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1 Introduction
With the rapid development of China’s economy, people’s demand for the construc-
tion of infrastructure and transportation systems is increasingly high. Super-long sea-
crossing bridges and high-speed railway bridges have been constructed and completed
continuously. At the same time, the theory and method of bridge structure analysis, the
design theory and calculation technology, the construction materials and other aspects
are also developing and progressing, the theoretical level and technical application of
bridge construction has reached an unprecedented height. As the length of high-speed
railways continues to increase, the environment and conditions for building bridges are
becoming more and more severe, such as fault zones, plateaus, frozen soil, and tsunamis.
At the same time, the maintenance and evaluation of existing bridges, bridge big data
and intelligent bridge construction are also emerging hot research directions in the field
of bridge engineering. All these provide rich research topics and design challenges for
bridge designers and researchers.

Over the past year, China’s bridge construction has achieved fruitful results in many
fields. In order to achieve more outstanding results in the future, it is necessary to
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analyze and summarize the progress of bridge research in the past year. The content
consists of three parts in 12 aspects. The manuscript logic structure block diagram is
shown in Fig. 1

The first part is about the bridge structure and analysis theories, including concrete
bridge and high-performance materials, steel bridges, composite girders and the cable-
supported bridge analysis theories. The second part is about the bridge disaster preven-
tion and mitigation, including bridge seismic resistance, vibration and noise reduction of
rail transit bridges, monitoring and detection of steel bridge, hydrodynamics of coastal
bridges, and durability of concrete bridge under the complex environmental conditions.
The last part is concerning the bridge emerging technologies, including bridge assess-
ment and reinforcement, the technology in bridge structure test and intelligent con-
struction and safe operation and maintenance of bridges. The manuscript will analyze
and summarize the progress of bridge research according to these twelve areas in turn.

2 Advances in Concrete Bridges and its High-performance Materials

Concrete bridge is one of the most common bridge forms. This paper will mainly sum-
marize and comment on the mechanical analysis, operation and maintenance, perfor-
mance evaluation under the whole life cycle of concrete bridges, and high-performance
concrete materials (fiber reinforced concrete: FRC; geopolymer concrete: GPC; ultra
high-performance concrete: UHPC) and high-performance fiber reinforcement for
bridges in the past year.

2.1 Research in concrete bridges
2.1.1 Research on the mechanical properties of concrete bridges
In 2021 there were many domestic and foreign scholars to study and improve the over-
all mechanical properties of concrete bridges and finite element simulation analysis
methods.

For example, in the study of the mechanical properties of prestressed concrete bridges:
Lantsoght et al. (2021) studied the shear capacity of prestressed concrete girders, and
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failure mode was under discussion; Song et al. (2021c) proposed a reinforced concrete
anisotropic intrinsic structure model combined with a layered shell theory approach to
creating curved box section. In the area of seismic analysis studies of concrete bridges,
Todorov et al. (2021) use.

d a non-linear finite element model of bridge piers based on fiber cells to investigate
the effects of long-range ground shaking and near-fault ground shaking on the seismic
performance of seismically designed piers.

2.1.2 Research on service and maintenance of concrete bridge

In 2021, great progress has been made in the operation and maintenance of concrete
bridges in a variety of directions. Biswas et al. (2021) proposed a numerical model that
can simulate the mechanical behavior of corroded reinforced concrete piers under
earthquake. He et al. (2021g) proposed a method for evaluating the service performance
of post-tensioned segmental box girder bridges based on cracks and applied it to the
condition evaluation of two actual bridges. In addition, Chen et al (2021h) established
a time-varying model of resistance degradation of ordinary reinforced concrete bridges
to analyze the time-varying reliability of bridges under vehicle loads. Sun et al. (2022)
studied the influence of frost heave damage on the mechanical properties of post ten-
sioned prestressed concrete beams and its mechanism. Abdollahni et al. (2021) studied
the fatigue life of concrete bridge pile foundations under the impact of waves.

2.2 Research on high performance concrete for bridges

2.2.1 Research on fiber reinforced concrete

In the past year, the research on fiber reinforced concrete (FRC) mainly focused on
its working performance and mechanical properties, among which the research on
mechanical properties was the most.

In terms of working performance, Yang et al. (2021a) and Wang et al. (2021q) both
pointed out that the fluidity of the base material will decrease with the increase of the
volume fraction and length diameter ratio of steel fiber, especially when the volume ratio
of steel fiber exceeds 2% (Yang et al. 2021a), and the flexible fiber has a greater impact on
the fluidity of concrete (Wang et al. 2021q).

In terms of the mechanical properties of FRC, relevant scholars studied the effects of
fiber shape (Ran et al. 2021), size (Hassan et al. 2022), orientation (Chen et al. 2021d),
content (Gao et al. 2021a) and type (Liu et al. 2021d) on the mechanical properties of the
substrate. The research showed that the improvement effect of corrugated steel fiber on
the tensile properties of the substrate was better than that of straight steel fiber and end
hook steel fiber (Ran et al. 2021). When the fiber content was low (< 1.5%), the small-size
straight steel fiber was better in improving the performance of the substrate, while when
the fiber content was high, the hook shaped large-size steel fiber was better (Hassan
et al. 2022). As the inclination angle of the fiber increases from 0° to 60°, the substrate
would show greater and greater tensile ductility (Chen et al. 2021d). The 1.5% dosage
value was the threshold dosage value of steel fiber to improve the fatigue life of concrete
beams (Gao et al. 2021a). Steel fiber was more suitable for improving the strength of the
substrate, while PVA fiber was better at improving the toughness of the substrate (Liu
et al. 2021d), and so on.
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In addition, some studies pointed out the advantages of hybrid fibers through the
comparison of single doped fibers and hybrid fibers, such as the hybrid of steel fibers
and basalt fibers (Lin 2021b), the hybrid of steel fibers and macro PP fibers (Feng et al.
2021a), and the hybrid of steel fibers, PVA fibers and CaCO; whiskers (Zhang et al.
2021j). These studies showed that suitable hybrid fibers could play a good synergistic
performance. Through the above research results, it is not difficult to find that at pre-
sent, the end hook steel fiber is still the mainstream research object of single doped fiber,
but the research of hybrid fiber has gradually become a hot topic and is developing to
the form of multi-scale hybrid fiber.

2.2.2 Research on geopolymer concrete
In the past year, the research on geopolymer concrete (GPC) was mainly focused on
durability and engineering applications.

In the research of GPC durability, Sastry et al. (2021) found that adding nano-TiO,
into GPC could improve the resistance to sulfate attack and chloride penetration. In
addition, Saxena et al. (2021) pointed out that the mechanical properties and durability
of GPC could be significantly improved by replacing part of natural fine aggregate with
appropriate granite waste.

Some progress was made in the structural application research of GPC. Huang et al.
(2021d) studied the response of GPC beams strengthened with basalt fiber (BFRP) ten-
dons under impact load. The results showed that under the impact load, the failure mode
of beams was generally the combined failure of bending and shear. Hadi et al. (2021)
studied the effects of reinforcing bar types (steel bar and glass fiber reinforced bar GFRP)
on the mechanical and deformation properties of GPC columns. The research showed
that the failure of reinforced GPC specimen was firstly the buckling of longitudinal rein-
forcement, and then the fracture of longitudinal reinforcement or spiral reinforcement,
which led to the complete failure of the specimen. However, the failure of specimens
equipped with GFRP was caused by the kink of glass fiber in GFRP bars.

2.2.3 Research progress of UHPC
Ultra-high performance concrete (UHPC) has always been a research hotspot. Its
research mainly includes material properties and structural applications.

In the study of mechanical properties of UHPC, Fan et al. (2021a) added steel slag
powder into UHPC to improve the workability and chloride penetration resistance.
Ahmed et al. (2021) and Yang et al. (2021b) mixed ground granulated blast-furnace slag
into UHPC and the compressive strength of UHPC was increased.

In the research of structure and application of UHPC, Zhang et al. (2021p) proposed
a predictive equation for calculating the shear capacity of RC composite beams using
UHPC formwork based on the modified truss model theory. Wei et al. (2021c¢) studied
the influence of hybrid fibers on the impact performance of UHPC beams. Based on
the modified compression field theory, Feng et al. (2021c) established an analysis model
of the shear capacity of prestressed UHPC beams under the combined action of bend-
ing and shearing, and obtained a simplified prediction formula for the shear capacity of
UHPC beams.
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2.3 High-performance reinforcement material for bridges

In 2021, a lot of progress was obtained in the research of FRP materials for Bridges. Cai
et al. (2021b) proposed an innovative precast segmental bridge column (PSBC) system
with fiber reinforced polymer (FRP) bar and steel bar as longitudinal reinforcement
materials. The ductile failure mode of FSR-PSBC system was studied, and three damage
limit states were defined in the process of ductile failure. Jia et al. (2021a) proposed a
double-reinforced pier structure using fiber-reinforced plastic (FRP) bars and steel bars,
and studied the ductility, post-yield stiffness and residual deformation of the pier struc-
ture. In addition, Kasiviswanathan and Upadhyay (2021) studied the buckling behavior
of the web of a simply supported FRP box-beams under reverse load. Liu et al. (2021h)
proposed an arch beam made of glass fiber reinforced polymer (GFRP) based on the lat-
est curved-pultrusion technique.

3 Advances in Steel Bridges

The construction achievements and technological progress of large-scale and character-
istic steel bridges built at home and abroad in 2021, such as the 1915 Canakkale Bridge,
the Chibi Yangtze River Highway Bridge, the Zangmu Bridge crossing Yarlung Zangbo
River, the Pi River Bridge, the New El Felden Railway Bridge in Egypt, and the Hanjiang-
wan Bridge in Wuhan is reviewed.

The new progress of research and application of new and special materials and com-
ponents of steel bridges, such as steel for high heat input welding, weathering steel and
high-performance steel, and welding materials for high toughness bridge weathering
steel is summarized. The new progress of research and application of high-performance
steel decks such as orthotropic steel bridge decks for annealing treatment after welding
and non-destructive testing of weld fatigue cracking of steel decks is analyzed.

3.1 Construction achievements and technological progress of large and characteristic
steel bridges

3.1.1 The longest-span bridge in the world: the 1915 Canakkale Bridge in Turkey

The 1915 Canakkale Bridge, the fourth connecting Eurasia between the Sea of Mar-
mara and the Aegean Sea in Turkey was built, to commemorate the major events of the
Turkish Ottoman Empire in 1915 (Crossing Continents 2022; “Wikipedia: 1915 Canak-
kale Bridge” 2022). 1915 Canakkale Bridge is a twin-tower and three-span suspension
bridge, two-way six-lane, with main span 2023 m, European shore Grimboru side and
Asian shore Lapsecki side span are 770 m, the total length of 3563 m. The main girder
of the bridge adopts a separate steel box girder, the height of the middle girder of the
two boxes is 3.5 m, the horizontal net spacing is 9 m, and a beam with a width of 3 m
and a height of 3.5 m is set every 24 m longitudinally, and 3 m maintenance lanes are
set outside the box on both sides, and the total width of the beam body is 45.06 m; The
whole bridge box girder is divided into 87 hoisting sections; The total height of the steel
bridge tower is 318 m; The main cable adopts prefabricated parallel wire strand (PPWS,
main span 288 bunches, side span 296 bunches); Gravity anchors with enlarged founda-
tions are used, and the foundation of the bridge tower is a concrete caisson. The main
bridge project and deck paving have been completed in 2021 (opened to traffic in March
2022, Fig. 2), becoming the world’s longest span bridge, refreshing the bridge span world
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The 1915 Canakkale Bridge in Turkey

Fig.

record of the Akashi Strait Bridge (1991 m span, completed in 1998) that has been main-
tained for 24 years, and is also the first important landmark bridge in the engineering
history with a span of more than 2000 m.

3.1.2 The longest-span composite girder cable-stayed bridge in the world: the Chibi Yangtze
River Highway Bridge

The Chibi Yangtze River Highway Bridge, on National Highway G351 from Taizhou to
Xiaojin Highway, is a double-tower double-cable composite girder cable-stayed bridge
with a span arrangement of (90 + 240+ 720+ 240+ 90)m, a main span of 720 m, and a
height of 223 m and 217 m respectively for the south and north bridge towers, which will
be completed and opened to traffic in September 2021(Liu and Zhang 2021; Zhang et al.
2019) (Fig. 3); The total width of the bridge deck is 36.5 m, and the composite girder
structure composed of double-sided box girder and concrete deck; The height of the
standard section steel girder is 3.18 m, and the lower flange adopts the form of widening
and thickening, with a width of 2.45 ~3.20 m and a thickness of 32 ~70 mm, deck thick-
ness is 26 cm. It is the world’s longest-span cable-stayed bridge of fully composite girder.

Fig. 3 The Chibi Yangtze River Highway Bridge and its composite girder section
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3.1.3 The longest-span plateau railway arch bridge in the world: the Zangmu Bridge crossing
Yarlung Zangbo River

The Zangmu Bridge crossing the Yarlung Zangbo River is the largest double-track rail-
way bridge in the Lhasa-Nyingchi section of the Sichuan-Tibet Railway, located in the
upper reservoir area of sanga gorge and Zangmu Hydropower Station in the Yarlung
Zangbo River, with a water depth of 66 m, a bridge site altitude of 3350 m, a total length
of 525.1 m, and a docking tunnel on both sides of the strait; The main bridge is a truss
arch bridge of concrete-filled steel tube with a span of 430 m, and an arch axial coeffi-
cient of 2.1 (Zeng 2019a) (Fig. 4); The diameter of the main arch truss string steel pipe is
1600 mm and 1800 mm, and the wall thickness is 24 ~ 52 mm; The steel pipe truss string
adopts Q420qENH, and cross brace adopt Q345qENH paint-free weathering steel (the
amount of weathering steel for the whole bridge is 12,800 tons); The string steel pipe
is filled with C60 self-compacting and non-shrinkage concrete. The construction con-
ditions of the Zangmu Bridge are extremely harsh, with a construction period of more
than 5 years and will be completed and opened to traffic in 2021; It is the first large-
scale railway coating-free weathering steel bridge on the plateau in China, accumulating
many important experiences for the future construction of weathering steel bridges; It
has become the world’s longest-span plateau railway arch bridge and the world’s 5%-long
span railway arch bridge.

3.1.4 The longest-span navigable aqueduct bridge in the world: the Pi River Bridge

Anhui Province’s navigable aqueduct bridge, the Pi River Bridge, the design flow rate
is 150m°/s, the water depth is 4 m (the verification water depth is 5.05 m), and the net
width of the water crossing section is 32 m, which is an important water supply chan-
nel in Hefei City; Class VI waterway with 100t ships; The total length of the aqueduct is
350 m, of which the main bridge is (68 4+ 110+ 68)m steel continuous truss beam, with
a total length of 246 m, using a separate double-through bridge; The water weight of
the single-width bridge is about 19,800 tons, and the double-through water load is 1616
kN/m (nearly 135 times the highway Class I lane load). The steel of the whole bridge is
Q345gD, Q420gD and 316L composite stainless steel, with a total steel consumption of
21,000 tons. The aqueduct bridge was completed in May 2021 (Ying et al. 2022) (Fig. 5);
spanning slightly larger than the Magdeburg Water Bridge (57.1 +106.2 +57.1)m, with a
total length of 220.4 m, a net width of 34 m, and a water depth of 4.25 m, completed in
1997), becoming the world’s longest-span navigable aqueduct bridge.

e . e s
Fig. 4 The Zangmu Bridge crossing Yarlung Zangbo River
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Fig. 5 The world’s longest-span navigable aqueduct bridge: the Pi River Bridge

3.1.5 The longes-span open bridge in the world: the New El Felden Railway Bridge in Egypt
The main span of the new railway bridge spanning the East Channel of the Suez Canal
in El Ferdan, Egypt is a biplane translational opening bridge of the (150+ 340+ 150)m
double-track railway, and the design train is a two-line UIC 71 with a design speed of
80 km/h; Variable height steel truss girder and orthotropic steel deck are adopted, and
the height of the fulcrum beam is 63 m; The amount of steel used is 14,700 tons; The
diameter of the truss beam hinge on both sides is 18 m, weighing 400t, and the load
bearing of the single hinge is 9000t; When the trusses on both sides are rotated around
the hinge, a circular slide is set on the shore side to support the end of the truss beam
(the translation process and the channel form a two-point support cantilever truss dur-
ing the boat crossing process); The main project of the bridge was completed at the end
of 2021 (“Wikipedia: El Ferdan Railway Bridge” 2022) (Fig. 6); with the same span as the
El Felden Suez Canal West Channel Railway Bridge (a single-track railway, completed
in 2001, now contracted by Chinese enterprises to transform into double lines and
strengthened), and is listed as the world’s longest-span opening bridge.

W\

= .
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Fig. 6 The New El Felden Railway Open Bridge in Egypt
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3.1.6 The first bridge using high-strength steel Q690 in China: the Hanjiangwan Bridge

in Wuhan
The Hanjiangwan Bridge (the Seventh Bridge in Han River) in Wuhan, Hubei Prov-
ince, adopts a steel truss arch bridge with a (132+408 +132)m span, with a width of
47 m and 6 lanes in both directions (which can be widened to 8 lanes); Adopting the
OSD and truss combined structure, top plate and welded U-rib full penetration tech-
nology, the lower chord rod of the midspan between the 3rd to 9th section arches with
larger force is made of high-strength bridge steel Q690qE(plate thickness is 32 mm and
50 mm); The bridge was completed and opened to traffic in May 2021, and is the first
large-scale bridge in China to use Q690-class high-strength steel(Du et al. 2021; Huang
et al. 2020) (Fig. 7). High-performance bridge steels such as Q690qE have good applica-
tion prospects.

3.2 Research and application of new and special materials and components of steel
bridges
3.2.1 Steel for high heat input welding
High heat input welding of traditional low-alloy high-strength steel will reduce the
toughness of its welding heat affected zone, and it is easy to produce welding cracks.
Steel for high heat input welding can use much higher line energy than general con-
ditions in welding, while the toughness of the welding heat affected zone is not sig-
nificantly reduced and weld cracks are not easy to produce. "Steel for high heat input
welding (GB/T38817-2020)" (State Administration for Market Regulation 2020) stipu-
lates that the energy of this kind of steel welding is greater than 50 kJ/cm, and the yield
strength range is 355 MPa ~ 500 MPa. Steel for high heat input welding mainly improves
the toughness of the heat affected zone of low-alloy high-strength steel welding through
two methods: reasonable composition design and oxide metallurgy technology (Wan
et al. 2015).

Different elements have different influence laws on the properties of steel, therefore,
the mass fraction of manganese and micro alloyed elements can be increased to improve
strength; At the same time, the mass fraction of carbon is reduced to ensure weldability;
The mass fraction of other unfavorable elements is controlled to ensure comprehensive
performance; According to this guidance, the high heat input welding with economical,
high strength, high toughness and excellent weldability is designed (Gu and Gu 2017).
In addition, oxide metallurgy technology is more effectively applied in steel for large line

Fig. 7 The Hanjiangwan Bridge in Wuhan
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energy welding: the oxide inhibits the growth of austenite and controls the transforma-
tion of the tissue during the welding process by forming a fine dispersion of fine inclu-
sions, which can maintain the toughness of the rough crystal region of the steel for large
line energy welding at a better level.

At present, steel for high heat input welding is mainly used in infrastructure and large-
scale buildings such as ships, marine engineering, construction, oil storage tanks and
bridges; The steel shell project of the immersed tube tunnel of Shenzhen to Zhongshan
Channel uses steel for high heat input welding for the first time, and the maximum
strength of the steel plate is 420 MPa, the maximum thickness is 40 mm, and the maxi-
mum welding line energy is 270 kJ/cm, which marks a new breakthrough in the research
and application of steel for high heat input welding in China (Wang et al. 2019).

3.2.2 Weathering steel and high performance steel

Traditional weathering steel usually contains higher Cu, P, Ni and other elements to
improve its corrosion resistance. Studies have shown that the corrosion-resistant weath-
ering steel in the marine environment, Mo element can form MoO, and MoOj, which
can promote the conversion of y-FeEOOH a-FeOOH to improve its corrosion resistance
(Sun et al. 2021a). Fu et al. (Fu et al. 2021a) studied the corrosion properties and rust
layer material of Q345qDNH by conducting accelerated corrosion tests that simulated
the industrial atmosphere, and the results showed that the weathering steel had higher
corrosion resistance in the atmospheric environment. In addition, Xu et al. (2021h) also
studied the effect of weathering steel resistance on corrosion resistance in the marine
environment, and the results showed that Al and Mo elements can improve the stability
of weathering steel rust layer in marine environment and improve the corrosion resist-
ance of weathering steel. Zhou and Yang (2021) conducted a study on the crack devel-
opment of the rust layer of weathering steel, and the results showed that the rust layer
inside the weathering steel had higher thermal shock resistance than the outer rust layer.
Due to the alternating occurrence of the increase in the depth of corrosion and the lat-
eral expansion, its surface rust layer consists of an alternating band-like structure par-
allel to the interface. Corrosion resistance studies of weathering steel have shown that
after improvement, it can have higher corrosion resistance and adapt to more extreme
environments; In addition, the corrosion-resistant steel also needs to have sufficient
mechanical properties and fatigue strength to be better applied to the bridge. Shi et al.
(2021a) carried out the full-scale model test and detailed fatigue test of the A709 Grade
50CR steel composite beam, using a uniform corrosion model to consider the reduc-
tion of the mechanical properties and fatigue strength of the composite girder bridge
under the condition of uniform weakening of the cross-section. Guo et al. (2021a) con-
ducted a high-cycle fatigue test on the Q690 high-strength steel after accelerated corro-
sion, and the results showed that the mass loss rate of 100 days of corrosion was 7.21%,
and after 60 days of corrosion, the fatigue limit of the specimen was reduced by 30.15%.
Zhang and Zheng and others (2020b, 2021w) carried out large-scale fatigue performance
tests after corrosion of weathering steel and high-performance steel, studied the corro-
sion properties and fatigue properties of weathering steel Q345CNH and high-perfor-
mance steel HPS 70 W in the marine environment, and the results showed that with
the increase of corrosion time, the uniform corrosion amount and pit erosion depth of
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the two steels increased, and the corrosion test environment can be used to simulate
the marine environment of C3 in China, and both steels have good corrosion resist-
ance; At the same time, the fatigue strength of the two steels after corrosion has a cer-
tain degree of decline, the longer the corrosion time, the greater the amount of fatigue
strength decrease, the fatigue strength of the corrosion 180 cycle Q345CNH and HPS
70 W decreased by 38.3% and 35.7%, respectively.

3.2.3 Welding materials for high toughness bridge weathering steel

As required by other applications, weathering steel for bridges needs to have a matching
weld material to ensure that the weld has sufficient mechanical properties and fatigue
strength. In recent years, with the continuous improvement of the application poten-
tial of weathering steel in the field of bridge engineering, the research and development
of welding materials for high-toughness weathering steel has achieved certain results,
overcoming the problems of relying on imports, high cost, complex production process,
long cycle and mismatch between supply and demand operation standards in the past.
Three types of welding materials for high-toughness bridge weathering steels developed
by Li et al. (2019), including HTJ-507 CrNiCu electrodes, HTW-550GN gas shielded
welding wires, HTM-550GN submerged welding wires and HTF-101GN submerged
solitary welding flux, etc., under the premise of ensuring that the mechanical and cor-
rosion resistance meet the requirements, they also meet the requirements of the weld
seam for low temperature impact toughness; For the 3 types of the welding materials of
the weathering steel for bridges, according to the "Atmospheric corrosion resistant steel
and stainless steel welding materials for railway vehicles (TB/T2374-2008)" and other
standards for process evaluation and periodic infiltration corrosion test, its mechanical
properties, atmospheric corrosion resistance, low temperature toughness of -40 °C and
other properties are qualified, to meet the requirements of Q345qENH and Q370qENH
weathering bridge steel, the test shows that after 100 h of infiltration corrosion they still
has good corrosion resistance.

3.3 Research and application of high-performance steel bridge deck

3.3.1 Orthotropic steel deck with annealing treatment after welding

The structure of the steel deck is complex, the welding residual stress is relatively large,
and the fatigue stress amplitude caused by the action of the vehicle load is also relatively
large. Under the superposition of residual stress of welding and load stress, after a cer-
tain period of service, weld fatigue cracking often occurs on the steel deck. Annealing
treatment after welding has the characteristics of mature process and low requirements
for processing equipment, and most of the production of pressure vessels and pipeline
equipment have the requirements of this process. In addition to reducing the residual
stress of welding, the process can also improve the microstructure and properties of
the lattice of the welded joint and its heat affected zone, appropriately reduce the hard-
ness, improve plasticity and toughness, further release harmful gases in the weld, pre-
vent the occurrence of hydrogen embrittlement and cracks in the weld, and stabilize the
geometry of the components. As an exploratory study, Feng et al. (2022) have carried
out preliminary research on the fatigue performance of annealing steel deck after weld-
ing in recent years (Fig. 8), including the test of residual stress, the comparative fatigue
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Fig. 8 Study on fatigue resistance of annealed steel deck after welding

experiment of the full-scale model and the simulation analysis of the influence mecha-
nism. Among them, the residual stress test based on blind hole method and X-ray dif-
fraction shows that the weld residual stress of the welding surface of the top plate and
the longitudinal rib of the steel deck is reduced by more than 76% annealing treatment
after welding; Comparative fatigue experiments show that due to the reduction of resid-
ual stress of welding for annealing treatment, the fatigue strength of the weld seam of
the top plate and the longitudinal rib can be increased by more than 23%. In addition,
numerical simulation based on fracture mechanics shows that the reduction of residual
stress can effectively delay the germination of fatigue cracks and reduce the rate of crack
propagation, thereby improving the fatigue strength of welds.

Based on the above research results, annealing steel deck after welding has been
applied to the 7th steel box girder bridge of the reconstruction project of Susong Road in
Hefei City. The bridge is a 4 x 37 m continuous girder with a deck width of 25.5 m and a
girder height of 1.6 m (Fig. 9). The bridge became the first bridge to apply annealing steel
deck after welding in the world.

3.3.2 Nondestructive testing of fatigue cracking of welds on steel decks

How to find and effectively evaluate the fatigue deterioration of steel decks in service
has become the focus, difficulty and hot spot of current research. Some researchers at
home and abroad have proposed a series of nondestructive testing methods for fatigue
cracks, including acoustic emission, recognition of digital images, detection of sponta-
neous magnetic leakage, and detection of infrared thermal imaging. Duan et al. (2020)
used acoustic emission technology to carry out fatigue crack detection on the Weihe
Bridge and Hangzhou Bay Bridge and continuously monitor the expansion process; Xu
et al. (2019) combined digital image technology and deep learning methods to realize
the intelligent monitoring of fatigue cracks on the surface of steel structures; Zhou et al.
(2021b) proposed a method for detecting fatigue cracks based on the spontaneous mag-
netic leakage signal of metals, which realized effective crack localization and propagation

Page 12 of 71
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ied to annealing steel deck after welding of the Susong Road

monitoring. In addition, non-contact non-destructive testing of thermal imaging tech-
nology used by Yoshiaki et al. (2018) is particularly distinctive (Fig. 10). From the local
temperature difference generated by cracks, this method can use the equipment of sim-
ple infrared thermal imaging to achieve efficient and high-precision detection of weld
cracking under insolation conditions.

g4 O Tro) BEXK

Fig. 10 Principle and implementation of non-contact flaw detection of welds based on infrared thermal
imaging
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4 Advances in Composite Girders

The steel-concrete composite structure has been widely used in many fields of bridge
engineering, because of the reasonable load transfer, economic efficiency, and ease of
construction. Some promotions are achieved in Chinese constructions. Researchers
studied detailed specimens, like shear connectors, and the mechanical behavior of the
composite bridges.

4.1 Research on shear connectors

Different types of connectors are studied, including stud connectors, high-strength bolt
connectors, PBL connectors and other improved connectors. The researches of high-
strength bolt connectors, and other improved connectors are more than in the last year.

Push-out tests and FE simulations are conducted, which focuses on the following three
parts. First, the geometric design of single connector and group connectors is studied.
The ultimate capacity, deformation relationships, failure modes and predicted formulas
are discussed. Secondly, the fatigue performance about degradation of shear stiffness
and endurance prediction is studied. Thirdly, shear performance under complex envi-
ronments is referred.

Cai et al. (2021a), Hu et al. (2021a), Ding et al. (2021a), and Wang et al. (2021n) con-
ducted push-out tests of group connectors. They have the consistent results on the
effects of these factors such as the diameter, the shank length, the concrete capacity, the
slab thickness and the spacing. Some applications with the high-performance concrete
are studied by Ding et al. (2021a), Wang et al. (2021n). Huang et al. (2021c), Zhao et al.
(2021c), Xu et al. (2021e) and Li et al. (2021c) concentrated on the application of connec-
tors with the short shank, the large diameter and thin concrete slab. The fitted slip curve
is proposed by Huang et al. (2021c) and different failure modes are discussed based on
different ratio of length to diameter by Zhao et al. (2021c). Zhang et al. (2021i) and Hu
et al. (2021b) conducted experiment on the single shear connector. Hu et al. (2021b)
proposed theoretical model with the wedge block to describe the destructive process
and predict the capacity. Besides the above factors, Zhan et al. (2021b) emphasized the
effect of the weld collar. Su et al. (2021b) studied the studs covered by rubber. Fracture
mechanics are applied on the evaluation of fatigue performance. Shi and Li (2021), Xu
et al. (2021i) and Wang et al. (2021a) studied the stress intensity factor on two paths, the
bottom of the wed collar and the interface of the weld collar and the shank. Sjaarda et al.
(2021) discussed the redundancy of the shear connectors under cyclic loads caused by
the system reliability. Xu et al. (2021c) mixed the methods of the strain measurement
and the ultrasonic testing to observe the crack promotion. Complex environments con-
tain fire (Tian and Ozbolt 2021), corrosion (Xu et al. 2021g), earthquake (Suzuki and
Kimura 2021) and extremely low temperature (Xie et al. 2021), which always leads to the
combination of the axial and shear forces (Zhuang et al. 2021).

As for high strength bolt connectors, influences of the strength of concrete, the bolt
size and grade (Wang et al. 2021s), the hole clearance (Hosseini et al. 2021), the prestress
(Tzouka et al. 2021), on the shear strength and the load-slip curves are explored. Yang
et al. (2021f), Ataei and Zeynalian (2021) studied the stress redistribution and failure.
The effect of fibers in the concrete is studied when under the cyclic loads by Chiniforush
et al. (2021) and He et al. (2021c¢).
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PBL connectors have different application scenarios. The lateral force (Wang et al.
2021t), different types of concrete (Wu et al. 2021a) and group effects of PBL (He et al.
2021c; Wang et al. 2021r) are discussed and the prediction of capacity is proposed by
Wu et al. (2021a). Liu et al. (20211i) studied the shear performance and pull performance.
Suzuki et al. (2021) proposed the equivalent shear area to describe and predict the shear
failure.

Improved connectors are designed for special functions mostly, such as Omega type
connectors by Tabet-Derraz et al. (2021), Y-type bar connector by Kim et al. (2021a) and
Kim et al. (2021b), MCL connector by Kong et al. (2021) and adhesive shear connectors
by Zhan et al. (2021a). Channel connectors are applied to solve the problem of CSW
construction by Jiang et al. (2021c). Maghaghi et al. (2021) and Arévalo et al. (2021) stud-
ied the static and fatigue performance of channel connectors as well. Prefabricated shear
studs were studied by Gao et al. (2021c). Because of the complex mechanical behavior in
the hybrid section, the steel-concrete joint was studied by Yao et al. (2021b), Shi et al.
(2021c) and Zou et al. (2021b) in different constructions. Kruszewski and Zaghi (2021)
conducted experiments of the above traditional connectors.

4.2 Research on steel-concrete composite girders

Five parts of research on steel-composite girders are collected. First, the theoretical
analysis and numerical methods for simplifying calculations of the mechanical behav-
ior of composite girders are studied. Secondly, spatial mechanical behaviors, containing
the combination of moment, torsion and shear are referred, as well as the curve beams.
Thirdly, the performance of composite girders on the negative moment zones and the
treatments about improving such performance are explored. Fourthly, the performance
of composite girders under the long-term and complex environments, such as cyclic
loads, temperature loads, fire and creep and shrinkage of the concrete are discussed.
Fifthly, researches on the construction process and construction method are conducted.

The methods of variation and balanced equations are applied in calculation deforma-
tion and stress, considering slips, shear deformation, shear lags by Wu et al. (2021b), Wu
et al. (2021c¢), Ji et al. (2021), Xie et al. (2021), Zhou et al. (2021e), Yang et al. (2021f),
Benyahi et al. (2021) and Gara et al. (2021). Theoretical solutions about temperature
loads are derived by Chen et al. (2021a), Wang et al. (2021i). The torsion stiffness is stud-
ied by Qin et al. (2021a), based on the second theory of Umanskii.

Other studies include the features of shear connectors by Kamar et al. (2021), Daou
et al. (2021), Vigneri et al. (2021) and Alsharari et al. (2021a), the arrangement of con-
crete slabs by Xie et al. (2021) and prestress reinforcements by Lou et al. (2021), Xiao
et al. (2021a), the application of UHPC by Zhu et al. (2021a), Du et al. (2022), Wang
et al. (2021x) and Xiao et al. (2021b), and other factors influence the spatial mechani-
cal behaviors of the composite bridge. Nicoletti et al. (2021) studied the effective width
detailedly on the studs, the section configurations, and the span. Zhou et al. (2021h)
studied the composite girders made by stainless steels under the combination of moment
and shear, and proposed a method to evaluate shear capacity. Lin (2021a) studied the
performance under the combination of moment and torsion. Liu et al. (2021k) explored
the effects of different angles and connector types on the torsion. Sadeghi et al. (2021)
created a monitoring system for measuring slips at steel-concrete interface. Shao et al.
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(2021b) proposed a design scheme of steel-ultra high-performance concrete composite
truss arch with main span of 1000 m. As for corrugated steel webs (CSW), there are
many applications and studies on the deformation characteristics. Zhou et al. (2021d)
proposed a new type of corrugated webs by simulating the forewing of the allomyrina
dichotoma. Wang et al. (2021p) improved the elastic buckling prediction formula. Ji and
Liu(2021) explored the elastic buckling behavior of CSW with variable sections. Dong
et al. (2021) and Cheng et al. (2021c) studied the flexural behavior under the negative
and positive moment of the truss beam and the composite deck, respectively. Deng et al.
(2021) and Zhu et al. (2021f) studied the torsion deformation and performance of the
composite box girder with CSW.

The composite beams perform differently compared with those under the positive
moment, because of the influence of cracks propagation in the negative moment zones.
The treatment and reinforcement of cracks are paid more attention to, such as the appli-
cation of UHPC and prestressing tendons. Hu et al. (2021c¢) studied the influence on the
cracking loads by the prestressing tendons in detail. Su et al. (2021a) explored the appli-
cation of the studs with rubber to reduce the concrete stress on the mid-supports. Luo
and Ma. (2021) studied the mixture of UNPC and NC on the deck of composite gird-
ers. Wang et al. (2021g) studied the continuous girder with UHPC concrete deck and
observed the short and crowded cracks. Wang et al. (2021f) compared the performance
of the effect of UHPC and prestressing tendons on the composite beams under the nega-
tive moment. Zhou et al. (2021g) emphasized that elevating the thickness of the concrete
slab is better than increasing the reinforcement ratio on the shear capacity. Nasiri et al.
(2021) studied the reinforcement effect of prestressed beams on cracked steel-concrete
beams. Xu et al. (2021a) studied the effect of the steel fiber in the concrete and compared
different arrangements of studs. Men et al. (2021a) and Men et al. (2021b) conducted
experiments on simple composite girders under negative moments and shear forces,
considering the ratio of the moment and the vertical force, the reinforcement ratio, the
web buckling and the interaction degree of the shear connectors.

The performance of composite girders under fatigue loads and complex environments
is focused by many researchers. Wang et al. (2021aa) found the local stress and the shear
buckling on the irregular corrugated webs and detected the beginning of the fatigue
cracks by conducting fatigue tests. Hassanin et al. (2021) studied the composite gird-
ers with the external prestressing tendons under fatigue loads and the effect of different
interaction degrees of the shear connectors. Alsharari et al. (2021b) studied the compos-
ite girders with three pre-damaged situations, including the influence of external envi-
ronment, cyclic loads and static overloads. The cracking patterns under these situations
were compared. Ma et al. (2021b) simulated the fatigue damage propagation of the deck,
based on the experiment of the steel- UHPC composite girder. Tu et al. (2021a) stud-
ied the fatigue performance of the composite girder with the concrete filled steel tube
and the corrugated webs. The fatigue cracks were classified. Chen et al. (2021a) tested
ten steel—concrete composite girders under accelerated corrosion. Hamid et al. (2021)
studied the influence of temperature on the internally cured concrete and normal con-
crete on the cracks. Zhang et al. (2021g) simulated the continuous bridge under fire, and
studied the influence of the fire intensity and the exposure locations. Song et al. (2021a)
studied the curved beam under local fire, and recommended that the web buckling
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could be the failure criterion. Zhang et al. (2021d) monitored the temperature of the real
bridge, and proposed the formula about the temperature along the section. Wang et al.
(2021b) simulated the vertical gradient of the temperature. Fan et al. (2021b) conducted
the indoor baking radiation test of the composite girder by using the lamp, and analyzed
the temperature distribution of the beam. Zhu et al. (2021d) tested 4 simply supported
curved beams and 1 continuous curved beam for 222 days under constantly distributed
loads. The vertical, rotation and slips were collected, and the effect of creep and shrink-
age of concrete on the stress redistribution of the stress was studied.

Researchers focused on the processing analyses, because of the uncertainty during
the construction and different mechanical behavior with the completed state of bridges.
Zhang et al. (2021e) compared the influence of the weight of the steel main beam, the
bridge deck weight, the elastic modulus of the cables and the temperature on the behav-
ior of the long-span cable-stayed bridge in the completed bridge state. Zhu and Zhu
(2021) studied the problem of distortion of steel tube-girder with top flange bracing con-
sidering warping restraint effect. Abo El-Khier and Morcous (2021) conducted experi-
ments on the wet joint made by UHPC and loop einforcements. Yuan et al. (2021d)
studied the shear lag effects during construction of the cable-stayed bridge with corru-
gated steel webs. Wang et al. (2021u) proposed a method to predict the deflection of the
prestressed concrete rigid frame bridge with corrugated webs, by combining FE simula-
tions and algorithms of MEC and BP.

5 Advances in Cable-Supported Bridge Analysis Theories

Two topics are summarized in this area according to the reports in 2021, including the
analysis theories for members of cable-supported bridges and refined analysis method of
connecting components.

5.1 Analysis theories for cable, tower and girder
5.1.1 Analysis theories for cable
Several representative works on the main cable alignment and construction control of
traditional suspension bridges can be found in 2021. Luo et al. (2021b) presented on
the high-precision calculation method of the cable alignment of suspension bridge with
pinned cable clamps. Qi et al. (2021) proposed a new cable network structure (Fig. 11) to
improve the wind-resistant performance of narrow suspension bridge. They proposed a
multi-point cable element that can consider the movement of pulleys. The results show
that this method can be adopted for the analysis of cable net suspension bridges with
pulley blocks. Li and Liu. (2021) proposed an improved continuous beam model for the
construction process calculation of long-span suspension bridges. Zhou et al. (2020)
presented an analytical method for the main cable deformation of the suspension bridge
under the temperature effect. The method has been verified by the monitoring data of
the Tsingma Bridge. Wang et al. (2021v) proposed a form-finding method for a new type
of spatial self-anchored hybrid cable-stayed suspension bridges.

The cable calculation of multi-span suspension bridge was also widely concerned in
2021. Zhang et al. (2021t,1,s,q) carried out relevant investigations on the simplified cal-
culation model, construction stage analysis, and vibration characteristics of multi-span
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suspension bridge. Cao et al. (2021) used a simplified model to investigate the static
characteristics of the three-tower suspension bridge with central buckles.

5.1.2 Stability theory for tower and girder

Stiffeners are adopted for the steel bridge members to increase the rigidity and strength.
The stiffened box section members are widely used in cable-supported bridges. Gui et al.
(2021a) carried out compressive load tests on stiffened steel members with extended
flanges and presented a calculation method for the elastic buckling coefficients of the
stiffened extended flange supported on three sides using the energy principle. Taking
the Changhong Bridge, a self-anchored suspension cable-stayed bridge, as background,
Wang et al. (2021d) carried out compression loading on a 1:4 scale steel box girder
experimental segment to investigate the full-range mechanical behavior. Wang (2021e)
also presented eccentric compression tests on full-scale stiffened plates with U-ribs and
discussed the influence of the number of stiffeners on the ultimate bearing capacity.
Bai et al. (2021) put forward a new highly efficient method for nonlinear analysis for
large stiffened box members including local buckling, named as the progressive-models
method. The local buckling effect was simplified by the average stress—strain curve of
the stiffened plate. The method can be also extended to the structural system.

Modern technology can manufacture curved stiffened members with ease. Ljubinkovi¢
et al. (2019) carried out a stability test and numerical simulation on a steel box girder
(Fig. 12) of which the bottom plate is curved. Staen et al. (2021) employed the shell finite
element model to investigate the elastic shear stability of curved steel webs.

After the successful application of Q500 high-performance steel in the Hutong Yang-
tze River Bridge, the Wuhan Hanjiang Bay Bridge completed in 2021 adopts a new gen-
eration of high-strength bridge steel Q690 (Yi et al. 2021). With the improvement of steel
strength, the design of stability for large steel bridge members will face new challenges.
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Fig. 12 Steel box girder with curved stiffened plates at the bottom

The Changtai Yangtze River Bridge adopts a high-rise diamond-shaped steel-concrete
hybrid tower of which height is 340 m. The upper tower legs are steel—concrete compos-
ite sections, and the middle and lower tower legs are concrete box sections. Huang et al.
(2021b) investigated the applicability of the eccentricity magnifying coeflicient specified
in the design codes to the complex bridge tower structure. They recommended the use
of the line finite element model for the reinforcement design of the bridge tower and
pointed out that a refined finite element model should be adopted for the analysis. Yuan
et al. (2021c) obtained the eccentricity magnifying coefficient available for the bridge
tower using theoretical derivation and numerical analysis. Due to the complex mechani-
cal behavior of inclined pylons or curved pylons in asymmetric span bridges, Jutila et al.
(2021) proposed an analytical algorithm for the conceptual design, which was used in
the analysis of single tower cable-stayed bridges with harp-shaped cable arrangement.

The stability of large concrete bridge towers has been concerned. In recent years,
topics related to analysis of concrete bridge towers have been frequently reported. The
methods adopted are mainly the line and the solid finite element method. However, the
above research is mainly for some actual projects, thus the adopted models still have
limitations. For similar structural details of the same type, BIM Technology can be intro-
duced to build a parametric module of large concrete members, so as to facilitate the
parametric analysis of the mechanical performance of the members and optimize the
design of the structure with high efficiency.

5.2 Analysis theories for connecting components of cable-supported bridges
5.2.1 Analysis theory for saddle and saddle-cable system
To realize a highly efficient calculation for the lateral pressure between the main cable
and the saddle groove, Wang et al. (2021j) proposed the strand element method (Fig. 13)
for the main cable strands of 37-, 61-, 91-, and 127-wires. The method was validated
against the test. An actual multi-span suspension bridge was analyzed by this method.
The results showed that the proposed method could be directly applied to the sliding
resistance design of the main cable.

Zhong et al. (2021) adopted finite a element model to investigate the ultimate bearing
capacity of the cable saddle. The effects of material strength, the thickness and number
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of transverse stiffeners, the width dimension of the saddle groove, the thickness of sad-
dle groove, and the longitudinal stiffeners on the ultimate bearing capacity of cable sad-
dle were investigated through the elastoplastic analysis.

The Hutiaoxia Jinsha River Bridge is a single tower ground anchored suspension
bridge. One side of the main cable is anchored into the rock through a new type of com-
posite cable saddle, which has the both functions of the main saddle and the splay sad-
dle. Liu et al. (2021a) introduced the design.

5.2.2 Slip resistance analysis method for clamp

The mutual sliding between the cable clamp and the main cable has occurred in the sus-
pension bridges operated for many years. One reason is that traditional empirical for-
mulas for sliding resistance design of cable clamp could not fully consider the interaction
between the main cable and the clamp.

Miao et al. (2021b) simplified the cable clamp to a plane model. Based on the equilib-
rium conditions of the plane microelement of the cable clamp, both the explicit formula
for the contact pressure between the main cable and the cable clamp and the formula
of the sliding resistance were given. The furrow effect exists when the main cable and
the cable clamp squeeze each other, resulting in different friction behaviors of the cable
clamp plane micro elements along the radial and axial directions of the main cable. For
this reason, two independent friction coefficients were considered. Subsequently, the
deduced formula was verified by the solid finite element model.

For the pin-hinge type cable clamp, the contact pressure between the cable clamp
and the main cable is generated by tightening the screws. It is difficult for the multi-row
screws in the cable clamp to be tightened synchronously (Fig. 14) due to the interrela-
tionship of tightening force between screws. Miao et al. (2021a) investigated the inter-
action effect of cable clamp screw fastening and proposed the fastening optimization
method. The tightening optimization method was based on solid finite element model.
The test result of an actual bridge showed that the proposed optimization method could
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not only obtain uniform screw force, but also reduce the number of times of screw tight-
ening, so as to reduce the on-site labor.

6 Advances in Bridge Seismic Resistance

In order to promote the development of bridge engineering, on the basis of consult-
ing a large number of literatures, this part systematically combs many achievements
in the field of bridge earthquake resistance in 2021. The search literatures are mainly
from domestic and foreign well-known journals such as Engineering Structures, Journal
of Bridge Engineering, Soil Dynamics and Earthquake Engineering, Earthquake Engi-
neering & Structural Dynamics, Journal of Structural Engineering, Journal of Southwest
Jiaotong University. The research on the seismic field of bridges in 2021 can be summa-
rized as the following four aspects: (1) the study of seismic performance of bridge piers;
(2) collision and contact problems; (3) bridge seismic isolation technology; (4) seismic
response and seismic evaluation of bridges.

6.1 Seismic performance of bridge pier

6.1.1 Seismic performance of traditional monolithic cast bridge pier

This year, the research on the seismic performance of integral cast piers is mainly
focused on RC piers and new material piers. For RC piers, scholars (Aboukifa and
Moustafa 2021; Amirchoupani et al. 2021; Ding et al. 2021b; Liang et al. 2021b; Mehrso-
roush and Saiidi 2021; Xu et al. 2021d) discuss their effects on the seismic performance
of RC piers according to the factors such as wall-thickness ratio, corrosion, steel bar
strength and damage state boundary through experiments and numerical simulation.
For the new material bridge pier, the researchers (AL-Hawarneh and Alam 2021; Li et al.
2021e) mainly improved the concrete material, and discussed the seismic performance
of the bridge pier made of ultra-high performance concrete, recycled aggregate concrete
and fiber reinforced concrete respectively.

6.1.2 Seismic performance of reinforced pier
Scholars (Cai et al. 2021b; Jia et al. 2022; Wang et al. 20210; w; Zhang et al. 20210)
mainly used the reinforcing materials such as carbon fiber reinforced polymer (CFRP) to
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improve the plastic hinge area of bridge piers for corrosion, cracks and other local dam-
age areas (Fig. 15) and proposed a precast concrete pier seismic strengthening method
(ASRM) based on carbon fiber reinforced polymer (CFRP) and polyethylene terephtha-
late (PET) materials. And the sensitivity analysis method of engineering cement compos-
ite material (ECC) is used to study the seismic performance of pier bridges strengthened
with ECC.

6.1.3 Seismic performance of prefabricated and self-resetting piers

For prefabricated piers, scholars (Benjumea et al. 2021; Liu et al. 2021g; Qu et al. 2021;
Shoushtari et al. 2021; Wang et al. 2021m; Xu et al. 2021f; Zhang et al. 2021f) mainly
focused on their connection modes and load types. There were many researches on
the connection mode of grouting sleeve. The types of loads, biaxial excitation, com-
bined transverse torsional load and explosive load have been studied. The results show
that the seismic performance of prefabricated piers is similar to that of CIP piers. For
self-reset piers (Ahmad et al. 2021; Jafarkarimi and Khanmohammadi 2021; Jia et al.
2021b; Mohammad et al. 2021), mixed sliding-rocking (MSR) piers were precast con-
crete segmental piers with the characteristics of unbonded post-tensioned, end rocking
joints and intermediate sliding joints (Fig. 16). MSR columns were developed for build-
ings in earthquake areas with self-centering, energy consumption and low damage. The
research results reflect the trend of the combination of connection structure and energy
dissipation structure, which may be a development direction of prefabricated piers in
the future.
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Scholars (Chen 2021; Chen et al. 2021g; Cheshmehkaboodi and Guizani 2021; Chiou
2021; Wen and Limin 2021; Zhang et al. 2021y) have studied the pile-soil interaction
under a variety of complex conditions, such as the seismic response and pile-soil inter-
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6.2 Collision and contact problems

action under near-fault ground motions. The results show that the soil-structure interac-
tion has an obvious influence on the shear force, bending moment and axial force at the
bottom of the pier, which greatly reduces the seismic response of the bridge.

6.2.2 Vehicle-bridge-ground coupling

In the aspect of vehicle-bridge-ground coupling, scholars (Cui and Xu 2021; Lei and
Huang 2021; Shamsi et al. 2021; Yu et al. 2021b) have proposed a large number of finite
element models, including 3D continuous finite element model (Fig. 17), Chinese CRT-
Slltrack system simply supported beam and CRH2 high-speed train coupling model and
train-track-bridge-pile group coupling vibration model. The results show that under the
earthquake, the existence of the train reduces the response of the pier and bearing, while
increases the response of the track structure. Ignoring the train may lead to the most
intense response of the vehicle-bridge-ground coupling system.

6.2.3 Pier-water interaction

On the problem of pier-water interaction, scholars (Liang et al. 2021a; Wang et al. 2021c¢;
Zhang et al. 2021b; k; Zhou et al. 2021c) mainly focused on the evaluation of seismic
capacity of bridges and the vulnerability analysis of piers and supports; the hydrody-
namic additional mass was estimated by the fluid—solid coupling model, and a three-
dimensional nonlinear numerical model of the bridge was established. A simplified
additional mass formula and a simplified additional model (Fig. 18) were proposed to
simulate rectangular hollow piers.
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Fig. 18 Example pier and simplified additional mass model

6.2.4 Collision

A large number of studies (Jiao et al. 2021; Oppong et al. 2021) have shown that the
interaction of bridge contacts has a great influence on the dynamic characteristics and
seismic response of Bridges. However, there are still differences in the calculation results
obtained by the interaction models of different contact surfaces, because some simpli-
fied contact interaction models will lead to calculation errors. Therefore, to make the
response analysis result of bridge structure under various dynamic loads accurate, it is
necessary to establish an accurate bridge contact model.

6.3 Seismic isolation technology

6.3.1 Seismic isolation measures

In 2021, scholars (Cao and Liu, 2021; Castaldo and Amendola 2021; Chen and Li 2021;
Fang et al. 2022, 2021; He and Unjoh 2022; Ma et al. 2021a; Maghsoudi-Barmi et al. 2021;
Song et al. 2021b; Wei et al. 2021a, e; Wen et al. 2021; Zhang et al. 2021a; Zheng et al.
2021c) mainly studied the mechanical properties of new isolation bearings, new struc-
tural support systems, isolation devices and so on. Great progress has been made in the
research of bridge damping and isolation devices and design methods, and the overall
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research shows the characteristics of continuous deepening. In terms of damping and
isolation devices, many new damping and isolation devices are still to be continuously
developed with rubber bearings and viscous dampers as the basic framework, through
innovations in materials and structures, continue to enhance the adaptability of seismic
isolation devices in different harsh environments to meet the strategic requirements of
large tonnage, large deformation and high weather resistance under the strategic back-
ground of the transfer of bridge construction to the west.

6.3.2 Design method of damping and isolation system

The research of scholars (Li et al. 2021f; Pang et al. 2021a; Reggiani Manzo et al. 2022)
on the design method of seismic isolation system in 2021 was mainly focused on the
new seismic system and the performance-based seismic isolation design method. In the
aspect of seismic isolation design method, the new design method was innovated con-
stantly, the structure evaluation was more based on the performance, and the parameter
design and optimization of the device were more accurate.

6.4 Seismic response and seismic evaluation

6.4.1 Seismic response and vulnerability analysis of bridges

At present, the more mature research methods are shaking table test (Guo et al. 2021b;
Wang et al. 2021z) and finite element numerical simulation method (Fayaz and Zareian
2021). Scholars (Dai et al. 2021¢; Rachedi et al. 2021; Soleimani and Liu 2022) proposed
to use artificial neural network (ANN) to predict the dynamic response of structures
under earthquake to overcome the disadvantage for which only a single peak ground
acceleration (PGA) parameter is not enough to describe the seismic excitation process.
The seismic performance of materials and steel bars of bridge members after perfor-
mance degradation has been further studied, and a number of scholars (He et al. 2021a;
Huang and Yi 2021; Li and Fu 2021) have put forward corresponding analysis models to
assess the service life of bridges. At the same time, the bridge uniform damage optimiza-
tion design process based on intelligent difference algorithm (Fig. 19) is proposed. The
anti-seismic problem of near-fault bridge is also the direction that scholars (Wan et al.
2021; Yang et al. 2021c¢) actively explore in recent years. The bridge structure is more
likely to be damaged under the action of acceleration impulse ground motion.

6.4.2 Bridge Seismic system and Evaluation method

The renewal and optimization of bridge seismic system has always been the main
research direction of scholars (Guan and Li 2021; Sun et al. 2021b). There is lit-
tle research on the damping mechanism and damping system of long-span bridges
under the action of near-fault and cross-fault and other extreme earthquakes, and the
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relevant damping theory and design methods need to be improved. The overall evalua-
tion method of seismic performance of bridges also had a lot of research results in 2021
(Chen et al. 20211; Darwash and Mackie 2021; Feng et al. 2021b; Pang et al. 2021b; Safari
et al. 2021; Wang et al. 2021k). It was found that the capacity of the bridge system was
greatly underestimated by using the simplified model, and the increase of abutment stiff-
ness and strength significantly reduced the displacement and force of the bridge system.

7 Advances in Vibration and Noise Reduction of Rail Transit Bridges
In 2021, great progress was made in the research on vibration reduction and noise
reduction of rail transit. This chapter briefly reviews the representative progress includ-

ing: “the noise source alongside the railway’, "research on vibration reduction and noise
reduction measures" and "vibration and noise mechanism" of rail transit.

7.1 Noise characteristics research

Clarifying the railway sound source characteristics is the basis of the research on the
vibration and noise reduction of high-speed railway. The sound source of high-speed
train should be the wheel/rail noise, aerodynamic noise and structure-borne noise.
Sheng et al. (2021) and Zhu (2021c) respectively reviewed the research on the wheel/ rail
noise and aerodynamic noise.

Structure-borne noise constantly annoys the residents along the rail line and is difficult
to eliminate. For steel box girder, Zhang et al. (2021u) elaborated through hammer test
study that the setting of the stiffener significantly decreased the structure-borne noise.
The influence of the stiffener spacing on the structure-borne noise is greater than that of
the thickness of stiffeners. Li et al. (2021a, b, c,d,e,f,g) and Janas (2021) respectively car-
ried out the vibration and acoustic test and found out that the structure-borne noise of
steel box girder was broadband distribution, the sound press level peak occurs at 63 to
160 Hz, and the most acoustic radiation contribution was the steel bridge panel. For the
large-span steel truss bridge, it’s showed in Zhang et al. (2021v) that the structure-borne
noise was in the frequency range of 40 ~ 500 Hz.

When the train passes through the bridge section arranged with a sound barrier, the
structure-borne noise emerged from the bridge-sound barrier system. Zheng (2021a)
established a simulated prediction using a fast multipole boundary element method
model for structure-borne noise of a bridge-fully closed sound barrier (FESB) system.

7.2 Research on vibration reduction and noise reduction measures

Noise barrier is the main measure to reduce noise and the acoustic performance of the
new-type sound barriers has gained attention. Zheng (2021b) carried out the field test
on the FESB considering with various type of sound barriers and sound insulation board
of different materials.

To reduce the vibration transmitted to infrastructures under the track, the com-
monly used measures include the damper fastener and vibration damping rails. Liu et al.
(2021f) found that the vibration of the viaduct was affected considering the frequency
variation characteristic of the rubber pad of WJ-7B fasteners. Li and Gong (2021) came
to conclusion that the rubber float-slab track could effectively reduce the vibration of the
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large-span steel truss beam bridge; He et al. (2021e) compared the embedded, trapezoi-
dal sleeper and damping pad floating plate track in field test, and results showed that the
latter two tracks could better control the vibration of bridge.

Damped rails or restraint damping layers can also be used at typical locations of
steel bridges to control vibration and structure-borne noise. Chen et al. (2021k) tested
the reconstructed elevated line with damping rail and obtained the noise change dur-
ing the train passing period; Ou et al. (2021) found that the laying of damping plates
had a certain noise reduction effect on steel box girder in the peak frequency band of
200-1000 Hz. Particle damping has been applied to vibration reduction due to its simple
structure, wide frequency band and strong environmental adaptability. Jin et al. (2020)
applied particle damping to the rail to control the vibration and noise caused by wheel
rolling.

According to the pulsating pressure in the speed range of 380—-420 km/h in Xiong et al.
(2020) and Bi et al. (2021), it can be seen that the pressure on the surface of the sound
barrier increases sharply with the increasing train speed. Restricted by the enclosed
space, the FESB produce greater aerodynamic pressure. Jing et al. (2021) carried out the
wind tunnel test and obtained the aerodynamic pressure distribution in FESB. The above
research shows that the peak values of fluctuating wind pressure of the FESB is the larg-
est compared with other types of sound barriers, obviously changes at different sections
of the FESB, and are evenly distributed along the circumferential direction of the FESB
on the middle section. The impact of aerodynamic pressure will cause severe perfor-
mance degradation of the sound barrier.

7.3 Study on vibration reduction and noise reduction of periodic structure

Periodic structures often appear in rail transit. The vibration and noise control is cor-
respondingly realized by using the band gap characteristic of elastic wave propagating in
periodic medium structure in wave dynamics theory.

For the periodic characteristics of the track structure, Zhao et al. (2021a) proposed a
new type of phononic crystal vibration isolator structure placed on the floating plate of
the rail damping pad; Jin et al. (2020) designed a vibration isolator by using Bragg scat-
tering and local resonance band gap in the layered honeycomb structure, effectively real-
izing the ultra wide coupling band gap and achieving the purpose of vibration reduction.

For the infinite periodic Viaduct, Chen et al. (2021e) discussed the dynamic response
under different dynamic loads. He et al. (2021f) explored the vibration spectrum of con-
crete box girders based on the theory of infinite long-period structure. The acoustic
radiation characteristics of elastic waves are calculated by the 2.5-dimensional acoustic
boundary element method.

In terms of sound barrier research, Qin et al. (2020) proposed three kinds of two-
dimensional gas—solid phononic crystal sound barriers, respectively analyzed the energy
band structures and determined the noise reduction characteristics of the sound barrier
in the band gap rang. Based on phononic crystal and Helmholtz resonator theory, Jiang
et al. (2021d) proposed a new type of wind/sound barrier with good noise and aerody-
namic pressure reduction effect.
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8 Advances in Monitoring and Detection of Steel Bridge

At present, the number of in-service steel bridges with fatigue damage is increasing year
by year, but the actual performance requirement of the structure gradually increases,
resulting in the deterioration of service performance and the frequent occurrence of
accidents such as bridge collapses, which has become a major source of risk for transpor-
tation infrastructure. Therefore, for the typical issues of steel bridges in service, such as
fatigue cracks, corrosion, loose bolts or fractures, the studies on monitoring and detec-
tion are sorted out and summarized, and the current situation, problems, needs and
shortcomings are clarified, with a view to providing references for subsequent studies.

8.1 Fatigue cracking monitoring and detection

Fatigue cracking, as one of the most common diseases of steel bridges, is a worldwide
problem that limits the safety and durability of steel bridges in service. Fatigue crack-
ing leads to local stress release, so strain-based methods are widely used in monitor-
ing fatigue fragile details of steel bridges (Al-Salih et al. 2021; Mashayekhi et al. 2021;
Tochaei et al. 2021). The ultrasonic wave is one of the most common methods of field
detection. Shirahata et al. (2021) studied the detection effects of various ultrasonic waves
on fatigue crack in welded joint with paint coating. Shrestha et al. (2021) performed an
experimental investigation of fatigue in steel with an edge notch using AE to understand
source and location of crack formation and growth. Wang (2021b) studied the ultrasonic
guided wave detection methods for fatigue cracks in orthotropic steel bridge decks, built
an automatic fatigue crack detection system to realize the accurate detection and locali-
zation of U-rib and hidden root cracks. With the rapid development of computer tech-
nology and artificial intelligence, image recognition technology using computer-aided
analysis and visual information processing has become a research hotspot for fatigue
crack detection in steel bridges, such as the convolutional neural network Inception-
v4 (Zhu et al. 2021b) and the deep learning-based fine crack segmentation network
(FCS-Net) (Li et al. 2021g). The magnetization effect occurs in steel under the action
of an applied magnetic field or magnetic memory under cyclic loading. When a defect
exists on or near the surface of structure, the magnetic field around the location will
be distorted and a magnetic leakage field will be formed on the surface, which provides
a possibility for monitoring and detection studies based on eddy current and magnetic
memory(Ma et al. 2021¢; Nguyen and La 2021; Su et al. 2021c).

8.2 Corrosion monitoring and detection

Because the corrosion is usually exposed on the surface of the steel structure, surface
corrosion information can be easily obtained by image acquisition methods, research-
ers have applied deep learning-based image processing methods to steel bridge surface
corrosion detection and conducted some exploratory studies. Huang et al. (2021a) and
Jin Lim et al. (2021) explored a new corrosion inspection method that combines a deep
learning-based fully convolutional neural network U-Net with a newly developed image
semantic segmentation model to achieve pixel-level corrosion defect identification of
steel bridge. Yang (2021a) proposed a threshold segmentation algorithm based on Hue,
Saturation, Value (HSV) chromaticity space for corrosion disease detection. The image
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was converted to HSV chromaticity space, and the appropriate threshold was selected
for disease segmentation and corrosion marking. Some researchers have calculated the
damage degree of cables based on the health monitoring data of the cables. Son et al.
(2021a) processed multivariate time series and learn temporal correlation based on
LSTM (Long Short Term Memory) network to identify abnormal data due to bridge
damage or sensor device failure in cable-stayed bridge force health monitoring. Xia et al.
(2021) obtained the dynamic response signals at various damage levels, cable forces and
cable lengths by analyzing them in the time, frequency, and energy domains. A predic-
tion procedure for cable damage was established using the change rate of wavelet packet
total energy (RWE) as the damage index for the cables. Since the magnetic field variabil-
ity characteristics are highly correlated with the stress and damage on the surface, sev-
eral scholars have studied the corrosion detection of cables and booms using magnetic
detection methods (Ni et al. 2021; Tang et al. 2021b; Zhou et al. 2021a).

8.3 Bolt monitoring and detection

During the operation of a bridge, small vibrations or temperature changes over a long-
term period can damage the bolts by loosening, breaking or falling off, seriously threat-
ening the safety of the bridge, pedestrians and vehicles. The looseness of the bolted
structure directly affects the vibration characteristics of the structure. Pirdayr et al.
(2021) and Wang et al. (2021h) evaluated the looseness of the bolts by the time domain
and frequency domain characteristics of the vibration signals, respectively. The imped-
ance-based method inverts the bolt status by measuring the local frequency impedance
information of the structure. Na (2021) used PZT to measure the piezoelectric imped-
ance characteristics of different bolt sizes and used probabilistic neural networks for
sensing signal feature extraction to achieve rapid identification of bolt loosening sta-
tus. In the methods based on piezoelectric active sensing, high-frequency excitation
can be used to generate ultrasonic-guided waves. When the wave signal passes through
the loose part of the bolt, the amplitude, phase and frequency components of the wave
will change, according to which the bolt status can be judged (Ding et al. 2022; Pineda
Allen and Ng 2021; Quan et al. 2021; Zhang et al. 2021n). Typically, the computer vision-
based detection methods use portable devices to capture images, and calculate the bolt
rotation angle and screw length based on the two-dimensional information. They have
outstanding advantages such as low cost, non-contact measurement, and high visualiza-
tion, and thus have received a lot of attention from the engineering community. With
the development of machine vision, researchers have proposed numerous convolutional
neural network models with excellent performance, which have been widely used in bolt
disease detection (Huynh 2021; Pan and Yang 2022; Yu et al. 2021d; Yuan et al. 2021a).

9 Advances in Hydrodynamics of Coastal Bridges

Compared to inland bridges, coastal bridges are facing more complicated conditions.
Hydrodynamic loadings from hurricane storms, extreme waves and raging currents
pose a great threat to the safety of nearshore bridges. In the past year, lots of research-
ers have devoted to this topic for a deeper understanding of coastal bridge hydrody-
namics. To the authors’ best knowledge, relevant works can be categorized into three

aspects: assessment of wind and wave environment; interactions between extreme waves
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and coastal bridge superstructures; influences of waves and currents on coastal bridge
substructures.

Since wind-generated wave is one of the main mechanisms for inducing extreme
waves, a reasonable wind-wave driving model is necessary for the scientific evaluation
of environmental loading at bridge site. To this end, comprehensive work was made in
2021 (Shen and Wei 2021; Wu et al. 2021e). Among them, Wu et al. (2021e) established
a real-time atmosphere-wave bidirectional coupling model for the South China sea by
combining the atmospheric model WRF with the wave model SWAN. According to this
model, the spatial-temporal evolution process of typhoon-wave can be predicted with
high accuracy. At the same time, considering the correlation among wind, wave and
current, some researchers (Jiang et al. 2021b; Li et al. 2021b; Liu et al. 2021e; Ma and
Zhang 2022) explored the application of multivariate joint probabilistic functions. Wang
and Liu (2021) presented a dynamically coupled approach for simultaneously analyzing
storm surges and tsunamis. Then based on an extreme scenario that a storm surge and
synthetic tsunami simultaneously happened in the Pearl River Estuary, the differences
between linear superposition and fully coupled model were systematically compared.
In addition, with the rapid development of artificial intelligence, some machining tech-
niques (Kyprioti et al. 2021; Lee et al. 2021; Meng et al. 2021; Qiao and Myers 2022; Wei
2021) are also employed. Using the geometric prediction method of large storms, Lee
et al. (2021) evaluated potential coastal disasters within a region containing tens of thou-
sands of locations. The Kriging’s method was employed for geospatial interpolation. In
the case of greatly reducing the calculation cost, the accuracy of the hazard curve only
exhibited a small deviation.

After investigating numerous coastal bridge damages, a large part of accidents is found
to be closely related to the hydrodynamic loadings on bridge superstructures. Yuan et al.
(2021b) proposed an effectively pseudo fluid—structure interaction method for investi-
gating the spatial failure mode of coastal bridge superstructures under extreme waves.
Two representative failure modes including fall-beam and overturning were discussed
in detail. Farvizi et al. (2021) researched the interactions between tsunami waves and
skewed box section bridges. Experimental data showed that the skewed bridge deck
would suffer additional forces and moment components. Corresponding formulas for
predicting tsunami forces on the skewed bridges were also derived. Chen et al. (2021i),
Chen et al. (2021j) and Yang et al. (2021e) numerically investigated the responses of vari-
ous waves impacting on coastal bridge girders like T-girder and box-girder. It is found
that the T-girder bridge bears higher and longer-lasting horizontal peak forces than box-
girder bridge. Countermeasures for mitigating extreme wave forces on bridge super-
structures also attracted some researchers’ attention (Gao et al. 2021b; Greco et al. 2021;
Qu et al. 2020a). Rajabi et al. (2021) studied the straight floating bridge under homo-
geneous waves, and found that the wave loadings on joints were reduced by the moor-
ing system. On the other hand, considering homogeneous waves may underestimate the
structural response of the large span floating bridge, some studies on inhomogeneous
waves and their effects on floating bridges were also conducted (Cheng et al. 2021b; Dai
et al. 2021a; b). In terms of wind-wave-bridge coupling systems, Qu et al. (2020b) and
Wen et al. (2022) took wind speed, wave height and inundation depth into account, and
investigated the hydrodynamic effects of solitary waves, regular waves, and wind for
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offshore low-profile bridges respectively. Chen and Peng (2021) examined the impli-
cations of flow velocity and group pile effects, then proposed an analytical method for
short-term pulsation effects on structures. Yu et al. (2021a) investigated the performance
of three different time series prediction models (XGBoost, LSTM, ARIMA) in the early
warning of structural displacements.

The long-term wave and current impacts also bring about adverse effect on the sub-
structure of coastal bridges, such as piles, caps, and column. Regarding to the pile group
foundation, Wang and Qiu (2021) experimentally studied influences of water depth, pile
spacing, pile inclination, cap structural type and other factors. It is revealed that the
wave force undertaken by the cap even accounts for more than 98% of the total wave
force when the water-depth is high. Gao et al. (2021d) numerically analyzed the wave
surge on the equilateral triangular cylinders. In the case of estuary tides or inland river
floods, waves are usually mild, and current plays a major role. Aghaee-Shalmani and
Hakimzadeh (2022) adopted large eddy simulation studying the hydrodynamic char-
acteristics of semi-conical bridge piers with various slope ratios. Results showed that
compared to the cylindrical pier, the semi-conical pier could decrease the downstream
flow velocity, the bottom shear stress and the vortex dropping frequency simultane-
ously. In addition, some scholars (Liang et al. 2021b; Tu et al. 2021b; Wang et al. 2021];
Zhang et al. 2022) studied the dynamic response characteristics of bridges under multi-
factors including earthquake, wave, deep-water and others. Local scour is another main
disease of wading bridges. Yao et al. (2021a) found that the scour depth increased with
the diameter of the superstructure. Bor and GUNey (2021) found that the largest scour
pits resulted from rectangular piers among all pier geometries. Baduna Kogyigit et al.
(2021) investigated the effect of submergence depth on the local scour depth of bridges.
In scour monitoring and prediction aspect, Zhang et al. (2021h) used an intelligent rock
location method combined with an unmanned aerial vehicle to monitor the maximum
bridge scour depth. Aly and Erin (2021) found that the straight slot performed the best
among the various types of scour mitigation measures.

10 Advances in the Durability of the Concrete Bridge under the Complex
Environmental Conditions

The complex environmental conditions (such as temperature, humidity, precipita-

tion, erosion ions, ultraviolet, etc.) can significantly affect the durability of the concrete

bridge. This chapter reviews the research related to the durability of the concrete bridge

under different environmental conditions in 2021.

10.1 The durability of concrete bridges under corrosion environments

Deterioration of concrete bridge structures in a corrosion environment is the main
problem of their serviceability, which may lead to the risk of bridge collapse. This section
mainly introduces the durability of the concrete bridge under the ocean and saline soil

environments.

10.1.1 Durability research progress of concrete bridges under marine corrosion environment
Coastal bridges exposed to the Marine environment are always eroded by various ions
(especially chloride ions and sulfate ions). The erosion process and impact factors of
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the marine corrosion environment on concrete Bridges are mainly studied through the
accelerated corrosion test and exposure test. Hou et al. (2021a) conducted a two-stage
corrosion test under a chloride environment on steel fiber concrete components. The
deterioration process can be described as local corrosion on the fiber surface and gradu-
ally aggravated with the increase of the beam corrosion rate. A continuous load acceler-
ated the steel corrosion due to the rapid reduction of the corrosion potential. In addition,
the continuous load and chloride corrosion has an obvious coupling effect. Wei et al.
(2021d) investigated the failure mode of the reinforced concrete beam strengthened by
CFRP and found that the chloride environmental exposure had a great negative effect on
the bending performance of the reinforced concrete beam. In addition, they proposed a
theoretical model for predicting the bending strength of the CFRP-reinforced concrete
beams. Zhao et al. (2021b) designed four scaled pier specimens and performed cyclic
load tests on the specimens after experiencing varying degrees of electro-accelerated
corrosion in splash and tidal zones. When the corrosion degree increased, the bearing
capacity, ductility, and cumulative energy consumption were reduced. When the cor-
rosion was severe enough, the position of the plastic hinge would be transferred from
the bottom of the pier to the corrosion zone. Leng et al. (2021) proposed a new dual
time-dependent chloride diffusion model by considering the maximum diffusion phe-
nomenon of concrete structures in the marine environment. Xu et al. (2021d) developed
a numerical model that can capture the shear resistance degradation and bending shear
coupling behavior of the corrosion column.

10.1.2 Progress on the durability of concrete bridges under saline soil corrosion environment
A large number of harmful ions can be found in saline soil. The multi-factor environ-
ment coupling effect can easily cause erosion and deterioration of the concrete structure,
which seriously threatens the durability of concrete bridges. Feng et al. (2021d) studied
the corrosion damage and bearing characteristics of bridge pile foundations under salt
dry—wet-freezing-thaw cycle conditions. To study the seismic flexural strength of rein-
forced concrete (RC) columns in a saline soil environment, Yan et al. (2021a) designed
fourteen inverted T-shaped RC pier columns for electrochemical corrosion tests and
repeated loading tests. The research results can provide a reference for the seismic
design of columns in the saline soil environment.

10.2 Research Progress of Concrete Bridge under Plateau Environment

For the plateau construction, due to the atmospheric pressure decreasing with the
increase of altitude, the bubbles in the concrete are instability, which often reduces the
effectiveness of the air-entraining agent (Wang 2021a). In recent years, the durability
of concrete in plateau areas has focused on the applicability of the air-entraining agent.
He et al. (2021b) studied the mechanism of enhancing the robustness and durability of
nano-silica (NS) and the robustness of concrete under low pressure. The adsorption of
NS by AEAs on the bubble shell can compact the hydration products of the air pore wall
and affect the aperture distribution, thus improving the bending strength and freezing
resistance of air-induced concrete at low pressure. Yuan (2021) compared the differences
in strength and permeability of concrete in different curing environments, it was found



Zhao et al. Advances in Bridge Engineering (2022) 3:29 Page 33 of 71

that the compressive strength of concrete under low pressure was higher than that of the
same mix proportion under standard pressure.

The large temperature difference and low relative humidity drying can significantly
affect the durability of concrete bridges in high-altitude areas. Chen et al. (2021f) inves-
tigated the sunshine temperature field characteristics and distribution pattern of a
steel-concrete composite beam in a high-altitude area and proposed a solar radiation
calculation model under plateau environment. Liu et al. (2021c) investigated the tem-
perature change and temperature effect of thin wall hollow high pier and obtained the
temperature field characteristics and displacement distribution rules of thin wall hollow
high pier, which can make reasonable suggestions for the design and construction of thin
wall hollow high pier in high altitude areas.

10.3 Progress in the durability performance of concrete bridges under extreme high

and low-temperature environments
Frozen swelling is one of the main diseases of concrete structures in cold areas. Sun et al.
(2022) investigated the influence of frost-swelling damage on the mechanical behavior of
the full-size post-tensioned prestressed concrete beam. They established a three-dimen-
sional nonlinear finite element model of the beam to understand the mechanism of the
freeze-swelling effect.

In high-temperature conditions, UHPC beams show lower fire resistance than ordi-
nary-strength concrete beams and high-strength concrete beams (Zhu et al. 2021e). To
improve the peeling resistance of UHPC at high temperatures, the addition of fibers can
delay the development of cracks when the temperature increases, and the mixed steel
fiber and synthetic fiber can effectively improve the high-temperature peeling behavior
of UHPC (Guo et al. 2021c). Studies have found that polypropylene (PP) fibers can effec-
tively prevent spalling of UHPC under high temperature conditions (Zhang et al. 2021a,
b,c,d, e f,g hijk,mnop qrs tuv,w, X, vy). At the same time, the addition
of iron tailings powder (ITP) particles will delay the peeling of UHPC mortar at high
temperatures, and improve the compressive strength and flexural strength of UHPC.
Afzal and Khushnood (2021) found that under the condition of high temperature (up to
800°C), high-strength concrete containing carbon nanofibers was found to have better
retention in mechanical and physical properties compared to plain concrete.

11 Advances in Bridge Assessment and Reinforcement

Bridges are an important part of infrastructure, and a large number of bridges have been
built in China. With the sustained development of China’s economy and the steady pro-
gress of infrastructure construction, China has become one of the countries with the
largest number of bridges in the world. According to the latest statistics of the Minis-
try of communications (2021), in 2018, the number of highway bridges in China was
851,500, an increase of 19,000 over the previous year, an increase of 2.28% over the pre-
vious year; In 2019, the number of highway bridges in China was 878,300, an increase
of 26,800 over the previous year, an increase of 3.15% over the previous year, including
5716 super bridges and 108,344 bridges; In 2020, there were 912,800 highway bridges
in China, an increase of 34,500 over the previous year, with a year-on-year increase of
3.80%, including 6444 super bridges and 119,935 bridges (2021). Although China’s bridge
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construction industry is flourishing and has a bright future, in the bridge operation
stage, a large number of bridges in China will reach their service life ahead of schedule
with the increase of the number of vehicles, the increasingly serious problem of vehicle
overload, the extended service, the impact of the natural environment, the aging of the
structure and other problems. The bearing capacity and service life of these bridges are
reduced, and there are huge potential safety hazards. The operation conditions can not
meet the needs of transportation, and even cause huge losses (Qin 2000).

In order to reduce the loss of social inherent assets and wealth caused by the prema-
ture aging and safety problems of bridges, and ensure the reasonable service life and
operation safety of bridges, bridge builders need to spend a lot of human, financial and
material resources in the annual inspection, monitoring, evaluation and reinforcement.
In order to make more effective use of social resources, more and more better assess-
ment and reinforcement methods have been proposed by scholars. Based on the latest
research on bridge evaluation and reinforcement at home and abroad in 2021, this chap-
ter introduces the two aspects of bridge evaluation and bridge reinforcement through
systematic sorting, so as to provide reference, application and development for future
research and engineering practice.

11.1 Bridge evaluation study

According to previous studies, bridge assessment can be divided into three aspects:
bridge health inspection / monitoring, bridge damage identification and bridge structure
state assessment. However, the three aspects are closely connected, and an indispensable
part of bridge assessment. This section describes the historical development, basic con-
cepts and research progress of each aspect in 2021.

11.1.1 Bridge health inspection

Overview of bridge health inspection At present, bridge health monitoring has expe-
rienced nearly 70 years of development. The exploration of bridge health monitoring
began in the 1950s. At that time, the concept had been raised and gradually paid atten-
tion to. However, due to the backward science and technology at that time, it could not
be realized and could only be inspected manually.

With the development of the times, bridge health monitoring not only has new discover-
ies and new research in monitoring equipment and technology, but also more empha-
sis has been transferred to the bridge health detection system. The main components of
the bridge monitoring system are: data acquisition module, data transmission module,
data analysis and processing module, data management module, user interface module,
etc. (Luo 2015). Huang et al. (1989) proposed a new method of computer processing
for two-dimensional continuous laser monitoring, and a two-dimensional laser monitor-
ing system for displacement of high-rise structures developed to realize the monitoring
method.

In general, the research and application of bridge structure health monitoring equip-
ment, technology and system at home and abroad have achieved fruitful research results
and gratifying progress.
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Progress of health inspection / monitoring technology In the past few years, a large
number of bridges have collapsed or failed in the world. Under the background of struc-
tural health monitoring, many new detection technologies have been invented. If these
new technologies are used properly, it is of great significance to prevent such incidents.
Kilic and Caner (2021) combined augmented reality (AR) technology with visual detec-
tion, ground penetrating radar (GPR), laser range sensor (LDS), infrared thermal imag-
ing (IRT) and telescope camera (TC), and investigated the defects of a bridge using this
method, as shown in Fig. 20. Feroz and Abu Dabous (2021a) comprehensively reviewed
the application of UAV and remote sensing technology in bridge condition monitoring.
The remote sensing technology integrated with UAV for data acquisition, such as visual
image, infrared thermal imaging, lidar and other sensors, was deeply analyzed, and the
UAV system based on nondestructive testing was studied in detail.

In the research of long-term monitoring and more efficient monitoring system, Sarwar
and Cantero (2021)proposed a new cost-effective bridge health monitoring method for
detecting damage under operating conditions. Khandel et al. (2021) proposed a statisti-
cal damage detection and location method for evaluating the performance of prestressed
concrete bridges using fiber grating sensors. This method uses artificial neural network
to establish the relationship between the strain distributions recorded at different sen-
sor positions of the studied beam, and can be applied to long-term monitoring activities
under normal traffic load. To sum up, the existing research on bridge detection mainly
relies on new equipment. Of course, the optimization of the system and the creation of
new concepts have also played a great role in promoting.

11.1.2 Structural damage identification

Overview Structural damage in civil engineering is defined as the reduction of struc-
tural safety and durability, which is expressed in structural analysis models as the change
of structural physical parameters and boundary conditions. In the 1950s and 1960s,
structural damage identification was first widely studied in the field of mechanical engi-
neering due to the need for fault diagnosis of mechanical systems, and fruitful research
results were achieved.
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Fig. 20 Augmented reality technology
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At the early stage of structural health monitoring development, researchers regarded
damage identification as the goal of structural health monitoring and even equated
structural damage identification with structural health diagnosis theory. Researchers
at home and abroad generally mainly use monitoring acceleration to identify structural
damage and modify mechanical models based on dynamic inversion theory. Since struc-
tural modal parameters (including frequency, damping ratio, and vibration mode) are
functions of structural physical parameters and boundary conditions and are only related
to the structure’s own characteristics, structural damage identification methods based
on modal parameters have been widely studied (Magalhaes et al. 2012; Salawu 1997).
It also includes such as modal confidence criterion method, curvature modal method,
stiffness method, flexibility method, residual force vector method, and modal strain
energy method (Farrar et al. 2002). Besides, there exist some methods for data mining of
monitoring data to diagnose structural damage by obtaining damage sensitive character-
istic monitoring quantities, such as wavelet time—frequency analysis methods (Spanos
et al. 2007; Todorovska and Trifunac 2010), neural network intelligent algorithms (Masri
et al. 1996; Pnevmatikos and Hatzigeorgiou 2017), fractal nonlinear dynamics methods
(Li et al. 2012), blind source separation methods (Yang and Nagarajaiah 2014), etc.

The bridge structure damage monitoring is more of a linkage and carry-over role in bridge
health inspection and bridge assessment, based on a large number of data from bridge
health inspection, damage monitoring is performed through this data processing method,
and the results are fed into bridge assessment for safety and reliability and life assessment.

Research advances In order to study how to apply bridge health monitoring data to
identify the damage of key parts of bridges, so as to effectively evaluate the health con-
dition of bridges and solve the problem of poor practicality in the analysis and utiliza-
tion of bridge structure monitoring data, Yang Shuren et al. (2021) established a strain
ratio-based bridge damage periodic online identification and evaluation method, pro-
posed a rapid damage identification of test sections under closed traffic conditions and
Ge et al. (2021) explored the role of signal-based nonlinear system identification meth-
ods in the rapid post-earthquake damage assessment of reinforced concrete bridge piers,
and showed through data analysis comparisons that the Wigner-Ville distribution and
Hilbert transform could produce reliable rapid damage detection when the response
amplitude was large. The Wigner-Ville distribution has better stability and higher resolu-
tion. The introduction of modal filtering and thresholding can significantly improve the
stability of the more computationally efficient Hilbert transform.

In terms of identifying damage using deep learning, Son et al. (2021b) identified cables
and estimated cable areas of damaged cable-stayed bridges by training a GNN model
framework. Simulations were performed using an advanced analysis program (PAAP) to
generate tension data of the reduced area cables as required for deep learning training.
The efficiency of the method was demonstrated by the data of the cable-stayed bridge
generated by PAAP. In summary, damage recognition is more oriented to the processing
of monitoring data, so it is believed that machine learning and deep learning, which have
newly emerged in recent years, can provide a better research method for structural dam-
age recognition.
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11.1.3 Structural condition assessment of bridges

Overview The bridge structural condition assessment is based on the collected bridge
technical condition data, using a series of evaluation indicators and evaluation models,
to make a judgment on the extent to which the bridge structural condition meets its
operational and functional requirements.

The structural condition assessment of bridges can be divided into comprehensive
assessment methods and reliability assessment methods, where the conventional com-
prehensive assessment of bridge structures is based on the application of hierarchical
analysis to hierarchize the factors affecting the structural condition of bridges, form-
ing a multi-layer system with several groups of indicators in each layer, first determin-
ing the status of each indicator in the bottom layer, and then applying the calculation
method of comprehensive assessment to calculate the status of other indicators in each
layer. The first comprehensive bridge condition assessment method was developed in
the United States in the 1970s, which was used to develop a bridge management system
for the daily assessment, management and maintenance decisions of small and medium-
sized bridges, and then other developed countries also carried out research and develop-
ment work in this area. (JT]J073-96) classifies the technical condition of bridges into five
classes: Class I, Class II, Class III, Class IV, and Class V. The evaluation criteria for each
class of bridge are listed in five items: piers, bearings, superstructure, railing sidewalk,
and bearing capacity.

The reliability theory of the structural state of existing bridges was developed along
with the theory of reliability assessment of building structures. Foreign research on relia-
bility assessment of existing bridge structures arose in the 1970s during the maintenance
and renovation period of developed countries. The research content mainly focuses on
damage assessment, mode identification and reliability evaluation of the constructed
bridge structures. The research on reliability assessment of constructed structures in
China started in the 1980s. In 1987, Yungui Li and academicians Guofan Zhao discussed
the differences between in-service structures and proposed structures, proposed meth-
ods and procedures for reliability analysis of constructed structures, and discussed reli-
ability assessment and the application of fuzzy mathematics in this field (Zhao 1984).

Progress in safety and life assessment research In the progress of reliability assessment
methods, Chen et al. (2021c) proposed a framework for assessing the performance of
reinforced concrete bridge piers considering the risk of vehicle collisions. The colli-
sion probability under different scenarios was evaluated by considering factors such as
the distance from the structural components to the road, the collision angle and the
initial velocity. In addition, a probabilistic structural demand and capacity model was
developed in the paper considering different damage states during the assessment pro-
cess, and then the brittleness contours of the studied reinforced concrete bridges were
obtained, and the consequences of structural failure under collision were incorporated
into the performance assessment process. Wei et al. (2021b) investigated the effect of
horizontal ground vibration incidence angle on a high-speed railroad continuous girder
bridge (HSRCB) and concluded that in seismic design more attention should be paid
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to the conclusion of longitudinal seismic damage of sliding layer and CA mortar layer
under the action of transverse waves. From the PGA perspective, it was analyzed that
longitudinal waves (longitudinal wave =0) induced seismic response only in the longi-
tudinal direction, while waves in other directions, especially in the transverse direction,
induced coupled response in the longitudinal and transverse directions for some compo-
nents, such as sliding layer and CA mortar layer. In addition, the response of the bridge
structural components was more sensitive to the incident angle compared to the track
components and the probability of risk was highest when the ground motions fall within
horizontal orientations of 67.590 at the bridge longitudinal axis.

In the study of the hierarchical comprehensive assessment method, Yang et al. (2021d)
used fuzzy hierarchical analysis to calculate the weights of many indicators affecting the
seismic performance assessment of bridges in view of the current situation that there
are no norms and standards to follow for the seismic performance assessment of high-
way bridges in China. A hierarchical and comprehensive assessment method applica-
ble to the seismic performance assessment of highway bridges was proposed, and it was
pointed out that this method could screen out bridges with insufficient seismic capacity
through quantitative primary assessment of seismic performance, provide a basis for the
selection and assessment order of bridges for secondary assessment of seismic perfor-
mance, and then guide the seismic strengthening of bridge structures.

In a study to accurately predict the performance degradation law of bridges, analyze
the performance degradation mechanism of bridge structures with respect to the envi-
ronment in which the bridges are located, and evaluate bridges from a life cycle per-
spective, Xu et al. (2021d) conducted an earthquake susceptibility analysis of aging
reinforced concrete bridges from a life cycle perspective, considering the damage mode
transformation of bridge columns, and proposed that in the whole-life seismic perfor-
mance evaluation of aging reinforced concrete bridges it was important to consider the
potential shear damage of bridge columns. In this paper, a numerical model was devel-
oped to reflect the shear load capacity degradation and bending-shear coupling behav-
ior of the corroded columns, and it was verified experimentally that the columns would
undergo a damage mode transition due to the effect of corrosion.

In terms of research advances in applying computer techniques and neural networks
to bridge assessment, Ni and Chen (2021) developed a SHM-based bridge reliability
assessment procedure based on parametric Bayesian mixture modeling. The Markov
chain Monte Carlo (MCMC) algorithm combined with Bayesian factors was used to
determine the optimal model order and to estimate the joint posterior probability of the
hybrid parameters. The conditional reliability index was derived by using a parametric
Bayesian mixture model with a first-order reliability method while fully following the
Bayesian framework. And the method was used to obtain the estimated value of the
reliability index by using the one-year strain monitoring data of the Tsing Ma suspen-
sion bridge as an example. In the research progress of structural condition assessment
in 2021, many scholars studied it from several perspectives, and machine learning and
deep learning, which were hot in recent years, were used in this aspect, distinguishing
from the traditional assessment methods.
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11.2 Bridge reinforcement research

11.2.1 Bridge Strengthening Overview

The bearing capacity and traffic capacity of bridges is the key to ensuring the smooth
flow of roads. With the rapid development of contemporary traffic construction, traf-
fic density and tonnage continue to increase, and the bridge load is increasingly aggra-
vated, many old bridge load-bearing capacity has been unable to meet the new load level
requirements, resulting in bridge cracks, bridge aging damage, and other bridge damage.
The number of dangerous bridges is increasing year by year, and a considerable num-
ber of them are seriously damaged or in overdue operation, which gradually hinder the
smooth flow of traffic. Therefore, the strengthening and repairing of bridges has become
a key project in the traffic construction of each country. The continuous research and
improvement of the strengthening technology of existing bridges not only contributes
to the rapid and efficient development of modern transportation, but also brings great
safety and economic benefits to the people and the country (Ge et al. 2006; Kuang et al.
2001; Xu et al. 2017; Zeng 2019b).

Existing bridges can have a variety of diseases due to environmental, human and other
factors. Common diseases include corrosion of reinforcement, concrete cracks, bear-
ing shear, and pier cracking (Zeng 2019b). In terms of causes, the common diseases of
bridge projects can be categorized as improper design and construction (Wang et al.
2006; Wu 2005), environmental and natural factors (Ding 2014), and human factors.
The main reinforcement methods for the above diseases are bridge deck reinforcement
(Zhang et al. 2020a), increased cross-section reinforcement (Li and Zhu 2013), exter-
nal prestressing reinforcement, pasting steel plate reinforcement (Hu 2009), additional
pile reinforcement (Wang et al. 2011), and pasting carbon fiber sheet reinforcement
(Kong and Gong 2021). With the development of technology, the original reinforcement
methods also cannot meet the current development concept, and more and more rein-
forcement techniques are proposed, including new reinforcement materials and new
reinforcement concepts.

The following section presents the latest advances in bridge strengthening in 2021
with different components of the bridge structure as research targets, namely strength-
ening of bridge deck systems, strengthening of main girders and ties (cables), strength-
ening of bearings, strengthening of piers, strengthening of foundations, and overall

strengthening.

11.2.2 Research progress of bridge reinforcement

Bridge deck reinforcement Due to the special supporting conditions, harsh environ-
ment and high traffic loads, potholes in bridge decks are very common. Several meth-
ods and concepts for bridge deck strengthening were proposed in the 2021 study. Chen
et al. (2021b) proposed an interface reinforcement method considering the mechanical
response characteristics of the SBDP pothole interface, including a binder layer, a non-
woven fabric (NWF) layer, and an ultra-thin asphalt overlay (UTAO). In this paper, the
mechanical response of the reinforced SBDP pit interface considering the orthotropic
elastic—plastic properties of NWF was elucidated by finite element models (FEMs), and
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the effectiveness of the technique was evaluated and the theoretical basis for the tech-
nique was provided. In addition, the bond performance between NWF and SBDP, the
direct crack resistance and fatigue resistance of the interface reinforcement were evalu-
ated by direct tensile test, three-point bending test and fatigue beam test, respectively. It
was demonstrated that the innovative method of using NWF layer and UTAO could sig-
nificantly relieve the horizontal tensile stress state of SBDP pothole interface and make
the direct crack resistance and fatigue resistance of the repaired interface much higher.
However, from the aspect of improving the stiffness and fatigue performance of conven-
tional OSDs, Feng et al. (2021e) proposed a cost-effective lightweight composite bridge
deck (LCBD) system consisting of an orthotropic steel deck (OSD) and lightweight ultra-
high performance concrete (UHPC) layers. Four-point bending static and fatigue tests
were conducted on two models. It was concluded that increasing the reinforcement rate
could increase the flexural stiffness of LCBD and decrease the tensile strain of UHPC
plies with relatively small changes. In addition, the flexural strength and reinforcement
rate of UHPC were important factors affecting the fatigue life of UHPC layer. When the
reinforcement spacing was increased from 40 to 80 mm, the fatigue life of the UHPC
layer still met the relevant code requirements. It was also proposed that the existing S—N
curve was difficult to be used directly for fatigue life prediction of UHPC layer because
the definition of stress level and failure assessment index in fatigue test were very differ-
ent and need to be modified in further research.

In the finite element research method, Zhang et al. (2021m) established a nonlinear
finite element model of ECC connection plate as bridge deck expansion joint cast and
tested under monotonic cyclic loading based on experimental data. The results pointed
out that the depth-to-span ratio and reinforcement ratio of the connection plate should
not exceed 0.12% and 0.72%, and the decoupling length of the connection plate should
be greater than 0.8% to obtain a lower bending stiffness. The test results proved that the
use of the joint plate reinforced with fiber-reinforced polymer reinforcement was flexible
enough to meet the current design requirements.

Main beam and tie reinforcement 2021 research concerning the strengthening of
main beams and suspension structures was focused on the use of materials. Zhang et al.
(20211) used a new polyurethane cement composite (PUC) to strengthen a hollow slab
bridge and controlled the bending of PUC reinforced concrete reinforced T-beam bridge
by the PUC design strength damage mode. The main construction processes, includ-
ing concrete surface treatment, supporting formwork and casting, were also described
in the paper. By conducting load tests before and after the bridge reinforcement, it was
concluded that PUC could eliminate bridge loads and improve the stiffness of the hol-
low slab. The maximum load capacity and stiffness of the main girder were increased by
about 20% and 28%, respectively, after casting PUC materials, while the crack width was
also reduced to different degrees.

In a more meaningful study on strengthening of old bridges, Heydarinouri et al.
(2021) strengthened a 92-year-old riveted railroad bridge in Switzerland using a new
retrofit system of prestressed carbon fiber reinforced polymer (CFRP) rods reinforcing
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the longitudinal beams with double angle steel connections to the floor beams. The
reinforcement system transmits forces purely by friction with minimal disturbance to
bridge traffic. The system consists of two parts: a newly developed mechanical wedge
cylinder anchor for fixing the prestressed CFRP rods and a clamping system for con-
necting the longitudinal beam flanges. The clamping system reduces the out-of-plane
deformation of the connection and thus reduces the stresses in the connection caused
by the deformation. Short-term bridge measurements showed that applying a total pre-
stress of 100 kN reduced the major average stresses in the joint hot spots by 47% (from
22.9 MPa to 10.9 MPa) while the stress range remained constant during the passage of
passenger trains. Using the modified Wohler curve method (MWCM) as a critical-plane
based multi-axial fatigue model, it was observed that the reinforcement system reduced
the multi-axial mean stress parameter by 30% under passenger car loading. Long-term
monitoring of the reinforcement system using a wireless sensor network (WSN) system
showed no loss of prestress in the CFRP rods for seven months since installation.

The authors believe that Heydarinouri’s approach is of great significance in the study of
similar old bridges, because keeping old bridges standing safely is not only a way to provide
continuous traffic convenience, but also a local cultural expression and spiritual support.

Bridge pier reinforcement In the seismic studies, it was shown that many reinforced
concrete (RC) bridges were damaged due to excessive residual displacements generated
by the bridges after the earthquake, and most of them were due to the damage of the
piers, so it also led to the fact that the studies on strengthening of bridge piers were basi-
cally on the effects of the earthquake on the piers and how to strengthen the piers to
resist the damage of seismic effects.

Most of the studies in the seismic literature in 2021 were conducted with materials,
which can be divided into FRP materials and concrete materials, and among the studies
using FRP materials, Wang et al. (20210) used carbon fiber reinforced polymer (CFRP)
and polyethylene terephthalate (PET) materials for seismic strengthening of assem-
bled concrete bridge piers, two prefabricated piers with 1/6 size grouted sleeve con-
nections (SFP) and grouted sleeve prestressing tendon composite connections (SSFP)
were designed and fabricated, and the damage is shown in Fig. 21. Shake table tests were

(a) Reinforced SFP (b) Reinforced SSFP
Fig. 21 Damage of the reinforced specimens
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conducted on the model piers. Then, a reinforcement method using CFRP/PET and lat-
eral shift resistant external metal energy dissipators (AS-EMD) was proposed, and the
design and implementation of CFRPAS-EMD and PETAS-EMD were established. Zhou
et al. (2021f) investigated the seismic strengthening effect of carbon fiber reinforced
polymer (CFRP) on circular reinforced concrete (RC) piers under vehicle lateral impact
loads. It was also confirmed that the seismic strengthening of circular reinforced con-
crete piers with carbon fiber fabric could effectively reduce the susceptibility to damage
under lateral impact loads and a semi-empirical formula for predicting the maximum
displacement under impact loads was derived through tests.

The above scholarly studies all point out that FRP materials will always have good rein-
forcement effects in seismic strengthening of bridge piers, but Wang et al. (2021w) did
not recommend the use of carbon fiber cloth jacketing only for the retrofitting of precast
reinforced concrete bridge columns with high corrosion levels, although the premise of
not recommending was in corrosive environments, because the retrofitting of bridge
columns with high corrosion levels (i.e. 10%) using carbon fiber cloth jacketing could
effectively protect the columns from damage in the plastic hinge zone, but the damage
mode would shift to fracture of longitudinal reinforcement at the column footing inter-
face, as shown in Fig. 22, leading to an ultimate. The ultimate displacement load capacity
was significantly reduced.

Of course, in the research on seismic strengthening of bridge piers, in addition to
strengthening structures with FRP materials and evaluating the effectiveness of FRP
material strengthening, there are also some studies with other types of concrete materi-
als, such as Ye et al. (2021). To study the seismic damage modes and dynamic response
characteristics of rectangular hollow piers of ultra-high performance concrete (UHPC)
under dynamic loads, El Centro wave, Taft wave and Northridge wave were selected as
seismic excitations for shaking table tests. It is also pointed out that the stiffness of the
UHPC rectangular hollow pier decreases after the seismic wave action, but the ultimate
bearing capacity does not decrease, and the overall seismic performance is superior, and
the reinforcement rate of the UHPC rectangular hollow pier can be reduced appropri-
ately in areas with low seismic intensity. Liu et al. (2021b) proposed a method to improve
the energy dissipation capacity of bridge piers by reinforcing them with Crumb Rubber,
and the additional damping ratio of the cladding structure was calculated by applying
the modal strain energy theory through finite element analysis, and the influence of pier
cross-section parameters on the seismic reduction effect was calculated by applying the
reaction spectrum method and analyzing the cladding stiffness-damping contribution
ratio.

Other studies on bridge piers involved novel bridge seismic systems and post-earth-
quake damage fatigue. Cai et al. (2021b) investigated a prefabricated segmental bridge
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Fig. 22 Damage process at 10% corrosion level
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pier PSBC system that used both fiber-reinforced polymer (FRP) reinforcement and steel
bars as longitudinal reinforcement for bridge piers, and verified experimentally that the
system could increase post-yield stiffness, reduce post-earthquake residual displacement
and improve post-yield stiffness and self- centering capacity of the FSR-PSBC system.
In summary, bridge pier strengthening involves a wide range of research, from concrete
materials, FRP materials and reinforcement materials to seismic systems, and many
scholars have pooled their ideas to ensure that bridges can be operated and maintained

in a safer way.

Non-pier substructure reinforcement There is little literature about the substructure
reinforcement of non-pier, according to the classification of bridge components, it can
be divided into cover beam and support reinforcement on piers and foundation and pile
reinforcement under piers, in the study of foundation structure reinforcement, Kong
et al. (2021) took the fact that the foundation bearing capacity of a 32.5 m span pre-
stressed T-beam simply supported girder bridge was insufficient, threatening the safety
of bridge operation as the background, and the foundation reinforcement was carried
out by anchor static steel pipe pile to make the bridge pier bearing capacity meet the
specification requirements. After analysis, the bridge foundation bearing capacity was
insufficient because of the early bridge construction on the quality control of the con-
struction of the pile foundation was not enough to produce insufficient pile length and
pile diameter, and concrete cavity of pile shaft, and pile head concrete quality was poor,
and weak connection with the bearing platform and other diseases. In this paper, strain
monitoring and load test were used to verify the results, which showed that the bearing
capacity of the steel pipe pile was stabilized and the original foundation load sharing
effect was good, which effectively improved the bridge bearing capacity.

Cao et al. (2021). proposed the method of seismic strengthening by using viscous fluid
damper (FVD).A continuous girder bridge was used as the background, and the nonlin-
ear time-dynamic analysis method was used to analyze the reinforcement method and
parameter selection of FVD. The results showed that the dispersed FVD could control
the seismic displacement of the bearing more effectively and had little effect on the seis-
mic internal force of the bridge pier, so it could be used as the seismic strengthening
method after the shearing of the bridge bearing, and it was pointed out that the seis-
mic strengthening performance and engineering cost should be compared, and the FVD
with smaller damping coefficient and larger velocity index should be selected for seismic
strengthening under the premise that the bearing displacement and the internal force of
the bridge pier could be controlled. In summary, in the research literature of substruc-
ture, there is little research on other structures compared with the number of literature
on pier strengthening, and scholars can focus more attention on this aspect in future
research.

Others 'The above classifications can basically be covered in the research literature of
2021, but some of them cannot be classified into the corresponding sections, but they
also have great research significance, and in this subsection the authors introduce them
in a classified manner. The three main aspects are related to the reinforcement materials
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of structures, the reinforcement of structures during construction and the design of seis-

mic reinforcement.

In the direction of research about materials, Yang (2021b) studied the application of
fiber-reinforced magnesium phosphate cement-based nanocomposites in the rehabili-
tation and strengthening of bridge structures. The mechanical properties of fiber-rein-
forced magnesium phosphate cement-based nanocomposites were used to analyze the
reinforcement effect of bridge rehabilitation structures under different ballast condi-
tions, which proved that fiber-reinforced magnesium phosphate cement-based nano-
composites could provide good reinforcement for damaged bridge structures. In the
area of external prestressing anchorage reinforcement, Fu et al. (2021b) designed two
types of anchorage blocks for high-strength weathering steel structures and ultra-high
performance concrete (UHPC), and analyzed the feasibility of the two types of exter-
nal prestressing reinforcement anchorage blocks. The results showed that the stresses
and deformations of the two types of anchorage blocks and the stresses in the anchorage
zone of the T-beam met the design requirements.

Bridges not only generate the need for reinforcement after the bridge is completed, but
also in the construction process, due to the complexity of the construction, some struc-
tures in the construction process need to be reinforced and studied (Shi et al. 2021b) as
shown in Fig. 23. The finite element software was used to analyze the local instability
phenomenon and buckling deformation characteristics of the guide beam, and the stabil-
ity of the guide beam was studied for four different reinforcement schemes. In terms of
seismic strengthening design, Luo et al. (2021a) developed an innovative "quasi-isolated"
seismic bridge design method to evaluate the seismic performance of a prototype quasi-
isolated highway bridge. The seismic evaluation results verified that the quasi-isolated
design strategy was generally effective in preventing global collapse, but the response of
a few bridges showed a relatively high risk of bearing debonding and severe pier damage.
In summary, although there are few strengthening studies in this vignette, three aspects

are covered that can provide guidance for future related studies.

Instability position

Fig. 23 Instability diagram of guide beam
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12 Advances in Technology of Bridge Structure Test

The bridge structure test is a method that aims at obtaining the mechanical behav-
ior of the bridge structure by gauging and analyzing the response of the prototype or
model of the structure under the test load. In addition to estimating the actual work-
ing performance and bearing capacity to ensure the safe use of the structure, the other
considerable task of the bridge structure test is to develop structure calculation theory,
assumptions, and methods. In recent years, with the emergence of a round of scien-
tific and technological revolution, the bridge structure test has undergone tremendous
changes. In this context, to further grasp the cutting-edge progress, some characteristic
achievements in the bridge structure test in 2021 are reviewed and summarized in the
following paragraphs, in terms of bridge model test, field test, as well as measuring and
test technology of bridge.

12.1 Bridge model test

12.1.1 Static model test

The static model test is one of the most common basic test methods in bridge tests. With
the advent of novel materials, structures, and application scenarios, the corresponding
model tests are gradually diversified. The representative progress of the static model test
in 2021 is as follows. To evaluate the mechanical properties of the prestressed bridge
girder prefabricated with Belitic Calcium Sulfoaluminate Cement (BCSA) concrete,
Markosian et al. (2021) made a full-scale model and carried out a static model test, for
obtaining the compressive strength, tensile strength, static and dynamic elastic modulus,

creep, drying, and self-shrinkage.

12.1.2 Dynamic model test

Bridges are often subjected to various dynamic loads, such as earthquake load in ser-
vice, vehicle load, wind load, waves load, etc. To study the working performance of the
structure under dynamic load, it is generally necessary to conduct a dynamic model
test. Xu et al. (2021b) proposed a new type of bridge flutter test device, which can avoid
the nonlinear factors involved in the traditional free vibration device in the bridge flut-
ter test and thereby ensure the accuracy of large-amplitude vertical-torsional coupled
free vibration tests, as shown in Fig. 24. For studying the anti-collision performance of
the socket assembled bridge structure without roughness treatment on the connection
interface between the precast pier column and the precast foundation, Han et al. (2021b)
conducted a model test of four socket assembled and one cast-in-place pier specimens
which were subjected to vehicle collision loads. The vehicle collision system is shown in
Fig. 25

12.1.3 Fatigue test

Representative progress in the fatigue test includes the following. Zhang et al. (2021x)
designed an accelerated corrosion test and fatigue test to study the corrosion perfor-
mance of weathering steel and high-performance steel and the fatigue performance
under the high corrosion environment. Yoshitake et al. (2021) conducted a test on a
cantilever reinforced concrete slab specimen embedded with high modulus carbon fiber
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Fig. 25 Dynamic model test of socket assembled pier under vehicle collision

reinforced polymer (CFRP) rods using a moving-wheel fatigue tester to study the fatigue
durability of the cantilever bridge deck strengthened with high modulus CFRP.

12.1.4 Other model tests
In order to study the fire temperature field of prestressed concrete box girder coated

with fire retardant coating and the stiffness degradation performance after the fire, Hou
et al. (2021b) carried out fire model test research on three simple supported box girders
with and without expansion type fire retardant coating. The structure was subjected to
fire on three sides, i.e. the bottom plate and webs on both sides. As shown in Fig. 26, the
test beam was loaded at two points. During the test, the concentrated load on the box

beam was maintained at 40% of the normal service load.
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Fig. 26 The fire model test (left) and static load test (right) of simply supported box girder with intumescent
fire retardant coating

12.2 Bridge field test

The bridge field test is a means to test the actual working state of the bridge directly.
Pimentel et al. (2021) developed a cost-effective bridge dynamic weighing (B-WIM) sys-
tem, which can identify the train load through optical fiber technology and estimate the
train speed, geometric structure, and static axle load, as shown in Fig. 27. The field test
of the system adopted the technology of considering fixed reference points and moving
measurement points, including the use of high-sensitivity piezoelectric accelerometers.
The structural response of the train passing at different speeds verified the function and
accuracy of the B-WIM system.

12.3 Measuring and testing technology of bridge
Bridge detection generally includes geometric displacement measurement, stress—strain
measurement, acceleration measurement, structural frequency measurement, concrete
crack, and structural crack detection, etc. With the development of equipment and data
processing technology, the bridge detection technology based on machine vision and
data-driven method made good progress in 2021, which will be reviewed in detail next.

In terms of geometric displacement measurement, Gaxiola-Camacho et al. (2021) pro-
posed a probabilistic risk extraction method combining GPS technology and structural
dynamic displacement. Lydon et al. (2021) proposed a mobile camera technology to cap-
ture the displacement response of a bridge model under live load to identify the bridge
damage.

In terms of stress and strain measurement, Mashayekhi et al. (2021) developed a data-
driven fatigue assessment platform for welded components of steel bridges. Based on
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the 12-month stress cycle data of a vertical lifting truss bridge, the damage detection and
positioning were carried out. Cao et al. (2022) proposed a method for mutual inspection
of damage between bridges in the same cluster by using the difference ratio of predicted
strain monitoring data under time-varying ambient temperature.

In terms of the frequency test of structures, to overcome the limitations of the tradi-
tional-based methods, such as the long time interval between two tests and the influence
of different environmental conditions, Zhu and Zhang (2021) proposed a rapid detection
method based on structural frequency attenuation. Specifically, for damaged concrete
bridges, vehicles passing across the damaged area of the bridge will lead to the opening
of partial concrete cracks which are closed without vehicle loads. That is, damage detec-
tion can be realized by identifying breathing cracks induced frequency decay.

In terms of concrete crack and structural crack detection, Dan and Dan (2021) pro-
posed an automatic identification technology of bridge surface crack suitable for mobile
machine vision detection. By using two-dimensional amplitude and phase estimation
methods, high-precision two-dimensional spectrum estimation crack images were
obtained, and then low-frequency information was filtered and crack information was
marked to realize automatic identification of crack target images. Yan et al. (2021b) com-
bined the RGB image with the LIDAR data collected by the UAV, automatically extracted
the target area from the image by identifying the target worthy of attention in the LIDAR
data, and retrieved the depth information to estimate the actual pixel size of concrete
cracks, which was convenient for the detection and quantification of concrete cracks, as
shown in Fig. 28

13 Advances in Intelligent Construction and Safe Operation and Maintenance
of Bridges

There are a large number of bridges in China. The traditional structure detection and
operation and maintenance methods are no longer applicable. The construction, detec-
tion, evaluation, and prediction based on artificial intelligence methods are the key to
realizing the integration of structural intelligent diagnosis and treatment. Multi source
heterogeneous data fusion algorithm, digital twin technology, bridge life cycle structure
evaluation and long-term performance evolution prediction and analysis theory have
become the important contents of domestic and foreign scholars.
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13.1 Intelligent design and construction of bridges
This section mainly conducts literature research and analysis on the intelligent design
and construction optimization methods of bridges based on machine learning.

Machine learning provides an important theoretical basis for bridge intelligent design.
The application of Genetic Algorithm (GA), Swarm Intelligence Algorithm (SIA), Arti-
ficial Neural Network (ANN) and other algorithms greatly improve the efficiency and
quality of bridge design optimization. Based on GA, Korus et al. (2021) established a
visual planning genetic algorithm framework through visual programming language to
realize the automation of the optimization process of arch bridge geometric parameters.
Nour et al. (2021) proposed an optimization method for the section size of T-shaped
beam and the arrangement of prestressing tendon with the total design cost as the
objective function. SIA realizes the optimization of targets by simulating the behav-
ior of biological groups. Based on the artificial SIA, Tang et al. (2021a) and Jawad et al.
(2021) respectively proposed the local stiffness optimization method of finite element
model of bridge structure and the combined optimization algorithm of plane and space
truss structure size. ANN realizes the processing of target information by simulating the
brain’s processing and memory of information. Serwa et al. (2021) developed a software
applying neural network and proposed a semi-automatic three-dimensional registration
method for laser scanning data of bridge structure ground. A single machine learning
algorithm often has some shortcomings. For example, although genetic algorithm has
strong global search ability, its local search ability is not ideal. Therefore, when apply-
ing machine learning algorithms, it often combines two or more algorithms or interacts
with other technical means to make up for the shortcomings of a single algorithm (Qin
et al. 2021b).

13.2 Bridge intelligent detection and operation and maintenance decision

For the management and maintenance of bridges, scholars focus on the four aspects of
intelligent detection, intelligent identification, intelligent assessment, intelligent early
warning and intelligent maintenance.

13.2.1 Bridge intelligent detection technology

In terms of non-contact detection technology, Yu et al. (2021c) proposed two long-span
bridge deflection remote detection methods based on flexible vision. Abedin et al. (2021)
proposed a health monitoring technology for steel box girder bridges based on non-con-
tact sensors. Qin et al. (2021a, b) developed an InSAR integration method of structural
knowledge, and proposed a synthetic aperture radar interferometry integration method
of structural knowledge for high-precision deformation monitoring and risk identifica-
tion of cross sea bridges.

In terms of UAV(unmanned aerial vehicle) detection technology, Peng et al. (2021)
proposed a crack recognition method combining R-FCN (region-based fully convolu-
tional network) and Haar AdaBoost, which is suitable for UAV image recognition, based
on the machine vision of UAV. Feroz and Abu Dabous (2021b) proposed a remote sens-
ing application method for bridge condition assessment based on UAV. Since the crack
images collected by the UAV under the moving shooting condition have quality defects
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such as low definition, complex background and serious interference of light and noise,
Dan (2021) proposed a method for automatic recognition of bridge surface cracks based
on 2D-APES (two-dimensional amplitude and phase estimation) and mobile machine
vision.

The application of Convolutional Neural Network (CNN) enables UAV to accurately
locate the crack position. However, UAV images are greatly affected by climate and
environment. How to accurately analyze UAV images and realize positioning is still a
research topic.

Aiming at the problems of low accuracy and efficiency of bridge crack detection in the
actual scene, Wu et al. (2021d) proposed a crack detection algorithm based on a convo-
lutional neural network and conditional random field (CRF). Ma et al. (2021d) designed
and developed an unmanned aerial vehicle patrol system composed of two subsystems
of data acquisition and processing. The system can detect millimeter level cracks and
is of great significance to the bridge maintenance stage. Han et al. (2021a) proposed an
intelligent detection robot integrating ultrasonic detection and image recognition based
on convolution neural network algorithm to solve the problem of low efficiency of con-
ventional nondestructive testing methods, which provides a new method for detecting
cracks on the deck of orthotropic steel bridge deck. The intelligent monitoring robot is

shown in Fig. 29.

13.2.2 Intelligent recognition algorithm

This section summarizes the research on bridge dynamic signal identification, bridge
apparent disease identification, bridge structure damage identification, potential fire risk
bridge identification and early warning.

In terms of bridge dynamic signal identification, Liu et al. (2021j) proposed a method
for identifying the target position and frequency of beam vibration based on CA-CFAR,
which can be used for bridge vibration detection and identification, determining the
position with large amplitude of the bridge body and detecting the vibration frequency
of the position.

In terms of bridge apparent disease identification, in view of the characteristics of
complex shape, uneven distribution and different sizes of the apparent diseases of
reinforced concrete bridges under complex environment, Zou et al. (2021a) proposed
a structural apparent multi disease identification method based on improved YOLO
v3, which can quickly and accurately detect structural diseases. Aiming at the prob-
lems of low efficiency and low accuracy of steel bridge disease identification, Zhu et al.
(2021b) proposed a method of steel structure apparent disease identification based on
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convolution neural network and transfer learning. The recognition results of images
containing cracks determine the recognition efficiency and integrity of structural cracks.
Therefore, Ma (2021) improved the mask algorithm and proposed a measurement algo-
rithm based on skeleton images.

In the direction of bridge structure damage identification, Bao et al. (2021) con-
structed a damage identification program based on BP neural network algorithm. Shao
et al. (2021a) obtained low-level acceleration signals based on Newmark method and
python. By training convolutional self coding neural network, they can accurately find
the time when structural damage occurs. Nguyen (2021) proposed a brand-new energy
consumption coefficient to identify and evaluate the state of the structure, and used Kel-
vin Voigt model to improve the traditional Hooke’s linear mechanical change model to
truly simulate the properties of the structure under actual working conditions; In addi-
tion, in order to make the new parameters play a more accurate role in the recognition
process, the paper uses the amplitude acceleration data of the structure to train on the
deep learning platform.

From the perspective of bridge fire risk, Abedi and Naser (2021) established a compre-
hensive database based on the data collected from international bridge fire events, and
used machine learning, deep learning and genetic algorithm to train, built a model with
the ability to identify existing, new and historical bridges damaged by fire or with col-
lapse tendency caused by fire, and proposed a fast autonomous and intelligent machine
learning methods (rapid, automated, and intelligent, RAI).

13.2.3 Intelligent assessment and prediction

Aiming at the intelligent evaluation and prediction of bridges, scholars at home and
abroad have carried out in-depth research on the performance of bridges from the
aspects of deformation, dynamic response, fatigue performance, structural life predic-
tion and evaluation, bridge performance, damage evaluation and seismic performance
by using various algorithms and models such as machine learning algorithm, deep learn-
ing network and Markov chain Monte Carlo simulation.

In terms of deformation evaluation and prediction of bridge structure state, Gou
et al. (2021c) constructed a general analytical model of bridge track deformation map-
ping, which provides theoretical support for intelligent evaluation of high-speed railway.
Wang et al. (2021y) established a bridge deformation prediction model driven by big
data based on track geometry detection, and proposed a new method for railway bridge
deformation evaluation. Wang et al. (2021u) established a prediction model database
through Latin hypercube sampling and finite element model, and proposed a deflection
prediction framework of neural network based on mental evolutionary computation
(MEC) algorithm and back propagation (BP) algorithm.

In terms of bridge dynamic response analysis and prediction, Li et al. (2021a) proposed
a method framework for vehicle bridge system dynamic response prediction based on
feedforward neural network (FFNN) and long short-term memory (LSTM) network.
Gou et al. (2021a, b) proposed a joint probability distribution model of wind and rain
based on the mixed copula function based on the long-term meteorological monitoring
data of Lanzhou Xinjiang high speed railway, and constructed a wind speed early warn-
ing system using the artificial neural network model.
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In terms of the evaluation and prediction of the fatigue evolution and service life of the
bridge life cycle, Jiang et al. (2021a) proposed a digital twin driving framework for the
prediction of the fatigue start-up life and residual life of the steel bridge by establishing a
probabilistic multi-scale model of the fatigue evolution of the bridge life cycle. Zhu and
Wang (2021, 2021a,b,c,d,e,f) established a new deterioration prediction model of bridges
(DPMB) combining recurrent neural network (RNN) and CNN.

13.2.4 Intelligent maintenance

With the continuous growth of the number of bridge construction and service life, the
bridge gradually transits from the rapid construction stage to the operation and main-
tenance management stage. Based on the bridge intelligent detection technology, the
intelligent identification algorithm model is built to carry out intelligent evaluation and
prediction of the structure, and finally a scientific evaluation system and a life-cycle eval-
uation model based on informatization are established (He et al. 2021d), so as to realize
the intelligent maintenance and repair of the bridge throughout its life cycle.

Li et al. (2021d) proposed a named entity recognition (NER) neural model based on
etymology to enhance machine reading comprehension, which was used to recognize
planar and nested entities in Chinese Bridge Inspection texts. Cheng et al. (2021a)
adopted the new concept of invisible computer and developed a decision support system
for bridge life cycle management in terms of safety assessment and disaster prevention,
which can realize the safety assessment and disaster warning in the bridge operation
and maintenance stage. Samadi et al. (2021) developed an integrated framework based
on Bridge Information Model (BrIM) and bridge maintenance optimization. BrIM can
automatically feed back to the developed GA optimization system, and use the visualiza-
tion function of BrIM to assist decision-making. Abdelmaksoud et al. (2021) proposed a
probabilistic framework for bridge patrol inspection and maintenance scheduling based
on a parametric logistics model. Hadjidemetriou et al. (2022) regarded the bridge net-
work as a multi system multi component network (MSMCN), and proposed a heteroge-
neous bridge network prediction group maintenance priority method based on bridge
conditions and network criticality, which can solve the maintenance priority problem of
bridges in the road network. GUI et al. (2021b) studied a multi parameter project level
bridge maintenance decision algorithm based on probabilistic neural network method,
radial basis function method and principal component analysis method, and proposed
a comprehensive evaluation model for project level bridge maintenance decision. Nili
et al. (2021) combined GA and discrete event simulation (DES) and proposed a simu-
lated bridge maintenance optimization (SiBMO) framework, which can optimize the
bridge maintenance plan and determine the best sequence of the maintenance process,

so as to minimize the maintenance cost.

14 Conclusions and Prospects

The paper reviews some advances in bridge engineering in 2021, including concrete
bridges and its high performance materials, steel bridge, composite girders, bridge seis-
mic resistance, vibration and noise reduction of rail transit bridges, monitoring and

detection of steel bridge, hydrodynamics of coastal bridges, the durability of the concrete
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bridge under the complex environmental conditions, cable-supported bridge analysis
theories, bridge assessment and reinforcement, technology of bridge structure test, and
intelligent construction and safe operation and maintenance of bridges. Conclusions and
prospects for these aspects are listed as follow.

14.1 Concrete Bridges and its High Performance Materials

According to the above research progress, the following conclusions and suggestions are
obtained. (1) In the research of concrete bridges, the research of single methods and fac-
tors has become mature. Using the mixed simulation method of finite element and dis-
crete element to realize the high-precision analysis of the overall and local performance
of concrete bridges and to explore the operation and maintenance scheme of bridges
under the coupling of multiple factors are the hot spots that should be paid attention to
in the future. (2) In terms of high-performance concrete materials for bridges, the exist-
ing research is mainly based on mechanical properties. The research on the workability,
durability and structural application of fiber reinforced concrete, the strength develop-
ment mechanism and maintenance system of GPC, and the large-scale and standardized
application development of UHPC still need further attention. (3) In terms of high-
performance reinforcement research, it is suggested that in-depth research can be car-
ried out on the bonding performance of FRP with different types and different surface
forms under special circumstances, as well as the performance of steel-FRP composite
reinforced members. In general, the future development of concrete bridges will follow
the direction of diversified analysis methods and high-performance materials (especially
high toughness and green energy conservation).

14.2 Steel Bridge

Some large-scale and characteristic steel bridges built at home and abroad in 2021, such
as the 1915 Canakkale Bridge, the Chibi Yangtze River Highway Bridge, the Zangmu
Bridge crossing the Yarlung Zangbo River, the Pi River Bridge, the New El Felden Railway
Bridge in Egypt, and the Hanjiangwan Bridge in Wuhan, have been successfully com-
pleted and opened to traffic and many major technological advances have been made.
Many new advances have been made in the research of new and special materials and
components of steel bridges, such as steel for high heat input welding, weathering steel
and high performance steel, and welding materials for high toughness bridge weather-
ing steel, orthotropic steel bridge decks for annealing treatment after welding and non-
destructive testing of weld fatigue cracking of steel decks, with better performance.

14.3 Composite Girders

As for shear connectors, basic shear performance and the coupling effects of mechani-
cal behavior and complex environments are mentioned. The researches on high strength
bolts connectors are more than before, and the applicability is verified. However, the
disadvantages of high-strength bolts, such as brittle fracture, loss of preloading force,
should be further studied, when under long-term use. Many improved connectors are
applied and the short-term performance is studied. As for steel-concrete composite
bridges, researches on the eccentric effects of prestressing tendon, the arrangement of
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studs and bars are focused more. The application of new materials and prestressing ten-
don is still the common treatment on the mechanical behavior under negative moments.
The superiority of high-performance concrete is extensively verified by push-out tests
and bridge-type tests. Multiple types of loads and coupling effects of the environments
are paid more attention, such as cyclic loads, extreme temperature, corrosion and long-
term loads. The studies on composite box girders with corrugated webs are more than
other bridge types.

14.4 Cable-Supported Bridge Analysis Theories

Conventional design methods for connecting components of cable-supported bridges
are simple and empirical, thus their mechanical performances in practice may not be
fully recognized or utilized. The above investigations in 2021 indicate that analysis of
connecting components based on the nonlinear theories has been conducted. However,
it is still insufficient to construct a systematic ultimate limit state design method for vari-
ous connecting components. Related research needs to be further carried out.

14.5 Bridge Seismic Resistance

The research progress in the seismic field of bridges in 2021 is systematically combed.
The conclusions are as follows. (1) For the traditional integral pouring RC pier, the
researchers mainly discuss the influence of various factors on its seismic performance
by means of experiment and numerical simulation. The connection method of prefabri-
cated pier is improved to become a structural member with low damage and self-reset.
(2) The contact interaction of the bridge has a great influence on the dynamic character-
istics and seismic response of the bridge. Some simplified contact interactions are often
used in the finite element simulation, which will lead to calculation errors. (3) In terms
of damping and isolation devices, many new damping and isolation devices are still con-
tinuously developed with rubber bearings and viscous dampers as the basic framework.
In terms of seismic isolation design methods, new design methods are constantly inno-
vated, and structural evaluation is more based on performance. (4) Artificial intelligence
technology has also been more widely used in bridge seismic design and analysis, such as
directly predicting the seismic response of bridges. The great potential of artificial intel-
ligence technology in civil engineering will be further explored in the future.

14.6 Vibration and Noise Reduction of Rail Transit Bridges

(1) Identification and prediction of sound sources of high-speed rail. The study of high-
speed rail sound source is the basis of vibration and noise reduction. With the speed
increase of high-speed rail, the train sound sources are more mixed and miscellaneous,
so the research on sound source identification and accurate prediction is still necessary.
(2) Vibration and noise control strategy of high-speed rail / rail transit structure sys-
tem. In the rail transit, the vibration and noise problem of the structural system such
as viaduct, bridge-sound barrier and bridge construction integration is prominent, and
the research on the vibration and noise control strategy still needs to be deepened. (3)
Study on the vibration and noise mechanism of periodic structure along rail traffic. In
the future, different forms of periodic structure in rail transit should be studied from the

micro level to expand the band gap characteristics of elastic wave propagation.
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14.7 Monitoring and Detection of Steel Bridge

The traditional manual detection methods are inefficient and difficult to meet the high
precision and efficiency requirements of bridge detection. With the rapid development
of sensing technology, computer technology, signal processing, artificial intelligence, and
big data, the monitoring and detection of steel bridge diseases has a new development
opportunity. The following stage of study will concentrate on the creation of new intel-
ligent monitoring and detection key technologies and equipment, followed by the con-
struction of a steel bridge disease identification, location, and intelligent sensing system.

14.8 Hydrodynamics of Coastal Bridges

In summary, current research mainly focus on the interactions between various waves
and existing coastal bridge forms. At the same time, there are also some researchers pro-
posing effective countermeasures for mitigating hydrodynamic loads on coastal bridges.
Nevertheless, much more work remains to be done and only a few cautious prospects
are given here. (1) Further research on the coupling analytical model of multiple envi-
ronmental factors. (2) Practical devices for reducing extreme wave loadings on exist-
ing coastal bridges. (3) Safety early warning system for coastal bridges that suffer severe

hydrodynamic forces.

14.9 The Durability of the Concrete Bridge under the Complex Environmental Conditions

From the research on the durability of the concrete bridge in the complex environment
in 2021, it can be seen that the investigations related to the durability of the concrete
bridge under different environmental coupling effects and extreme environments of has
made certain progress. Combined with the current needs of traffic construction and
development, the authors suggest that the research can be conducted from the follow-
ing aspects: (1) The action mechanism and coupling mechanism of various environmen-
tal factors on the durability of concrete bridges need to be systematically studied and
verified; (2) It is necessary to carry out the field test research on the components and
structures of concrete bridges. (3) It is necessary to establish the material structure inte-
gration theoretical framework of a complex environment and concrete bridge durabil-
ity for establishing the relationship between material durability and structural service

performance.

14.10 Bridge Assessment and Reinforcement

It can be found from the current retrieved literature that the research on bridge evalua-
tion and reinforcement by domestic and foreign scholars has gone deep into all aspects,
from the health monitoring when the bridge is established, to the damage identifica-
tion based on the monitoring data, to the research on the evaluation system and the
reinforcement of the various components and the whole bridge. However, the authors
believe that some research directions can be more in-depth and some urgent problems
need to be solved. It mainly includes the following aspects: (1) The bridge reinforcement
and evaluation method based on computer application can apply the machine learning
and deep learning in the computer to the evaluation, make the monitoring data pro-
cessing more scientific and efficient, and make the evaluation method more effective; (2)
Protection and reinforcement treatment of the upper and lower connecting parts of the
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bridge; (3) Research on fatigue seismic reinforcement of bridge piers in the ocean, acid

and alkali environment.

14.11 Technology of Bridge Structure Test

From the above investigation, it can be seen that the bridge test is progressing in the
direction of interdisciplinary intersection, among which the model test still keeps a
developing trend, mainly in the diversification of test sites, the innovation and upgrading
of loading and measuring equipment, and the application of new test methods. In addi-
tion, measuring and testing technology is one of the hot research fields of bridge testing.
The non-contact detection method based on machine vision, the automation and intel-
ligence of detection technology, and the measurement data processing method based on
artificial intelligence and big data technology are the current research hotspots.

14.12 Intelligent Construction and Safe Operation and Maintenance of Bridges

(1) In the aspect of bridge intelligent design, based on the existing research results of
bridge intelligent design, further research should deepen the application of various intel-
ligent algorithms in model modification and optimization, and put forward the theory
and method of adaptive bridge intelligent design based on machine learning; In the
aspect of intelligent construction, an efficient fusion algorithm of multi-source hetero-
geneous data in the bridge construction scene is constructed, and the digital twin the-
ory of intelligent construction is proposed, forming a new construction technology of
deep integration of material, structure and information technology. (2) In the aspect of
bridge intelligent detection and operation and maintenance decision-making, research
and development of intelligent detection robots are proposed to be carried out, and
a dynamic detection system where reliable operations are used to maintain detection
equipment in complex environments is also proposed to be developed. The intelligent
diagnosis and treatment data set of structure is constructed, the intelligent recognition
algorithm of structural surface defects is studied, and the intelligent information pro-
cessing and intelligent detection theory based on deep learning are established. (3) In
the aspect of bridge life cycle performance evaluation and performance evolution pre-
diction, the time series database and relational database within the whole life cycle of the
structure are established, the dynamic digital mapping method of the bridge is proposed,
and the algorithm of bridge life cycle performance evaluation and prediction is estab-
lished. Focusing on the three major demands of "safety, intelligence and green", through
the interdisciplinary integration, integrating the artificial intelligence method and the
bridge life cycle concept, it is expected to achieve a breakthrough in the four-dimen-
sional (space & time) life cycle design theory, further develop the twin platform of bridge
intelligent construction and safe operation, promote the transformation and upgrading
of the bridge industry, and finally realize the "industrialization, digitization and intellec-
tualization” of Chinese bridges.

Bridges are being built worldwide as the need for infrastructure and transportation
systems grows. For example, in the construction of the Sichuan-Tibet Railway, the
relative height difference from the Sichuan Basin to the Qinghai-Tibet Plateau is over
3000 m. The collision and extrusion of plates lead to earthquakes, which leads to serious
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hidden danger to bridge structure safety. Along the line belongs to the alpine climate,
day and night temperature difference is significant, ultraviolet light is strong, and the
bridge structure materials also have high requirements. At the same time, the deep can-
yon in this area makes construction difficult. Another example is the Canakkale Bridge,
Shiziyang Bridge, and other super-span Bridges across the sea and river. The whole
bridge should bear not only the effect of wind load but also the effect of wave load on its
foundation. The damage of such super-span Bridges is huge. No matter whether it is the
bridge in a dangerous mountainous area or a bridge across river and sea, the research
on its structure life guarantee and intelligent disaster prevention and reduction is still
not sufficient. Therefore, new materials, artificial intelligence, computer technology,
and other aspects are the development direction of global bridge engineering to achieve
breakthroughs.
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