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Abstract
[bookmark: _Hlk173056094]Precast concrete pavement (PCP) technology represents a highly effective method for accelerating construction processes and minimising traffic disruptions. This paper provides a comprehensive overview of various PCP systems by introducing their configurations, applications, and advantages. Key design considerations are summarised, with a focus on the design of pavement slabs, base layers, and pavement joints. To further interpret joint performance, the load transfer characteristics of dowel bars are systematically analysed, including load transfer efficiency, mechanisms, and dowel group action. Both elastic and plastic models for analysing the behaviour of dowel bars embedded into concrete are explored in depth. To address critical issues such as stress concentration and steel corrosion in jointed concrete pavements, this paper recommends appropriate retrofitting approaches regarding materials and connection design. The application of finite element analysis (FEA) in modelling jointed concrete pavements is also investigated, with five typical modelling techniques introduced. Significant observations on pavement joint design are summarised in the conclusion. In the future, to align with the trend of carbon reduction and expand the application of PCP technology, the use of reusable pavement systems with demountable connections and integrated sensors is recommended. Such innovations will support the sustainable development of civil infrastructure.
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1. Introduction
With the growth of economy and the expansion of metropolitan regions, there is a great demand for improving current urban infrastructure, especially municipal traffic systems [1]. As stated by Vaitkus et al. [2], passenger and freight transport in European countries are projected to expand by 42 % and 60 %, respectively, by 2050. However, owing to the dramatic increase in traffic volume over past the two decades, current road systems gradually undergo unavoidable damages and deterioration, thereby calling for regular rehabilitation and maintenance [1-4]. 
[bookmark: _Hlk115362085]However, as onsite construction-related traffic closures always lead to severe traffic congestions in urban areas, pavement repair and rehabilitation are great ongoing challenges. Cookson [5] conducted a statistical analysis among 19 European countries and found that the total economic impact induced by traffic congestions will exceed 160 billion Euros by 2025. Therefore, highway agencies and construction industries are trying to explore viable solutions to address traffic congestions caused by rehabilitation and maintenance works and minimise the costs generated from such issues [1, 4]. 
[bookmark: _Hlk112361356]Although the construction of flexible pavements is faster than that of cast-in-situ concrete pavements, short service life of these pavements may require frequent maintenance and rehabilitation [6]. However, the relatively long curing time for concrete pavements to reach the target strength is also not expected after accounting for issues induced by traffic congestions [1, 3, 6, 7]. As a result, to address the conflict between quick construction and high durability, precast concrete pavement (PCP) technology has been recommended and applied to concrete pavement rehabilitation and new pavement construction [6, 8, 9]. According to the traffic data collected by the Missouri Department of Transport (DOT), the user expenditure spent on traffic lane closures has been reduced by 25 % by applying PCP [10, 11]. 
The utilisation of PCP technology in new pavement construction could date back to the 1960s [12]. Generally, precast concrete units are fabricated offsite and then transported to construction sites and installed on prepared base layers. Through practical applications in various projects over the past few decades, PCP technology has been proven to be technically feasible and economically justifiable [3]. In contrast to cast-in-situ concrete pavement systems, there are several advantages of PCP systems:
· High quality of concrete: concrete mixes used in the fabrication of PCP slabs are designed by experienced workers; well-graded aggregates and the controlled water-to-cement ratio (w/c) ensure sound workability and homogeneity of concrete [1, 6, 7, 13, 14]. 
· [bookmark: _Hlk112518146]Better curing condition: after concrete casting, PCP units are cured under controlled temperature and moisture [4, 13-15]. 
· Less weather and climate restrictions: conducting onsite concrete casting in cold and rainy conditions is challenging; while PCP slabs are cast in fabrication plants, which is less affected by temperature and climate changes [1, 7, 9, 16].
· Short traffic closure: with the application of PCP technology, curing time for concrete reaching sufficient strength is not required; and fast installation of PCP units significantly minimises the duration of traffic closure [9, 17-21].
· Low maintenance cost and high durability: high-quality precast components improve durability and wear resistance of PCP systems; as a result, maintenance cost within the pavement service life is reduced [1, 7, 22, 23].
· Low safety risks: road users and construction workers are less exposed to construction sites; therefore, construction-related safety risks are decreased [1, 6, 24-26].
To reduce disruption to local traffic, PCP construction works can be implemented at night and finish in the morning [1, 4]. According to technical reports, design guidelines and practical experience from real projects, critical design considerations for the PCP system design are constructability, concrete durability, load transfer and panel support condition [3, 4, 6, 7, 9, 27].
· Constructability: developed equipment and technologies are applied in new pavement construction and existing concrete pavement maintenance. 
· Concrete durability: PCP slabs fabricated in construction plants generally exhibit excellent quality and durability.
· Load transfer at joints: PCP systems are installed with discrete load transfer devices to achieve an effective load transfer between individual pavement slabs.  
· Panel support condition: stiff and well-prepared support promotes a uniform stress distribution between PCP slabs and the base layer. As a result, uneven pavement settlements and the degradation of the base layer are greatly improved.
Nowadays, although the PCP technology has been widely adopted in the pavement industry, existing literature does not comprehensively introduce PCP systems in terms of their applications and design. As one of commonly used jointing methods, dowel bars are installed to connect pavement slabs and serve as load transfer devices to transfer wheel loads. So far, although laboratory and field tests have been conducted to assess the local performance of dowel bars and the overall behaviour of pavement systems, there are still some research gaps to be filled in the pavement joint design, including:
1. Joint load transfer characteristics: further research is required to fully understand the load transfer characteristics of dowel bars, including the efficiency and mechanisms of load transfer, and the behaviour of dowel groups in transferring wheel loads.
2. Analytical models: a lack of analytical models to predict the behaviour of the dowel bar embedded into concrete considering both elastic and plastic states.
3. Joint performance and durability: there are needs for in-depth studies on critical issues that influence the performance of PCP systems, particularly focusing on stress concentration, steel corrosion, and investigating various retrofitting approaches.
4. [bookmark: _Hlk173144994]Advanced modelling techniques: there is a gap in developing advanced and accurate modelling techniques that can better predict the behaviour of jointed pavement systems.
5. Novel pavement connections: the existing literature does not summarise other pavement connections that can overcome the shortcomings of dowel bars.
Therefore, to fill the gaps mentioned above, a comprehensive review is conducted to systematically explore the PCP systems. As introduced in Fig. 1, applications and design requirements of PCP systems are introduced and compared. The joint characteristics of dowel bars are discussed from various aspects, in which both the elastic and plastic analytical models are clearly introduced. To address stress concentration and steel corrosion issues, existing dowel bar retrofitting approaches are also recommended from alternative dowel bar materials, shapes and other novel pavement connections. Available joint modelling techniques are also classified into five categories according to different types of elements used.
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	[bookmark: _Ref117238556]Fig. 1. Layout of the review on precast concrete pavement systems.


2. Applications of PCP systems 
The applications of PCP systems can be roughly divided into two categories including existing pavement maintenance and new pavement construction [1, 4, 22, 24, 28]. These two parts will be introduced in the following subsections. 
2.1.  Existing pavement maintenance
[bookmark: _Hlk112437328]There are four primary requirements that should be satisfied in pavement maintenance with the application of PCP systems [4, 24].
· Preparing a strong and firm base for panel installation.
· Providing effective load transfer devices between new panels and existing pavements.
· Controlling the elevation difference between new panels and existing pavements.
· Ensuring long service life of rehabilitated concrete pavements.
Considering the situations of different base layers, the following installation methods are recommended to carry out pavement repair works [4]. 
· If the original pavement base is intact and well compacted, new panels can be directly placed on the base layer.
· If the pavement base is partially damaged, PCP panels are designed to be thinner than the existing pavement. Expandable polyurethane foam or other grouting materials are used to level the base layer and raise panels to the same level as existing pavements.
Different types of PCP systems have been employed in highway pavement repair. Fig. 2 introduces the super slab system applied in pavement maintenance. The damaged section is cut and removed. Then horizontal holes are drilled in existing pavements to accommodate dowel bars. After placing PCP panels on the support, flowable bedding materials are grouted into bottom slots from the top surface. Due to the rapid hardening characteristic of grouting materials, repaired pavements can be reopened within a few hours.
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	[bookmark: _Ref112531788]Fig. 2. Super slab system in road repairing work.


Besides, the Michigan slab system is also a viable solution to repair existing pavements. In contrast to the super slab system, before the installation of the Michigan panels, vertical slots are firstly created on the top surface of the existing pavement as shown in Fig. 3(a). Then precast Michigan panels with embedded dowel bars are installed on the prepared base layer as described by Fig. 3(b). Fast-setting materials are then used to fill grouts and fix dowel bars as displayed in Fig. 3(c) [1, 24, 26, 29].
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	(a)
	(b)
	(c)

	[bookmark: _Ref112541847]Fig. 3. Michigan slab system in pavement maintenance (a) existing pavement with top slots [4], (b) installation of precast Michigan slab [26], (c) grouting fast-setting material [24].


In repairing existing pavements, the quality of the maintenance with the application of PCP systems primarily depends on the prepared base layer and fast-setting grout materials. If the compressive strength of the grouting material is not sufficient after traffic reopening, premature failures may occur under repeated loads [1, 4, 7].
2.2.  New pavement construction
Apart from pavement maintenance, PCP technology can also be applied in new pavement construction. Basically, PCP systems adopted in new pavement construction can be classified into three categories including jointed precast concrete pavement (JPrCP) systems, prestressed precast concrete pavement (PPCP) systems as well as incrementally connected precast concrete pavement (ICPCP) systems [1, 4, 6, 7, 9, 30]. Owing to excellent durability, the application of PCP technology to build removable pavement systems is also a promising strategy to reuse existing pavement slabs and thus reduce construction waste generation [8, 21, 23].
2.2.1. Jointed Precast concrete pavement (JPrCP) systems
To achieve the effective load transfer between pavement slabs, epoxy-coated steel bars are always installed along pavement transverse joints. There are several JPrCP systems that have been applied in practice [1, 6-9, 20, 22].
2.2.1.1.  Super slab system
The super slab system developed by Fort Miller Company can also be applied in new pavement construction [6, 8]. Two types of PCP pavements including the male slab with embedded dowel bars and the female slab with bottom slots and are fabricated offsite. The application of the super slab system in new pavement construction is shown in Fig. 4. After placing the male and the female panels on the prepared base, fast-setting materials are grouted through top grouting channels. 
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	(a)
	(b)

	[bookmark: _Ref112590778]Fig. 4. Installation of super slab panels (a) female panel lifting and installation, (b) male panel with dowel bars [31, 32].


2.2.1.2.  Michigan slab system
Michigan slab system is also available in new pavement construction. After transporting slab units to construction sites, panels with top grooves and with embedded dowel bar are placed on the prepared base layer sequentially. Fast-setting materials are then adopted to fill grooves [6, 7, 9, 22]. Fig. 5 introduces the installation procedure of the Michigan slab system in new pavement construction. Compared with the super slab system, top grooves in PCP panels facilitate material grouting and quality control, so that the durability of the constructed pavements can be significantly improved.
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	(a)
	(b)

	[bookmark: _Ref112593242]Fig. 5. Applying precast Michigan slabs in new pavement construction, (a) installation of precast slab with grooves, (b) installation of precast slab with dowel bars [4].


2.2.1.3.  Narrow-mouth dowel system
As shown in Fig. 6, the narrow-mouth dowel system is developed based on the concept of the super slab system, with the width of slots equal to 1 in (25.4 mm) on the top surface [20]. Prior to material grouting, this PCP system can be used for temporary traffic [8, 20]. On construction sites, dowel bars are firstly installed into pavements with narrow slots. After placing the panel with drilled holes on the prepared base layer, embedded dowel bars are slid into horizontal holes in the adjacent panel. Fast-setting grouting materials are then utilised to fill slots and fix embedded dowel bars.
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	[bookmark: _Ref112621637]Fig. 6. Precast concrete pavement (PCP) panel with narrow-mouth dowel system [20].


2.2.1.4.  Teardrop dowel system
The teardrop dowel system is also a viable alternative to achieve an effective load transfer between PCP slabs [20]. Fig. 7 describes the configuration of the PCP slab with the teardrop dowel system which is similar to the narrow-mouth dowel system. The only difference is the shape of the dowel slot. Applying a circular slot to replace the original triangular slot can mitigate stress concentration related issues and thus expand the service life of the PCP system.
	 [image: 木墙上的广告
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	[bookmark: _Ref112622797]Fig. 7. PCP panel with teardrop dowel system [20].


2.2.1.5.  Uretek stitch slab system
The Uretek stitch slab system is an innovative PCP system and the load transfer between adjacent slabs is achieved through the proposed Uretek stitch devices [33]. Fig. 8(a) and (b) shows the Uretek stitch connection device made of glass fibre reinforced polymer (GFRP) [31], which exhibits the excellent corrosion resistance because of anti-corrosion properties. After installing the Uretek stitch devices into top slots, fast-setting grouting materials are then used to fill top slots as shown in Fig. 8(c). The stagger-arranged holes in the Uretek stitch device greatly improve the interlocking effect between connection devices and grouting materials, thereby ensuring high load transfer ability. 
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	(a)
	(b)
	(c)

	[bookmark: _Ref112600077]Fig. 8. Uretek stitch slab system (a) uretek stitch connection device [30], (b) install uretek stitch connection device in top slots [30], (c) fill top slots with grouting materials [33].


2.2.1.6.  Kwik slab system
The Kwik slab system belongs to a proprietary precast concrete pavement system which consists of the Kwik joints and the embedded steel couplers [16, 22, 30]. The steel coupler in the PCP panel is shown in Fig. 9(a). After splicing individual PCP panels on the prepare base, as described in Fig. 9(b), the interlock between precast slabs is achieved by the Kwik joints and the embedded steel couplers. Once the installation process is finished, fast-setting grouting materials are used to fill steel couplers and pavement joints as shown in Fig. 9(c).
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	(a)
	(b)
	(c)

	[bookmark: _Ref112618697]Fig. 9. Kwik slab system (a) steel coupler in the PCP panel [22], (b) interlock effect in Kwik slab system [16], (c) fast-setting material grouting [30].


2.2.2.  Tongue and groove joint
Tongue and groove joint is also a reliable load transfer device to transfer wheel loads from the loaded slab to the unloaded slab as shown in Fig. 10 [34]. According to experimental test results, it was observed that the maximum tensile stress in pavement slabs and pavement joint deflections were effectively reduced after applying tongue and groove joints [35, 36]. Yan and Peng [37] analysed the mechanical behaviour of circular tongue and groove joints through finite element analysis (FEA). Fig. 11 shows the profile of this joint and the span-to-vector ratio is defined as the tongue width (a) over the tongue height (b). Results of FEA indicated that the best load transfer ability was achieved with a span-to-vector ratio of 3.5. Qu et al. [38] experimentally studied the structural behaviour of the prestressed precast airport pavement system with tongue and groove joints as shown in Fig. 12. Results revealed that an effective load transfer was achieved with the application of tongue-and-groove joints and prestress. Compared with the central locations, the edges of pavement joints showed relatively poor load transfer ability under vertical loads.
	[image: 躺在地上

中度可信度描述已自动生成]
	[image: 图示, 工程绘图

描述已自动生成]

	[bookmark: _Ref112626417]Fig. 10. Tongue and groove joint applied in PCP systems [34].
	[bookmark: _Ref113906559]Fig. 11. Profile of the circular tongue and groove joint.
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	(a)
	(b)

	[bookmark: _Ref113545901]Fig. 12. Tongue and groove joint applied in prestressed precast airport pavement system (a) tongue and groove joint, (b) applying prestress [38].


2.2.3. Prestressed precast concrete pavement (PPCP) systems
Prestressed precast concrete pavement systems (PPCP) are also viable solutions to new pavement construction and are extensively applied in different countries [39]. The main purpose for incorporating prestress in PCP systems is to improve the tensile resistance of concrete and prevent the initiation of tensile cracks during transportation, installation and under heavy wheel loads [1, 4, 8, 19, 38-40]. 
[bookmark: _Hlk112658827]In general, the construction  of PPCP systems has used both pre-tensioning and post-tensioning prestressing technologies [1, 3, 4, 9, 19, 39, 41]. When fabricating pavement slabs in factories, pre-tensioning technology is applied before concrete casting as shown in Fig. 13(a) and (b) [41]. After cured to the target concrete compressive strength, PPCP panels are transported to construction sites, at which these panels are post-tensioned along the longitudinal direction as depicted in Fig. 14 [42]. 
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	(a)
	(b)

	[bookmark: _Ref112661505]Fig. 13. Applying pre-tensioning prestress before concrete casting (a) applying prestress, (b) PCP panel formwork with prestressed reinforcement [41].
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	[bookmark: _Ref112664098]Fig. 14. Applying post-tensioning prestress on construction sites [42]. 


[bookmark: _Hlk112660244]In practice, three types of PPCP systems have been developed in terms of the prestressing locations, namely the central stressing at top surface, the end stressing at top surface as well as the end stressing at the vertical joint surface [1, 4, 9]. For PPCP systems with the central and end prestressing at top surface, as shown in Fig. 15(a) and (b), the posttensioning prestresses are applied from the top slot of central  and end PPCP panels, respectively. Regarding the end stressing at the joint surface, prestress is applied at the joint surface of end PPCP panels and gap slabs are installed to connect PPCP panels as depicted in Fig. 15(c).
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	[bookmark: _Ref112665389]Fig. 15. Prestressed precast concrete pavement (PPCP) systems (a) central stressing, (b) end stressing at surface, (c) end stressing at the vertical joint surface [4].


2.2.4. Incrementally connected precast concrete pavement (ICPCP) systems
Incrementally connected precast concrete pavement (ICPCP) systems are similar to JPrCP systems that consist of PCP slabs and effective load transfer devices. However, the typical difference between these two pavement systems is the number of active joints. In JPrCP systems, all transverse joints are active joints. While in ICPCP systems, most joints are locked, and active joints are only placed at a large spacing. Fig. 16 shows the typical ICPCP system, in which individual precast panels are connected by dowel bars [4]. As the length of the PCP unit in ICPCP systems is shorter than those in PPCP and JPrCP systems, the ICPCP system is suitable for temporary applications that call for less requirements on the base layer flatness [6].
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	[bookmark: _Ref112703767]Fig. 16. Incrementally connected precast concrete pavement (ICPCP) systems [4]. 


2.2.5. Removable pavement systems
In pavement industry, the application of PCP slabs to achieve the reusability of pavement systems is an efficient approach to minimise the generation of construction waste. However, due to the lack of demountable load transfer devices, removable pavement systems can be only applied in light traffic scenarios. Fig. 17 introduces a common removable pavement system consisting of hexagonal-shaped PCP panels [21, 23]. Discrete rectangular PCP panels can also serve as reusable pavements to facilitate temporary construction work as shown in Fig. 18 [8, 43].
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	[bookmark: _Ref113573856]Fig. 17. Hexagonal-shape removable PCP system [23].
	[bookmark: _Ref113574966]Fig. 18. Rectangular precast reinforced concrete pavement slab [43].


By introducing different types of PCP systems from configurations and applications, the advantages and disadvantages of each type of pavement system are compared as reported in Table 1. The load transfer between pavement slabs is achieved through three different approaches including dowel bars, tongue and groove joints and aggregate interlock, among which dowel bars are most effective in load transfer due to the close contact with surrounding concrete. However, in spite of widespread applications in PCP systems, dowel bars always suffer premature failures caused by misalignments, temperature changes and stress concentration. The installation of dowel bars also makes pavement slabs difficult to be reused in different situations. Although tongue and groove joints enable slabs to be demounted, the requirement for large construction space to remove pavement slabs from both sides cannot be easily satisfied. So far, removable pavement systems without loading transfer devices are only adopted for temporary situations with light traffic. To extend their applications, PCP systems are suggested to be equipped with demountable load transfer devices, so that wheel loads can be effectively transferred.
Table 1. Comparison of Precast concrete pavement (PCP) systems.
	Types of PCP systems
	Advantages
	Disadvantages

	Jointed Precast Concrete Pavement (JPrCP) systems
	· Reliable load transfer ability
· Mature construction methods
· Multiple types
	· Premature joint failure
· Durability issues
· Non-reusable

	Tongue and groove joints
	· Simple to construct
· Reusability of precast pavement slabs
	· Less effective load transfer
· Premature joint failure
· Large construction space

	Prestressed precast concrete pavement (PPCP) systems
	· Effective load transfer
· Light weight
· High integrity
· High durability
	· Complex construction techniques
· High construction cost
· Construction safety
· Loss of prestress

	Incrementally connected precast concrete pavement (ICPCP) systems
	· Flexible panel length
· Less active joints
	· Sensitive to temperature and climate change
· Premature joint failure
· Non-reusable

	Removable pavement systems
	· Simple and fast to construct
· Mature construction methods
· Temporary applications
	· Less effective load transfer


3. Design considerations of PCP systems
On the basis of the fabrication, transportation and installation of PCP panels, specific design considerations are discussed from the panel size, concrete requirements, reinforcement design, base layer preparation as well as joint width design five perspectives.
3.1.  Panel dimension requirements
The dimension of PCP panels has significant influences on the transportation cost and maximum flexural stress induced during the panel lifting [1, 3, 6, 7, 31]. Generally, the width of the prefabricated concrete pavement slabs is smaller than the common lane width. While for the panel length, it generally depends on the types of PCP panels. For JPrCP systems, the panel length normally ranges from 1.8 m to 4.6 m [1, 9]. However, for PPCP slabs, the incorporation of prestress extensively enhances the tensile resistance of concrete and therefore mitigates the crack initiation. According to design recommendations suggested by Tayabji et al. [1], the maximum length of PPCP panels is up to 6.1 m.
3.2.  Concrete requirements
The quality of concrete in fabricating PCP panels is of great importance on the structural performance of PCP systems. Generally, there is no significant differnece in concrete material properties between PCP systems and cast-in-situ pavements. Basic requirements of concrete are summarised in Table 2 as recommended by Tayabji et al. [1]. 
Table 2 Concrete requirements for precast concrete pavement systems.
	Concrete material properties
	Recommendations

	Cylinder compressive strength
	27.5 MPa

	Flexural strength
	4.5 MPa

	Water to cementitious ratio (w/c)
	0.5 in non-freeze areas, 0.45 in freeze areas

	Workability
	Slump: 150 mm to 200 mm


3.3. Panel reinforcement design
Regarding panel reinforcement, it is not as significant as the design requirements of concrete. The main role of the reinforcement in PCP units is to resist the flexural stress induced during the panel lifting and to restrict the propagation of horizontal cracks. Basically, the amount of reinforcement in PCP panels is about 0.2 percent of the cross-section area of PCP panels along both longitudinal and transverse directions.
3.4.  Base layer design requirements
The base layer is another component that affects the long-term structural performance of the PCP system. A firm and uniform base can effectively transfer compressive stress between the panel and base layer [1, 4, 7, 8, 24, 44-46]. According to different applications of PCP systems, the base layer design requirements are roughly divided into two aspects including existing base handling and new base construction.
3.4.1. Existing base handling
Treatment of existing pavement base layers is a primary concern in concrete pavement maintenance. An additional interlayer had better be placed between the bottom surface of PCP panels and a base layer to ensure a close contact. In general, the treatment of base layers, namely the base preparation method (BPM), is roughly divided into three categories considering various filling materials [1, 3, 4, 6, 9, 23, 45, 47]:
· Flowable fill
Flowable cementitious grouting materials with excellent workability are recommended to level the existing base layer. The high flowability of grouting materials can ensure the flatness of the rehabilitated base layer.
· Polyurethane foam
Due to the inherent swelling characteristic, the application of polyurethane foam can lift PCP panels to the target height. After placing precast panels at target locations, polyurethane foam is injected through drilled holes to the bottom surface of PCP slabs. 
· Granular bed 
Granular bed, characterised by the flexible deformation and easy compaction, is also applicable to create a bedding layer between PCP panels and the base layer [1, 4, 6, 7, 9, 16, 22]. Before laying PCP panels, common granular bed, namely cement sand cushion, must be well compacted to provide a uniform and firm support.
3.4.2. New base construction
For new base construction, to ensure the proper seating of PCP panels, two types of supports are suggested including dense-graded, free-draining granular base and rapid setting lean concrete base (RSLCB) [4, 6, 8, 9, 22, 24, 31, 32, 47]. 
In the construction of a granular base, compactness and moisture are two main factors that influence the performance of pavement support. The moisture of granular materials must be seriously controlled to ensure the maximum compaction density. In terms of RSLCB, it is not frequently applied as granular bases due to durability and strength requirements [1, 4, 7]. Generally, RSLCB is mixed in plants and then transported to construction sites. Because of superior workability, flowable RSLCB is easy to be placed and screeded. Cylinder compressive strength requirements of RSLCB at different stages are summarised below [1].
· After curing concrete for two hours at panel installation: at least 0.7 MPa.
· At the time of traffic reopening: at least 3.4 MPa.
· After curing concrete for 7 days: at least 5.2 MPa.
3.5.  Joint width design
In jointed concrete pavement systems, well-designed joints can accommodate pavement slabs free to shrink and expand without inducing any stress [1, 27, 48-52]. There are three main types of joints including contraction joint, expansion joint as well as construction joint in jointed concrete pavements [1, 27, 53, 54]. According to the primary function of each type of joint and the mechanical properties of concrete, contraction joint design is the most critical to prevent the initiation of horizontal tensile cracks. Table 3 summarises pavement joint width requirements recommended in various design codes [1, 27, 55, 56], in which the majority of pavements are generally designed with joint widths from 0.25 in to 0.5 in.
Table 3 Joint width requirements.
	Design code
	Joint width

	Guide for Design of pavement structures (AASHTO 1993) [28]
	1/4 in, 1/2 in

	Guide for Design of Jointed Concrete Pavements for Streets and Local Roads (ACI 325) [56]
	6 mm

	Standard Method of Test for Coated Dowel Bars (AASHTO T253) [57]
	3/8 in

	Precast Concrete Pavement Technology [1]
	3/8 in to 1/2 in


4. Pavement joint load transfer characteristics
Because of discontinuity, pavement joints are vulnerable regions which are susceptible to premature damages within pavement service life [51, 57-61]. To promote load transfer between pavement slabs, load transfer devices are installed along transverse joints to improve the integrity of the whole pavement.
4.1.  Load transfer efficiency
Pavement joint load transfer ability can be evaluated from deflection and stress two perspectives [48-51]. For the deflection-based load transfer efficiency (LTE), two definitions are considered as expressed by Eqs. (1) and (2), where unloaded and loaded are deflections of the unloaded pavement slab and the loaded pavement slab, respectively [27, 48-51]. Regarding the stress-based LTE, it is assessed based on the flexural stress caused in the pavement slab as expressed by Eqs. (3) and (4), where unloaded and loaded are the maximum flexural stresses of the unloaded and the loaded slabs, respectively [48-51].

		

		

		

		
4.2. Dowel bar load transfer mechanism
Among various connections applied in jointed concrete pavements, epoxy-coated steel dowel bars are frequently adopted to transfer vertical loads between pavement slabs [1, 7, 8, 27, 32]. As shown in Fig. 19(a), the effective load transfer is achieved through the relative deflection between adjacent slabs. Because of high stiffness, surrounding concrete could provide a rigid support for embedded dowel bars [57, 61, 62]. However, due to a limited contact area between the dowel bar and concrete, high bearing stress is caused in concrete around the dowel slot. To balance this bearing stress, concrete is subjected to high tensile stress at both sides of the dowel slot. Fig. 19(b) plots the distributions of compressive and tensile stresses of concrete along the dowel slot [63]. It is found that high compressive and tensile stresses are concentrated at the pavement joint and reduce rapidly with the increase of the distance from the joint surface.
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	(a)
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	(b)

	[bookmark: _Ref112879379]Fig. 19. Load transfer mechanism of jointed concrete pavement (a) load transfer mechanism, (b) stress distribution within dowel slot [63].


4.3.  Dowel group action
Dowel group action indicates the shear force distribution among dowel bars in transferring wheel loads [64-69]. Westergaard [64] and Sutherland [65] demonstrated that only the two closest dowel bars near the wheel could achieve an effective load transfer. However, Friberg et al. [66] indicated that the applied load was transferred by dowel bars within a distance of 1.8lr at each side and lr referred to the radius of the relative stiffness computed by Eq. (5), where h is the thickness of the concrete slab, Ec is the modulus of elasticity of concrete,  is the Poisson’s ratio of concrete and ks is the support stiffness. As shown in Fig. 20, the maximum shear force is transferred by the critical dowel bar under the wheel and the forces transferred by other dowel bars are reduced linearly as the distance from the wheel load increases [66]. However, although the linear shear force distribution was also suggested by Tabatabaie and Barenberg [67] and Heinrichs et al. [68], the range of the force distribution at each side should be 1.0lr rather than 1.8lr.
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	[bookmark: _Ref112960148]Fig. 20. Dowel group action with linear force distribution.


Despite that the linear shear force distribution is straightforward to determine the force transferred by each dowel bar, this distribution was challenged by Maitra et al. [69], who insisted that the dowel group action should follow a parabolic-shape distribution and the shear force transferred by the critical dowel bar depended on the radius of the relative stiffness lr, the dowel bar spacing and the moduli of elasticity of steel and concrete.
4.4.  Analytical models of dowel bar embedded into concrete
To quantify the shear force transferred by the dowel bar embedded into concrete, the corresponding analytical models under both elastic and plastic states have been proposed. 
4.4.1. Elastic model
The elastic model of the dowel bar embedded into concrete is described by the Friberg’s theoretical analysis developed based on the Timoshenko’s infinite beam on Winkler foundation model [57, 66, 67, 70]. In this model, dowel bar and concrete are simulated by the elastic beam and the Winkler foundation, respectively. Eq. (6) expresses the differential equation of the Friberg’s theory, which is derived based on the free body diagram of a beam element as shown in Fig. 21, where k is the reaction of dowel support (N/mm2), y is the vertical deformation of the dowel bar, E is the modulus of elasticity of dowel bar and I is the moment inertia of dowel bar.

[bookmark: ZEqnNum806523]		
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	[bookmark: _Ref112965709]Fig. 21. Beam element free body diagram.


By solving Eq. (6), the vertical deformation of dowel bar is derived as Eqs. (7) and (8), where,  is the relative stiffness of dowel bar; k0 is the modulus of dowel support (N/mm3); d is the dowel bar diameter; A, B, C and D are four coefficients determined by considering boundary conditions.

		

		
After taking into account the transferred shear force Pt and no vertical deformation when x, Eqs. (9) to (11) are then derived, where M0 is the moment of the dowel bar at the joint surface; z is pavement joint width; y0 is the vertical deformation of the dowel bar at the joint surface.

[bookmark: ZEqnNum552533]		

		

[bookmark: ZEqnNum934705]		
[bookmark: _Hlk102841699][bookmark: _Hlk102841555]In order to calculate k0, y0 is firstly calculated by the relative deflection between the loaded and the unloaded blocks. As shown in Fig. 22, the relative deflection r consists of four components including the vertical deformation y0 at the joint surface, the deformation due to the slope of the dowel bar zdy0/dx, the flexural deformation Ptz3/12EI and the shear deflection .
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	[bookmark: _Ref112969359]Fig. 22. Relative deflection between two concrete blocks [71].


[bookmark: _Hlk103962928]To simplify the calculation, the flexural deformation and the deformation due to the slope of the dowel bar are always neglected [57, 66, 72]. Thus, Eq. (12) is finally derived to calculate y0 and, once determining k0 through Eqs. (8) and (11), the maximum concrete compressive stress 0 at joint surface is determined by Eq. (13), where, δ=λPtz/AG;  is the dowel bar shape factor equal to 10/9; A is the cross-section area of the dowel bar; G is the shear modulus.

[bookmark: ZEqnNum503358]		

[bookmark: ZEqnNum238781]		
4.4.2. Plastic model
The plastic model of the dowel bar embedded into concrete can be studied by considering the deformations of the dowel bar and surrounding concrete. As suggested by Rasmussen [73], under the ultimate load, a plastic hinge tended to develop in the dowel bar and localised concrete crushing occurred at the pavement joint surface. Eqs. (14) to (16) were proposed to determine the ultimate load of dowel bar embedded into concrete with and without considering the pavement joint width, where VF,max is the maximum shear force transferred by the dowel bar, k1 is a coefficient equal to 1.3, fy is the yield strength of the dowel bar, fc is the cylinder compressive strength of concrete.

		

		

		
Vintzēleou et al. [74] also recommended similar expressions to determine the ultimate load of the dowel bar embedded into concrete under vertical loads. Considering the confinement effect provided by surrounding concrete, as indicated in Eq. (17), the maximum compressive strength of concrete was greatly increased and could be evaluated with a strength improvement factor c. After taking into account the force and moment diagrams of the dowel bar as shown in Fig. 23, Eqs. (18) and (19) were derived by Guo et al. [75] to calculate the maximum force transferred by the embedded dowel bar, where Mmax is the maximum moment of the dowel bar at the plastic hinge, l0 is the distance between the plastic hinge and the pavement joint surface. Furthermore, under the ultimate limit state, the maximum moment at the plastic hinge Mmax is also equal to the plastic moment resistance of the dowel bar as expressed by Eq. (20). Therefore, the maximum shear force VF,max can be calculated through Eqs. (21) to (23). However, since there is no theoretical analysis model to obtain the strength improvement factor c, researchers generally adopted different values which could better fit their test results. Rasmussen [73] firstly recommended c ranging from 3 to 5 after considering the confinement effect. And Randl [76] insisted that this value should be 3 to 4 times the cube compressive strength of concrete. However, Zhao et al. [77] stated that c equal to  could provide accurate predictions for his test results. In the future, to generate an accurate prediction, a comprehensive expression to calculate consistent c considering different types of concrete and dowel bars should be proposed.

		

		

		

		

		

		

		
[bookmark: _Hlk173061149]The elastic and plastic models summarised in this section can accurately predict the structural behaviour of the dowel bar embedded into concrete under both the service limit state and the ultimate limit state. After calculating the maximum shear force that can be undertaken by an individual dowel bar, the total shear force transferred by the transverse joint can be determined by taking into account the dowel group action.
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	Fig. 23. Force and moment diagrams of dowel bar embedded into concrete [75].


4.5.  Stress concentration in dowel bar application
Although dowel bars have been applied as effective load transfer devices for more than 100 years [54], concrete around the dowel bar always suffers high compressive and tensile stress concentration in transferring wheel loads. Therefore, to better investigate the effects of stress concentration on the behaviour of the dowel bar embedded into concrete, the related work conducted by others is comprehensively reviewed in this section.
4.5.1. Compressive stress concentration
[bookmark: _Hlk73042828]After millions of load repetitions, compressive stress concentration in concrete around dowel bars causes localised concrete crushing, thereby resulting in the loss of joint stiffness and the reduction of LTE [78-81]. Ioannides et al. [81] conducted a two-dimensional FEA to determine the maximum concrete compressive stress in jointed concrete pavements after considering LTE, dowel bar diameter and spacing of dowel bars. With a similar modelling technique, Guo et al. [82] numerically studied the maximum concrete bearing stress in the vicinity of the critical dowel bar. The effects of the modulus of elasticity of concrete, the subgrade stiffness and the slab thickness on the concrete bearing stress were studied. After the development of high-speed computers, Mackiewicz [83] implemented three-dimensional FEA to investigate the interaction between dowel bar and concrete. FEA results revealed that considerable compressive stress concentration occurred around the dowel slot at the joint surface. With the FEA data, the relationship among dowel diameter, LTE and maximum concrete compressive stress was developed and visualised by 3D maps [83]. Three-dimensional FEA carried out by other researchers also indicted that high compressive stress was concentrated at the top and bottom of the dowel slot [59, 60, 84-86]. Riad et al. [84] studied the pavement joint performance through three-dimensional FEA, by which the state of stress at the dowel-concrete interface was clearly plotted as displayed in Fig. 24(a). It was clearly observed that compressive stress concentrated on the top of the dowel slot while tensile stress focused at both sides. Guo and Chan [87] also numerically investigated the concrete crushing failure at the pavement joint surface. As shown in Fig. 24(b), the localised crushing zone around the joint could be reproduced by using the compression damage variable (Dc) which was defined in the concrete damaged plasticity (CDP) model. The calculation of the maximum bearing stress in concrete can be done by two steps [82]. The first step is to calculate the maximum shear force transferred by the critical dowel bar. Then the second step is the determination of the maximum bearing stress of concrete with the application of the elastic analytical model of the dowel bar embedded into concrete. Nevertheless, because the Friberg’s theoretical analysis model cannot describe compressive stress concentration at the top and bottom of the dowel slot, the modified Friberg’s theoretical analysis model proposed by Guo and Chan [71] should be adopted to accurately capture the true contact stress distribution within the dowel slot and calculate the maximum concrete compressive stress. 
	[image: 图表, 雷达图

描述已自动生成]
	[image: 许多照片放在一起

中度可信度描述已自动生成]

	(a)
	(b)

	[bookmark: _Ref113020365][bookmark: _Hlk113663530]Fig. 24. Localised concrete crushing predicted from finite element analysis and observed from experimental tests (a) vertical stress (S33) predicted from finite element analysis [84], (b) severe concrete crushing observed from experimental tests [87].


4.5.2. Tensile stress concentration
Horizontal tensile cracks initiating at both sides of the dowel bar were firstly pointed out by Friberg et al. [66]. Over the past two decades, tensile stress concentration in jointed concrete pavements has been studied from the perspectives of experimental tests and FEA [57, 59, 60, 66, 84, 85, 88-90].
By conducting elemental tests, Shoukry et al. [57] observed tensile cracks at both sides of the dowel bar under vertical loads [66]. As shown in Fig. 25, elemental tests carried out by Guo and Chan [59], and Mackiewicz and Szydło [60] revealed that the failure of the concrete block with an embedded dowel bar was attributed to propagated horizontal tensile cracks. Zuzulova et al. [89] also implemented shear tests to evaluate the performance of dowel bar embedded into concrete. Through the strain measurement in the vicinity of dowel bars, high tensile strain was concentrated at both sides of the dowel slot. 
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	(a)
	(b)

	[bookmark: _Ref113874758]Fig. 25. Horizontal tensile cracks in concrete pavement (a) tensile cracks around GFRP dowel bar [87], (b) tensile cracks observed in elemental shear test [60].


Tensile stress concentration around dowel bars can also be predicted through FEA. Shoukry et al. [57] and Riad et al. [84] carried out three-dimensional FEA and found that high tensile stress at both sides of concrete might initiate horizontal cracks. Mackiewicz and Szydło [60] numerically investigated the influences of the dowel diameter on the stress development and the failure modes. FEA results indicated that the embedded dowel bar with a small diameter suffered an excessive vertical deformation under vertical loads. As the dowel bar diameter increased, the failure of the model was dominated by horizontal tensile cracks and localised concrete crushing [60].
Although stress concentration around the dowel bars has been analysed through experimental tests and FEA, the corresponding solutions to relieve the stress concentration effect are not systematically reported. In the subsequent sections, this issue will be further studied, and viable solutions will be proposed.
4.6.  Dowel bar corrosion
Epoxy-coated steel dowel bars are widely used to achieve effective load transfer between pavement slabs. However, after the abrasion of epoxy coating, dowel bars are susceptible to corrosion at localised zones [91]. Fig. 26 shows corroded dowel bars observed in field applications, which significantly impairs the performance of pavement joints and shortens pavement service life [1, 80, 92, 93]. In harsh environment, the application of deicing salts also accelerates the corrosion of steel and leads to the dowel bar volume expansion as well as the effective section area reduction [94, 95]. In addition, expanded dowel bars may lock pavement joints and prevent free expansion and shrinkage of pavement slabs when suffering thermal and environmental changes. As a result, owing to the weak tensile resistance of concrete, horizontal cracks always initiate and lead to the rapid deterioration of pavement slabs [58]. In terms of pavement joints, dowel bar volume expansion also induces localised concrete crushing and creates a void space, referring to oblonging, around dowel bars [96, 97]. As a result, the deterioration of pavement joints is exacerbated and the load transfer ability of dowel bar is further reduced [79]. In the design of the PCP systems, apart from improving the durability of PCP panels, it is also necessary to design pavement connections with superior corrosion resistance to prevent the occurrence of premature joint failures.
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	(a)
	(b)

	[bookmark: _Ref113111729]Fig. 26. Dowel bar corrosion (a) corroded dowel bars embedded in concrete [92], (b) corroded dowel bars [1]. 


5. Dowel bar retrofit (DBR)
As discussed in sections 4.5 and 4.6, stress concentration and steel corrosion are two primary issues observed in dowel bar applications. To address these two issues, the corresponding dowel bar retrofitting approaches are discussed.
5.1.  Alternative dowel bar materials
[bookmark: _Hlk73044088]The application of glass fibre-reinforced polymer (GFRP) in the fabrication of dowel bars improves the corrosion resistance and thus reduces the life cycle costs of JPCP systems. Brown and Bartholomew [98] conducted laboratory tests and indicated that GFRP dowel bars was able to achieve a comparable performance as steel dowel bars after increasing the dowel bar diameter by 20 to 30 percent. Eddie et al. [99] carried out both static and cyclic load tests for concrete blocks with FRP dowel bars. Test results indicated that concrete bearing failure and dowel looseness were considerably mitigated in specimens with 38.1 mm diameter FRP dowel bars compared with those with 28.6 mm steel dowel bars. Benmokrane et al. [100] also investigated the mechanical behaviour of GFRP dowel bars under both static and cyclic loads. In static load tests, the crack loads of specimens with GFRP dowel bars were greater than the standard load of 40 kN. After 1 million cycles of fatigue loads, specimens with GFRP and epoxy-coated dowel bars could exhibit similar performances [100]. To further evaluate the performance of GFRP dowel bars, AASHTO-T253 test method [56] was improved and the dowel bar diameter, dowel bar section and pavement joint width were assessed through experimental tests [72, 96, 101, 102]. As GFRP dowel bars exhibited low strength and stiffness along the transverse direction, a new concrete-filled GFRP dowel bar was proposed by Murison et al. [94, 95] to improve the shear resistance along the transverse direction. Through cyclic load tests, no fatigue damage was observed in concrete and the GFRP tube.
Stainless steel is also a promising material to improve the corrosion resistance of the dowel bar. Through monotonic load tests, Porter [101], Porter and Pierson [72] and Guo and Chan [63, 87] claimed that stainless steel dowel bars exhibited comparable performance as epoxy-coated steel dowel bars. Due to high material costs, Khazanovich et al. [78] conducted accelerated load tests for concrete blocks with hollow stainless steel dowel bars. After being subjected to 10 million cycles of fatigue loads, specimens with hollow stainless steel dowel bars showed sufficient LTE in accordance with the design requirement specified in AASHTO Guide for Design of Pavement Structures [27]. To avoid the local bearing failure of the hollow stainless steel tube, Black et al. [103] studied concrete-filled stainless steel dowel bars through experiments. Test results indicated that the application of concrete-filled stainless-steel dowel bars could effectively reduce the vertical deflection and concrete bearing stress at the joint surface [103]. According to experimental tests introduced above, both GFRP and stainless steel are effective corrosion-free materials to fabricate dowel bar. Considering the high material cost of stainless steel, the application of concrete-filled stainless steel tubes as dowel bars is also a reasonable solution.
5.2. Alternative dowel bar sections
According to the load transfer characteristic of the dowel bar embedded into concrete, severe compressive stress concentration is induced on the top and bottom of the dowel slot. As a result, to mitigate compressive stress concentration, a large contact area is recommended between the dowel bar and concrete. Porter and Cable [96], Porter [101] and Porter and Pierson [72] experimentally studied elliptical dowel bars and results of tests showed that although the low flexural stiffness of elliptical dowel bars increased the vertical deflection of the loaded block, the expanded contact area between steel and concrete effectively lowered the created compressive stress. To further assess the structural performance of dowel bars with various cross sections, Hu et al. [93] carried out cyclic load tests to compare elliptical, square and circular dowel bars with the same section area as shown in Fig. 27. After 864 thousand load cycles, specimens with elliptical dowel bars exhibited the best performance in mitigating compressive stress concentration and could reduce the maximum bearing stress of concrete by 40 percent [93]. Apart from laboratory tests, field applications of elliptical dowel bars were also reported by Cable [104] and results showed that the application of elliptical dowel bars did not lead to any issue in the pavement construction. Both circular and elliptical dowel bars exhibited similar performances in terms of joint deflection and LTE. Dowel bars with other cross sections were also proposed by American Concrete Pavement Association [105]. Fig. 28 shows the typical diamond-shape and taper-shape dowel bars that expand the contact area between concrete and steel. With the application of these dowel bars, compressive stress generated in concrete can be effectively reduced.
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	[bookmark: _Ref113839917]Fig. 27. Dowel bars with different shapes [93].
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	(a)
	(b)

	[bookmark: _Ref113187523]Fig. 28. Diamond-shape and taper-shape dowel bars (a) configurations, (b) field application of taper-shape dowel bar [105].


5.3 Novel pavement connections
Apart from dowel bars with different cross sections and made of different materials, some innovative pavement connections were also developed by other researchers. As shown in Fig. 29, Zeinali et al. [106] proposed an innovative hinge dowel bar system to replace traditional dowel bars. The expanded contact area between concrete and steel could minimise the created contact stress. Curing as well as warping stress was able to be relieved through the rotation of the hinge joint. In addition, to improve the reusability of PCP panels and reduce the generation of construction waste, demountable pavement connections are attractive alternatives to dowel bars. As displayed in Fig. 30, Guo and Chan [87, 107] developed a removable dowel bar connection system and a demountable steel connection system which not only mitigated concrete crushing at the pavement joint surface, but also made individual pavement panels reusable. Both test and FEA results indicated that these two pavement connections could exhibit better structural performance than dowel bars, especially in relieving stress concentration. 
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	(a)
	(b)

	[bookmark: _Ref113750151][bookmark: _Toc80290422]Fig. 29. Hinge dowel bar system (a) configuration, (b) installation [106].

	[image: 图示

描述已自动生成]
	[image: 图示

描述已自动生成]

	(a)
	(b)

	Fig. 30. Demonutable pavement connections (a) removable dowel bar connection system [87], (b) demountable steel connection system [107].


6. Joint modelling techniques
FEA is an efficient approach to analyse the structural performance of the jointed concrete pavement systems. Due to high computational efforts, models were initially established by two-dimensional FEA. As the development of high-speed computers, three-dimensional FEA was gradually adopted. So far, a total of five modelling approaches have been applied to simulate the mechanical behaviour of the jointed concrete pavement system as introduced below: 
· Dowel bars and concrete pavements are modelled by bending beams and two-dimensional plate elements, respectively. The interaction between dowel bars and concrete is simulated by contact elements [108].
· [bookmark: _Hlk77184761]Concrete pavements are simulated by two-dimensional plate elements. Spring elements are adopted between pavement slabs to simulate the role of dowel bars [109-111]. Considering a constant spring stiffness, a specific LTE can be achieved in FEA [109, 110]. Mahboub et al. [111] modelled dowel bars by nonlinear springs to connect concrete blocks.
· [bookmark: _Hlk77184772]Two-dimensional plate elements are used to model concrete pavements and beam elements are chosen to model dowel bars. Separated vertical spring elements with the stiffness equal to the modulus of dowel support are adopted to model the interaction between concrete and the dowel bar [67, 108, 112-115].
· [bookmark: _Hlk77185131]Concrete pavement blocks are modelled by three-dimensional solid elements and dowel bars are modelled by beam elements. The dowel-concrete interaction is modelled by vertical spring elements [69, 116-122].
· [bookmark: _Hlk77185267]Concrete pavement slabs and dowel bars are modelled by three-dimensional solid elements. The surface-to-surface contact modelling technique is used to model the interaction between dowel bars and concrete [57-60, 62, 83, 85, 86, 88, 123-128].
7. Conclusions and future development
[bookmark: _Hlk173061321]This paper discusses the applications and design considerations of PCP technology. Various types of PCP systems are introduced and compared in terms of pavement maintenance and construction. The design considerations are introduced from various aspects including PCP dimensions, concrete and reinforcement requirements, base layer and joint width design. As one of the commonly used load transfer devices, the load transfer characteristics of dowel bars are comprehensively analysed. Typical issues observed in their applications are studied and the corresponding solutions are recommended. As an effective tool in structural analysis, the application of FEA in the modelling of jointed concrete pavements is also discussed to improve the pavement joint design. Critical observations of this review are summarised below:
1. The advantages and disadvantages of various PCP systems are systematically summarised and compared.
2. Typical pavement connections are difficult to be dismantled at the end of pavement service life. Therefore, PCP panels cannot be easily reused in different situations.
3. The elastic model to analyse the behaviour of the dowel bar embedded into concrete should be improved by considering the contact stress distribution within the dowel slot. While the plastic model is effective in predicting the maximum shear force transferred by the dowel bar.
4. Stress concentration observed in dowel bar applications is systematically reviewed in terms of experimental tests and FEA.
5. Alternative materials and dowel bar shapes are discussed to address corrosion and stress concentration issues observed in dowel bar applications.
6. Novel pavement connections that relieve stress concentration and enable the reuse of PCP panels are introduced.
7. Both two-dimensional and three-dimensional modelling techniques are summarised to accurately model jointed concrete pavements.
Owing to their fast installation and excellent durability, PCP systems have great potential for reusable applications that effectively minimise construction-related costs and the production of construction waste. To meet the target of reusability and improve the integrity of PCP systems, demountable pavement connections exhibiting high load transfer ability need to be further developed. Both laboratory and field tests should be carried out to evaluate the performance of these connections. In addition, PCP panels are encouraged to incorporate various sensors that can conduct real-time health monitoring of pavement structures and make full use of renewable resources. Together with the application of demountable pavement connections, these ‘smart pavement’ systems can significantly support the sustainable development of civil infrastructure.
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