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Abstract 

Accelerated bridge construction (ABC) utilizes new techniques, advanced planning, and novel detailing to expedite 

constructions, which has attracted substantial attention all over the world. Accelerated bridge construction offers many 

benefits, such as lower traffic impact, shorter onsite construction time and higher quality structural members compared 

with the conventional construction techniques. Precast systems and members are the important components of ABC. 

Several prefabrication connections have been common in low and moderate seismic regions, however, the 

implementation of precast columns in high seismic zones has been limited because of a lack of performance data 

pertaining to their connections. Mechanical bar splice, such as grouted steel sleeves, as one of the precast column 

connections has been emphasized in precast bridge columns. These connections can shorten the splice length and reduce 

bar congestion in the connection. Furthermore, besides the mechanical bar splices, in recent years, importance and 

necessity of using high strength materials is recognized in precast systems.  Therefore, in this paper, seismic 

performance of two large-scaled prefabricated columns were experimentally investigated through the quasi-static 

testing, one precast bridge column with grouted sleeves connections and the other one with a new column-to-footing 

connection incorporating an ultra-high performance concrete (UHPC). The damage process, the drift capacity, the 

resilience behavior and the hysteresis energy response of the two large-scaled prefabricated columns were described and 

discussed. Test results showed that the performance of the two columns with different connections are able to meet 

seismic demand. The failure mode of the precast column with grouted sleeves connections was bar fractured. This 

occurred because grouted sleeves are very stiff and when the grouted sleeves length is large, the plastic hinge area is 

mainly located at the joint of the column bottom, so that lead to rebar strain concentrations adjacent to the end of the 

sleeves. As for the precast column connected with ultra-high performance concrete (UHPC), based on the observations 

of test results, the failure mode was the conventional core concrete crushed above the connection region, and no damage 

such as cover concrete spalling, bar pullout, core concrete failure of the connected region was observed in the column-

to-footing connection with ultra-high performance concrete (UHPC). 
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1. Introduction 

Recently, many successful applications of accelerated bridge construction (ABC) technique have been 

realized in practical bridge projects. ABC provides many advantages such as shorter onsite construction time, 

potentially lower cost, less traffic impact and improved construction quality and safety [1, 2]. It has become 

a trend for the next generation of bridge structures. Prefabricated bridge substructures as an essential part of 

ABC technique has received more attention in recent studies. The connections of precast bridge piers must 

not only be easy to construct, but also must be robust enough to reduce damage under seismic loading. 

Several prefabricated connection types of precast bridge piers have been tested for seismic loading and 

deployed in seismic regions of the United States [3]. These connections could be classified into bar coupler 

connections, grouted duct connections, pocket connections, member socket connections and hybrid 

connections according to force transfer mechanisms [4]. Grouted steel sleeves as one of the bar coupler type 

connection is most commonly used in bridges. These connections can shorten the splice length and reduce 

bar congestion in the connection, but the experimental results showed that the precast pier with grouted steel 

sleeves had a lower displacement ductility capacity than that of the cast-in-place (CIP) pier [5]. 

Besides these abovementioned connection types, the employment of advanced construction materials is 

alternative access to ensure firm connection between precast elements. Recently, with the advent of 

advanced materials and technology, ultrahigh performance concrete (UHPC) has come into our sight. As a 

class of cementitous composite material, UHPC exhibits compressive strength above 150 MPa with 

improved durability and enhanced stability over conventional concrete [6]. Additionally, of particular 

interest to researchers, UHPC can exhibit excellent anchoring properties which could shorten the bar 

embedment length. Tazarv et al. [7] designed 14 pullout specimens to study the bond behavior of UHPC 

filled duct connections under tensile loading and the test results indicated that UHPC had exceptional bond 

capacity which could significantly reduce the bar embedment length. 

These excellent properties of UHPC make it a superior candidate for precast connections. The Federal 

Highway Administration [8] found that using UHPC as a closure pour joint fill could allow for better joint 

interface bonding and long-term durability. Tazarv and Saiidi [9] put forward a new column-to-footing 

connection incorporation an UHPC filled duct. A half-scale precast concrete circular column was tested and 

the results indicated this type of column-to-footing connection was emulative of a conventional monolithic 

connection. Furthermore, the tests on the seismic performance of using UHPC at the plastic hinge region of 

the column were conducted by Ichikawa et al [10], and it was found that using UHPC at the plastic hinge 

region could minimize damage under seismic loading.  

In this paper, seismic performance of two large-scaled prefabricated columns with different connection 

types were experimentally investigated through the quasi-static testing. One precast bridge column used 

grouted sleeves connections and the other one used a new column-to-footing connection incorporating 

UHPC. The damage process, drift capacity, resilience behavior and hysteresis energy response of the two 

large-scaled precast columns were described and discussed. 

 

2. Design of test specimens 

Two large scaled precast bridge column specimens were designed for testing under lateral cyclic loadings. 

One of the specimen was referred to as “PGS”, an acronym for precast column with grouted sleeves, and the 

other one was referred to as “PUC”, and acronym for precast column with UHPC-filled connection. 

2.1 PGS specimen description 

Fig.1 shows the tested configuration of the PGS specimen. The specimen shear height was 4210 mm and the 

corresponding shear span ratio was 7. The column was a standard rectangle cross-section of 600 × 600 mm. 

The cap beam and the footing were designed as rectangle elements of 900 by 900 by 3000 mm and 2400 by 

2400 by 600 mm (width by length by height), respectively. For the column, four Φ40 mm bars were used to 

be longitudinal bars and corresponding longitudinal steel ratios was 1.4%, as shown in Section A-A, and Φ
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12 mm bars were employed to be stirrups with vertical spacing was 100 mm. Four grouted sleeves with 800 

mm length were embedded in the plastic hinge area of the column and the reinforcement details of the 

grouted sleeves region as shown in Section B-B. 

 

Fig. 1 – Details of the PGS specimen 

 The process of PGS specimen assemblage is shown in Fig.2. Firstly, prefabricated the column with 

grouted sleeves at the bottom of the column (Fig. 2(a)) and casted the footing with extended bars (Fig. 2(b)). 

Then with the help of the crane, the column segment was placed in the scheduled location of the footing top 

surface, like Fig .2 (c) and (d). When assembled completely, grouted the sleeves to achieve the connection 

between the column and the footing (Fig. 2(e)). Eventually, Fig. 2(f) shows the finished PGS specimen 

before loading. 

 

Fig. 2 – Construction sequence of the PGS specimen 

2.2 PUC specimen description 

The key dimensions and reinforcement of the PUC specimen are shown in Fig.3. The specimen was 

assembled with three precast parts: a cap beam, an integrated column and a rigid footing. The column height 

from top of the footing to the loading point was 4210 mm and it was mentioned that both end regions of the 
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column were designed a hollow cage for grouting UHPC. Therefore, the solid section with 600 × 600 mm of 

column mid-portion (Section A-A) was enlarged to the hollow one with the length, width and the height of 

800, 800 and 440 mm, respectively, like Sections B-B and C-C in Fig.3. The cap beam and the footing were 

designed as capability protection components. The mid-portion of column was reinforced longitudinally with

Φ32 mm bars and transversely withΦ10 mm stirrups, resulting in longitudinal steel ratios of 1.8%. The Φ
32 mm longitudinal bars of the cap beam and footing were both extended 400 mm at the surface to be 

inserted into the hollow cage of the column respectively. The essential reinforcement details of the column 

enlarged portion were depicted in Fig.3. 

 

Fig. 3 – Details of the PUC specimen 

 Fig. 4 shows the process of PUC specimen construction. The construction stages of the PUC specimen 

were first casting the footing and cap beam with extended steel bars on the surface (Fig. 4(a)). Next, casted 

the column with hollow cages and extended longitudinal bars both at the top and bottom of the column as 

shown in Fig. 4(b). Then erected the column segment of the footing and cap beam surface (Fig. 4(c)), and 

filled the cage with UHPC through the reserved 80 mm diameter duct (Fig. 4(d)). The finished PUC 

specimen was shown in Fig. 4(e). 

 
Fig. 4 – Construction sequence of the PUC specimen 
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3. Test setup and loading protocol 

A horizontally aligned servo-controlled hydraulic actuator (Actuator H), whose one end fixed to the reaction 

wall as shown in Fig.1 and Fig.3, was used in the test to apply lateral loads to specimens. The maximum load 

capacity and travel distance of this actuator are 1000 kN and ±500 mm, respectively. In addition, two vertical 

actuators (Actuators V1 and V2) were symmetrically implemented on top surface of the cap beam to supply 

a constant axial load of 906 kN for both the PGS specimen and the PUC specimen. The vertical actuators can 

laterally slip with the movement of the cap beam during the testing process to guarantee the applied axial 

load in the vertical line. Both the PGS specimen and the PUC specimen were subjected to cyclic force-

control levels firstly, and after the longitudinal rebar yielding, the loading model was changed to 

displacement-control loading. Three full cycles were applied at each load level to determine the strength and 

stiffness degradation of the specimens. 

 Both specimens tested in this paper were heavily instrumented with displacement transducers, string 

potentiometers, strain gauges and load cells. The detailed arrangement of displacement transducers and string 

potentiometers for PGS specimen and PUC specimen were shown in Fig.1 and Fig. 3 respectively. Sixteen 

displacement transducers were used at eight critical locations on the lower part of the column to measure the 

plastic hinge curvature variations. One string pot was installed on the cap beam to measure the lateral 

displacement of the column. Meanwhile, lots of strain gauges were installed at the key sections of the 

columns to measure longitudinal and transverse reinforcement strains. 

4. Experimental results  

4.1 Observed damage 

The overall damage of the PGS specimen at different loading conditions is shown in Fig.5. The first crack 

appeared in the middle of the sleeves section (400 mm from the column bottom) and above the sleeves 

section (1000 mm from the column bottom) in the initial stage of force-control loading, as shown in Fig. 5(a). 

At the end of force-control loading, the longitudinal bars yielded and the number of cracks increased as 

shown in Fig. 5(b). After that, loading method changed to displacement-control loading. When the 

displacement loading reached to 2.8% drift, the cover concrete spalled at the corner of the column (Fig. 5(c)) 

and the mortar at the bottom of the column crushed where could see the bottom of the sleeves through the 

damage, like Fig. 5(d).  

 When the displacement loading reached to 3.6% drift ratio, the longitudinal bars fractured at the joint 

of the column and footing, which could be seen in Fig. 5(e) and Fig. 5(f). In the meantime, the lateral force 

dropped to 80% of the lateral load-resisting capacity and the specimen reached the ultimate failure state.  It 

can be seen from the test phenomenon that the damage was concentrated at the joint of the column and 

footing, and the concrete in the plastic hinge region was almost no damage. This was due to the large rigidity 

of the sleeves which formed a rigid region in the connection portion so as to resulting in curvature increasing 

and rebar strain concentrations adjacent to the end of the sleeves. 

    
(a)                                               (b)                                            (c)   
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(d)                                                    (e)                                                   (f) 

Fig. 5 – Damage progression of the PGS specimen 

Fig.6 shows the PUC specimen damage at different loading stages. During loading, the crack appeared 

first in the ordinary concrete region of the column, like Fig.6 (a). With the loading increasing, cracks 

developed significantly, as shown in Fig. 6(b). After the longitudinal bars yielding, the loading mechanism 

changed from force-control loading to displacement-control loading, and at the same time, the crack spread 

to the enlarged region of the column, like Fig. 6(c). When the displacement loading reached to 2.5% drift 

ratio, the specimen reached the peak load and the cover concrete above the enlarged region spalled, as shown 

in Fig. 6(d), after that, with the drift ratio increasing, the lateral force of the specimen decreased. 

When the displacement loading reached to 4.5% drift ratio, concrete spalled within 500 mm from the 

top of the enlarged region of column was visibly observed, seen in Fig. 6(e). Since the spalled regions 

significantly extend, the crushing of the core concrete was unavoidable. When the drift ratio was 5%, the 

exposure of longitudinal bars and stirrups could be clearly seen as shown in Fig. 6(f), and the lateral force 

dropped to 80% of the peak load at the same time. However, there was no damage in the connection region 

until the loading finished (Fig. 6(f)).  

   

(a)                                        (b)                                           (c)   

    

(d)                                          (e)                                          (f)   

Fig. 6 – Damage progression of the PUC specimen 
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4.2 Force-displacement relationship 

The measured lateral force-drift hysteretic curves for the PGS specimen and the PUC specimen are shown in 

Fig.7. The PGS specimen exhibited minor strength degradation at the beginning of the load. As the concrete 

cracks appearing and the longitudinal bars yielding, the hysteresis loop became wider, and at the later stage 

of loading, the hysteresis loop gradually became a flat quadrilateral and the residual displacement increased 

obviously. There was a sharp decline in the hysteresis curve when the displacement loading reached to 3.6% 

drift ratio, as shown by the red line in the Fig. 7(a), which represented the longitudinal bars fractured and the 

specimen destroyed. The PUC specimen exhibited stable hysteretic loops with minor strength degradation at 

the initial stage and later, the strength had been slowly decreasing until the core concrete crushed, like Fig. 

7(b). The ultimate drift of the PUC specimen was nearly 5%. 

   

(a) PGS specimen                                                              (b) PUC specimen 

Fig. 7 – Force-drift hysteretic responses 

 The average push and pull force-drift envelope of the PGS specimen and the PUC specimen are shown 

in Fig.8. For the PGS specimen, the maximum lateral force was 219 kN when the drift ratio was 2.2%. After 

longitudinal bars fractured, the lateral force decreased rapidly and the ultimate drift ratio was 3.6% as shown 

in Fig. 8(a). For the PUC specimen, when the drift ratio became to 2.8%, the lateral force reached to 

maximum value of 270 kN and the ultimate drift ratio was 5% with the core concrete crushed above the 

enlarged region of the column, like Fig. 8(b). 

    

(a) PGS specimen                                                              (b) PUC specimen 

Fig. 8 – Average force-drift envelopes 
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4.3 Energy dissipation and residual drift 

To evaluate energy dissipation capacity, the equivalent viscous damping at each drift ratio level of 

two specimens is shown in Fig.9. It can be seen that within the drift ratio of 1%, which means the 

specimen no damage or with slight damage, the equivalent viscous damping for both two specimens 

were approximately equaled to 5%. This regularity is commonly used in concrete structure analysis. 

Beyond 1% drift ratio level, the equivalent viscous damping of PGS specimen was growing faster, 

and the maximal equivalent viscous damping was 31.27%, as shown in Fig. 9(a). But for PUC 

specimen, the equivalent viscous damping increased steadily with the drift ratio and the maximum 

value was 24.20%, like Fig. 9(b). 

  

(a) PGS specimen                                                   (b) PUC specimen 

Fig. 9 – Equivalent viscous damping of specimens 

 Fig.10 illustrates the residual drift ratio values at different levels for both specimens. In quasi-

static tests, residual displacement is defined as the displacement of the specimen when the lateral 

loading force is zero, and the residual drift is the ratio of the residual displacement to loading height, 

which was 4210 mm for both two specimens. Before 1% drift ratio, little residual displacement was 

observed for both two specimens. With the increasment of lateral loading, the residual displacement 

emerged and the ultimate residual drift ratio of the two specimens are shown in Fig. 10(a) and Fig. 

10(b) respectively. 

 

(a) PGS specimen                                                   (b) PUC specimen 

Fig. 10 – Residual drift ratio of specimens 
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5. Conclusions 

In this paper, two concrete precast bridge columns with different connection types were tested under cyclic 

loading to evaluate seismic response. One specimen used grouted sleeves connections and the other one used 

a new column-to-footing connection with UHPC. The following conclusions are the main findings of the 

experimental results: 

(1) For the precast column with grouted sleeves connections, the grouted sleeves are inevitably stiffer than 

the longitudinal bars, so its presence affects the distribution of strains along the longitudinal bar and this led 

to the failure mode of the specimen was longitudinal bar fractured adjacent to the end of the sleeves. 

(2) For the precast column connected with UHPC, the failure mode was the conventional core concrete 

crushed above the connection region and no damage such as cover concrete spalling or bar pullout was 

observed in the UHPC-filled connection. 

(3) The quasi-static tests revealed that the failure modes of the two specimens with various connections were 

different, but no connection damage was observed for both specimens which means these kind of two 

connection types are appropriate precast connections for seismic regions.  
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