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ABSTRACT 

In this study, the seismic performance of prefabricated bridges connected by grouted sleeves 

has been evaluated. 12 sleeve specimens and 4 cast-in-place specimens with varying anchorage 

lengths and water-to-cementitious material ratios were fabricated to investigate the bond-slip 

performance by uniaxial tension test based on the constitutive relationship of grouted sleeves and 

bond-slip behaviour between rebar and concrete. A finite element (FE) model was proposed to 

analyse the prefabricated bridge substructure, considering bond and slip between rebar and sleeve. 

The corresponding seismic performance under simulated seismic effects was investigated using a 

multi-angle analysis method. Also, parametric investigation using FE analysis was performed to 

examine the influence of various parameters on the seismic performance of the specimens. The 

experiment results showed minimal bonding performance differences between the grouted sleeve 

specimens and the cast-in-place specimens, indicating that the grouted sleeve connection satisfies 

the connection performance requirements. The simulation results show that the typical damage form 

of the prefabricated bridge substructure connected by grouted sleeves is bending, the shape of the 

hysteresis loop is either shuttle or bow, with the slope of the descending section of the skeleton curve 

varied not significantly because of the excellent ductility, and the ultimate bearing capacity and 

cumulative energy consumption of prefabricated Pier- Bent Cap were 83.3% and 82.0% of RC 

specimen, separately. The results corroborate the excellent seismic performance of prefabricated 

bridge substructures connected by grouted sleeves. 
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INTRODUCTION 

In recent years, rapid advancement in assembly technology has been seen due to its 

advantages, such as reduced construction time, low pollution [1]. In addition, the development of 

prefabricated bridges is also relatively rapid, and prefabricated abutment technology become a new 

research area in bridge engineering for its fast construction, low interference, and small post-

earthquake residual displacement [2]. However, prefabricated bridges have not gained significant 

attention due to their instability under seismic excitations [3]. When an earthquake occurs, the 

substructure is the most vulnerable to damage, leading to structural damage to the entire bridge. 

Therefore, ensuring the safety and stability of the substructure is crucial. Since the safety and 

stability of the substructure focus on the connection between the columns and pile cap, as well as 

between piers and the cover beam [4]. Consequently, whether the connection type can meet the 

requirements of connection performance and improve the seismic performance of prefabricated 

bridge substructure must be addressed. 

 Many studies have been performed on the connection between precast concrete members. 

Among all the connections, the grouted sleeve connections are among the most effective 

connections for prefabricated bridge substructures [5,6]. Many factors affect the connection 

performance of the grouted sleeve, such as the location of the sleeve connector, the anchorage 

length of the reinforcement, and the performance of the grout. Lu et al. [7] concluded that grouted 

sleeves with threads exhibit better connection properties. However, most studies were mainly 

focused on one type of connector. Comparative studies on the mechanical performance of two types 

of connections (grouted sleeve and cast-in-place) are still sparse. In addition, prefabricated bridges 

are primarily used in low-seismic and non-seismic fortification areas, with limited application in 

moderate and high-intensity regions mainly due to the uncertainty of the seismic performance of 

prefabricated bridges. Liu et al. [8] and Haber et al. [9] conducted a large number of tests to confirm 

that prefabricated bridge substructures with grouted sleeve connections have seismic performance 

comparable to that of cast-in-place, indicating that the sleeve joints significantly affect on the 

hysteretic response when they are at the location of the plastic hinge. There are two widely used 

methods to study the seismic performances of prefabricated bridges: the first uses model 

experiments [9,10], which is accurate but with significantly high experimental effort, whereas the 

other method is realized by finite element (FE) simulation [11], which is computationally efficient and 

easy. Nevertheless, it cannot determine the actual force in the grouted sleeve and the influence of 

the sleeve connections on the whole prefabricated bridge substructure. Thus, the simulation results 

are usually not accurate enough. Besides, in the current simulations, the bond-slip effects of 

reinforcement and concrete are generally ignored, which may also reduce the simulation accuracy. 

There are relatively few studies on sleeve connectors with different parameters and fabricated bridge 

substructures with other parameters, and they have not formed a systematic control analysis. 

Therefore, conducting relevant experimental and numerical simulation studies is imperative to fill the 

research gaps in parametric analyses. 

As is well known, the results of full-scale tests can be replaced effectively by finite element 

based reasonable constitutive and parameter values, and costs reduced significantly. Therefore, 

results of sleeve connections tests used as the original parameters for full-scale seismic performance 

analysis of prefabricated Pier- Bent Cap is an effective solution. In this paper, the mechanical 

properties of sleeve connectors were experimentally analyzed to clarify the reliability of sleeve 

connections and the constitutive relations to be subsequently used in finite element analysis (FEA). 

Afterward, FE-based models were developed to delve into the seismic performance of bridge 

substructures that employ sleeve connections under earthquake. These models were then used to 

conduct a parametric investigation to provide a deeper understanding of how the critical parameters 

affect the seismic performance of the assembled bridge substructure. 
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MATERIAL AND METHOD 

Raw materials 

In order to study the connection performance of the grouted sleeve connectors, 12 sleeve 

connection specimens were designed and fabricated, with two specimens in each set. Using TT 

represented grouted sleeve connection specimens. TT-120-0.1 represents the anchorage length of 

this connection specimen, which is 120 mm, and its water-material ratio is 0.1. Cast-in-place 

comparative specimens were designed and labelled as XJ. The developed specimens were cured 

in an underground curing room. Specimen preparation is shown in Fig. 1. The material properties 

and parameters of the grouted sleeve were determined following JG/T398-2019 [12]. The cast-in-

place specimens were formed by C40 concrete, and the cubic compressive strength of the concrete 

was measured at 42.9 MPa. In this test, HRB400 rebar with d=12mm and C40 concrete were chosen. 

In order to determine the bonding strength of grout, the bond-slip test was conducted, which showed 

that the initial bond-slip of grout with different water-to-cementitious material ratios is greater than 

300 mm, and all grout could meet the workability requirement. In addition, the compressive strength 

of the grout was tested according to GBT17671-2021[13], confirming that all grouts met the target 

strength requirement. 

       

a) Sleeve test piece grouting  b) Sleeve test piece grouting c) Pouring concrete 

preparation             

Fig. 1 – Specimen preparation 

Sensor arrangement and Loading process 

  
a) Sleeve specimen reinforcing        b) Cast-in-place specimen reinforcemen 
  steel strain gauge arrangement        strain gauge arrangement 

      
c) Sleeve strain gauge arrangement    d) Concrete strain gauge arrangement 

Fig. 2 – Measurement point arrangement 
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Strain gauges for rebar were arranged 30 mm away from the top and bottom of the sleeve 

(as shown in Figure 2(a) or 30 mm away from the concrete edge of the cast-in-place specimen (as 

shown in Figure 2(b). The sleeve specimen was divided into four equal-length parts, and then six 

strain gauges were affixed axially and symmetrically at the equal points, numbered T1-T6, as shown 

in Figure 2(c). Meanwhile, the cast-in-place specimen was divided into three equal parts. Four strain 

gauges were affixed axially and symmetrically in each equal part, labelled X1-X4, as shown in Figure 

2(d). For displacement sensors, one was arranged 50 mm away from the top and bottom of the 

sleeve or 50 mm away from the concrete edge of the cast-in-place specimens. MTS universal testing 

machine was used in this test. The force-controlled loading mode was selected with a rate of 500N/s 

before specimen yielding, while the displacement-controlled mode was adopted with a rate of 

0.25mm/s after yield. 

TEST RESULTS AND DISCUSSION 

Test phenomenon and failure patterns 

Failure patterns and grouting failure for these sleeve specimens under uniaxial tension are 

shown in Figure 3 and Figure 4. When critical damage occurred, when the two bonds reached the 

maximum bond strength and the reinforcement did not reach the ultimate strength, the reinforcement 

was pulled out. The sleeve connector specimens showed slight displacement of the reinforcement 

first, followed by a yielding phase. Microcracks appeared in the grout, and the slip between the grout 

and the rebar increased significantly. Then, the slip of both continued to increase, and the grout at 

the ports spalled off.  

    
a) Bar fracture failure  b) Bar pull-out failure   a) Bar fracture failure  b) Bar pull-out failure 

Fig.3 – Failure patterns of the grout sleeves          Fig.4 – Grouting crushing 

    
a) Concrete splitting                        b) Rebar pull-off 

Fig. 5 – Failure patterns of cast-in-place specimens 

Failure patterns for these cast-in-place (CIP) specimens under uniaxial tension are shown in 

Figure 5. As the specimens yielded, concrete microcracks appeared and developed from the 
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boundary to the center, and the rebar showed significant slippage. As the specimens entered the 

strengthening stage, a small amount of concrete was dislodged, cracks of varying degrees appeared, 

and slip continued to increase in this stage.  

Load-strain curves 

Figure 6 shows the load-strain curves of some grouted sleeve specimens. The sleeve strains 

of all specimens showed an overall increasing trend. The strains（T2, T5) in the middle of the sleeve 

are larger than the other four strains (T1, T4 & T3, T6). Since the reinforcement did not yield, the 

surface of the embedded rebar portion remained in contact with the grout, and the tensile force of 

the rebar was effectively transmitted to the inner wall of the sleeve through the grout. The strain of 

the corresponding sleeve increased from the outside to the inwards, with the maximum strain 

occurring in the middle of the sleeve. However, it began to elongate and thin when the steel at the 

end of the sleeve entered the yielding phase. Consequently, the outer surface of the rebar was no 

longer in close contact with the grout. Subsequently, wedge-shaped damage occurred, resulting in 

a reduced tensile force transmitted to this section of the sleeve through the grout and decreased 

strain in the end region of the sleeve. Then, the effective restraint of the sleeve on the rebar shifted 

inward, and the corresponding strain inside the sleeve continued to increase, with the maximum 

strain value still occurring in the middle of the sleeve. Figure 7 shows the reinforcement strain inside 

the grouted sleeve to explore the stress-strain relationship. The maximum and minimum strains of 

the rebar were around 3000×10-6 and 2000×10-6, respectively. The strain in the upper reinforcement 

of the TT-0.10-100 specimen was only about 1500×10-6, while the reinforcement did not reach the 

yield point. The strains in the upper reinforcement in all four specimens (TT-0.10-70, TT-0.12-100, 

TT-0.12-70&TT-0.12-50) were around 2000×10-6, and the strain value also did not meet the 

requirement for the reinforcement to yield. In summary, the upper reinforcement inside the grouted 

sleeve was either yielding or not yielding. In the meantime, the lower reinforcement reaches its 

ultimate strength, and the strain of the lower reinforcement is greater than that of the upper 

reinforcement. As the length of the embedded rebar increased, the restraining effect of the sleeve 

on the rebar became more pronounced. 

Figure 8 shows the load-strain curve of CIP specimens. It is found that the strain of CIP 

specimens gradually increased with the load. Except for the strain at X2 of XJ-120-C40, which was 

greater than -250×10-6, the strains of other specimens were less than -150×10-6. The strains (X2, X4) 

were approximately -250×10-6, while the strains (X1, X3) were approximately -40×10-6. The strain 

increase of the lower concrete (X2, X4) of the specimens was significantly faster than that of the 

upper concrete (X1, X3), which is attributed to the strain disparity in the upper and lower parts of the 

specimens. The load-strain curve for reinforcement of the CIP specimen is shown in Figure 9. The 

reinforcement strain on XJ-200-C40 was more than 3000×10-6, and the reinforcement strains on XJ-

160-C40 and XJ-80-C40 were not more than 2500×10-6, indicating a slight difference. 

        

   a) TT-0.10-120                b) TT-0.12-120           c) TT-0.14-120 

Fig. 6 – Load-strain curves of grouted sleeve     
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a) TT-0.10                   b) TT-0.12               c) TT-0.14 

Fig. 7– Load-strain curves of reinforcement inside the grouted sleeve 

 

a) XJ-200-C40         b) XJ-160-C40          c) XJ-80-C40 

      Fig. 8 – Load-strain curves of CIP specimens       

 
     Fig. 9 – Load-strain curves of reinforcement inside the CIP specimens 

Bond stress and slip of the connections  

The average bond stress τ of the reinforcement and grout and concrete is the ratio of the 

peak load to the anchorage area, as given in Equation (1). The slip of the rebar Ss is the difference 

between the displacement of specimen S and the elongation of the rebar necking is defined in 

Equation (2). 

P

dl





=                                (1) 

s 2

s

4P l
S S

d E






= −                               (2) 

where Pμ is the peak load; l is the anchorage length; Δl is the distance between the fixture and the 

top of the bonded area; Es is the elasticity modulus of reinforcement. 

The average bond stress and slip of the grouted sleeve and cast-in-place connectors could 

be obtained based on the equations and experimental data. It can be seen that when the water-to-

cementitious material ratio was 0.10, the specimens experienced fracture failure of the rebar. When 

the water-to-cementitious material ratios were 0.12 and 0.14, the TT-0.12-50 and TT-0.14-50 

specimens exhibited pull-out failure of rebar. The average bonding stress of the TT-0.12-50 and TT-

0.14-50 specimens was 1.92 and 2.23 times the 120mm anchorage length under the same 
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conditions, respectively. The rebar slips of the TT-0.12-50 specimen increased by 25.6% compared 

to the TT-0.12-120 specimen. The average bonding stress of the XJ-200-C40 and XJ-120-C40 

specimens was determined as 8.51MPa and 11.89MPa, respectively, while the corresponding rebar 

slips were 9.20mm and 9.49mm. The disparity in the average bonding stress is because the contact 

area between the reinforcement bar and the grout was increased with the increasing anchorage 

length, and the stress transfer between the grout and the reinforcement was strengthened. Therefore, 

to avoid pull-out failure of rebar in the actual project and to ensure the safety and stability of the 

component, it is recommended that the anchorage length of the sleeve specimen be taken as≥8.3l 

and the anchorage length of the cast-in-place specimen be taken as ≥10l. 

It is inferred from Table 1 that the TT-0.10-120 specimen and the XJ-200-C40 specimen 

exhibited the best mechanical performance among the two connection types. In addition, the table 

enlists a performance comparison of the two specimens, revealing minimal differences in peak load 

and slip between the sleeve and cast-in-place connections, indicating that the grouting sleeve 

connection meets the bond performance requirements.  

Tab.1 - Average bond stress and slip of specimens 

Serial No. Peak load/kN 
Reinforcing bar 

stress/MPa 

Average bond 

stress/MPa 
Slip/mm 

TT-0.10-120 

TT-0.10-100 

TT-0.10-70 

TT-0.10-50 

TT-0.12-120 

TT-0.12-100 

TT-0.12-70 

TT-0.12-50 

TT-0.14-120 

TT-0.14-100 

TT-0.14-70 

TT-0.14-50 

64.81 

63.33 

61.65 

60.37 

64.33 

63.09 

61.03 

60.84 

64.60 

62.86 

62.96 

60.05 

573 

560 

545 

534 

569 

558 

540 

538 

571 

556 

557 

531 

14.33 

16.81 

23.37 

32.04 

14.23 

16.74 

23.14 

32.29 

14.29 

16.68 

23.87 

31.87 

9.32 

10.53 

11.28 

12.45 

10.31 

10.93 

11.27 

12.95 

10.67 

11.30 

13.84 

9.38 

XJ-200-C40 

XJ-160-C40 

XJ-120-C40 

XJ-80-C40 

64.13 

61.90 

53.76 

48.92 

567 

547 

475 

432 

8.51 

10.27 

11.89 

16.23 

9.20 

11.55 

9.49 

6.10 

FINITE ELEMENT ANALYSIS (FEA) 

The seismic performance of the assembled bridge substructure was analyzed using the 

ABAQUS finite element (FE) method. First, the bond-slip constitutive relationship for reinforced 

concrete was proposed. Then finite element models (FEMs) were developed based on this 

constitutive relation. In order to ensure the reliability of the subsequent calculations, the numerical 

results were verified against test results to validate the rationality and reliability of the proposed 

method. Then the FEMs of assembled bridge substructure specimens and cast-in-place bridge 

substructure specimens were developed on this basis to assess the seismic performance of 

assembled bridge substructure from multiple angles. 
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FE Models   

FEA was used to simulate to assess the damage mechanism of the assembled bridge 

substructure. Three sets of FEMs, PC-01, PC-02, and RC, were designed in this section. FEM 

comprises a bearing platform, cover beam, column, sleeve, and reinforcements, where the 

reinforcement ratio of the piers was 1.14%, which meets the requirements of the code in the range 

of 0.6%~5%, as shown in Figure 10. The parameters of the model specimen and material are shown 

in Table 2 and Table 3, respectively. The concrete was modeled by C3D8R, while the reinforcement 

was simulated by T3D2. One difficulty in the modeling was simulating the bond stress-slip 

relationship between the reinforcement and grout. Bond behavior between reinforcement and grout 

is little available in the literature. Thus, the bond-slip relationship between reinforcement and 

concrete is proposed using experimental data. 

 
a) PC-01         b) PC-02          c) RC 

Fig. 10 – Dimensions and reinforcement of three sets of models 

Tab.2 - Model parameters 

Specimen 

No. 

Connection of Pier- Bent 

Cap 
Connection of Pier-Pile Cap 

Axial 

Pressure 

Ratio 

Reinforcement 

Rate 

PC-01 

PC-02 

grouted sleeve connection 

grouted sleeve connection 

Grouting sleeve connection 

 cast-in-place 

0.3 

0.3 

1.14% 

1.14% 

RC cast-in-place cast-in-place 0.3 1.14% 

Tab. 3 - Material parameter values 

Material 

Elastic 

Modulus

/GPa 

Poisson'

s Ratio 

Yield 

Strength 

/MPa 

Ultimate 

Strength 

/MPa 

Invariant 

Stress 

Ratio 

Expansion 

Angle 

Strain 

hardening 

exponent 

Viscosity 

Coefficient 

Sleeve 210.0 0.3 395 600 / / / / 

Steel Bar 200.0 0.3 335 429 / / / / 

Concrete 32.5 0.2 / / 0.67 38 0.1 0.005 

Grouting 41.0 0.2 / / 0.67 38 0.1 0.005 

Bond-Slip Constitutive Relation  

Based upon the sub-section titled ‘Bond stress and slip of the connections, a constitutive 
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relation considering bond-slip between reinforcement and concrete was proposed. A three-stage 

constitutive model was selected to simulate the bond-slip constitutive relation of reinforced concrete 

under uniaxial tension, as shown in Equation (3) [14]. The bond-slip curves of the connectors can 

be divided into the micro-slip stage, the slip acceleration stage, and the decline stage.  

𝜏 =

{
 
 

 
 

𝜏𝑠

𝑆𝑠
𝑠                                         (0 < 𝑆 ≤ 𝑆𝑆)

𝜏𝑠 +
𝜏𝑠−𝜏𝜇

(𝑆𝑠−𝑆𝜇)
(𝑆 − 𝑆𝑠)²                          (𝑆𝑆 < S ≤ 𝑆𝜇)

𝜏𝜇 +
𝜏𝑟−𝜏𝜇

(𝑆𝑟−𝑆𝜇)
(𝑆 − 𝑆𝜇)²                         (𝑆𝜇 < S ≤ 𝑆𝑟)

                  (3) 

where s is the end point of the microslip, and the corresponding bond stress and slip are expressed 

by τs and Ss; μ is the maximum point of the bond-slip curve; τμ and Sμ denote the corresponding bond 

stress and slip; r is the break point of the connection reinforcement; the corresponding bond stress 

and slip are expressed by τr and Sr.  
The characteristic points (s, μ, r) in the three-stage constitutive model for the connection were 

decided based on the statistical analysis of the bond-slip data, as listed in Table 4. Then, using 

Equation (3), the bond-slip curves of TT-0.10-12 and XJ-200-C40 were fitted. It could be seen that 

the fitting results are approximately the same as the test results, indicating that the three-stage 

constitutive model matches the bond-slip curves of the two specimens well, as shown in Figure11. 

And the probability of bond-slip damage in XJ-200-C40 is greater than TT-0.12-200. Therefore, the 

fitted bond-slip curve of XJ-200-C40 was selected as the bond-slip constitutive relation of reinforced 

concrete for numerical simulations. 

Tab.4 - Parameter values for the characteristic points  

Specimen No. τs /MPa Ss /mm τμ/MPa Sμ/mm τr /MPa Sr/mm 

XJ-200-C40 

TT-0.10-120 

6.7 

11.25 

1.79 

1.19 

8.51 

14.33 

9.20 

9.32 

7.46 

11.63 

10.89 

12.57 

 
  a) XJ-200-C40                         b) TT-0.10-120 

Fig. 11– Comparison of bond-slip curves 

Model validation 

In this paper, the test data were taken from the mechanical performance test of a 

prefabricated bridge pier by Huang [15]. ABAQUS was used to simulate the static performance of 

the prefabricated pier connected by the grouted sleeve, and the reasonable parameters were 

compared with the experimental results. 

The failure pattern, stress nephogram, compressive damage nephogram, and tensile 

damage nephogram of specimens are shown in Figure 12 to Figure 13. The ultimate failure was 

represented by concrete crushing and peeling on the loading direction of the pier. The corner (lower 

left corner of Figure 12) was severely affected by concrete crushing and peeling. In addition, within 

approximately 20 cm from the base of the pier, the concrete was completely damaged, with 

compressive-flexural failure being the primary type of failure. The FE simulation successfully 

matched the cracking development, and the model failure patterns were identical to the specimens.  
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                                 a) Stress      b) Compressive damage  c) Tensile damage 

Fig.12– Failure pattern   Fig. 13– Nephogram of stress,compressive damage and tensile 

        damage 

The hysteresis and skeleton curves of the FEA and prefabricated specimens are shown in 

Figure 14. The hysteresis loops of the FEA and prefabricated specimens became gradually complete 

with increasing displacement. The envelopes of hysteresis curves were quite similar and showed 

excellent pinching effects and energy dissipation. The numerical simulation result of the skeleton 

curve was consistent well with the experimental result. The ultimate load and displacement 

simulation errors were 1.7% and 4.2%, respectively, validating model accuracy.  

 
a) Hysteresis curve                  b) Skeleton curve 

Fig. 14 – Hysteresis curve and Skeleton curve of grouting sleeve specimen 

FEA results  

Analysis of damage pattern 

Figure 15 (a)-(f) showed the stress distribution of the FEM. Significant bulging occurred as 

significant stress was experienced on both sides of the loading direction. The stress was 

concentrated in the plastic hinge area at the bottom of PC-02, but was mainly exhibited at the top 

and middle of PC-01. Compared with PC-01 and PC-02, the maximum yield stress value and larger 

yield area indicate that the RC model had the best overall stability, as shown in Figure 15 (a)-(f). 

Then, Figure 15 (g)-(l) further revealed the damage process of the model. First, the model 

experienced cracks on both sides of the column, which gradually developed into 45-degree diagonal 

cracks and rapidly expanded toward the point of concentrated load. Due to the effect of grouted 

sleeves, the plastic hinge region at the bottom of PC-02 was longer than the RC specimens, and 

higher compressive damage was experienced at the bottom of the column. The plastic hinge region 

at the bottom of PC-01 was similar to the RC specimens. The concrete at the bottom of the column 

was stripped and failed, and the rebar yielded with the cracks developed, resulting in the specimen 

being crushed. The specimen exhibited a bending failure mode. The specimen experienced severe 

tension damage on both sides of the concrete, which gradually developed towards the column. 
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Concrete at the bottom of the column for PC-01 and PC-02 experienced significantly higher tension 

damage than the RC specimen. The RC specimen experienced the least tension damage, indicating 

excellent stability. The PC-01 experienced moderate tension damage and did not exhibit a propensity 

to propagate towards the column, whereas PC-02 experienced the most severe tension damage and 

tended to develop to the column. Lastly, Equivalent plastic strain clouds of the model are presented 

in Figure 15 (m)-(o). Significant equivalent plastic strain at both sides of the column gradually 

developed towards the column. The equivalent plastic strain at the bottom of the PC-01 and PC-02 

was more significant than the RC specimen. No slip phenomenon was observed at the bottom of 

PC-02 and RC columns, while there was a noticeable slip phenomenon at PC-01. 

 

a) PC-01 stress 
cloud 

b) PC-02 stress 
cloud 

c) RC stress 
cloud 

d) PC-01 
steel stress 
cloud 

e) PC-02 steel 
stress cloud 

 

f) RC steel 
stress cloud 

g) PC-01 
compressive 

damage cloud 

h) PC-02 
compressive 

damage cloud 

i) RC 
compressive 

damage cloud 

j) PC-01 
tensile 

damage cloud 

 

k) PC-02 
tensile 

damage cloud 

l) RC tensile 
damage cloud 

m) PC-01 
equivalent plastic 

strain cloud 

n) PC-02 equivalent 
plastic strain cloud 

o) RC equivalent 
plastic strain 

cloud 

Fig. 15– Stress-yield, compressive-tensile damage, and equivalent plastic strain clouds for models 

Comparative analysis of seismic performance 

 The seismic performance response of cast-in-place bridge substructure (RC) and grouted 

sleeve connection precast bridge substructure (PC) are shown in Figure 16 through Figure 18 and 

Table 5. Figure 16 and Figure 18 show minimal differences between the hysteretic and skeleton 

curves between the RC and PC. The hysteretic curves of the three specimens showed a full or 
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shuttle shape, indicating the specimens with strong plastic deformation ability. In addition, the 

pinching phenomenon of the hysteresis curve of PC-01 was a bit obvious. The ultimate bearing 

capacities of the PC-01, PC-02, and RC are 136.9 kN·m, 153.1 kN·m, and 183.8 kN·m, respectively. 

The RC specimen had the highest ultimate bearing capacity compared with PC-02 and PC-01. The 

ultimate bearing capacity of PC-01 was 74.5% of RC. Similarly, PC-02 was 83.3% of RC. In Figure 

17, it can be seen that the cumulative energy consumption of RC and PC were similar. The final 

cumulative energy consumption of RC is 18% higher than that of PC-02; meanwhile, PC-01 is 27.2% 

lower than that of PC-02. In summary, the final cumulative energy consumption of PC-01 was slightly 

lower than that of RC, but PC-02 exhibited a similar level to that of RC. Further, Figure 18 shows 

that the stiffness degradation curves of RC and PC were almost identical. First, the slope of stiffness 

degradation was large in the initial stage and then gradually tended to level. The maximum cut-line 

stiffness of PC-01, PC-02, and RC were 22639.2kN·m, 23930.4kN·m, and 24561.7kN·m, 

respectively. The initial stiffness of PC-01 was smaller than that of RC, while the stiffness 

degradation of PC-02 was slightly greater than that of RC. Based on Table 5, the yield displacement 

of PC-01, PC-02, and RC were 6.3mm, 6.5mm, and 8.1mm, respectively. Meanwhile, the ultimate 

displacement of PC-01, PC-02, and RC were 21.5mm, 21.6mm, and 25.2mm, respectively. The 

displacement ductility coefficient of PC-01and PC-02 were 110.6% and 107.7% respectively, when 

compared with RC. Indicating that the prefabricated bridge substructure with grouted sleeve 

connection had better ductility. In summary, the seismic performance of PC reached a similar degree 

to that of RC.  

 

a) PC-01 and RC       b) PC-02 and RC   

Fig.16 – Hysteresis curves of the developed models         
         

 

Fig.17– Cumulative energy dissipation of the developed models 
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a) PC-01 and RC 
skeleton curves 

b) PC-02 and RC 
skeleton curves 

c) PC-01 and RC 
stiffness degradation 

curves 

d) PC-02 and RC 
stiffness degradation 

curves 

Fig.18 – Skeleton curves and Stiffness degradation of the developed models 

Tab.5 - Results of the FEMs 

No. 

Ultimate bearing 

capacities 

/kN·m 

Yield 

displacement 

/mm 

Ultimate 

displacement 

/mm 

 cumulative 

energy 

consumption/kN·m 

Maximum cut-

line 

stiffness/kN·m 

Ductility 

PC-01 

PC-02 

136.9 

153.1 

6.3 

6.5 

21.5 

21.6 

40.2 

58.2 

22639.2 

23930.4 

3.44 

3.35 

RC 183.8 8.1 25.2 77.7 24561.7 3.11 

PARAMETRIC INVESTIGATION 

Determination of parameters 

A parametric investigation to analyze the effect of different design variables (axial 

compression ratio, hoop reinforcement ratio, and concrete strength) on the seismic performance of 

prefabricated bridge substructure with grouted sleeve is presented in this section. PC-01 was 

selected as the control specimen for the parametric analysis. Each subsection is briefly described in 

terms of adjusted variables, and the outcomes are discussed. 

Effect of axial pressure ratio 

The axial pressure ratios of the developed models were 0.3, 0.2, and 0.1, respectively, while 

other parameters were the same. Seismic performance response parameters of the prefabricated 

bridge substructure connected by the grouted sleeve with a different axial pressure ratio are shown 

in Figure 19, which indicate that the axial pressure ratio had a remarkable effect on the seismic 

performance of the prefabricated bridge substructure. It is also observed that the ultimate bearing 

capacity and cumulative energy consumption increased by 28.4% and 14%, respectively, with the 

axial pressure ratio increasing from 0.1 to 0.2. Meanwhile, the ductility factor increased by 28.1% 

(Table 6). With the axial pressure ratio of the model increased from 0.2 to 0.3, the ultimate bearing 

capacity and cumulative energy consumption increased by 18.6% and 29.3%, respectively, while 

the ductility factor of displacement decreased by 4.4%. In addition, the maximum secant stiffness 

values for models were 14,969.4kN·m, 20,307.9kN·m, and 22,639.3kN·m, respectively. When the 

axial pressure ratio of the model increased from 0.1 to 0.3, the ratio of final cut-line stiffness to initial 

cut-line stiffness was 9.3%, 10.1%, and 11.2%, respectively. As the axial pressure ratio increased, 

the peak bearing capacity, cumulative energy consumption, and stiffness obviously increased, the 

ductility factor of displacement increased and then decreased.  
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a) Hysteresis curves      b) Skeleton curves   c) Cumulative energy      d) Stiffness 

 dissipation     degradation 

Fig. 19 – Comprehensive evaluation curve of seismic performance with different axial pressure 

ratios 

Effect of hoop diameter 

The hoop diameters of the developed models were 10mm, 12mm, and 14mm, respectively, 

and other parameters are the same. Subfigures 1 and 2 show the hysteresis and skeleton curves of 

the model with different hoop diameters. The increase in the hoop diameter led to a slight increase 

in the peak bearing capacity, whereas the ultimate bearing capacity and hysteresis loop area did not 

change much. Subfigures 3 and 4 show that as the hoop diameter increased, there was no significant 

change in cumulative energy consumption and stiffness. Table 6 indicates that the ductility factor 

was increased by 0.87% and 2.61%, respectively, when the hoop diameter increased from 10mm to 

12mm or 14mm. The variation in hoop diameter had little influence on the ductility. The comparisons 

of the diagrams showed that the hoop diameter had little effect on the seismic performance of the 

prefabricated bridge substructure. 

 
a) Hysteresis curves      b) Skeleton curves   c) Cumulative energy      d) Stiffness 

 dissipation     degradation 

Fig. 20 – Comprehensive evaluation curve of seismic performance with different hoop diameters 

Effect of concrete strength 

The concrete compressive strengths of the developed models were C40, C30, and C50, 

respectively, while the other parameters were the same. Subfigures 1 and 2 show the hysteresis and 

skeleton curves of the model with different concrete strengths. As the concrete grade changed from 

C30 to C40 or C50, the ultimate bearing capacity was increased by 12.7% and 21.9%, respectively. 

Strength change led to a pronounced increase in the ultimate bearing capacity and hysteresis loop 

area. Subfigures 3 and 4 indicate that the concrete strength significantly influenced the cumulative 

energy consumption and stiffness. The initial stiffness and cumulative energy consumption 

increased as the concrete strength increased; however, stiffness degradation became severe. Table 

6 indicates that with the concrete changed from C30 to C40 or C50, the ductility was decreased by 

11.1% and 10.1%, respectively. The comparisons of the diagrams showed that improving concrete 

strength is beneficial to enhancing seismic performance. 
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a) Hysteresis curves      b) Skeleton curves   c) Cumulative energy      d) Stiffness 

 dissipation     degradation 

Fig. 21– Comprehensive evaluation curve of seismic performance with different concrete strengths 

Tab.6 - Ductility factors for different design variables  

Variable  
Positive Yield 

Displacement/m 

Ultimate 

Displacement 

/m 

Negative Yield 

Displacement/m 

Ultimate 

Displacement 

/m 

Ductility 

Axial 

Pressure 

Ratio 

 

Hoop 

Diameter 

 

Concrete 

0.1 

0.2 

0.3 

10 

12 

14 

C30 

C40 

C50 

0.0068 

0.0061 

0.0063 

0.0063 

0.0063 

0.0064 

0.0065 

0.0063 

0.0062 

0.0191 

0.0229 

0.0232 

0.0232 

0.0234 

0.0237 

0.0254 

0.0232 

0.0220 

0.0065 

0.0060 

0.0062 

0.0062 

0.0063 

0.0063 

0.0063 

0.0062 

0.0060 

0.0182 

0.0206 

0.0198 

0.0198 

0.0203 

0.0212 

0.0242 

0.0198 

0.0203 

2.81 

3.60 

3.44 

3.44 

3.47 

3.53 

3.87 

3.44 

3.48 

CONCLUSIONS 

In this paper, the seismic performance of prefabricated bridge substructures using grouted 

sleeve connectors and CIP bridge substructures was compared by FEA, and a parametric 

investigation was performed to assess the seismic performance of prefabricated bridges. main 

conclusions as follows:  

(1)  The uniaxial tension tests indicate that extend the anchorage length was shown to enhance 

connection capacity, and it is recommended that the anchorage length of the grouted sleeve 

connection be taken as ≥8.3 lα and ≥10 lα for the cast-in-place connections.  

(2)  The bond-slip constitutive relation was proposed based on the experimental results to refine 

the FE model, considering bond and slip between reinforcement and sleeve or concrete, and 

elucidating the bond-slip constitutive relation of the grouted sleeve joint and the simulation method. 

(3)  Failure modes of the prefabricated bridge substructure connected by the grouted sleeve were 

the same as the cast-in-place bridge substructure, and the hysteresis responses of the models were 

similar. PC-02 had ultimate bearing capacity, cumulative energy consumption, ultimate displacement, 

maximum cut-line stiffness and ductility values of 83.3%, 82.0%, 74.5%, 92.2% and 107.7%, 

respectively, when compared with RC. 

(4)  Parametric investigation results showed that concrete strength and axial compression ratio 

remarkably affected seismic performance. As the concrete strength and axial compression ratio 

increased, the bearing capacity, cumulative energy consumption, and stiffness increased 

significantly. The effect of hoop diameter on seismic performance is not significant. 
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(5)  The relevant FEMs, methods, and research results can provide reference and inspiration for 

the prefabricated bridges substructure connected by grouted sleeves. 
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