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Research Needs:
Current design philosophy in bridge design for seismic regions aims to reduce residual displacements after an earthquake. After the Kobe earthquake, Japanese design criteria for bridges have changed to require designers to limit permanent drifts to less than 1% (Japan Road Association 2002). The aftermath of the Christchurch earthquake has highlighted difficulties in assessing future performance and repair of damage to plastic hinge zones in conventional reinforced concrete structures (Routledge et al. 2016). Low-damage ductile-jointed systems have been developed to control damage in plastic hinge regions and avoid residual displacements. These systems provide self-centering capability using un-bonded post-tensioning and axial load, and provide energy dissipation through yielding of non-prestressed reinforcement or yielding dampers.

Unbonded post-tensioning, in which prestressing forces are introduced at the construction site during the erection process has been proposed for reducing residual displacements after an earthquake. Post-tensioning was combined with high-performance cementitious materials to limit damage in the hinging region by Billington and Yoon (2004). Mahin et al. (2005), Cohagen et al. (2008), Motaref et al. (2010), Restrepo et al. (2011), and Guerrini et al. (2015) who studied the benefits of introducing post-tensioning into bridge columns. However, post-tensioning which is an extra step performed at the bridge site can delay construction because of the jacking operation. In addition, stress concentration where a wedge grips the unbonded strands may reduce the cyclic stresses that anchorages can withstand (Walsh and Kurama 2012).

Post-tensioning

Shake table tests of single and two-column bents with a central unbonded, post-tensioned tendon showed good recentering capability (Mahin et al. 2005); however, some mild steel bars buckled. In one specimen, a steel jacket combined with debonding of mild steel achieved high displacement ductility with no apparent damage. Quasi-static cyclic tests of half-sized columns for a column-to-footing and column-to-cap beam connection using a central unbonded, post-tensioned tendon showed that increases in posttensioning force led to slight increases in damage at high drift ratios (Cohagen et al. 2008). For this reason, more tendons should be used and the initial post-tensioning force should be reduced. One-third scale columns were tested on a shake table without a complete connection of a column to a footing and cap beam; a central unbonded, post-tensioned tendon was used (Motaref et al. (2010). Fast assembly, minimal damage at the plastic hinge area, and minimum residual displacement were observed in both column models.  A precast post-tensioned composite steel-concrete hollow-core column was combined with supplemental energy dissipation to minimize post-earthquake residual lateral displacements (Guerrini et al. 2015). The column consisted of two steel cylindrical shells, with high-performance concrete cast in-between. Both shells acted as permanent formwork; the outer shell was used to substitute the longitudinal and transverse reinforcement, whereas the inner shell removed unnecessary concrete volume from the column, prevented concrete implosion, and buckling of energy dissipating dowels.

Grouted ducts

For the proposed research, the embedment length of reinforcing bars inside galvanized grouted ducts has to be determined. In addition, embedment of the grouted ducts themselves needs to be determined for good performance. From previous research on pullout strength of large reinforcing bars including #18 bars for monotonic loads carried out by Steuck et al. (2009), it is known that yield and fracture can be achieved with embedment lengths of 6 and 10 bar diameters, respectively; however the grout average compressive strength used was only 8,250 psi. Raynor (2000) proposed that development length for cyclic loads should be 40% longer than for monotonic loads. Tazarv and Saiidi (2014) proposed development length equations controlled by either the length of the steel bar or the galvanized duct length; the grout had an average compressive strength of 24,200 psi and monotonic load was used for the pullout tests; the bar development length was found to be inversely proportional to the square root of the grout compressive strength. For a grout with a compressive strength equal to 13,000 psi which is expected to be used in this research, the development length of the bar could be reduced by a factor equal to √(8.25/13.0) = 0.80. The resulting development length factor for combining cyclic load and high strength grout is thus expected to be equal to 1.40*0.80 = 1.12.

Duct size was found to have a significant effect on bond strength in the tests by Tazarv and Saiidi (2014); they recommend that the duct diameter for single column longitudinal bars should not be less than 3 times the bar diameter. Caltrans SDC (2013) recommends that the cap beam depth must be sufficient to develop the column longitudinal reinforcement without hooks. Straight column longitudinal bars should extend 24 bar diameters into the cap beam.

Research Objectives:
1. Develop and test under cyclic loads alternative methods for constructing bridge bents in high seismic regions using self-centering in terms of post-tensioning of bridge columns
2. Develop analytical models for self-centering in terms of post-tensioning of columns in bridge bents under cyclic loads, which will assist in the design and implementation of such bridges
3. Present the results at national conferences and journal publications

Accelerated Bridge Construction (ABC) has been practiced in many parts of the country; however, in high seismic regions the challenge of providing ductile connections between columns and footings and columns and pier-caps is a topic of research currently still in progress. All similar research carried out so far on post-tensioned columns has considered a single bridge column. The proposed research considers a two-column bent with scaled dimensions representing an actual bridge bent that has been built in the state of Utah. Moreover, the debonding of the steel bars is an innovative feature that is expected to improve displacement ductility of the bridge bent.

Research Methods:
The proposed research will evaluate the seismic performance of bridge bents constructed with ABC under cyclic loads. The research will be performed by conducting a half-scale experiment of a prototype bridge bent constructed using post-tensioned columns. Analytical models will be developed for implementing the two bridge systems using OpenSees (McKenna et al. 2000).

Expected Outcomes:
The proposed research will provide alternative methods to construct bridge bents constructed with ABC methods in high seismic regions. In addition to the results of the half-scale experiment, analytical models will be developed including design recommendations for implementing the proposed system using OpenSees (McKenna et al. 2000).

Relevance to Strategic Goals:
· State of Good Repair
· Safety

Seismically resilient bridges improve safety and livability of a community. The State of Utah is likely to experience a strong earthquake in the next 50 years. Successful completion of the proposed project will ensure that the alternative method of constructing bridge bents will improve seismic resilience of the bridge inventory for large earthquakes.

Educational Benefits:
At least three university students will be involved in the project. One PhD student will be involved in the experimental and analytical portion of the work. Two undergraduate students will be funded from the Office of Undergraduate Research Opportunities program at the University of Utah. At the local level, the technology transfer activity will involve high school students through an Annual Exploring Engineering Camp, during which small-scale models will be built to show details of the wall piers and how they would be retrofitted. In addition, the P.I. will make a presentation at the annual UDOT Engineering Conference and at other national conferences including the Annual AASHTO Subcommittee on Bridges and Structures Meetings and the Annual Transportation Research Board Meeting. 

Tech Transfer:
The main objective of this research is to create an alternative for the accelerated construction of bridges in seismic regions using self-centering in terms of post-tensioning of columns of a bridge bent. There is great need for developing such technology and the proposal addresses that need. The resulting technology will produce bridges that are sustainable and resilient. The work will be presented at leading conferences on this topic such as the Transportation Research Board Meeting and leading journals such as the Journal of Bridge Engineering, ASCE. In addition, a webinar will be arranged through the Mountain Plains Consortium and a presentation will be made at the Utah Department of Transportation Annual Conference.

Work Plan:
1. Build a half-scale bridge bent
2. Perform seismic test of bridge bent
3. Analysis and seismic design of bridge bent

Task 1. Build a half-scale bridge bent – 3 months
A bridge bent with the general details shown in Fig. 1 will be built. The bridge bent dimensions and reinforcement are based on a 1:2 scale bent of the Riverdale Road Bridge over I-84 in Riverdale, Utah (UDOT 2008). The tests will be carried out at the University of Utah Structures Laboratory.  The concrete will have a compressive strength of 6,000 psi and the steel reinforcement will have a tensile yield strength of 60,000 psi. The columns will be 8 ft long with an octagonal cross-section 21 in. thick. The cap beam will be 15 ft long with a 2-ft square cross-section and will be subjected to a constant axial load at the third points and a horizontal quasi-static cyclic load, as shown in Fig. 1. The axial load will be 110 kips at each of the two locations on the cap beam shown in Fig. 1. The scaled reinforcement of the cap beam will consist of 8#7 bars top and bottom bars and 3#4 bars on each side of the beam; the shear reinforcement will consist of #4 hoops at 5 in. on center. The two footings will have a dimension of 6 ft x 3 ft x 2 ft as shown in Fig. 1. The steel reinforcement will consist of #8 bars at 4 in. top and bottom; the stirrups will be #4 at 5 in. In addition, the cap-beam column joints will be reinforced with 12#4 J-bars and a #3 spiral with a 2.5 in. pitch surrounding the grouted ducts. The lateral drift history will consist of increasing amplitudes of the predicted column yield drift ratio; two cycles will be employed for each drift ratio step to the east and west (ACI Committee 374 2013). 

Task 2. Perform seismic test of bridge bent – 3 months
The bridge bent system proposed in this research has the overall dimensions shown in Fig. 1. In this task the reinforcement and details of the columns of the bent are described. The bridge bent will have two columns with post-tensioned bars with additional mild steel in grouted ducts. 

The bridge bent is a post-tensioned system for self-centering with mild steel in grouted ducts for energy dissipation, as shown in Fig. 2. The main reinforcement details include four 1 in. post-tensioning (PT) bars located as shown in Fig. 2 that are unbonded. The post-tensioning bars are made of Grade 150 steel and are anchored in the footing and post-tensioned at the top of the cap beam. The mild steel consists of two sets of steel bars; six #7 bars are grouted into the cap beam and footing, using grouted ducts. The effect of debonding the ends of the #7 bars for a length of four bar diameters in the region near the interface will be studied; this debonding will take place in both the column and cap beam/footing. The second set of steel rebar within the middle section of the column consists of six #4 bars. The steel spiral reinforcement consists of #3 diameter steel bar at a 2.5 in. pitch.

There is a need to balance the self-centering forces (gravity and post-tensioning) and the energy dissipating forces.  In order to ensure self-centering behavior, gravity and post-tensioning forces must be large enough to overcome the overstrength capacity of the energy dissipating forces. The following upper bound for the re-centering coefficient ΛC has been proposed (Guerrini et al. 2015):
0.6                                          (1)




Figure 1. Test setup and two-column bent dimensions.




              

Figure 2. Bridge Bent: Post-tensioning with mild steel in grouted ducts.

where FED is the ultimate energy dissipation force from mild steel, Pu is the gravity force, and FPT is the effective posttensioning force. The limit of 0.6 is suggested to account for uncertainty on post-tensioning losses and the presence of debris from gap opening in the rocking interfaces. On the other hand, enough energy dissipation should be provided to the system to avoid the large scatter on lateral displacement demands observed on purely rocking systems, in which additional energy is lost due to plastic deformation at the contact points (Makris and Roussos 1998). The following energy dissipation coefficient has been proposed (Guerrini et al. 2015):

0.1                                        (2)

In this study, ΛC based on the design shown in Fig. 2 is evaluated as follows: FPT = 4*0.85*90 = 306 kips; FED = 6*0.60*60 = 216 kips; Pu = 110 kips; ΛC =216/(110+306) = 0.52<0.6. Also ΛD is equal to ΛD =216/(110+306+216) = 0.34>0.1.    

Based on the given details, the embedment length based on the yield and fracture modes for combining cyclic load and high strength grout would approximately be equal to 7 and 11 bar diameters, respectively; this translates to an embedment length of 6 in. and 10 in. which is easily accommodated within the 24 in. deep cap beam and footing. For the galvanized duct itself, corrugated galvanized strip metal ducts conforming to ASTM A653 with 26-gauge (0.018 in.) wall thickness will be used. The bar development length based on duct bond strength, Ld,duct, is given as follows (Tazarv and Saiidi 2014): 

                                                     (3)

where db=bar diameter, fs=bar stress, dd =duct diameter, and =compressive strength of concrete outside the duct. Based on Eq. (3), a duct diameter equal to three times the bar diameter will be used, which is 3.0 in. Hence, in this case the required length of the duct for concrete with a compressive strength equal to 6,000 psi, bar diameter equal to 7/8 in. and duct diameter equal to 3 in. requires Ld,duct = 12.5 in. which is less than the provided length of 24.0 in. The steel reinforcement of the cap beam and footing, as discussed in Task 1, were scaled from the original details of the Riverdale Bridge (UDOT 2008) and they meet the AASHTO General Specifications (2014).  	

Task 3. Analysis and seismic design of bridge bent – 6 months
In this task, an analytical model will be created to assist in the development of a design method for implementing the proposed bridge bent. First, the analytical model will be calibrated with the results of the test presented in Task 2. Secondly, the analytical model will be used to study two full-scale bridge bents, including the Riverdale Bridge and an alternative, similar to the post-tensioned bridge with the details of Fig. 2.


3.1 Analytical Model of Experiment
The analytical model of the bent with post-tensioned bars and precast columns is shown in Fig. 3. The columns are modeled with nonlinear beam-column elements with a fiber cross-section representing a circular section. The radius of the circular section is calculated using an area equivalent to the octagonal section. High-strength PT bars are modeled using Steel02 material model and corotational truss elements in OpenSees (McKenna 2010). 

The rocking behavior of the column is simulated by modeling a series of zero length, uniaxial, compression-only springs at the base of the column. The rocking plane is modeled with elastic rigid elements connecting the main and slave nodes. At the rocking plane, the gross column cross-section is discretized radially and circumferentially and springs are assigned 
[image: C:\Users\anurag\Box Sync\PhD Dissertation\Drawings\RiverDale\BentModel_MPC Proposal.png]
Figure 3. OpenSEES model for bent with PT bars.

inelastic material properties using concrete04 uniaxial material model. The unbonded mild-steel reinforcement for energy dissipation is modeled separately from the column fiber section using corotational truss elements fixed at the bottom and top of the unbonded length. The cap beam is modeled with elastic beam-column elements. Initial tension in the PT bars of the post-tensioned columns (Fig. 2) is simulated using the “InitialStress” command; an equivalent vertical load is assigned at the top anchor of the PT bars.

A bond model will be developed to extend the test results. In addition, an equation for the required embedment length for typical bar and grout properties under monotonic and cyclic loads will be developed. The analytical model will be developed in the OpenSees framework 
 (McKenna et al. 2000; McKenna et al. 2010). A local response criterion which is fracture of reinforcing bars due to low-cycle fatigue will be included in the model as an indication of ultimate displacement capacity.

A nonlinear one-dimensional finite element model will be used to investigate the bond-slip of reinforcing bars inside the grouted duct. This model will be developed in OpenSees based on the general schematic model described in past research studies (Viwathanatepa et al. 1979; Raynor et al. 2002; Steuck et al. 2009). The proposed model is composed of a series of discretized reinforcing bars (nonlinear truss elements) connected to bond-slip springs (zero-length elements) at each node. Both confined and unconfined regions will be included in the model, as shown in Fig. 4, which presents the schematic of the bond-slip model. The unconfined 
[image: ]

Figure 4. Analytical model using bond-slip springs.
[
region represents the concrete outside the duct, near the end of the reinforcing bars; the confined region represents the concrete inside the grouted duct. Bond constitutive laws for the unconfined and confined regions will be compared to existing experimental results of bars grouted in corrugated steel ducts (Steuck et al. 2009; Tazarv and Saiidi 2014). A similar approach was used to model grouted splice sleeves in ABC connections between columns and footings successfully (Ameli et al. 2016; Ameli and Pantelides 2016).

The equation to be developed for the required embedment length for typical bar and grout properties will consider development length based on both bar bond strength as well as duct bond strength under reversed cyclic loads. Thus, it is expected that two equations will be developed. The equations will be calibrated with the test data obtained from Task 2. The equations will be a function of bar yield strength, bar diameter, grout compressive strength, and concrete compressive strength. Moreover, the equations will be a function of the duct diameter (Steuck et al. 2009; Tazarv and Saiidi 2014). The effect of the length of the 45 degree cone in the region near the pulled end of the bar will also be taken into account. This region is relatively unconfined, resulting in resistance that is expected to be lower than the remaining embedded length of the steel bar. In addition to the existing relationships, it is expected that cyclic effects will result in a correction factor for the derived equations. The effect of debonding the end of the bar for a length of four bar diameters in the region near the pulled end of the bar will result in better performance as explained in Task 2.
3.2 Analytical Model of Full-scale Bents
The analytical models developed and verified with the half-scale experiment will be used to study the predicted performance of two full-scale bridge bents, including the Riverdale Bridge and the alternative similar to the post-tensioned bent of Fig. 2. The two models, designated as Type 1 and 2, will have the following details:

Type 1: For the Riverdale Bridge, the typical two-column bent with post-tensioned columns with typical dimensions is shown in Fig. 5. The cap beam has a typical span of 42 ft and the columns a typical clear height of 16 ft. The columns shown in Fig. 6 are 42 in. octagonal with six 1 3/8 in. diameter PT bars. In addition, they are reinforced with 12#6 mild steel bars that do not cross into the footing or cap beam. Details of the cap beam and footing steel reinforcement will be obtained from the original construction drawings of the Riverdale Bridge (UDOT 2008). 
	 

      [image: ]

Figure 5. Typical Riverdale Bridge Post-tensioned Bent.

Analysis of the full-scale bent of the Riverdale Bridge will follow the models developed for the Post-tensioned Bent. 

Type 2: For the full-scale bent simulating the Post-tensioned Bent similar to the scaled model of Fig. 2, the two-column bent dimensions of Fig. 5 will be used. The only difference with the Type 1 model is that the 12#6 mild steel bares will continue into the cap beam and footing using the grouted ducts, which will be scaled up for the full-scale bridge model. 

Two types of analysis will be performed for the two bent types: (1) static cyclic analysis to find the capacity of the system, and (2) nonlinear time-history analysis to find the level of demand on the bridge bents. This will provide information on capacity-demand relationships for the two bridge bent alternatives, and will reveal more insight into the overall behavior of the two bents under various input ground motions.

Project Cost:
Total Project Costs:	$222,835
MPC Funds Requested:	$108,935
Matching Funds:	$113,900
Source of Matching Funds:	Private Investor, Structural Technologies, Corebrace
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