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Abstract: This paper has investigated the shear-slip behaviour of an innovative prefabricated composite 12 

shear stud (PCSS) connector and its application in the prefabricated steel-concrete composite bridges. 13 

A series of push-out tests are carried out on a total of 12 specimens, including 6 PCSS specimens and 14 

6 conventional shear stud (CSS) specimens. Further comparison has been carried out between the test 15 

result and the data available from the literature. Based on the test, a high-resolution finite element (FE) 16 

analysis has been performed to reveal the load transfer mechanism of the PCSS connector at the 17 

component-level. After that, an advanced FE model has been established and validated by a full-scale 18 

test of the prefabricated composite bridge using the PCSS. With the FE model, the load-slip behaviour 19 

and slip distribution are investigated in details. The result highlights the enhanced shear capacity and 20 

ductility of the PCSS specimens compared with the CSS specimens, as well as the feasibility of PCSS 21 

connectors in composite bridges. Meanwhile, it is further revealed by the detailed investigation that the 22 

enhancement could be attributed to the lateral constraint on the concrete by the vertical steel plate in 23 

the PCSS. Besides, it is also found that the load-slip behaviour of composite bridges using the PCSS is 24 

influenced by the cracking at the seam between deck blocks. Consequently, abrupt changes can be 25 

found in the load-slip curve once the cracking occurs, which differs from the traditional composite 26 

bridges. 27 

Keywords: prefabricated composite shear studs connector; prefabricated steel-concrete composite 28 

bridge; push-out test; high-resolution finite element analysis; shear-slip behaviour; load-transfer 29 

mechanism. 30 
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1. Introduction 31 

Steel-concrete composite bridges are extensively applied worldwide since they efficiently utilise 32 

mechanical features of both the steel and concrete materials. The concrete bridge deck is usually 33 

connected to the steel structures through shear connectors, by which the two members can work together 34 

compatibly [1]. Apart from the advantages, several challenges remain in the application of accelerated 35 

bridge construction (ABC) in composite bridges, especially in connecting the steel and concrete during 36 

the in-site erection. Thus, extra efforts are required to build the composite bridge in the ABC way [2]. 37 

On this end, the pre-cast decks and in-site connections are gradually employed in composite bridges, 38 

which can notably accelerate the construction and minimise the effect of shrinkage and creep in the 39 

concrete deck [3]-[8]. 40 

Extensive research efforts have been made by researchers worldwide respecting the application of 41 

pre-cast concrete decks in composite bridges, and several types of shear connectors were proposed in 42 

accordance. As per the configuration and mechanical features, the proposed shear connectors can be 43 

divided into 4 types, including the clustered shear stud connector, distributed shear stud connector, and 44 

embossed steel plate connector and friction-based shear connector, as shown in Figs. 1a to d. 45 

The clustered shear stud connector (shown in Fig. 1a) is currently the most popular type due to its 46 

matureness in engineering practices. In the connector, the studs are arranged group-by-group at multiple 47 

locations on the top surface of steel members. In the erection, the concrete deck is at first prefabricated 48 

in the casting yard with a series of post-cast holes reserved. After that, the pre-cast deck is installed on 49 

the steel girder in the construction field, with the shear studs accommodated within the reserved holes. 50 

Then the holes will be filled in with the cast-in-situ concrete to connect the deck and steel girder. To 51 

date, considerable research efforts have been made on the clustered shear stud. Through static tests, 52 

Shim et al. [9] investigated the influence of key design parameters on the mechanical performance of 53 

shear studs. The studied parameters include the spacing between studs, hooping parameter and stud 54 

diameter. According to the result, the ultimate strength of the connector decreases with the spacing 55 

between studs, which can be considered by a proposed empirical equation. Xiang et al. [10] studied the 56 

mechanical behaviour of composite beams with the different layout of studs, using the static test and 57 

finite element analysis. The result suggested that no explicit relationship was found between the layout 58 
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of the studs and the loading capacity of composite beams. Wang et al. [11] carried out a series of tests 59 

to investigate the influence of the shape of the reserved holes, including the rectangular hole and circular 60 

hole. The result indicated that the mechanical performance of connectors is better with rectangular holes 61 

than with circular holes. Sjaarda et al. [12] conducted the fatigue test of the composite beam with cluster 62 

shear studs, indicating that the fatigue performance is compatible with the cast-in-situ deck. 63 

  
(a) (b) 

  
(c) (d) 

Fig. 1. Four typical types of prefabricated shear connectors: (a) clustered shear stud connector - 64 
adapted from [9]; (b) distributed shear stud connector - courtesy of Dr Yanmei GAO; (c) embossed 65 
steel plate connector - adapted from [14]; (d) friction-based shear connector – adapted from [16]. 66 

The distributed shear stud connector is an alternative solution to the clustered shear stud connector 67 

[2]. As shown in Fig. 1b, the studs are uniformly placed along the longitudinal direction of the deck, 68 

and the continuous post-cast strip is left to accommodate the studs instead of the hole. Compared with 69 

clustered studs, the distribution of shear force becomes more even in distributed studs due to the 70 

decentralization. As a result, the concrete deck works with the steel girder in a more compatible way. 71 

However, according to Liu et al. [13], the mechanical behaviour of the composite bridge using 72 

distributed studs is almost the same as the one using clustered studs. It is worth noting that the 73 

distributed shear stud was proposed by FWHA [15] as the standard design for the steel-concrete 74 

connection in prefabricated steel-concrete composite bridges. 75 
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The embossed steel plate connector [14] is different from the above two connectors using studs. 76 

As shown in Fig. 1c, the embossed steel plate is vertically welded to the top surface of the steel beam, 77 

which will be accumulated by the reserved post-cast strip when assembling. The post-cast strip is then 78 

filled in with the high-grade grout to combine the vertical steel plate with the concrete deck. According 79 

to the static and fatigue tests, the mechanical capacity of the embossed steel plate connector is almost 80 

the same as that of the shear stud-based connectors. 81 

The layout of the friction-based shear connector (FBSC) [16] is similar to the clustered shear stud 82 

connector, as shown in Fig.1d, except that preloaded bolts are used instead of shear studs. As a result, 83 

the shear force between the deck and steel member is transferred through the friction force rather than 84 

the deformation of studs. As per the push-out tests of 11 specimens, it was claimed that a higher shear 85 

capacity could be expected in the FBSC compared with the shear stud connector. 86 

A common feature of the above connectors is that the post-cast hole or strip should be reserved in 87 

the pre-cast deck in advance. As per the relevant studies [9], [17], cracks are highly prone to initiate 88 

from the corner of these post-cast holes or strips. The cracking can be mainly attributed to the following 89 

two factors: (1) high-level stress concentration exists in the corner of the holes or strips due to the age 90 

difference between the pre- and post-cast concretes; (2) the prestress applied by tendons cannot be 91 

effectively transferred to the shear holes or strips. Meanwhile, cracks are also likely to initiate in the 92 

cast-in-situ seam between different segments of the deck, which mainly depends on the quality of the 93 

post-cast mortar and the effective prestress. 94 

Recently, several types of post-casting-free shear connectors were proposed for building 95 

structures, including the through-bolt connector [18][19] and friction-grip bolt connector [20]. 96 

However, these connectors are not feasible with the employment of the prestress, which largely limits 97 

their application in composite bridges. 98 

In dealing with the discussed issues, an innovative prefabricated composite shear stud (PCSS) 99 

connector has been proposed [21][22]. In the PCSS, no post-cast work is required, and the prestress can 100 

be easily applied in the concrete deck in an efficient way. The feasibility of the PCSS connector has 101 

been preliminarily verified through the fabrication experiment [23]. However, due to the limited number 102 
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of specimens, the shear-slip behaviour, which reflects the load transfer between the concrete and steel, 103 

has not yet been illustrated in detail for the composite bridges using the PCSS. 104 

This study aims to investigate the shear-slip behaviour of the PCSS connector and further reveal 105 

the mechanism of load transfer between the concrete and steel in composite bridges using the PCSS. In 106 

Section 2, a total of 12 push-out specimens have been tested, including 6 PCSS specimens and 6 107 

specimens with conventional shear stud (CSS) connectors. Based on the present test and the data from 108 

the literature, further comparison has been made on the shear-slip behaviour between the PCSS and the 109 

CSS. Moreover, high-resolution finite element (FE) analysis has been conducted to reveal the 110 

mechanical behaviour of the PCSS specimen. In Section 3, further investigation has been carried out 111 

on the distribution of the slip and load transfer mechanism in the composite bridge using the PCSS, 112 

including both the full-scale model test and refined FE analysis. In Section 4, the major conclusions are 113 

drawn from the study. In summary, the outputs can serve as the guideline for the research, design and 114 

fabrication of composite bridges using PCSS connectors. 115 

2. Push-out test of PCSS connector 116 

2.1 Innovation of the PCSS connector 117 

The prefabricated composite shear stud (PCSS) connector is proposed to improve the application 118 

of ABC in composite bridges, as shown in Fig. 2. The PCSS connector consists of two steel plates, with 119 

a series of distributed shear studs welded on. When casting the concrete deck, the two vertical steel 120 

plates serve as sheets, with the studs embedded in the concrete. Then the prestress is applied to the deck 121 

through tendons after the deck is installed in place.  122 

 123 
Fig. 2. Design of the prefabricated composite shear stud connector. 124 
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It is worth noting that the steel girder and concrete deck are not connected during the pretension, 125 

so that the prestress can be effectively transferred to the concrete deck. After that, the two steel plates 126 

are welded to the top flange of the steel girder, through which the deck and the steel girder are 127 

connected. Apparently, the post-casting hole or strip is no longer required when using the PCSS. As a 128 

result, the configuration of the deck is notably simplified as well as the fabrication process. Moreover, 129 

the post-cast concrete is replaced by the welded connection, whose quality is easier to control by the 130 

application of proper welding technology and quality assurance. As a result, the PCSS is expected to 131 

eliminate the cracking issue of the concrete deck induced by the age difference. 132 

2.2 Design of comparative push-out tests 133 

2.2.1 Configuration of specimens 134 

A series of comparative push-out tests are carried out to investigate the shear-slip behaviour of the 135 

novel PCSS connector, including a total of 12 specimens. The specimens are respectively fabricated 136 

with two types of connectors, i.e., the PCSS and conventional shear stud (CSS). Within each type, the 137 

specimens can be classified into two groups by the row of studs, i.e., 3 or 4 rows. Table 1 shows the 138 

details about the classification of the specimens. 139 

Table 1 Classification of specimens 140 

Type Group Stud layout Row of studs Connection Number of specimens 

PCSS 
HS3 Horizontal 3 Welding 3 

HS4 Horizontal 4 Welding 3 

CSS 
VS3 Vertical 3 Casting-in-situ 3 

VS4 Vertical 4 Casting-in-situ 3 

It is worth noting that, the PCSS specimens are fabricated with the horizontal stud (HS), while the 141 

vertical stud (VS) is employed in the CSS specimens. For better illustration, the specimens are named 142 

after the layout and number of studs, followed by the serial number of the specimen within the group. 143 

The configuration of the CSS and PCSS specimens are shown in Figs. 3 and 4, respectively. The 144 

specimen consists of a hollow steel box in the middle and a T-shaped concrete deck at both sides, 145 

connected either by the PCSS or CSS. The steel box is 530 mm long, 150 mm wide and 116 mm deep, 146 

with the plate thickness of 8 mm. Meanwhile, the concrete deck is 500 mm long, 300 mm wide and 200 147 

mm deep, with the reinforcement of 8 mm in diameter. In both the type of connections, the size of studs 148 
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is Φ10 mm×50 mm, i.e., 10 mm in diameter and 50 mm in height. At the top of the stud, a 7 mm-thick 149 

cap is designed to prevent the concrete from pulling up, with an enlarged diameter of 18 mm. In the 150 

PCSS specimen, the vertical steel plate is 100 mm-high and 8 mm-thick, to which the studs are welded.  151 

  
(a) (b) 

Fig. 3. Layout of CSS specimen (Unit: mm): (a) VS3; (b)VS4. 152 

  
(a) (b) 

Fig. 4. Layout of PCSS specimen (Unit: mm): (a) HS3; (b) HS4. 153 

Different fabrication procedures are employed for the PCSS and CSS specimens, respectively. In 154 

the CSS specimen, the studs are directly welded to the top flange of the steel box and then covered 155 

within the concrete deck when casting. In the PCSS specimen, the studs are at first welded to the vertical 156 

steel plate. The concrete deck is then cast between vertical plates, with the studs embedded. Finally, the 157 
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deck is connected to the top flange of the steel box through the fillet welded joint, as shown in Fig. 2. 158 

In both types of specimens, continuous fillet welded joints are employed to connect the studs with the 159 

steel plate, with a weld leg length of 6 mm. Similarly, the fillet welded joint has also been employed in 160 

the vertical plate-to-flange connection in the PCSS specimens, with a length of 6 mm. The welds are 161 

performed by flux-cored arc welding (FCAW) protected with CO2, using the manual welding machine.  162 

In the fabrication, the structural steel Q345D [24] is used for the steel member and the vertical 163 

plate, while the cold-forging steel M15AL [24] is chosen for the shear studs as per the rule of 164 

performance protection. The deck is made of the concrete C60 [25], with the reinforcement of the steel 165 

bar HRB400 [25]. Prior to the push-out test, static material tests have been carried out to obtain the 166 

basic mechanical properties of the testing materials. The measured material data are shown in Table 2. 167 

Table 2 Measured mechanical properties of the testing materials 168 
Shear stud Steel box/plate Reinforcement Concrete deck 

Elastic 
modulus 

Yielding 
strength 

Ultimate 
strength 

Elastic 
modulus 

Yielding 
strength 

Elastic 
modulus 

Yielding 
strength 

Elastic 
modulus 

Cubic 
strength 

 (GPa) (MPa)  (MPa) (GPa)  (MPa)  (GPa) (MPa) (GPa)  (MPa) 

205 340 430 195 365 209 458 34.6 62.1 

2.2.2 Test Setup 169 

Static loading tests have been carried on the specimens using a hydraulic testing machine with a 170 

maximum capacity of 10,000 kN, as shown in Fig. 5. During the test, electronic dial gauges have been 171 

installed between the root of studs and the concrete to measure the relative displacement between the 172 

concrete deck and the steel box, i.e., the slip. The installed dial gauges have a maximum range of 10 173 

mm and a resolution of 0.001 mm. Before loading, a target force Ft has been calculated using an analytic 174 

model proposed to solve the ultimate capacity in [24]. According to the model, the ultimate capacity of 175 

the specimen is controlled by the shear fracture of studs. At the same time, the failure of studs will also 176 

be influenced by the concrete surround them, as shown in Equation 1. 177 

��
� = � ��

�
����

���
(1�)

��
� = 1.19��������(�� ��⁄ )�.�(����� ����⁄ )�.� (1�)

 178 

Where ��
� and ��

� are the total capacity and the capacity of single stud; ���� is the number of studs; 179 

���� stands for the sectional area of studs; �� and �� are the elastic modulus of the concrete and stud; 180 

����� and ���� are respectively the cubic strength of the concrete and the uniaxial strength of the stud. 181 
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 182 

Fig. 5. Set up of the static loading test (HS3-2). 183 

Based on the target force, a total of 5 loading cycles is applied to each specimen, as illustrated in 184 

Table 3. In the 1st loading cycle, a preload with 10% of the target force is loaded and unloaded. After 185 

that, 3 cycles with 30% of the target force are applied with an increment of 5%. In the final cycle, i.e. 186 

the 5th cycle, the specimen is loaded to failure with an increment of 10% of the target force. During the 187 

test, the measurement is carried out after each loading step. Besides, it is worth stating that in the 5th 188 

cycle, the applied loading force can be increased beyond the target load until the failure of the specimen 189 

is achieved. 190 

Table 3 Loading prototypes 191 

Loading cycle Type Prototype 

1st Preload 0→0.03Ft→0.06Ft→0.1Ft→0.06Ft→0.03Ft→0 

2nd ~ 4th Cyclic 
0→0.05Ft→0.1Ft→0.15Ft→0.2Ft→0.25Ft→0.3Ft 

→0.25Ft→0.2Ft→0.15Ft→0.1Ft→0.05Ft→0 

5th Ultimate 0→0.1Ft→0.2Ft→0.3Ft→0.4Ft→0.5Ft→0.6Ft→0.7Ft→0.8Ft→0.9Ft→Ft 

2.3 Test results 192 

2.3.1 Load-slip curve 193 

Based on the measurement, the relation can be established respecting the load and the slip between 194 

the concrete deck and steel studs. The measured load-slip curves are illustrated in Figs. 6a to d, in which 195 

the average slip from the dial gauges in Fig. 5 is used. Generally, the curves can be divided into two 196 

stages, i.e., the ascending and descending stages. The ascending stage can be further classified as the 197 

linear and nonlinear parts, which are diverged at roughly 50% of the ultimate load. 198 
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Similarly, Oehlers and Bradford suggested the stud remains elastic before 50% of the ultimate load 199 

and the modulus could be regarded as a constant value [26]. Within the linear part, the slip increases 200 

slowly and proportionally with the applied load, indicating the elastic deformation of the specimen. The 201 

slip can be recovered after unloaded within the linear part, further demonstrating the pure elastic 202 

behaviour. When the load increases beyond 50% of the ultimate load, nonlinearity can be observed in 203 

the load-slip curve, indicating plastic deformation. 204 

  
(a) (b) 

  
(c) (d) 

Fig. 6. Load-slip measured from the specimens: (a) HS3; (b) VS3; (c) HS4; (d) VS4. 205 

In the PCSS specimens HS3 and HS4 series, tiny cracks have been observed in the concrete deck 206 

after the ultimate load is almost reached. After that, a flat plateau longer than 2 mm can be notably 207 

observed on the curve, suggesting the almost zero slope. At the end of the plateau, the fracture-like 208 

noise can be heard from the root of studs, suggesting the breaking of studs, as shown in Figs. 6a and c. 209 

Following the noise, the load starts to decrease while the slip continues increasing. 210 

In the CSS specimens VS3 and VS4 series, the separation between the concrete and steel has been 211 

found at the end of the linear part in the curve. With the load increasing, inclined cracks can be soon 212 

found at the concrete near the studs, with a considerable length. Unlike the PCSS specimens, the 213 

fracture-like noise has been heard soon after the ultimate load is reached, and no apparent plateau can 214 
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be found in the derived curve. After that, the load will decrease at a high rate while the slip continues 215 

increasing, as shown in Figs. 6 b and d. The test results reveal that a higher peak load can be reached in 216 

the PCSS specimens compared with the CSS specimens. Meanwhile, the load decreases with a very 217 

steep slope after the ultimate load in the CSS specimen, compared with the PCSS specimens. In general, 218 

the load-slip curve can be divided into three stages according to the curvature, as shown in Fig 7. 219 

 220 
Fig. 7. Division of the load-slip curve (HS3-1). 221 

For better comparison, the ultimate load and slip of each specimen are summarized in Table 4, 222 

along with statistics. The ultimate load includes not only the total value at the specimen level but also 223 

average per studs. The slip includes from the slip of the peak load Sk, the slip of plateau Sf and the slip 224 

of the descending stage Sd. According to the result, the mean ultimate load in the PCSS specimen is 225 

about 67.3% higher with 3 rows of studs and 39.1% higher with 4 rows of studs compared with the CSS 226 

specimen. Thus, a higher capacity per studs can be reached in PCSS specimens, as shown in Table 4. 227 

Table 4 Summary of ultimate load and slip 228 

Type ID 

Ultimate load Pu (kN) Slip s (mm) 

Specimen Per studs Peak Sk Plateau Sp Descending Sd 

Test Mean Test Mean Test Mean Test Mean Test Mean 

 
 

CSS 
 
 

 

VS3-1 388 

349 

32.3 

29.1 

1.33 

1.12 

- 

- 

1.95 

2.44 VS3-2 356 29.7 1.02 - 2.43 

VS3-3 302 25.2 1.01 - 2.93 

VS4-1 449 

511 

28.1 

32.0 

1.36 

1.30 

- 

- 

1.34 

1.30 VS4-2 564 35.3 1.28 - 0.72 

VS4-3 521 32.6 1.25 - 1.84 

 
 

PCSS 
 
 

 

HS3-1 620 

584 

51.7 

48.6 

0.73 

1.23 

1.75 
1.57 

 

5.78 

4.18 HS3-2 587 48.9 1.13 1.89 4.02 

HS3-3 544 45.3 1.32 1.08 2.73 

HS4-1 714 

711 

44.6 

44.5 

0.97 

1.14 

2.12 
2.08 

 

3.41 

3.27 HS4-2 730 45.6 1.33 2.08 3.12 

HS4-3 690 43.1 1.12 2.05 3.27 
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Apart from the loading capacity, in terms of the slip, PCSS specimens demonstrate a notably higher 229 

ductility compared with CSS specimens. At first, the two types of specimens show a similar slip value 230 

at the peak load, i.e. Sk, indicating the similar behaviour before the peak load. However, a very notable 231 

slip of plateau Sp could be found in the PCSS specimen, which is hard to be observed from CSS 232 

specimens. The mean value of Sp is 1.57 and 2.08 mm in the PCSS specimen with 3 rows and 4 rows 233 

of studs, respectively. For further evaluation on the ductility, the slip of descending stage Sd is also 234 

derived and listed in Table 4. The average Sd is 2.44 and 1.30 mm in CSS specimens with 3 and 4 rows 235 

of studs, respectively. Alternatively, the value is 4.18 mm in PCSS specimens with 3 rows of studs and 236 

3.27 mm in those with 4 rows, which is respectively 1.71 and 2.51 times the value in CSS specimens. 237 

Thus, a higher ductility could be expected by using the PCSS. 238 

2.3.2 Failure model 239 

The specimens have been cut after the test to investigate the failure model. Figs. 8a and b show 240 

the Macro-sectional view of the PCSS specimen HS4-3 and the CSS specimen VS4-1, respectively. In 241 

both types, the failure has been achieved with the studs cut off. However, the fractography in the 242 

concrete deck is different in the two types of specimens. In the PCSS specimens, the concrete deck has 243 

only been slightly crushed near the root of studs. As shown in Fig. 8a, only a few small cracks can be 244 

found around the studs, with a maximum crack width no more than 0.7 mm, and there was no penetrated 245 

crack found in all the PCSS specimens.  246 

  
(a) (b) 

Fig. 8. Typical Macro-sectional view: (a) PCSS specimen HS4-3; (b) CSS specimen VS4-1. 247 

Alternatively, well-developed cracks can be observed in the CSS specimens, as shown in Fig. 8b. 248 

The concrete deck is seriously crushed with the inclined cracks initiated near the studs and propagated 249 

to the edge of the deck, with the maximum crack width of 3.5 mm. Meanwhile, most of the cracks in 250 
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the CSS specimens have penetrated through the thickness of the deck, and even some have already 251 

intersected. 252 

It is worth stating that the section of the concrete deck could be responsible for the significant 253 

difference in the failure model between the PCSS and CSS specimens. In this study, the T-shaped deck 254 

is employed since it is highly fitted to the configuration of PCSS connectors. For better comparison, it 255 

is also used in the fabrication of CSS specimens. However, the volume of concrete around studs is 256 

reduced in the CSS specimen with T-shaped deck, compared with the one using the flat deck. As a 257 

result, the mechanical performance of near-stud concretes could be decreased in CSS specimen, due to 258 

the degradation in the constraint effect by nearby concretes. Thus, once the partial crushing occurred at 259 

the root of studs, the concrete around studs would be crushed and cracked at a relatively high rate, while 260 

the ultimate capacity would also be soon reached. As reflected on the load-slip curves in Figs. 6b and 261 

d, the capacity decreases with a very steep slope after the ultimate load. 262 

2.3.3 Comparison with test data from the literature 263 

For a better understanding of the shear performance of PCSS connectors, further data analysis has 264 

been performed on a list of typical push-out test results available from the literature [27]-[34]. Since the 265 

PCSS specimen shows a notable difference in the ultimate capacity and the slip of the descending stage, 266 

the two indicators have been used in the comparison. It is worth stating that the flat concrete deck was 267 

employed in all the investigated push-out tests. The results are visualised in Fig. 9. 268 

  
(a) (b) 

Fig. 9. Comparison between the reference and present test data: (a) Ultimate capacity; (b) slip of the 269 

descending stage. 270 
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For better comparison, the measured capacity per stud ��
� has been normalised by dividing the 271 

nominal capacity, i.e., the strength ���� mutiple the sectional area ����. Besides, the regression line is 272 

also derived and included in Fig. 9a, including the mean and the two-sided 97.7% tolerance interval. In 273 

the CSS specimen VS3 and VS4, the value falls below the mean and around the lower limit, indicating 274 

a lower capacity per studs compared with the flat specimen. On the contrary, the value of PCSS 275 

specimen HS3 and HS4 distributed between the mean and the upper limit, suggesting a higher capacity 276 

in the PCSS specimen. Above all, the PCSS connector is proven to offer a satisfying capacity along 277 

with the enhanced feasibility in prefabricating. 278 

According to Chen and Kunitomo [35], the flexibility is determined by the ratio of the stud height 279 

to diameter, i.e., h/d. To this end, the slip of the descending stage �� is plotted against the ratio ℎ/�, as 280 

shwon in Fig. 9b. Similarly, the regression lines are derived and plotted, including the mean and the 281 

two-sided 97.7% tolerance interval. Except for the test data of VS4 specimens, the measured values are 282 

well above the upper tolerance limit. Meanwhile, the PCSS specimens HS3 and HS4 show a notably 283 

higher slip �� compared with the CSS specimens and reference data. As a result, a better ductility and 284 

capacity at the descending stage can be achieved by using the PCSS connector. 285 

In terms of the failure model, the traditional specimen is highly similar to the CSS specimen. The 286 

failure is mainly induced by the cutting of studs, while cracks initiated in the concrete around the studs 287 

and then propagated to visible size when failed. On the contrary, the PCSS specimen demonstrates a 288 

notably different failure model, i.e., only the concrete in the vicinity of the studs has been partly crushed 289 

with moderate cracks after failed. As a result, a significant plateau could be observed from the 290 

corresponding load-slip curves, as shown in Figs. 6a and c. 291 

2.4 Investigation on load transfer mechanism of PCSS specimens  292 

2.4.1 Finite element model 293 

For a better understanding of the load-transfer mechanism of PCSS connectors, a high-resolution 294 

finite element (FE) model of the specimen HS4 has been established using the commercial software 295 

Abaqus [36], as shown in Fig. 10. In order to downscale the solution cost, the symmetry is utilised so 296 

that only half the specimen is modelled. The 3D solid element C3D8R [36] is employed with the 297 
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adaptive meshing to balance accuracy and efficiency. The element size is defined as 2 mm in the 50×50 298 

mm region around studs and then gradually increase to 10 mm outside the region. 299 

  
(a) (b) 

Fig. 10. FE model of HS4: (a) modelling and boundary condition; (b) element and meshing. 300 

The concrete and steel are connected via the “hard contact” algorithm [37], i.e., only the 301 

compressive contact force and friction are allowed on the contact surface. In addition, the friction 302 

coefficient between concrete and steel is set to 0.6. The loading has been simulated via displacement, 303 

of which the maximum is set as 6 mm after the test. Since the FE model includes the complicated 304 

nonlinearity in both the material, geometry and contact, the dynamic solver Abaqus/Explicit [38] has 305 

been used to keep the solution intractable. Trial calculations have been performed with various loading 306 

rates, and the optimal value has been found around 0.6 mm/s, which balances accuracy and efficiency. 307 

2.4.2 Material properties 308 

In simulating material properties of the concrete deck, the concrete damage plasticity (CDP) model 309 

is employed as per the suggestion by Nie and Wang [39]. Another crucial aspect of the material model 310 

is the uniaxial stress-strain curve, including the compressive and tensile parts. In the compressive part, 311 

the empirical equation proposed by Guo [40] has been used, as shown in Equations 2a and b. 312 

� = �
��� + (3 − 2��)�� + (�� − 2)��,    0 ≤ � ≤ 1

�

��(� − 1)� + �
,                         � ≥ 1

(2�) 313 

 � = � ��⁄     ,     � = � ��⁄  (2�) 314 

Where � and � stand for the stress and strain, respectively; �� is the slope factor for the ascending stage, 315 

which is set as 1.7 as per [40]; �� is the slope factor for the descending stage, which is set as 2.0 as per 316 

[40]; �� is the uniaxial compressive strength, respectively; �� is the reference strain at the peak stress, 317 

set as 0.002 according to [40]. 318 
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The cubic strength �����  is determined from the material test as shown in Table 2, while the 319 

uniaxial strength �� is determined as 0.76����� [41]. Meanwhile, the maximum compressive strain is 320 

determined as 0.0035 [40]. Besides, the Poisson’s ratio of the concrete is determined as 0.2 [41]. In the 321 

tensile part, the linear simplification [42] has been used, i.e., the stress increases proportionally with the 322 

strain until the ultimate tensile strength �� is reached. After that, the stress is released from the cracked 323 

concrete and re-distributed to the nearby part. According to [41], the uniaxial tensile strength �� could 324 

be derived based on the cubic compressive strength �����, as shown in Equation 3. 325 

�� = 0.395�����
�.��                                                                        (3) 326 

Thus, the uniaxial strain-stress relation of the concrete is derived, as shown in Figs. 11a and b.  327 

  
(a) (b) 

Fig. 11. Uniaxial stress-strain curve of the concrete: (a) Compression; (b) Tension. 328 

In the case of the steel, the trilinear model with hardening is applied to steel studs, as shown in Fig. 329 

12a, including the yielding strength ��  and strain �� , and the ultimate strength ��  and strain �� . 330 

Meanwhile, the bilinear model is used for the steel box and reinforcement, as shown in Fig. 12b, with 331 

the properties �� and �� only. Besides, the Poisson’s ratio of the steel is set to 0.3 according to [43]. 332 

  
(a) (b) 

Fig. 12. Constitutive model of the steel: (a) Trilinear; (b) Bilinear. 333 

2.4.3 Numerical results and discussion 334 

The predicted load-slip curve calculated from the FE model is shown in Fig. 12, combined with 335 

the test curves. Overall, the FE result is in good agreement with the test data. In the elastic stage when 336 

� < 0.5�� , the slip increases proportionally with the load while little discrepancy could be found 337 
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between the FEM and test, i.e., no more than 4.7%. As the load increase beyond 50% of the peak load, 338 

a slight discrepancy occurs between the FE prediction and test result. As the loading continues, the FE 339 

model reached its ultimate capacity of 725 kN, which is 2.0% higher than the measured mean capacity 340 

of 711 kN. Meanwhile, the predicted slip at the peak load is 1.32 mm, i.e., about 15% higher than the 341 

measured mean. Besides, a high similarity could also be found in the slip of plateau Sf , which is 2.05 342 

mm from test and 2.08 mm by the FE (only 1.4% difference). After that, the slip increases while the 343 

load keeps decreasing, i.e., the descending stage. Finally, the FE model failed at the load of 420 kN due 344 

to convergence difficulties. A visible difference can be found between the FE and test curves, but the 345 

trend is still highly similar. 346 

 347 
Fig. 13. Comparison of load-slip curves between test and FE model 348 

Further comparison is carried out on the crushing state of concretes at the failure state between the 349 

FE model and the specimen HS4-2, as shown in Figs. 14a and b. The FE results are presented in terms 350 

of damage factor indicating the crushing state of concretes. The comparison also suggests a good match 351 

in the failure state between the test and FE prediction. Thus, the established FE model is able to reflect 352 

the behaviour of the push-out tests. 353 

  
(a) (b) 

Fig. 14. Comparison of concrete crushing between HS4-2 and FE model: (a) Concrete near the 2nd 354 
row of studs; (b) oncrete near the 3rd row of studs. 355 
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Based on the verified FE model, the load transfer mechanism in the PCSS is investigated in terms 356 

of damage in the concrete and Von Mises stress in the stud, as shown in Fig. 15. Generally, the loading 357 

process can be divided into 4 phases by 4 points on the load-slip curve. Before loaded to 363 kN (about 358 

50% the peak load), the specimen demonstrates almost perfectly linear behaviour on the load-slip curve. 359 

Accordingly, no obvious damage could be identified at the concrete, and the stud stress is well below 360 

the yield strength. Once loaded to 363 kN (about 50% the peak load), the concrete damage starts to 361 

initiate near the root of studs, as shown by the grey part in Point (1). Meanwhile, the maximum stud 362 

stress reaches 335 MPa, very close to the yield strength of 340 MPa. However, the interaction between 363 

the stud and concrete is still fully active due to the very limited concrete damage. 364 

  365 
Fig. 15. Evaluation of concrete damage and stud stress during the loading. 366 

With further loading, the proportion of crushed concrete increases, and the studs gradually begin 367 

yielding. As a result, notable nonlinearity can be observed on the load-slip curve. Once loaded to the 368 

peak value of 725 kN, as shown by Point (2), the crushed concrete becomes interconnected around the 369 

hole. However, the diameter of the crushed region is only about 1.5 mm. Moreover, a small part of studs 370 

reaches the yielding and even ultimate strength. In general, although the stud yielding and concrete 371 
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crushing occur in the PCSS specimen at this stage, a good interaction still exists between the stud and 372 

concrete. This is highly similar to the traditional stud connector. As a result, the PCSS connector 373 

behaves like the traditional stud before the peak load. 374 

After that, the load-slip curve shows a plateau until Point (3). Between Points (2) and (3), the slip 375 

increases by almost 171%, while the crushed concrete region extends from 1.5mm to 4.5 mm in 376 

diameter. Besides, most part of the stud reaches the ultimate strength at Point (3). The notable plateau 377 

can be attributed to the lateral constraint on the concrete by the two vertical steel plates. With the 378 

constraint, both the ultimate strength and ductility are enhanced for the concrete within the plates. Thus, 379 

the stud-concrete interaction still lasts for a notable time period even after the ultimate of studs has been 380 

achieved. As a result, the remarkable plateau can be observed on the load-slip curve before the final 381 

fracture of studs. After Point (3), most part of the stud reaches the ultimate strength. Thus, the load 382 

capacity of the specimen degrades, reflected by the descending load-slip curve. However, it is very 383 

interesting that the volume of crushed concrete stays almost stationary until the failure. This could be 384 

attributed to the lateral constraint on the concrete offered by the vertical steel plate. Thus, the specimen 385 

still shows a considerable remnant capacity during the descending stage. 386 

In order to further explore the lateral constraint effect on the concrete, the out-of-plane normal 387 

stress has been derived for the vertical plate near the stud, as shown in Figs. 16. According to the result, 388 

inter-extrusion between the concrete and vertical steel plate, and the stress increase with the slip until 389 

the final failure. As a result, the lateral deformation of the concrete is constrained by the vertical steel 390 

plate, which in turn help to control the proportion of crushed concretes around studs. As a result, a 391 

notable slip could be observed in the descending stage of the load-slip curve. 392 

 393 
Fig. 16. Out-of-plane normal stress of the vertical steel plate near studs. 394 
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3. Investigation on the prefabricated composite bridges using the PCSS 395 

3.1 Full-scale model test of the composite bridge using PCSS 396 

A full-scale model test of the prefabricated steel-concrete composite bridge has been employed to 397 

investigate the mechanical behaviour of prefabricated composite bridges using the PCSS, as shown in 398 

Figs. 17 and b. 399 

 400 
(a) 401 

 402 
(b) 403 

Fig. 17. Full-scale test of the prefabricated composite specimen: (a) Elevational view (Unit: mm); (b) 404 
Photograph. 405 

The specimen consists of a steel truss girder and a pre-cast concrete deck prestressed by tendons. 406 

The PCSS connector has been employed to connect the deck and the top flange of the upper chords in 407 

the truss. The specimen is simply supported with a span of 7000 mm. Two actuators working in-phase 408 

have been used to load the specimen from bottom-up, through which the negative bending moment is 409 

simulated. Meanwhile, a strain gauge is installed on the top surface of the concrete at the mid-span, as 410 

shown in Fig. 17a. 411 

The materials used in the full-scale test have been kept the same as those employed in the previous 412 

push-out test, as listed in Table 2. Besides, the prestress is applied on the deck through the steel tendon 413 

1ϕs15.2-1860 [25], of which the ultimate strength is 1860 MPa.  In the prefabrication, the deck has been 414 

divided into 7 blocks, each of which is 1000 mm in length. The PCSS connector is embedded in the 415 

deck blocks when casting, with a total of 28 studs in a single block. After that, the deck blocks with the 416 

PCSS embedded are integrated through preloading the steel tendons. The Grade-A binder [44] has been 417 
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injected into the seams between deck blocks before applying the prestress to improve the integrity of 418 

the deck. The elastic modulus of the binder is 3200 MPa. Its tensile and compressive strengths are 8.5 419 

and 50 MPa, respectively. More details about the binder can be found from the reference [44]. 420 

Before loading, the tendons are preloaded to 1395 MPa from the two ends using the hydraulic 421 

jacks. Three hours after the preloading, the top-surface strain of the deck has been measured via the 422 

gauge shown in Fig. 17a, which is -650 με. Three loading phases have been conducted on the specimen 423 

during the test, and the results are illustrated in Figs. 18a to e. In the first phase, the specimen is loaded 424 

and unloaded for three cycles under the load of P = 180 kN. Overall, the specimen demonstrates the 425 

elastic behaviour, and no apparent crack has been found. Also, the strain on the top surface of the deck 426 

is measured as -182 με, indicating enough remnant prestress and compressive state of the deck. As a 427 

result, the deformation and stress increase and decrease linearly with loading and unloading. 428 

  

 
(a) (b) (c) 

  

(d) (e) 
Fig. 18. Test result of the prefabricated composite specimen: (a) The first crack at the deck viewed 429 
from top; (b) The first crack at the seam viewed from elevation; (c) buckling of the vertical member 430 
near the bearing; (d) buckling of the lower chord at the midspan; (e) the longitudinal welded joint at 431 

the failure stage. 432 

In the second phase, the specimen is at first loaded to P = 210 kN. At the same time, the top-surface 433 

strain becomes 18 με, suggesting the prestress is completely eliminated by the external load. Thus, two 434 

cracks have been soon observed at the top surface of the deck near the loading site, as shown in Fig. 435 

18a, including the 1st crack marked as “1#” and the 2nd crack marked as “2#”. However, crack closure 436 

occurred at the observed cracking site directly after unloading.  437 
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At the third phase, the specimen is directly loaded until failure and the peak load attained is 438 

recorded as the ultimate load, i.e., P = 500 kN. As the load increases to 310 kN, the first crack at the 439 

seam has been observed, as shown in Fig. 18b. After that, cracks extensively initiate at the seams and 440 

propagate much faster than the cracks within blocks. Finally, when the load increases to 500 kN, 441 

buckling can be found at the vertical member, as shown in Fig. 18c, and the lower chord, as shown in 442 

Fig. 18d. At the same time, the three deck blocks near the midspan are seriously cracked and split. Since 443 

the load could not be increased anymore, the failure of the specimen is identified at the ultimate load of 444 

500 kN, and the test is stopped. It is worth noting that the longitudinal welded joint between the PCSS 445 

and truss has stayed intact during the whole loading process. As shown in Fig. 18e, no visible damage 446 

could be found in the longitudinal welded joint when the failure of the specimen has occurred. On this 447 

end, the feasibility is further verified for the longitudinal welded joint of PCSS connectors in 448 

prefabricated composite bridges. 449 

3.2 Establishment of the numerical model 450 

3.2.1 Element and meshing 451 

An advanced finite element (FE) model has been established for the full-scale prefabricated 452 

composite specimen using the software Abaqus [36], as shown in Fig. 19. The concrete deck and PCSS 453 

connectors are modelled with the solid element C3D8R, while the truss element T3D2 is used to 454 

simulate the prestress tendons and reinforcements. In the steel truss girder, the structural members are 455 

modelled with the shell element S4R. In the full-scale test, the binder was used to connect the deck 456 

blocks at the seam. Since the binder’s tensile strength (8.5 MPa) is favoured to the capacity, it is not 457 

explicitly modelled. Instead, the seam is simulated by a 10 mm-wide concrete segment without 458 

reinforcement for conservativeness.  459 

The details of element selection are also included in Fig. 19. Different meshing sizes have been 460 

employed for the various components to ensure both the accuracy and computational feasibility, as 461 

shown in Fig. 20. A relatively coarse meshing size is used for the shell elements simulating the steel 462 

truss girder, i.e. 20 mm since it is not of special interest. The deck is modelled by the C3D8R with a 463 

size of 8 mm. Accordingly, the PCSS connectors are discretized with a refined meshing size ranging 464 

from 4 mm to 8 mm. For the seams between blocks, the meshing size of 5 mm is used to ensure the 465 
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sufficient layer of solid elements. A coarse meshing size, i.e. 37 mm, has been applied in modelling the 466 

prestress tendons and reinforcements since they are mainly used to integrate the deck. 467 

 468 
Fig. 19. Advanced FE model of the prefabricated composite specimen. 469 

 470 
Fig. 20. Meshing of the advanced FE model. 471 

3.2.2 Contact relation, boundary condition and material models 472 

The deck is connected with the prestress tendons and reinforcements using the “embedding” hard 473 

contact [36], i.e. the displacement-interpolation. Meanwhile, the welded joint between the top surface 474 

of the truss and the vertical plates of PCSS connectors are modelled through the “tie” contact [36], i.e. 475 

the displacement-coupling. Between the concrete and studs, the face-to-face hard contact has been 476 

applied, and the friction coefficient is set as 0.6 according to [37].  477 

The boundary conditions of the FE model are set in accordance with the actual situation of the 478 

prefabricated composite specimen shown in Fig. 17. The loading procedure has been simulated through 479 

imposing a total displacement of 50 mm. Similarly, the solution has been carried out through the quasi-480 

static analysis using the Abaqus/Explicit dynamic solver to ensure computational efficiency. At first, 481 

an artificial duration of 50 seconds is adopted for loading to failure, and the loading rate is accordingly 482 
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determined as 1 mm/second. After that, the adjustment is made to balance the efficiency and accuracy 483 

through trial computations, using the procedures illustrated in section 3.2. 484 

The material properties and models employed in section 2.4 have been adopted in the FE 485 

simulation of the full-scale specimen, including the stud, steel plates and concrete since the materials 486 

in the full-scale test are kept the same as in the push-out test. Besides, the prestress tendon has been 487 

regarded as the elastic material since the used steel wire has no clear yielding point, and it stayed intact 488 

until the failure of the specimen.  489 

3.3 Verification of the FE model 490 

The load-deflection curves obtained from the test and the numerical simulation are compared in 491 

Fig. 21. When the load is below 56% of the ultimate load, i.e. 0.56Pu, the prefabricated composite 492 

specimen mainly demonstrates the linear elastic behaviour, and the FE curve matches very well with 493 

the measured curve. For instance, under the load of 250kN, the displacement measured at the mid-span 494 

of the specimen is 12.33 mm, while the corresponding FE value is 12.50 mm, i.e., about 1% error. As 495 

the load further increases beyond 0.56Pu, the curve gradually shows the notable nonlinearity, indicating 496 

the elastic-to-plastic behaviour of the specimen. After loaded to 0.9Pu, the mid-span deflection of the 497 

specimen is 38.03 mm, while the FE value is 34.69 mm, i.e., an error of 8.7%. However, this difference 498 

is somehow acceptable, considering the complexity in modelling nonlinear behaviour. 499 

 500 
Fig. 21. Load-displacement curve of the prefabricated composite specimen. 501 

Overall, the derived load-deflection curve from FEM keeps in good agreement with test data. 502 

Besides, the FE model also matches well with the test respecting the distribution of cracks and the 503 

failure mode, which will be discussed in detail in the following section. To sum, the FE model is 504 

validated by the test data. 505 
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3.4 Numerical Results 506 

3.4.1 Classification of loading stages 507 

As shown previously in Fig. 21, the mechanical behaviour of the prefabricated composite specimen 508 

can be divided into three phases, including the elastic, elastic-to-plastic and quasi-ultimate stages. At 509 

the elastic stage (P < 0.56Pu),the load-deflection curve shows a linear trend. As the load increased to 510 

0.45Pu (i.e., 210kN), notable tensile stress could be observed at several points on the deck top surface, 511 

suggesting that the prestress is counterbalanced by the applied load. As a result, the first crack occurs 512 

at the deck surface. However, the specimen still demonstrates elastic behaviour since the load and 513 

deformation are almost in a linear relation. 514 

At the elastic-to-plastic stage (0.56Pu < P < 0.9Pu), the prestress effect is entirely eliminated by 515 

the load. In this situation, the deck works in the way of the reinforcement concrete (RC) member. As a 516 

result, the load-displacement curve is no longer linear, but the change in slope is moderate. As the load 517 

further increased to 0.62Pu (i.e., 310kN), the 1st cracking occurs at the seam close to the midspan, as 518 

shown in Fig. 22. In RC members, the crack size would be directly controlled by the reinforcement 519 

ratio. Since no reinforcement passes through the seam, the cracking-resistance becomes lower at the 520 

seam compared with the pre-cast blocks. With the load further increasing to 0.76Pu (i.e., 380 kN), the 521 

2nd cracking site appears at the seam near the midspan, as shown in Fig. 22. Along with the crack, an 522 

abrupt change could be observed on the load-slip curve. At the quasi-ultimate stage (P > 0.9Pu), the 523 

load-displacement curve gradually becomes flat, and the deformation increases rapidly with the load. 524 

 525 

Fig. 22. Cracking site on the concrete deck 526 

3.4.2 Stress and crack distribution at the ultimate stage 527 

Figs. 23a and b respectively show the ultimate stress state and crack distribution from the FE model. 528 

The result suggests that the yield stress is reached in a considerable proportion of the truss members, 529 
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especially in the web members and lower chords. Fig. 23b shows the distribution of cracks in the deck, 530 

in which the coloured parts indicate the cracked location. It can be found that cracks have already been 531 

fully developed in the three deck blocks near the midspan, similar to the cracks in the test specimen. 532 

Besides, the cracking at the seams between deck blocks is much more severe than that within the blocks. 533 

 534 
(a) 535 

 536 
(b) 537 

Fig. 23. FE result at the ultimate state: (a) Von Mises stress (MPa); (b) Crack distribution. 538 

3.4.3 Distribution of slip at various stages 539 

The slip between the deck and stud is calculated at the stud root, and the mean value from the studs 540 

with the same longitudinal position has been employed. Fig. 24 shows the representative distribution of 541 

the slip at three loading stages, including of the elastic stage, elastic-to-plastic (E-to-P) stage and quasi-542 

ultimate (QU) stage. The result shows significant differences between the three stages. At the load of 543 

0.45Pu, i.e. the elastic stage, the slip is varied smoothly with the distance. Since the load increases to 544 

0.56Pu at the E-to-P stage, the specimen demonstrates the elastic-to-plastic behaviour, and abrupt 545 

changes can be found in the distribution. After that, the abrupt change escalates with the increase in the 546 

load. As the load further grows to 0.9Pu at the quasi-ultimate stage, the abrupt changes become very 547 

remarkable, and sharp step changes can even be found at several points. 548 
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 549 
Fig. 24. Longitudinal distribution of the slip at different stages 550 

During the elastic stage, the slip of PCSS connectors shows a continuous distribution, as shown 551 

by the blue line in Fig. 24. The slip is relatively small at the bearing, and then gradually increases with 552 

the distance until the loading point is reached. For better illustration, Figs. 25a and b show the 553 

corresponding displacement of studs in the shear-bending zone and pure bending zone, respectively. In 554 

the shear-bending zone, i.e. the zone from the bearing to the loading point, the displacement of studs 555 

increases with the distance, as shown in Fig. 25a. In the pure bending zone between the two loading 556 

points, symmetry trend can be observed. Especially, the displacement of studs gradually decreases to 557 

zero from the loading point to the midspan, as shown in Fig. 25b.  558 

 559 
(a) 560 

 561 
(b) 562 

Fig. 25. Displacement of studs at 0.45Pu (Unit: mm): (a) shear-bending zone; (b) pure bending zone. 563 

When the load increase increases to 0.56Pu, cracks initiate at the seam between deck blocks, as 564 

shown in Fig. 26. As a result, the slip is no longer continuously distributed. Fig. 26 also includes the 565 

displacement of studs near the seam crack, i.e. l = 3000 mm. The result suggests that the displacement 566 

decreases to zero at the cracking site of the seam, and then symmetrically increases with the distance. 567 

This effect can be related to the first zigzag in the slip shown in Fig. 26. 568 
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 569 
Fig. 26. Slip and stud displacement at 0.56Pu (Unit: mm). 570 

As the load further increases beyond 0.56Pu, the specimen demonstrates elastic-plastic behaviour, 571 

and both the width and number of cracks continue to grow. Fig. 27 show the crack distribution and slip 572 

at the load of 0.9Pu. The result suggests the concentration of cracks in the three deck blocks near the 573 

midspan, with the maximum cracking width at the seams. The slip of studs reduces to almost zero at 574 

the two cracked seams near l=1800 mm and l=3 000 mm, as shown in Fig. 27. Similarly, the abrupt 575 

change can be observed at the two cracking sites in the slip, with an escalated scale. 576 

 577 
Fig. 27. Slip and displacement at 0.9Pu (Unit: mm). 578 
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When the load increase beyond 90% of the ultimate load, the cracks extensively develop, while 579 

the three decks in the midspan gradually cease to work. Meanwhile, the lower chord of the steel truss 580 

girder gradually yielded. At this stage, the abrupt increase can also be found in the slip of the studs near 581 

the cracked seams, as shown in Figs. 28a and b. Finally, the ultimate capacity is achieved since no 582 

additional load can be applied to the specimen. 583 

 584 

(a) 585 

 586 

(b) 587 
Fig. 28. Displacement of studs at the ultimate state (Unit: mm): (a) shear-bending zone; (b) pure 588 

bending zone. 589 

3.5 Discussions on the numerical result 590 

The slip distribution is also closely related to the configuration of the deck and the cracking feature 591 

of the prefabricated composite specimen. As described in section 3.1, once the crack initiates at the 592 

seam (P = 310 kN), it will develop at a much higher rate, and gradually become the major cause for the 593 

final failure of the specimen. This is mainly because the reinforcement is embedded within the deck 594 

blocks but no at the seam. Thus, the bond-slip theory [45] is used to illustrate the mechanism of shear-595 

slip transfer between the concrete and steel, as shown in Fig. 29.  596 

As the growth of cracks in the concrete, the stress at the cracked parts is gradually released from 597 

��� + ��� to 0, in which ��� is the prestress and ��� is the concrete stress. Accordingly, the released 598 

stress will be re-distributed to the nearby components, including the prestress tendons, truss members 599 

and uncracked concretes. The released stress increases from zero at the cracked seam to a peak value at 600 

a certain distance from the crack and then decreases to zero again with the distance. As a result of the 601 

stress redistribution, an additional slip ∆� will be induced between the concrete and steel near the 602 
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cracked seam. Similar to the stress redistribution, the additional slip reaches its peak at a certain distance 603 

from the cracked seam and then falls back to zero with the distance. Consequently, the abrupt changes 604 

could be found in the distribution of slip along the girder. 605 

 606 
Fig. 29. Redistribution of stress and slip in the PCSS specimen after cracking at the seam. 607 

4. Conclusions 608 

In this paper, a series of experimental and numerical works have been carried out to investigate the 609 

load-slip behaviour of an innovative prefabricated shear stud (PCSS) connector and its application in 610 

the prefabricated steel-concrete composite bridges. The following conclusions can be drawn: 611 

 Push-out tests have been performed on a total of 12 specimens, including 6 PCSS specimens and 6 612 

specimens with the conventional shear stud (CSS). Overall, the ultimate capacity of the PCSS 613 

specimen is about 39.1%-67.3% higher than the CSS specimen. Meanwhile, the PCSS specimen 614 

shows the notable “flat plateau” and descending stage on the load-slip curve after the peak load, 615 

which ensures a much better ductility. Besides, the concrete was just slightly crushed near the stud 616 

root in PCSS specimens, compared with the well-developed cracks in the CSS specimens. 617 

 Comparison has also made between the test result and the data from the literature, in which the flat 618 

concrete deck was used, in terms of the capacity per studs and slip of descending stage. According 619 

to the result, the normalised stud capacity of the PCSS specimen falls between the mean value and 620 
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upper tolerance limit derived from the literature, further indicating a satisfying capacity of PCSS 621 

specimens. Meanwhile, the slip of the descending stage in the PCSS specimen is well above the 622 

upper limit by the literature, suggesting a better ductility. To sum, the PCSS connector enables the 623 

full prefabrication of composite bridges without compromise in the capacity and ductility. 624 

 A high-resolution FE model has been established for the PCSS specimen and validated through the 625 

test data. Based on the model, the investigation is performed to investigate the load transfer 626 

mechanism of the PCSS connector at the component-level, including the stress of studs, damage of 627 

concretes, and stress state of vertical steel plates. The result reveals that the ultimate capacity of the 628 

PCSS is mainly controlled by the yielding of studs. However, the surrounding concrete could 629 

provide an effective constraint on the studs after they yielded, leading to the notable plateau and 630 

descending stage in the load-slip curve. At the same time, the damage of concretes is limited by the 631 

lateral constraint from vertical steel plate, resulting in a remarkable improvement in ductility of the 632 

PCSS specimen. 633 

 A full-scale model test is employed to verify the application of PCSS connectors in prefabricated 634 

composite bridges. Based on the test, an advanced FE model has been established for the specimen 635 

and validated using the test data. The result shows that the slip distribution is influenced by the 636 

cracking at the seam between prefabricated deck blocks. As a result, the abrupt changes can be 637 

found in the load slip curve after cracking occurs, which differs from the traditional composite 638 

bridges. 639 
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