assembled on site.

Table 3. Primary construction sustainability performances’ comparison between several bridge schemes.

Performance
Schemes

P-ACB Scheme ASB SchemeConcrete Bridge Scheme LA Composite
Bridge Scheme

Carbon emission
High: 11.6 × 105 t

Huge material
consumption

High: 11.4 × 105 t
Huge material
consumption

Low: 10.8 × 105 t
Small amounts of

concrete

Low: 10.0 × 105 t
Small amounts of material

160,000 t

Environment impact

Serious:
Noise, dust, temporary

supports, multi-pile
foundation

Middle:
Damage by
multi-pile

construction

Middle:
Damage by
multi-pile

construction

Almost none

Traffic disruption

Serious:
Traffic under the bridge is

blocked by
temporary supports

Almost none Almost none Almost none

Construction time

Long: 36 months
Loss of time consumption

of pouring concrete,
erecting and

removing supports

Short: 24 months
Component
erection and
connection

Middle: 30 months
The production cycle

of steel girder is
time-consuming

Short: 20 months
Fast component erection

and connection

Construction cost Low:
4.08 billion RMB

Middle:
4.16 billion

Additional costs
from large-scale

transporta-
tion equipment

High:
8.63 billion RMB

Extensive use of steel
materials; expensive
manufacturing costs

Middle:
4.37 billion RMB
Small amounts of

steel material

Assembly degree Low: 15%
Lots of on-site cast work

High: 70%
Lots of

precast-assembled
structures

Middle: 60%
Many kinds of

components and low
degree of

standardization

High: 80%
Lightweight components,

simple structural form,
few welds

Then, the hierarchical evaluation method based on a rose chart is employed to compare
sustainability associated with different bridge schemes. As shown in Figure 16, each
performance is scored with 1–4 points according to the merit ranking of the various bridge
schemes and the area Si enclosed by connecting lines is taken as the analysis index of the
sustainability associated with the bridge schemes. Considering the LA goal, this paper
designs the performance enhancement factor α1 and α2 to increase the focus on low-carbon
emissions and the assembly degree. The final sustainability index S′

i of each scheme is:

S′
i = α1α2Si (5)

where α1 and α2 refer to the performance enhancement factors considering low-carbon
emissions and the assembly degree, respectively. When the carbon emission performance
of each scheme is scored 4 points, α1 = 1.1, then the score is 3 points, α1 = 1.05, otherwise
α1 = 1.0. Similarly, when the assembly degree performance of each scheme is scored
4 points, α2 = 1.1, then the score is 3 points, α2 = 1.05, otherwise α2 = 1.0.

As seen in Figure 16, the traditional concrete bridge scheme receives the lowest grade
(S′ = 5.20), and it results in not only a serious environment impact and traffic disruption,
but also a high onsite construction cost, time and risk. Even if the P-ACB and ASB schemes
overcome the problems of the concrete bridge scheme and promote the ABC to a certain
extent, there are still many ABC performances that need to be further improved for the
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LA goals. The LA composite bridge scheme receives the highest grade (S′ = 41.92) since
it achieves an excellent balance between the various performance indicators such as low
carbon and assembly.
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4.2. Comprehensive Economic Performance
4.2.1. Material and Construction Costs

The comparison of the material consumption and construction cost between the con-
crete bridge scheme and the LA composite bridge scheme is shown in Table 4. Compared
with the concrete bridge scheme, although the amount of steel (including uncoated weath-
ering steel, rebar and prestressed wires) increased by 11.79 × 104 t with an increase of about
38.2%, the amount of concrete reduced by about 8.02 × 105 m3 with a great reduction of
56.8% thanks to the lightweight design concept of the LA composite bridge scheme. For
the construction cost composed of direct and indirect expenses caused by the installation
and disassembly of the support template, equipment investment, hoisting construction
and labor input, the LA composite bridge scheme can reduce 123.5 million RMB with a
great reduction of 52.4% compared to the concrete bridge scheme, owing to the excellent
comprehensive sustainable performance of the LA composite bridge scheme.

Table 4. Material and construction cost comparison.

Item Material Concrete Bridge
Scheme

LA Composite
Bridge Scheme

Material consumption

Steel (t) 59,036 327,281

Rebar (t) 221,450 97,433

Prestressed wires (t) 27512 1272

Concrete (m3) 1,410,802 608,880

Construction cost 235.7 million RMB 112.2 million RMB

Project investment cost 4.08 billion RMB 4.37 billion RMB

Although the amount of steel for the LA composite bridge scheme is increased, the
comprehensive unit price is lower than that of the traditional steel bridge because of the
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simple structure, convenient processing and manufacturing and less welding of the LA
composite bridge scheme. Finally, the project investment cost of the composite bridge
scheme is 4.37 billion RMB, which is only 7.1% more than that of the concrete bridge scheme.

4.2.2. Life-Cycle Cost

When the project investment cost is further extended to the life-cycle range of the
bridge, the life-cycle cost of the two schemes is almost equivalent. Firstly, the tunable-
stiffness bearings are adopted in the CHEP, which have the same life as the bridge and
do not need to be replaced every 15~20 years like the traditional bearings. Therefore, the
tunable-stiffness bearings technology can save a rear bearing replacement cost of about
86.4 million RMB within the 100-year life-cycle of the bridge (as shown in Table 5). Secondly,
the uncoated weathering steel is so adopted for all the components of the Chengle project,
which does not need to be re-coated every 15~20 years like the traditional steel bridge, so
the coating cost can be saved, which is about 66.2 million RMB during the life-cycle of the
bridge (as shown in Table 6). Furthermore, at the end of the bridge’s life, the steel material
of the LA composite bridge scheme can be reused again and has an additional residual
value compared to the concrete bridge scheme. Hence, the LA composite bridge scheme
replacing the concrete bridge scheme has good economy and has the potential of large-scale
popularization and application.

Table 5. The cost of replacing bearings during the life-cycle of the bridge.

Bridge Scheme Number of Bearings Replacement Times
during Life-Cycle

Cost
(RMB)

Concrete bridge scheme 1.80 × 104 6 86.4 million

LA composite bridge scheme 3.25 × 104 0 0

Table 6. The cost of re-coating during the life-cycle of the bridge.

Bridge Scheme Coating Area (m2)
Re-Coating Times
during Life-Cycle

Cost
(RMB)

Concrete bridge scheme 57.56 × 104 6 66.2 million

LA composite bridge scheme 0 0 0

4.3. Social Benefit Contribution

The main social benefit contributions of the LA composite bridge scheme are as follows:

• The LA composite bridge scheme is proposed to provide a feasible path for the de-
velopment of low-carbon bridge technology. Compared with the concrete bridge
scheme, the concrete consumption of the LA composite bridge scheme is reduced
by 80.2 × 104 m3, and the steel consumption including rebars and prestressed wires
increases only by 11.79 × 104 t. The final carbon emissions considering the superposi-
tion of various materials are reduced by about 16×104 t (without accounting for other
energy consumption reductions), which is equivalent to the carbon dioxide absorption
of 1 km2 of forest for 4.3 years.

• The LA composite bridge scheme minimizes the interference of bridge construction
activities on the surrounding environment. Any supports and formworks do not
need to be erected during the construction, so as not to interrupt traffic and occupy
land. The whole bridge adopts self-compacting concrete without vibration operation,
reducing the noise during construction. And the number of expansion joints is halved
compared with the traditional bridge, meaning the driving comfort associated with
driving noise are greatly improved.

• The standardized and simple structure form is applied to the LA composite bridge
scheme, which is especially convenient for intelligent processing and manufacturing
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and can promote the industrialization development of steel-structure bridges. Eighty
percent of the workload is performed in the factory, which can liberate the intensive
labor input and improve the working environment and work intensity of the workers.

5. Engineering Application
5.1. Structural Description

Before the large-scale application of the LA composite bridge scheme in the CHEP, its
technical feasibility was tested and verified by the construction of the testing bridge, the
Pengshan Qinglong Bridge in Meishan, Sichuan, China. As shown in Figures 17 and 18,
in order to achieve a highly standardized design, the span of all the main girders is 30 m,
with a total length of 638 m and a standard deck width of 13 m. The maximum length of
the main girder between two expansion joints reaches 270 m. The steel structure of the
whole bridge is made of UWS and the concrete used for the whole bridge is SCC. The main
design parameters of various components are as follows:

■ DGH composite girder: the girder height of 1 m, the deck thickness of 0.3 m and the
girder spacing of 1.76 m.

■ PCSB capping beam: the length of 13.6 m and the girder height of 1 m.
■ CFST pier: the diameter of 1.0 m and the average height of 9 m.
■ SPRC pile: the diameter of 1.3 and the average length of 27 m.
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5.2. Construction Procedure

The main components of the LA composite bridge scheme are manufactured in the
steel structure factory and only the connection of the assembly interfaces between the
components and a small amount of SCC need to be completed on site, which minimizes
the amount of on-site work for ABC and shortens the interference time to the surrounding
environment and traffic. The Pengshan Qinglong Bridge began construction in July 2022,
completed in December 2022 and opened to traffic in February 2023. Excluding the impacts
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of no labor to carry out construction activities during COVID-19 and the local government’s
requirement to suspend construction during periods of heavy air pollution, the effective
construction time is only 105 days, which saves more than 30% of the construction time
compared with the traditional concrete bridge scheme. As shown in Figures 19 and 20, the
main construction procedures of the Pengshan Qinglong Bridge are as follows:
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Step 1: After the construction of the SPRC pile foundation, the steel tube of the CFST
pier is lifted to the top of the pile foundation and aligned with the pile foundation and then
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the pier–pile transition connector is constructed. Finally, the SCC is poured from the top of
the pier into the pier–pile transition connector and the interior of the CFST pier until it is
poured to 0.6 m away from the top of the pier.

Step 2: The whole segment of the PCSB capping beam is transported from the factory
to the site and is lifted to the pier-top area after stretching the prestressed wires on the
ground under the bridge so that the PBLs arranged at the bottom of the capping beam can
be accurately positioned and inserted into the range of 0.6 m at the top of the pier. Then,
the connection between the capping beam and the pier is realized by welding the steel tube
of the pier and the bottom plate of the capping beam.

Step 3: The concrete inside the capping beam and within 0.6 m of the pier top is
poured. After the concrete strength reaches the design requirements, the prestressed wires
are cut to form a composite capping beam structure with the superposition of the steel box,
concrete and prestresses.

Step 4: After multiple H-shaped steel main girders are lifted and placed on the PCSB
capping beam, the steel boxes of the girder-end crossbeams are installed to realize the
temporary transverse connection between the multiple main girders. Then, the deck
corrugated bottom steel plates are hoisted and placed on the top surface of the main girder
and welded with the main girder. After the prefabricated units of the steel bar of the
bridge deck are installed, the concrete for the composite bridge deck and the girder-end
crossbeams is poured to complete the construction of the bridge superstructure.

Step 5: the whole bridge construction is completed after constructing the bridge
auxiliary structures.

5.3. Real-Scale Bridge Testing

After the completion of the Pengshan Qinglong bridge, the real-scale bridge testing
including static and dynamic testing was carried out to verify the safety of the bridge
and the rationality of the design and calculation method, mainly involving the strength,
stiffness and dynamic performance of the main girder.

5.3.1. Static Loading Test

The static loading test was carried out on the 10th span of the Qinglong Bridge and two
testing conditions of central loading and eccentric loading considering the overload scenario
were designed, respectively (as shown in Figure 21). Figure 22 shows the longitudinal stress
of the bottom plate of the H-shaped girder under the mid-span section, which reflects the
structural strength. Under Static Testing Condition 1 (the worst-case condition), the stress
of the 1#-8# girders gradually decreased and the maximum stress of 90.64 MPa existed in
the 1# side girder. Meanwhile, the maximum stress of 49.03 MPa existed in the 1# side
girder under Static Testing Condition 2. Even under the overload scenario, the maximum
stress is less than the allowable stress of the steel after superimposing the dead load. In
addition, the measured stress values are less than the calculated values and no residual
stress was found in the structure after unloading, which shows that the structural strength
meets the relevant specifications.

Figure 23 shows the vertical deformation of the H-shaped girder under the mid-span
section, which reflects the structural stiffness. The maximum vertical deformation of
24.35 mm exists in the 1# side girder under Static Testing Condition 1, which is less than
1/600 of the span of the girder. Similarly, the measured deformation values are less than
the calculated values, which means there is adequate structural stiffness.

5.3.2. Dynamic Testing

The dynamic testing mainly includes structural natural vibration frequency testing and
all of the spans of the Qinglong Bridge are tested. As shown in Table 7, the measured natural
vibration frequency of each span is obtained by the spectrum curve of the pulsating signal.
The minimum measured frequency is 3.32 Hz, which is 1.10 times that of the calculation
value. The average measured frequency is 3.57 Hz, which is 1.19 times that of the calculation
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value, which means a good structural stiffness and dynamic performance. In addition,
to evaluate the dynamic performance objectively, the natural vibration frequencies of the
steel truss beam, the T-shaped, I-shaped and box-shaped concrete beams, the continuous
concrete beam and the steel–concrete composite box beam are also measured and collected
for comparative analysis. As shown in Figure 24, the natural vibration frequency of the
proposed LA composite bridge is consistent with the concrete girder bridge and the steel
girder bridge of the same scale.

Buildings 2024, 14, x FOR PEER REVIEW 24 of 29 
 

Figure 20. The onsite construction process of the Pengshan Qinglong Bridge. 

5.3. Real-Scale Bridge Testing 

After the completion of the Pengshan Qinglong bridge, the real-scale bridge testing 

including static and dynamic testing was carried out to verify the safety of the bridge and 

the rationality of the design and calculation method, mainly involving the strength, stiff-

ness and dynamic performance of the main girder.  

5.3.1. Static Loading Test 

The static loading test was carried out on the 10th span of the Qinglong Bridge and 

two testing conditions of central loading and eccentric loading considering the overload 

scenario were designed, respectively (as shown in Figure 21). Figure 22 shows the longi-

tudinal stress of the bottom plate of the H-shaped girder under the mid-span section, 

which reflects the structural strength. Under Static Testing Condition 1 (the worst-case 

condition), the stress of the 1#-8# girders gradually decreased and the maximum stress of 

90.64 MPa existed in the 1# side girder. Meanwhile, the maximum stress of 49.03 MPa 

existed in the 1# side girder under Static Testing Condition 2. Even under the overload 

scenario, the maximum stress is less than the allowable stress of the steel after superim-

posing the dead load. In addition, the measured stress values are less than the calculated 

values and no residual stress was found in the structure after unloading, which shows 

that the structural strength meets the relevant specifications. 

Figure 23 shows the vertical deformation of the H-shaped girder under the mid-span 

section, which reflects the structural stiffness. The maximum vertical deformation of 24.35 

mm exists in the 1# side girder under Static Testing Condition 1, which is less than 1/600 

of the span of the girder. Similarly, the measured deformation values are less than the 

calculated values, which means there is adequate structural stiffness. 

 

Figure 21. Condition design of static testing. (Remarks: each of 1# and 2# vehicle weighs 40 t, while 

each of 3# and 4# vehicle weighs 55 t.) 
Figure 21. Condition design of static testing. (Remarks: each of 1# and 2# vehicle weighs 40 t, while
each of 3# and 4# vehicle weighs 55 t).

Buildings 2024, 14, x FOR PEER REVIEW 25 of 29 
 

  
(a) Static Testing Condition 1 (eccentric loading to deck) (b) Static Testing Condition 2 (central loading to deck) 

Figure 22. Longitudinal stress of the bottom plate of the H-shaped girder under mid-span section. 

  
(a) Static testing condition 1 (eccentric loading to deck) (b) Static testing condition 2 (central loading to deck) 

Figure 23. Vertical deformation of the H-shaped girder under mid-span section. 

5.3.2. Dynamic Testing 

The dynamic testing mainly includes structural natural vibration frequency testing 

and all of the spans of the Qinglong Bridge are tested. As shown in Table 7, the measured 

natural vibration frequency of each span is obtained by the spectrum curve of the pulsat-

ing signal. The minimum measured frequency is 3.32 Hz, which is 1.10 times that of the 

calculation value. The average measured frequency is 3.57 Hz, which is 1.19 times that of 

the calculation value, which means a good structural stiffness and dynamic performance. 

In addition, to evaluate the dynamic performance objectively, the natural vibration fre-

quencies of the steel truss beam, the T-shaped, I-shaped and box-shaped concrete beams, 

the continuous concrete beam and the steel–concrete composite box beam are also meas-

ured and collected for comparative analysis. As shown in Figure 24, the natural vibration 

frequency of the proposed LA composite bridge is consistent with the concrete girder 

bridge and the steel girder bridge of the same scale. 

Figure 22. Longitudinal stress of the bottom plate of the H-shaped girder under mid-span section.



Buildings 2024, 14, 1855 24 of 27

Buildings 2024, 14, x FOR PEER REVIEW 25 of 29 
 

  
(a) Static Testing Condition 1 (eccentric loading to deck) (b) Static Testing Condition 2 (central loading to deck) 

Figure 22. Longitudinal stress of the bottom plate of the H-shaped girder under mid-span section. 

  
(a) Static testing condition 1 (eccentric loading to deck) (b) Static testing condition 2 (central loading to deck) 

Figure 23. Vertical deformation of the H-shaped girder under mid-span section. 

5.3.2. Dynamic Testing 

The dynamic testing mainly includes structural natural vibration frequency testing 

and all of the spans of the Qinglong Bridge are tested. As shown in Table 7, the measured 

natural vibration frequency of each span is obtained by the spectrum curve of the pulsat-

ing signal. The minimum measured frequency is 3.32 Hz, which is 1.10 times that of the 

calculation value. The average measured frequency is 3.57 Hz, which is 1.19 times that of 

the calculation value, which means a good structural stiffness and dynamic performance. 

In addition, to evaluate the dynamic performance objectively, the natural vibration fre-

quencies of the steel truss beam, the T-shaped, I-shaped and box-shaped concrete beams, 

the continuous concrete beam and the steel–concrete composite box beam are also meas-

ured and collected for comparative analysis. As shown in Figure 24, the natural vibration 

frequency of the proposed LA composite bridge is consistent with the concrete girder 

bridge and the steel girder bridge of the same scale. 

Figure 23. Vertical deformation of the H-shaped girder under mid-span section.

Table 7. Results of natural vibration frequency testing.

Span No. The Measured Value f 1 (Hz) The Calculation Value f2 (Hz) f 1/f 2

1–3, 8–9 3.32

3.01

1.10
4–5, 7, 10–11, 14–15, 17 3.52 1.17

6, 12–13, 20–21 3.71 1.23
16, 18–19 3.91 1.30
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5.3.3. Long-Term Performance Observation

As of February 2024, the Pengshan Qinglong Bridge has been in normal service for
one year. The researchers went to the site for a total of 15 times to inspect and monitor
the structural performance of the bridge and no abnormalities were found in the bridge
appearance. In addition, the structural strength and stiffness performance were not attenu-
ated. The successful construction of the Pengshan Qinglong Bridge provides strong design,
construction and management experience for the construction of the viaducts within the
Chengdu urban area of the CHEP.

6. Conclusions

This study proposes a novel LA composite bridge scheme for ABC through the collab-
orative application of new steel–concrete composite structures, rapid-assembly interface
designs and low-carbon material technologies. Compared with the traditional ABC scheme,
the proposed scheme has less material consumption, lower carbon emissions, lighter com-
ponents, reliable structural safety and an acceptable engineering cost.

(1) Based on the urban viaduct project of the CHEP, this paper comprehensively
compares the advantages and disadvantages of the concrete bridge scheme, the P-ACB
scheme, the ASB scheme and the LA composite bridge scheme in terms of the construction
speed, environmental interference, equipment input and labor input and, finally, the LA
composite bridge scheme is recommended. In this scheme, the structural design, stress and
installation characteristics of the DGH composite girder, PCSB capping beam and CFST
pier are described in detail and large-scale low-carbon materials and technologies such as
the SCC, the UWS and the tunable-stiffness bearings technology are introduced into the
scheme for a better LA goal.

(2) The proposed scheme is evaluated comprehensively from the aspects of the con-
struction sustainability performance, comprehensive economic performance and social
benefit contribution. The LA composite bridge scheme achieves an excellent balance be-
tween various performance indicators such as low carbon and assembly. In addition, the
proposed scheme has a good economic performance owing to less material consumption
and no need for coating and bearing replacements during the life-cycle.

(3) The proposed scheme is applied to a real-scale bridge and the whole construction
process only experienced 105 days of effective time, accompanied with slight environmental
interference and construction noise and a small amount of labor and equipment inputs.
The safety of the bridge, the rationality of the design concept and the calculation method
are verified by performing the static loading test, dynamic loading tests and long-term
performance monitoring.
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Abbreviations

ABC Accelerated Bridge Construction
LA Low-carbon and Assembled
P-ACB Precast-Assembled Concrete Bridge
ASB Assembled Steel Bridge
CHEP Chengle Highway Expansion Project
DGH Dense-Girders–H-shape
PCSB Prestress-assisted Concrete-filled Steel Box
CFST Concrete-Filled Steel Tube
SPCR Single-Pile Reinforced Concrete
SCC Self-Compacting Concrete
UWS Uncoated Weathering Steel
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