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 ABSTRACT:This paper presents an experimental investigation in the cyclic load response of hammer-head 

bridge piers. The paper investigates the response of piers made of precast elements assembled with unbonded 

prestressing to provide self-centering capabilities under extreme lateral loading. This technique is beneficial in 

terms of limiting the expected residual deformations after major seismic events. 
Five one-fifth scale pier prototypes were designed, fabricated and tested under both gravity and lateral cyclic 

loading in displacement control. The test matrix was designed to investigate the effect of the construction method 

(monolithic versus precast), level of initial prestressing in the unbonded tendons and the use of energy dissipation 

rebar to result in fatter hysteresis loops. 

Experimental results showed that the proposed construction method is indeed capable of enhancing the cyclic 

load response characteristics in terms of increased ultimate lateral load capacity, reduced residual 

displacements, delayed damage states and reasonable energy dissipation capacity. The paper serves as a 

foundation for the next phase of the research program in which a detailed numerical simulation study will be 

developed to examine various design considerations related to the seismic behavior of such construction method. 
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I. INTRODUCTION  AND BACKGROUND  FOUNDATION  
Accelerated Bridge Construction (ABC) is gaining increased attention in bridge engineering community. 

Major advantages of using ABC system include; reduction of traffic disruption specially in urban settings where 

traffic control for large periods cannot be permitted while maintaining construction quality and reducing life-cycle 

costs. Assemblages of bridge elements with post-tensioning tendons result in numerous structural advantages. The 

system is kept as a single unite during a seismic event achieving less residual displacements by enforcing bridge 

pier to re-center. Furthermore, the use of post-tensioning increases the level of structural durability of the entire 

bridge especially for substructures in aggressive environments. 

Precast self-centering hammer-head bridge piers have been used in many bridge construction projects in 

regions of low seismicity. Examples include Mid-Bay Bridge, Louetta Road Overpass in Houston, U.S. Highway 

183 elevated in Austin, Tex., Varina-Enon Bridge in Virginia (Billington et al. 1999; Figg and Pate 2004). 

However, segmental column applications in regions of moderate-to-high seismicity are still limited because of the 

limited knowledge pertaining to the seismic behavior of such type of bridge pier construction.  

In the past few years, some research activities on the seismic behavior of precast self-centering bridge 

piers have been carried out as (Cohagen et. al., 2008) investigated the effect of variable initial prestressing force 

on the response of a prestressed column-foundation joint designed to re-center after an earthquake event. It was 

found that keeping initial prestressing tendons within the proportional limit maximizes the re-centering capability 

of the bridge bent. Also an increase in the post-tensioning force led to slight increase in damage at high drift ratios 

[1]. (Yu-Chen Ou et. al., 2010) carried out large-scale experimental program of precast segmental unbonded post-

tensioned concrete bridge columns for seismic regions with hollow sections. Main variables were ratios of energy 

dissipation rebar and initial post-tensioning force. Researchers found that existence of energy dissipation rebar 
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ensures ductility. Also specimens without ED bars failed mainly due to P-delta effect and specimens with ED bars 

failed due to fracture of the ED bars but with larger drift than the specimens without ED bars [2].  

(Zhan-Yu Bu1 et. al., 2015) investigated the difference in seismic behavior of precast post-tensioned 

segmental bridge columns due to variable tendon arrangement, using energy dissipation mild steel bars and bond 

condition. Test results showed that unbounded tendons with no energy dissipation rebar showed minor cracks 

with lower residual drift. Variable arrangement of tendons had no significant effect on moment capacity and 

residual displacement of the proposed connection system [3].  

To promote the use of precast bridge columns in regions of high seismicity, five one-fifth scale pier 

prototypes were designed, fabricated and tested under both gravity and lateral cyclic loading in displacement 

control in Housing and Building Research Center (HBRC) in Cairo, Egypt. The developed bridge piers adopted 

concentric unbonded post-tensioning systems to achieve re-centering ability of the proposed. Experimental results 

of these tests are presented in this study with the aim to evaluate the behavior of developed precast self-centering 

hammer head bridge piers under lateral loads and present a foundation for an extensive analytical investigation in 

this research effort. 

II.  TEST MATRIX  
Five one-fifth scale hammer head bridge piers were designed and fabricated; one monolithic specimen 

and four precast bridge bents. Different parameters were examined to investigate the lateral response of the 

proposed construction procedure. These parameters are the method of construction, level of initial prestressing 

force and existence of energy dissipation rebar by extending column main reinforcement into the foundation 

downward and into the cap-beam upward.  

All tested bridge piers had the same geometry as shown in figure 1; bonded reinforcing bars were used 

for all test specimens with column reinforcement ratio 1.70%  that was confined by 8mm diameter smooth bars 

with pitch 75mm. Configuration of reference monolithic specimen are shown in figure 1(a). Precast self-centering 

hammer head bridge bents are illustrated in figure 1(b). Details for all specimens are summarized in Table 1. 

(a) Specimen MN-00-ED              (b) Precast Self-Centering Hammer Head Bridge Bents 

                                                                                                             Specimens Varying in Number of Prestressing Tendons 
                            and Addition of ED Bars 

Fig. 1 Specimens Dimensions and Details (Dimensions in mm) 

Table 1. Test Specimens Details 

Specimen 
Longitudinal Rebar Transverse Rebar Pre-stressing Tendons ED Rebar* 

Construction Type 
RFT Ϸ═▌ Spirals Tendons Ϸ ═▌Ȣ█╬

ǋ RFT 

MN-00-ED 

6 ʌ16 1.70% ◖8 @ 75mm 

-- -- 6 ʌ 16 Cast in place 

PC-30-ED 4 ʌ 0.6ò 30% 6 ʌ16 Pre-Cast 

PC-15-ED 2 ʌ 0.6ò 15% 6 ʌ16 Pre-Cast 

PC-30 4 ʌ 0.6ò 30% -- Pre-Cast 

PC-15 2 ʌ 0.6ò 15% -- Pre-Cast 

*ED Rebar: Energy Dissipation Rebar    
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III.  MATERIAL  PROPERTIES 
Material properties for concrete and steel reinforcement used for the test specimens were determined 

experimentally in the materials laboratory at Housing and Building Research Center (HBRC), Egypt. The average 

strength of concrete based on three tests on unconfined concrete cubes (150×150×150 mm), casted during the 

pour, is measured at seven days. Also final concrete compressive strength is measured on test day as shown in 

table 2. Steel reinforcement ʌ16, ʌ10 and ◖8 was tested under axial tensile stress, yield and ultimate strength as 

average of three specimens of each diameter is summarized in Table 3. 

Table 2. Average Concrete Strength for Test Specimens 
Specimen ID PC-15-ED PC-15 PC-30-ED PC-30 MN-00-ED 

Compressive Strength (MPa) 37.00 40.20 45.20 44.20 43.10 

Table 3. Reinforcing Bar Strength 

Bar Diameter (□□) Nominal Area (□□ ) █◐╜╟╪ █◊╜╟╪ 

8 50.24 368 507 

10 78.50 415 669 

16 200.96 528 669 

IV.  TEST SET-UP AND LOADING  PROTOCOL 
Typical quasi-static test set up was prepared for each tested specimen. All test specimens were fixed in 

the laboratory floor by two tie down bars and tested using same reacting A-frame. The test configuration is 

shown in figure 2.  

Constant vertical load was applied to each specimen to represent bridge gravity load. Vertical load was 

chosen as ρπϷ ὪȢὃ ; that is the minimum value of vertical load from superstructure on a bridge according 

to AASHTO Guide Specification for LRFD Seismic Bridge Design [4]. To apply lateral cyclic loading in 

displacement control; each specimen cap beam was fully fixed to the horizontal actuator by four 25mm 

diameter tie rods. Predefined lateral cyclic displacement pattern was input to Lab View software for all tested 

specimens are provided in figure 3. Reversed cyclic loading ended when the load carrying capacity went 

below 85% of the observed peak load at any side (ïve push or +ve pull) of cyclic displacement. Specimen 

PC-15 test was only tested to ±80 mm due to short coming in available LVDTs in test day; corresponding 

load decreased only to 88%. 

 

 

                 Fig. 2. Test Setup                 Fig. 3. Lateral Displacement Imposed by Actuator 

 
V. TEST RESULTS AND DISCUSSION 

5.1. OBSERVED BEHAVIOR AND FAILURE MODES 
Figure 4 shows failure mechanism of all tested specimens at the end of the test. The damage was more 

in monolithic specimen MN-00-ED and the location of damage was concentrated in the bottom of the column at 

the plastic hinge zone. General failure propagation in precast self-centering hammer head bridge piers was visually 

observed as follows: before the maximum compression force was reached, there was some minor cracks, which 

were flexural cracks perpendicular to the column axis developed in region closed to the specimen foundation. 

Right after the maximum acting force, cracks increased with increasing lateral displacements. Then, major crack 
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increased suddenly and concrete close to the specimen foundation crushed. Finally, confining stirrups expanded 

outward and reinforcing bars buckled locally. Specimen PC-30 and PC-15 exhibited similar pattern of damage. 

The amount of damage was less as no buckling in reinforcing bars was observed in specimen PC-15 and 

damage concentrated in the compression side of bridge piers specimens. Specimens with ED bars as in PC-30-ED 

and PC-15-ED bent in a way that significant cracks did not concentrate in the hinge zone comparing to same 

specimens without ED bars. 

5.2. HYSTERETIC RESPONSE 
From the displacement versus force curve in figure 5, it is clear that the hysteretic loops of MN-00ED is 

larger, exhibiting significant hysteretic energy absorption, and the hysteretic loops of PC-30 and PC-15 are more 

pinched. Due to the use of ED bars, the strength and the hysteretic energy dissipation of the columns PC-30-ED 

and PC-15-ED is greatly increased with respect to the traditional monolithic specimen MN-00-ED and same 

specimens but without energy dissipation rebar as in precast self-centering bridge piers PC-30 and PC-15. 

5.3. LATERAL LOAD CAPACITY  
Backbone curves can be acquired by connecting all the peak points of every hysteretic curve with smooth 

curve. Specimens backbone curve in figure 5 (f) shows that most common construction method as in monolithic 

pier specimen has experienced least ultimate lateral load when compared with precast self-centering bridge piers. 

The proposed construction method tend to have increased ultimate load in both cases of using energy dissipation 

rebar or not. 

Also extending reinforcing bars into the foundation for energy dissipation purpose raises ultimate load 

envelop that was clear in specimens PC-30-ED and PC-15-ED when compared with PC-30 and PC-15. Specimens 

with energy dissipation rebar showed significantly decreasing load as post peak response; PC-30-ED showed 

63.58% of ultimate load at +130 mm and specimen PC-15-ED showed 50.52% of ultimate load at +120 mm. 

Specimens without ED bars showed delay in post peak decreasing load as PC-30 showed 60.34% of ultimate load 

at -144 mm while almost constant envelop in post peak response at pull side. Specimen PC-15 showed no 

essentially loss in peak load at both sides till maximum applied displacement. 

 
(a) Specimen MN-00-ED at Failure 
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(b) Specimen PC-30-ED at Failure             (c) Specimen PC-15-ED at Failure  

 
(d) Specimen PC-30 at Failure    (e) Specimen PC-15 at Failure 

 

Fig. 4. Tested Specimens Failure Mechanisms 
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(a)Specimen MN-00-ED    (b) Specimen PC-30-ED 

(c) Specimen PC-15-ED    (d) Specimen PC-30   

 

(e) Specimen PC-15    (f) Specimens Backbone Curves 

Fig. 5.  Specimens Load-Displacement Relationship 

Also increasing the prestressing level increases the ultimate load; thus bridge piers with higher level of 

prestressing exhibited more ductile behavior hence more capability to re-center. As Specimen PC-30-ED reached 

maximum load at displacements +53 mm and -80 mm while maximum load was reached at +35 mm and -35 mm 

in specimen PC-15-ED. Also specimen PC-30 reached maximum load at -68 mm and +132 mm while maximum 

load was reached at -40 mm and +62 mm in case of specimen PC-15. 

 


