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Abstract: The prefabricated assembly construction has become the trend of urban bridge construction. However, urban wide bridges with huge traffic demand usually have a large amount of lower structure bent caps. The length of the bent caps is often greater than 25 m, and the weight is usually more than 300 t. The transportation conditions of the overall prefabricated bent caps are limited by roads, and the overall lifting tonnage is too large. The precast assembly technology of bent cap has been widely valued and developed rapidly. In this paper, the prefabricated assembly technology of bent cap is classified and the typical engineering cases are introduced. The performance research status of prefabricated bent cap is summarized, and the existing shortcomings and improvement directions of bent cap prefabricated assembly technology are summarized.
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The bent cap plays the role of connecting the upper and lower parts, and transmits the load of the upper structure to the substructure such as pier column and foundation, which is an important part of the pier. In the industrialized construction of bridge structure, prefabricated technology is more and more used in bridge design and construction. Nowadays, prefabricated technology has been widely used in the superstructure of bridges in China, which has greatly improved the quality of components and the efficiency of construction, but the main construction method of substructure is still on-site pouring. However, the bent cap of the traditional cast-in-place scheme brings many problems to the construction due to the on-site pouring of concrete and the binding of steel bars.
The prefabricated construction of the bent cap appeared in the 1990s. The earliest examples of the overall prefabricated bent cap project are the Baldorioty Bridge in Juan, Puerto Rico in 1992 and the Redfish Bay Bridge built in Texas in 1994. In 2000 and 2002, two two-lane bridges on Ray Hubbard Lake and Belton Lake (Figure 1) adopted the construction scheme of integral precast bent cap, which reduced the impact on traffic to a very low level, thus showing great technical advantages. In 1997, the Reeky Creek Bridge in Florida, USA, was constructed with a two-stage bent cap[1,2]. In 2009, China used the integral prefabricated bent cap in the Qijia Yellow River Bridge (Figure 2).
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Figure 1  Lake Ray Hubbard Bridge, USA
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Figure 2  Qijia Yellow River Bridge, China
There have been many engineering cases of semi-prefabricated bent caps at home and abroad. The 13 bent caps of the bridge of the Yangtze River Highway Bridge in Wanxian County, China also adopt the scheme of open channel beam and post-pouring core concrete. The original construction period of 3 months is shortened to 15 days. The Dubai Rail Transit Viaduct in the United Arab Emirates, completed in 2009, divides the shell of the thin-walled concrete bent cap into several segments, and the core concrete is poured after the on-site assembly is completed [3]. In 2012, the Washington State Department of Transportation built a demonstration bridge to verify the feasibility of rapid construction of prefabricated bridge piers, in which the bent cap adopted a two-stage splicing post-pouring belt construction method [4]. The Singapore Dashixi extension project completed in 2017 adopted a three-stage prefabricated bent cap shell mold and a large cantilever T-shaped pier scheme with post-cast concrete [3]. In 2022, the plan of Shanghai Yangtze River Channel adopted semi-prefabricated and assembled portal bent caps. The prefabricated assembly scheme of prefabricated U-shaped formwork hoisting, post-pouring concrete in the shell and forming combined force is designed to solve the problem that the span of the portal bent caps is too large to realize the prefabricated assembly of the whole bent caps, and the segmental prefabrication does not have the on-site assembly conditions.
Semi-prefabricated bent cap not only saves the template and greatly shortens the construction period, but also reduces the construction site and equipment requirements. Therefore, in the past ten years, many new bent cap design and prefabricated assembly construction methods with lightweight as the main feature have appeared in China, and have been widely used in practical projects. In this paper, the current prefabrication and assembly technology of bent cap is classified and the scope of application is summarized and compared. The engineering cases are introduced. The relevant experimental research and mechanical performance of prefabrication bent cap are sorted out and summarized. The shortcomings of the prefabrication and assembly technology of bent cap in practical engineering application and the problems found in the research are expounded. Finally, the research frontier of bent cap prefabrication technology is discussed, and the development direction of the improvement method of bent cap prefabrication technology, such as the application of high performance materials and the design of new bent cap structure, is explored
2  Bent Cap Precast Assembly Technology Classification
Prefabricated bent caps can be divided into fully prefabricated bent caps and semi-prefabricated bent caps [5], as shown in Figure 3.
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Figure 3  Bent cap prefabricated assembly technology classification diagram
The fully prefabricated bent cap is divided into overall prefabricated and segmental prefabricated, as shown in Figure 4.
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(a. Whole prefabricated bent cap              b. Segmental precast bent cap)
Figure 4  Fully prefabricated bent cap
The overall prefabricated bent cap is the main method for the rapid construction of the bridge substructure. However, the overall prefabricated bent cap has a large weight and high requirements for transportation and lifting machinery, which usually causes inconvenience to the construction of bridges in the city. For the construction of small and medium-sized bridges, the whole prefabricated bent cap can be used, but for the large-span bent cap, it is not suitable for the whole prefabricated.
Segmental full prefabrication is to divide the horizontal (or longitudinal) segments (or segments) of the bent cap into several segments for prefabrication. Only the splicing joints can be processed to complete the on-site assembly, and the vertical formwork is no longer needed. According to the segmentation method, it can be divided into transverse segmentation, longitudinal segmentation and comprehensive segmentation.
According to the different treatment methods of the connection surface, the method of transverse cutting and full prefabrication of the bent cap can be divided into: small key teeth combined assembly, large key teeth combined assembly, steel key combined assembly, and bracket combined assembly. In addition, there are also segmented assembly that cuts the bent cap vertically and stacked assembly that cuts the bent cap vertically and horizontally. However, the splicing joints of the fully prefabricated bent cap are prone to water seepage, which affects the durability, and has high requirements for the construction site, construction level and operation equipment.
For the segmental precast bent cap, the segment division of the bent cap needs to comprehensively consider the weight of the segment, the working capacity of the lifting machinery, and the overall performance after assembly. For medium and large projects, the importance coefficient is large, and the structure with less or no segmentation should be adopted as far as possible. However, small-scale projects focus on work efficiency. Under the premise of ensuring quality, simple construction operation and rapid construction have become the pursuit goals, and stacking combination is the most appropriate. Therefore, large-scale projects should adopt horizontal segmentation, small and medium-sized projects can adopt vertical segmentation, and vertical and horizontal comprehensive segmentation is only applicable to small-scale projects.
The characteristics of the semi-prefabricated bent cap are that some parts of the bent cap are prefabricated and some parts are cast-in-place. According to different prefabricated structure forms, it can be divided into two types: post-pouring belt and shell prefabrication, as shown in Figure 5. The post-pouring belt bent cap is divided into several prefabricated segments horizontally, and the steel bars between the segments are connected by binding or welding, and then the formwork is set up to pour the concrete of the connection joints. The prefabricated shell composite bent cap is prefabricated in advance for the bent cap shell, which is used as a non-dismantling template for post-pouring concrete, and the internal concrete is poured after the shell is installed.
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(a. Post-pouring belt bent cap    b. Precast shell composite bent cap)
Figure 5  Semi-prefabricated bent cap
The post-pouring belt bent cap structure is shown in Figure 6, and the post-pouring of the shadow part is completed. Due to the long extension part, the multi-segment assembly method cannot guarantee the unity of the overall performance of the bent cap, and the partial connection section cast-in-place method can effectively reduce the local stress concentration caused by the stage assembly. At the same time, the cast-in-place has good adaptability, which can make up for the slight dislocation caused by improper installation
[image: ]
Figure 6  Post-pouring belt bent cap structure diagram
The method of prefabricated shell is to use the prefabricated shell as the template for secondary pouring on site. After the shell is installed, the internal concrete is poured directly, and the bent cap can be made quickly.
In the two types of semi-prefabricated bent caps, the post-pouring belt is mainly used in large cantilever bent cap projects, and the joint treatment requirements are higher; the prefabricated bent cap of the shell is compatible with the advantages of the cast-in-place method and the full prefabricated method. The lifting equipment is not demanding, the integrity is good, and the vertical mold is free. It is easy to realize the connection between the pier column and the bent cap, but the interface between the prefabricated shell and the cast-in-place concrete is concrete of different ages. There is a problem that debonding caused by inconsistent shrinkage and creep can not work together [6].
The semi-prefabricated construction method has many advantages of both cast-in-place method and full prefabricated method, which effectively alleviates the influence of unfavorable factors on the construction of bent cap. However, the semi-prefabrication method also has its own disadvantages, which need to be solved by new structure and new thinking in the subsequent scientific research and practical engineering.
3  Prefabricated assembly bent cap engineering case
In recent years, with the rapid development of urban construction and traffic construction in China, bridge prefabrication and assembly technology has become an important demand for rapid construction of urban bridges. Prefabricated and assembled bent caps have also been widely used in practical projects.
In 2014, the bent caps of two bridges in Shanghai S6 highway project were prefabricated and assembled. The total width of the viaduct is 16 m, the section of the bent cap is rectangular, and the connection between the prefabricated bent cap and the prefabricated column is connected by grouting sleeve (Figure 7). The whole prefabricated bent cap is produced in the prefabrication plant. Due to its heavy weight, the requirements for lifting and transportation are high. It is only suitable for small and medium-sized bridges. For large-span bent caps, it is not suitable to use the whole prefabricated.
[image: D:\工作资料\2015\研发中心\S6预制拼装照片\IMG_8518.JPG]
Figure 7  Construction of bent cap of Shanghai S6 highway project
In the same year, in the S26 highway project in Shanghai, the total width of the main line viaduct reached 32 m, and the double pier column was used to support the large cantilever bent cap [7]. The length of the bent cap was 28.5 m, and the distance between the pier columns was 9.4 m. Due to the large volume of the bent cap, in order to facilitate the construction, two sections of the bent cap are prefabricated and assembled, and a 1.5 m cast-in-place belt is set between the sections (Figure 8). Due to the large spacing between the columns, the center of gravity of the prefabricated segment is located within the core distance of the column after hoisting, and the bent cap segment can basically achieve self-balancing, which reduces the difficulty of segment hoisting. However, the design of large pier spacing is not practical in urban viaducts due to more encroachment on ground road space, and is more suitable for bridge design across existing lines.
[image: 369_2013071709580200_IMG_3931]
Figure 8  S26 Two-section precast bent cap construction
In 2016, Jiamin elevated road (G2~S6) project main line elevated standard bridge substructure adopts large cantilever ' inverted T ' bent cap double column pier, column center spacing 5.2 m, bent cap adopts prestressed concrete structure. The bent cap is cut along the transverse direction of the bridge and divided into three pieces for prefabrication (Figure 9). The splicing joints between the segments are arranged outside the column to avoid the most unfavorable position of the force at the root of the cantilever arm. The weight of the prefabricated section on the top of the column is about 112 t, and the weight of the prefabricated sections of the two outer cantilevers is about 84 t. The splicing joint is processed by shear key and binder splicing.
[image: ]
Figure 9  Structural diagram of three precast bent caps in Jiamin Viaduct (G2~S6)
In 2017, the S7 highway project in Shanghai adopted the segmental precast assembled bent cap with bracket-type joints for the first time in China (Figure 10). The upper edge length of the segmental precast bent cap is 19.7 m, the lower edge length is 18.4 m, the height is 3.3 m, and the total weight is nearly 240 t. The precast bent cap is divided into three sections, and the lower edge of the middle section is connected with the pier column in the form of embedded steel sleeve. The bracket joint has good shear performance and can effectively improve the shear capacity of the segmental precast bent cap.
[image: ]
Figure 10  Construction of three-section bracket joint bent cap of S7 in Shanghai
In 2018, the large cantilever bent cap of the elevated standard section of the S26-5 main line of the Shanghai Expressway was constructed by the segmental locking method[8] (Figure 11). The bent cap is 23.9 m long and weighs 370 t. It is divided into three segments. The middle section weighs about 173 t, and the cantilever sections at both ends weigh about 98.5 t. The joint surface is coated with epoxy adhesive with shear keys, and multiple matching protrusions and grooves are used to make the two connection structures produce mechanical bite force to bear the shear force. The main vertical force of the cantilever segment is borne and transmitted by the suspension device in the construction of the hanging lock method. The locking device balances the bending moment load generated by the cantilever segment and applies a certain self-balancing horizontal force between the cantilever segment and the middle segment, as shown in Figure 12.
[image: 126]
Figure 11  Shanghai S26-5 bent cap hanging lock method assembly construction
[image: ]
Figure 12  Lock method assembly construction diagram
In 2021, the prestressed coarse aggregate reactive powder concrete (CA-RPC) bent cap was used in Nanjing S126 Jiangning section. The overall cross section is a 'π' type structure (Figure 13). The mid-span beam is 2.5 m high, the beam width is 2.4 m, the total length is 24.2 m, and the cantilever length is 8.45 m. The bent cap is pre-stressed in the roof, and the prestressed steel beams are tensioned at both ends. The single bent cap is composed of four T-shaped prefabricated components divided along the vertical and horizontal center lines (Figure 14). The single prefabricated component is 11.9 m long and 1.2 m wide. The interface between the prefabricated components of the bent cap is provided with CSL connectors for on-site assembly and installation (Figure 15). The 20 cm baffle range at the end of the bent cap is cast-in-place, which has the function of sealing and anchoring of internal prestressing tendons.
[image: ]
Figure 13  S126 Jiangning section bent cap block plane diagram
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Figure 14  S126 Jiangning section 1/4 precast bent cap three-dimensional diagram
[image: ]
Figure 15  CSL connector layout
The advantages and disadvantages of the above different types of prefabricated bent cap engineering cases and the comparative evaluation of construction time, mechanical properties and construction difficulty are shown in Table 1 and Table 2.
Table 1  Advantages and disadvantages of different types of prefabricated cover beam engineering cases
	Engineering Case
	Type of Bent Cap
	Feature(Advantage/Disadvantage)

	Shanghai S6 Highway
	Integral prefabrication
	Convenient and good quality construction/
High requirements of lifting and transportation

	Shanghai S26 Highway
	Segment prefabrication+ Post-pouring belt
	Reduced the difficulty of segment lifting/
More encroachment on the ground road space

	Shanghai Jiamin Viaduct
	Key-tooth segment prefabrication
	The joint avoids the most unfavorable position of the force
/Large weight of the cantilever arm

	Shanghai S7 highway
	Corbel-type segmental prefabrication
	Good shear resistance

	Shanghai S26-5 Expressway
	Key-tooth segment prefabrication
	Construction by hanging lock method

	Nanjing S126 Jiangning section
	Segmental prefabrication
	Convenient construction and low requirements of lifting and transportation



Table 2  Comparative evaluation of construction time, mechanical properties and construction difficulty of different types of prefabricated cover beam engineering cases
	Engineering Case
	Type of Bent Cap
	Construction duration
	Mechanical property
	The difficulty of construction

	Shanghai S6 Highway
	Integral prefabrication
	A
	A
	B

	Shanghai S26 Highway
	Segment prefabrication+ Post-pouring belt
	C
	C
	B

	Shanghai Jiamin Viaduct
	Key-tooth segment prefabrication
	A
	A
	B

	Shanghai S7 highway
	Corbel-type segmental prefabrication
	A
	B
	A

	Shanghai S26-5 Expressway
	Key-tooth segment prefabrication
	A
	A
	B

	Nanjing S126 Jiangning section
	Segmental prefabrication
	B
	C
	A


Note: The evaluation is divided into five grades A-E from high to low, and the index evaluation grade of cast-in-place bent cap is set to grade C. The index evaluation of the two prefabricated assembly methods A and B is better than that of the cast-in-place bent cap, and the index evaluation of the two prefabricated assembly methods D and E is worse than that of the cast-in-place bent cap.
It can be seen from many engineering cases that prefabricated assembled bent caps can not only save formwork and shorten the construction period, but also reduce the construction site and equipment requirements, which is in line with the development direction of green and rapid construction.
4  Research on the performance of precast assembled bent cap
4.1  Research status of fully prefabricated bent cap
At home and abroad, the engineering application of fully prefabricated bent cap technology has been very common. The overall prefabricated bent cap has good homogeneity and compactness, and its compressive strength and durability are high. At present, the research on the whole precast bent cap mainly focuses on UHPC, RPC and other bent caps with high performance concrete and thin-walled form.
c influencing factors and they are coupled with each other. The shear mechanism of precast assembled bent caps still needs to be improved.
4.2  Research status of semi-prefabricated bent cap
In the 1980 s, some European and American countries used thin-walled steel plates as permanent templates to make grooves or embossed shapes to increase the bonding performance between permanent templates and post-cast core concrete. In 1990, German scholars Hinman and Murray first proposed the idea of using fiber reinforced polymer (FRP) as a permanent template. Later, American scholars began to do a lot of research on the mechanical properties, failure modes and slenderness ratio restrictions of composite columns made of permanent formwork. With the maturity of the FRP permanent formwork technology, American engineers built the Black Bridge in Wisconsin in 2007 using this technology [19].
In the early 21st century, permanent templates of semi-prefabricated specimens made of different high-performance composites appeared. In 2005, an Australian company developed the RBS fiber gypsum rapid prototyping template [20]. Burler M et al. developed textile reinforced concrete (TRC)[21]. In 2012, S. Verbruggen et al. have done a lot of research on TRC as a permanent template, and found that it can effectively improve the bearing capacity, ductility and durability of the structure.
In 2017, ChulHun Chung [22] of Tan Kok University in South Korea proposed a new type of semi-prefabricated T-shaped bent cap system (Figure 16), which consists of a prefabricated bent cap shell and post-cast concrete. Three specimens were made and tested, including one cast-in-place specimen and two prefabricated specimens with different practices at the longitudinal reinforcement and pier column joints. The test results show that the yield load and ultimate load of the three are almost the same, and the cracking load of the prefabricated specimen is about 89.5 % of the cast-in-place specimen, but its ductility is better than that of the cast-in-place specimen. In addition, the mechanical properties of the prefabricated specimens are independent of the layout of the longitudinal reinforcement and the connection of the pier column.
[image: ]
Figure 16  Prefabricated bent cap shell
The research on semi-prefabricated specimens in China is similar to that in foreign countries. Firstly, concrete thin plates and profiled steel plates are studied and applied in practical engineering. Later, with the development of high-performance composite materials such as FRP, TRC and UHPC, these new materials were also applied to the permanent formwork of semi-prefabricated specimens.
In 2009, Zhang Dachang et al.[23-29] made four semi-precast beams with ordinary concrete as permanent formwork, and compared the flexural performance with ordinary reinforced concrete contrast beams. The results show that the RC beam with prefabricated core cast-in-place conforms to the plane section assumption. During the test, the interface between the permanent formwork and the post-cast core concrete does not produce damage such as bond slip, and its failure mode is similar to that of the cast-in-place beam.
In 2014, Lin Yang[30] made a semi-prefabricated beam of UHPC permanent formwork toughened by steel mesh and steel fiber, and carried out shear and flexural performance tests. It was found that the semi-prefabricated beam had a significant improvement in crack resistance load and ultimate bearing capacity, and the relative ductility coefficient was also improved compared with ordinary cast-in-place reinforced concrete.
In 2015, Wu Xiangguo et al.[31,32] carried out a large-scale flexural and shear test of semi-precast beams with UHPC permanent formwork. The results show that UHPC permanent formwork improves the cracking load and ultimate bearing capacity of semi-precast beams.
In 2017, Zhu[33] conducted an experimental study on the flexural and shear properties of semi-precast beams with ribbed fiber concrete as a permanent formwork. The conclusion is that the interface between the permanent formwork and the post-cast core concrete does not produce bond slip and other damage, and the bearing capacity is higher than that of the whole cast beam, and its failure mode is similar.
In 2018, Xu[34] completed the flexural performance test of five semi-precast beams with ordinary concrete as permanent formwork. The research shows that the failure characteristics of the semi-precast beam are the same as those of the cast-in-place concrete beam. The strain at the interface between the permanent formwork and the post-cast core concrete is relatively smooth, indicating that the two can work together and coordinate the deformation.
The above experimental studies of semi-precast beams at home and abroad show that the mechanical properties of semi-precast beams and cast-in-place beams are relatively consistent. The semi-precast beams composed of permanent templates made of high-performance composite materials can effectively improve the bearing capacity, durability and ductility of the specimens[35-37]. However, the experimental research on semi-prefabricated beams at home and abroad mainly focuses on frame beams, and there are few experimental studies on bent caps. The size of the bent cap is much larger than that of the frame beam, and its section strain does not conform to the plane section assumption, so its mechanical performance and failure mode may be quite different.
5  Problems and development of bent cap precast assembly technology
5.1  The existing problems of bent cap precast assembly technology
[bookmark: _Hlk148340987]By analyzing the engineering application of precast bent caps at home and abroad, the research status of semi-precast beams and concrete composite beams, it is concluded that the research and application of precast bent caps mainly have the following problems:
The overall prefabricated bent cap has a large weight and high requirements for lifting and transportation machinery. The segmented precast bent cap is prone to water seepage on the splicing joints, which affects the overall durability.
Segmental precast bent caps and semi-precast bent caps need to be assembled at the construction site, which has high requirements for construction site, operation equipment and construction method.
The current research on semi-prefabricated beams is mainly focused on frame beams, and the experimental research on semi-prefabricated bent caps of large-tonnage bridges obviously lags behind engineering applications. The large-tonnage bridge bent cap has a large size, and its section strain does not conform to the plane section assumption. There is a stress disturbance zone, and its stress mechanism is different from that of the frame beam. At present, there is a lack of research on the mechanical properties and failure modes of prefabricated bent caps.
The theoretical analysis of semi-prefabricated beams is still concentrated in frame beams, and there is also a lack of theoretical methods for the calculation of the normal service limit state and the bearing capacity limit state of semi-prefabricated bent caps.
5.2  The Improvement direction of bent cap precast assembly technology
At present, the research direction of the bent cap prefabricated assembly technology mainly has the following categories:
1. High performance concrete such as UHPC and RPC is used for precast assembled bent caps. Due to the good mechanical properties and durability of high performance concrete, the use of new materials can greatly reduce the thickness of the permanent formwork in the semi-prefabricated bent cap, and can also greatly reduce the material consumption of the fully prefabricated bent cap, thereby reducing the weight and reducing the transportation and construction costs. In addition, it can also significantly improve the mechanical properties, durability, seismic performance and fire resistance of prefabricated bent caps.
Explore new prefabricated bent cap structures, such as thin-walled bent caps. By exploring the construction technology of the prefabricated bent cap of the new structure, the strain deformation distribution law under the load, the structural cracking load and the failure load, the oblique section crack resistance and shear bearing capacity are studied in depth, and the safety and feasibility of the new structure are explored.
For bridge engineering in high-intensity earthquake-prone areas, the improvement of seismic design and connection technology of precast assembled bent caps are also focus of future research.
6  Conclusions
In this paper, various prefabricated bent cap methods are classified and analysed, and the characteristics of different bent cap prefabricated assembly technologies are summarized in combination with engineering examples. The current research on prefabricated bent caps at home and abroad is summarized, and the future development direction is prospected.
In the future bridge construction, the development requirements of bridge green low-carbon construction will further develop the prefabricated assembly technology. In the construction of urban bridges, prefabricated bent caps have great advantages in rapid construction, cost reduction and environmental impact reduction. However, in practical engineering applications, it is also necessary to adjust measures to local conditions, comprehensively consider factors such as environment, timeliness, quality and cost, and select appropriate prefabricated assembly methods and construction methods.
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