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Abstract: The severe environmental condition for bridge substructures significantly influence on the seismic behavior of bridge structure due to corrosion issue. A cyclic behavior of precast concrete bridge columns with high strength precast shell was investigated through experiments. It is required to study for better definition of seismic performance criteria of precast columns. This paper deals with quasi-static tests on the precast prestressed bridge columns. The parametric study considered initial prestressing force, compressive strength of precast shell, and details of axial steels. Fiber finite element model was elaborated and utilized to assess the response of the precast columns under seismic load and provides a numerical assessment of design parameters to evaluate damage criteria using the experimental results. The research results were used to develop a performance-based seismic design framework for post-tensioned precast segmental concrete bridge columns.
1 INTRODUCTION
Post-tensioned precast segmental bridge column, in harsh chlorine salt environments such as a coastal environment, will cause the embedded prestressing steel corrosion. The corrosion induces loss of the cross-sectional area of prestressing strand and rebar. Eventually, the corrosion severely diminishes its bonding capability with concrete, which can further degrade structural durability. Therefore, it is important to design the precast concrete column to satisfy durability requirement. Adopting High strength concrete with low water/cement ratio in the design provides the reduction of the chlorides ingressive level (Konin et al. 1998). To reduce chloride, high strength concrete cover applied at the plastic hinge region of the posttensioned bridge column by using precast concrete technology.
For an important bridge, the structure should be designed to maintain functionality, mobility and accessibility even after extreme event of earthquake. In current practice, the earthquake-resistant bridge design concept is commonly adopted. In this design approach, the adequate seismic dissipated capacity, which forms at the plastic hinge region, is required. Moreover, the bridge shall be designed to satisfy the collapse prevention requirement. However, this provision has normally resulted in severe damage as shown in Figure 1. The repair and strengthening of the severely damaged bridge columns are not economically feasible or may not be possible to be repaired. To minimize the huge amount investment on the post-earthquake repair, Shim (2008) has conducted his research work on precast bridge columns under cyclic load. The result showed the restoration of deformation, resulting in minor damage, could be obtained by prestress force control. Shim (2008) has also suggested that the precast column with low steel ratio and well-confined provision response a satisfied and ductile performance under seismic load. 
For circular prefabricated composite column, the greater flexural strength and energy absorption capacity was achieved by introducing higher prestress force (Shim et al. 2011). (Shim 2012) has conducted the test on precast composite pier cap supported by prefabricated concrete filled tube (CFT) columns. Standardized modular structure such as CFT columns, have been found to effective in fast replacement or construction of bridges. In strong earthquake region, Shim (2015) has not recommended to apply high prestress force, and appropriate prestress force guarantees ductility and fracture prevention of tendon. To make sure the appropriate performance of the precast column, not only the details of precast column shall enhanced, but also the accuracy of geometric control of precast segment shall be provided. Koem (2016) has suggested the precast column with combination of continuous mild steel and partially bonded tendons. Partially unbonded tendons in precast columns provided stable ductile behavior after reaching maximum load capacity of the column. To prevent the possibility of premature crushing of the edge concrete near the precast joint, Shim (2017) recommended the 3D design and fabrication procedures, including the chamfered edge of the precast segment and machined milled formworks. The target performance level is the criterion to determine the prestressing level.

This paper deals with the experimental studies on precast bridge columns with high strength precast shell. Fiber finite element analysis was conducted to obtain better understand on the performance of the precast column and the connection. The influence of the high strength precast column on the performance was discussed according to the column response under cyclic load.
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	Figure 1: (a) Current design and damages (b) example of optimal damage design


2 EXPERIMENTAL PROGRAM
2.1  Description of test units
Two specimens were designed considering gravity load and lateral load in accordance with LRFD design code (LRFD 2014). The columns specimens were constructed and tested under cyclic loading. The observation includes the force- displacement response and failure modes. (Koem et al. 2017) described the detailed of the fabrication and assemblage process of the precast column with precast shell. Figure 2 shows the section and geometry details of the precast column specimens. The specimens were named as TDSHPT1 and TDSHPT2, which had the diameter, height and aspect ratio of 800 mm, 2750 mm, and 3.44, respectively.

Table 1 shows the detailed feature of the test specimens. The compressive strength under cylinder compression test at 28 days of the precast shell was 81 MPa in average, where 50.6 MPa was used for the rest of concrete. The thickness of the precast shell was 70 mm. The amount of non-prestressing and prestressing steel ratio were 0.80% and 0.50%, respectively. To prevent the column specimens against shear failure, the confining steel was designed in accordance with design provision for a conventional reinforced concrete column. The spiral confinement is adopted with 16-mm-diameter deformed bar with 75 mm spacing for overall length of the columns. The specified yield strength of longitudinal and confining steel was 400 MPa. The prestressing tendon of Grade270 was used to control the column assemblage. The two different prestress levels were applied to the top of column in this test series. The effective prestress levels for TDSHPT1 and TDSHPT2 were 61.53% and 66.58% of the tensile strength of the tendons, respectively. The axial load from superstructure were applied to the top of column by using concentrically unbonded posttensioned tendon. Since the column is sort column, P-Delta effect was neglected. The unbonded tendons were provided to remain elastic until the column failure. The axial compression ratio was varied from 18.96% to 16.82% for TDSHPT1 and TDSHPT2, respectively. 
Figure 3 depicts the arrangement of the test setup. The test setup includes the fixing the column base footing, quasi-static load application, and the response measurement. To ensure fixed support, the column footing was fixed to the strong floor with high strength post-tensioning bars. The horizontal quasi-static load was applied by the hydraulic actuator to the top of the specimen with reacting against the strong wall. The test was conducted by displacement control with drift levels. The drift level is defined as the ratio between column’s diameter to the effective height of the column. The lateral displacement were levelled up to 0.25%, 0.50%, 1.00%,1.50%,2.00%, 2.50%, 3.00%...etc., until exceeding failure. In order to ensure the accurate measurement of displacement response, the LVTD was installed in steel frame and attached to the column head. To capture the local behavior, the strain gauges were attached to the concrete and embedded non-prestressing steel to measure the axial strain response.
Table1: Specimen details
	Specimens
	Concrete strength (MPa)
	Longitudinal bar
	Prestressing tendons
	Axial compres-sion ratio (%)


	Transverse reinforcement

	
	Core concrete strength
	Precast shell strength
	Rein.
	rs (%)
	Tendon
	rp (%)
	fpe
	
	Spiral
	rtr (%)

	TDSHPT1
	50.6
	80.9
	6D29
	0.8
	6x3D15.2
	0.5
	1141.44
	18.96
	4321
	1.65

	TDSHPT2
	50.6
	81.2
	6D29
	0.8
	6x3D15.2
	0.5
	1238.38
	16.82
	8765
	1.65

	rs : non-prestressing steel ratio

rp : prestressing tendon ratio
fpe : effective prestress  (MPa)
rtr :ratio of the volume of transverse confining steel to the volume of confined concrete core,


2.2 Test results
Ductile failure was observed for all specimens as shown in Figure 5. The ultimate drift level of TDSHPT1 and TDSHPT2 were 6.00% and 7.00%, respectively. The initial open of pronounced crack was observed during drift level of 0.50%.  The precast column had similar behaviors with traditional reinforced concrete column. Concrete crushing concentrated at the column-footing joint. However, the combination of the opening-closed and flexural cracking formation was observed under cyclic load. In addition, the residual drift level of the columns remained 1.00% up to drift level of 4.00%. The base shear resistance of TDSHPT1 and TDSHPT2 were 698.9kN and 684.2kN, respectively. The transverse reinforcement of all specimens was not yield until the column reached failure, while the prestressing tendons and longitudinal rebar reached the yield strength. For TDSHPT2, the Fracture of first tendon fracture was observed at drift level of 6.00%.
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	Figure 2: section and geometry detail (Koem et at. 2017)
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Figure 3: Test setup (Koem et at. 2017)


2.3  Fiber finite element model
In this study, a fiber finite element (FE) model was developed to simulate the behavior of the precast bridge column with high strength precast shell. The FE model is calibrated with the experimental result both global behavior and local behavior with acceptable accuracy. Moreover, this model demonstrates the physical characteristics and seismic performance, which cannot be ensured experimentally. The physical characteristics include the yielding of the prestressing tendon and the longitudinal rebar, and crushing of both precast shell and the core concrete. Computer software OPENSEES (Mazzoni et al., 2006) was used to run the analysis of precast column with high strength precast shell.

Figure 4 shows the model in details, which are available in OPENSEES manual. The footing-to-column connection was modeled with zero-length element, which represents the rotation spring. The rotational stiffness is a function of the deformation concentrated at the gap of the footing–column interface, which is strongly affected by the bond-slip mechanism in the joint. The join rotational stiffness is computed according to (Lima et al 2017). Two nonlinear displacement-based elements, dispBeamColumn, were used for the column with five numbers of mesh. Concrete01 material model is adopted for both precast shell and core concrete. Longitudinal rebar was modelled with steel01 material model. Bonded prestressing steel and effective prestressing were modeled using built-in material of Steel01 and InitStressMaterial, respectively. The concentrically unbonded tendon was modelled as truss element in the FE model, while the axial load was applied as initial stress along the element uniformly.
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	Figure 4: Element Mesh and section discretization (a) element mesh (b) section discretization


2.4  Simulation results
To evaluate the adequacy of the FE model, the result given FE model shall be validated with the experimental results. The developed FE model was employed for both TDSHPT1 and TDSHPT2. The load-displacement and load-strain curves were plotted to compare the experimental results in Figure 5 and 6. 
Figure 5 shows the initial stiffness resulted from the experiment were predicted with a good accuracy. According to the result from FE model, the base shear resistant of TDSHPT1 and TDSHPT2 are 716.6 kN and 720.7 kN, respectively. In addition to the comparison of global behavior, the tensile strain of longitudinal rebar were plotted to compare with the strain history capture the quasi-static test. Before reaching the yield strain, the predicted strain from the FE showed good agreement with the strain from the test (Figure 6). Overall, the modeling method for precast column with high strength precast shell was found to be appropriate in estimating the local and global response. 
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	Figure 5: Comparison of experimental and finite element analysis result of load-displacement response
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	Figure 6: Comparison of experimental and finite element analysis result of load-strain response


3. CONCLUSION
This paper discusses the fiber finite element model to emulate the seismic behavior of the posttensioned bridge columns with high strength precast shell under cyclic loads. The findings are included as follows:
· The high strength precast shell participates in increment of flexural strength and energy dissipation capacity, which maintains 1.00% residual drift level until the drift level of 4.00%. 
· In this range of test, the allowable effective prestress level is recommended as less than 60% of tensile strength of the pestressing tendon. Otherwise, the tendon may fracture earlier the ultimate drift level of 6.00%.
· The fiber finite element model provides the prediction of global and local behavior of the precast column with high strength precast shell with error of 2.5% to 5%. The analytical framework can be utilized to evaluate appropriate prestressing force for repairable status after a certain level of seismic motion. 
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