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Abstract 

Cast-in-place (CIP) concrete construction is time intensive and requires many on-

site construction procedures that may create negative impacts on traffic flow, work zone 

safety, and the environment. Accelerated bridge construction (ABC) offers a viable 

alternative to CIP construction since significant on-site construction time can be reduced 

by using prefabricated elements.  Full depth R/C deck panels offer unique opportunity for 

new deck construction or replacement projects.  These decks can be quickly assembled 

minimizing traffic disruption, reducing environmental impact, improving worker and 

motorist safety, improving constructability, and increasing the quality of the final 

product. Prefabricated deck panels, if oriented properly, will provide the opportunity to 

replace decks during the life span of the bridge while keeping part of the bridge in 

service. 

The primary objective of this study was to evaluate the ultimate strength and 

stiffness of headed anchors in connections between prefabricated precast R/C deck panels 

and girders using different grout types. The study consisted of an experimental and an 

analytical investigation.  The former involved construction and testing shear and pullout 

specimens to evaluate the shear and pullout strength and stiffness. Various parameters 

such as group effect of anchor, types of grout, and head area of the anchors were also 

studied. Experimental results indicated that the type of grout and head area of the 

anchors had an insignificant effect on the shear and pullout capacity of the anchor. It was 

concluded that the current provisions in the AASHTO LRFD Specifications for the 
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ultimate shear strength of studs in CIP construction may be used for anchors in precast 

R/C panels. 

The second part of the study consisted of an analytical investigation of a two-span 

bridge to determine the forces in the anchors in precast deck panels when subjected to 

large ground motions. A computational model for headed anchors was used to 

investigate the seismic response of decks with rigid shear links between the deck and 

girders and flexible links with shear pockets spaced at 4 ft and 6 ft spacing. An ensemble 

of eight earthquake ground motion records were applied in this part of the study, 

including both far-field and near-fault ground motion records. To achieve spectral 

compatibility with the design spectrum, the records were scaled to the design spectrum. 

In addition, the nonlinear response history analysis was performed for earthquake 

intensities corresponding to 150% of the design level. Insignificant difference was 

observed in the dynamic properties of the bridge and seismic behavior due to the increase 

in pocket spacing from 4 ft to 6 ft. It was also found that the forces in the headed anchors 

for both spacing were well below ultimate strength of the connectors leading to deck 

connections being capacity protected. 
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1. Introduction 

1.1 Background 

Cast-in-place (CIP) concrete construction is time intensive, in part because 

formwork must be used to pour wet concrete and allowed to cure, and then the formwork 

has to be removed.  It also requires many on-site construction procedures that may create 

negative impacts on work zone safety and the environment. In addition, ageing bridges 

may require repair, rehabilitation, and/or replacement. The current traditional deck 

rehabilitation/replacement system in most situations is time consuming and costly. Issues 

related to work zone safety and traffic disruption are also a major concern. There is 

significant demand for the development of deck systems that can be constructed quickly 

while maintaining durability and seismic performance equal to or better than their cast-in-

place concrete counterparts. 

Accelerated bridge construction (ABC) offers a viable alternative to cast-in-place 

construction since significant on-site construction time can be reduced by using 

prefabricated decks. Economic benefits can be achieved through mass production of 

materials and the repeated use of forms. Prefabricated elements and systems can be 

quickly assembled and can reduce on-site construction time, minimize traffic disruption, 

reduce environmental impact, improve worker and motorist safety, improve 

constructability, and increase the quality of the final product. 

Replacement of bridge decks can be one of the most advantages in the uses of 

ABC. The use of full depth prefabricated deck panels may be the fastest form of deck 

replacement. The application of ABC methods in seismic regions has been limited thus 
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far. It is due to the lack of adequate knowledge in seismic detailing, performance of 

connections, and specifications for seismic design of precast elements. Development of 

seismically resilient standardized prefabricated precast (PC) bridge decks will provide 

significant advancements in ABC. 

1.2 Problem Statement 

One of the attractive solutions to accelerate the construction of new bridges or 

replacement of deteriorated decks, is the use of full-depth precast deck panels in which 

the panels cover part of the bridge width. These precast panels can be attached to precast 

concrete or steel girders by providing voided pockets in these panels. Steel stirrups or 

headed anchors extending vertically from the girders protrude into the pockets as the 

panels are placed. These pockets are subsequently filled with a bonding material such as 

grout. The grouted pockets create composite action between the panels and girders. The 

main challenges of using full-depth deck panels are: 1) how to connect the deck panels to 

the longitudinal girders to achieve a ‘full’ composite action and 2) how to connect the 

panels to each other transversely and longitudinally so that the deck acts as a single unit. 

This full-depth deck system can be appealing for deck replacement projects since it 

eliminates the use of overlays. It also eliminates the need of field post-tensioning of 

precast elements, thus shortening the construction schedule. The connection between the 

deck and the longitudinal girders has always been one of the shortcomings of utilizing 

full-depth precast deck panels in new or deck replacement construction projects. Figures 

1-1 and 1-2 show schematic diagrams of full-depth deck panel supported on prestressed 

I-girders and longitudinal steel plate girders, respectively. 
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Figure 1-3 shows the configuration of longitudinal precast deck panels. The 

configuration shows the P/C deck panel-to-panel connection as well as pockets used for 

deck-to-girder connection.  This configuration was used in recently conducted research at 

the University of Reno, Nevada (Saiidi et al., 2017).  The main advantage of this 

configuration is the decrease in closure time and reduction in traffic interruption during 

deck installation or replacement.  This can be achieved by closing lanes on one side for 

repair or replacement while the lane on other side can be open to traffic.  

Figure 1-1 Details for Full-Depth Deck Panel Supported on Prestressed I-Griders 
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Figure 1-2 Details for Full-Depth Deck Panel Supported on Steel Plate Girder 

Figure 1-3 Longitudinal PC Deck Panels Configuration 
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1.3 Literature Review 

The main components of the ABC deck system are precast full-depth deck panels, 

precast prestressed concrete or steel girders, voided pockets in the deck, headed anchors 

and grout to fill the pockets. Many panel-to-girder connection details have been 

proposed and used to develop composite action between the precast deck panels and 

steel/concrete girders. These types of decks have been investigated by many researchers. 

1.3.1 NCHRP Report 407 

NCHRP Report 407 (Tadros and Baishya, 1998) provided a number of techniques 

that facilitate rapid deck replacement and included proposed special provisions for deck 

removal. The report recommended the use of performance based specifications. A full-

depth panel system was proposed with panels pretensioned in the transverse direction and 

post-tensioned in the longitudinal direction, which required least construction time than 

conventional cast-in-place or precast reinforced concrete. Two new connection systems 

were developed to study the speed of deck replacement, one for concrete girder-to-

concrete deck connection and the other for steel girder-to-concrete deck connection. 

For concrete girders, a debonded shear key system, shown in Figure 1-4, was 

developed that provide composite action and allow for easier deck removal. In addition 

to the laboratory tests on push-off specimens, full-scale tests were also performed. The 

test results showed that the system provided adequate composite action as well as the 

ease of deck removal. For steel girder-to-concrete deck connections, a 1-1/4 in. diameter 

shear stud, shown in Figure 1-5, was used to replace the commonly used 3/4 in. and 7/8 

in. shear studs. A large number of small studs results in increased concrete removal time 
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and higher probability of damage to the girder top flange or the studs themselves. The 

new 1-1/4 in. stud, provided approximately twice the capacity of a 7/8 in. stud, allowed 

the use of a single row over the girder web. The researchers also found that alternating 

the headed and head-less studs provided adequate anchorage to the concrete deck and 

facilitated deck removal. 

Figure 1-4 Proposed Connectors for Wide Flanged Concrete Girders (Tadros and 

Baishya, 1998) 
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Figure 1-5 Proposed 1¼ in Shear Stud in Steel Girders (Tadros and Baishya, 1998) 

1.3.2 NCHRP Synthesis 324 

In 2003, the NCHRP published a report titled “Prefabricated Bridge Elements and 

Systems to Limit Traffic Disruption during Construction.” This report is part of the 

NCHRP report series, Synthesis of Highway Practice. It provided a review and analysis 

of using prefabricated elements in both highway and railway bridges. Existing literature 

and available information were collected and summarized. The research project also 

included a survey questionnaire, sent to US and Canadian Dots and local agencies, to 

collect information on the use and the effectiveness of prefabrication technologies. The 

report was classified as “non-technical” in the sense that no specific information was 

provided on topics such as design criteria, methods, details, or construction 

specifications. The report presented various types of prefabrication currently used or in 

development. The report’s literature review section documented the use of prefabrication 

bridge components on previous projects and discussed substructure and superstructure 

elements. It concluded that while prefabricated bridge components are more expensive in 
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some cases, it reduced the environmental impacts and improved the overall material and 

construction quality. 

1.3.3 Menkulasi and Roberts-Wollmann (2005) 

Menkulasi and Roberts-Wollmann (2005) conducted small-scale tests of the 

panel-to-girder connections to evaluate the effect of different types of grout and haunch 

heights on the shear strength of the connection. The test specimens are shown in Figure 

1-6. 

Figure 1-6 Push-off Test Setup (Menkulasi and Roberts-Wollmann, 2005) 

From the results, it was observed that Set 45 grout and a latex modified grout 

performed the best. There was no significant difference in strength when haunch height 

was varied between 1 in. and 3 in. The shear connector used in these tests were U-shaped 

stirrups, however, two additional shear connectors were also tested which included post-

installed hooked anchors and Dayton-Richmond 6 in. flared coil inserts with 3/4 in. 
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diameter coil bolts. Both additional shear connectors exhibited ductile behavior and 

could be used as an alternative to U-shaped stirrups. 

1.3.4 Markowski (2005) 

Markowski (2005) evaluated the use of full-depth precast deck panels on highway 

bridges for the Wisconsin Department of Transportation and Federal Highway 

Administration. Laboratory testing and analysis were conducted to investigate the 

structural adequacy, failure modes, serviceability, fatigue resistance, and overall behavior 

of the prefabricated full-depth deck panel system. A series of tests were conducted to 

investigate several aspects of deck panel behavior including (1) the behavior of the deck 

panels under edge location, (2) the level of post-tensioning required across transverse and 

longitudinal joints, and (3) the composite behavior of deck panels placed on a steel plate 

girder with shear studs spaced at 24 in and 48 in. The panel edge loading behavior and 

the required post-tensioning levels were evaluated using full-scale panels. Punching 

shear was identified as the failure mode of panels loaded at their edge. To prevent any 

cracking at service loads, the required level of post-tensioning across the longitudinal and 

transverse joints was 370 psi and 250 psi, respectively. A 1/2 scale model was used to 

evaluate the composite behavior of the system subjected to fatigue and static loading. 

The behavior of the 1/2 scale specimen indicated that a stud spacing of 48 in. can develop 

full composite behavior in both elastic and inelastic loading range. 
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1.3.5 Ramey and Umphrey (2006) 

Ramey and Umphrey (2006) monitored and documented the rapid bridge deck 

replacement work for the Georgia Department of Transportation (GDOT) on two bridges 

in Gainesville and two bridges in the Atlanta. They identified the design and 

construction problems, and corrective actions to eliminate these problems in any future 

rapid deck replacement. Precast Exodermic or “unfilled composite steel grid,” panels 

were evaluated and the problems and pitfalls were identified. 

The Exodermic bridge deck is comprised of a reinforced concrete slab on top of a 

composite unfilled steel grid. The upper portion of the main bearing bars extend up into 

the reinforced concrete slab, making the slab composite with the steel grid. This 

composite action is accomplished by drilling holes into the upper portion of the main 

bearing bars. The concrete portion of the Exodermic deck can either be cast-in-place (the 

grid panels act as the formwork), or precast, where rapid construction is critical. 
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Figure 1-7 Isometric Cut-away View of Exodermic Deck Panel (Ramey and 

Umphrey, 2006) 

The researchers concluded that the use of precast Exodermic deck panels allowed 

deck replacement work to be executed during the permitted work windows. The 

rehabilitation work for four bridge decks were accomplished effectively and efficiently 

within the imposed time limits while maintaining minimum traffic interruption. The 

researchers had also monitored the construction sequence adopted by the contractors and 

the problems observed during the rapid bridge deck replacement. They provided 

recommendations concerning the design and/or construction practices with Exodermic 

deck replacement panels. 
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1.3.6 Sullivan (2007) 

Sullivan (2007) investigated the behavior of full-depth, large-scale, precast bridge 

deck panels on concrete girders. A bridge with precast bridge deck panels was built to 

examine constructability issue, creep and shrinkage behavior, and strength and fatigue 

performance of transverse joints, different shear connectors, and different shear pocket 

spacings.  Two of the transverse joints were epoxied male-female joints and the other two 

transverse joints were grouted female-female joints.  Two different pocket spacings were 

studied: 4 ft pocket spacing and 2 ft pocket spacing.  Two different shear connector types 

were studied: hooked reinforcing bars and a new shear stud detail that can be used with 

concrete girders (Figure 1-8). 

Cyclic loading tests, and shear and flexural strength tests were performed to 

examine the performance of the different pocket spacings, shear connector types and 

transverse joint configurations.  The transverse joints proved to be more for a 

constructability issue than a strength or fatigue issue when subjected to moments that 

cause compression in the deck.  The grouted female-female joint configuration prevented 

leaking at the joints and allowed for rapid placement of the panels on the girders during 

construction.  Both types of pocket spacings and shear connectors performed 

exceptionally well.  Both 2 ft and 4 ft pocket spacings produced composite action to 

reach the required flexural strength and the required vertical shear strength.  Using shear 

studs as shear connectors allowed for more rapid placement of panels on the girders.  

When hooked reinforcing bars were used as shear connectors, the size of the shear 

pockets should be increased to compensate for casting tolerances.  Based on the live load 

test results, both hooked reinforcing bars and shear stud had axial strains less than 50% of 
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the nominal yield strain.  A recommended design and detailing procedure was also 

provided for the shear connectors and shear pockets. 

Figure 1-8 Lab Mockup Details Showing Hooked Reinforcing Bar and Headed Stud 

(Sullivan, 2007) 

1.3.7 Oliva et al. (2007) 

Oliva et al. (2007) used a 1/2 scale model to investigate the composite action 

between steel girders and precast concrete panels with different shear pocket spacings. 

The deck panels on one half of the bridge span had shear stud block-outs spaced at 2 ft 

center-to-center, while the other side of the beam had shear stud block-outs spaced at 1 ft 

center-to-center (4 ft and 2 ft spacing in a full scale bridge, respectively) as shown in 

Figure 1-9. The specimen was subjected to 2 million cycles of load at 2 Hz and static 

tests were performed every 400,000 cycles to check for any degradation in stiffness due 

to cyclic loading. Figure 1-10 shows the dimension details and cross section of the shear 

pocket. No special shear pocket confinement was provided, instead, the shear pocket 

blowouts were 0.5 in. tapered from each side (wedged shear pockets). 
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Figure 1-9 Shear Stud Cluster: a) Stud Groups at 2 ft. Spacing, and b) Stud Groups 

at 1 ft. Spacing (Oliva et al., 2007) 

Figure 1-10 Clustered Steel Studs Welded to Girder in a Typical Shear Pocket 

(Oliva et al., 2007) 

They concluded that 2 million cycles of loading had no significant effect on the 

behavior of the beam. The wider spacing of the clustered studs did not affect the beam 

behavior in this range of cycles. The measured stiffness and inertia indicated that the 
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girder had 95% of the theoretical fully composite section properties. Thus, the shear stud 

spacing was found to provide adequate composite action. Upon completion of load 

testing on the composite girder, the girder flange was disassembled in an exploratory 

manner by creating saw cuts at critical locations. There was no visible deformation of the 

shear studs at the block-outs, which would have been expected if significant slip had 

developed between the steel beam and concrete flange. 

1.3.8 Scholz et al. (2007) 

Scholz et al. (2007) provided a set of recommendations for the design, detail, and 

construction of the connection between full-depth precast deck panels and prestressed 

concrete I-beams. He developed performance specifications for the grout that fills the 

haunch between the top of the beam and the bottom of the deck panel, as well as the 

horizontal shear connector pockets and the panel-to-panel joints. Tests were performed 

using standard or modified ASTM tests to determine basic material properties on eight 

types of grout. Based on these tests, requirements for shrinkage, compressive strength, 

and flow were established for the grouts. Four grouts were analyzed through a series of 

tests to develop grout recommendations. Four grouts without aggregate and four grouts 

with 3/8 in. pea gravel aggregate were evaluated. The two grouts that were found to be 

suitable for the use in full-depth deck panel system were: Five Star Highway Patch and 

Set 45 Hot Weather. 

To examine the horizontal shear strength of a precast-full depth bridge deck panel 

system on precast beam, 29 push-off tests were conducted.  Various parameters that were 

studied included the grout type, the type of connectors, the slab bottom surface treatment 
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and the pocket type. The slab surface treatments were smooth and exposed aggregate.  

The connectors used were either reinforcing bar stirrups or headed shear studs. The 

double leg stirrups were either No. 4 bars or No. 5 bars.  Arrangements of two, three and 

four headed shear studs were used.  The studs were ¾ in. diameter and 7 in. in length.  

The headed shear stud system utilized welded stud connectors on a plate that was 

embedded in the top flange of the beam had successful results.  The specimens performed 

very similar to the test specimens that utilized the typical reinforcement bar stirrups.  

Headed shear studs do have a lower yield stress, so an increased number of studs may be 

required. 

1.3.9 NCHRP 12-65 Project 

Badie and Tadros (2008), as a part of NCHRP project 12-65, developed two full-

depth precast concrete bridge panel systems, a transversely pretensioned system and a 

transversely conventionally reinforced system. They proposed guidelines for the design, 

fabrication, and construction of full-depth precast concrete bridge deck panel systems 

without the use of post-tensioning or overlays. The study also proposed and tested 

innovative connections between full-depth deck panels to steel and precast longitudinal 

girders and connections between the panels. Experimental testing was conducted on 

these panels under fatigue and gravity loading. Figures 1-11 and 1-12 show the 

connection details between the deck panel and precast and steel plate girders, 

respectively. 
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Figure 1-11 Connection between Full-Depth Deck Panel and Precast I-Girder (Badie 

and Tadros, 2008) 

Figure 1-12 Connection between Full-Depth Deck Panels and Steel Plate Girder 

(Badie and Tadros, 2008) 
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A new panel to concrete girder connection detail was developed, where clusters of 

three double-headed studs 1-1/4 in. were used.  The longitudinal spacing between the 

clustered studs was 4 ft.  This type of connection was found to achieve a full composite 

action for bridges with spans up to 130 ft and girder spacing up to 11 ft.  Significant 

fatigue testing was also performed on this connection and found to be adequate. 

A new panel to steel girder connection detail was developed, with clusters of eight 

double-headed 1-1/4 in. studs at 48 in. spacing. Hollow Structural Steel (HSS) tubes 

were shown to be effective in confining the grout surrounding the studs.  Extensive 

analytical and experimental investigation proved that this connection was adequate for 

strength and fatigue. 

In addition, recommended guidelines for design, detailing, fabrication, and 

construction of full-depth concrete bridge deck panel systems were developed. It was 

found that the connection details using 1-1/4 in. shear stud cluster spaced at 48 in., 

instead of the 24 in. that is currently specified in Section 6 of the current AASHTO 

LRFD Bridge Design Specifications (AASHTO, 2012), was sufficient. Also, Article 

5.8.4.1 in the AASHTO LRFD specifications can be used to estimate the horizontal shear 

capacity of the proposed panel-to girder detail on both concrete and steel girders. 

1.3.10 Henley (2009) 

Henley (2009) explored the shear connection between a full-depth precast deck 

and a precast concrete girder via a pocket-haunch-connector system, as shown in Figure 

1-13. He performed experiments on 24 shear push-off samples that were simulated as a 

precast concrete girder with precast slab on top. The effects of various pre-and post-
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installed shear connectors, haunch heights, surface roughness, grouping effects, and grout 

compositions were compared to cast-in-place specimens. Of these specimens, 16 had 

pre-installed connectors and the remaining 8 were post-installed specimens. Two 

threaded rods with end nuts were tested, with and without couplers. Similarly, four 

specimens using conventional R-bar shear connections were tested with haunch heights 

of 2 in. and 3.5 in. The remainder of the pre-installed connectors used both one and two 

high strength bolted connections per composite pocket. Two threaded rods per composite 

pocket had similar performance (5% superior peak force) as that of the current CIP shear 

connector (R-bars).  The 8 specimens assembled with post-installed shear connectors 

were tested to investigate the feasibility of post-installed options, should the pre-installed 

connectors not align with the composite pockets during construction. They concluded 

that post-installed shear connections provided inferior shear capacity. 

Figure 1-13 Proposed Precast Deck Panel System (Henley, 2009) 

1.3.11 Nebraska University Deck (NUDECK) System 

Hanna et al. (2010) developed the second generation of precast concrete deck 

system to simplify precast panel/girder production, speed up bridge superstructure 
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construction, and improve deck durability. This new generation of NUDECK consisted 

of full-width full-depth precast concrete deck panels, that were 12 ft long, to minimize 

the number of deck panels and transverse joints. It also utilizes covered individual 

pockets and bundled shear connectors at 4 ft spacing to simplify panel and girder 

production and eliminate the need for deck overlay. Precast deck panels were pre-

tensioned in transverse direction and post-tensioned in the longitudinal to enhance deck 

durability and to achieve the same service life of other bridge components. Post-

tensioning strands were placed underneath the deck panels (at the haunch area) to 

eliminate threading strands through ducts and grouting operations. 

This system was first implemented in the Kearney East Bypass project in 

Kearney, NE (Morcous et al., 2013). The project consisted of twin bridges: the south 

bound bridge constructed using conventional cast-in-place deck; and the north bound 

bridge constructed using the second generation NUDECK system. Each bridge is a two-

span continuous bridge that is 41 ft 8 in. wide and 332 ft long. Each span is 166 ft long 

and consists of five precast/prestressed concrete girders (NU1800) at 8 ft 6 in. spacing. 

Several experimental investigations were conducted to evaluate the practicality, 

economic feasibility and structural performance of Second Generation NUDECK system.  

The results of these investigations indicated that this system is an efficient deck system 

for implementation in the Kearney East Bypass project. 

1.3.12 Perry and Royce (2010) 

Perry and Royce (2010) investigated a new method for the replacement of 

deteriorating highway bridge decks by using UHPC joint filled with full-depth precast 
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deck panels. They used precast concrete deck panels with filed-cast UHPC joints to 

develop the continuity in the deck panels. The UHPC joint fill material showed excellent 

bond development length. It also showed superior freeze/thaw resistance, extremely low 

porosity, higher than normal flexural strength and superior toughness, which provided 

improved resistance to climatic conditions and continuous flexing from truck loadings 

across the joints. It was also observed that the total shrinkage of UHPC was distributed 

throughout the system and the UHPC/HPC deck interface was bonded with no potential 

for leaking. 

1.3.13 PCI (2011) 

PCI (2011) provided state-of-the-art guidance relative to selecting, designing, 

detailing, and constructing precast full-depth decks for bridge construction. The 

information provided in the report is applicable for new bridge deck construction or 

bridge deck replacement. A typical practice for design of panel thickness, longitudinal 

and transverse reinforcement, overhang design, impact to barrier, panel-to-girder 

connection, and longitudinal post-tensioning along with design examples are provided in 

the report. Examples included successful detailing including transverse joints, horizontal 

shear connections, leveling and temporary supports, and haunch details between the 

beams and decks. Various connection details used in full-depth precast deck panel 

systems built in the United States during the past 30 years were also presented in the 

report. Information on the production, handling, and construction of full-depth precast 

deck panels were also provided in the report. This included quality control, construction 

operations, and wearing and protection systems. 
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1.3.14 Assad (2014) 

Assad (2014) investigated different deck removal methods and their impacts on 

the structural performance of precast/prestressed concrete I-girders with wide and thin 

top flange. Different saw cutting and jack hammering techniques were investigated to 

study the damage to the girders, duration, cost and impact on the environment. These 

methods were implemented on the Camp Creek Bridge over I-80 in Lancaster County, 

NE. Two girders from the bridge were also tested in flexure after applying different 

levels of deck removals around shear connectors and re-decking. Data obtained from 

using similar techniques on three other projects were also collected and analyzed. 

Based on the results from the field, and analytical and experimental 

investigations, the most common methods for deck removal for re-decking were saw 

cutting, jack hammering and hydro demolition. Debonding the edges of the top flange 

was found to be an effective way for lifting saw-cut deck panels between girders without 

damaging the thin top flange of the girders. Moreover, they indicated that the most cost 

effective method of deck removal was highly dependent on the quantity, environmental 

restriction, and type of girder and its shear connectors. It was observed that leaving 

approximately 50% of the old deck concrete around shear connectors does not 

significantly affect the horizontal shear capacity of the new composite section. 

1.3.15 Cao et al. (2016). 

Cao et al. (2016) developed and evaluated the performance of self-consolidating 

concrete (SCC) for connecting precast concrete deck panels to supporting bridge girders. 

SCC was found to maintain a high filling and passing ability for 2 hours and exhibit 
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adequate stability. The use of SCC for the filling of shear pockets and haunches in 

precast concrete deck system proved to be an economical as well as a superior alternative 

to commercial grouts in bridge construction. 

The developed SCC mixture was also implemented in the construction of the 

Kearney East Bypass Bridge Project in Kearney, Nebraska. The SCC was used to fill the 

shear pockets and haunches between the deck and the girders. The SCC used for the field 

implementation had high flowability, adequate stability, and high compressive strength.  

The developed SCC also had adequate frost durability.  The SCC was found to 

completely fill the shear pockets and haunches between the deck and the girders.  This 

successful implementation proved that the developed SCC for the filling of shear pockets 

and haunches in precast concrete deck systems can be used as an economical and superior 

alternative to commercial grouts in bridge construction. 

1.3.16 Tawadrous (2017) 

Tawadrous (2017) developed methods for designing HSS-formed shear pockets 

with clustered shear connectors for full-depth precast concrete deck systems. These 

methods were intended to assist in sizing shear connectors, selecting shear pocket 

dimensions and HSS thickness, and determining pocket anchorage and reinforcement 

necessary to maximize the connection capacity while allowing adequate construction 

tolerance. Experimental investigation (push-off testing) and finite element analysis 

(FEA) were performed to validate the developed design procedures. Figures 1-14 and 1-

15 show a general shear connector and shear pocket configuration for a clustered shear 

connection, respectively. A combination of rectangular and circular HSS shear pockets 
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were used to verify a wide range of shear pocket shapes and dimensions. The mode of 

failure in push-off specimens was primarily the shearing off the shear connectors. 

However, concrete failure was experienced when the shear pocket dimensions exceeded 

the recommended upper limits of shear pocket dimensions and/or when transverse 

reinforcement was not provided. Analysis and testing results validated the adequacy of 

the developed design method for HSS-formed shear pocket connections. In addition, a 

clustered shear connector database consisting of 162 shear tests obtained from the 

literature was created. The database was used to evaluate the feasibility of using current 

interface shear prediction models provided by AASHTO LRFD, fib MC 2010, Eurocode-

2, and CSA-S6 design codes. Comparisons indicated that the existing code provisions 

are applicable to predict the interface shear resistance of clustered shear connectors with 

different levels of accuracy. 

Figure 1-14 General Shear Connectors (Tawadrous, 2017) 
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Figure 1-15 Shear Pocket Layout (Tawadrous, 2017) 

1.4 Research Objectives and Scope of Work 

The current provisions in AASHTO LRFD bridge design specifications are for 

cast-in-place decks and do not address the seismic design of composite full depth precast 

deck panels. The primary objective of this study was to develop and design a 

prefabricated composite precast bridge deck that can be used in high seismic zones. 

These prefabricated decks also offer the ability to be replaced during the life span of the 

bridge while maintaining the serviceability and seismic resiliency of the newly replaced 

decks. 

The study conducted literature review on shear connector research and accelerated 

bridge construction as discussed in Section 1.3 of this report. Experiments were 

conducted to investigate the shear and pull-out behavior of headed anchors. Shear and 

pull-out specimens were constructed and tested to evaluate the effect of grout type, head 

area and group effect on the ultimate capacity and the stiffness of anchors. The results 

from these experiments were then used to perform nonlinear analyses of a two-span 

bridge. The AASHTO provisions used for CIP construction were utilized for the seismic 

design of precast deck panels. From the nonlinear analysis, seismic forces on the anchor 
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and the effect of anchor spacing on the overall seismic response of the bridge were also 

evaluated. 

1.5 Report Organization 

This report is organized as follows: 

Chapter 1 introduces the background, problem statement, objectives and literature review 

of current precast concrete deck systems; 

Chapter 2 describes the experimental investigation carried out to evaluate the shear and 

pullout strength of the selected headed anchor; 

Chapter 3 presents the seismic computational model for headed anchors and their seismic 

response using nonlinear response history analysis. The anchor seismic forces 

and the effect of the anchor spacing on the overall bridge seismic response are 

also presented; 

Chapter 4 presents the summary and conclusions of the conducted research, as well as 

recommendations for future research. 
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2. Experimental Study 

2.1 Introduction 

The anchors that connect prefabricated deck panels to longitudinal girders of a 

bridge could have a major impact on the gravity and seismic load performance of bridges. 

Without these anchors, the deck will act independently and will thus increase the live 

load stresses in the longitudinal girders due to the non-composite action. Furthermore, if 

the deck is not adequately attached to the longitudinal girders, it will slip over the 

longitudinal girders during seismic events. The current AASHTO Specifications 

(AASHTO 2012) do not have explicit requirements for the connection of precast deck 

panels to precast, prestressed (P/S) concrete girders. 

For CIP decks, the stirrups of the precast girder are extended into the deck to 

provide composite action in the deck girders system. Previous earthquakes did not 

expose any vulnerabilities in CIP deck and precast girders. Therefore, it is implied that 

the shear reinforcement designed for gravity load is adequate to connect the CIP deck to 

the girders to resist seismic loads. However, when precast deck panels are used, it is 

necessary to attach the deck panels to the longitudinal girders through headed anchors or 

other shear connectors. This is achieved by leaving voided pockets along the depth of the 

precast deck and a cluster of anchors or other shear connectors that are already embedded 

in girders, extending into the pockets. These pockets are then be filled with grout to 

connect the precast deck to the girders. 
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This study used headed anchors to connect the deck to the longitudinal girders. 

Shear and pullout tests of the anchors were carried out to study the shear and pullout 

behavior of these anchors. 

2.2 Shear Test of Headed Anchors 

The objective of this investigation was to determine the shear strength and 

stiffness of the anchors by performing a push-out test, in which shear force is applied 

directly at the interface between deck and girder. These tests help identify the strength 

and stiffness of anchors embedded in different types of grout, the group effect of headed 

anchors, and the effect of the anchor head area. Nine push-out shear experiments were 

performed to better understand the effect of these parameters on the shear strength and 

stiffness. 

2.2.1 Test Specimens 

Three shear specimens, with three shear pockets in each specimen, were 

constructed each with three combination of number of anchors, types of grout, and head 

area of the anchors. Thus a total of nine experiments were conducted. Figure 2-1 shows 

the details of all the specimens. The geometry of the test specimens was selected to 

represent full-scale deck-girder connection. Each specimen consisted of an 8 in. thick 

concrete deck and the upper part of a precast concrete girder, and a concrete footing. The 

footing base was used to connect the girder web to the strong floor of the lab. A loading 

head at the deck was used to apply the load along the interface of the deck and girder. 
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(a) 

(b) 

(c) 

Figure 2-1 Specimen Details (Shear Test): (a) Specimen 1; (b) Specimen 2 and (c) 

Specimen 3 
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2.2.1.1 Deck Section and Pockets 

The deck section consisted of a nominal 6’x4.125’x8" slab with pockets of 

various sizes. Figure 2-2 shows the formwork for deck sections with pockets. Figure 2-3 

shows the reinforcement detail of the deck section that consisted of top and bottom layers 

with #4 bars in the longitudinal direction, and #5 bars in the transverse direction. All the 

deck segments were cast at the same time from the same mix of concrete with a target 28-

day compressive strength of 5,000 psi. Figure 2-4 shows the casting of concrete. 

Each deck specimen was constructed with three voided pockets through the entire 

depth of the deck. The pocket sizes were different depending on the number of anchors 

used. The pocket details are shown in Figure 2-5. Rounded corners were provided in the 

pockets to minimize cracking potential and minimize potential for grout voids. Out of 

the nine pockets, there were one, two and six pockets with 1, 2, and 4 anchors, 

respectively. Figure 2-6 shows the deck section with the pockets before placement of the 

filler material. 
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Figure 2-2 Formwork for Deck Specimens with Grout Pockets 

Figure 2-3 Deck Reinforcement Details 
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Figure 2-4 Concrete Pouring on Deck Specimens 

Figure 2-5 Pocket Detail for 1, 2 and 3 Headed Anchors 
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Figure 2-6 Deck Sections with Voided Pockets 

2.2.1.2 Girder and Footing Section 

The girder section consisted of a top flange and an upper part of web connected to 

a footing as shown in Figure 2-7. The total height of 16.75 in. was used based on the 

development length required for the anchor. Figures 2-8 and 2-9 show reinforcement 

details of the girder and the footing. Headed anchors in each pocket were installed in the 

girder before casting concrete such that 6 in. of the anchor extended beyond the top 

surface of the girder. All girder segments were cast at the same time using the same mix 

of concrete with a target 28-day compressive strength of 8,000 psi. Figure 2-10 shows 

the girder and the footing during casting. Figure 2-11 shows the completed girder and 

footing specimen with anchors extended above the top surface of the girder. 
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(a) 

(b) 

Figure 2-7 Girder Section (a) 1 Headed Anchor (b) 2 and 4 Headed Anchors 
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Figure 2-8 Girder and Footing Reinforcement Detail 

Figure 2-9 Girder and Footing Reinforcement Details 
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Figure 2-10 Concrete Pouring on Girder Specimens 

Figure 2-11 Girder and Footing Details 
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2.2.2 Materials 

2.2.2.1 Concrete 

Conventional concrete was used for the construction of the deck and girder for 

shear test specimens. Standard 6" x 12" concrete cylinders, as shown in Figure 2-12, 

were tested under compression at 7 days, 28 days, and the day of testing. At least three 

cylinders were tested according to ASTM C39/C39M-17a. Only the average of test data 

was reported. The measured 28-day compressive strength of deck and girder specimens 

were 4.2 ksi and 3.8 ksi, respectively. The measured strength history of the concrete used 

for deck and girder specimens is shown in Figure 2-13, and test day compressive strength 

of concrete is presented in Table 2-1. 

Figure 2-12 Concrete Cylinders for Compressive Strength Test 
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Table 2-1 Compressive Strength (f’c) of Deck and Girder Specimen on Test Day 

Test 
Strength (ksi) 

Deck Girder 

1 5.15 4.87 

2 5.23 4.59 

3 5.12 4.78 

4 5.26 4.87 

5 5.47 5.00 

6 5.40 5.00 

7 5.80 5.29 

8 6.03 5.45 

9 5.71 5.28 
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Figure 2-13 Compressive Strength of Deck and Girder Specimen Concrete 
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2.2.2.2 Grout 

Various types of grout and concrete materials were used to fill the deck pockets. 

The grout used are: 1428 HP, EucoSpeed, Latex concrete (HD 50) and Polyester 

Concrete (PPC 1121). In addition to grout, Concrete (Sakrete 5000 Plus High Strength 

Concrete Mix) and Ultra High Performance Concrete (UHPC) were also used. The 

compressive strength of 1428 HP, EucoSpeed and Latex concrete grouts were measured 

according to ASTM C109/C109M using 2 in. cube specimens as shown in Figure 2-14. 

Plastic cylinders with 4 in. diameter and 8 in. height were used for concrete and polyester 

concrete samples and cylinders with 3 in. diameter and 6 in. height were used for UHPC 

sampling. The measured strengths of the grouts and concrete are shown in Figure 2-15, 

and the test day compressive strength of the grouts is presented in Table 2.2. The 

modulus of elasticity (E) of each grout was calculated according to ASTM C469/C469M 

and is listed in Table 2-3. The modulus of elasticity of the remaining four grouts were 

found to be between 3600 to 4300 psi. 

Figure 2-14 Grout Samples for Compressive Strength Test 
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Table 2-2 Compressive Strength of Grout (fm) on Test Day 

Test Specimen Pocket Grout No. of Days 
Strength 

(ksi) 

1 1 1 1428 HP 9 10.72 

2 2 1 1428 HP 14 11.23 

3 3 1 1428 HP 16 11.15 

4 1 3 EucoSpeed 8 7.92 

5 2 2 Concrete 32 6.62 

6 3 2 Latex Concrete 19 8.87 

7 3 3 Polyester Concrete 8 5.55 

8 2 3 UHPC 7 17.46 

9 1 2 UHPC 12 21.78 

Table 2-3 Calculation of Modulus of Elasticity (E) of Grouts 

Grout Specimen 1 Specimen 2 Specimen 3 
Average E 

(psi) 

1428 HP 4,055 4,420 4,405 4,293 

EucoSpeed 4,262 4,117 - 4,189 

Concrete 3,421 3,990 3,834 3,749 

Latex Concrete 3,702 3,487 3,887 3,692 

Polyester Concrete 1,419 1,415 1,421 1,418 

UHPC 8,917 8,602 9,139 8,886 
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Figure 2-15 Compressive Strength of Grouts (Shear Test) 

41 



 

 
 

 

 

   

    

  

   

 

    

 

 

  

  

 

 

 

 

 

 

 

     

 

 

  

   

2.2.2.3 Deck and Girder Reinforcement 

Standard Gr. 60, ASTM A615 deformed mild reinforcing steel bars were used in 

this study. Samples of the No. 3 and No. 4 reinforcing bars used in the test specimen 

were tested under tension according to ASTM E8/E8M-16a. The average measured yield 

stress and ultimate strength for No. 3 bars were 72.1 ksi and 111.8 ksi. For No. 4 bars, 

the average measured yield stress and ultimate strength were 73.7 ksi and 101.8 ksi. The 

measured stress-strain relationships of the #3 and #4 samples are shown in Figures 2-16 

and 2-17. A summary of the measured material properties is listed in Tables 2-4 and 2-5. 
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Figure 2-16 Stress-Strain Behavior of #3 Reinforcing Steel 
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Stress-Strain Behavior of #4 Reinforcing Steel 
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Figure 2-17 Stress-Strain Behavior of #4 Reinforcing Steel 

Table 2-4 Number 3 Bar Reinforcing Steel Material Test Results 

Sample 
Yield Stress 

(ksi) 

Ultimate Stress 

(ksi) 

1 72.5 112.4 

2 71.6 111.0 

3 72.2 112.1 

Average 72.1 111.8 
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Table 2-5 Number 4 Bar Reinforcing Steel Material Test Results 

Sample 
Yield Stress 

(ksi) 

Ultimate Stress 

(ksi) 

1 73.8 101.1 

2 73.4 102.7 

3 73.7 101.3 

4 73.9 102.0 

Average 73.7 101.8 

2.2.2.4 Headed Anchors 

The headed anchors used in this study were #5 Standard Gr. 60, ASTM A706 

deformed mild steel reinforcing bar. These anchors were supplied by Headed 

Reinforcement Corporation (HRC). Two different head areas, 9Ab and 4Ab, were used. 

Figures 2-18 and 2-19 show the details and photos of the headed anchor for two head 

bars, respectively. The head and # 5 bars connected using a coupler. The bar was 

friction-welded to the coupler. The head was square and was threaded inside with 5/8 in 

– 11 UNC thread size. 
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(a) (b) 

Figure 2-18 Headed Anchor Details (a) Head Area = 9Ab; (b) Head Area = 4Ab 

Figure 2-19 Headed Anchor (Left: Head Area = 4Ab; Right: Head Area = 9Ab) 
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Figure 2-20 shows the elevation of the headed anchors. The development length 

of the bar embedded into the girder was calculated according to AASHTO Section 

5.11.2.4 for a standard hook, ldh, is defined as: 

38 
 sing 

Therefore, ldh = 11.2 in. was used. 

The development length of the rebar embedded into the girder was increased to 17 

in. to provide sufficient workable space between flange of girder and footing. 

AASHTO provisions do not have equations for determining the development 

length of headed anchor.  Therefore, ACI 318-11, Section 12.6 was used to calculate the 

development length for headed anchors into deck. The development length in tension for 

headed bars (ldt) is defined as: 

0.016 
6  sing 

Therefore, ldt = 6 in. controls. 
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Figure 2-20 Development Length of Headed Anchor 

2.2.3 Test Matrix 

A test matrix, shown in Table 2-6, was developed to study various parameters 

used in the nine experiments. The small head was used only in combination with UHPC 

to determine if the high strength of UHPC would improve the anchorage mechanism and 

would allow for a smaller heads, which could simplify construction.  The test was 

performed such that only one pocket in each specimen was filled with grout at a time to 

ensure that only the anchors in that pocket were engaged during the test. Note that the 

term “grout” used in this document refers to the pocket filler material, which in some 

cases was concrete as stated in the test matrix.  After each test, grout was removed before 
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placing grout in the next pocket. A detailed step-by-step procedure of the testing is 

discussed in Section 2.2.5. 

Table 2-6 Test Matrix for Shear Test of Headed Stud 

Test Specimen Pocket Grout 
Number of 

Anchors 

Head 

Area 

1 1 1 1428 HP 1 9Ab 

2 2 1 1428 HP 2 9Ab 

3 3 1 1428 HP 4 9Ab 

4 1 3 EucoSpeed 4 9Ab 

5 2 2 Concrete 4 9Ab 

6 3 2 Latex Concrete 4 9Ab 

7 1 3 Polyester Concrete 4 9Ab 

8 2 3 UHPC 4 9Ab 

9 3 2 UHPC 2 4Ab 

2.2.4 Test Setup and Instrumentation 

The schematic of the test set up is shown in Figures 2-21 and 2-22. A hydraulic 

actuator was used to apply load on the loading head of each specimen. A displacement 

controlled loading scheme was utilized where a horizontal compressive load was applied 

on the loading head at an average rate of 0.5 in/min until failure of the anchors. The load 

and horizontal displacement were monitored and recorded at an interval of 0.1 in. 

displacement until the displacement was 0.6 in. Afterward, the load and displacement 

were recorded at an interval of 0.2 in. up to 1 in. displacement. The interval was 

increased to 0.4 in. afterward. The intervals were adjusted during the test depending on 
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the observed behavior. Figure 2-23 shows the location of transducers in deck, girder and 

footing segments. Two Novotechnik transducers (LWG series) were mounted on each 

side of the deck and girder section to measure any horizontal slippage of the deck relative 

to the girder as shown in Figure 2-24 (a). Figure 2-24 (b) shows the placement of 

transducers (TR series) between the test specimen and the laboratory strong floor to 

measure any relative slip between the girder and strong floor. Cracks and signs of failure 

were noted and recorded during each test. Strain gages were also placed on the anchor 

rebar to measure the strain in the connectors. Figures 2-25, 2-26, and 2-27 show the 

location of strain gages in specimens 1, 2 and 3, respectively. The strain gages were 

placed at the level of deck and girder interface and also at the level of girder web and 

flange interface. 
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(a) Plan View 

(b) Elevation View 

Figure 2-21 Plan and Elevation Schematic of Overall Shear Test Setup 



 

 
 

 

  

  

Figure 2-22 Shear Test Setup 
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Figure 2-23 Transducers on Deck, Girder and Footing 
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(a) (b) 

Figure 2-24 Placement of Transducers 
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(a) Plan View 

(b) Elevation View 

Figure 2-25 Location of Strain Gage in Specimen 1 
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(a) Plan View 

(b) Elevation View 

Figure 2-26 Location of Strain Gage in Specimen 2 
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(a) Plan View 
 
 
 
 

 
(b) Elevation View 

 
 

Figure 2-27 Location of Strain Gage in Specimen 3 
 
 

2.2.5 Construction Process and Testing Procedure 
 

The step-by-step testing procedure followed for the construction and testing of all 

shear test specimens is explained below and illustrated in Figure 2-28. 

a) Cast the deck, the girder, and the footing. 
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b) After 28 days of placing concrete in the deck and girder segments, the specimens 

were crane lifted, Figure 2-28 (a), to the test location and were connected to the 

strong floor. The deck segments were placed on the top of the girders, Figure 2-28 

(b). Grout was then poured under footing as shown in Figure 2-28 (c). 

c) 1428 HP grout was placed in the first pocket of each specimen to ensure only the 

first anchor was engaged during the test as shown in Figure 2-28 (d). 

 
 

(a) (b) 
 

(c) (d) 
 

Figure 2-28 Step-by-step Procedure of Shear Test of Headed Anchors 
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d) After the grout reached the required strength, the first specimen was prepared for 

testing. A load slider was connected to the loading head of the first specimen to 

prevent any potential of actuator uplift [Figure 2-29 (a)]. The actuator was then 

connected to the strong wall using fixture plate and a spacer [Figure 2-29 (b)]. The 

actuator and the load slider were connected and aligned with the loading head of 

the deck. Shear test was performed on the first pocket of first specimen. 

 
 

(a) (b) 
 

Figure 2-29 Step-by-step Procedure of Shear Test of Headed Anchors 
 
 

e) After completing testing the first specimen, the second specimen was prepared. 
 

All the testing equipment was moved from specimen 1 to specimen 2 according to 

the procedure explained in step (d). 

f) Step (e) was repeated for specimen 3. 
 

g) After each test, grout was removed from the pockets using chipping hammer and 

recorded the time needed for that. The grout removal process and results are 

discussed in more detail in Section 2.2.6.3. After completely removing the grout, 

the deck was lifted and positioned along the girder. 
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h) EucoSpeed, Concrete and Latex Concrete were then placed in third, second and 

second pockets of Specimens 1, 2 and 3, respectively. After the pocket grout had 

reached the required strength, the testing was repeated for specimens 1, 2 and 3 

according to the steps explained earlier. After completing the tests, grout was 

removed, the deck was lifted and positioned on the girder. 

i) Polyester Concrete, UHPC and UHPC were then poured in the second, third and 

third pocket of Specimens 1, 2 and 3, respectively. After the grout reached the 

required strength, the testing was repeated for specimens 1, 2 and 3 according to 

the steps explained earlier. 

 
 

2.2.6 Shear Test Results 
 

2.2.6.1 Ultimate Strength and Stiffness 
 

Table 2-7 summarizes the key test results such as peak loads and displacements at 

the peak loads. Figure 2-30 shows the load-displacement curves for all nine specimens. 

The average ultimate shear capacity per anchor was found to be 25.42 kips, as shown in 

Table 2-7. The measured force displacement curves were used to calculate the stiffness 

of the headed anchor for each test by computing the slope in the linear region of the 

force-displacement response. The stiffness of the headed anchor for each test is listed in 

Table 2-8. The stiffness of each anchor ranged between 41 to 63 kip/in. 
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Table 2-7 Summary of Shear Test Results 

Test Grout 

Number 

of 

Anchors 

Head 

Area 

Displacement 

(in) 

Force 

(kips) 

Force per 

Headed 

Stud (kips) 

1 1428 HP 1 9Ab 1.820 25.82 25.82 

2 1428 HP 2 9Ab 1.430 55.45 27.73 

3 1428 HP 4 9Ab 1.440 101.43 25.36 

4 EucoSpeed 4 9Ab 1.540 99.36 24.84 

5 Concrete 4 9Ab 1.780 107.83 26.96 

6 Latex Concrete 4 9Ab 1.670 102.19 25.55 

7 
Polyester 

Concrete 
4 9Ab 1.460 106.59 26.65 

8 UHPC 4 9Ab 1.330 94.41 23.60 

9 UHPC 2 4Ab 1.220 44.62 22.31 

Table 2-8 Shear Stiffness of Headed Anchors 

Test Grout 
No. of 

Anchors 

Total Stiffness 

(kip/in) 

Stiffness/Anchor 

(kip/in) 

1 1428 HP 1 40 40 

2 1428 HP 2 124 62 

3 1428 HP 4 225 56 

4 EucoSpeed 4 178 44 

5 Concrete 4 182 45 

6 Latex Concrete 4 253 63 

7 Polyester Concrete 4 238 60 

8 UHPC 4 188 47 

9 UHPC 2 83 41 
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Test 1 (1428 HP - 1 Headed Anchor) 
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Figure 2-30 Force Displacement Curve (Shear Test of Headed Anchors) 



 

 
 

  

 

 

   

  

      

   

       

    

 

      

  

    

    

  

2.2.6.2 Crack Pattern and Failure Mechanism 

The crack patterns during each load increment were carefully studied and 

recorded to determine the failure mechanism. In all nine specimens, the failure mode was 

the fracture of the headed anchor at the deck girder interface. In some pockets with four 

anchors, the test was stopped before the fracture of all four anchors in order not to 

damage the anchors in the adjacent pockets. Figure 2-31 shows the fractured headed 

anchors and the pocket with the failed anchors. Figures 2-31 (a), (b) and (c) show the 

fractured headed anchors from 1-, 2- and 4-anchors pockets, respectively. Figure 2-31 

(d) shows the girder surface where the anchors were fractured. Figure 2-31 (e) shows the 

un-fractured headed anchor in one of the 4-anchor pockets. 

Figures 2-32 and 2-33 show the crack pattern in various pockets at the end of the 

test. Cracking was observed around the grout concrete interface while testing the first 

pocket in each specimen. For the second and third pockets, additional cracks were 

observed at the corner of the grout pocket across the width of the specimen. 
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(a) (b) 

(c) 

(d)  (e) 

Figure 2-31 Failure of Headed Anchor 
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Test 1                                           Test 2 

Test 3  Test 4 

Test 5  Test 6 

Figure 2-32 Crack Pattern of 9 Grout Pockets (Tests 1-6) 
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Test 7  Test 8 

Test 9 

Figure 2-33 Crack Pattern of 9 Grout Pockets (Tests 7-9) 

2.2.6.3 Grout Removal 

One of the parameters for this study was to investigate the ease of removing the 

grout from the pocket. This issue was studied to identify the more feasible grouts for 

future deck replacement or rehabilitation. After each test, the grout in the pockets was 

removed using a Makita 1 9/16 HR 4041C chipping hammer shown in Figure 2-34. 

Figures 2-35 (a) and (b) show the pocket during and after completely removing the grout. 
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The time required to remove the grout was recorded. Table 2-9 shows the time required 

for the removal of grout in each pocket with 4 anchors. The time required for tests 1, 2 

and 9 are not included since only the pockets with same quantity of grout were studied. It 

was observed that the latex concrete took the least amount of time (52 minutes) to be 

removed, while the times for 1428 HP, EucoSpeed grout and conventional concrete were 

62, 86, and 72 minutes, respectively. The 1428 HP, EucoSpeed and conventional 

concrete required 19.2%, 65.4%, and 38.5% more time for removal than the time needed 

for latex concrete. The polyester concrete and UHPC required the longest time to 

remove. In fact, these grout were not completely removed from the pockets since it took 

approximately 90 minutes to remove the first 1/3rd of the each grout. Based on the time 

required and ease in removing the grout, 1428 HP, EucoSpeed, conventional concrete and 

latex concrete can be recommended for use when future deck replacement is a concern. 

Figure 2-34 Chipping Hammer used for Grout Removal 
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(a) (b) 

Figure 2-35 Grout Removal 

Table 2-9 Grout Removal Time 

Test Grout 
Number of 

Anchors 
Time Notes 

3 1428 HP 4 1 hr 2 min 

4 EucoSpeed 4 1 hr 26 min 

5 Concrete 4 1 hr 12 min 

6 Latex Concrete 4 52 min 

7 
Polyester 

Concrete 
4 1 hr 30 min Only 1/3 removed 

8 UHPC 4 1 hr 30 min Only 1/3 removed 

2.2.7 Discussion of Shear Test Results 

2.2.7.1 Effect of Grout Type 

The goal of the first test series was to investigate the performance of different 

types of grout. Results of tests 3, 4, 5, 6, 7 and 8 were compared to study the effect of six 

different types of grout. All these tests have 4 headed anchors in the shear pockets. The 
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results from test 1, 2 and 9 were not included in this study since these tests had less than 4 

headed anchors. Figure 2-36 shows the measured force displacement curves for the six 

tests. From these curves, it can be concluded that the grout type had a negligible effect in 

the shear strength of headed anchors. The maximum capacity of 108 kips was observed 

in the anchor with concrete grout and the minimum capacity of 94 kips was observed in 

the anchor with UHPC filled grout pocket. It was also observed that the anchors yielded 

at lower displacement in UHPC filled grout pockets than other grout pockets causing 

small drop in the force. This is due to the higher stiffness of UHPC and higher bond 

strength between UHPC and the anchors. Due to the higher stiffness and bond strength 

that the UHPC provided, it appears that shear strains were concentrated over a relatively 

small portion of anchor, which caused the bar to yield at a lower displacement. 
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Figure 2-36 Force Displacement Curve (Type of Grout) 
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2.2.7.2 Effect of Number of Headed Anchor 

The second test parameter was the anchor group effect. The test results of 

pockets with 1, 2 and 4 anchors with HP 1428 grout were compared. Figure 2-37 shows 

the force displacement response for pockets with various numbers of headed anchors. To 

isolate the effect of the number of anchors, the curves for the specimens with 2 and 4 

number of anchors were normalized by dividing the forces by number of anchors and 

presented in Figure 2-38. It was observed that the number of headed anchor had 

negligible effect on the force displacement relationships and the ultimate shear strength 

of the headed anchor. However, the maximum displacement at which the headed anchor 

failed decreased with the increase in the number of anchors.  This could be attributed to 

the increased stiffness in the anchor group. 
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Figure 2-37 Force Displacement Curve (Number of Headed Anchor) 
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Test 1 (1428 HP - 1 Headed Anchor) 

Test 2 (1428 HP - 2 Headed Anchors) 

Test 3 (1428 HP - 4 Headed Anchors) 

Figure 2-38 Force Displacement Curve per Anchor (Number of Headed Anchor) 

2.2.7.3 Effect of Anchor Head Area 

The effect of the head area on the ultimate shear strength of the anchors was also 

studied. The force displacement curves of the anchor with head area of 9Ab (4 anchors) 

and 4Ab (2 anchors) are compared in Figure 2-39. Both pockets were filled with UHPC. 

The forces were then normalized by the number of anchors as shown in Figure 2-40. No 

significant force difference was observed when the size of the head was reduced. 

However, it was observed that the maximum displacement at which the anchors failed 

decreased with the reduction in the head area of the anchors. 
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Force Displacement Curve (Effect of Head Area) 
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Figure 2-39 Force Displacement Curve (Head Area) 
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Figure 2-40 Force Displacement Curve per Anchor (Head Area) 
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2.3 Pullout Test of Headed Anchors 

The objective of this part of the investigation was to study the pull-out behavior of 

the headed anchors and to determine the rebar pullout strength using various grouts. 

These tests were also used to identify the mode of failure for anchors embedded in 

various grouts. The potential failure modes in rebar embedded in concrete are shown in 

Figure 2-41 and can be summarized as: (a) Steel failure, (b) Grout breakout of the 

anchors and the surrounding concrete, and (c) pullout of the anchors from the grout. 

(a) (b)  (c) 

Figure 2-41 Modes of Failure (Pullout test) 

2.3.1 Specimen Description 

The geometry of the test specimens was selected to represent the headed anchor 

embedded in pockets in the precast deck. A total of 12 specimens were constructed to 

study the pullout behavior of headed anchors. Each specimen was constructed with one 
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pocket with different types of grout and head area. Section 2.3.3 discuss the 12 types of 

pullout tests and the related parameters for this study. 

Figure 2-42 shows the details of the test specimens. Each specimen consisted of a 

20 in. high cylinder with a 24 in. diameter. The top 8 in. of the cylinder represented the 

depth of concrete deck. The top surface of the specimen represented the interface of the 

deck and girder. All specimens were lightly reinforced longitudinally with 6-#3 bars and 

transversely with #3 spiral at 3 in. pitch. Figure 2-43 shows the reinforcement detail of 

the specimens. All 12 pullout test specimens were cast at the same time from the same 

mix of concrete with a target 28-day compressive strength of 5,000 psi. 

73 



 

 
 

 

 

 

   Figure 2-42 Specimen Details (Pullout Test) 
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Figure 2-43 Reinforcement Detail of Pullout Specimen 
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2.3.2 Materials 

2.3.2.1 Concrete 

Conventional concrete was used for the construction of the pullout test specimens. 

Standard 6" x 12" concrete cylinders were tested under compression at 7 days, 28 days, 

and day of testing. At least three cylinders were tested according to ASTM C39/C39M-

17a.  Only the average of test data was reported. The measured 28-day compressive 

strength of specimens was 3.8 ksi. The measured strength of the concrete used for deck 

and girder specimens is shown in Figure 2-44, and test day compressive strength of 

concrete is presented in Table 2-10. 

Table 2-10 Compressive Strength of Pullout Test Specimen 

Test Strength (ksi) 

1, 2, 3 4.81 

4, 5, 6, 7 4.62 

8, 9, 10, 11, 12 4.68 
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Figure 2-44 Compressive Strength of Specimen Concrete 

2.3.2.2 Grout 

Various types of grout materials have been used to fill the pockets such as 1428 

HP, EucoSpeed and Latex concrete (HD 50). In addition to the grout material, Concrete 

(Sakrete 5000 Plus High Strength Concrete Mix) and Ultra High Performance Concrete 

(UHPC) were also used as the grout material. The compressive strength of 1428 HP, 

EucoSpeed and Latex concrete grouts were measured according to ASTM C109/C109M 

using 2 in. cube specimen. Plastic cylinders with 3 in. diameter and 6 in. height were 

used for UHPC sampling. The measured strength of the grouts is shown in Figure 2-45, 

and the compressive strength of the grouts on each test day are presented in Table 2-11. 

The modulus of elasticity (E) of each grout was calculated according to ASTM 

C469/C469M and is listed in Table 2-12. The modulus of elasticity of each grouts 

calculated from shear test and pullout test were compared in Table 2-13. It was observed 

that the values were similar for EucoSpeed and UHPC with a difference of 1.92% and 
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1.38%, respectively. There was 6.43%, 8.25% and 13.36% difference between the 

modulus of elasticity for 1428 HP, Concrete and Latex Concrete, respectively. 

Table 2-11 Compressive Strength of Grout (Pullout Test) 

Grout No. of Days Strength (ksi) Test 

HP 1428 17 11.43 1, 2, 3 

Latex Concrete 14 6.18 4, 5 

UHPC 13 21.69 6, 7 

EucoSpeed 12 8.47 8, 9 

Concrete 32 6.59 10, 11, 12 

Table 2-12 Calculation of Modulus of Elasticity (E) of Grouts 

Grout Specimen 1 Specimen 2 Specimen 3 
Average E 

(ksi) 

1428 HP 4,119 4,003 3,929 4,017 

EucoSpeed 3,878 - 4,340 4,109 

Concrete - 3,844 4,272 4,058 

Latex Concrete 4,166 4,376 4,014 4,185 

UHPC 9,058 8,393 8,840 8,764 

Table 2-13 Comparison of Modulus of Elasticity 

Grout 
Modulus of Elasticity, E (ksi) 

Shear Test Pullout Test Difference % 

1428 HP 4,293 4,017 276 6.43 

EucoSpeed 4,189 4,109 80 1.92 

Concrete 3,749 4,058 309 8.25 

Latex Concrete 3,692 4,185 493 13.36 

UHPC 8,886 8,764 122 1.38 
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Figure 2-45 Compressive Strength of Grouts (Pullout Test) 
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2.3.2.3 Pullout Specimen Reinforcement 

Standard Gr. 60, ASTM A615 deformed mild reinforcing steel bars were used in 

this study. The No. 5 reinforcing bars used in construction of the test specimen were 

tested under tension according to ASTM E8/E8M-16a. The average measured yield 

stress and ultimate strength were 66.8 ksi and 96.5 ksi. The measured stress-strain 

relationship of the #5 sample is shown in Figure 2-46. A summary of the measured 

properties for different samples is listed in Table 2-14. 

Table 2-14 Number 5 Bar Reinforcing Steel Material Test Results 

Sample 
Yield Stress 

(ksi) 

Ultimate Stress 

(ksi) 

1 64.7 96.4 

2 67.0 96.7 

3 68.8 96.5 

Average 66.8 96.5 

Stress-Strain Behavior of #5 Reinforcing Steel 
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Figure 2-46 Stress-Strain Behavior of #5 Reinforcing Steel 
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2.3.2.4 Headed Anchors 

The details and development length of headed anchors used in pullout test are the 

same as those discussed in Section 2.2.2.4. 

2.3.3 Test Matrix 

A testing matrix was developed to summarize the parameters of the 12 pullout 

tests, as listed in Table 2-15. 

Table 2-15 Test Matrix for Pullout Test of Headed Stud 

Specimen Head Area Grout 

1 9Ab 1428 HP 

2 9Ab 1428 HP 

3 9Ab EucoSpeed 

4 9Ab EucoSpeed 

5 9Ab Concrete 

6 9Ab Concrete 

7 9Ab Latex Concrete 

8 9Ab Latex Concrete 

9 9Ab UHPC 

10 4Ab UHPC 

11 4Ab Concrete 

12 4Ab 1428 HP 

2.3.4 Test Setup and Instrumentation 

The test set up is shown in Figure 2-47. An MTS Load Frame with 647 Hydraulic 

Wedge Grip was used to test the specimens. A loading rate of 1.2 in/min was applied on 
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the anchor rod. A slip gage was used to measure any slippage between the steel plate 

under the specimen and the testing machine. Two strain gages were also placed on each 

headed anchor to measure the strain in the connectors. They were placed at the top of the 

grout which would match the interface of deck and girder in bridge application. Cracks 

were marked and evidence of failure was recorded for each test. 

Figure 2-47 Pullout Test Setup 
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2.3.5 Construction process and Testing Procedure 
 

The step-by-step procedure of the testing is shown in Figure 2-48 and are 

explained in the following steps: 

a) Cast specimen for pullout test. 
 

b) After 28 days of concrete curing, the specimens were prepared for casting grout in 

the pockets. The headed anchors were placed such that the anchors were 

embedded 6 in. into the deck as shown in Figure 2-48 (a). Respective grout was 

placed in the pockets according the test matrix of the pullout test. Figure 2-48 (b) 

shows one of the specimens after the grout was poured in the pocket. 

c) After the pocket grout had reached the required strength, the specimens were 

prepared for testing. A base plate was first connected to the bottom part of the 

testing machine [Figure 2-48 (c)]. The specimen was then lifted to place on top of 

the loading frame base plate as shown in Figure 2-48 (d). The grip of the testing 

machine would then hold the rebar of the headed anchor as shown in Figure 2-48 

(e). 

d) The process was repeated for all the specimens. 
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(a) (b) 

(c)                                            (d) 

(e) 

Figure 2-48 Step-by-step Procedure of Pullout Test of Headed Anchors 
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2.3.6 Pullout Test Results 

2.3.6.1 Ultimate Strength and Stiffness 

Table 2-16 presents the peak axial loads and corresponding displacements. Figure 

2-49 shows the measured load-displacement curves for all test specimens. The anchors 

showed fairly stiff, linear behavior at lower loads with stiffness decreasing as the load 

reached approximately 20 kips. The average ultimate pullout force for the headed 

anchors was 27.26 kips. The axial stiffness of the headed anchor for each test are listed 

in Table 2-17 and had an average value of 320.1 kip/in. 

Table 2-16 Summary of Pullout Test Results 

Test Grout Head Area Displacement (in) Force (kips) 

1 1428 HP 9Ab 1.20 27.06 

2 1428 HP 9Ab 1.24 27.27 

3 1428 HP 4Ab 1.15 27.26 

4 Latex Concrete 9Ab 1.17 27.31 

5 Latex Concrete 9Ab 1.16 27.15 

6 UHPC 9Ab 1.19 27.32 

7 UHPC 4Ab 1.26 27.34 

8 EucoSpeed 9Ab 1.39 27.24 

9 EucoSpeed 9Ab 1.16 27.24 

10 Concrete 9Ab 1.17 27.25 

11 Concrete 9Ab 1.20 27.26 

12 Concrete 4Ab 1.44 27.37 
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Table 2-17 Axial Stiffness of Headed Anchors 

Test Grout 
Stiffness/Anchor 

(kip/in) 

1 1428 HP 295.80 

2 1428 HP 313.81 

3 1428 HP 257.14 

4 Latex Concrete 308.13 

5 Latex Concrete 336.26 

6 UHPC 307.19 

7 UHPC 376.15 

8 EucoSpeed 342.67 

9 EucoSpeed 341.77 

10 Concrete 351.62 

11 Concrete 250.11 

12 Concrete 360.51 
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Force Vs Displacement 
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Figure 2-49 Force Displacement Curve (Pullout Test of Headed Anchor) 



 

 
 

  

   

    

     

      

   

 

  

 

  

     

  

2.3.6.2 Crack Pattern and Failure Mechanism 

The crack patterns during each load increment were carefully marked to study the 

failure mechanism. The failure mode in all test specimens was the breakage of anchor 

bar at the top of the grout. This matches the interface of deck and girder in bridge 

application indicating adequate embedment length of headed anchor. Figures 2-50 to 2-

52 show the crack patterns in 12 grout pockets at the end of the test. 

Test 1  Test 2 

Test 3                                                       Test 4 

Figure 2-50 Crack Pattern of 12 Grout Pockets (Tests 1-4) 
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Test 5  Test 6 

Test 7  Test 8 

Test 9                                                           Test 10 

Figure 2-51 Crack Pattern of 12 Grout Pockets (Tests 5-10) 
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Test 11  Test 12 

Figure 2-52 Crack Pattern of 12 Grout Pockets (Tests 11-12) 

2.3.7 Discussion of Pullout Test Results 

2.4.4.1 Effect of Grout Type 

Five different types of grout were used to investigate their effect on the pullout 

capacity of the anchor.  Figures 2-53 and 2-54 show the force displacement curves for 

five different types of grout with anchor head areas of 9Ab and 4Ab, respectively. For 

anchors with head area of 9Ab, the maximum capacity of 27.32 kips was observed in the 

anchor with UHPC grout and the minimum capacity of 27.06 kips was observed in the 

anchor with 1428 HP grout pocket. For anchor with head area of 4Ab, the maximum 

capacity of 27.37 kips was observed in the anchor with conventional concrete grout and 

the minimum capacity of 27.26 kips was observed in the anchor with 1428 HP grout 

pocket. From the force displacement curves, it can be concluded that the type of grout 

had a negligible effect on the strength of headed anchors. 
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Figure 2-53 Force Displacement Curve to Study the Effect of Grout (Head Area 

9Ab) 
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Figure 2-54 Force Displacement Curve to Study the Effect of Grout (Head Area 

4Ab) 
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2.4.4.2 Effect of Anchor Head Area 

Anchors with two different head areas of 9Ab and 4Ab were tested to investigate 

effect of head size on the strength of headed anchors. Figures 2-55, 2-56 and 2-57 show 

the force displacement curves for the different head area anchors with 1428 HP, concrete, 

and UHPC grouts, respectively. It can be observed that the head area had negligible 

effect on the anchor strength regardless of the grout types. 
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Figure 2-55 Force Displacement Curve to Study the Effect of Head Area (1428 HP) 
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Figure 2-56 Force Displacement Curve to Study the Effect of Head Area (Concrete) 
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Figure 2-57 Force Displacement Curve to Study the Effect of Head Area (UHPC) 
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2.4 Implications of Test Results on AASHTO LRFD Bridge Design Specification 

2.4.1 Lateral Strength 

The AASHTO LRFD Bridge Design Specification Section 5.8.4 presents the 

interface shear transfer by shear friction. The commentary states “Composite section 

design utilizing full-depth precast deck panels is not addressed by these provisions. 

Design specifications for such systems should be established by, or coordinated with, the 

Owner.” The shear resistance at the interface plane, Vni, can be determined by Equation 

5.8.4.1-3 as 

where c is the cohesion factor, Acv is the concrete interface area,  is coefficient of 

friction, Avf is the area of interface shear reinforcement crossing the shear plane within 

the area Acv, fy is the yield stress of reinforcement not to be taken greater than 60 ksi, and 

Pc is the permanent net compressive force normal to the shear plane. 

The nominal shear resistance, Vni, used in the design shall not be greater than the 

lesser of: 

where, K1 is the fraction of concrete strength available to resist interface shear and K2 is 

the limiting interface shear resistance. 

Using AASHTO LRFD Equation 5.8.4.1-3 for No. 5 anchors and the specified 

steel yield stress of 60 ksi, the nominal shear resistance of the interface plane is: 
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where, c = 0.075 ksi and  = 0.6 (for concrete placed against a clean concrete surface, 

free of laitance, but not intentionally roughened). 

The above equation is a modified shear-friction model accounting for a 

contribution from cohesion and/or aggregate interlock depending on the nature of 

interface. The strength of stud shear connector can also be calculated as a function of 

concrete modulus of elasticity and concrete strength using AASHTO Article 6.10.10.4.3.  

AASHTO LRFD Equation 6.10.10.4.3-1 presents the nominal shear resistance of headed 

shear stud connector embedded in a CIP concrete deck. 

where, 

Asc = cross-sectional area of a stud shear connector 

Ec = modulus of elasticity of the deck concrete determined as specified in Article 5.4.2.4 

Fu = specified minimum tensile strength of a stud shear connector as specified in Article 

6.4.4. 

Using AASHTO Equation 6.10.10.4.3-1, 
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The horizontal shear calculated from equation 5.8.4.1-3 underestimated the 

ultimate shear capacity by 56.1%, whereas, the equation 6.10.10.4.3-1 overestimated the 

ultimate shear capacity by 9.8%. Comparing the horizontal shear predicted by the 

AASHTO equations using all the measured properties from the experimental tests with 

the actual measured horizontal shear values, it was concluded that the equation 

6.10.10.4.3-1 in LRFD Specifications best predicted the test loads in this research. 

2.4.2 Lateral Stiffness 

The bending stiffness, kb, of anchor that bends in double and single curvature is 

given by: 

where, E is the modulus of elasticity of anchor (29,000 ksi), Ia is the moment of inertia of 

anchor (0.00749 in4), and Leff is the effective length of the anchor that is unrestrained for 

bending. 

The pictures of fractured headed anchors shown in Figures 2-31 (a), (b) and (c) 

show that the bending in the anchor during shear test does not occur at the coupler region 

of the anchor.  In addition, single curvature bending of rebar region of the anchor is 

observed from the shape of the fractured headed anchor. Therefore, length of rebar 

region embedded in the deck, lb, shown in Figure 2-20 was used as effective length in the 

equation of the single curvature.  Using Leff = lb = 2 in, the calculated bending stiffness is 

81.5 kip/in. The equation overestimated the stiffness of the anchor by 31.5% to 103.8% 
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obtained from nine test results. Thus, the results from experiment was used to calculate a 

factor () to determine an equivalent bending stiffness of the anchor in pocket regions. 

The value of the factor () calculated for each test is presented in Table 2-18. Thus, the 

equivalent bending stiffness for the anchor can be given by: 

Table 2-18 Calculation of Factor () for Bending Stiffness 

Test Grout 
No. of 

Anchors 

Total Stiffness 

(kip/in) 

Stiffness/Anchor 

(kip/in) 
 

1 1428 HP 1 40 40 1.6 

2 1428 HP 2 124 62 2.5 

3 1428 HP 4 225 56 2.2 

4 EucoSpeed 4 178 44 1.7 

5 Concrete 4 182 45 1.8 

6 Latex Concrete 4 253 63 2.6 

7 Polyester Concrete 4 238 60 2.4 

8 UHPC 4 188 47 1.9 

9 UHPC 2 83 41 1.6 

Average 51 2.0 
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2.4.3 Pullout Strength 

The failure mode in all the pullout tests was the fracture of the anchor above the 

grout. Therefore, the pullout strength can be defined as the tensile resistance of a single 

connector that is determined by: 

The pullout strength calculated from the above equation overestimated the pullout 

strength capacity by 2.3%. 

2.4.4 Axial Stiffness 

The total axial stiffness of the anchors used in the pullout tests is the combination 

of stiffness of embedded and free part of anchor.  The embedded and free part of anchor 

can be modeled as springs in series to represent the total stiffness of the anchor.  The 

axial stiffness of the free part (K1) and embedded part (K2) of anchor is defined by: 

where, L1 is the length of free part of anchor (14 in) and L2 is the length of embedded part 

of anchor (6 in). The calculated stiffness of the unembedded part of anchor was 642 

kip/in. 
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Figure 2-58 Spring Representation of Anchors 

The total stiffness of the anchor, Ka, can be calculated as: 

Using the total stiffness, Ka, and stiffness of free part of anchor, K1, the stiffness of the 

embedded part of anchor, K2, was calculated.  The results are listed in Table 2-19. The 

results from experiment was used to calculate a factor () to determine an equivalent 

axial stiffness of the anchor in pocket regions. The value of the factor () calculated for 

each test is presented in Table 2-19. Thus, the equivalent axial stiffness for the anchor 

can be given by: 
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Table 2-19 Calculation of Factor () for Axial Stiffness 

Test Grout Head Area 
Ka 

(kip/in) 

K2 

(kip/in) 

 in 

EA/L2 

1 1428 HP 9Ab 295.80 548.4 0.37 

2 1428 HP 9Ab 313.81 613.7 0.41 

3 Latex Concrete 9Ab 308.13 592.4 0.39 

4 Latex Concrete 9Ab 336.26 705.9 0.47 

5 UHPC 9Ab 307.19 588.9 0.39 

6 Euco Speed 9Ab 342.67 734.8 0.49 

7 Euco Speed 9Ab 341.77 730.6 0.49 

8 Concrete 9Ab 351.62 777.2 0.52 

9 Concrete 9Ab 250.11 409.7 0.27 

10 1428 HP 4Ab 257.14 428.9 0.28 

11 UHPC 4Ab 376.15 908.1 0.61 

12 Concrete 4Ab 360.51 822.0 0.55 

Average 655.0 0.44 
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2.5 Concluding Remarks 

The experimental investigation involved testing the shear and pullout specimens 

with headed anchors in grout materials. The key observations and conclusions on the 

shear and pullout capacity of the headed anchors are: 

 The failure mode of all shear test specimens was the fracture of the headed anchor 

at the interface of deck and girder. 

 Failure in all the pullout test specimens was due to the fracture of the rebar at the 

face of the grout, which represented the deck-girder interface. 

 The shear and pullout failure of the headed anchor with #5 rebar occurred at 25.42 

and 27.26 kips, respectively. 

 The type of grout had an insignificant effect on the shear capacity of headed 

anchors. 

 The shear capacity of the headed anchor increased almost linearly with the 

increase in number of anchors. 

 The head area of the anchor had an insignificant effect on the ultimate shear 

capacity of headed anchors. 

 The type of grout and head area of the anchor had an insignificant effect on the 

pullout strength of headed anchors. 

 Out of six different types of grout, Latex Concrete took the least amount of time 

to be removed from the pocket. Polyester Concrete and UHPC were the most 

difficult grouts to be removed. Based on the time required and ease in removing 

the grout, 1428 HP, EucoSpeed, conventional concrete and latex concrete were 

recommended to be used to fill the deck pockets. 
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 Equation 6.10.10.4.3-1 of the LRFD specification may be used to estimate the 

ultimate shear resistance of headed anchor in grouted pockets. 

 Based on the test data, the shear stiffness of headed anchor was: 

where, E is the modulus of elasticity of anchor, Ia is the moment of inertia of 

anchor, and Leff is the effective length that is unrestrained for bending in anchor. 

 Based on the test data, the axial stiffness of the headed anchor was: 

where, A is the area of anchor, E is the modulus of elasticity of anchor, and L2 is 

the length of the anchor embedded into the deck. 
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3. Analytical Investigation 

3.1 Introduction 

This chapter presents the seismic analysis of a highway bridge and the response of 

headed anchors. The objective of the analytical investigation was to determine the 

headed anchor seismic forces and the effect of the longitudinal anchor spacing on the 

overall bridge seismic response. This investigation was aimed at shedding light on the 

level of composite action of the precast girders when using realistic values of headed 

anchor stiffness. 

A two-span precast girder bridge was analyzed to accomplish these objectives. 

Three different computational models for headed anchors were used to investigate the 

seismic response of decks with rigid shear links between the deck and girders and flexible 

links with shear pockets spaced at 4 ft and 6 ft spacing.  A nonlinear response history 

analyses was performed with eight earthquake ground motions, including both far-field 

and near-fault ground motion records. 

3.2 Bridge Description 

The Reigo Road Bridge, located on State Route 99 at Reigo Road in Sutter 

County near the North border of Sacramento County, was used for this investigation. 

The bridge was designed according to the 2006 Caltrans Bridge Design Specifications. 

The AASHTO HL-93 design and California P15 truck were used as the design live load. 

The bridge is a two-span continuous precast girder bridge with an overall length of 295 ft 
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with two unequal span lengths of 154 ft and 141 ft, respectively. The bridge has a skew 

angle of 8. Figure 3-1 shows an elevation view of the bridge. 

Figure 3-1 Elevation View of Reigo Road Bridge 

The total width of the bridge is 154 ft 4 in. The barrier is Type 26 concrete 

barrier with chain link railing Type 6. The deck thickness is 8.25 in. CIP reinforced 

concrete slab. Figure 3-2 shows a cross sectional view of the bridge. The bridge deck 

and girders are placed at a 2% gradient. The reinforced concrete deck is supported by 14 

wide-flange, 5.5 feet deep precast concrete girders spaced at 11 ft 3 in. The top and 

bottom flanges are 4.1 ft and 3.8 ft wide, respectively, and a web thickness of 8 in. 

Figures 3-3 and 3-4 show the girders layout and cross section of the girder. The girders 

were designed to be composite with the cast-in-place concrete deck by extending all 

girder shear reinforcement into the deck. Welded Wire Reinforcement (WWR) was used 

as vertical stirrups as well as in top and bottom flange of girder. The vertical girder 

stirrups have three different spacings along the girder length. They were placed at a 

spacing of 2 in. at the supports and 12 in. at the center of each span. In between these 
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two regions, the stirrups are placed at a spacing of 4 in. Figure 3-5 shows the deck and 

girder connection detail. 

Figure 3-2 Section of Reigo Road Bridge at Bent 

Figure 3-3 Girder Layout of Reigo Road Bridge 
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Figure 3-4 Cross section of Precast Girder of Reigo Road Bridge 

Figure 3-5 Deck and Girder Connection Detail 
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Each girder was post-tensioned using two stage post-tensioning. Straight 

pretensioned strands were used along with draped post-tensioning tendons. The girders 

for span 1 were pretensioned with 36-0.6 in. diameter strand and girders for span 2 were 

pretensioned with 30 strands. One-third of the strands were debonded for 15 ft at each 

end, and four 3/8 in. diameter top strands were added to reduce tensile stress in the top 

flange at the girder ends. The strands used for the post tensioning were 270 ksi low 

relaxation strands. 

The 3 ft R/C end diaphragms of the bridge connect the girders at each abutments. 

The bridge is supported at the mid-span by an integral bent cap. The cap is supported on 

five 6 ft diameter columns spaced at 32 ft center to center. They are approximately 26 ft 

in height, rigidly connected to the cap and pinned at the bottom. The column's 

longitudinal reinforcements are 28#10 bars (0.9%). The transverse reinforcements of the 

column are #6 welded hoops spaced at 4.0 in. on center along the height of the column 

(0.65%). Figure 3-6 shows the cross section of the column. The columns are supported 

by a foundation with dimensions of 15 ft x 15 ft x 4 ft. Each foundation is supported by 

25-Class 140 Concrete Pile. (Hida, 2015) 
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Figure 3-6 Column Section Detail 

Several assumptions were made to simplify the bridge for the analytical 

investigation. Two equal spans of 160 ft were used in this study. The 2% deck gradient 

and the skew angle of the bridge were ignored. The concrete haunch that separates the 

girders from the bottom surface of the deck was not included in the computational model. 

Precast R/C deck panels were used in place of the cast-in-place deck. Pockets along the 

length of the precast deck were used. Headed anchors that are designed for gravity and 

seismic forces were placed in the pockets and were spaced along the longitudinal 

direction of the girders.  The longitudinal spacing between the pockets which will be 

discussed later. Figures 3-7, 3-8 and 3-9 show the elevation, section and girders layout of 

the bridge used for analytical investigation. 
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Figure 3-7 Elevation view of Bridge (Model) 

Figure 3-8 Section of Bridge at Bent (Model) 

Figure 3-9 Girder Layout of the Bridge (Model) 
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3.3 Design of Headed Anchors in Precast Decks 

Headed anchors are provided to connect the precast concrete deck panels and the 

supporting P/S girders. These anchors extend vertically from the girders and protrude in 

to the pockets provided in deck panels.  The anchors connecting deck panels and girders 

are required to create composite action between the deck and the girders, which enhances 

structural efficiency of the bridge superstructure. The headed anchors prevent the 

slippage between the deck and the longitudinal girders, thus they are subjected to 

longitudinal interface shear. Bridge designers compute this horizontal interface shear, 

between the slab and girders, under gravity load based on full composite section. Section 

5 of the AASHTO LRFD Specifications provide a simple way relating the interface shear 

to the vertical shear that is derived from static equilibrium. For CIP deck, the shear 

reinforcement in the longitudinal girders are extended into the R/C deck. When the deck 

is hardened, this reinforcement resists the interface shear creating a composite action 

between the deck and the longitudinal girders. However, in precast decks the shear 

reinforcement in the longitudinal girders are not extended in the deck, thus headed 

anchors are used. These anchors are placed along the longitudinal girders. Pockets in the 

precast deck are blocked-out so the headed anchors are extended through them. High 

strength grouts are then poured in these pockets. The headed anchors in precast decks 

provide the connection between the deck and the longitudinal girders, thus they are 

subjected to interface shear due to live load and seismic forces. 
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3.3.1 Current Design Procedure 

Headed anchors in precast decks are designed to resist the interface shear due to 

the live loads and the seismic forces generated in the deck. The interface shear occurs 

when vertical shear is transferred across a plane that is made up of two components of 

different materials. The seismic design of the R/C deck is performed according to 

Section 6.16.4.2 of the AASHTO seismic provisions. Article 6.16.4.2 specifies that the 

deck can be considered to act as a rigid horizontal diaphragm if the span-to-width ratio of 

the deck is not more than 3.0 and net mid-span lateral substructure displacement is less 

than twice the average of the adjacent lateral support displacements. Otherwise, the deck 

is considered to act as a flexible diaphragm and must be designed to resist shear and 

bending stresses. Rigid diaphragm, on the other hand, requires no special seismic design, 

but must have sufficient shear resistance to transfer the seismic shear to the support. 

3.3.2 Design Procedure for Headed Anchors in Precast Decks 

The current design provisions for stud connectors in cast-in-place construction 

was adopted in this research for the design of headed anchors in full-depth precast deck 

panels. A step-by-step procedure to achieve a composite precast deck and precast girders 

is listed below: 

1. Perform live load analysis to obtain the maximum shear force along the bridge. The 

forces obtained due to future overlays, barrier load and live load are combined 

according to AASHTO LRFD Table 3.4.1-1, Strength I and II. 

Strength I: U = 1.25 DC2 + 1.5 DW + 1.75 LL 

Strength II: U = 1.25 DC2 + 1.5 DW + 1.35 LL 
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where, DC2 is the weight of the railing that will be placed after the deck pockets are 

filled. Based on the vertical shear, interface shear is calculated along the length of the 

girder. 

2. The number of headed anchors should be designed for the maximum interface shear 

forces obtained from step 1. 

3. The live load analysis is performed again using the actual properties of the designed 

anchors. If the shear demands on the anchor are higher than the capacity of the 

anchor, the number of anchors should be increased. 

4. Perform a modal response spectrum analysis using the design response spectrum in 

both the longitudinal and transverse directions for Extreme Event I. 

Extreme Event I: 1.25 DC2 + 1.5 DW + 1.00 EQ 

The resulting orthogonal responses are then combined using the 100/30 percent rule 

for elastic seismic force effect specified in the AASHTO LRFD Bridge Design 

Specification (AASHTO 2012). 

Case I: 100% Longitudinal + 30% Transverse 

Case II: 30% Longitudinal + 100% Transverse 

The forces in the headed anchor should be checked for both cases and it should be 

ensured that the maximum force on the headed anchor does not exceed the total 

anchor’s design capacity. If the capacity of the anchors is less than the demand 

forces, the anchors should be redesigned and reanalyzed. 
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3.3.3 Bridge Computational Model 

Elastic and inelastic analysis of a 3-D bridge model were carried to verify the 

design procedure. A computational model of the entire bridge was created and analyzed 

using CSiBridge software (CSiBridge, 2010-2011). The bridge model was built as the 

combination of shell and frame elements. Shell elements were used to model the precast 

concrete deck. The girders, cap beams at bents, diaphragms at the abutments and column 

were modeled using Frame elements. The deck mesh was generated automatically by 

CSiBridge. Figure 3-10 shows the 3-D and sectional view of the bridge model. 

(a) 3-D View 

(b) Section View 

Figure 3-10 Finite Element Model of Bridge (CsiBridge, 2010-2011) 
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Rigid links were used to connect the column and the beam cap. Abutment 

bearing links (link elements) were used to model the abutments by fixing the vertical 

translation of the abutment bearing. All other abutment bearing components were 

modeled as free since the bridge is assumed to be supported on seat-type abutments. 

Bent bearing links (link elements) were used to model the connection between the girders 

and the beam cap by fixing all the translations and rotational components of the link 

element. 

3.3.4 Modeling of Headed Anchors 

The concrete deck and girder connection is a critical detail to be modeled properly 

for the effective utilization of the composite connection. The headed anchors were 

modeled using two different assumptions in three computational models. In the first 

model, the headed anchors were assumed rigid connections between the deck and the 

girders. The rigid connection was modeled using the CSiBridge auto-generated rigid 

constraints at deck and girder nodes. In the second and third models, the headed anchors 

were modeled using flexible link elements and assigning the measured shear and axial 

stiffness values for the elements based on the experimental results presented in Chapter 2. 

The difference between Model 2 and 3 was the spacing of the pockets. 

3.3.5 Live Load Analysis 

Structural analysis of the bridge was performed in CSiBridge to obtain the 

moments and shear effects due to live loads. The design live loads, LL, were the 

AASHTO HL-93 and Caltrans P15 vehicular live loads. 
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Tables 3-1 and 3-2 list the analysis results for the exterior girder and three interior 

girders, which includes the maximum shear force due to live load. 

Table 3-1 Maximum Shear Force, V (Kips) due to Dead Load 

Wearing Surface Concrete Barrier 

Right Exterior Girder 37.3 0.035 

Interior Girder 12 39.4 0 

Interior Girder 11 39.4 0 

Interior Girder 10 39.4 0 

Table 3-2 Maximum Shear Force, V (Kips) due to P15 Truck Loading (1-6 Lane 

Loaded) 

1 Lane 2 Lane 3 Lane 4 Lane 5 Lane 6 Lane 

Right Exterior Girder 207.71 196.58 168.78 130.26 131.45 132.67 

Interior Girder 12 210.71 311.48 289.20 223.02 224.73 226.41 

Interior Girder 11 60.54 228.27 298.83 244.35 246.02 247.62 

Interior Girder 10 10.95 64.65 207.47 232.15 246.02 247.65 

Based on the analysis results and load combinations, the maximum shear force of 

480 kips was obtained for Strength II Combination in Interior Girder 12, which resulted 

in an interface shear of 6.88 kip/in. This value was used to design the number of headed 

anchors. In order to investigate the effect of pocket spacing, anchors were designed for 

pocket spacing of 4 ft and 6 ft. The summary of headed anchor design is presented in 

Table 3-3. Based on the interface shear demand, 12-#5 and 18-#5 connectors were used 
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for 4 ft and 6 ft pocket spacing, respectively. The designed connectors resulted in the 

total capacity of 512.3 kips and 725.7 kips, respectively. 

Table 3-3 Design of Shear Connectors 

Pocket Spacing Required Shear Connectors 

4 ft 12-#5 

6 ft 18-#5 

Based on the results from Chapter 2 and the design of the connectors, the axial 

stiffness of the link element for Models 2 and 3 was equal to 3,796 kip/in and 5,695 

kip/in, respectively. The shear stiffness of the link element for Models 2 and 3 was equal 

to 630 kip/in and 945 kip/in, respectively. Figure 3-11 shows the shear properties of 

Models 2 and 3 used in the model, respectively. Figure 3-12 illustrates the link 

connecting the deck to girder, girder to diaphragm, abutment bearings and the 

substructure. 
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Figure 3-11 Shear Properties of Shear Connectors 
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Figure 3-12 FE Modeling of the Links 

3.3.6 Analysis Results 

SAP2000 was used to perform the structural analysis of the three models. These 

models were developed considering the variations in pocket spacing and properties of the 

element connecting the deck and girders. The different types of models used in the 

analysis are presented in Table 3-4. The deck and girders in Model 1 were connected 

with a rigid link element representing a full composite section. In Model 2 and Model 3, 

the deck and girders elements were connected using a link element with axial and shear 

properties obtained from Chapter 2 and using the number of headed anchors from Table 

3-3. The link elements were defined at a spacing of 4 ft and 6 ft in Model 2 and Model 3, 

respectively. Figure 3-13 shows the headed connectors spacing along longitudinal 

direction. 
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Table 3-4 Types of Bridge Models for Modal Analysis 

Model Pocket Spacing (ft) Description of Connectors 

1 4 Linear Rigid Connectors 

2 4 Linear Connectors with stiffness equivalent to 12-#5 

3 6 Linear Connectors with stiffness equivalent to 18-#5 

Figure 3-13 Spacing of Headed Connectors along Longitudinal Direction 

Gravity load analysis was performed on all three models. The results from the 

gravity load analysis were checked against hand-calculation to verify the results. Figure 

3-14 shows the displacement profile along the longitudinal direction of the bridge due to 

dead load for the models. A maximum displacement of 1.8 in. was observed in Model 1 

whereas a maximum deflection of 2.6 in. was observed in both Models 2 and 3. The use 

of flexible links increased the vertical deflection of the bridge by 44%. Using the 

deflections of the bridge, the moment of inertia of Models 1, 2 and 3 were calculated. It 

was concluded that the moment of inertia of Models 2 and 3 were 32% lower than the 

moment of inertia of Model 1. Therefore, Models 2 and 3 provided 68% of a full 

composite section. The decrease in vertical stiffness in Models 2 and 3 can also be 

verified using the vertical period of the bridge. The moment of inertia of Models 2 and 3, 
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calculated using vertical period of the bridge, were 28% and 25% lower than the moment 

of inertial of Model 1. Therefore, Models 2 and 3 provided 72% and 75% of a full 

composite section. This indicated that the connectors spaced at 4 ft and 6 ft were not able 

to provide a full composite action. 
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Figure 3-14 Displacement along Longitudinal Direction (SAP2000) 

A modal analysis of the three models was also conducted to determine the natural 

periods of pertinent modes of vibration. Eleven modes were considered in the analysis to 

capture at least 90% mass participation in each orthogonal direction of displacement. 

The period and modal participating mass ratios for Models 1, 2 and 3 are summarized in 

Tables 3-5, 3-6 and 3-7, respectively. The second and third modes of each model 

represents the period of the bridge in the longitudinal and transverse directions, 

respectively. The longitudinal periods of the bridge were 1.31 sec, 1.38 sec and 1.33 sec 

and the modal participation mass ratios for these mode were 94.9%, 93.9% and 92.6% for 
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models 1, 2 and 3, respectively. The transverse periods of the bridge were 1.10 sec, 1.13 

sec and 1.05 sec for models 1, 2 and 3, respectively. The modal participation mass ratios 

for these mode were 99.9% for all three models. The vertical periods of the bridges were 

0.39 sec, 0.46 sec and 0.45 sec for models, 1, 2 and 3, respectively. The increase in the 

vertical periods reduce the stiffness by 28.4% and 23.8% in models 2 and 3, respectively. 

Using the vertical periods of the bridge, the moment of inertia of Models 1, 2 and 3 were 

calculated. It was concluded that the moment of inertia of Models 2 and 3 were 28.2% 

and 25% lower than the moment of inertia of Model 1. Therefore, Models 2 and 3 

provided 71.8% and 75% of a full composite action, respectively. 
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Table 3-5 Period and Modal Participation Mass Ratios (Model 1) 

Mode 
Period 

(sec) 
UX UY UZ Sum UX Sum UY Sum UZ 

1 1.31 0.9487 0.0000 0.0000 0.9487 0.0000 0.0000 

2 1.10 0.0000 0.9997 0.0000 0.9487 0.9997 0.0000 

3 0.53 0.0503 0.0000 0.0000 0.9990 0.9997 0.0000 

4 0.50 0.0000 0.0000 0.0000 0.9990 0.9997 0.0000 

5 0.40 0.0000 0.0000 0.0000 0.9990 0.9997 0.0000 

6 0.39 0.0000 0.0000 0.6591 0.9990 0.9997 0.6591 

7 0.38 0.0000 0.0000 0.0000 0.9990 0.9997 0.6591 

8 0.34 0.0000 0.0000 0.0008 0.9990 0.9997 0.6600 

9 0.33 0.0000 0.0000 0.0000 0.9990 0.9997 0.6600 

10 0.30 0.0000 0.0000 0.0000 0.9990 0.9997 0.6600 

11 0.28 0.0000 0.0000 0.0000 0.9990 0.9997 0.6600 

121 



 

 
 

  

 
 

 
   

 

 

 

 

 

 

        

        

        

        

        

        

        

        

        

        

        

 

  

Table 3-6 Period and Modal Participation Mass Ratios (Model 2) 

Mode 
Period 

(sec) 
UX UY UZ 

Sum 

UX 

Sum 

UY 

Sum 

UZ 

1 1.38 0.9392 0.0000 0.0000 0.9392 0.0000 0.0000 

2 1.13 0.0000 0.9992 0.0000 0.9392 0.9992 0.0000 

3 0.58 0.0587 0.0000 0.0000 0.9980 0.9992 0.0000 

4 0.56 0.0000 0.0000 0.0000 0.9980 0.9992 0.0000 

5 0.49 0.0001 0.0000 0.0000 0.9980 0.9992 0.0000 

6 0.46 0.0000 0.0000 0.6597 0.9980 0.9992 0.6597 

7 0.45 0.0000 0.0000 0.0000 0.9980 0.9992 0.6597 

8 0.43 0.0000 0.0000 0.0000 0.9980 0.9992 0.6597 

9 0.43 0.0000 0.0000 0.0008 0.9980 0.9992 0.6605 

10 0.40 0.0000 0.0000 0.0000 0.9980 0.9993 0.6605 

11 0.38 0.0000 0.0000 0.0000 0.9980 0.9993 0.6605 
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Table 3-7 Period and Modal Participation Mass Ratios (Model 3) 

Mode 
Period 

(sec) 
UX UY UZ 

Sum 

UX 

Sum 

UY 

Sum 

UZ 

1 1.33 0.9262 0.0000 0.0000 0.9262 0.0000 0.0000 

2 1.05 0.0000 0.9990 0.0000 0.9262 0.9990 0.0000 

3 0.57 0.0713 0.0000 0.0000 0.9975 0.9990 0.0000 

4 0.55 0.0000 0.0000 0.0000 0.9975 0.9990 0.0000 

5 0.49 0.0001 0.0000 0.0000 0.9975 0.9990 0.0000 

6 0.45 0.0000 0.0000 0.6584 0.9975 0.9990 0.6584 

7 0.45 0.0000 0.0000 0.0000 0.9975 0.9991 0.6584 

8 0.43 0.0000 0.0000 0.0000 0.9975 0.9991 0.6584 

9 0.43 0.0000 0.0000 0.0009 0.9975 0.9991 0.6593 

10 0.40 0.0000 0.0000 0.0000 0.9975 0.9991 0.6593 

11 0.38 0.0000 0.0000 0.0000 0.9975 0.9991 0.6593 

3.3.7 Design Spectrum 

A design response (acceleration) spectrum was used to determine the maximum 

structural response parameters such as displacements and member forces for each mode 

of vibration. 

The modal responses were combined using the complete quadratic combination 

(CQC) method. The resulting orthogonal responses were then combined using the 

100/30 rule for elastic seismic force effect specified in the AASHTO LRFD Bridge 

Design Specification (AASHTO 2012). 

The design response spectrum diagram, shown in Figure 3-15, of downtown LA 

(34.0407N, 118.2468W) was selected. The maximum forces in the anchors determined 

from the response spectrum analysis of the bridge were compared to the capacity of the 
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headed anchors to ensure that there was no failure in the anchors. Figures 3-16 through 

3-21 show the distribution of axial and shear forces in the headed anchors along the 

longitudinal span of the bridge for Models 1, 2 and 3. Due to the rigid properties of the 

link element connecting the cap beam and girders, large forces were developed in the link 

element at the bent section. Tables 3-8 and 3-9 list the maximum force in the link, 

excluding the link forces in the bent region, in Models 2 and 3, respectively. Due to the 

symmetry of the bridge, only the maximum link forces in girders 1 through 7 are listed in 

Tables 3-8 and 3-9. As shown in these tables, the demand forces on the anchors are less 

than the ultimate strength of the connector. 
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Figure 3-15 Design Response Spectrum (LA Downtown: 34.0407N, 118.2468W) 
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Figure 3-16 Axial and Shear Force in the Connectors (Case 1) – Model 1 
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Figure 3-18 Axial and Shear Force in the Connectors (Case 1) – Model 2 
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Figure 3-19 Axial and Shear Force in the Connectors (Case 2) – Model 2 
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Figure 3-20 Axial and Shear Force in the Connectors (Case 1) – Model 3 
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Figure 3-21 Axial and Shear Force in the Connectors (Case 2) – Model 3 
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Table 3-8 Maximum Link Demand Force (Model 2) 

Case I Case II 

Girder 
P 

(kips) 

V2 

(kips) 

V3 

(kips) 

P 

(kips) 

V2 

(kips) 

V3 

(kips) 

1 3 111 8 2 37 24 

2 5 113 9 4 39 28 

3 4 104 13 2 34 42 

4 3 105 13 4 32 42 

5 4 108 12 3 34 39 

6 4 102 13 2 31 43 

7 3 106 12 4 33 39 

Maximum 

Force 
5 113 13 4 39 43 

Note: 

Case I = 100% Longitudinal + 30% Transverse 

Case II = 30% Longitudinal +100% Transverse 

P = Axial Force in Link 

V2 = Shear Force in Link along Longitudinal Direction 

V3 = Shear Force in Link along Transverse Direction 
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Table 3-9 Maximum Link Demand Force (Model 3) 

Case I Case II 

Girder 
P 

(kips) 

V2 

(kips) 

V3 

(kips) 

P 

(kips) 
V2 (kips) 

V3 

(kips) 

1 8 187 19 5 60 58 

2 17 194 21 9 64 69 

3 8 175 32 4 56 105 

4 11 179 33 8 55 107 

5 14 186 30 7 57 97 

6 8 173 32 3 52 107 

7 13 182 30 8 56 97 

Maximum 

Force 17 194 33 9 64 107 

Note: 

Case I = 100% Longitudinal + 30% Transverse 

Case II = 30% Longitudinal +100% Transverse 

P = Axial Force in Link 

V2 = Shear Force in Link along Longitudinal Direction 

V3 = Shear Force in Link along Transverse Direction 

3.4 Nonlinear Analytical Investigation of the Bridge 

OpenSees (2017) was used to determine the nonlinear seismic response of the 

bridge and to verify the headed anchors remain as capacity protected element. OpenSees 

is a software framework for simulating the seismic response of structural and 

geotechnical systems. It utilizes advanced capabilities for modeling and analyzing the 
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nonlinear response of systems using a wide range of material models, elements, and 

solution algorithms. 

3.4.1 Material Models 

The material "Concrete04" from OpenSees library was used to represent the 

unconfined concrete properties. The unconfined concrete material property was assigned 

to the cover concrete with a maximum compressive strain of 0.002 and ultimate 

unconfined compressive strain of 0.005, and a specified concrete compressive strength. 

Due to the presence of the transverse confinement around the core and the cage effect, the 

core compressive strength and ultimate strain are higher than those of the unconfined 

concrete. The material "Concrete02" was used to represent the confined concrete 

properties. Confined concrete has a strain of 0.005 at a stress of 6.38 kip/in2 and a strain 

of 0.05 at a stress of 5.11 kip/in2. The unconfined and confined concrete stress-strain 

models are shown in Figures 3-22 and 3-23, respectively. Longitudinal steel 

reinforcement was represented by "Reinforcing Steel" that captures the yield plateau as 

well as the strain hardening of the rebar. Figure 3-24 shows the general monotonic curve 

for a mild reinforcing bar under tensile loading, and the six required input parameters for 

reinforcing steel. 
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Figure 3-22 Constitutive Model for Unconfined Concrete 

Figure 3-23 Constitutive Model for Confined Concrete 

Figure 3-24 Constitutive Model for Reinforcing Steel 
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When the concrete strain in one of the core fibers (with confined property) 

reaches the concrete ultimate strain (concrete crushing), concrete strength drops to zero in 

the fiber. When the strain in one of the longitudinal rebar passes the ultimate strain at 

breaking stress, the analysis is interrupted due to the rebar fracture. 

3.4.2 Bridge Computational Model 

The bridge was modeled as an elastic superstructure supported on nonlinear 

columns. The deck, girders, diaphragms, and cap beam are expected to remain elastic 

and thus were modeled using equivalent elastic beam-column elements with mass 

concentrated at their nodes. Rigid elements at each end of the deck were used to connect 

the decks to the bearing nodes on the bents or abutments.  The column element was 

modeled using three dimensional "forceBeamColumn" element that is based on an 

iterative force-based formulation. This element enables the user to model the distributed 

plasticity along the element without the need for defining the plastic hinge length and 

cracked section modifier. The column was finely discretized along the height, with five 

integration points, for a better distribution of mass. Nonlinear material properties were 

assigned to the section, which consist of confined and unconfined concrete and 

reinforcing steel to account for the axial and flexural stiffness of the column. Cracked 

shear and torsional stiffness of the column were included in the element by aggregating 

the uniaxial elastic material with each element. The cover and core areas of the sections 

were defined by assigning unconfined and confined concrete properties to them, 

respectively. The core, which is confined by hoops, consists of 80 subdivisions in the 

circumferential direction and 80 subdivisions in the radial direction. The cover has 80 
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and 10 subdivisions in the circumferential and radial directions, respectively. Figure 3-25 

shows the OpenSees model at the bent. 

Figure 3-25 OpenSees Model at Bent 

The headed anchors were modeled with a “twoNodeLink” object that connects the 

girder and deck nodes. The deck girder connection detail is shown in Figure 3-26. Axial 

and horizontal shear properties were defined for the twoNodeLink element. The axial 

stiffness of the link element was defined using elastic bilinear uniaxial material object 

with stiffness of 3,796 kip/in and 5,695 kip/in for Models 2 and 3, respectively. The 

shear stiffness of the link element for Models 2 and 3 was 630 kip/in and 945 kip/in, 

respectively. The shear stiffness of the link element was defined using multi-linear 

elastic uniaxial material object. Figure 3-11 shows the shear properties of Models 2 and 

3, respectively. 
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Figure 3-26 OpenSees Model at Deck Girder Connection 

3.4.3 Model Verification 

Linear modal analysis was performed in both OpenSees and SAP2000 to verify 

the OpenSees model. The models were verified for gravity loads, support reactions, and 

displacement. The gravity loads included the weight of the superstructure, the cap beam, 

and the columns. The results from the gravity analysis from SAP2000 and OpenSees 

models were checked against hand-calculation values. 

The support reaction at Abutment 1, Bent 2 and Abutment 3 from the SAP2000 

and OpenSees Model are listed in Tables 3-10 and 3-11, respectively. The results from 

SAP2000 and OpenSees model were compared with those from hand calculations to 

validate the finite element models. 

137 



 

 
 

  

  

     

     

     

     

     

 

  

  

     

     

     

     

     

 

   

  

  

   

     

   

Table 3-10 Support Reaction (SAP2000) 

Reaction (kips) 

Abutment 1 Bent 2 Abutment 3 Total 

Model 1 2,189 7,570 2,189 11,948 

Model 2 2,210 7,528 2,210 11,948 

Model 3 2,189 7,570 2,189 11,948 

Model 4 2,210 7,528 2,210 11,948 

Table 3-11 Support Reaction (Opensees) 

Reaction (kips) 

Abutment 1 Bent 2 Abutment 3 Total 

Model 1 2,188 7,572 2,188 11,948 

Model 2 2,207 7,534 2,207 11,948 

Model 3 2,188 7,572 2,188 11,948 

Model 4 2,207 7,534 2,207 11,948 

Figure 3-27 shows the displacement profile of the entire bridge for Models 1, 2 

and 3. The displacement profiles of Model 2 and Model 3 show that the displacement 

along the longitudinal span of the bridge were same for the pocket spacing of 4 ft and 6 

ft. Model 2 and Model 3 experienced a 31.25% higher displacement at the center of span 

than Model 1. Model 1 represented the fully composite deck girders connection, 

whereas, Model 2 and Model 3 represented partially composite deck girders connection. 
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Figure 3-27 Displacement along Longitudinal Direction (OpenSees) 

3.4.4 Pushover Analysis 

Pushover analyses of the bridge were conducted in the two orthogonal directions 

to capture the behavior of the structure by monitoring the displacement at a point of 

reference. The lateral shear capacity of the bridge and the forces in the anchors 

monitored were reported. 

Figures 3-28 (a) and 3-28 (b) show the capacity curves for the pushover analyses 

in longitudinal and transverse direction for all three models (Models 1, 2 and 3). During 

the pushover analysis, the reference node for displacement was taken as the central point 

of the cap beam. The displacement capacity for all three models were approximately 

equal in both directions. The pushover curves show that significant yielding start at 

about 3 in. displacement or 1% drift ratio in case of longitudinal pushover. In the case of 

transverse pushover, similar yielding is observed at 2.5 in. displacement or 0.8 % drift 

ratio. The lateral force was 1,800 kips when this yielding occurred in both directions. 
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Figure 3-28 Pushover Curve: (a) Longitudinal Direction; (b) Transverse Direction 

Figures 3-29 and 3-30 show the longitudinal and transverse shear forces in the 

link due to longitudinal and transverse pushover in Models 2 and 3. Negligible forces in 

the links were observed for transverse pushover in Models 2 and 3. For longitudinal 

pushover, negligible forces were observed in transverse direction for both models. The 
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maximum forces in longitudinal direction were 70 kips and 100 kips for Model 2 and 

Model 3, respectively, which are well below the ultimate capacity of the link. Anchor 

spacing had a negligible effect in the overall response of the bridge. 
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Figure 3-29 Link Force in Girder 7 (Model 2) 
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Figure 3-30 Link Force in Girder 7 (Model 3) 

Table 3-12 Pushover Curve 

Model 
Maximum Force (kips) 

Longitudinal Direction Transverse Direction 

1 2006 2026 

2 1997 2023 

3 1997 2023 
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3.4.5 Nonlinear Response History Analysis 

Nonlinear response history analysis was performed to determine the seismic 

response of the bridge using a large suite of ground motions. 

3.4.5.1 Input Ground Motions 

The AASHTO Seismic Guide Specifications (AASHTO, 2011) require at least 

seven sets of independent ground motion records to be applied in orthogonal directions. 

An ensemble of eight earthquake ground motion records were selected for this 

study, including both far-field and near-fault ground motion records. The ground 

motions were selected for magnitude greater than 6, soil class D and range of VS30 of 600 

ft/s to 1,200 ft/sec. Table 3-13 shows the selected acceleration history from the Pacific 

Earthquake Engineering Research Center (PEER). Tables 3-14 and 3-15 show the eight 

ground motion profiles in both longitudinal and transverse direction. 

To achieve spectral compatibility with the design spectrum, the records were 

scaled to the design response spectrum at the transverse period of the bridge. The scaled 

and unscaled response spectrums of selected ground motions are shown in Tables 3-16 

and 3-17, respectively. Figure 3-31 compares the scaled response spectrum of all ground 

motions with the design spectrum. 
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Table 3-13 Characteristics of Selected Accelerations Records 

Type RSN Event Station Name 
Magnitude 

(Richter) 
Rjb (km) VS30 (m/s) 

N
ea

r F
au

lt 

169 Imperial Valley-06 Delta 6.53 22.03 242.05 

778 Loma Prieta 
Hollister Differential 

Array 
6.93 24.52 215.54 

1003 Northridge-01 LA - Saturn St 6.69 21.17 308.71 

Fa
r F

ie
ld

 

160 Imperial Valley-06 Bonds Corner 6.53 0.44 223.03 

558 Chalfant Valley-02 Zack Brothers Ranch 6.19 6.44 316.19 

752 Loma Prieta Capitola 6.93 8.65 288.62 

1063 Northridge-01 Rinaldi Receiving Sta 6.69 0 282.25 

1084 Northridge-01 Sylmar - Converter Sta 6.69 0 251.24 

Note: RSN = Record Serial Number in PEER NGA-West2 ground motion database. 



 

 
 

      

   
 

 

  

 

 

  

 

 
 

 

 

 
 

  

 

 
 

 

 
 

  

Table 3-14 Longitudinal and Transverse Components of Selected Earthquakes 
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Table 3-15 Longitudinal and Transverse Components of Selected Earthquakes 
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Table 3-16 Unscaled and Scaled Response Spectrum 
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Table 3-17 Unscaled and Scaled Response Spectrum 
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Figure 3-31 Scaled Response Spectrum compared to Design Spectrum 

Nonlinear response history analysis was performed simultaneously in both the 

longitudinal and transverse directions of the bridge using the scaled ground motions. The 

bridge was also analyzed for earthquake intensities corresponding to 150% of the design 

earthquake (DE). The 150 % DE was assumed as the maximum considered earthquake 

(MCE) (Monzon et. al.). 

3.5 Analytical Results 

3.5.1 Analytical Results for Model 1 

Results from Model 1 are shown in Figures 3-32 through 3-47 and Tables 3-18 

and 3-19. 
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3.5.1.1 Hysteretic Response 

The hysteretic base shear-displacement response at the center of cap beam are 

shown in Figures 3-32 to 3-39. The maximum base shear and displacement for 100% and 

150% design motions in the longitudinal and transverse directions are summarized in 

Table 3-18. 

3.5.1.2 Displacement Response Histories 

Table 3-19 shows the maximum displacement and the corresponding drift at the 

center of cap beam for all ground motions. The maximum longitudinal and transverse 

displacement are also presented in Figures 3-40 to 3-47 corresponding to seismic 

excitations scaled to two intensity levels, 100% and 150% of design motions. From the 

figures, it can be observed that the displacements at the top of all five columns are almost 

identical. The maximum displacements varied from 4.5 in. (1.5% drift) to 10.6 in. 

(3.53% drift) along the longitudinal direction and 4.3 in. (1.43% drift) to 11.8 in. (3.93% 

drift) along the transverse direction for 100% design earthquake. In the longitudinal 

direction, the maximum displacements were 10.6 in. for the Design Level and 18.4 in. for 

MCE level. In the transverse direction, the maximum displacements of 11.8 in. and 

16.52 in. were observed for design and MCE level earthquakes, respectively. At the 

Design Level, the transverse displacement is higher than that of the longitudinal 

displacement. This trend was reversed at MCE Level. 
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Table 3-18 Maximum Base Shear and Displacement (Model 1) 

Earthquake Station RSN Scale 

Transverse Longitudinal 

Displacement 

(in) 

Base Shear 

(kips) 

Displacement 

(in) 

Base Shear 

(kips) 

Imperial Valley-06 Delta 169 

1 

4.29 1810.33 9.04 1980.21 

Loma Prieta Hollister Differential Array 778 5.53 1909.85 4.43 1655.85 

Northridge-01 LA - Saturn St 1003 6.41 1576.06 7.86 2000.21 

Imperial Valley-06 Bonds Corner 160 6.60 1896.43 7.06 1861.37 

Chalfant Valley-02 Zack Brothers Ranch 558 5.81 1882.66 7.46 1727.09 

Loma Prieta Capitola 752 11.85 2161.38 5.67 1656.23 

Northridge-01 Rinaldi Receiving Sta 1063 10.13 1877.87 4.84 1585.42 

Northridge-01 Sylmar - Converter Sta 1084 7.30 1781.04 10.56 1922.79 

Imperial Valley-06 Delta 169 

1.5 

6.99 1893.46 18.41 2064.75 

Loma Prieta Hollister Differential Array 778 10.20 1933.67 8.26 1702.92 

Northridge-01 LA - Saturn St 1003 9.33 1830.85 9.89 2009.95 

Imperial Valley-06 Bonds Corner 160 12.66 2105.99 8.52 1858.97 

Chalfant Valley-02 Zack Brothers Ranch 558 8.20 1943.29 8.75 1741.34 

Loma Prieta Capitola 752 10.11 2216.83 6.97 1768.13 

Northridge-01 Rinaldi Receiving Sta 1063 16.52 1987.28 7.70 1344.55 

Northridge-01 Sylmar - Converter Sta 1084 8.10 1818.34 12.88 1796.27 
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Table 3-19 Maximum Displacement and Drift (%) (Model 1) 

Earthquake Station Name RSN Scale 
Max. Transverse 

Displacement (in) 

Drift 

(%) 

Max. Longitudinal 

Displacement (in) 

Drift 

(%) 

Imperial Valley-06 Delta 169 

1 

4.3 1.43 9.5 3.17 

Loma Prieta Hollister Differential Array 778 5.5 1.83 4.5 1.50 

Northridge-01 LA - Saturn St 1003 6.4 2.13 8 2.67 

Imperial Valley-06 Bonds Corner 160 6.6 2.20 7.3 2.43 

Chalfant Valley-02 Zack Brothers Ranch 558 5.8 1.93 7.5 2.50 

Loma Prieta Capitola 752 11.8 3.93 5.8 1.93 

Northridge-01 Rinaldi Receiving Sta 1063 10.1 3.37 5 1.67 

Northridge-01 Sylmar - Converter Sta 1084 7.3 2.43 10.6 3.53 

Imperial Valley-06 Delta 169 

1.5 

7 2.33 18.8 6.27 

Loma Prieta Hollister Differential Array 778 10.2 3.40 8.3 2.77 

Northridge-01 LA - Saturn St 1003 9.3 3.10 10 3.33 

Imperial Valley-06 Bonds Corner 160 12.7 4.23 8.9 2.97 

Chalfant Valley-02 Zack Brothers Ranch 558 8.2 2.73 8.8 2.93 

Loma Prieta Capitola 752 12.8 4.27 7.8 2.60 

Northridge-01 Rinaldi Receiving Sta 1063 16.5 5.50 7.9 2.63 

Northridge-01 Sylmar - Converter Sta 1084 8.1 2.70 13.2 4.40 



 

 
 

 

 

 

   

    

 

  

  

   

   

 

 

 

     

   

   

 

   

     

 

      

     

3.5.2 Analytical Results for Model 2 

Model 2 computational model connector configuration is identical to that in 

Model 1, except that the Model 1 used a rigid connectors whereas Model 2 used the 

properties of the connectors described in Section 3.3.4. The results of Model 2 are 

illustrated in Figures 3-48 through 3-71 and Tables 3-20 through 3-22. 

3.5.2.1 Hysteretic Response 

The hysteretic base shear force-displacement response at the center of cap beam 

for the ground motions (100% and 150%) are shown in Figures 3-48 to 3-55. The 

maximum base shears and displacements for 100% and 150% design motions in the 

longitudinal and transverse direction are summarized in Table 3-20. 

3.5.2.2 Displacement Response Histories 

Table 3-21 shows the maximum displacement and corresponding drift ratios at the 

center of cap beam for all ground motions. The maximum longitudinal and transverse 

displacements are also presented in Figures 3-56 to 3-63 corresponding to seismic 

excitations scaled to two intensity levels, 100% and 150% of design motion. From the 

figures, it can be observed that the displacements at the top of all five columns are almost 

identical. The displacements varied from 4.4 in. (1.47% drift) to 11.3 in. (3.77% drift) 

along the longitudinal direction and 4.3 in. (1.43% drift) to 11.6 in. (3.87% drift) along 

the transverse direction for 100% design earthquake. In the longitudinal direction, the 

maximum displacements were 11.3 in. for the Design Level and 19.4 in. for MCE level. 

In the transverse direction, the maximum displacements of 11.6 in. and 16.7 in. were 
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observed for design and MCE level earthquakes, respectively. At the Design Level, the 

transverse displacement is higher than that of the longitudinal displacement. This trend 

was reversed at MCE Level. 

3.5.2.3 Behavior of Headed Anchors 

The forces and displacements in the links are presented along the longitudinal 

direction of the girders. Negligible difference between the force and displacement in the 

link were observed among the 14 girders. Therefore, only results of girder 7 are 

presented in Table 3-22. The maximum forces and displacements are also shown in 

Figures 3-64 to 3-71. The response is plotted along the longitudinal span of the bridge. 

It can be seen that the anchor displacements were negligible. From the figures, it can be 

ascertained that the peak link displacement occurred close to the bent for all the eight 

earthquakes. The maximum force in the anchors when subjected to 100% design level 

and MCE level were 83 kips in longitudinal direction and 7.2 kips in transverse direction, 

which are substantially lower than the ultimate capacity of the connectors (250 kips). 
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Table 3-20 Maximum Base Shear and Displacement (Model 2) 

Earthquake Station RSN Scale 

Transverse Longitudinal 

Displacement 

(in) 

Base Shear 

(kips) 

Displacement 

(in) 

Base Shear 

(kips) 

Imperial Valley-06 Delta 169 

1 

4.34 1800.31 10.70 2000.67 

Loma Prieta Hollister Differential Array 778 5.77 1971.63 4.38 1608.04 

Northridge-01 LA - Saturn St 1003 6.65 1401.86 9.21 1964.52 

Imperial Valley-06 Bonds Corner 160 6.45 1885.01 7.03 1882.66 

Chalfant Valley-02 Zack Brothers Ranch 558 5.73 1851.04 7.53 1688.36 

Loma Prieta Capitola 752 11.64 2157.71 5.78 1631.02 

Northridge-01 Rinaldi Receiving Sta 1063 10.12 1910.70 4.92 1615.31 

Northridge-01 Sylmar - Converter Sta 1084 7.43 1755.87 11.26 1926.31 

Imperial Valley-06 Delta 169 

1.5 

7.12 1902.87 18.89 2012.49 

Loma Prieta Hollister Differential Array 778 10.16 1935.97 8.69 1758.69 

Northridge-01 LA - Saturn St 1003 9.00 1823.91 9.31 1971.25 

Imperial Valley-06 Bonds Corner 160 12.31 2115.12 9.16 1888.54 

Chalfant Valley-02 Zack Brothers Ranch 558 8.34 1928.13 8.81 1686.94 

Loma Prieta Capitola 752 9.94 2253.67 6.93 1735.68 

Northridge-01 Rinaldi Receiving Sta 1063 16.73 2000.22 7.81 1420.58 

Northridge-01 Sylmar - Converter Sta 1084 8.23 1814.52 13.32 1758.25 
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Table 3-21 Maximum Displacement and Drift (%) (Model 2) 

Earthquake Station Name RSN Scale 
Max. Transverse 

Displacement (in) 

Drift 

(%) 

Max. Longitudinal 

Displacement (in) 

Drift 

(%) 

Imperial Valley-06 Delta 169 

1 

4.3 1.43 10.9 3.63 

Loma Prieta Hollister Differential Array 778 5.8 1.93 4.4 1.47 

Northridge-01 LA - Saturn St 1003 6.7 2.23 9.2 3.07 

Imperial Valley-06 Bonds Corner 160 6.4 2.13 7.1 2.37 

Chalfant Valley-02 Zack Brothers Ranch 558 5.7 1.90 7.5 2.50 

Loma Prieta Capitola 752 11.6 3.87 5.9 1.97 

Northridge-01 Rinaldi Receiving Sta 1063 10.1 3.37 5.2 1.73 

Northridge-01 Sylmar - Converter Sta 1084 7.4 2.47 11.3 3.77 

Imperial Valley-06 Delta 169 

1.5 

7.1 2.37 19.4 6.47 

Loma Prieta Hollister Differential Array 778 10.2 3.40 8.8 2.93 

Northridge-01 LA - Saturn St 1003 9 3.00 9.4 3.13 

Imperial Valley-06 Bonds Corner 160 12.3 4.10 9.2 3.07 

Chalfant Valley-02 Zack Brothers Ranch 558 8.3 2.77 8.8 2.93 

Loma Prieta Capitola 752 12.6 4.20 7.7 2.57 

Northridge-01 Rinaldi Receiving Sta 1063 16.7 5.57 8 2.67 

Northridge-01 Sylmar - Converter Sta 1084 8.2 2.73 13.7 4.57 
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Table 3-22 Maximum Link Force and Displacement (Model 2) 

Earthquake Station RSN Scale 

Transverse Longitudinal 

Maximum 

Displacement 

(in) 

Maximum 

Force 

(kips) 

Maximum 

Displacement 

(in) 

Maximum 

Force 

(kips) 

Imperial Valley-06 Delta 169 

1 

0.02 6.80 0.10 75.90 

Loma Prieta Hollister Differential Array 778 0.02 6.95 0.10 75.80 

Northridge-01 LA - Saturn St 1003 0.02 6.70 0.11 77.50 

Imperial Valley-06 Bonds Corner 160 0.02 6.92 0.12 79.50 

Chalfant Valley-02 Zack Brothers Ranch 558 0.01 6.70 0.09 75.00 

Loma Prieta Capitola 752 0.02 6.73 0.10 76.50 

Northridge-01 Rinaldi Receiving Sta 1063 0.02 6.90 0.09 74.50 

Northridge-01 Sylmar - Converter Sta 1084 0.01 6.75 0.09 75.10 

Imperial Valley-06 Delta 169 

1.5 

0.02 6.80 0.11 77.80 

Loma Prieta Hollister Differential Array 778 0.02 7.00 0.09 75.50 

Northridge-01 LA - Saturn St 1003 0.02 6.80 0.12 79.40 

Imperial Valley-06 Bonds Corner 160 0.02 7.04 0.14 82.90 

Chalfant Valley-02 Zack Brothers Ranch 558 0.02 6.73 0.10 76.50 

Loma Prieta Capitola 752 0.02 7.18 0.13 81.50 

Northridge-01 Rinaldi Receiving Sta 1063 0.02 7.00 0.09 74.60 

Northridge-01 Sylmar - Converter Sta 1084 0.02 6.90 0.10 76.20 



 

 
 

 

 

   

    

 

  

   

   

   

 

 

  

  

  

  

  

   

     

 

     

   

   

3.5.3 Analytical Results for Model 3 

The purpose of Model 3 was to study the effect of pocket spacing on bridge 

response by comparing the results with Model 2. The results of Model 3 are illustrated in 

Figures 3-72 through 3-95 and Tables 3-23 through 3-25. 

3.5.3.1 Hysteretic Response 

The hysteretic response base shear-displacement response at the center of cap 

beam are shown in Figures 3-72 to 3-79. The maximum base shear and displacement for 

100% and 150% design motions in the longitudinal and transverse direction are 

summarized in Table 3-23. 

3.5.3.2 Displacement Response Histories 

Table 3-24 shows the maximum displacement and corresponding drift at the 

center of cap beam for all ground motions. The maximum longitudinal and transverse 

displacement are also presented in Figures 3-80 to 3-87 corresponding to seismic 

excitations scaled to two intensity levels, 100% and 150% of design motions. From the 

figures, it can be observed that the displacements at the top of all five columns are almost 

identical. The displacements varied from 4.4 in. (1.47% drift) to 11.3 in. (3.7% drift) 

along the longitudinal direction and 4.3 in. (1.43% drift) to 11.7 in. (3.9% drift) along the 

transverse direction for 100% design earthquake. In the longitudinal direction, the 

maximum displacements were 11.3 in. for the Design Level and 19.4 in. for MCE level. 

In the transverse direction, the maximum displacements of 11.7 in. and 16.7 in. were 

observed for design and MCE level earthquakes. At the Design Level, the transverse 
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displacement is higher than that of the longitudinal displacement. This trend was 

reversed at MCE Level. 

3.5.3.3 Behavior of Headed Anchors 

The forces and displacements in the links are presented along the longitudinal 

direction of the girders. Negligible difference between the force and displacement profile 

of the links were observed among 14 girders. Therefore, only the results for girder 7 are 

presented in Table 3-25. The maximum forces and displacements are also shown in 

Figures 3-88 to 3-95. The response is plotted along the longitudinal span of the bridge. 

It can be seen that the anchor displacements were negligible. From the figures, it can be 

ascertained that the peak link displacement occurred was close to the bent for all the eight 

earthquakes. The maximum force in the anchors when subjected to 100% design level 

and MCE level were 124 kips in longitudinal direction and 10.2 kips in transverse 

direction, which are substantially lower than the ultimate capacity of the connectors (375 

kips). 
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Table 3-23 Maximum Base Shear and Displacement (Model 3) 

Earthquake Station RSN Scale 

Transverse Longitudinal 

Displacement 

(in) 

Base Shear 

(kips) 

Displacement 

(in) 

Base Shear 

(kips) 

Imperial Valley-06 Delta 169 

1 

4.34 1800.15 10.66 2000.67 

Loma Prieta Hollister Differential Array 778 5.77 1969.09 4.38 1608.69 

Northridge-01 LA - Saturn St 1003 6.73 1407.68 9.22 1965.62 

Imperial Valley-06 Bonds Corner 160 6.48 1886.76 7.01 1878.35 

Chalfant Valley-02 Zack Brothers Ranch 558 5.73 1850.58 7.57 1692.69 

Loma Prieta Capitola 752 11.65 2157.03 5.79 1630.87 

Northridge-01 Rinaldi Receiving Sta 1063 10.13 1912.61 4.93 1617.77 

Northridge-01 Sylmar - Converter Sta 1084 7.43 1755.84 11.26 1925.16 

Imperial Valley-06 Delta 169 

1.5 

7.11 1903.75 18.88 2012.54 

Loma Prieta Hollister Differential Array 778 10.22 1935.22 8.69 1760.92 

Northridge-01 LA - Saturn St 1003 9.33 1807.33 9.25 1965.82 

Imperial Valley-06 Bonds Corner 160 12.30 2113.18 9.13 1885.82 

Chalfant Valley-02 Zack Brothers Ranch 558 8.38 1926.60 8.80 1685.69 

Loma Prieta Capitola 752 

Northridge-01 Rinaldi Receiving Sta 1063 16.74 2001.98 7.81 1418.86 

Northridge-01 Sylmar - Converter Sta 1084 8.22 1814.53 13.32 1757.48 
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Table 3-24 Maximum Displacement and Drift (%) (Model 3) 

Earthquake Station Name RSN Scale 
Max. Transverse 

Displacement (in) 

Drift 

(%) 

Max. Longitudinal 

Displacement (in) 

Drift 

(%) 

Imperial Valley-06 Delta 169 

1 

4.3 1.43 10.8 3.60 

Loma Prieta Hollister Differential Array 778 5.8 1.93 4.4 1.47 

Northridge-01 LA - Saturn St 1003 6.7 2.23 9.2 3.07 

Imperial Valley-06 Bonds Corner 160 6.5 2.17 7.1 2.37 

Chalfant Valley-02 Zack Brothers Ranch 558 

Loma Prieta Capitola 752 11.7 3.90 5.9 1.97 

Northridge-01 Rinaldi Receiving Sta 1063 10.1 3.37 5.2 1.73 

Northridge-01 Sylmar - Converter Sta 1084 7.4 2.47 11.3 3.77 

Imperial Valley-06 Delta 169 

1.5 

7.1 2.37 19.4 6.47 

Loma Prieta Hollister Differential Array 778 10.2 3.40 8.8 2.93 

Northridge-01 LA - Saturn St 1003 9.3 3.10 9.3 3.10 

Imperial Valley-06 Bonds Corner 160 12.3 4.10 9.2 3.07 

Chalfant Valley-02 Zack Brothers Ranch 558 8.4 2.80 8.8 2.93 

Loma Prieta Capitola 752 

Northridge-01 Rinaldi Receiving Sta 1063 16.7 5.57 8 2.67 

Northridge-01 Sylmar - Converter Sta 1084 8.2 2.73 13.7 4.57 
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Table 3-25 Maximum Link Force and Displacement (Model 3) 

Earthquake Station RSN Scale 

Transverse Longitudinal 

Maximum 

Displacement 

(in) 

Maximum 

Force 

(kips) 

Maximum 

Displacement 

(in) 

Maximum 

Force 

(kips) 

Imperial Valley-06 Delta 169 

1 

0.02 9.93 0.10 113.30 

Loma Prieta Hollister Differential Array 778 0.02 10.20 0.10 113.10 

Northridge-01 LA - Saturn St 1003 0.02 9.85 0.10 115.70 

Imperial Valley-06 Bonds Corner 160 0.02 10.20 0.11 118.50 

Chalfant Valley-02 Zack Brothers Ranch 558 0.02 9.78 0.09 112.00 

Loma Prieta Capitola 752 0.02 10.20 0.10 114.20 

Northridge-01 Rinaldi Receiving Sta 1063 0.02 10.14 0.09 111.44 

Northridge-01 Sylmar - Converter Sta 1084 0.02 9.89 0.09 112.20 

Imperial Valley-06 Delta 169 

1.5 

0.02 10.00 0.11 116.20 

Loma Prieta Hollister Differential Array 778 0.02 10.23 0.09 112.60 

Northridge-01 LA - Saturn St 1003 0.02 10.05 0.11 117.90 

Imperial Valley-06 Bonds Corner 160 0.03 10.30 0.13 123.70 

Chalfant Valley-02 Zack Brothers Ranch 558 0.02 9.90 0.10 114.10 

Loma Prieta Capitola 752 

Northridge-01 Rinaldi Receiving Sta 1063 0.03 10.26 0.09 111.52 

Northridge-01 Sylmar - Converter Sta 1084 0.02 10.10 0.10 113.80 



 

 
 

 

  

   

  

     

 

 

   

  

 

 

 

 

    

   

  

 

 

  

  

   

 

3.5.4 Comparison of Model 1, 2 and 3 

3.5.4.1 Hysteretic Response 

The hysteresis loop for Models 1, 2 and 3 are shown in Figures 3-96 through 3-

110. From the hysteresis loop, it can be observed that all three models show similar 

seismic behavior. All three models show inelastic response of the bridge substructure. 

3.5.4.2 Displacement Response Histories 

Negligible difference was observed in the displacement at the top of the columns 

among the models with connectors spaced at 4 ft (Model 2) and 6 ft (Model 3). The 

results are not presented herein. 

3.5.4.3 Behavior of Headed Anchors 

The behavior of the headed anchors when placed at the spacing of 4 ft and 6 ft 

was determined by comparing the link force and displacement results from Model 2 and 

Model 3. Tables 3-26 and 3-27 present the maximum force and displacement in the link 

in Model 2 and 3 in longitudinal and transverse direction, respectively. No significant 

difference was observed in the link element representing the headed anchors between 

Models 2 and 3. A significant increase in the forces in the link element was observed 

between these models in the longitudinal direction. The maximum link forces in the 

longitudinal direction increased from 83 kips to 124 kips, when the link spacing was 

increased from 4 ft to 6 ft. In the transverse direction, the maximum forces increased 

from 7.2 kips to 10.2 kips. In both models, the maximum link forces were lower than the 

ultimate strength by at least 67% in the longitudinal direction and 97% in the transverse 
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direction. Therefore, there was no failure in the link element under MCE motion level 

even when the spacing was increased to 6 ft. 
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Table 3-26 Comparison of Maximum Link Force and Displacement in Model 2 and 3 in Longitudinal Direction 

Earthquake Station RSN Scale 

Model 2 Model 3 

Maximum 

Displacement 

(in) 

Maximum 

Force 

(kips) 

Maximum 

Displacement 

(in) 

Maximum 

Force 

(kips) 

Imperial Valley-06 Delta 169 

1 

0.10 75.90 0.10 113.30 

Loma Prieta Hollister Differential Array 778 0.10 75.80 0.10 113.10 

Northridge-01 LA - Saturn St 1003 0.11 77.50 0.10 115.70 

Imperial Valley-06 Bonds Corner 160 0.12 79.50 0.11 118.50 

Chalfant Valley-02 Zack Brothers Ranch 558 0.09 75.00 0.09 112.00 

Loma Prieta Capitola 752 0.10 76.50 0.10 114.20 

Northridge-01 Rinaldi Receiving Sta 1063 0.09 74.50 0.09 111.44 

Northridge-01 Sylmar - Converter Sta 1084 0.09 75.10 0.09 112.20 

Imperial Valley-06 Delta 169 

1.5 

0.11 77.80 0.11 116.20 

Loma Prieta Hollister Differential Array 778 0.09 75.50 0.09 112.60 

Northridge-01 LA - Saturn St 1003 0.12 79.40 0.11 117.90 

Imperial Valley-06 Bonds Corner 160 0.14 82.90 0.13 123.70 

Chalfant Valley-02 Zack Brothers Ranch 558 0.10 76.50 0.10 114.10 

Loma Prieta Capitola 752 0.13 81.50 

Northridge-01 Rinaldi Receiving Sta 1063 0.09 74.60 0.09 111.52 

Northridge-01 Sylmar - Converter Sta 1084 0.10 76.20 0.10 113.80 
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Table 3-27 Comparison of Maximum Link Force and Displacement in Model 2 and 3 in Transverse Direction 

Earthquake Station RSN Scale 

Model 2 Model 3 

Maximum 

Displacement 

(in) 

Maximum 

Force 

(kips) 

Maximum 

Displacement 

(in) 

Maximum 

Force 

(kips) 

Imperial Valley-06 Delta 169 

1 

0.02 6.80 0.02 9.93 

Loma Prieta Hollister Differential Array 778 0.02 6.95 0.02 10.20 

Northridge-01 LA - Saturn St 1003 0.02 6.70 0.02 9.85 

Imperial Valley-06 Bonds Corner 160 0.02 6.92 0.02 10.20 

Chalfant Valley-02 Zack Brothers Ranch 558 0.01 6.70 0.02 9.78 

Loma Prieta Capitola 752 0.02 6.73 0.02 10.20 

Northridge-01 Rinaldi Receiving Sta 1063 0.02 6.90 0.02 10.14 

Northridge-01 Sylmar - Converter Sta 1084 0.01 6.75 0.02 9.89 

Imperial Valley-06 Delta 169 

1.5 

0.02 6.80 0.02 10.00 

Loma Prieta Hollister Differential Array 778 0.02 7.00 0.02 10.23 

Northridge-01 LA - Saturn St 1003 0.02 6.80 0.02 10.05 

Imperial Valley-06 Bonds Corner 160 0.02 7.04 0.03 10.30 

Chalfant Valley-02 Zack Brothers Ranch 558 0.02 6.73 0.02 9.90 

Loma Prieta Capitola 752 0.02 7.18 

Northridge-01 Rinaldi Receiving Sta 1063 0.02 7.00 0.03 10.26 

Northridge-01 Sylmar - Converter Sta 1084 0.02 6.90 0.02 10.10 



 

 
 

 

 

  

  

  

   

 

 

   

   

 

 

   

 

 

 

    

  

  

       

    

3.6 Concluding Remarks 

This chapter presented a numerical study to investigate the seismic response of 

headed anchors placed at two different pocket spacing of 4 ft and 6 ft. For this purpose, 

the number of headed anchors was first designed for live load and seismic forces, and 

later analyzed for eight different ground motions. The headed anchors were designed to 

resist the interface shear due to live load and the seismic forces generated in the deck . 

Headed anchors were designed for the maximum shear that was developed for two pocket 

spacing of 4 ft and 6 ft when the bridge is subjected to dead load and live load. Based on 

the interface shear demand, 12-#5 and 18-#5 headed anchors were required for the pocket 

spacing of 4 ft and 6 ft, respectively. Three finite element models with different 

properties of link element representing the headed anchors were analyzed. A rigid link 

element connection between the deck and girders was used in first model (Model 1). The 

second (Model 2) and third (Model 3) models used a link element with a properties 

equivalent to the design number of headed anchors spaced at 4 ft and 6 ft, respectively. 

Response spectrum analysis was performed on the models using design response 

spectrum. 

The nonlinear response history analysis was also performed in the 3 models using 

eight different ground motions corresponding to 100% design level and 150% MCE 

level. Insignificant difference was observed in the overall seismic behavior due to the 

increase in pocket spacing from 4 ft to 6 ft. The finite element models with 4 ft and 6 ft 

spacing with 12-#5 and 18-#5 headed anchors, respectively, were found to show similar 

overall seismic behavior. Their seismic response were also similar to the Model 1. The 

forces in the anchors were investigated due to the 100% design level and 150% MCE 
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level ground motions. It was observed that the forces in the headed anchors were lower 

than the ultimate strength of the connectors. Thus, no failure in headed anchors were 

observed in either models. 
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Figure 3-32 Hysteresis Loop for Imperial Valley-06 "Delta" - Model 1 (a) 100% (b) 150% 
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Figure 3-33 Hysteresis Loop for Loma Prieta "Hollister Differential Array" - Model 1 (a) 100% (b) 150% 
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Figure 3-34 Hysteresis Loop for Northridge-01 "LA-Saturn St" - Model 1 (a) 100% (b) 150% 
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Figure 3-35 Hysteresis Loop for Imperial Valley-06 "Bonds Corner" - Model 1 (a) 100% (b) 150% 



 

 
 

 

  

 

  

     

173 

-4 -2 0 2 4 6
-1500

-1000

-500

0

500

1000

1500

2000

Chalfant Valley-02 “Zack Brother Ranch”
(Transverse Direction) - 100%

Displacement (in)

B
as

e 
Sh

ea
r (

ki
p)

-4 -2 0 2 4 6 8
-2000

-1500

-1000

-500

0

500

1000

1500

2000

Chalfant Valley-02 “Zack Brother Ranch”
(Longitudinal Direction) - 100%

Displacement (in)

B
as

e 
Sh

ea
r (

ki
p)

(a) 

-6 -4 -2 0 2 4 6 8 10
-2000

-1500

-1000

-500

0

500

1000

1500

2000

Chalfant Valley-02 “Zack Brother Ranch”
(Transverse Direction) - 150%

Displacement (in)

B
as

e 
Sh

ea
r (

ki
p)

-6 -4 -2 0 2 4 6 8 10
-2000

-1500

-1000

-500

0

500

1000

1500

2000

Chalfant Valley-02 “Zack Brother Ranch”
(Longitudinal Direction) - 150%

Displacement (in)

B
as

e 
Sh

ea
r (

ki
p)

(b) 

Figure 3-36 Hysteresis Loop for Chalfant Valley-02 "Zack Brother Ranch" - Model 1 (a) 100% (b) 150% 
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Figure 3-37 Hysteresis Loop for Loma Prieta "Capitola" - Model 1 (a) 100% (b) 150% 
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Figure 3-38 Hysteresis Loop for Northridge-01 "Rinaldi Receiving Sta" - Model 1 (a) 100% (b) 150% 
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Figure 3-39 Hysteresis Loop for Northridge-01 "Sylmar-Converter Sta" - Model 1 (a) 100% (b) 150% 
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Figure 3-40 Displacement History for Imperial Valley-06 "Delta" - Model 1 (a) 100% (b) 150% 



 

 
 

 

  

 

  

     

178 

0 10 20 30 40-6

-4

-2

0

2

4

6
Transverse Displacement Vs Time (100%)

Time (sec)

D
is

pl
ac

em
en

t (
in

)

 

 

Node13
Node17
Node21
Node25
Node29

0 10 20 30 40-5

-4

-3

-2

-1

0

1

2

3

4
Longitudinal Displacement Vs Time (100%)

Time (sec)

D
is

pl
ac

em
en

t (
in

)

 

 

Node13
Node17
Node21
Node25
Node29

(a) 

0 10 20 30 40-10

-5

0

5

10

15
Transverse Displacement Vs Time (150%)

Time (sec)

D
is

pl
ac

em
en

t (
in

)

 

 

Node13
Node17
Node21
Node25
Node29

0 10 20 30 40-10

-5

0

5
Longitudinal Displacement Vs Time (150%)

Time (sec)

D
is

pl
ac

em
en

t (
in

)

 

 

Node13
Node17
Node21
Node25
Node29

(b) 

Figure 3-41 Displacement History for Loma Prieta "Hollister Differential Array" -Model 1 (a) 100% (b) 150% 
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Figure 3-42 Displacement History for Northridge-01 "LA-Saturn St" - Model 1 (a) 100% (b) 150% 
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Figure 3-43 Displacement History for Imperial Valley-06 "Bonds Corner" - Model 1 (a) 100% (b) 150% 
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Figure 3-44 Displacement History for Chalfant Valley-02 "Zack Brother Ranch" -Model 1 (a) 100% (b) 150% 



 

 
 

 

  

 

  

     

182 

0 10 20 30 40-12

-10

-8

-6

-4

-2

0

2

4

6
Transverse Displacement Vs Time (100%)

Time (sec)

D
is

pl
ac

em
en

t (
in

)

 

 

Node13
Node17
Node21
Node25
Node29

0 10 20 30 40-6

-4

-2

0

2

4

6
Longitudinal Displacement Vs Time (100%)

Time (sec)

D
is

pl
ac

em
en

t (
in

)

 

 

Node13
Node17
Node21
Node25
Node29

(a) 

0 10 20 30 40-15

-10

-5

0

5

10

15
Transverse Displacement Vs Time (150%)

Time (sec)

D
is

pl
ac

em
en

t (
in

)

 

 

Node13
Node17
Node21
Node25
Node29

0 10 20 30 40-8

-6

-4

-2

0

2

4

6

8
Longitudinal Displacement Vs Time (150%)

Time (sec)

D
is

pl
ac

em
en

t (
in

)

 

 

Node13
Node17
Node21
Node25
Node29
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Figure 3-45 Displacement History for Loma Prieta "Capitola" - Model 1 (a) 100% (b) 150% 
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Figure 3-46 Displacement History for Northridge-01 "Rinaldi Receiving Sta" - Model 1 (a) 100% (b) 150% 
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Figure 3-47 Displacement History for Northridge-01 "Sylmar-Converter Sta" - Model 1 (a) 100% (b) 150% 
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Figure 3-48 Hysteresis Loop for Imperial Valley-06 "Delta" - Model 2 (a) 100% (b) 150% 
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Figure 3-49 Hysteresis Loop for Loma Prieta "Hollister Differential Array" - Model 2 (a) 100% (b) 150% 
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Figure 3-50 Hysteresis Loop for Northridge-01 "LA-Saturn St" - Model 2 (a) 100% (b) 150% 
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Figure 3-51 Hysteresis Loop for Imperial Valley-06 "Bonds Corner" - Model 2 (a) 100% (b) 150% 
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Figure 3-52 Hysteresis Loop for Chalfant Valley-02 "Zack Brother Ranch" - Model 2 (a) 100% (b) 150% 
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Figure 3-53 Hysteresis Loop for Loma Prieta "Capitola" - Model 2 (a) 100% (b) 150% 
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Figure 3-54 Hysteresis Loop for Northridge-01 "Rinaldi Receiving Sta" - Model 2 (a) 100% (b) 150% 
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Figure 3-55 Hysteresis Loop for Northridge-01 "Sylmar-Converter Sta" - Model 2 (a) 100% (b) 150% 
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Figure 3-56 Displacement History for Imperial Valley-06 "Delta" - Model 2 (a) 100% (b) 150% 
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(b) 

Figure 3-57 Displacement History for Loma Prieta "Hollister Differential Array" -Model 2 (a) 100% (b) 150% 
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(b) 

Figure 3-58 Displacement History for Northridge-01 "LA-Saturn St" - Model 2 (a) 100% (b) 150% 
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(b) 

Figure 3-59 Displacement History for Imperial Valley-06 "Bonds Corner" - Model 2 (a) 100% (b) 150% 
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Figure 3-60 Displacement History for Chalfant Valley-02 "Zack Brother Ranch" -Model 2 (a) 100% (b) 150% 
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Figure 3-61 Displacement History for Loma Prieta "Capitola" - Model 2 (a) 100% (b) 150% 
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(b) 

Figure 3-62 Displacement History for Northridge-01 "Rinaldi Receiving Sta" - Model 2 (a) 100% (b) 150% 
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(b) 

Figure 3-63 Displacement History for Northridge-01 "Sylmar-Converter Sta" - Model 2 (a) 100% (b) 150% 
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Figure 3-64 Maximum Link Force and Displacement for Imperial Valley-06 "Delta" - Model 2 (a) 100% (b) 150% 
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Figure 3-65 Maximum Link Force and Displacement for Loma Prieta "Hollister Differential Array" - Model 2 (a) 100% 

(b) 150% 
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Figure 3-66 Maximum Link Force and Displacement for Northridge-01 "LA-Saturn St" - Model 2 (a) 100% (b) 150% 
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Figure 3-67 Maximum Link Force and Displacement for Imperial Valley-06 "Bonds Corner" - Model 2 (a) 100% (b) 150% 
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Figure 3-68 Maximum Link Force and Displacement for Chalfant Valley-02 "Zack Brother Ranch" - Model 2 (a) 100% (b) 

150% 
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Figure 3-69 Maximum Link Force and Displacement for Loma Prieta "Capitola" -Model 2 (a) 100% (b) 150% 
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Figure 3-70 Maximum Link Force and Displacement for Northridge-01 "Rinaldi Receiving Sta" - Model 2 (a) 100% (b) 

150% 
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Figure 3-71 Maximum Link Force and Displacement for Northridge-01 "Sylmar-Converter Sta" - Model 2 (a) 100% (b) 

150% 
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Figure 3-72 Hysteresis Loop for Imperial Valley-06 "Delta" - Model 3 (a) 100% (b) 150% 
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Figure 3-73 Hysteresis Loop for Loma Prieta "Hollister Differential Array" - Model 3 (a) 100% (b) 150% 
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Figure 3-74 Hysteresis Loop for Northridge-01 "LA-Saturn St" - Model 3 (a) 100% (b) 150% 
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Figure 3-75 Hysteresis Loop for Imperial Valley-06 "Bonds Corner" - Model 3 (a) 100% (b) 150% 
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Figure 3-76 Hysteresis Loop for Chalfant Valley-02 "Zack Brother Ranch" - Model 3 (a) 100% (b) 150% 



 

 
 

 

  

    

  

-10 -5 0 5 10 15
-2000

-1500

-1000

-500

0

500

1000

1500

2000

2500
Loma Prieta “Capitola” (Transverse Direction) - 100%

Displacement (in)

B
as

e 
Sh

ea
r (

ki
p)

-6 -4 -2 0 2 4 6
-2000

-1500

-1000

-500

0

500

1000

1500

2000
Loma Prieta “Capitola” (Longitudinal Direction) - 100%

Displacement (in)

B
as

e 
Sh

ea
r (

ki
p)

(a) 

Figure 3-77 Hysteresis Loop for Loma Prieta "Capitola" - Model 3 (a) 100% 214 
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Figure 3-78 Hysteresis Loop for Northridge-01 "Rinaldi Receiving Sta" - Model 3 (a) 100% (b) 150% 
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Figure 3-79 Hysteresis Loop for Northridge-01 "Sylmar-Converter Sta" - Model 3 (a) 100% (b) 150% 
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(b) 

Figure 3-80 Displacement History for Imperial Valley-06 "Delta" - Model 3 (a) 100% (b) 150% 
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(b) 

Figure 3-81 Displacement History for Loma Prieta "Hollister Differential Array" -Model 3 (a) 100% (b) 150% 
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(b) 

Figure 3-82 Displacement History for Northridge-01 "LA-Saturn St" - Model 3 (a) 100% (b) 150% 
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(b) 

Figure 3-83 Displacement History for Imperial Valley-06 "Bonds Corner" - Model 3 (a) 100% (b) 150% 
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(b) 

Figure 3-84 Displacement History for Chalfant Valley-02 "Zack Brother Ranch" -Model 3 (a) 100% (b) 150% 
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(a) 

Figure 3-85 Displacement History for Loma Prieta "Capitola" - Model 3 (a) 100% 222 



 

 
 

 

  

 

  

    

223 

0 5 10 15 20-2

0

2

4

6

8

10

12
Transverse Displacement Vs Time (100%)

Time (sec)

D
is

pl
ac

em
en

t (
in

)

 

 

Node13
Node17
Node21
Node25
Node29

0 5 10 15 20-6

-4

-2

0

2

4

6
Longitudinal Displacement Vs Time (100%)

Time (sec)

D
is

pl
ac

em
en

t (
in

)

 

 

Node13
Node17
Node21
Node25
Node29

(a) 

0 5 10 15 20-5

0

5

10

15

20
Transverse Displacement Vs Time (150%)

Time (sec)

D
is

pl
ac

em
en

t (
in

)

 

 

Node13
Node17
Node21
Node25
Node29

0 5 10 15 20-8

-6

-4

-2

0

2

4
Longitudinal Displacement Vs Time (150%)

Time (sec)

D
is

pl
ac

em
en

t (
in

)

 

 

Node13
Node17
Node21
Node25
Node29

(b) 

Figure 3-86 Displacement History for Northridge-01 "Rinaldi Receiving Sta" - Model 3 (a) 100% (b) 150% 
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Figure 3-87 Displacement History for Northridge-01 "Sylmar-Converter Sta" - Model 3 (a) 100% (b) 150% 
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Figure 3-88 Maximum Link Force and Displacement for Imperial Valley-06 "Delta" - Model 3 (a) 100% (b) 150% 
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Figure 3-89 Maximum Link Force and Displacement for Loma Prieta "Hollister Differential Array" - Model 3 (a) 100% 

(b) 150% 
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Figure 3-90 Maximum Link Force and Displacement for Northridge-01 "LA-Saturn St" - Model 3 (a) 100% (b) 150% 
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Figure 3-91 Maximum Link Force and Displacement for Imperial Valley-06 "Bonds Corner" - Model 3 (a) 100% (b) 150% 
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Figure 3-92 Maximum Link Force and Displacement for Chalfant Valley-02 "Zack Brother Ranch" - Model 3 (a) 100% (b) 

150% 
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Figure 3-93 Maximum Link Force and Displacement for Loma Prieta "Capitola" -Model 3 (a) 100% 230 
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Figure 3-94 Maximum Link Force and Displacement for Northridge-01 "Rinaldi Receiving Sta" - Model 3 (a) 100% (b) 

150% 
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Figure 3-95 Maximum Link Force and Displacement for Northridge-01 "Sylmar-Converter Sta" - Model 3 (a) 100% (b) 

150% 
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Figure 3-96 Comparison of Hysteresis Loop for Imperial Valley-06 "Delta" (100%) 
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Figure 3-97 Comparison of Hysteresis Loop for Imperial Valley-06 "Delta" (150%) 
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Figure 3-98 Comparison of Hysteresis Loop for Loma Prieta "Hollister Differential 

Array" (100%) 
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Figure 3-99 Comparison of Hysteresis Loop for Loma Prieta "Hollister Differential 

Array" (150%) 
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Figure 3-100 Comparison of Hysteresis Loop for Northridge-01 "LA-Saturn St" 

(100%) 
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Figure 3-101 Comparison of Hysteresis Loop for Northridge-01 "LA-Saturn St" 

(150%) 
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Figure 3-102 Comparison of Hysteresis Loop for Imperial Valley-06 "Bonds 

Corner" (100%) 
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Figure 3-103 Comparison of Hysteresis Loop for Imperial Valley-06 "Bonds 

Corner" (150%) 
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Figure 3-104 Comparison of Hysteresis Loop for Chalfant Valley-02 "Zack Brother 

Ranch" (100%) 
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Figure 3-105 Comparison of Hysteresis Loop for Chalfant Valley-02 "Zack Brother 

Ranch" (150%) 
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Figure 3-106 Comparison of Hysteresis Loop for Loma Prieta "Capitola" (100%) 
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Figure 3-107 Comparison of Hysteresis Loop for Northridge-01 "Rinaldi Receiving 

Sta" (100%) 
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Figure 3-108 Comparison of Hysteresis Loop for Northridge-01 "Rinaldi Receiving 

Sta" (150%) 
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Figure 3-109 Comparison of Hysteresis Loop for Northridge-01 "Sylmar-Converter 

Sta" (100%) 
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Figure 3-110 Comparison of Hysteresis Loop for Northridge-01 "Sylmar-Converter 

Sta" (150%) 
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4. Summary, Conclusions, and Recommendations for Future Research 

4.1 Summary 

The primary objective of this study was to develop and design prefabricated 

precast bridge decks connections to precast longitudinal girders. These prefabricated 

decks also offer the ability to be replaced during the life span of the bridge while 

maintaining the serviceability and seismic resiliency of the bridge. 

To perform the analytical investigation on bridges with prefabricated decks, the 

properties of the anchors that connect the deck to the girders were needed. An 

experimental study was conducted on headed anchors to determine their shear, pullout 

strength, and stiffness. Nine push-out shear specimens were tested to identify the 

strength and the lateral stiffness of the anchors embedded in different types of grout or 

concrete. The filler material is referred to as “grout” in this document.  The group effect 

of the anchors and the effect of the anchor head area were also investigated. In addition 

to the shear tests, twelve pullout specimens were tested to study the pull-out behavior of 

the anchor and determine their rebar pullout strength and stiffness using various grouts. 

Another parameter of the study was the ease in the removal of the grout. After each test, 

the grout was removed from the pockets in the shear specimens using a chipping hammer 

and the time required for the removal was recorded. 

The experimental test results on the anchors were used in an analytical 

investigation on a two-span bridge to determine the anchor seismic demand forces and 

the effect of the anchor spacing on the overall bridge seismic response and the anchor 

forces. Three different models were investigated for this purpose.  In the first model, 
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rigid link elements were used to connect the decks and girders.  In the second and third 

models, link elements spaced at 4 ft and 6 ft were assumed, with increased number of 

anchors in each pocket in the latter to provide the same shear resistance in the two cases.  

The number of anchors was designed for live load and seismic forces. Response 

spectrum analysis was performed on the bridge model to design the deck anchors. A 

nonlinear response history analyses was performed with eight different ground motions 

corresponding to 100% design level and 150% level, which is assumed as the "maximum 

considered earthquake," MCE. 

4.2 Conclusions 

Based on the results of the experimental investigation and analytical study 

presented in this document, the following conclusions are drawn: 

 The failure mode of all shear test specimens was the fracture of the headed anchor 

at the interface of deck and girder. 

 The types of grout had negligible effect on the ultimate shear capacity of the 

anchor. 

 The anchor head area had negligible effect on the ultimate shear capacity of the 

anchor when the filler material was UHPC. 

 The shear capacity of the headed anchors increased linearly when the number of 

anchors increased indicating no group effect. 

 The failure mode for all pullout tests was the fracture of the anchor at the top of 

the grout indicating adequate embedment length. 
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 The type of grout and anchor head area had no effect on the pullout strength of the 

headed anchor. 

 Out of the six different grout types investigated, Latex Concrete took the least 

amount of time to be removed from the pocket. 

 Polyester Concrete and UHPC were the most difficult material to be removed 

from the pockets. 

 Based on the time required and ease in removing the grout, 1428 HP, EucoSpeed, 

conventional concrete and latex concrete were recommended to facilitate future 

deck replacement. 

 The ultimate shear strength of the anchors were similar to the AASHTO Section 6 

anchor shear capacity equation. 

 The effective shear stiffness of the headed anchors obtained from the test results 

was: 

where, E is the modulus of elasticity of anchor, Ia is the moment of inertia of 

anchor, and Leff is the effective length that is unrestrained for bending in anchor. 

 The axial stiffness of the headed anchors obtained from the test results was: 

where, A is the area of anchor, E is the modulus of elasticity of anchor, and L2 is 

the length of the anchor embedded into the deck. 
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 The design provisions in AASHTO Section 6 for cast-in-place decks were found 

to be applicable to precast decks. 

 Using the experimental results of the anchor stiffness in gravity load analysis 

showed that precast bridge decks were able to achieve approximately 70-75% of a 

full composite action. The mid-span deflection of the bridge increased by 44% 

with experimental anchor stiffness than full composite action due to the decrease 

in vertical stiffness of the bridge. 

 The analytical investigation showed no difference in the overall seismic response 

of pockets spaced at 4 ft and 6 ft. 

 The results of the nonlinear seismic analysis showed all anchor forces were 

substantially less than their ultimate capacity. 

4.3 Recommendations for Future Research 

A system experiment of a multi-span bridge models is recommended to 

investigate the composite action of precast decks using headed anchors. The lack of full 

composite action may affect the live load stresses in the longitudinal girders. In addition, 

the fatigue response of the headed anchors needs to be evaluated. 
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	Abstract 
	  
	 Cast-in-place (CIP) concrete construction is time intensive and requires many on-site construction procedures that may create negative impacts on traffic flow, work zone safety, and the environment.  Accelerated bridge construction (ABC) offers a viable alternative to CIP construction since significant on-site construction time can be reduced by using prefabricated elements.  Full depth R/C deck panels offer unique opportunity for new deck construction or replacement projects.  These decks can be quickly a
	 The primary objective of this study was to evaluate the ultimate strength and stiffness of headed anchors in connections between prefabricated precast R/C deck panels and girders using different grout types.  The study consisted of an experimental and an analytical investigation.  The former involved construction and testing shear and pullout specimens to evaluate the shear and pullout strength and stiffness.  Various parameters such as group effect of anchor, types of grout, and head area of the anchors w
	ultimate shear strength of studs in CIP construction may be used for anchors in precast R/C panels. 
	 The second part of the study consisted of an analytical investigation of a two-span bridge to determine the forces in the anchors in precast deck panels when subjected to large ground motions.  A computational model for headed anchors was used to investigate the seismic response of decks with rigid shear links between the deck and girders and flexible links with shear pockets spaced at 4 ft and 6 ft spacing.  An ensemble of eight earthquake ground motion records were applied in this part of the study, incl
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	1. Introduction 
	 
	1.1 Background 
	 Cast-in-place (CIP) concrete construction is time intensive, in part because formwork must be used to pour wet concrete and allowed to cure, and then the formwork has to be removed.  It also requires many on-site construction procedures that may create negative impacts on work zone safety and the environment. In addition, ageing bridges may require repair, rehabilitation, and/or replacement.  The current traditional deck rehabilitation/replacement system in most situations is time consuming and costly.  Is
	 Accelerated bridge construction (ABC) offers a viable alternative to cast-in-place construction since significant on-site construction time can be reduced by using prefabricated decks.  Economic benefits can be achieved through mass production of materials and the repeated use of forms.  Prefabricated elements and systems can be quickly assembled and can reduce on-site construction time, minimize traffic disruption, reduce environmental impact, improve worker and motorist safety, improve constructability, 
	Replacement of bridge decks can be one of the most advantages in the uses of ABC.  The use of full depth prefabricated deck panels may be the fastest form of deck replacement.  The application of ABC methods in seismic regions has been limited thus 
	far.  It is due to the lack of adequate knowledge in seismic detailing, performance of connections, and specifications for seismic design of precast elements.  Development of seismically resilient standardized prefabricated precast (PC) bridge decks will provide significant advancements in ABC. 
	 
	1.2 Problem Statement 
	One of the attractive solutions to accelerate the construction of new bridges or replacement of deteriorated decks, is the use of full-depth precast deck panels in which the panels cover part of the bridge width.  These precast panels can be attached to precast concrete or steel girders by providing voided pockets in these panels.  Steel stirrups or headed anchors extending vertically from the girders protrude into the pockets as the panels are placed.  These pockets are subsequently filled with a bonding m
	One of the attractive solutions to accelerate the construction of new bridges or replacement of deteriorated decks, is the use of full-depth precast deck panels in which the panels cover part of the bridge width.  These precast panels can be attached to precast concrete or steel girders by providing voided pockets in these panels.  Steel stirrups or headed anchors extending vertically from the girders protrude into the pockets as the panels are placed.  These pockets are subsequently filled with a bonding m
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	 and 
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	 show schematic diagrams of full-depth deck panel supported on prestressed I-girders and longitudinal steel plate girders, respectively. 

	Figure 1-3 shows the configuration of longitudinal precast deck panels.  The configuration shows the P/C deck panel-to-panel connection as well as pockets used for deck-to-girder connection.  This configuration was used in recently conducted research at the University of Reno, Nevada (Saiidi et al., 2017).  The main advantage of this configuration is the decrease in closure time and reduction in traffic interruption during deck installation or replacement.  This can be achieved by closing lanes on one side 
	 
	 
	Figure 1-1 Details for Full-Depth Deck Panel Supported on Prestressed I-Griders 
	 
	Figure 1-2 Details for Full-Depth Deck Panel Supported on Steel Plate Girder 
	 
	 
	Figure 1-3 Longitudinal PC Deck Panels Configuration 
	 
	1.3 Literature Review 
	 The main components of the ABC deck system are precast full-depth deck panels, precast prestressed concrete or steel girders, voided pockets in the deck, headed anchors and grout to fill the pockets.  Many panel-to-girder connection details have been proposed and used to develop composite action between the precast deck panels and steel/concrete girders.  These types of decks have been investigated by many researchers. 
	 
	1.3.1 NCHRP Report 407 
	 NCHRP Report 407 (Tadros and Baishya, 1998) provided a number of techniques that facilitate rapid deck replacement and included proposed special provisions for deck removal.  The report recommended the use of performance based specifications.  A full-depth panel system was proposed with panels pretensioned in the transverse direction and post-tensioned in the longitudinal direction, which required least construction time than conventional cast-in-place or precast reinforced concrete.  Two new connection sy
	For concrete girders, a debonded shear key system, shown in Figure 
	For concrete girders, a debonded shear key system, shown in Figure 
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	, was developed that provide composite action and allow for easier deck removal.  In addition to the laboratory tests on push-off specimens, full-scale tests were also performed.  The test results showed that the system provided adequate composite action as well as the ease of deck removal.  For steel girder-to-concrete deck connections, a 1-1/4 in. diameter shear stud, shown in Figure 
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	, was used to replace the commonly used 3/4 in. and 7/8 in. shear studs.  A large number of small studs results in increased concrete removal time 

	and higher probability of damage to the girder top flange or the studs themselves.  The new 1-1/4 in. stud, provided approximately twice the capacity of a 7/8 in. stud, allowed the use of a single row over the girder web.  The researchers also found that alternating the headed and head-less studs provided adequate anchorage to the concrete deck and facilitated deck removal. 
	 
	 
	Figure 1-4 Proposed Connectors for Wide Flanged Concrete Girders (Tadros and Baishya, 1998) 
	  
	 
	Figure 1-5 Proposed 1¼ in Shear Stud in Steel Girders (Tadros and Baishya, 1998) 
	 
	1.3.2 NCHRP Synthesis 324 
	 In 2003, the NCHRP published a report titled “Prefabricated Bridge Elements and Systems to Limit Traffic Disruption during Construction.”  This report is part of the NCHRP report series, Synthesis of Highway Practice.  It provided a review and analysis of using prefabricated elements in both highway and railway bridges.  Existing literature and available information were collected and summarized.  The research project also included a survey questionnaire, sent to US and Canadian Dots and local agencies, to
	some cases, it reduced the environmental impacts and improved the overall material and construction quality. 
	 
	1.3.3 Menkulasi and Roberts-Wollmann (2005) 
	 Menkulasi and Roberts-Wollmann (2005) conducted small-scale tests of the panel-to-girder connections to evaluate the effect of different types of grout and haunch heights on the shear strength of the connection.  The test specimens are shown in Figure 
	 Menkulasi and Roberts-Wollmann (2005) conducted small-scale tests of the panel-to-girder connections to evaluate the effect of different types of grout and haunch heights on the shear strength of the connection.  The test specimens are shown in Figure 
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	. 

	 
	Figure 1-6 Push-off Test Setup (Menkulasi and Roberts-Wollmann, 2005) 
	 
	 From the results, it was observed that Set 45 grout and a latex modified grout performed the best.  There was no significant difference in strength when haunch height was varied between 1 in. and 3 in.  The shear connector used in these tests were U-shaped stirrups, however, two additional shear connectors were also tested which included post-installed hooked anchors and Dayton-Richmond 6 in. flared coil inserts with 3/4 in. 
	diameter coil bolts.  Both additional shear connectors exhibited ductile behavior and could be used as an alternative to U-shaped stirrups. 
	 
	1.3.4 Markowski (2005) 
	Markowski (2005) evaluated the use of full-depth precast deck panels on highway bridges for the Wisconsin Department of Transportation and Federal Highway Administration.  Laboratory testing and analysis were conducted to investigate the structural adequacy, failure modes, serviceability, fatigue resistance, and overall behavior of the prefabricated full-depth deck panel system.  A series of tests were conducted to investigate several aspects of deck panel behavior including (1) the behavior of the deck pan
	 
	1.3.5 Ramey and Umphrey (2006) 
	 Ramey and Umphrey (2006) monitored and documented the rapid bridge deck replacement work for the Georgia Department of Transportation (GDOT) on two bridges in Gainesville and two bridges in the Atlanta.  They identified the design and construction problems, and corrective actions to eliminate these problems in any future rapid deck replacement. Precast Exodermic or “unfilled composite steel grid,” panels were evaluated and the problems and pitfalls were identified. 
	 The Exodermic bridge deck is comprised of a reinforced concrete slab on top of a composite unfilled steel grid.  The upper portion of the main bearing bars extend up into the reinforced concrete slab, making the slab composite with the steel grid.  This composite action is accomplished by drilling holes into the upper portion of the main bearing bars.  The concrete portion of the Exodermic deck can either be cast-in-place (the grid panels act as the formwork), or precast, where rapid construction is critic
	 
	  
	 
	Figure 1-7 Isometric Cut-away View of Exodermic Deck Panel (Ramey and Umphrey, 2006) 
	 
	The researchers concluded that the use of precast Exodermic deck panels allowed deck replacement work to be executed during the permitted work windows.  The rehabilitation work for four bridge decks were accomplished effectively and efficiently within the imposed time limits while maintaining minimum traffic interruption.  The researchers had also monitored the construction sequence adopted by the contractors and the problems observed during the rapid bridge deck replacement.  They provided recommendations 
	 
	1.3.6 Sullivan (2007) 
	 Sullivan (2007) investigated the behavior of full-depth, large-scale, precast bridge deck panels on concrete girders.  A bridge with precast bridge deck panels was built to examine constructability issue, creep and shrinkage behavior, and strength and fatigue performance of transverse joints, different shear connectors, and different shear pocket spacings.  Two of the transverse joints were epoxied male-female joints and the other two transverse joints were grouted female-female joints.  Two different pock
	 Cyclic loading tests, and shear and flexural strength tests were performed to examine the performance of the different pocket spacings, shear connector types and transverse joint configurations.  The transverse joints proved to be more for a constructability issue than a strength or fatigue issue when subjected to moments that cause compression in the deck.  The grouted female-female joint configuration prevented leaking at the joints and allowed for rapid placement of the panels on the girders during cons
	the nominal yield strain.  A recommended design and detailing procedure was also provided for the shear connectors and shear pockets. 
	  
	 
	Figure 1-8 Lab Mockup Details Showing Hooked Reinforcing Bar and Headed Stud (Sullivan, 2007) 
	 
	1.3.7 Oliva et al. (2007) 
	 Oliva et al. (2007) used a 1/2 scale model to investigate the composite action between steel girders and precast concrete panels with different shear pocket spacings.  The deck panels on one half of the bridge span had shear stud block-outs spaced at 2 ft center-to-center, while the other side of the beam had shear stud block-outs spaced at 1 ft center-to-center (4 ft and 2 ft spacing in a full scale bridge, respectively) as shown in Figure 
	 Oliva et al. (2007) used a 1/2 scale model to investigate the composite action between steel girders and precast concrete panels with different shear pocket spacings.  The deck panels on one half of the bridge span had shear stud block-outs spaced at 2 ft center-to-center, while the other side of the beam had shear stud block-outs spaced at 1 ft center-to-center (4 ft and 2 ft spacing in a full scale bridge, respectively) as shown in Figure 
	1-9
	.  The specimen was subjected to 2 million cycles of load at 2 Hz and static tests were performed every 400,000 cycles to check for any degradation in stiffness due to cyclic loading.  Figure 
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	 shows the dimension details and cross section of the shear pocket.  No special shear pocket confinement was provided, instead, the shear pocket blowouts were 0.5 in. tapered from each side (wedged shear pockets). 

	 
	 
	Figure 1-9 Shear Stud Cluster: a) Stud Groups at 2 ft. Spacing, and b) Stud Groups at 1 ft. Spacing (Oliva et al., 2007) 
	 
	 
	Figure 1-10 Clustered Steel Studs Welded to Girder in a Typical Shear Pocket (Oliva et al., 2007) 
	 
	They concluded that 2 million cycles of loading had no significant effect on the behavior of the beam.  The wider spacing of the clustered studs did not affect the beam behavior in this range of cycles.  The measured stiffness and inertia indicated that the 
	girder had 95% of the theoretical fully composite section properties.  Thus, the shear stud spacing was found to provide adequate composite action.  Upon completion of load testing on the composite girder, the girder flange was disassembled in an exploratory manner by creating saw cuts at critical locations.  There was no visible deformation of the shear studs at the block-outs, which would have been expected if significant slip had developed between the steel beam and concrete flange. 
	 
	1.3.8 Scholz et al. (2007)  
	 Scholz et al. (2007) provided a set of recommendations for the design, detail, and construction of the connection between full-depth precast deck panels and prestressed concrete I-beams.  He developed performance specifications for the grout that fills the haunch between the top of the beam and the bottom of the deck panel, as well as the horizontal shear connector pockets and the panel-to-panel joints.  Tests were performed using standard or modified ASTM tests to determine basic material properties on ei
	 To examine the horizontal shear strength of a precast-full depth bridge deck panel system on precast beam, 29 push-off tests were conducted.  Various parameters that were studied included the grout type, the type of connectors, the slab bottom surface treatment 
	and the pocket type.  The slab surface treatments were smooth and exposed aggregate.  The connectors used were either reinforcing bar stirrups or headed shear studs.  The double leg stirrups were either No. 4 bars or No. 5 bars.  Arrangements of two, three and four headed shear studs were used.  The studs were ¾ in. diameter and 7 in. in length.  The headed shear stud system utilized welded stud connectors on a plate that was embedded in the top flange of the beam had successful results.  The specimens perf
	  
	1.3.9 NCHRP 12-65 Project 
	 Badie and Tadros (2008), as a part of NCHRP project 12-65, developed two full-depth precast concrete bridge panel systems, a transversely pretensioned system and a transversely conventionally reinforced system.  They proposed guidelines for the design, fabrication, and construction of full-depth precast concrete bridge deck panel systems without the use of post-tensioning or overlays.  The study also proposed and tested innovative connections between full-depth deck panels to steel and precast longitudinal
	 Badie and Tadros (2008), as a part of NCHRP project 12-65, developed two full-depth precast concrete bridge panel systems, a transversely pretensioned system and a transversely conventionally reinforced system.  They proposed guidelines for the design, fabrication, and construction of full-depth precast concrete bridge deck panel systems without the use of post-tensioning or overlays.  The study also proposed and tested innovative connections between full-depth deck panels to steel and precast longitudinal
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	 show the connection details between the deck panel and precast and steel plate girders, respectively. 

	 
	Figure 1-11 Connection between Full-Depth Deck Panel and Precast I-Girder (Badie and Tadros, 2008) 
	 
	Figure 1-12 Connection between Full-Depth Deck Panels and Steel Plate Girder (Badie and Tadros, 2008) 
	A new panel to concrete girder connection detail was developed, where clusters of three double-headed studs 1-1/4 in. were used.  The longitudinal spacing between the clustered studs was 4 ft.  This type of connection was found to achieve a full composite action for bridges with spans up to 130 ft and girder spacing up to 11 ft.  Significant fatigue testing was also performed on this connection and found to be adequate.  
	A new panel to steel girder connection detail was developed, with clusters of eight double-headed 1-1/4 in. studs at 48 in. spacing.  Hollow Structural Steel (HSS) tubes were shown to be effective in confining the grout surrounding the studs.  Extensive analytical and experimental investigation proved that this connection was adequate for strength and fatigue. 
	In addition, recommended guidelines for design, detailing, fabrication, and construction of full-depth concrete bridge deck panel systems were developed.  It was found that the connection details using 1-1/4 in. shear stud cluster spaced at 48 in., instead of the 24 in. that is currently specified in Section 6 of the current AASHTO LRFD Bridge Design Specifications (AASHTO, 2012), was sufficient.  Also, Article 5.8.4.1 in the AASHTO LRFD specifications can be used to estimate the horizontal shear capacity o
	 
	1.3.10 Henley (2009) 
	 Henley (2009) explored the shear connection between a full-depth precast deck and a precast concrete girder via a pocket-haunch-connector system, as shown in Figure 
	 Henley (2009) explored the shear connection between a full-depth precast deck and a precast concrete girder via a pocket-haunch-connector system, as shown in Figure 
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	.  He performed experiments on 24 shear push-off samples that were simulated as a precast concrete girder with precast slab on top.  The effects of various pre-and post-

	installed shear connectors, haunch heights, surface roughness, grouping effects, and grout compositions were compared to cast-in-place specimens.  Of these specimens, 16 had pre-installed connectors and the remaining 8 were post-installed specimens.  Two threaded rods with end nuts were tested, with and without couplers.  Similarly, four specimens using conventional R-bar shear connections were tested with haunch heights of 2 in. and 3.5 in.  The remainder of the pre-installed connectors used both one and t
	 
	Figure 1-13 Proposed Precast Deck Panel System (Henley, 2009) 
	 
	1.3.11 Nebraska University Deck (NUDECK) System 
	Hanna et al. (2010) developed the second generation of precast concrete deck system to simplify precast panel/girder production, speed up bridge superstructure 
	construction, and improve deck durability.  This new generation of NUDECK consisted of full-width full-depth precast concrete deck panels, that were 12 ft long, to minimize the number of deck panels and transverse joints.  It also utilizes covered individual pockets and bundled shear connectors at 4 ft spacing to simplify panel and girder production and eliminate the need for deck overlay.  Precast deck panels were pre-tensioned in transverse direction and post-tensioned in the longitudinal to enhance deck 
	This system was first implemented in the Kearney East Bypass project in Kearney, NE (Morcous et al., 2013).  The project consisted of twin bridges: the south bound bridge constructed using conventional cast-in-place deck; and the north bound bridge constructed using the second generation NUDECK system.  Each bridge is a two-span continuous bridge that is 41 ft 8 in. wide and 332 ft long.  Each span is 166 ft long and consists of five precast/prestressed concrete girders (NU1800) at 8 ft 6 in. spacing.  Seve
	  
	1.3.12 Perry and Royce (2010)  
	 Perry and Royce (2010) investigated a new method for the replacement of deteriorating highway bridge decks by using UHPC joint filled with full-depth precast 
	deck panels.  They used precast concrete deck panels with filed-cast UHPC joints to develop the continuity in the deck panels.  The UHPC joint fill material showed excellent bond development length.  It also showed superior freeze/thaw resistance, extremely low porosity, higher than normal flexural strength and superior toughness, which provided improved resistance to climatic conditions and continuous flexing from truck loadings across the joints.  It was also observed that the total shrinkage of UHPC was 
	 
	1.3.13 PCI (2011) 
	 PCI (2011) provided state-of-the-art guidance relative to selecting, designing, detailing, and constructing precast full-depth decks for bridge construction.  The information provided in the report is applicable for new bridge deck construction or bridge deck replacement.  A typical practice for design of panel thickness, longitudinal and transverse reinforcement, overhang design, impact to barrier, panel-to-girder connection, and longitudinal post-tensioning along with design examples are provided in the 
	1.3.14 Assad (2014) 
	 Assad (2014) investigated different deck removal methods and their impacts on the structural performance of precast/prestressed concrete I-girders with wide and thin top flange.  Different saw cutting and jack hammering techniques were investigated to study the damage to the girders, duration, cost and impact on the environment.  These methods were implemented on the Camp Creek Bridge over I-80 in Lancaster County, NE.  Two girders from the bridge were also tested in flexure after applying different levels
	 Based on the results from the field, and analytical and experimental investigations, the most common methods for deck removal for re-decking were saw cutting, jack hammering and hydro demolition.  Debonding the edges of the top flange was found to be an effective way for lifting saw-cut deck panels between girders without damaging the thin top flange of the girders.  Moreover, they indicated that the most cost effective method of deck removal was highly dependent on the quantity, environmental restriction,
	 
	1.3.15 Cao et al. (2016). 
	 Cao et al. (2016) developed and evaluated the performance of self-consolidating concrete (SCC) for connecting precast concrete deck panels to supporting bridge girders.  SCC was found to maintain a high filling and passing ability for 2 hours and exhibit 
	adequate stability.  The use of SCC for the filling of shear pockets and haunches in precast concrete deck system proved to be an economical as well as a superior alternative to commercial grouts in bridge construction. 
	The developed SCC mixture was also implemented in the construction of the Kearney East Bypass Bridge Project in Kearney, Nebraska.  The SCC was used to fill the shear pockets and haunches between the deck and the girders.  The SCC used for the field implementation had high flowability, adequate stability, and high compressive strength.  The developed SCC also had adequate frost durability.  The SCC was found to completely fill the shear pockets and haunches between the deck and the girders.  This successful
	 
	1.3.16 Tawadrous (2017) 
	Tawadrous (2017) developed methods for designing HSS-formed shear pockets with clustered shear connectors for full-depth precast concrete deck systems.  These methods were intended to assist in sizing shear connectors, selecting shear pocket dimensions and HSS thickness, and determining pocket anchorage and reinforcement necessary to maximize the connection capacity while allowing adequate construction tolerance.  Experimental investigation (push-off testing) and finite element analysis (FEA) were performed
	Tawadrous (2017) developed methods for designing HSS-formed shear pockets with clustered shear connectors for full-depth precast concrete deck systems.  These methods were intended to assist in sizing shear connectors, selecting shear pocket dimensions and HSS thickness, and determining pocket anchorage and reinforcement necessary to maximize the connection capacity while allowing adequate construction tolerance.  Experimental investigation (push-off testing) and finite element analysis (FEA) were performed
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	 and 1-15 show a general shear connector and shear pocket configuration for a clustered shear connection, respectively.  A combination of rectangular and circular HSS shear pockets 

	were used to verify a wide range of shear pocket shapes and dimensions.  The mode of failure in push-off specimens was primarily the shearing off the shear connectors.  However, concrete failure was experienced when the shear pocket dimensions exceeded the recommended upper limits of shear pocket dimensions and/or when transverse reinforcement was not provided.  Analysis and testing results validated the adequacy of the developed design method for HSS-formed shear pocket connections.  In addition, a cluster
	 
	Figure 1-14 General Shear Connectors (Tawadrous, 2017) 
	 
	Figure 1-15 Shear Pocket Layout (Tawadrous, 2017) 
	 
	1.4 Research Objectives and Scope of Work 
	 The current provisions in AASHTO LRFD bridge design specifications are for cast-in-place decks and do not address the seismic design of composite full depth precast deck panels.  The primary objective of this study was to develop and design a prefabricated composite precast bridge deck that can be used in high seismic zones.  These prefabricated decks also offer the ability to be replaced during the life span of the bridge while maintaining the serviceability and seismic resiliency of the newly replaced de
	 The study conducted literature review on shear connector research and accelerated bridge construction as discussed in Section 1.3 of this report.  Experiments were conducted to investigate the shear and pull-out behavior of headed anchors.  Shear and pull-out specimens were constructed and tested to evaluate the effect of grout type, head area and group effect on the ultimate capacity and the stiffness of anchors.  The results from these experiments were then used to perform nonlinear analyses of a two-spa
	and the effect of anchor spacing on the overall seismic response of the bridge were also evaluated.  
	 
	1.5 Report Organization 
	 This report is organized as follows: 
	Chapter 1 introduces the background, problem statement, objectives and literature review of current precast concrete deck systems; 
	Chapter 2 describes the experimental investigation carried out to evaluate the shear and pullout strength of the selected headed anchor; 
	Chapter 3 presents the seismic computational model for headed anchors and their seismic response using nonlinear response history analysis.  The anchor seismic forces and the effect of the anchor spacing on the overall bridge seismic response are also presented; 
	Chapter 4 presents the summary and conclusions of the conducted research, as well as recommendations for future research. 
	  
	2. Experimental Study 
	 
	2.1 Introduction 
	 The anchors that connect prefabricated deck panels to longitudinal girders of a bridge could have a major impact on the gravity and seismic load performance of bridges.  Without these anchors, the deck will act independently and will thus increase the live load stresses in the longitudinal girders due to the non-composite action.  Furthermore, if the deck is not adequately attached to the longitudinal girders, it will slip over the longitudinal girders during seismic events.  The current AASHTO Specificati
	 For CIP decks, the stirrups of the precast girder are extended into the deck to provide composite action in the deck girders system.  Previous earthquakes did not expose any vulnerabilities in CIP deck and precast girders.  Therefore, it is implied that the shear reinforcement designed for gravity load is adequate to connect the CIP deck to the girders to resist seismic loads.  However, when precast deck panels are used, it is necessary to attach the deck panels to the longitudinal girders through headed a
	 This study used headed anchors to connect the deck to the longitudinal girders.  Shear and pullout tests of the anchors were carried out to study the shear and pullout behavior of these anchors. 
	 
	2.2 Shear Test of Headed Anchors 
	The objective of this investigation was to determine the shear strength and stiffness of the anchors by performing a push-out test, in which shear force is applied directly at the interface between deck and girder.  These tests help identify the strength and stiffness of anchors embedded in different types of grout, the group effect of headed anchors, and the effect of the anchor head area.  Nine push-out shear experiments were performed to better understand the effect of these parameters on the shear stren
	  
	2.2.1 Test Specimens 
	 Three shear specimens, with three shear pockets in each specimen, were constructed each with three combination of number of anchors, types of grout, and head area of the anchors.  Thus a total of nine experiments were conducted.  Figure 
	 Three shear specimens, with three shear pockets in each specimen, were constructed each with three combination of number of anchors, types of grout, and head area of the anchors.  Thus a total of nine experiments were conducted.  Figure 
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	 shows the details of all the specimens.  The geometry of the test specimens was selected to represent full-scale deck-girder connection.  Each specimen consisted of an 8 in. thick concrete deck and the upper part of a precast concrete girder, and a concrete footing.  The footing base was used to connect the girder web to the strong floor of the lab.  A loading head at the deck was used to apply the load along the interface of the deck and girder. 

	  
	 
	 
	(a) 
	 
	(b) 
	 
	(c) 
	Figure 2-1 Specimen Details (Shear Test): (a) Specimen 1; (b) Specimen 2 and (c) Specimen 3 
	2.2.1.1 Deck Section and Pockets 
	 The deck section consisted of a nominal 6’x4.125’x8" slab with pockets of various sizes.  Figure 
	 The deck section consisted of a nominal 6’x4.125’x8" slab with pockets of various sizes.  Figure 
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	 shows the formwork for deck sections with pockets.  Figure 
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	 shows the reinforcement detail of the deck section that consisted of top and bottom layers with #4 bars in the longitudinal direction, and #5 bars in the transverse direction.  All the deck segments were cast at the same time from the same mix of concrete with a target 28-day compressive strength of 5,000 psi.  Figure 
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	 shows the casting of concrete. 

	 Each deck specimen was constructed with three voided pockets through the entire depth of the deck.  The pocket sizes were different depending on the number of anchors used.  The pocket details are shown in Figure 
	 Each deck specimen was constructed with three voided pockets through the entire depth of the deck.  The pocket sizes were different depending on the number of anchors used.  The pocket details are shown in Figure 
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	.  Rounded corners were provided in the pockets to minimize cracking potential and minimize potential for grout voids.  Out of the nine pockets, there were one, two and six pockets with 1, 2, and 4 anchors, respectively.  Figure 
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	 shows the deck section with the pockets before placement of the filler material. 

	 
	 
	Figure 2-2 Formwork for Deck Specimens with Grout Pockets 
	 
	 
	Figure 2-3 Deck Reinforcement Details 
	 
	 
	Figure 2-4 Concrete Pouring on Deck Specimens 
	 
	 
	Figure 2-5 Pocket Detail for 1, 2 and 3 Headed Anchors 
	 
	 
	Figure 2-6 Deck Sections with Voided Pockets 
	 
	2.2.1.2 Girder and Footing Section 
	 The girder section consisted of a top flange and an upper part of web connected to a footing as shown in Figure 
	 The girder section consisted of a top flange and an upper part of web connected to a footing as shown in Figure 
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	.  The total height of 16.75 in. was used based on the development length required for the anchor.  Figures 
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	 and 
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	 show reinforcement details of the girder and the footing.  Headed anchors in each pocket were installed in the girder before casting concrete such that 6 in. of the anchor extended beyond the top surface of the girder.  All girder segments were cast at the same time using the same mix of concrete with a target 28-day compressive strength of 8,000 psi.  Figure 
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	 shows the girder and the footing during casting.  Figure 
	2-11
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	 shows the completed girder and footing specimen with anchors extended above the top surface of the girder. 

	               
	(a)  
	(a)  
	(a)  


	         
	(b) 
	Figure 2-7 Girder Section (a) 1 Headed Anchor (b) 2 and 4 Headed Anchors 
	  
	 
	 
	 
	Figure 2-8 Girder and Footing Reinforcement Detail 
	 
	   
	Figure 2-9 Girder and Footing Reinforcement Details 
	 
	 
	   
	Figure 2-10 Concrete Pouring on Girder Specimens 
	 
	 
	Figure 2-11 Girder and Footing Details 
	 
	2.2.2 Materials 
	2.2.2.1 Concrete 
	 Conventional concrete was used for the construction of the deck and girder for shear test specimens.  Standard 6" x 12" concrete cylinders, as shown in Figure 
	 Conventional concrete was used for the construction of the deck and girder for shear test specimens.  Standard 6" x 12" concrete cylinders, as shown in Figure 
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	, were tested under compression at 7 days, 28 days, and the day of testing.  At least three cylinders were tested according to ASTM C39/C39M-17a.  Only the average of test data was reported.  The measured 28-day compressive strength of deck and girder specimens were 4.2 ksi and 3.8 ksi, respectively.  The measured strength history of the concrete used for deck and girder specimens is shown in Figure 
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	, and test day compressive strength of concrete is presented in 
	Table 2-1
	Table 2-1

	. 

	 
	 
	 Figure 2-12 Concrete Cylinders for Compressive Strength Test 
	  
	Table 2-1 Compressive Strength (f’c) of Deck and Girder Specimen on Test Day 
	Test 
	Test 
	Test 
	Test 

	Strength (ksi) 
	Strength (ksi) 

	Span

	TR
	Deck 
	Deck 

	Girder 
	Girder 

	Span

	1 
	1 
	1 

	5.15 
	5.15 

	4.87 
	4.87 

	Span

	2 
	2 
	2 

	5.23 
	5.23 

	4.59 
	4.59 

	Span

	3 
	3 
	3 

	5.12 
	5.12 

	4.78 
	4.78 

	Span

	4 
	4 
	4 

	5.26 
	5.26 

	4.87 
	4.87 

	Span

	5 
	5 
	5 

	5.47 
	5.47 

	5.00 
	5.00 

	Span

	6 
	6 
	6 

	5.40 
	5.40 

	5.00 
	5.00 

	Span

	7 
	7 
	7 

	5.80 
	5.80 

	5.29 
	5.29 

	Span

	8 
	8 
	8 

	6.03 
	6.03 

	5.45 
	5.45 

	Span

	9 
	9 
	9 

	5.71 
	5.71 

	5.28 
	5.28 

	Span


	 
	 
	Figure 2-13 Compressive Strength of Deck and Girder Specimen Concrete 
	 
	2.2.2.2 Grout 
	Various types of grout and concrete materials were used to fill the deck pockets.  The grout used are: 1428 HP, EucoSpeed, Latex concrete (HD 50) and Polyester Concrete (PPC 1121).  In addition to grout, Concrete (Sakrete 5000 Plus High Strength Concrete Mix) and Ultra High Performance Concrete (UHPC) were also used.  The compressive strength of 1428 HP, EucoSpeed and Latex concrete grouts were measured according to ASTM C109/C109M using 2 in. cube specimens as shown in Figure 
	Various types of grout and concrete materials were used to fill the deck pockets.  The grout used are: 1428 HP, EucoSpeed, Latex concrete (HD 50) and Polyester Concrete (PPC 1121).  In addition to grout, Concrete (Sakrete 5000 Plus High Strength Concrete Mix) and Ultra High Performance Concrete (UHPC) were also used.  The compressive strength of 1428 HP, EucoSpeed and Latex concrete grouts were measured according to ASTM C109/C109M using 2 in. cube specimens as shown in Figure 
	2-14
	2-14

	.  Plastic cylinders with 4 in. diameter and 8 in. height were used for concrete and polyester concrete samples and cylinders with 3 in. diameter and 6 in. height were used for UHPC sampling.  The measured strengths of the grouts and concrete are shown in Figure 
	2-15
	2-15

	, and the test day compressive strength of the grouts is presented in Table 
	2.2
	.  The modulus of elasticity (E) of each grout was calculated according to ASTM C469/C469M and is listed in Table 
	2-3
	.  The modulus of elasticity of the remaining four grouts were found to be between 3600 to 4300 psi. 

	 
	 
	Figure 2-14 Grout Samples for Compressive Strength Test  
	Table 2-2 Compressive Strength of Grout (fm) on Test Day 
	Test 
	Test 
	Test 
	Test 

	Specimen 
	Specimen 

	Pocket 
	Pocket 

	Grout 
	Grout 

	No. of Days 
	No. of Days 

	Strength (ksi) 
	Strength (ksi) 

	Span

	1 
	1 
	1 

	1 
	1 

	1 
	1 

	1428 HP 
	1428 HP 

	9 
	9 

	10.72 
	10.72 

	Span

	2 
	2 
	2 

	2 
	2 

	1 
	1 

	1428 HP 
	1428 HP 

	14 
	14 

	11.23 
	11.23 

	Span

	3 
	3 
	3 

	3 
	3 

	1 
	1 

	1428 HP 
	1428 HP 

	16 
	16 

	11.15 
	11.15 

	Span

	4 
	4 
	4 

	1 
	1 

	3 
	3 

	EucoSpeed 
	EucoSpeed 

	8 
	8 

	7.92 
	7.92 

	Span

	5 
	5 
	5 

	2 
	2 

	2 
	2 

	Concrete 
	Concrete 

	32 
	32 

	6.62 
	6.62 

	Span

	6 
	6 
	6 

	3 
	3 

	2 
	2 

	Latex Concrete 
	Latex Concrete 

	19 
	19 

	8.87 
	8.87 

	Span

	7 
	7 
	7 

	3 
	3 

	3 
	3 

	Polyester Concrete 
	Polyester Concrete 

	8 
	8 

	5.55 
	5.55 

	Span

	8 
	8 
	8 

	2 
	2 

	3 
	3 

	UHPC 
	UHPC 

	7 
	7 

	17.46 
	17.46 

	Span

	9 
	9 
	9 

	1 
	1 

	2 
	2 

	UHPC 
	UHPC 

	12 
	12 

	21.78 
	21.78 

	Span


	 
	 
	Table 2-3 Calculation of Modulus of Elasticity (E) of Grouts 
	Grout 
	Grout 
	Grout 
	Grout 

	Specimen 1 
	Specimen 1 

	Specimen 2 
	Specimen 2 

	Specimen 3 
	Specimen 3 

	Average E (psi) 
	Average E (psi) 

	Span

	1428 HP 
	1428 HP 
	1428 HP 

	4,055 
	4,055 

	4,420 
	4,420 

	4,405 
	4,405 

	4,293 
	4,293 

	Span

	EucoSpeed 
	EucoSpeed 
	EucoSpeed 

	4,262 
	4,262 

	4,117 
	4,117 

	- 
	- 

	4,189 
	4,189 

	Span

	Concrete 
	Concrete 
	Concrete 

	3,421 
	3,421 

	3,990 
	3,990 

	3,834 
	3,834 

	3,749 
	3,749 

	Span

	Latex Concrete 
	Latex Concrete 
	Latex Concrete 

	3,702 
	3,702 

	3,487 
	3,487 

	3,887 
	3,887 

	3,692 
	3,692 

	Span

	Polyester Concrete 
	Polyester Concrete 
	Polyester Concrete 

	1,419 
	1,419 

	1,415 
	1,415 

	1,421 
	1,421 

	1,418 
	1,418 

	Span

	UHPC 
	UHPC 
	UHPC 

	8,917 
	8,917 

	8,602 
	8,602 

	9,139 
	9,139 

	8,886 
	8,886 

	Span


	 
	 
	 
	 
	 
	Figure 2-15 Compressive Strength of Grouts (Shear Test) 
	 
	 
	2.2.2.3 Deck and Girder Reinforcement 
	 Standard Gr. 60, ASTM A615 deformed mild reinforcing steel bars were used in this study.  Samples of the No. 3 and No. 4 reinforcing bars used in the test specimen were tested under tension according to ASTM E8/E8M-16a.  The average measured yield stress and ultimate strength for No. 3 bars were 72.1 ksi and 111.8 ksi.  For No. 4 bars, the average measured yield stress and ultimate strength were 73.7 ksi and 101.8 ksi.  The measured stress-strain relationships of the #3 and #4 samples are shown in Figures 
	 Standard Gr. 60, ASTM A615 deformed mild reinforcing steel bars were used in this study.  Samples of the No. 3 and No. 4 reinforcing bars used in the test specimen were tested under tension according to ASTM E8/E8M-16a.  The average measured yield stress and ultimate strength for No. 3 bars were 72.1 ksi and 111.8 ksi.  For No. 4 bars, the average measured yield stress and ultimate strength were 73.7 ksi and 101.8 ksi.  The measured stress-strain relationships of the #3 and #4 samples are shown in Figures 
	2-16
	2-16

	 and 
	2-17
	2-17

	.  A summary of the measured material properties is listed in Tables 
	2-4
	2-4

	 and 
	2-5
	2-5

	. 

	 
	 
	Figure 2-16 Stress-Strain Behavior of #3 Reinforcing Steel 
	  
	 
	Figure 2-17 Stress-Strain Behavior of #4 Reinforcing Steel 
	 
	Table 2-4 Number 3 Bar Reinforcing Steel Material Test Results 
	Sample 
	Sample 
	Sample 
	Sample 

	Yield Stress (ksi) 
	Yield Stress (ksi) 

	Ultimate Stress (ksi) 
	Ultimate Stress (ksi) 

	Span

	1 
	1 
	1 

	72.5 
	72.5 

	112.4 
	112.4 

	Span

	2 
	2 
	2 

	71.6 
	71.6 

	111.0 
	111.0 

	Span

	3 
	3 
	3 

	72.2 
	72.2 

	112.1 
	112.1 

	Span

	Average 
	Average 
	Average 

	72.1 
	72.1 

	111.8 
	111.8 

	Span


	 
	  
	Table 2-5 Number 4 Bar Reinforcing Steel Material Test Results 
	Sample 
	Sample 
	Sample 
	Sample 

	Yield Stress (ksi) 
	Yield Stress (ksi) 

	Ultimate Stress (ksi) 
	Ultimate Stress (ksi) 

	Span

	1 
	1 
	1 

	73.8 
	73.8 

	101.1 
	101.1 

	Span

	2 
	2 
	2 

	73.4 
	73.4 

	102.7 
	102.7 

	Span

	3 
	3 
	3 

	73.7 
	73.7 

	101.3 
	101.3 

	Span

	4 
	4 
	4 

	73.9 
	73.9 

	102.0 
	102.0 

	Span

	Average 
	Average 
	Average 

	73.7 
	73.7 

	101.8 
	101.8 

	Span


	 
	2.2.2.4 Headed Anchors 
	 The headed anchors used in this study were #5 Standard Gr. 60, ASTM A706 deformed mild steel reinforcing bar.  These anchors were supplied by Headed Reinforcement Corporation (HRC).  Two different head areas, 9Ab and 4Ab, were used.  Figures 
	 The headed anchors used in this study were #5 Standard Gr. 60, ASTM A706 deformed mild steel reinforcing bar.  These anchors were supplied by Headed Reinforcement Corporation (HRC).  Two different head areas, 9Ab and 4Ab, were used.  Figures 
	2-18
	2-18

	 and 
	2-19
	2-19

	 show the details and photos of the headed anchor for two head bars, respectively.  The head and # 5 bars connected using a coupler.  The bar was friction-welded to the coupler.  The head was square and was threaded inside with 5/8 in – 11 UNC thread size. 

	 
	 
	            
	         
	(a)                                                                                      (b) 
	(a)                                                                                      (b) 
	(a)                                                                                      (b) 


	Figure 2-18 Headed Anchor Details (a) Head Area = 9Ab; (b) Head Area = 4Ab 
	 
	Figure 2-19 Headed Anchor (Left: Head Area = 4Ab; Right: Head Area = 9Ab) 
	Figure 
	Figure 
	2-20
	2-20

	 shows the elevation of the headed anchors.  The development length of the bar embedded into the girder was calculated according to AASHTO Section 5.11.2.4 for a standard hook, ldh, is defined as:                38                   sing                                       

	Therefore, ldh = 11.2 in. was used.  
	The development length of the rebar embedded into the girder was increased to 17 in. to provide sufficient workable space between flange of girder and footing. 
	 
	AASHTO provisions do not have equations for determining the development length of headed anchor.  Therefore, ACI 318-11, Section 12.6 was used to calculate the development length for headed anchors into deck. The development length in tension for headed bars (ldt) is defined as:                0.016           6       sing                                      
	Therefore, ldt = 6 in. controls. 
	 
	 
	 
	Figure 2-20 Development Length of Headed Anchor 
	 
	2.2.3 Test Matrix 
	 A test matrix, shown in Table 2-6, was developed to study various parameters used in the nine experiments.  The small head was used only in combination with UHPC to determine if the high strength of UHPC would improve the anchorage mechanism and would allow for a smaller heads, which could simplify construction.  The test was performed such that only one pocket in each specimen was filled with grout at a time to ensure that only the anchors in that pocket were engaged during the test.  Note that the term “
	placing grout in the next pocket.  A detailed step-by-step procedure of the testing is discussed in Section 
	placing grout in the next pocket.  A detailed step-by-step procedure of the testing is discussed in Section 
	2.2.5
	2.2.5

	. 

	 
	Table 2-6 Test Matrix for Shear Test of Headed Stud 
	Test 
	Test 
	Test 
	Test 

	Specimen 
	Specimen 

	Pocket 
	Pocket 

	Grout 
	Grout 

	Number of Anchors 
	Number of Anchors 

	Head Area 
	Head Area 

	Span

	1 
	1 
	1 

	1 
	1 

	1 
	1 

	1428 HP 
	1428 HP 

	1 
	1 

	9Ab 
	9Ab 

	Span

	2 
	2 
	2 

	2 
	2 

	1 
	1 

	1428 HP 
	1428 HP 

	2 
	2 

	9Ab 
	9Ab 

	Span

	3 
	3 
	3 

	3 
	3 

	1 
	1 

	1428 HP 
	1428 HP 

	4 
	4 

	9Ab 
	9Ab 

	Span

	4 
	4 
	4 

	1 
	1 

	3 
	3 

	EucoSpeed 
	EucoSpeed 

	4 
	4 

	9Ab 
	9Ab 

	Span

	5 
	5 
	5 

	2 
	2 

	2 
	2 

	Concrete 
	Concrete 

	4 
	4 

	9Ab 
	9Ab 

	Span

	6 
	6 
	6 

	3 
	3 

	2 
	2 

	Latex Concrete 
	Latex Concrete 

	4 
	4 

	9Ab 
	9Ab 

	Span

	7 
	7 
	7 

	1 
	1 

	3 
	3 

	Polyester Concrete 
	Polyester Concrete 

	4 
	4 

	9Ab 
	9Ab 

	Span

	8 
	8 
	8 

	2 
	2 

	3 
	3 

	UHPC 
	UHPC 

	4 
	4 

	9Ab 
	9Ab 

	Span

	9 
	9 
	9 

	3 
	3 

	2 
	2 

	UHPC 
	UHPC 

	2 
	2 

	4Ab 
	4Ab 

	Span


	 
	2.2.4 Test Setup and Instrumentation 
	 The schematic of the test set up is shown in Figures 
	 The schematic of the test set up is shown in Figures 
	2-21
	2-21

	 and 
	2-22
	2-22

	.  A hydraulic actuator was used to apply load on the loading head of each specimen.  A displacement controlled loading scheme was utilized where a horizontal compressive load was applied on the loading head at an average rate of 0.5 in/min until failure of the anchors.  The load and horizontal displacement were monitored and recorded at an interval of 0.1 in. displacement until the displacement was 0.6 in.  Afterward, the load and displacement were recorded at an interval of 0.2 in. up to 1 in. displacemen

	the observed behavior.  Figure 
	the observed behavior.  Figure 
	2-23
	2-23

	 shows the location of transducers in deck, girder and footing segments.  Two Novotechnik transducers (LWG series) were mounted on each side of the deck and girder section to measure any horizontal slippage of the deck relative to the girder as shown in Figure 
	2-24
	2-24

	 (a).  Figure 
	2-24
	2-24

	 (b) shows the placement of transducers (TR series) between the test specimen and the laboratory strong floor to measure any relative slip between the girder and strong floor.  Cracks and signs of failure were noted and recorded during each test.  Strain gages were also placed on the anchor rebar to measure the strain in the connectors.  Figures 
	2-25
	2-25

	, 
	2-26
	2-26

	, and 
	2-27
	2-27

	 show the location of strain gages in specimens 1, 2 and 3, respectively.  The strain gages were placed at the level of deck and girder interface and also at the level of girder web and flange interface. 

	 
	 
	(a) Plan View 
	(a) Plan View 
	(a) Plan View 


	 
	(b) Elevation View 
	(b) Elevation View 
	(b) Elevation View 


	Figure 2-21 Plan and Elevation Schematic of Overall Shear Test Setup 
	 
	Figure 2-22 Shear Test Setup 
	  
	 
	 
	Figure 2-23 Transducers on Deck, Girder and Footing 
	  
	 
	   
	(a) (b) 
	(a) (b) 
	(a) (b) 


	Figure 2-24 Placement of Transducers 
	  
	 
	 
	(a) Plan View 
	(a) Plan View 
	(a) Plan View 


	 
	 
	(b) Elevation View 
	(b) Elevation View 
	(b) Elevation View 


	 
	Figure 2-25 Location of Strain Gage in Specimen 1 
	  
	 
	(a) Plan View 
	(a) Plan View 
	(a) Plan View 


	 
	 
	(b) Elevation View 
	 
	Figure 2-26 Location of Strain Gage in Specimen 2 
	  
	 
	(a) Plan View 
	 
	 
	(b) Elevation View 
	 
	Figure 2-27 Location of Strain Gage in Specimen 3 
	 
	2.2.5 Construction Process and Testing Procedure 
	 The step-by-step testing procedure followed for the construction and testing of all shear test specimens is explained below and illustrated in Figure 2-28.  
	a) Cast the deck, the girder, and the footing. 
	a) Cast the deck, the girder, and the footing. 
	a) Cast the deck, the girder, and the footing. 


	b) After 28 days of placing concrete in the deck and girder segments, the specimens were crane lifted, Figure 2-28 (a), to the test location and were connected to the strong floor.  The deck segments were placed on the top of the girders, Figure 
	b) After 28 days of placing concrete in the deck and girder segments, the specimens were crane lifted, Figure 2-28 (a), to the test location and were connected to the strong floor.  The deck segments were placed on the top of the girders, Figure 
	b) After 28 days of placing concrete in the deck and girder segments, the specimens were crane lifted, Figure 2-28 (a), to the test location and were connected to the strong floor.  The deck segments were placed on the top of the girders, Figure 
	b) After 28 days of placing concrete in the deck and girder segments, the specimens were crane lifted, Figure 2-28 (a), to the test location and were connected to the strong floor.  The deck segments were placed on the top of the girders, Figure 
	2-28
	2-28

	 (b).  Grout was then poured under footing as shown in Figure 
	2-28
	2-28

	 (c).  


	c) 1428 HP grout was placed in the first pocket of each specimen to ensure only the first anchor was engaged during the test as shown in Figure 
	c) 1428 HP grout was placed in the first pocket of each specimen to ensure only the first anchor was engaged during the test as shown in Figure 
	c) 1428 HP grout was placed in the first pocket of each specimen to ensure only the first anchor was engaged during the test as shown in Figure 
	2-28
	2-28

	 (d). 



	 
	 
	(a)                                                     (b) 
	(a)                                                     (b) 
	(a)                                                     (b) 


	 
	(c)                                                           (d) 
	Figure 2-28 Step-by-step Procedure of Shear Test of Headed Anchors 
	d) After the grout reached the required strength, the first specimen was prepared for testing.  A load slider was connected to the loading head of the first specimen to prevent any potential of actuator uplift [Figure 
	d) After the grout reached the required strength, the first specimen was prepared for testing.  A load slider was connected to the loading head of the first specimen to prevent any potential of actuator uplift [Figure 
	d) After the grout reached the required strength, the first specimen was prepared for testing.  A load slider was connected to the loading head of the first specimen to prevent any potential of actuator uplift [Figure 
	d) After the grout reached the required strength, the first specimen was prepared for testing.  A load slider was connected to the loading head of the first specimen to prevent any potential of actuator uplift [Figure 
	2-29
	2-29

	 (a)].  The actuator was then connected to the strong wall using fixture plate and a spacer [Figure 
	2-29
	2-29

	 (b)].  The actuator and the load slider were connected and aligned with the loading head of the deck.  Shear test was performed on the first pocket of first specimen. 



	 
	(a)                                                                    (b) 
	Figure 2-29 Step-by-step Procedure of Shear Test of Headed Anchors 
	 
	e) After completing testing the first specimen, the second specimen was prepared.  All the testing equipment was moved from specimen 1 to specimen 2 according to the procedure explained in step (d). 
	e) After completing testing the first specimen, the second specimen was prepared.  All the testing equipment was moved from specimen 1 to specimen 2 according to the procedure explained in step (d). 
	e) After completing testing the first specimen, the second specimen was prepared.  All the testing equipment was moved from specimen 1 to specimen 2 according to the procedure explained in step (d). 

	f) Step (e) was repeated for specimen 3. 
	f) Step (e) was repeated for specimen 3. 

	g) After each test, grout was removed from the pockets using chipping hammer and recorded the time needed for that.  The grout removal process and results are discussed in more detail in Section 
	g) After each test, grout was removed from the pockets using chipping hammer and recorded the time needed for that.  The grout removal process and results are discussed in more detail in Section 
	g) After each test, grout was removed from the pockets using chipping hammer and recorded the time needed for that.  The grout removal process and results are discussed in more detail in Section 
	2.2.6.3
	2.2.6.3

	.  After completely removing the grout, the deck was lifted and positioned along the girder. 



	h) EucoSpeed, Concrete and Latex Concrete were then placed in third, second and second pockets of Specimens 1, 2 and 3, respectively.  After the pocket grout had reached the required strength, the testing was repeated for specimens 1, 2 and 3 according to the steps explained earlier.  After completing the tests, grout was removed, the deck was lifted and positioned on the girder. 
	h) EucoSpeed, Concrete and Latex Concrete were then placed in third, second and second pockets of Specimens 1, 2 and 3, respectively.  After the pocket grout had reached the required strength, the testing was repeated for specimens 1, 2 and 3 according to the steps explained earlier.  After completing the tests, grout was removed, the deck was lifted and positioned on the girder. 
	h) EucoSpeed, Concrete and Latex Concrete were then placed in third, second and second pockets of Specimens 1, 2 and 3, respectively.  After the pocket grout had reached the required strength, the testing was repeated for specimens 1, 2 and 3 according to the steps explained earlier.  After completing the tests, grout was removed, the deck was lifted and positioned on the girder. 

	i) Polyester Concrete, UHPC and UHPC were then poured in the second, third and third pocket of Specimens 1, 2 and 3, respectively.  After the grout reached the required strength, the testing was repeated for specimens 1, 2 and 3 according to the steps explained earlier. 
	i) Polyester Concrete, UHPC and UHPC were then poured in the second, third and third pocket of Specimens 1, 2 and 3, respectively.  After the grout reached the required strength, the testing was repeated for specimens 1, 2 and 3 according to the steps explained earlier. 


	 
	2.2.6 Shear Test Results 
	2.2.6.1 Ultimate Strength and Stiffness 
	 Table 
	 Table 
	2-7
	2-7

	 summarizes the key test results such as peak loads and displacements at the peak loads.  Figure 
	2-30
	2-30

	 shows the load-displacement curves for all nine specimens.  The average ultimate shear capacity per anchor was found to be 25.42 kips, as shown in Table 
	2-7
	2-7

	.  The measured force displacement curves were used to calculate the stiffness of the headed anchor for each test by computing the slope in the linear region of the force-displacement response.  The stiffness of the headed anchor for each test is listed in Table 
	2-8
	.  The stiffness of each anchor ranged between 41 to 63 kip/in. 

	 
	  
	Table 2-7 Summary of Shear Test Results 
	Test 
	Test 
	Test 
	Test 

	Grout 
	Grout 

	Number of Anchors 
	Number of Anchors 

	Head Area 
	Head Area 

	Displacement (in) 
	Displacement (in) 

	Force (kips) 
	Force (kips) 

	Force per Headed Stud (kips) 
	Force per Headed Stud (kips) 

	Span

	1 
	1 
	1 

	1428 HP 
	1428 HP 

	1 
	1 

	9Ab 
	9Ab 

	1.820 
	1.820 

	25.82 
	25.82 

	25.82 
	25.82 

	Span

	2 
	2 
	2 

	1428 HP 
	1428 HP 

	2 
	2 

	9Ab 
	9Ab 

	1.430 
	1.430 

	55.45 
	55.45 

	27.73 
	27.73 

	Span

	3 
	3 
	3 

	1428 HP 
	1428 HP 

	4 
	4 

	9Ab 
	9Ab 

	1.440 
	1.440 

	101.43 
	101.43 

	25.36 
	25.36 

	Span

	4 
	4 
	4 

	EucoSpeed 
	EucoSpeed 

	4 
	4 

	9Ab 
	9Ab 

	1.540 
	1.540 

	99.36 
	99.36 

	24.84 
	24.84 

	Span

	5 
	5 
	5 

	Concrete 
	Concrete 

	4 
	4 

	9Ab 
	9Ab 

	1.780 
	1.780 

	107.83 
	107.83 

	26.96 
	26.96 

	Span

	6 
	6 
	6 

	Latex Concrete 
	Latex Concrete 

	4 
	4 

	9Ab 
	9Ab 

	1.670 
	1.670 

	102.19 
	102.19 

	25.55 
	25.55 

	Span

	7 
	7 
	7 

	Polyester Concrete 
	Polyester Concrete 

	4 
	4 

	9Ab 
	9Ab 

	1.460 
	1.460 

	106.59 
	106.59 

	26.65 
	26.65 

	Span

	8 
	8 
	8 

	UHPC 
	UHPC 

	4 
	4 

	9Ab 
	9Ab 

	1.330 
	1.330 

	94.41 
	94.41 

	23.60 
	23.60 

	Span

	9 
	9 
	9 

	UHPC 
	UHPC 

	2 
	2 

	4Ab 
	4Ab 

	1.220 
	1.220 

	44.62 
	44.62 

	22.31 
	22.31 

	Span


	 
	 
	Table 2-8 Shear Stiffness of Headed Anchors 
	Test 
	Test 
	Test 
	Test 

	Grout 
	Grout 

	No. of Anchors 
	No. of Anchors 

	Total Stiffness (kip/in) 
	Total Stiffness (kip/in) 

	Stiffness/Anchor (kip/in) 
	Stiffness/Anchor (kip/in) 

	Span

	1 
	1 
	1 

	1428 HP 
	1428 HP 

	1 
	1 

	40 
	40 

	40 
	40 

	Span

	2 
	2 
	2 

	1428 HP 
	1428 HP 

	2 
	2 

	124 
	124 

	62 
	62 

	Span

	3 
	3 
	3 

	1428 HP 
	1428 HP 

	4 
	4 

	225 
	225 

	56 
	56 

	Span

	4 
	4 
	4 

	EucoSpeed 
	EucoSpeed 

	4 
	4 

	178 
	178 

	44 
	44 

	Span

	5 
	5 
	5 

	Concrete 
	Concrete 

	4 
	4 

	182 
	182 

	45 
	45 

	Span

	6 
	6 
	6 

	Latex Concrete 
	Latex Concrete 

	4 
	4 

	253 
	253 

	63 
	63 

	Span

	7 
	7 
	7 

	Polyester Concrete 
	Polyester Concrete 

	4 
	4 

	238 
	238 

	60 
	60 

	Span

	8 
	8 
	8 

	UHPC 
	UHPC 

	4 
	4 

	188 
	188 

	47 
	47 

	Span

	9 
	9 
	9 

	UHPC 
	UHPC 

	2 
	2 

	83 
	83 

	41 
	41 

	Span


	 
	Figure 2-30 Force Displacement Curve (Shear Test of Headed Anchors) 
	2.2.6.2 Crack Pattern and Failure Mechanism 
	 The crack patterns during each load increment were carefully studied and recorded to determine the failure mechanism.  In all nine specimens, the failure mode was the fracture of the headed anchor at the deck girder interface.  In some pockets with four anchors, the test was stopped before the fracture of all four anchors in order not to damage the anchors in the adjacent pockets.  Figure 
	 The crack patterns during each load increment were carefully studied and recorded to determine the failure mechanism.  In all nine specimens, the failure mode was the fracture of the headed anchor at the deck girder interface.  In some pockets with four anchors, the test was stopped before the fracture of all four anchors in order not to damage the anchors in the adjacent pockets.  Figure 
	2-31
	2-31

	 shows the fractured headed anchors and the pocket with the failed anchors.  Figures 
	2-31
	2-31

	 (a), (b) and (c) show the fractured headed anchors from 1-, 2- and 4-anchors pockets, respectively.  Figure 
	2-31
	2-31

	 (d) shows the girder surface where the anchors were fractured.  Figure 
	2-31
	2-31

	 (e) shows the un-fractured headed anchor in one of the 4-anchor pockets.  

	 Figures 
	 Figures 
	2-32
	2-32

	 and 
	2-33
	2-33

	 show the crack pattern in various pockets at the end of the test.  Cracking was observed around the grout concrete interface while testing the first pocket in each specimen.  For the second and third pockets, additional cracks were observed at the corner of the grout pocket across the width of the specimen. 

	  
	 
	(a)                                                                (b) 
	 
	(c) 
	  
	(d)                                                                                 (e) 
	Figure 2-31 Failure of Headed Anchor 
	  
	Test 1                                                                  Test 2 
	  
	Test 3                                                                 Test 4 
	  
	Test 5                                                               Test 6 
	Figure 2-32 Crack Pattern of 9 Grout Pockets (Tests 1-6) 
	  
	Test 7                                                             Test 8 
	 
	Test 9 
	Figure 2-33 Crack Pattern of 9 Grout Pockets (Tests 7-9) 
	 
	2.2.6.3 Grout Removal 
	 One of the parameters for this study was to investigate the ease of removing the grout from the pocket.  This issue was studied to identify the more feasible grouts for future deck replacement or rehabilitation.  After each test, the grout in the pockets was removed using a Makita 1 9/16 HR 4041C chipping hammer shown in Figure 
	 One of the parameters for this study was to investigate the ease of removing the grout from the pocket.  This issue was studied to identify the more feasible grouts for future deck replacement or rehabilitation.  After each test, the grout in the pockets was removed using a Makita 1 9/16 HR 4041C chipping hammer shown in Figure 
	2-34
	2-34

	.  Figures 
	2-35
	2-35

	 (a) and (b) show the pocket during and after completely removing the grout.  

	The time required to remove the grout was recorded.  Table 
	The time required to remove the grout was recorded.  Table 
	2-9
	2-9

	 shows the time required for the removal of grout in each pocket with 4 anchors.  The time required for tests 1, 2 and 9 are not included since only the pockets with same quantity of grout were studied.  It was observed that the latex concrete took the least amount of time (52 minutes) to be removed, while the times for 1428 HP, EucoSpeed grout and conventional concrete were 62, 86, and 72 minutes, respectively.  The 1428 HP, EucoSpeed and conventional concrete required 19.2%, 65.4%, and 38.5% more time for

	 
	 
	Figure 2-34 Chipping Hammer used for Grout Removal 
	   
	(a)  (b) 
	(a)  (b) 
	(a)  (b) 


	Figure 2-35 Grout Removal 
	 
	Table 2-9 Grout Removal Time 
	Test 
	Test 
	Test 
	Test 

	Grout 
	Grout 

	Number of Anchors 
	Number of Anchors 

	Time 
	Time 

	Notes 
	Notes 

	Span

	3 
	3 
	3 

	1428 HP 
	1428 HP 

	4 
	4 

	1 hr 2 min 
	1 hr 2 min 

	 
	 

	Span

	4 
	4 
	4 

	EucoSpeed 
	EucoSpeed 

	4 
	4 

	1 hr 26 min 
	1 hr 26 min 

	 
	 

	Span

	5 
	5 
	5 

	Concrete 
	Concrete 

	4 
	4 

	1 hr 12 min 
	1 hr 12 min 

	 
	 

	Span

	6 
	6 
	6 

	Latex Concrete 
	Latex Concrete 

	4 
	4 

	52 min 
	52 min 

	 
	 

	Span

	7 
	7 
	7 

	Polyester Concrete 
	Polyester Concrete 

	4 
	4 

	1 hr 30 min 
	1 hr 30 min 

	Only 1/3 removed 
	Only 1/3 removed 

	Span

	8 
	8 
	8 

	UHPC 
	UHPC 

	4 
	4 

	1 hr 30 min 
	1 hr 30 min 

	Only 1/3 removed 
	Only 1/3 removed 

	Span


	 
	2.2.7 Discussion of Shear Test Results 
	2.2.7.1 Effect of Grout Type 
	 The goal of the first test series was to investigate the performance of different types of grout.  Results of tests 3, 4, 5, 6, 7 and 8 were compared to study the effect of six different types of grout.  All these tests have 4 headed anchors in the shear pockets.  The 
	results from test 1, 2 and 9 were not included in this study since these tests had less than 4 headed anchors.  Figure 
	results from test 1, 2 and 9 were not included in this study since these tests had less than 4 headed anchors.  Figure 
	2-36
	2-36

	 shows the measured force displacement curves for the six tests.  From these curves, it can be concluded that the grout type had a negligible effect in the shear strength of headed anchors.  The maximum capacity of 108 kips was observed in the anchor with concrete grout and the minimum capacity of 94 kips was observed in the anchor with UHPC filled grout pocket.  It was also observed that the anchors yielded at lower displacement in UHPC filled grout pockets than other grout pockets causing small drop in th

	 
	 
	Figure 2-36 Force Displacement Curve (Type of Grout) 
	2.2.7.2 Effect of Number of Headed Anchor 
	The second test parameter was the anchor group effect.  The test results of pockets with 1, 2 and 4 anchors with HP 1428 grout were compared.  Figure 
	The second test parameter was the anchor group effect.  The test results of pockets with 1, 2 and 4 anchors with HP 1428 grout were compared.  Figure 
	2-37
	2-37

	 shows the force displacement response for pockets with various numbers of headed anchors.  To isolate the effect of the number of anchors, the curves for the specimens with 2 and 4 number of anchors were normalized by dividing the forces by number of anchors and presented in Figure 
	2-38
	2-38

	.  It was observed that the number of headed anchor had negligible effect on the force displacement relationships and the ultimate shear strength of the headed anchor.  However, the maximum displacement at which the headed anchor failed decreased with the increase in the number of anchors.  This could be attributed to the increased stiffness in the anchor group. 

	 
	 
	Figure 2-37 Force Displacement Curve (Number of Headed Anchor) 
	 
	 
	Figure 2-38 Force Displacement Curve per Anchor (Number of Headed Anchor) 
	 
	2.2.7.3 Effect of Anchor Head Area 
	 The effect of the head area on the ultimate shear strength of the anchors was also studied.  The force displacement curves of the anchor with head area of 9Ab (4 anchors) and 4Ab (2 anchors) are compared in Figure 
	 The effect of the head area on the ultimate shear strength of the anchors was also studied.  The force displacement curves of the anchor with head area of 9Ab (4 anchors) and 4Ab (2 anchors) are compared in Figure 
	2-39
	2-39

	.  Both pockets were filled with UHPC.  The forces were then normalized by the number of anchors as shown in Figure 
	2-40
	2-40

	.  No significant force difference was observed when the size of the head was reduced.  However, it was observed that the maximum displacement at which the anchors failed decreased with the reduction in the head area of the anchors. 

	 
	Figure 2-39 Force Displacement Curve (Head Area) 
	 
	 
	Figure 2-40 Force Displacement Curve per Anchor (Head Area) 
	2.3 Pullout Test of Headed Anchors 
	 The objective of this part of the investigation was to study the pull-out behavior of the headed anchors and to determine the rebar pullout strength using various grouts.  These tests were also used to identify the mode of failure for anchors embedded in various grouts.  The potential failure modes in rebar embedded in concrete are shown in Figure 
	 The objective of this part of the investigation was to study the pull-out behavior of the headed anchors and to determine the rebar pullout strength using various grouts.  These tests were also used to identify the mode of failure for anchors embedded in various grouts.  The potential failure modes in rebar embedded in concrete are shown in Figure 
	2-41
	2-41

	 and can be summarized as: (a) Steel failure, (b) Grout breakout of the anchors and the surrounding concrete, and (c) pullout of the anchors from the grout. 

	 
	(a)                                                (b)                                                    (c) 
	(a)                                                (b)                                                    (c) 
	(a)                                                (b)                                                    (c) 


	Figure 2-41 Modes of Failure (Pullout test) 
	 
	2.3.1 Specimen Description 
	The geometry of the test specimens was selected to represent the headed anchor embedded in pockets in the precast deck.  A total of 12 specimens were constructed to study the pullout behavior of headed anchors.  Each specimen was constructed with one 
	pocket with different types of grout and head area.  Section 
	pocket with different types of grout and head area.  Section 
	2.3.3
	2.3.3

	 discuss the 12 types of pullout tests and the related parameters for this study.  

	Figure 
	Figure 
	2-42
	 shows the details of the test specimens.  Each specimen consisted of a 20 in. high cylinder with a 24 in. diameter.  The top 8 in. of the cylinder represented the depth of concrete deck.  The top surface of the specimen represented the interface of the deck and girder.  All specimens were lightly reinforced longitudinally with 6-#3 bars and transversely with #3 spiral at 3 in. pitch.  Figure 
	2-43
	 shows the reinforcement detail of the specimens.  All 12 pullout test specimens were cast at the same time from the same mix of concrete with a target 28-day compressive strength of 5,000 psi. 

	  
	 
	 
	 
	Figure 2-42 Specimen Details (Pullout Test) 
	 
	 
	Figure 2-43 Reinforcement Detail of Pullout Specimen 
	 
	 
	 
	 
	2.3.2 Materials 
	2.3.2.1 Concrete 
	Conventional concrete was used for the construction of the pullout test specimens.  Standard 6" x 12" concrete cylinders were tested under compression at 7 days, 28 days, and day of testing.  At least three cylinders were tested according to ASTM C39/C39M-17a.  Only the average of test data was reported.  The measured 28-day compressive strength of specimens was 3.8 ksi.  The measured strength of the concrete used for deck and girder specimens is shown in Figure 
	Conventional concrete was used for the construction of the pullout test specimens.  Standard 6" x 12" concrete cylinders were tested under compression at 7 days, 28 days, and day of testing.  At least three cylinders were tested according to ASTM C39/C39M-17a.  Only the average of test data was reported.  The measured 28-day compressive strength of specimens was 3.8 ksi.  The measured strength of the concrete used for deck and girder specimens is shown in Figure 
	2-44
	, and test day compressive strength of concrete is presented in Table 
	2-10
	. 

	 
	Table 2-10 Compressive Strength of Pullout Test Specimen 
	Test 
	Test 
	Test 
	Test 

	Strength (ksi) 
	Strength (ksi) 

	Span

	1, 2, 3 
	1, 2, 3 
	1, 2, 3 

	4.81 
	4.81 

	Span

	4, 5, 6, 7 
	4, 5, 6, 7 
	4, 5, 6, 7 

	4.62 
	4.62 

	Span

	8, 9, 10, 11, 12 
	8, 9, 10, 11, 12 
	8, 9, 10, 11, 12 

	4.68 
	4.68 

	Span


	 
	  
	 
	Figure 2-44 Compressive Strength of Specimen Concrete 
	2.3.2.2 Grout 
	Various types of grout materials have been used to fill the pockets such as 1428 HP, EucoSpeed and Latex concrete (HD 50).  In addition to the grout material, Concrete (Sakrete 5000 Plus High Strength Concrete Mix) and Ultra High Performance Concrete (UHPC) were also used as the grout material.  The compressive strength of 1428 HP, EucoSpeed and Latex concrete grouts were measured according to ASTM C109/C109M using 2 in. cube specimen.  Plastic cylinders with 3 in. diameter and 6 in. height were used for UH
	Various types of grout materials have been used to fill the pockets such as 1428 HP, EucoSpeed and Latex concrete (HD 50).  In addition to the grout material, Concrete (Sakrete 5000 Plus High Strength Concrete Mix) and Ultra High Performance Concrete (UHPC) were also used as the grout material.  The compressive strength of 1428 HP, EucoSpeed and Latex concrete grouts were measured according to ASTM C109/C109M using 2 in. cube specimen.  Plastic cylinders with 3 in. diameter and 6 in. height were used for UH
	2-45
	, and the compressive strength of the grouts on each test day are presented in Table 
	2-11
	.  The modulus of elasticity (E) of each grout was calculated according to ASTM C469/C469M and is listed in Table 
	2-12
	.  The modulus of elasticity of each grouts calculated from shear test and pullout test were compared in Table 
	2-13
	.  It was observed that the values were similar for EucoSpeed and UHPC with a difference of 1.92% and 

	1.38%, respectively.  There was 6.43%, 8.25% and 13.36% difference between the modulus of elasticity for 1428 HP, Concrete and Latex Concrete, respectively. 
	Table 2-11 Compressive Strength of Grout (Pullout Test) 
	Grout 
	Grout 
	Grout 
	Grout 

	No. of Days 
	No. of Days 

	Strength (ksi) 
	Strength (ksi) 

	Test 
	Test 

	Span

	HP 1428 
	HP 1428 
	HP 1428 

	17 
	17 

	11.43 
	11.43 

	1, 2, 3 
	1, 2, 3 

	Span

	Latex Concrete 
	Latex Concrete 
	Latex Concrete 

	14 
	14 

	6.18 
	6.18 

	4, 5 
	4, 5 

	Span

	UHPC 
	UHPC 
	UHPC 

	13 
	13 

	21.69 
	21.69 

	6, 7 
	6, 7 

	Span

	EucoSpeed 
	EucoSpeed 
	EucoSpeed 

	12 
	12 

	8.47 
	8.47 

	8, 9 
	8, 9 

	Span

	Concrete 
	Concrete 
	Concrete 

	32 
	32 

	6.59 
	6.59 

	10, 11, 12 
	10, 11, 12 

	Span


	 
	Table 2-12 Calculation of Modulus of Elasticity (E) of Grouts 
	Grout 
	Grout 
	Grout 
	Grout 

	Specimen 1 
	Specimen 1 

	Specimen 2 
	Specimen 2 

	Specimen 3 
	Specimen 3 

	Average E (ksi) 
	Average E (ksi) 

	Span

	1428 HP 
	1428 HP 
	1428 HP 

	4,119 
	4,119 

	4,003 
	4,003 

	3,929 
	3,929 

	4,017 
	4,017 

	Span

	EucoSpeed 
	EucoSpeed 
	EucoSpeed 

	3,878 
	3,878 

	- 
	- 

	4,340 
	4,340 

	4,109 
	4,109 

	Span

	Concrete 
	Concrete 
	Concrete 

	- 
	- 

	3,844 
	3,844 

	4,272 
	4,272 

	4,058 
	4,058 

	Span

	Latex Concrete 
	Latex Concrete 
	Latex Concrete 

	4,166 
	4,166 

	4,376 
	4,376 

	4,014 
	4,014 

	4,185 
	4,185 

	Span

	UHPC 
	UHPC 
	UHPC 

	9,058 
	9,058 

	8,393 
	8,393 

	8,840 
	8,840 

	8,764 
	8,764 

	Span


	 
	Table 2-13 Comparison of Modulus of Elasticity 
	Grout 
	Grout 
	Grout 
	Grout 

	Modulus of Elasticity, E (ksi) 
	Modulus of Elasticity, E (ksi) 

	Span

	TR
	Shear Test 
	Shear Test 

	Pullout Test 
	Pullout Test 

	Difference 
	Difference 

	% 
	% 

	Span

	1428 HP 
	1428 HP 
	1428 HP 

	4,293 
	4,293 

	4,017 
	4,017 

	276 
	276 

	6.43 
	6.43 

	Span

	EucoSpeed 
	EucoSpeed 
	EucoSpeed 

	4,189 
	4,189 

	4,109 
	4,109 

	80 
	80 

	1.92 
	1.92 

	Span

	Concrete 
	Concrete 
	Concrete 

	3,749 
	3,749 

	4,058 
	4,058 

	309 
	309 

	8.25 
	8.25 

	Span

	Latex Concrete 
	Latex Concrete 
	Latex Concrete 

	3,692 
	3,692 

	4,185 
	4,185 

	493 
	493 

	13.36 
	13.36 

	Span

	UHPC 
	UHPC 
	UHPC 

	8,886 
	8,886 

	8,764 
	8,764 

	122 
	122 

	1.38 
	1.38 

	Span


	 
	 
	 
	 
	Figure 2-45 Compressive Strength of Grouts (Pullout Test) 
	 
	2.3.2.3 Pullout Specimen Reinforcement 
	 Standard Gr. 60, ASTM A615 deformed mild reinforcing steel bars were used in this study.  The No. 5 reinforcing bars used in construction of the test specimen were tested under tension according to ASTM E8/E8M-16a.  The average measured yield stress and ultimate strength were 66.8 ksi and 96.5 ksi.  The measured stress-strain relationship of the #5 sample is shown in Figure 
	 Standard Gr. 60, ASTM A615 deformed mild reinforcing steel bars were used in this study.  The No. 5 reinforcing bars used in construction of the test specimen were tested under tension according to ASTM E8/E8M-16a.  The average measured yield stress and ultimate strength were 66.8 ksi and 96.5 ksi.  The measured stress-strain relationship of the #5 sample is shown in Figure 
	2-46
	.  A summary of the measured properties for different samples is listed in Table 
	2-14
	. 

	Table 2-14 Number 5 Bar Reinforcing Steel Material Test Results 
	Sample 
	Sample 
	Sample 
	Sample 

	Yield Stress (ksi) 
	Yield Stress (ksi) 

	Ultimate Stress (ksi) 
	Ultimate Stress (ksi) 

	Span

	1 
	1 
	1 

	64.7 
	64.7 

	96.4 
	96.4 

	Span

	2 
	2 
	2 

	67.0 
	67.0 

	96.7 
	96.7 

	Span

	3 
	3 
	3 

	68.8 
	68.8 

	96.5 
	96.5 

	Span

	Average 
	Average 
	Average 

	66.8 
	66.8 

	96.5 
	96.5 

	Span


	 
	 
	Figure 2-46 Stress-Strain Behavior of #5 Reinforcing Steel 
	2.3.2.4 Headed Anchors 
	 The details and development length of headed anchors used in pullout test are the same as those discussed in Section 
	 The details and development length of headed anchors used in pullout test are the same as those discussed in Section 
	2.2.2.4
	2.2.2.4

	. 

	 
	2.3.3 Test Matrix 
	 A testing matrix was developed to summarize the parameters of the 12 pullout tests, as listed in Table 
	 A testing matrix was developed to summarize the parameters of the 12 pullout tests, as listed in Table 
	2-15
	. 

	 
	Table 2-15 Test Matrix for Pullout Test of Headed Stud 
	Specimen 
	Specimen 
	Specimen 
	Specimen 

	Head Area 
	Head Area 

	Grout 
	Grout 

	Span

	1 
	1 
	1 

	9Ab 
	9Ab 

	1428 HP 
	1428 HP 

	Span

	2 
	2 
	2 

	9Ab 
	9Ab 

	1428 HP 
	1428 HP 

	Span

	3 
	3 
	3 

	9Ab 
	9Ab 

	EucoSpeed 
	EucoSpeed 

	Span

	4 
	4 
	4 

	9Ab 
	9Ab 

	EucoSpeed 
	EucoSpeed 

	Span

	5 
	5 
	5 

	9Ab 
	9Ab 

	Concrete 
	Concrete 

	Span

	6 
	6 
	6 

	9Ab 
	9Ab 

	Concrete 
	Concrete 

	Span

	7 
	7 
	7 

	9Ab 
	9Ab 

	Latex Concrete 
	Latex Concrete 

	Span

	8 
	8 
	8 

	9Ab 
	9Ab 

	Latex Concrete 
	Latex Concrete 

	Span

	9 
	9 
	9 

	9Ab 
	9Ab 

	UHPC 
	UHPC 

	Span

	10 
	10 
	10 

	4Ab 
	4Ab 

	UHPC 
	UHPC 

	Span

	11 
	11 
	11 

	4Ab 
	4Ab 

	Concrete 
	Concrete 

	Span

	12 
	12 
	12 

	4Ab 
	4Ab 

	1428 HP 
	1428 HP 

	Span


	 
	2.3.4 Test Setup and Instrumentation 
	 The test set up is shown in Figure 
	 The test set up is shown in Figure 
	2-47
	.  An MTS Load Frame with 647 Hydraulic Wedge Grip was used to test the specimens.  A loading rate of 1.2 in/min was applied on 

	the anchor rod.  A slip gage was used to measure any slippage between the steel plate under the specimen and the testing machine.  Two strain gages were also placed on each headed anchor to measure the strain in the connectors.  They were placed at the top of the grout which would match the interface of deck and girder in bridge application.  Cracks were marked and evidence of failure was recorded for each test. 
	 
	 
	Figure 2-47 Pullout Test Setup 
	 
	2.3.5 Construction process and Testing Procedure 
	 The step-by-step procedure of the testing is shown in Figure 
	 The step-by-step procedure of the testing is shown in Figure 
	2-48
	 and are explained in the following steps:  

	a) Cast specimen for pullout test. 
	a) Cast specimen for pullout test. 
	a) Cast specimen for pullout test. 

	b) After 28 days of concrete curing, the specimens were prepared for casting grout in the pockets.  The headed anchors were placed such that the anchors were embedded 6 in. into the deck as shown in Figure 
	b) After 28 days of concrete curing, the specimens were prepared for casting grout in the pockets.  The headed anchors were placed such that the anchors were embedded 6 in. into the deck as shown in Figure 
	b) After 28 days of concrete curing, the specimens were prepared for casting grout in the pockets.  The headed anchors were placed such that the anchors were embedded 6 in. into the deck as shown in Figure 
	2-48
	 (a).  Respective grout was placed in the pockets according the test matrix of the pullout test.  Figure 
	2-48
	 (b) shows one of the specimens after the grout was poured in the pocket. 


	c) After the pocket grout had reached the required strength, the specimens were prepared for testing.  A base plate was first connected to the bottom part of the testing machine [Figure 
	c) After the pocket grout had reached the required strength, the specimens were prepared for testing.  A base plate was first connected to the bottom part of the testing machine [Figure 
	c) After the pocket grout had reached the required strength, the specimens were prepared for testing.  A base plate was first connected to the bottom part of the testing machine [Figure 
	2-48
	 (c)].  The specimen was then lifted to place on top of the loading frame base plate as shown in Figure 
	2-48
	 (d).  The grip of the testing machine would then hold the rebar of the headed anchor as shown in Figure 
	2-48
	 (e). 


	d) The process was repeated for all the specimens. 
	d) The process was repeated for all the specimens. 


	  
	  
	(a)                                                                    (b) 
	(a)                                                                    (b) 
	(a)                                                                    (b) 


	  
	(c)                                                                         (d) 
	 
	(e) 
	Figure 2-48 Step-by-step Procedure of Pullout Test of Headed Anchors 
	2.3.6 Pullout Test Results 
	2.3.6.1 Ultimate Strength and Stiffness 
	 Table 
	 Table 
	2-16
	 presents the peak axial loads and corresponding displacements.  Figure 
	2-49
	 shows the measured load-displacement curves for all test specimens.  The anchors showed fairly stiff, linear behavior at lower loads with stiffness decreasing as the load reached approximately 20 kips.  The average ultimate pullout force for the headed anchors was 27.26 kips.  The axial stiffness of the headed anchor for each test are listed in Table 
	2-17
	 and had an average value of 320.1 kip/in. 

	 
	Table 2-16 Summary of Pullout Test Results 
	Test 
	Test 
	Test 
	Test 

	Grout 
	Grout 

	Head Area 
	Head Area 

	Displacement (in) 
	Displacement (in) 

	Force (kips) 
	Force (kips) 

	Span

	1 
	1 
	1 

	1428 HP 
	1428 HP 

	9Ab 
	9Ab 

	1.20 
	1.20 

	27.06 
	27.06 

	Span

	2 
	2 
	2 

	1428 HP 
	1428 HP 

	9Ab 
	9Ab 

	1.24 
	1.24 

	27.27 
	27.27 

	Span

	3 
	3 
	3 

	1428 HP 
	1428 HP 

	4Ab 
	4Ab 

	1.15 
	1.15 

	27.26 
	27.26 

	Span

	4 
	4 
	4 

	Latex Concrete 
	Latex Concrete 

	9Ab 
	9Ab 

	1.17 
	1.17 

	27.31 
	27.31 

	Span

	5 
	5 
	5 

	Latex Concrete 
	Latex Concrete 

	9Ab 
	9Ab 

	1.16 
	1.16 

	27.15 
	27.15 

	Span

	6 
	6 
	6 

	UHPC 
	UHPC 

	9Ab 
	9Ab 

	1.19 
	1.19 

	27.32 
	27.32 

	Span

	7 
	7 
	7 

	UHPC 
	UHPC 

	4Ab 
	4Ab 

	1.26 
	1.26 

	27.34 
	27.34 

	Span

	8 
	8 
	8 

	EucoSpeed 
	EucoSpeed 

	9Ab 
	9Ab 

	1.39 
	1.39 

	27.24 
	27.24 

	Span

	9 
	9 
	9 

	EucoSpeed 
	EucoSpeed 

	9Ab 
	9Ab 

	1.16 
	1.16 

	27.24 
	27.24 

	Span

	10 
	10 
	10 

	Concrete 
	Concrete 

	9Ab 
	9Ab 

	1.17 
	1.17 

	27.25 
	27.25 

	Span

	11 
	11 
	11 

	Concrete 
	Concrete 

	9Ab 
	9Ab 

	1.20 
	1.20 

	27.26 
	27.26 

	Span

	12 
	12 
	12 

	Concrete 
	Concrete 

	4Ab 
	4Ab 

	1.44 
	1.44 

	27.37 
	27.37 

	Span


	 
	  
	Table 2-17 Axial Stiffness of Headed Anchors 
	Test 
	Test 
	Test 
	Test 

	Grout 
	Grout 

	Stiffness/Anchor (kip/in) 
	Stiffness/Anchor (kip/in) 

	Span

	1 
	1 
	1 

	1428 HP 
	1428 HP 

	295.80 
	295.80 

	Span

	2 
	2 
	2 

	1428 HP 
	1428 HP 

	313.81 
	313.81 

	Span

	3 
	3 
	3 

	1428 HP 
	1428 HP 

	257.14 
	257.14 

	Span

	4 
	4 
	4 

	Latex Concrete 
	Latex Concrete 

	308.13 
	308.13 

	Span

	5 
	5 
	5 

	Latex Concrete 
	Latex Concrete 

	336.26 
	336.26 

	Span

	6 
	6 
	6 

	UHPC 
	UHPC 

	307.19 
	307.19 

	Span

	7 
	7 
	7 

	UHPC 
	UHPC 

	376.15 
	376.15 

	Span

	8 
	8 
	8 

	EucoSpeed 
	EucoSpeed 

	342.67 
	342.67 

	Span

	9 
	9 
	9 

	EucoSpeed 
	EucoSpeed 

	341.77 
	341.77 

	Span

	10 
	10 
	10 

	Concrete 
	Concrete 

	351.62 
	351.62 

	Span

	11 
	11 
	11 

	Concrete 
	Concrete 

	250.11 
	250.11 

	Span

	12 
	12 
	12 

	Concrete 
	Concrete 

	360.51 
	360.51 

	Span


	 
	 
	Figure 2-49 Force Displacement Curve (Pullout Test of Headed Anchor)
	2.3.6.2 Crack Pattern and Failure Mechanism 
	 The crack patterns during each load increment were carefully marked to study the failure mechanism.  The failure mode in all test specimens was the breakage of anchor bar at the top of the grout.  This matches the interface of deck and girder in bridge application indicating adequate embedment length of headed anchor.  Figures 
	 The crack patterns during each load increment were carefully marked to study the failure mechanism.  The failure mode in all test specimens was the breakage of anchor bar at the top of the grout.  This matches the interface of deck and girder in bridge application indicating adequate embedment length of headed anchor.  Figures 
	2-50
	 to 
	2-52
	 show the crack patterns in 12 grout pockets at the end of the test. 

	 
	  
	Test 1                                                           Test 2 
	  
	Test 3                                                           Test 4 
	Figure 2-50 Crack Pattern of 12 Grout Pockets (Tests 1-4) 
	  
	Test 5                                                           Test 6 
	  
	Test 7                                                           Test 8 
	  
	Test 9                                                           Test 10 
	Figure 2-51 Crack Pattern of 12 Grout Pockets (Tests 5-10) 
	  
	Test 11                                                           Test 12 
	Figure 2-52 Crack Pattern of 12 Grout Pockets (Tests 11-12) 
	 
	2.3.7 Discussion of Pullout Test Results 
	2.4.4.1 Effect of Grout Type 
	 Five different types of grout were used to investigate their effect on the pullout capacity of the anchor.  Figures 
	 Five different types of grout were used to investigate their effect on the pullout capacity of the anchor.  Figures 
	2-53
	 and 
	2-54
	 show the force displacement curves for five different types of grout with anchor head areas of 9Ab and 4Ab, respectively.  For anchors with head area of 9Ab, the maximum capacity of 27.32 kips was observed in the anchor with UHPC grout and the minimum capacity of 27.06 kips was observed in the anchor with 1428 HP grout pocket.  For anchor with head area of 4Ab, the maximum capacity of 27.37 kips was observed in the anchor with conventional concrete grout and the minimum capacity of 27.26 kips was observed 

	 
	Figure 2-53 Force Displacement Curve to Study the Effect of Grout (Head Area 9Ab) 
	 
	Figure 2-54 Force Displacement Curve to Study the Effect of Grout (Head Area 4Ab) 
	2.4.4.2 Effect of Anchor Head Area 
	 Anchors with two different head areas of 9Ab and 4Ab were tested to investigate effect of head size on the strength of headed anchors.  Figures 
	 Anchors with two different head areas of 9Ab and 4Ab were tested to investigate effect of head size on the strength of headed anchors.  Figures 
	2-55
	, 
	2-56
	 and 
	2-57
	 show the force displacement curves for the different head area anchors with 1428 HP, concrete, and UHPC grouts, respectively.  It can be observed that the head area had negligible effect on the anchor strength regardless of the grout types. 

	 
	 
	Figure 2-55 Force Displacement Curve to Study the Effect of Head Area (1428 HP) 
	 
	 
	Figure 2-56 Force Displacement Curve to Study the Effect of Head Area (Concrete) 
	 
	 
	Figure 2-57 Force Displacement Curve to Study the Effect of Head Area (UHPC) 
	 
	2.4 Implications of Test Results on AASHTO LRFD Bridge Design Specification 
	2.4.1 Lateral Strength 
	 The AASHTO LRFD Bridge Design Specification Section 5.8.4 presents the interface shear transfer by shear friction.  The commentary states “Composite section design utilizing full-depth precast deck panels is not addressed by these provisions.  Design specifications for such systems should be established by, or coordinated with, the Owner.”  The shear resistance at the interface plane, Vni, can be determined by Equation 5.8.4.1-3 as                      
	where c is the cohesion factor, Acv is the concrete interface area,  is coefficient of friction, Avf is the area of interface shear reinforcement crossing the shear plane within the area Acv, fy is the yield stress of reinforcement not to be taken greater than 60 ksi, and Pc is the permanent net compressive force normal to the shear plane. 
	 The nominal shear resistance, Vni, used in the design shall not be greater than the lesser of:                           
	where, K1 is the fraction of concrete strength available to resist interface shear and K2 is the limiting interface shear resistance. 
	 Using AASHTO LRFD Equation 5.8.4.1-3 for No. 5 anchors and the specified steel yield stress of 60 ksi, the nominal shear resistance of the interface plane is:                      
	                                           
	where, c = 0.075 ksi and  = 0.6 (for concrete placed against a clean concrete surface, free of laitance, but not intentionally roughened). 
	 
	 The above equation is a modified shear-friction model accounting for a contribution from cohesion and/or aggregate interlock depending on the nature of interface.  The strength of stud shear connector can also be calculated as a function of concrete modulus of elasticity and concrete strength using AASHTO Article 6.10.10.4.3.  AASHTO LRFD Equation 6.10.10.4.3-1 presents the nominal shear resistance of headed shear stud connector embedded in a CIP concrete deck.                       
	where, 
	Asc = cross-sectional area of a stud shear connector 
	Ec = modulus of elasticity of the deck concrete determined as specified in Article 5.4.2.4 
	Fu = specified minimum tensile strength of a stud shear connector as specified in Article 6.4.4. 
	 Using AASHTO Equation 6.10.10.4.3-1,                                                                                                   
	 The horizontal shear calculated from equation 5.8.4.1-3 underestimated the ultimate shear capacity by 56.1%, whereas, the equation 6.10.10.4.3-1 overestimated the ultimate shear capacity by 9.8%.  Comparing the horizontal shear predicted by the AASHTO equations using all the measured properties from the experimental tests with the actual measured horizontal shear values, it was concluded that the equation 6.10.10.4.3-1 in LRFD Specifications best predicted the test loads in this research. 
	 
	2.4.2 Lateral Stiffness 
	 The bending stiffness, kb, of anchor that bends in double and single curvature is given by:                                                                                             
	where, E is the modulus of elasticity of anchor (29,000 ksi), Ia is the moment of inertia of anchor (0.00749 in4), and Leff is the effective length of the anchor that is unrestrained for bending. 
	 The pictures of fractured headed anchors shown in Figures 2-31 (a), (b) and (c) show that the bending in the anchor during shear test does not occur at the coupler region of the anchor.  In addition, single curvature bending of rebar region of the anchor is observed from the shape of the fractured headed anchor.  Therefore, length of rebar region embedded in the deck, lb, shown in Figure 
	 The pictures of fractured headed anchors shown in Figures 2-31 (a), (b) and (c) show that the bending in the anchor during shear test does not occur at the coupler region of the anchor.  In addition, single curvature bending of rebar region of the anchor is observed from the shape of the fractured headed anchor.  Therefore, length of rebar region embedded in the deck, lb, shown in Figure 
	2-20
	2-20

	 was used as effective length in the equation of the single curvature.  Using Leff = lb = 2 in, the calculated bending stiffness is 81.5 kip/in.  The equation overestimated the stiffness of the anchor by 31.5% to 103.8% 

	obtained from nine test results.  Thus, the results from experiment was used to calculate a factor () to determine an equivalent bending stiffness of the anchor in pocket regions.              
	The value of the factor () calculated for each test is presented in Table 
	The value of the factor () calculated for each test is presented in Table 
	2-18
	.  Thus, the equivalent bending stiffness for the anchor can be given by:                

	 
	Table 2-18 Calculation of Factor () for Bending Stiffness 
	Test 
	Test 
	Test 
	Test 

	Grout 
	Grout 

	No. of Anchors 
	No. of Anchors 

	Total Stiffness (kip/in) 
	Total Stiffness (kip/in) 

	Stiffness/Anchor (kip/in) 
	Stiffness/Anchor (kip/in) 

	 
	 

	Span

	1 
	1 
	1 

	1428 HP 
	1428 HP 

	1 
	1 

	40 
	40 

	40 
	40 

	1.6 
	1.6 

	Span

	2 
	2 
	2 

	1428 HP 
	1428 HP 

	2 
	2 

	124 
	124 

	62 
	62 

	2.5 
	2.5 

	Span

	3 
	3 
	3 

	1428 HP 
	1428 HP 

	4 
	4 

	225 
	225 

	56 
	56 

	2.2 
	2.2 

	Span

	4 
	4 
	4 

	EucoSpeed 
	EucoSpeed 

	4 
	4 

	178 
	178 

	44 
	44 

	1.7 
	1.7 

	Span

	5 
	5 
	5 

	Concrete 
	Concrete 

	4 
	4 

	182 
	182 

	45 
	45 

	1.8 
	1.8 

	Span

	6 
	6 
	6 

	Latex Concrete 
	Latex Concrete 

	4 
	4 

	253 
	253 

	63 
	63 

	2.6 
	2.6 

	Span

	7 
	7 
	7 

	Polyester Concrete 
	Polyester Concrete 

	4 
	4 

	238 
	238 

	60 
	60 

	2.4 
	2.4 

	Span

	8 
	8 
	8 

	UHPC 
	UHPC 

	4 
	4 

	188 
	188 

	47 
	47 

	1.9 
	1.9 

	Span

	9 
	9 
	9 

	UHPC 
	UHPC 

	2 
	2 

	83 
	83 

	41 
	41 

	1.6 
	1.6 

	Span

	 
	 
	 

	 
	 

	 
	 

	Average 
	Average 

	51 
	51 

	2.0 
	2.0 

	Span


	 
	2.4.3 Pullout Strength 
	 The failure mode in all the pullout tests was the fracture of the anchor above the grout.  Therefore, the pullout strength can be defined as the tensile resistance of a single connector that is determined by:                                  
	 
	The pullout strength calculated from the above equation overestimated the pullout strength capacity by 2.3%. 
	 
	2.4.4 Axial Stiffness 
	 The total axial stiffness of the anchors used in the pullout tests is the combination of stiffness of embedded and free part of anchor.  The embedded and free part of anchor can be modeled as springs in series to represent the total stiffness of the anchor.  The axial stiffness of the free part (K1) and embedded part (K2) of anchor is defined by:                  
	where, L1 is the length of free part of anchor (14 in) and L2 is the length of embedded part of anchor (6 in). The calculated stiffness of the unembedded part of anchor was 642 kip/in. 
	 
	 
	Figure 2-58 Spring Representation of Anchors 
	 
	 The total stiffness of the anchor, Ka, can be calculated as:             
	Using the total stiffness, Ka, and stiffness of free part of anchor, K1, the stiffness of the embedded part of anchor, K2, was calculated.  The results are listed in Table 2-19.  The results from experiment was used to calculate a factor () to determine an equivalent axial stiffness of the anchor in pocket regions.  The value of the factor () calculated for each test is presented in Table 
	Using the total stiffness, Ka, and stiffness of free part of anchor, K1, the stiffness of the embedded part of anchor, K2, was calculated.  The results are listed in Table 2-19.  The results from experiment was used to calculate a factor () to determine an equivalent axial stiffness of the anchor in pocket regions.  The value of the factor () calculated for each test is presented in Table 
	2-19
	.  Thus, the equivalent axial stiffness for the anchor can be given by:             

	 
	  
	Table 2-19 Calculation of Factor () for Axial Stiffness 
	Test 
	Test 
	Test 
	Test 

	Grout 
	Grout 

	Head Area 
	Head Area 

	Ka (kip/in) 
	Ka (kip/in) 

	K2 (kip/in) 
	K2 (kip/in) 

	 in EA/L2 
	 in EA/L2 

	Span

	1 
	1 
	1 

	1428 HP 
	1428 HP 

	9Ab 
	9Ab 

	295.80 
	295.80 

	548.4 
	548.4 

	0.37 
	0.37 

	Span

	2 
	2 
	2 

	1428 HP 
	1428 HP 

	9Ab 
	9Ab 

	313.81 
	313.81 

	613.7 
	613.7 

	0.41 
	0.41 

	Span

	3 
	3 
	3 

	Latex Concrete 
	Latex Concrete 

	9Ab 
	9Ab 

	308.13 
	308.13 

	592.4 
	592.4 

	0.39 
	0.39 

	Span

	4 
	4 
	4 

	Latex Concrete 
	Latex Concrete 

	9Ab 
	9Ab 

	336.26 
	336.26 

	705.9 
	705.9 

	0.47 
	0.47 

	Span

	5 
	5 
	5 

	UHPC 
	UHPC 

	9Ab 
	9Ab 

	307.19 
	307.19 

	588.9 
	588.9 

	0.39 
	0.39 

	Span

	6 
	6 
	6 

	Euco Speed 
	Euco Speed 

	9Ab 
	9Ab 

	342.67 
	342.67 

	734.8 
	734.8 

	0.49 
	0.49 

	Span

	7 
	7 
	7 

	Euco Speed 
	Euco Speed 

	9Ab 
	9Ab 

	341.77 
	341.77 

	730.6 
	730.6 

	0.49 
	0.49 

	Span

	8 
	8 
	8 

	Concrete 
	Concrete 

	9Ab 
	9Ab 

	351.62 
	351.62 

	777.2 
	777.2 

	0.52 
	0.52 

	Span

	9 
	9 
	9 

	Concrete 
	Concrete 

	9Ab 
	9Ab 

	250.11 
	250.11 

	409.7 
	409.7 

	0.27 
	0.27 

	Span

	10 
	10 
	10 

	1428 HP 
	1428 HP 

	4Ab 
	4Ab 

	257.14 
	257.14 

	428.9 
	428.9 

	0.28 
	0.28 

	Span

	11 
	11 
	11 

	UHPC 
	UHPC 

	4Ab 
	4Ab 

	376.15 
	376.15 

	908.1 
	908.1 

	0.61 
	0.61 

	Span

	12 
	12 
	12 

	Concrete 
	Concrete 

	4Ab 
	4Ab 

	360.51 
	360.51 

	822.0 
	822.0 

	0.55 
	0.55 

	Span

	 
	 
	 

	 
	 

	 
	 

	Average 
	Average 

	655.0 
	655.0 

	0.44 
	0.44 

	Span


	 
	  
	2.5 Concluding Remarks 
	 The experimental investigation involved testing the shear and pullout specimens with headed anchors in grout materials.  The key observations and conclusions on the shear and pullout capacity of the headed anchors are: 
	 The failure mode of all shear test specimens was the fracture of the headed anchor at the interface of deck and girder. 
	 The failure mode of all shear test specimens was the fracture of the headed anchor at the interface of deck and girder. 
	 The failure mode of all shear test specimens was the fracture of the headed anchor at the interface of deck and girder. 

	 Failure in all the pullout test specimens was due to the fracture of the rebar at the face of the grout, which represented the deck-girder interface. 
	 Failure in all the pullout test specimens was due to the fracture of the rebar at the face of the grout, which represented the deck-girder interface. 

	 The shear and pullout failure of the headed anchor with #5 rebar occurred at 25.42 and 27.26 kips, respectively.  
	 The shear and pullout failure of the headed anchor with #5 rebar occurred at 25.42 and 27.26 kips, respectively.  

	 The type of grout had an insignificant effect on the shear capacity of headed anchors. 
	 The type of grout had an insignificant effect on the shear capacity of headed anchors. 

	 The shear capacity of the headed anchor increased almost linearly with the increase in number of anchors. 
	 The shear capacity of the headed anchor increased almost linearly with the increase in number of anchors. 

	 The head area of the anchor had an insignificant effect on the ultimate shear capacity of headed anchors. 
	 The head area of the anchor had an insignificant effect on the ultimate shear capacity of headed anchors. 

	 The type of grout and head area of the anchor had an insignificant effect on the pullout strength of headed anchors. 
	 The type of grout and head area of the anchor had an insignificant effect on the pullout strength of headed anchors. 

	 Out of six different types of grout, Latex Concrete took the least amount of time to be removed from the pocket.  Polyester Concrete and UHPC were the most difficult grouts to be removed.  Based on the time required and ease in removing the grout, 1428 HP, EucoSpeed, conventional concrete and latex concrete were recommended to be used to fill the deck pockets. 
	 Out of six different types of grout, Latex Concrete took the least amount of time to be removed from the pocket.  Polyester Concrete and UHPC were the most difficult grouts to be removed.  Based on the time required and ease in removing the grout, 1428 HP, EucoSpeed, conventional concrete and latex concrete were recommended to be used to fill the deck pockets. 


	 Equation 6.10.10.4.3-1 of the LRFD specification may be used to estimate the ultimate shear resistance of headed anchor in grouted pockets. 
	 Equation 6.10.10.4.3-1 of the LRFD specification may be used to estimate the ultimate shear resistance of headed anchor in grouted pockets. 
	 Equation 6.10.10.4.3-1 of the LRFD specification may be used to estimate the ultimate shear resistance of headed anchor in grouted pockets. 

	 Based on the test data, the shear stiffness of headed anchor was: 
	 Based on the test data, the shear stiffness of headed anchor was: 


	               
	where, E is the modulus of elasticity of anchor, Ia is the moment of inertia of anchor, and Leff is the effective length that is unrestrained for bending in anchor. 
	 Based on the test data, the axial stiffness of the headed anchor was: 
	 Based on the test data, the axial stiffness of the headed anchor was: 
	 Based on the test data, the axial stiffness of the headed anchor was: 


	            
	where, A is the area of anchor, E is the modulus of elasticity of anchor, and L2 is the length of the anchor embedded into the deck. 
	  
	3. Analytical Investigation 
	 
	3.1 Introduction 
	 This chapter presents the seismic analysis of a highway bridge and the response of headed anchors.  The objective of the analytical investigation was to determine the headed anchor seismic forces and the effect of the longitudinal anchor spacing on the overall bridge seismic response.  This investigation was aimed at shedding light on the level of composite action of the precast girders when using realistic values of headed anchor stiffness. 
	 A two-span precast girder bridge was analyzed to accomplish these objectives.  Three different computational models for headed anchors were used to investigate the seismic response of decks with rigid shear links between the deck and girders and flexible links with shear pockets spaced at 4 ft and 6 ft spacing.  A nonlinear response history analyses was performed with eight earthquake ground motions, including both far-field and near-fault ground motion records. 
	 
	3.2 Bridge Description 
	The Reigo Road Bridge, located on State Route 99 at Reigo Road in Sutter County near the North border of Sacramento County, was used for this investigation.  The bridge was designed according to the 2006 Caltrans Bridge Design Specifications.  The AASHTO HL-93 design and California P15 truck were used as the design live load.  The bridge is a two-span continuous precast girder bridge with an overall length of 295 ft 
	with two unequal span lengths of 154 ft and 141 ft, respectively.  The bridge has a skew angle of 8.  Figure 
	with two unequal span lengths of 154 ft and 141 ft, respectively.  The bridge has a skew angle of 8.  Figure 
	3-1
	 shows an elevation view of the bridge. 

	 
	 
	Figure 3-1 Elevation View of Reigo Road Bridge 
	 
	The total width of the bridge is 154 ft 4 in.  The barrier is Type 26 concrete barrier with chain link railing Type 6.  The deck thickness is 8.25 in. CIP reinforced concrete slab.  Figure 
	The total width of the bridge is 154 ft 4 in.  The barrier is Type 26 concrete barrier with chain link railing Type 6.  The deck thickness is 8.25 in. CIP reinforced concrete slab.  Figure 
	3-2
	 shows a cross sectional view of the bridge.  The bridge deck and girders are placed at a 2% gradient.  The reinforced concrete deck is supported by 14 wide-flange, 5.5 feet deep precast concrete girders spaced at 11 ft 3 in.  The top and bottom flanges are 4.1 ft and 3.8 ft wide, respectively, and a web thickness of 8 in.  Figures 
	3-3
	 and 
	3-4
	 show the girders layout and cross section of the girder.  The girders were designed to be composite with the cast-in-place concrete deck by extending all girder shear reinforcement into the deck.  Welded Wire Reinforcement (WWR) was used as vertical stirrups as well as in top and bottom flange of girder. The vertical girder stirrups have three different spacings along the girder length.  They were placed at a spacing of 2 in. at the supports and 12 in. at the center of each span.  In between these 

	two regions, the stirrups are placed at a spacing of 4 in.  Figure 
	two regions, the stirrups are placed at a spacing of 4 in.  Figure 
	3-5
	 shows the deck and girder connection detail. 

	 
	Figure 3-2 Section of Reigo Road Bridge at Bent 
	 
	 
	Figure 3-3 Girder Layout of Reigo Road Bridge 
	 
	 
	Figure 3-4 Cross section of Precast Girder of Reigo Road Bridge 
	 
	 
	Figure 3-5 Deck and Girder Connection Detail 
	 
	Each girder was post-tensioned using two stage post-tensioning.  Straight pretensioned strands were used along with draped post-tensioning tendons.  The girders for span 1 were pretensioned with 36-0.6 in. diameter strand and girders for span 2 were pretensioned with 30 strands.  One-third of the strands were debonded for 15 ft at each end, and four 3/8 in. diameter top strands were added to reduce tensile stress in the top flange at the girder ends.  The strands used for the post tensioning were 270 ksi lo
	The 3 ft R/C end diaphragms of the bridge connect the girders at each abutments.  The bridge is supported at the mid-span by an integral bent cap.  The cap is supported on five 6 ft diameter columns spaced at 32 ft center to center.  They are approximately 26 ft in height, rigidly connected to the cap and pinned at the bottom.  The column's longitudinal reinforcements are 28#10 bars (0.9%).  The transverse reinforcements of the column are #6 welded hoops spaced at 4.0 in. on center along the height of the c
	The 3 ft R/C end diaphragms of the bridge connect the girders at each abutments.  The bridge is supported at the mid-span by an integral bent cap.  The cap is supported on five 6 ft diameter columns spaced at 32 ft center to center.  They are approximately 26 ft in height, rigidly connected to the cap and pinned at the bottom.  The column's longitudinal reinforcements are 28#10 bars (0.9%).  The transverse reinforcements of the column are #6 welded hoops spaced at 4.0 in. on center along the height of the c
	3-6
	 shows the cross section of the column.  The columns are supported by a foundation with dimensions of 15 ft x 15 ft x 4 ft.  Each foundation is supported by 25-Class 140 Concrete Pile.  (Hida, 2015) 

	 
	Figure 3-6 Column Section Detail 
	 
	 Several assumptions were made to simplify the bridge for the analytical investigation.  Two equal spans of 160 ft were used in this study.  The 2% deck gradient and the skew angle of the bridge were ignored.  The concrete haunch that separates the girders from the bottom surface of the deck was not included in the computational model.  Precast R/C deck panels were used in place of the cast-in-place deck.  Pockets along the length of the precast deck were used.  Headed anchors that are designed for gravity 
	 Several assumptions were made to simplify the bridge for the analytical investigation.  Two equal spans of 160 ft were used in this study.  The 2% deck gradient and the skew angle of the bridge were ignored.  The concrete haunch that separates the girders from the bottom surface of the deck was not included in the computational model.  Precast R/C deck panels were used in place of the cast-in-place deck.  Pockets along the length of the precast deck were used.  Headed anchors that are designed for gravity 
	3-7
	, 
	3-8
	 and 
	3-9
	 show the elevation, section and girders layout of the bridge used for analytical investigation. 

	 
	 
	Figure 3-7 Elevation view of Bridge (Model) 
	 
	Figure 3-8 Section of Bridge at Bent (Model) 
	 
	 
	Figure 3-9 Girder Layout of the Bridge (Model) 
	 
	3.3 Design of Headed Anchors in Precast Decks 
	Headed anchors are provided to connect the precast concrete deck panels and the supporting P/S girders.  These anchors extend vertically from the girders and protrude in to the pockets provided in deck panels.  The anchors connecting deck panels and girders are required to create composite action between the deck and the girders, which enhances structural efficiency of the bridge superstructure.  The headed anchors prevent the slippage between the deck and the longitudinal girders, thus they are subjected t
	 
	3.3.1 Current Design Procedure 
	 Headed anchors in precast decks are designed to resist the interface shear due to the live loads and the seismic forces generated in the deck.  The interface shear occurs when vertical shear is transferred across a plane that is made up of two components of different materials.  The seismic design of the R/C deck is performed according to Section 6.16.4.2 of the AASHTO seismic provisions.  Article 6.16.4.2 specifies that the deck can be considered to act as a rigid horizontal diaphragm if the span-to-width
	 
	3.3.2 Design Procedure for Headed Anchors in Precast Decks 
	 The current design provisions for stud connectors in cast-in-place construction was adopted in this research for the design of headed anchors in full-depth precast deck panels.  A step-by-step procedure to achieve a composite precast deck and precast girders is listed below: 
	1. Perform live load analysis to obtain the maximum shear force along the bridge.  The forces obtained due to future overlays, barrier load and live load are combined according to AASHTO LRFD Table 3.4.1-1, Strength I and II. 
	1. Perform live load analysis to obtain the maximum shear force along the bridge.  The forces obtained due to future overlays, barrier load and live load are combined according to AASHTO LRFD Table 3.4.1-1, Strength I and II. 
	1. Perform live load analysis to obtain the maximum shear force along the bridge.  The forces obtained due to future overlays, barrier load and live load are combined according to AASHTO LRFD Table 3.4.1-1, Strength I and II. 


	Strength I: U = 1.25 DC2 + 1.5 DW + 1.75 LL 
	Strength II: U = 1.25 DC2 + 1.5 DW + 1.35 LL 
	where, DC2 is the weight of the railing that will be placed after the deck pockets are filled.  Based on the vertical shear, interface shear is calculated along the length of the girder. 
	2. The number of headed anchors should be designed for the maximum interface shear forces obtained from step 1. 
	2. The number of headed anchors should be designed for the maximum interface shear forces obtained from step 1. 
	2. The number of headed anchors should be designed for the maximum interface shear forces obtained from step 1. 

	3. The live load analysis is performed again using the actual properties of the designed anchors.  If the shear demands on the anchor are higher than the capacity of the anchor, the number of anchors should be increased. 
	3. The live load analysis is performed again using the actual properties of the designed anchors.  If the shear demands on the anchor are higher than the capacity of the anchor, the number of anchors should be increased. 

	4. Perform a modal response spectrum analysis using the design response spectrum in both the longitudinal and transverse directions for Extreme Event I. 
	4. Perform a modal response spectrum analysis using the design response spectrum in both the longitudinal and transverse directions for Extreme Event I. 


	Extreme Event I: 1.25 DC2 + 1.5 DW + 1.00 EQ 
	The resulting orthogonal responses are then combined using the 100/30 percent rule for elastic seismic force effect specified in the AASHTO LRFD Bridge Design Specification (AASHTO 2012). 
	Case I: 100% Longitudinal + 30% Transverse 
	Case II: 30% Longitudinal + 100% Transverse 
	The forces in the headed anchor should be checked for both cases and it should be ensured that the maximum force on the headed anchor does not exceed the total anchor’s design capacity.  If the capacity of the anchors is less than the demand forces, the anchors should be redesigned and reanalyzed. 
	 
	3.3.3 Bridge Computational Model 
	 Elastic and inelastic analysis of a 3-D bridge model were carried to verify the design procedure.  A computational model of the entire bridge was created and analyzed using CSiBridge software (CSiBridge, 2010-2011).  The bridge model was built as the combination of shell and frame elements.  Shell elements were used to model the precast concrete deck.  The girders, cap beams at bents, diaphragms at the abutments and column were modeled using Frame elements.  The deck mesh was generated automatically by CSi
	 Elastic and inelastic analysis of a 3-D bridge model were carried to verify the design procedure.  A computational model of the entire bridge was created and analyzed using CSiBridge software (CSiBridge, 2010-2011).  The bridge model was built as the combination of shell and frame elements.  Shell elements were used to model the precast concrete deck.  The girders, cap beams at bents, diaphragms at the abutments and column were modeled using Frame elements.  The deck mesh was generated automatically by CSi
	3-10
	 shows the 3-D and sectional view of the bridge model. 

	 
	 (a) 3-D View 
	 
	 (b) Section View 
	Figure 3-10 Finite Element Model of Bridge (CsiBridge, 2010-2011) 
	 Rigid links were used to connect the column and the beam cap.  Abutment bearing links (link elements) were used to model the abutments by fixing the vertical translation of the abutment bearing.  All other abutment bearing components were modeled as free since the bridge is assumed to be supported on seat-type abutments.  Bent bearing links (link elements) were used to model the connection between the girders and the beam cap by fixing all the translations and rotational components of the link element. 
	 
	3.3.4 Modeling of Headed Anchors 
	 The concrete deck and girder connection is a critical detail to be modeled properly for the effective utilization of the composite connection.  The headed anchors were modeled using two different assumptions in three computational models.  In the first model, the headed anchors were assumed rigid connections between the deck and the girders.  The rigid connection was modeled using the CSiBridge auto-generated rigid constraints at deck and girder nodes.  In the second and third models, the headed anchors we
	 
	3.3.5 Live Load Analysis 
	 Structural analysis of the bridge was performed in CSiBridge to obtain the moments and shear effects due to live loads.  The design live loads, LL, were the AASHTO HL-93 and Caltrans P15 vehicular live loads. 
	Tables 
	Tables 
	3-1
	 and 
	3-2
	 list the analysis results for the exterior girder and three interior girders, which includes the maximum shear force due to live load.  

	 
	Table 3-1 Maximum Shear Force, V (Kips) due to Dead Load 
	 
	 
	 
	 

	Wearing Surface 
	Wearing Surface 

	Concrete Barrier 
	Concrete Barrier 

	Span

	Right Exterior Girder 
	Right Exterior Girder 
	Right Exterior Girder 

	37.3 
	37.3 

	0.035 
	0.035 

	Span

	Interior Girder 12 
	Interior Girder 12 
	Interior Girder 12 

	39.4 
	39.4 

	0 
	0 

	Span

	Interior Girder 11 
	Interior Girder 11 
	Interior Girder 11 

	39.4 
	39.4 

	0 
	0 

	Span

	Interior Girder 10 
	Interior Girder 10 
	Interior Girder 10 

	39.4 
	39.4 

	0 
	0 

	Span


	 
	Table 3-2 Maximum Shear Force, V (Kips) due to P15 Truck Loading (1-6 Lane Loaded) 
	 
	 
	 
	 

	1 Lane 
	1 Lane 

	2 Lane 
	2 Lane 

	3 Lane 
	3 Lane 

	4 Lane 
	4 Lane 

	5 Lane 
	5 Lane 

	6 Lane 
	6 Lane 

	Span

	Right Exterior Girder 
	Right Exterior Girder 
	Right Exterior Girder 

	207.71 
	207.71 

	196.58 
	196.58 

	168.78 
	168.78 

	130.26 
	130.26 

	131.45 
	131.45 

	132.67 
	132.67 

	Span

	Interior Girder 12 
	Interior Girder 12 
	Interior Girder 12 

	210.71 
	210.71 

	311.48 
	311.48 

	289.20 
	289.20 

	223.02 
	223.02 

	224.73 
	224.73 

	226.41 
	226.41 

	Span

	Interior Girder 11 
	Interior Girder 11 
	Interior Girder 11 

	60.54 
	60.54 

	228.27 
	228.27 

	298.83 
	298.83 

	244.35 
	244.35 

	246.02 
	246.02 

	247.62 
	247.62 

	Span

	Interior Girder 10 
	Interior Girder 10 
	Interior Girder 10 

	10.95 
	10.95 

	64.65 
	64.65 

	207.47 
	207.47 

	232.15 
	232.15 

	246.02 
	246.02 

	247.65 
	247.65 

	Span


	 
	Based on the analysis results and load combinations, the maximum shear force of 480 kips was obtained for Strength II Combination in Interior Girder 12, which resulted in an interface shear of 6.88 kip/in.  This value was used to design the number of headed anchors.  In order to investigate the effect of pocket spacing, anchors were designed for pocket spacing of 4 ft and 6 ft.  The summary of headed anchor design is presented in Table 
	Based on the analysis results and load combinations, the maximum shear force of 480 kips was obtained for Strength II Combination in Interior Girder 12, which resulted in an interface shear of 6.88 kip/in.  This value was used to design the number of headed anchors.  In order to investigate the effect of pocket spacing, anchors were designed for pocket spacing of 4 ft and 6 ft.  The summary of headed anchor design is presented in Table 
	3-3
	.  Based on the interface shear demand, 12-#5 and 18-#5 connectors were used 

	for 4 ft and 6 ft pocket spacing, respectively.  The designed connectors resulted in the total capacity of 512.3 kips and 725.7 kips, respectively. 
	Table 3-3 Design of Shear Connectors 
	Pocket Spacing 
	Pocket Spacing 
	Pocket Spacing 
	Pocket Spacing 

	Required Shear Connectors 
	Required Shear Connectors 

	Span

	4 ft 
	4 ft 
	4 ft 

	12-#5 
	12-#5 

	Span

	6 ft 
	6 ft 
	6 ft 

	18-#5 
	18-#5 

	Span


	 
	Based on the results from Chapter 2 and the design of the connectors, the axial stiffness of the link element for Models 2 and 3 was equal to 3,796 kip/in and 5,695 kip/in, respectively.  The shear stiffness of the link element for Models 2 and 3 was equal to 630 kip/in and 945 kip/in, respectively.  Figure 
	Based on the results from Chapter 2 and the design of the connectors, the axial stiffness of the link element for Models 2 and 3 was equal to 3,796 kip/in and 5,695 kip/in, respectively.  The shear stiffness of the link element for Models 2 and 3 was equal to 630 kip/in and 945 kip/in, respectively.  Figure 
	3-11
	 shows the shear properties of Models 2 and 3 used in the model, respectively.  Figure 
	3-12
	 illustrates the link connecting the deck to girder, girder to diaphragm, abutment bearings and the substructure. 

	 
	 
	Figure 3-11 Shear Properties of Shear Connectors 
	 
	Figure 3-12 FE Modeling of the Links 
	 
	3.3.6 Analysis Results 
	SAP2000 was used to perform the structural analysis of the three models.  These models were developed considering the variations in pocket spacing and properties of the element connecting the deck and girders.  The different types of models used in the analysis are presented in Table 
	SAP2000 was used to perform the structural analysis of the three models.  These models were developed considering the variations in pocket spacing and properties of the element connecting the deck and girders.  The different types of models used in the analysis are presented in Table 
	3-4
	.  The deck and girders in Model 1 were connected with a rigid link element representing a full composite section.  In Model 2 and Model 3, the deck and girders elements were connected using a link element with axial and shear properties obtained from Chapter 2 and using the number of headed anchors from Table 
	3-3
	.  The link elements were defined at a spacing of 4 ft and 6 ft in Model 2 and Model 3, respectively.  Figure 
	3-13
	 shows the headed connectors spacing along longitudinal direction.  

	Table 3-4 Types of Bridge Models for Modal Analysis 
	Model 
	Model 
	Model 
	Model 

	Pocket Spacing (ft) 
	Pocket Spacing (ft) 

	Description of Connectors 
	Description of Connectors 

	Span

	1 
	1 
	1 

	4 
	4 

	Linear Rigid Connectors 
	Linear Rigid Connectors 

	Span

	2 
	2 
	2 

	4 
	4 

	Linear Connectors with stiffness equivalent to 12-#5 
	Linear Connectors with stiffness equivalent to 12-#5 

	Span

	3 
	3 
	3 

	6 
	6 

	Linear Connectors with stiffness equivalent to 18-#5 
	Linear Connectors with stiffness equivalent to 18-#5 

	Span


	 
	 
	 
	Figure 3-13 Spacing of Headed Connectors along Longitudinal Direction 
	 
	Gravity load analysis was performed on all three models.  The results from the gravity load analysis were checked against hand-calculation to verify the results.  Figure 
	Gravity load analysis was performed on all three models.  The results from the gravity load analysis were checked against hand-calculation to verify the results.  Figure 
	3-14
	 shows the displacement profile along the longitudinal direction of the bridge due to dead load for the models.  A maximum displacement of 1.8 in. was observed in Model 1 whereas a maximum deflection of 2.6 in. was observed in both Models 2 and 3.  The use of flexible links increased the vertical deflection of the bridge by 44%.  Using the deflections of the bridge, the moment of inertia of Models 1, 2 and 3 were calculated.  It was concluded that the moment of inertia of Models 2 and 3 were 32% lower than 

	calculated using vertical period of the bridge, were 28% and 25% lower than the moment of inertial of Model 1.  Therefore, Models 2 and 3 provided 72% and 75% of a full composite section.  This indicated that the connectors spaced at 4 ft and 6 ft were not able to provide a full composite action.  
	 
	 
	Figure 3-14 Displacement along Longitudinal Direction (SAP2000) 
	 
	 A modal analysis of the three models was also conducted to determine the natural periods of pertinent modes of vibration.  Eleven modes were considered in the analysis to capture at least 90% mass participation in each orthogonal direction of displacement.  The period and modal participating mass ratios for Models 1, 2 and 3 are summarized in Tables 
	 A modal analysis of the three models was also conducted to determine the natural periods of pertinent modes of vibration.  Eleven modes were considered in the analysis to capture at least 90% mass participation in each orthogonal direction of displacement.  The period and modal participating mass ratios for Models 1, 2 and 3 are summarized in Tables 
	3-5
	, 
	3-6
	 and 
	3-7
	, respectively.  The second and third modes of each model represents the period of the bridge in the longitudinal and transverse directions, respectively.  The longitudinal periods of the bridge were 1.31 sec, 1.38 sec and 1.33 sec and the modal participation mass ratios for these mode were 94.9%, 93.9% and 92.6% for 

	models 1, 2 and 3, respectively.  The transverse periods of the bridge were 1.10 sec, 1.13 sec and 1.05 sec for models 1, 2 and 3, respectively.  The modal participation mass ratios for these mode were 99.9% for all three models.  The vertical periods of the bridges were 0.39 sec, 0.46 sec and 0.45 sec for models, 1, 2 and 3, respectively.  The increase in the vertical periods reduce the stiffness by 28.4% and 23.8% in models 2 and 3, respectively.  Using the vertical periods of the bridge, the moment of in
	 
	  
	Table 3-5 Period and Modal Participation Mass Ratios (Model 1) 
	Mode 
	Mode 
	Mode 
	Mode 

	Period (sec) 
	Period (sec) 

	UX 
	UX 

	UY 
	UY 

	UZ 
	UZ 

	Sum UX 
	Sum UX 

	Sum UY 
	Sum UY 

	Sum UZ 
	Sum UZ 

	Span

	1 
	1 
	1 

	1.31 
	1.31 

	0.9487 
	0.9487 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9487 
	0.9487 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	Span

	2 
	2 
	2 

	1.10 
	1.10 

	0.0000 
	0.0000 

	0.9997 
	0.9997 

	0.0000 
	0.0000 

	0.9487 
	0.9487 

	0.9997 
	0.9997 

	0.0000 
	0.0000 

	Span

	3 
	3 
	3 

	0.53 
	0.53 

	0.0503 
	0.0503 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9990 
	0.9990 

	0.9997 
	0.9997 

	0.0000 
	0.0000 

	Span

	4 
	4 
	4 

	0.50 
	0.50 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9990 
	0.9990 

	0.9997 
	0.9997 

	0.0000 
	0.0000 

	Span

	5 
	5 
	5 

	0.40 
	0.40 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9990 
	0.9990 

	0.9997 
	0.9997 

	0.0000 
	0.0000 

	Span

	6 
	6 
	6 

	0.39 
	0.39 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.6591 
	0.6591 

	0.9990 
	0.9990 

	0.9997 
	0.9997 

	0.6591 
	0.6591 

	Span

	7 
	7 
	7 

	0.38 
	0.38 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9990 
	0.9990 

	0.9997 
	0.9997 

	0.6591 
	0.6591 

	Span

	8 
	8 
	8 

	0.34 
	0.34 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.0008 
	0.0008 

	0.9990 
	0.9990 

	0.9997 
	0.9997 

	0.6600 
	0.6600 

	Span

	9 
	9 
	9 

	0.33 
	0.33 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9990 
	0.9990 

	0.9997 
	0.9997 

	0.6600 
	0.6600 

	Span

	10 
	10 
	10 

	0.30 
	0.30 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9990 
	0.9990 

	0.9997 
	0.9997 

	0.6600 
	0.6600 

	Span

	11 
	11 
	11 

	0.28 
	0.28 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9990 
	0.9990 

	0.9997 
	0.9997 

	0.6600 
	0.6600 

	Span


	 
	Table 3-6 Period and Modal Participation Mass Ratios (Model 2) 
	Mode 
	Mode 
	Mode 
	Mode 

	Period (sec) 
	Period (sec) 

	UX 
	UX 

	UY 
	UY 

	UZ 
	UZ 

	Sum UX 
	Sum UX 

	Sum UY 
	Sum UY 

	Sum UZ 
	Sum UZ 

	Span

	1 
	1 
	1 

	1.38 
	1.38 

	0.9392 
	0.9392 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9392 
	0.9392 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	Span

	2 
	2 
	2 

	1.13 
	1.13 

	0.0000 
	0.0000 

	0.9992 
	0.9992 

	0.0000 
	0.0000 

	0.9392 
	0.9392 

	0.9992 
	0.9992 

	0.0000 
	0.0000 

	Span

	3 
	3 
	3 

	0.58 
	0.58 

	0.0587 
	0.0587 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9980 
	0.9980 

	0.9992 
	0.9992 

	0.0000 
	0.0000 

	Span

	4 
	4 
	4 

	0.56 
	0.56 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9980 
	0.9980 

	0.9992 
	0.9992 

	0.0000 
	0.0000 

	Span

	5 
	5 
	5 

	0.49 
	0.49 

	0.0001 
	0.0001 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9980 
	0.9980 

	0.9992 
	0.9992 

	0.0000 
	0.0000 

	Span

	6 
	6 
	6 

	0.46 
	0.46 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.6597 
	0.6597 

	0.9980 
	0.9980 

	0.9992 
	0.9992 

	0.6597 
	0.6597 

	Span

	7 
	7 
	7 

	0.45 
	0.45 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9980 
	0.9980 

	0.9992 
	0.9992 

	0.6597 
	0.6597 

	Span

	8 
	8 
	8 

	0.43 
	0.43 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9980 
	0.9980 

	0.9992 
	0.9992 

	0.6597 
	0.6597 

	Span

	9 
	9 
	9 

	0.43 
	0.43 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.0008 
	0.0008 

	0.9980 
	0.9980 

	0.9992 
	0.9992 

	0.6605 
	0.6605 

	Span

	10 
	10 
	10 

	0.40 
	0.40 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9980 
	0.9980 

	0.9993 
	0.9993 

	0.6605 
	0.6605 

	Span

	11 
	11 
	11 

	0.38 
	0.38 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9980 
	0.9980 

	0.9993 
	0.9993 

	0.6605 
	0.6605 

	Span


	 
	  
	Table 3-7 Period and Modal Participation Mass Ratios (Model 3) 
	Mode 
	Mode 
	Mode 
	Mode 

	Period (sec) 
	Period (sec) 

	UX 
	UX 

	UY 
	UY 

	UZ 
	UZ 

	Sum UX 
	Sum UX 

	Sum UY 
	Sum UY 

	Sum UZ 
	Sum UZ 

	Span

	1 
	1 
	1 

	1.33 
	1.33 

	0.9262 
	0.9262 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9262 
	0.9262 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	Span

	2 
	2 
	2 

	1.05 
	1.05 

	0.0000 
	0.0000 

	0.9990 
	0.9990 

	0.0000 
	0.0000 

	0.9262 
	0.9262 

	0.9990 
	0.9990 

	0.0000 
	0.0000 

	Span

	3 
	3 
	3 

	0.57 
	0.57 

	0.0713 
	0.0713 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9975 
	0.9975 

	0.9990 
	0.9990 

	0.0000 
	0.0000 

	Span

	4 
	4 
	4 

	0.55 
	0.55 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9975 
	0.9975 

	0.9990 
	0.9990 

	0.0000 
	0.0000 

	Span

	5 
	5 
	5 

	0.49 
	0.49 

	0.0001 
	0.0001 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9975 
	0.9975 

	0.9990 
	0.9990 

	0.0000 
	0.0000 

	Span

	6 
	6 
	6 

	0.45 
	0.45 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.6584 
	0.6584 

	0.9975 
	0.9975 

	0.9990 
	0.9990 

	0.6584 
	0.6584 

	Span

	7 
	7 
	7 

	0.45 
	0.45 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9975 
	0.9975 

	0.9991 
	0.9991 

	0.6584 
	0.6584 

	Span

	8 
	8 
	8 

	0.43 
	0.43 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9975 
	0.9975 

	0.9991 
	0.9991 

	0.6584 
	0.6584 

	Span

	9 
	9 
	9 

	0.43 
	0.43 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.0009 
	0.0009 

	0.9975 
	0.9975 

	0.9991 
	0.9991 

	0.6593 
	0.6593 

	Span

	10 
	10 
	10 

	0.40 
	0.40 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9975 
	0.9975 

	0.9991 
	0.9991 

	0.6593 
	0.6593 

	Span

	11 
	11 
	11 

	0.38 
	0.38 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.0000 
	0.0000 

	0.9975 
	0.9975 

	0.9991 
	0.9991 

	0.6593 
	0.6593 

	Span


	 
	3.3.7 Design Spectrum 
	 A design response (acceleration) spectrum was used to determine the maximum structural response parameters such as displacements and member forces for each mode of vibration. 
	 The modal responses were combined using the complete quadratic combination (CQC) method.  The resulting orthogonal responses were then combined using the 100/30 rule for elastic seismic force effect specified in the AASHTO LRFD Bridge Design Specification (AASHTO 2012). 
	 The design response spectrum diagram, shown in Figure 
	 The design response spectrum diagram, shown in Figure 
	3-15
	, of downtown LA (34.0407N, 118.2468W) was selected.  The maximum forces in the anchors determined from the response spectrum analysis of the bridge were compared to the capacity of the 

	headed anchors to ensure that there was no failure in the anchors.  Figures 
	headed anchors to ensure that there was no failure in the anchors.  Figures 
	3-16
	 through 
	3-21
	 show the distribution of axial and shear forces in the headed anchors along the longitudinal span of the bridge for Models 1, 2 and 3.  Due to the rigid properties of the link element connecting the cap beam and girders, large forces were developed in the link element at the bent section.  Tables 
	3-8
	 and 
	3-9
	 list the maximum force in the link, excluding the link forces in the bent region, in Models 2 and 3, respectively.  Due to the symmetry of the bridge, only the maximum link forces in girders 1 through 7 are listed in Tables 
	3-8
	 and 
	3-9
	.  As shown in these tables, the demand forces on the anchors are less than the ultimate strength of the connector. 

	 
	 
	Figure 3-15 Design Response Spectrum (LA Downtown: 34.0407N, 118.2468W) 
	  
	 
	 
	 
	Figure 3-16 Axial and Shear Force in the Connectors (Case 1) – Model 1 
	 
	 
	 
	Figure 3-17 Axial and Shear Force in the Connectors (Case 2) – Model 1 
	 
	 
	 
	Figure 3-18 Axial and Shear Force in the Connectors (Case 1) – Model 2 
	 
	 
	 
	Figure 3-19 Axial and Shear Force in the Connectors (Case 2) – Model 2 
	 
	 
	 
	Figure 3-20 Axial and Shear Force in the Connectors (Case 1) – Model 3 
	 
	 
	 
	Figure 3-21 Axial and Shear Force in the Connectors (Case 2) – Model 3 
	Table 3-8 Maximum Link Demand Force (Model 2) 
	  
	  
	  
	  

	Case I 
	Case I 

	Case II 
	Case II 

	Span

	Girder  
	Girder  
	Girder  

	P (kips) 
	P (kips) 

	V2 (kips) 
	V2 (kips) 

	V3 (kips) 
	V3 (kips) 

	P (kips) 
	P (kips) 

	V2 (kips) 
	V2 (kips) 

	V3 (kips) 
	V3 (kips) 

	Span

	1 
	1 
	1 

	3 
	3 

	111 
	111 

	8 
	8 

	2 
	2 

	37 
	37 

	24 
	24 

	Span

	2 
	2 
	2 

	5 
	5 

	113 
	113 

	9 
	9 

	4 
	4 

	39 
	39 

	28 
	28 

	Span

	3 
	3 
	3 

	4 
	4 

	104 
	104 

	13 
	13 

	2 
	2 

	34 
	34 

	42 
	42 

	Span

	4 
	4 
	4 

	3 
	3 

	105 
	105 

	13 
	13 

	4 
	4 

	32 
	32 

	42 
	42 

	Span

	5 
	5 
	5 

	4 
	4 

	108 
	108 

	12 
	12 

	3 
	3 

	34 
	34 

	39 
	39 

	Span

	6 
	6 
	6 

	4 
	4 

	102 
	102 

	13 
	13 

	2 
	2 

	31 
	31 

	43 
	43 

	Span

	7 
	7 
	7 

	3 
	3 

	106 
	106 

	12 
	12 

	4 
	4 

	33 
	33 

	39 
	39 

	Span

	Maximum Force 
	Maximum Force 
	Maximum Force 

	5 
	5 

	113 
	113 

	13 
	13 

	4 
	4 

	39 
	39 

	43 
	43 

	Span


	 
	Note: 
	Case I = 100% Longitudinal + 30% Transverse 
	Case II = 30% Longitudinal +100% Transverse 
	P = Axial Force in Link 
	V2 = Shear Force in Link along Longitudinal Direction 
	V3 = Shear Force in Link along Transverse Direction 
	 
	  
	Table 3-9 Maximum Link Demand Force (Model 3) 
	  
	  
	  
	  

	Case I 
	Case I 

	Case II 
	Case II 

	Span

	Girder  
	Girder  
	Girder  

	P (kips) 
	P (kips) 

	V2 (kips) 
	V2 (kips) 

	V3 (kips) 
	V3 (kips) 

	P (kips) 
	P (kips) 

	V2 (kips) 
	V2 (kips) 

	V3 (kips) 
	V3 (kips) 

	Span

	1 
	1 
	1 

	8 
	8 

	187 
	187 

	19 
	19 

	5 
	5 

	60 
	60 

	58 
	58 

	Span

	2 
	2 
	2 

	17 
	17 

	194 
	194 

	21 
	21 

	9 
	9 

	64 
	64 

	69 
	69 

	Span

	3 
	3 
	3 

	8 
	8 

	175 
	175 

	32 
	32 

	4 
	4 

	56 
	56 

	105 
	105 

	Span

	4 
	4 
	4 

	11 
	11 

	179 
	179 

	33 
	33 

	8 
	8 

	55 
	55 

	107 
	107 

	Span

	5 
	5 
	5 

	14 
	14 

	186 
	186 

	30 
	30 

	7 
	7 

	57 
	57 

	97 
	97 

	Span

	6 
	6 
	6 

	8 
	8 

	173 
	173 

	32 
	32 

	3 
	3 

	52 
	52 

	107 
	107 

	Span

	7 
	7 
	7 

	13 
	13 

	182 
	182 

	30 
	30 

	8 
	8 

	56 
	56 

	97 
	97 

	Span

	Maximum Force 
	Maximum Force 
	Maximum Force 

	17 
	17 

	194 
	194 

	33 
	33 

	9 
	9 

	64 
	64 

	107 
	107 

	Span


	 
	Note: 
	Case I = 100% Longitudinal + 30% Transverse 
	Case II = 30% Longitudinal +100% Transverse 
	P = Axial Force in Link 
	V2 = Shear Force in Link along Longitudinal Direction 
	V3 = Shear Force in Link along Transverse Direction 
	 
	3.4 Nonlinear Analytical Investigation of the Bridge 
	 OpenSees (2017) was used to determine the nonlinear seismic response of the bridge and to verify the headed anchors remain as capacity protected element.  OpenSees is a software framework for simulating the seismic response of structural and geotechnical systems.  It utilizes advanced capabilities for modeling and analyzing the 
	nonlinear response of systems using a wide range of material models, elements, and solution algorithms. 
	 
	3.4.1 Material Models 
	 The material "Concrete04" from OpenSees library was used to represent the unconfined concrete properties.  The unconfined concrete material property was assigned to the cover concrete with a maximum compressive strain of 0.002 and ultimate unconfined compressive strain of 0.005, and a specified concrete compressive strength.  Due to the presence of the transverse confinement around the core and the cage effect, the core compressive strength and ultimate strain are higher than those of the unconfined concre
	 The material "Concrete04" from OpenSees library was used to represent the unconfined concrete properties.  The unconfined concrete material property was assigned to the cover concrete with a maximum compressive strain of 0.002 and ultimate unconfined compressive strain of 0.005, and a specified concrete compressive strength.  Due to the presence of the transverse confinement around the core and the cage effect, the core compressive strength and ultimate strain are higher than those of the unconfined concre
	3-22
	 and 
	3-23
	, respectively.  Longitudinal steel reinforcement was represented by "Reinforcing Steel" that captures the yield plateau as well as the strain hardening of the rebar.  Figure 
	3-24
	 shows the general monotonic curve for a mild reinforcing bar under tensile loading, and the six required input parameters for reinforcing steel. 

	  
	Figure 3-22 Constitutive Model for Unconfined Concrete 
	 
	Figure 3-23 Constitutive Model for Confined Concrete 
	 
	Figure 3-24 Constitutive Model for Reinforcing Steel 
	When the concrete strain in one of the core fibers (with confined property) reaches the concrete ultimate strain (concrete crushing), concrete strength drops to zero in the fiber.  When the strain in one of the longitudinal rebar passes the ultimate strain at breaking stress, the analysis is interrupted due to the rebar fracture. 
	 
	3.4.2 Bridge Computational Model 
	 The bridge was modeled as an elastic superstructure supported on nonlinear columns.  The deck, girders, diaphragms, and cap beam are expected to remain elastic and thus were modeled using equivalent elastic beam-column elements with mass concentrated at their nodes.  Rigid elements at each end of the deck were used to connect the decks to the bearing nodes on the bents or abutments.  The column element was modeled using three dimensional "forceBeamColumn" element that is based on an iterative force-based f
	and 10 subdivisions in the circumferential and radial directions, respectively.  Figure 
	and 10 subdivisions in the circumferential and radial directions, respectively.  Figure 
	3-25
	 shows the OpenSees model at the bent. 

	 
	Figure 3-25 OpenSees Model at Bent 
	 
	 The headed anchors were modeled with a “twoNodeLink” object that connects the girder and deck nodes.  The deck girder connection detail is shown in Figure 
	 The headed anchors were modeled with a “twoNodeLink” object that connects the girder and deck nodes.  The deck girder connection detail is shown in Figure 
	3-26
	.  Axial and horizontal shear properties were defined for the twoNodeLink element.  The axial stiffness of the link element was defined using elastic bilinear uniaxial material object with stiffness of 3,796 kip/in and 5,695 kip/in for Models 2 and 3, respectively.  The shear stiffness of the link element for Models 2 and 3 was 630 kip/in and 945 kip/in, respectively.  The shear stiffness of the link element was defined using multi-linear elastic uniaxial material object.  Figure 
	3-11
	 shows the shear properties of Models 2 and 3, respectively. 

	 
	Figure 3-26 OpenSees Model at Deck Girder Connection 
	 
	3.4.3 Model Verification 
	Linear modal analysis was performed in both OpenSees and SAP2000 to verify the OpenSees model.  The models were verified for gravity loads, support reactions, and displacement.  The gravity loads included the weight of the superstructure, the cap beam, and the columns.  The results from the gravity analysis from SAP2000 and OpenSees models were checked against hand-calculation values.  
	 The support reaction at Abutment 1, Bent 2 and Abutment 3 from the SAP2000 and OpenSees Model are listed in Tables 
	 The support reaction at Abutment 1, Bent 2 and Abutment 3 from the SAP2000 and OpenSees Model are listed in Tables 
	3-10
	 and 
	3-11
	, respectively.  The results from SAP2000 and OpenSees model were compared with those from hand calculations to validate the finite element models. 

	  
	Table 3-10 Support Reaction (SAP2000) 
	 
	 
	 
	 

	Reaction (kips) 
	Reaction (kips) 

	Span

	 
	 
	 

	Abutment 1 
	Abutment 1 

	Bent 2 
	Bent 2 

	Abutment 3 
	Abutment 3 

	Total 
	Total 

	Span

	Model 1 
	Model 1 
	Model 1 

	2,189 
	2,189 

	7,570 
	7,570 

	2,189 
	2,189 

	11,948 
	11,948 

	Span

	Model 2 
	Model 2 
	Model 2 

	2,210 
	2,210 

	7,528 
	7,528 

	2,210 
	2,210 

	11,948 
	11,948 

	Span

	Model 3 
	Model 3 
	Model 3 

	2,189 
	2,189 

	7,570 
	7,570 

	2,189 
	2,189 

	11,948 
	11,948 

	Span

	Model 4 
	Model 4 
	Model 4 

	2,210 
	2,210 

	7,528 
	7,528 

	2,210 
	2,210 

	11,948 
	11,948 

	Span


	 
	Table 3-11 Support Reaction (Opensees) 
	 
	 
	 
	 

	Reaction (kips) 
	Reaction (kips) 

	Span

	 
	 
	 

	Abutment 1 
	Abutment 1 

	Bent 2 
	Bent 2 

	Abutment 3 
	Abutment 3 

	Total 
	Total 

	Span

	Model 1 
	Model 1 
	Model 1 

	2,188 
	2,188 

	7,572 
	7,572 

	2,188 
	2,188 

	11,948 
	11,948 

	Span

	Model 2 
	Model 2 
	Model 2 

	2,207 
	2,207 

	7,534 
	7,534 

	2,207 
	2,207 

	11,948 
	11,948 

	Span

	Model 3 
	Model 3 
	Model 3 

	2,188 
	2,188 

	7,572 
	7,572 

	2,188 
	2,188 

	11,948 
	11,948 

	Span

	Model 4 
	Model 4 
	Model 4 

	2,207 
	2,207 

	7,534 
	7,534 

	2,207 
	2,207 

	11,948 
	11,948 

	Span


	 
	Figure 
	Figure 
	3-27
	 shows the displacement profile of the entire bridge for Models 1, 2 and 3.  The displacement profiles of Model 2 and Model 3 show that the displacement along the longitudinal span of the bridge were same for the pocket spacing of 4 ft and 6 ft.  Model 2 and Model 3 experienced a 31.25% higher displacement at the center of span than Model 1.  Model 1 represented the fully composite deck girders connection, whereas, Model 2 and Model 3 represented partially composite deck girders connection. 

	 
	Figure 3-27 Displacement along Longitudinal Direction (OpenSees) 
	 
	3.4.4 Pushover Analysis 
	 Pushover analyses of the bridge were conducted in the two orthogonal directions to capture the behavior of the structure by monitoring the displacement at a point of reference.  The lateral shear capacity of the bridge and the forces in the anchors monitored were reported.  
	Figures 
	Figures 
	3-28
	 (a) and 
	3-28
	3-28

	 (b) show the capacity curves for the pushover analyses in longitudinal and transverse direction for all three models (Models 1, 2 and 3).  During the pushover analysis, the reference node for displacement was taken as the central point of the cap beam.  The displacement capacity for all three models were approximately equal in both directions.  The pushover curves show that significant yielding start at about 3 in. displacement or 1% drift ratio in case of longitudinal pushover.  In the case of transverse 

	 
	 (a) 
	 
	 (b) 
	Figure 3-28 Pushover Curve: (a) Longitudinal Direction; (b) Transverse Direction 
	 
	Figures 
	Figures 
	3-29
	 and 
	3-30
	 show the longitudinal and transverse shear forces in the link due to longitudinal and transverse pushover in Models 2 and 3.  Negligible forces in the links were observed for transverse pushover in Models 2 and 3.  For longitudinal pushover, negligible forces were observed in transverse direction for both models.  The 

	maximum forces in longitudinal direction were 70 kips and 100 kips for Model 2 and Model 3, respectively, which are well below the ultimate capacity of the link.  Anchor spacing had a negligible effect in the overall response of the bridge. 
	 
	 
	(a) Longitudinal Pushover 
	 
	(b) Transverse Pushover 
	Figure 3-29 Link Force in Girder 7 (Model 2) 
	 
	(a) Longitudinal Pushover 
	 
	(b) Transverse Pushover 
	Figure 3-30 Link Force in Girder 7 (Model 3) 
	 
	Table 3-12 Pushover Curve 
	Model 
	Model 
	Model 
	Model 

	Maximum Force (kips) 
	Maximum Force (kips) 

	Span

	TR
	Longitudinal Direction 
	Longitudinal Direction 

	Transverse Direction 
	Transverse Direction 

	Span

	1 
	1 
	1 

	2006 
	2006 

	2026 
	2026 

	Span

	2 
	2 
	2 

	1997 
	1997 

	2023 
	2023 

	Span

	3 
	3 
	3 

	1997 
	1997 

	2023 
	2023 

	Span


	 
	3.4.5 Nonlinear Response History Analysis 
	 Nonlinear response history analysis was performed to determine the seismic response of the bridge using a large suite of ground motions. 
	 
	3.4.5.1 Input Ground Motions 
	 The AASHTO Seismic Guide Specifications (AASHTO, 2011) require at least seven sets of independent ground motion records to be applied in orthogonal directions. 
	 An ensemble of eight earthquake ground motion records were selected for this study, including both far-field and near-fault ground motion records.  The ground motions were selected for magnitude greater than 6, soil class D and range of VS30 of 600 ft/s to 1,200 ft/sec.  Table 
	 An ensemble of eight earthquake ground motion records were selected for this study, including both far-field and near-fault ground motion records.  The ground motions were selected for magnitude greater than 6, soil class D and range of VS30 of 600 ft/s to 1,200 ft/sec.  Table 
	3-13
	 shows the selected acceleration history from the Pacific Earthquake Engineering Research Center (PEER).  Tables 
	3-14
	 and 
	3-15
	 show the eight ground motion profiles in both longitudinal and transverse direction. 

	 To achieve spectral compatibility with the design spectrum, the records were scaled to the design response spectrum at the transverse period of the bridge.  The scaled and unscaled response spectrums of selected ground motions are shown in Tables 
	 To achieve spectral compatibility with the design spectrum, the records were scaled to the design response spectrum at the transverse period of the bridge.  The scaled and unscaled response spectrums of selected ground motions are shown in Tables 
	3-16
	 and 
	3-17
	, respectively.  Figure 
	3-31
	 compares the scaled response spectrum of all ground motions with the design spectrum. 

	 
	 
	 
	  
	Table 3-13 Characteristics of Selected Accelerations Records 
	Type 
	Type 
	Type 
	Type 

	RSN 
	RSN 

	Event 
	Event 

	Station Name 
	Station Name 

	Magnitude (Richter) 
	Magnitude (Richter) 

	Rjb (km) 
	Rjb (km) 

	VS30 (m/s) 
	VS30 (m/s) 

	Span

	Near Fault 
	Near Fault 
	Near Fault 

	169 
	169 

	Imperial Valley-06 
	Imperial Valley-06 

	Delta 
	Delta 

	6.53 
	6.53 

	22.03 
	22.03 

	242.05 
	242.05 

	Span

	TR
	778 
	778 

	Loma Prieta 
	Loma Prieta 

	Hollister Differential Array 
	Hollister Differential Array 

	6.93 
	6.93 

	24.52 
	24.52 

	215.54 
	215.54 

	Span

	TR
	1003 
	1003 

	Northridge-01 
	Northridge-01 

	LA - Saturn St 
	LA - Saturn St 

	6.69 
	6.69 

	21.17 
	21.17 

	308.71 
	308.71 

	Span

	Far Field 
	Far Field 
	Far Field 

	160 
	160 

	Imperial Valley-06 
	Imperial Valley-06 

	Bonds Corner 
	Bonds Corner 

	6.53 
	6.53 

	0.44 
	0.44 

	223.03 
	223.03 

	Span

	TR
	558 
	558 

	Chalfant Valley-02 
	Chalfant Valley-02 

	Zack Brothers Ranch 
	Zack Brothers Ranch 

	6.19 
	6.19 

	6.44 
	6.44 

	316.19 
	316.19 

	Span

	TR
	752 
	752 

	Loma Prieta 
	Loma Prieta 

	Capitola 
	Capitola 

	6.93 
	6.93 

	8.65 
	8.65 

	288.62 
	288.62 

	Span

	TR
	1063 
	1063 

	Northridge-01 
	Northridge-01 

	Rinaldi Receiving Sta 
	Rinaldi Receiving Sta 

	6.69 
	6.69 

	0 
	0 

	282.25 
	282.25 

	Span

	TR
	1084 
	1084 

	Northridge-01 
	Northridge-01 

	Sylmar - Converter Sta 
	Sylmar - Converter Sta 

	6.69 
	6.69 

	0 
	0 

	251.24 
	251.24 

	Span


	 
	Note: RSN = Record Serial Number in PEER NGA-West2 ground motion database.
	Table 3-14 Longitudinal and Transverse Components of Selected Earthquakes 
	Event 
	Event 
	Event 
	Event 

	Longitudinal 
	Longitudinal 

	Transverse 
	Transverse 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 
	"Delta" 

	 
	 

	 
	 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 
	"Hollister Differential Array" 

	 
	 

	 
	 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 
	"LA - Saturn St" 

	 
	 

	 
	 
	 
	 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 
	"Bonds Corner" 

	 
	 
	 
	 

	 
	 
	 
	 

	Span


	  
	Table 3-15 Longitudinal and Transverse Components of Selected Earthquakes 
	Event 
	Event 
	Event 
	Event 

	Longitudinal 
	Longitudinal 

	Transverse 
	Transverse 

	Span

	Chalfant Valley-02 
	Chalfant Valley-02 
	Chalfant Valley-02 
	"Zack Brothers Ranch" 

	 
	 

	 
	 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 
	"Capitola" 

	 
	 

	 
	 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 
	"Rinaldi Receiving Sta" 

	 
	 

	 
	 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 
	"Sylmar - Converter Sta" 

	 
	 

	 
	 

	Span


	  
	Table 3-16 Unscaled and Scaled Response Spectrum 
	Event 
	Event 
	Event 
	Event 

	Scale Factor 
	Scale Factor 

	Unscaled 
	Unscaled 

	Scaled 
	Scaled 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 
	"Delta" 

	1.7 
	1.7 

	 
	 

	 
	 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 
	"Hollister Differential Array" 

	1.5 
	1.5 

	 
	 

	 
	 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 
	"LA - Saturn St" 

	1.7 
	1.7 

	 
	 

	 
	 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 
	"Bonds Corner" 

	1.8 
	1.8 

	 
	 

	 
	 

	Span


	 
	  
	Table 3-17 Unscaled and Scaled Response Spectrum 
	Event 
	Event 
	Event 
	Event 

	Scale Factor 
	Scale Factor 

	Unscaled 
	Unscaled 

	Scaled 
	Scaled 

	Span

	Chalfant Valley-02 
	Chalfant Valley-02 
	Chalfant Valley-02 
	"Zack Brothers Ranch" 

	1.4 
	1.4 

	 
	 

	 
	 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 
	"Capitola" 

	1.7 
	1.7 

	 
	 

	 
	 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 
	"Rinaldi Receiving Sta" 

	0.4 
	0.4 

	 
	 

	 
	 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 
	"Sylmar - Converter Sta" 

	0.6 
	0.6 

	 
	 

	 
	 

	Span


	 
	Figure 3-31 Scaled Response Spectrum compared to Design Spectrum 
	 
	Nonlinear response history analysis was performed simultaneously in both the longitudinal and transverse directions of the bridge using the scaled ground motions.  The bridge was also analyzed for earthquake intensities corresponding to 150% of the design earthquake (DE).  The 150 % DE was assumed as the maximum considered earthquake (MCE) (Monzon et. al.).  
	 
	3.5 Analytical Results 
	3.5.1 Analytical Results for Model 1 
	 Results from Model 1 are shown in Figures 
	 Results from Model 1 are shown in Figures 
	3-32
	3-32

	 through 
	3-47
	3-47

	 and Tables 
	3-18
	 and 
	3-19
	3-19

	. 

	 
	3.5.1.1 Hysteretic Response 
	 The hysteretic base shear-displacement response at the center of cap beam are shown in Figures 
	 The hysteretic base shear-displacement response at the center of cap beam are shown in Figures 
	3-32
	3-32

	 to 
	3-39
	3-39

	.  The maximum base shear and displacement for 100% and 150% design motions in the longitudinal and transverse directions are summarized in Table 
	3-18
	.  

	 
	3.5.1.2 Displacement Response Histories 
	 Table 
	 Table 
	3-19
	3-19

	 shows the maximum displacement and the corresponding drift at the center of cap beam for all ground motions.  The maximum longitudinal and transverse displacement are also presented in Figures 
	3-40
	3-40

	 to 
	3-47
	3-47

	 corresponding to seismic excitations scaled to two intensity levels, 100% and 150% of design motions.  From the figures, it can be observed that the displacements at the top of all five columns are almost identical.  The maximum displacements varied from 4.5 in. (1.5% drift) to 10.6 in. (3.53% drift) along the longitudinal direction and 4.3 in. (1.43% drift) to 11.8 in. (3.93% drift) along the transverse direction for 100% design earthquake.  In the longitudinal direction, the maximum displacements were 10

	  
	Table 3-18 Maximum Base Shear and Displacement (Model 1) 
	Earthquake 
	Earthquake 
	Earthquake 
	Earthquake 

	Station 
	Station 

	RSN 
	RSN 

	Scale 
	Scale 

	Transverse 
	Transverse 

	Longitudinal 
	Longitudinal 

	Span

	TR
	Displacement (in) 
	Displacement (in) 

	Base Shear (kips) 
	Base Shear (kips) 

	Displacement (in) 
	Displacement (in) 

	Base Shear (kips) 
	Base Shear (kips) 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Delta 
	Delta 

	169 
	169 

	1 
	1 

	4.29 
	4.29 

	1810.33 
	1810.33 

	9.04 
	9.04 

	1980.21 
	1980.21 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Hollister Differential Array 
	Hollister Differential Array 

	778 
	778 

	5.53 
	5.53 

	1909.85 
	1909.85 

	4.43 
	4.43 

	1655.85 
	1655.85 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	LA - Saturn St 
	LA - Saturn St 

	1003 
	1003 

	6.41 
	6.41 

	1576.06 
	1576.06 

	7.86 
	7.86 

	2000.21 
	2000.21 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Bonds Corner 
	Bonds Corner 

	160 
	160 

	6.60 
	6.60 

	1896.43 
	1896.43 

	7.06 
	7.06 

	1861.37 
	1861.37 

	Span

	Chalfant Valley-02 
	Chalfant Valley-02 
	Chalfant Valley-02 

	Zack Brothers Ranch 
	Zack Brothers Ranch 

	558 
	558 

	5.81 
	5.81 

	1882.66 
	1882.66 

	7.46 
	7.46 

	1727.09 
	1727.09 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Capitola 
	Capitola 

	752 
	752 

	11.85 
	11.85 

	2161.38 
	2161.38 

	5.67 
	5.67 

	1656.23 
	1656.23 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Rinaldi Receiving Sta 
	Rinaldi Receiving Sta 

	1063 
	1063 

	10.13 
	10.13 

	1877.87 
	1877.87 

	4.84 
	4.84 

	1585.42 
	1585.42 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Sylmar - Converter Sta 
	Sylmar - Converter Sta 

	1084 
	1084 

	7.30 
	7.30 

	1781.04 
	1781.04 

	10.56 
	10.56 

	1922.79 
	1922.79 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Delta 
	Delta 

	169 
	169 

	1.5 
	1.5 

	6.99 
	6.99 

	1893.46 
	1893.46 

	18.41 
	18.41 

	2064.75 
	2064.75 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Hollister Differential Array 
	Hollister Differential Array 

	778 
	778 

	10.20 
	10.20 

	1933.67 
	1933.67 

	8.26 
	8.26 

	1702.92 
	1702.92 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	LA - Saturn St 
	LA - Saturn St 

	1003 
	1003 

	9.33 
	9.33 

	1830.85 
	1830.85 

	9.89 
	9.89 

	2009.95 
	2009.95 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Bonds Corner 
	Bonds Corner 

	160 
	160 

	12.66 
	12.66 

	2105.99 
	2105.99 

	8.52 
	8.52 

	1858.97 
	1858.97 

	Span

	Chalfant Valley-02 
	Chalfant Valley-02 
	Chalfant Valley-02 

	Zack Brothers Ranch 
	Zack Brothers Ranch 

	558 
	558 

	8.20 
	8.20 

	1943.29 
	1943.29 

	8.75 
	8.75 

	1741.34 
	1741.34 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Capitola 
	Capitola 

	752 
	752 

	10.11 
	10.11 

	2216.83 
	2216.83 

	6.97 
	6.97 

	1768.13 
	1768.13 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Rinaldi Receiving Sta 
	Rinaldi Receiving Sta 

	1063 
	1063 

	16.52 
	16.52 

	1987.28 
	1987.28 

	7.70 
	7.70 

	1344.55 
	1344.55 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Sylmar - Converter Sta 
	Sylmar - Converter Sta 

	1084 
	1084 

	8.10 
	8.10 

	1818.34 
	1818.34 

	12.88 
	12.88 

	1796.27 
	1796.27 

	Span


	  
	Table 3-19 Maximum Displacement and Drift (%) (Model 1) 
	Earthquake 
	Earthquake 
	Earthquake 
	Earthquake 

	Station Name 
	Station Name 

	RSN 
	RSN 

	Scale 
	Scale 

	Max. Transverse Displacement (in) 
	Max. Transverse Displacement (in) 

	Drift (%) 
	Drift (%) 

	Max. Longitudinal Displacement (in) 
	Max. Longitudinal Displacement (in) 

	Drift (%) 
	Drift (%) 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Delta 
	Delta 

	169 
	169 

	1 
	1 

	4.3 
	4.3 

	1.43 
	1.43 

	9.5 
	9.5 

	3.17 
	3.17 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Hollister Differential Array 
	Hollister Differential Array 

	778 
	778 

	5.5 
	5.5 

	1.83 
	1.83 

	4.5 
	4.5 

	1.50 
	1.50 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	LA - Saturn St 
	LA - Saturn St 

	1003 
	1003 

	6.4 
	6.4 

	2.13 
	2.13 

	8 
	8 

	2.67 
	2.67 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Bonds Corner 
	Bonds Corner 

	160 
	160 

	6.6 
	6.6 

	2.20 
	2.20 

	7.3 
	7.3 

	2.43 
	2.43 

	Span

	Chalfant Valley-02 
	Chalfant Valley-02 
	Chalfant Valley-02 

	Zack Brothers Ranch 
	Zack Brothers Ranch 

	558 
	558 

	5.8 
	5.8 

	1.93 
	1.93 

	7.5 
	7.5 

	2.50 
	2.50 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Capitola 
	Capitola 

	752 
	752 

	11.8 
	11.8 

	3.93 
	3.93 

	5.8 
	5.8 

	1.93 
	1.93 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Rinaldi Receiving Sta 
	Rinaldi Receiving Sta 

	1063 
	1063 

	10.1 
	10.1 

	3.37 
	3.37 

	5 
	5 

	1.67 
	1.67 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Sylmar - Converter Sta 
	Sylmar - Converter Sta 

	1084 
	1084 

	7.3 
	7.3 

	2.43 
	2.43 

	10.6 
	10.6 

	3.53 
	3.53 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Delta 
	Delta 

	169 
	169 

	1.5 
	1.5 

	7 
	7 

	2.33 
	2.33 

	18.8 
	18.8 

	6.27 
	6.27 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Hollister Differential Array 
	Hollister Differential Array 

	778 
	778 

	10.2 
	10.2 

	3.40 
	3.40 

	8.3 
	8.3 

	2.77 
	2.77 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	LA - Saturn St 
	LA - Saturn St 

	1003 
	1003 

	9.3 
	9.3 

	3.10 
	3.10 

	10 
	10 

	3.33 
	3.33 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Bonds Corner 
	Bonds Corner 

	160 
	160 

	12.7 
	12.7 

	4.23 
	4.23 

	8.9 
	8.9 

	2.97 
	2.97 

	Span

	Chalfant Valley-02 
	Chalfant Valley-02 
	Chalfant Valley-02 

	Zack Brothers Ranch 
	Zack Brothers Ranch 

	558 
	558 

	8.2 
	8.2 

	2.73 
	2.73 

	8.8 
	8.8 

	2.93 
	2.93 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Capitola 
	Capitola 

	752 
	752 

	12.8 
	12.8 

	4.27 
	4.27 

	7.8 
	7.8 

	2.60 
	2.60 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Rinaldi Receiving Sta 
	Rinaldi Receiving Sta 

	1063 
	1063 

	16.5 
	16.5 

	5.50 
	5.50 

	7.9 
	7.9 

	2.63 
	2.63 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Sylmar - Converter Sta 
	Sylmar - Converter Sta 

	1084 
	1084 

	8.1 
	8.1 

	2.70 
	2.70 

	13.2 
	13.2 

	4.40 
	4.40 

	Span


	  
	  
	3.5.2 Analytical Results for Model 2 
	 Model 2 computational model connector configuration is identical to that in Model 1, except that the Model 1 used a rigid connectors whereas Model 2 used the properties of the connectors described in Section 3.3.4.  The results of Model 2 are illustrated in Figures 
	 Model 2 computational model connector configuration is identical to that in Model 1, except that the Model 1 used a rigid connectors whereas Model 2 used the properties of the connectors described in Section 3.3.4.  The results of Model 2 are illustrated in Figures 
	3-48
	3-48

	 through 
	3-71
	3-71

	 and Tables 
	3-20
	 through 
	3-22
	3-22

	. 

	 
	3.5.2.1 Hysteretic Response 
	 The hysteretic base shear force-displacement response at the center of cap beam for the ground motions (100% and 150%) are shown in Figures 
	 The hysteretic base shear force-displacement response at the center of cap beam for the ground motions (100% and 150%) are shown in Figures 
	3-48
	3-48

	 to 
	3-55
	3-55

	.  The maximum base shears and displacements for 100% and 150% design motions in the longitudinal and transverse direction are summarized in Table 
	3-20
	. 

	 
	3.5.2.2 Displacement Response Histories 
	 Table 
	 Table 
	3-21
	3-21

	 shows the maximum displacement and corresponding drift ratios at the center of cap beam for all ground motions.  The maximum longitudinal and transverse displacements are also presented in Figures 
	3-56
	3-56

	 to 
	3-63
	3-63

	 corresponding to seismic excitations scaled to two intensity levels, 100% and 150% of design motion.  From the figures, it can be observed that the displacements at the top of all five columns are almost identical.  The displacements varied from 4.4 in. (1.47% drift) to 11.3 in. (3.77% drift) along the longitudinal direction and 4.3 in. (1.43% drift) to 11.6 in. (3.87% drift) along the transverse direction for 100% design earthquake.  In the longitudinal direction, the maximum displacements were 11.3 in. f

	observed for design and MCE level earthquakes, respectively.  At the Design Level, the transverse displacement is higher than that of the longitudinal displacement.  This trend was reversed at MCE Level. 
	 
	3.5.2.3 Behavior of Headed Anchors 
	 The forces and displacements in the links are presented along the longitudinal direction of the girders.  Negligible difference between the force and displacement in the link were observed among the 14 girders.  Therefore, only results of girder 7 are presented in Table 
	 The forces and displacements in the links are presented along the longitudinal direction of the girders.  Negligible difference between the force and displacement in the link were observed among the 14 girders.  Therefore, only results of girder 7 are presented in Table 
	3-22
	3-22

	.  The maximum forces and displacements are also shown in Figures 
	3-64
	3-64

	 to 
	3-71
	3-71

	.  The response is plotted along the longitudinal span of the bridge.  It can be seen that the anchor displacements were negligible.  From the figures, it can be ascertained that the peak link displacement occurred close to the bent for all the eight earthquakes.  The maximum force in the anchors when subjected to 100% design level and MCE level were 83 kips in longitudinal direction and 7.2 kips in transverse direction, which are substantially lower than the ultimate capacity of the connectors (250 kips). 

	 
	  
	Table 3-20 Maximum Base Shear and Displacement (Model 2) 
	Earthquake 
	Earthquake 
	Earthquake 
	Earthquake 

	Station 
	Station 

	RSN 
	RSN 

	Scale 
	Scale 

	Transverse 
	Transverse 

	Longitudinal 
	Longitudinal 

	Span

	TR
	Displacement (in) 
	Displacement (in) 

	Base Shear (kips) 
	Base Shear (kips) 

	Displacement (in) 
	Displacement (in) 

	Base Shear (kips) 
	Base Shear (kips) 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Delta 
	Delta 

	169 
	169 

	1 
	1 

	4.34 
	4.34 

	1800.31 
	1800.31 

	10.70 
	10.70 

	2000.67 
	2000.67 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Hollister Differential Array 
	Hollister Differential Array 

	778 
	778 

	5.77 
	5.77 

	1971.63 
	1971.63 

	4.38 
	4.38 

	1608.04 
	1608.04 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	LA - Saturn St 
	LA - Saturn St 

	1003 
	1003 

	6.65 
	6.65 

	1401.86 
	1401.86 

	9.21 
	9.21 

	1964.52 
	1964.52 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Bonds Corner 
	Bonds Corner 

	160 
	160 

	6.45 
	6.45 

	1885.01 
	1885.01 

	7.03 
	7.03 

	1882.66 
	1882.66 

	Span

	Chalfant Valley-02 
	Chalfant Valley-02 
	Chalfant Valley-02 

	Zack Brothers Ranch 
	Zack Brothers Ranch 

	558 
	558 

	5.73 
	5.73 

	1851.04 
	1851.04 

	7.53 
	7.53 

	1688.36 
	1688.36 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Capitola 
	Capitola 

	752 
	752 

	11.64 
	11.64 

	2157.71 
	2157.71 

	5.78 
	5.78 

	1631.02 
	1631.02 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Rinaldi Receiving Sta 
	Rinaldi Receiving Sta 

	1063 
	1063 

	10.12 
	10.12 

	1910.70 
	1910.70 

	4.92 
	4.92 

	1615.31 
	1615.31 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Sylmar - Converter Sta 
	Sylmar - Converter Sta 

	1084 
	1084 

	7.43 
	7.43 

	1755.87 
	1755.87 

	11.26 
	11.26 

	1926.31 
	1926.31 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Delta 
	Delta 

	169 
	169 

	1.5 
	1.5 

	7.12 
	7.12 

	1902.87 
	1902.87 

	18.89 
	18.89 

	2012.49 
	2012.49 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Hollister Differential Array 
	Hollister Differential Array 

	778 
	778 

	10.16 
	10.16 

	1935.97 
	1935.97 

	8.69 
	8.69 

	1758.69 
	1758.69 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	LA - Saturn St 
	LA - Saturn St 

	1003 
	1003 

	9.00 
	9.00 

	1823.91 
	1823.91 

	9.31 
	9.31 

	1971.25 
	1971.25 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Bonds Corner 
	Bonds Corner 

	160 
	160 

	12.31 
	12.31 

	2115.12 
	2115.12 

	9.16 
	9.16 

	1888.54 
	1888.54 

	Span

	Chalfant Valley-02 
	Chalfant Valley-02 
	Chalfant Valley-02 

	Zack Brothers Ranch 
	Zack Brothers Ranch 

	558 
	558 

	8.34 
	8.34 

	1928.13 
	1928.13 

	8.81 
	8.81 

	1686.94 
	1686.94 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Capitola 
	Capitola 

	752 
	752 

	9.94 
	9.94 

	2253.67 
	2253.67 

	6.93 
	6.93 

	1735.68 
	1735.68 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Rinaldi Receiving Sta 
	Rinaldi Receiving Sta 

	1063 
	1063 

	16.73 
	16.73 

	2000.22 
	2000.22 

	7.81 
	7.81 

	1420.58 
	1420.58 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Sylmar - Converter Sta 
	Sylmar - Converter Sta 

	1084 
	1084 

	8.23 
	8.23 

	1814.52 
	1814.52 

	13.32 
	13.32 

	1758.25 
	1758.25 

	Span


	  
	Table 3-21 Maximum Displacement and Drift (%) (Model 2) 
	Earthquake 
	Earthquake 
	Earthquake 
	Earthquake 

	Station Name 
	Station Name 

	RSN 
	RSN 

	Scale 
	Scale 

	Max. Transverse Displacement (in) 
	Max. Transverse Displacement (in) 

	Drift (%) 
	Drift (%) 

	Max. Longitudinal Displacement (in) 
	Max. Longitudinal Displacement (in) 

	Drift (%) 
	Drift (%) 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Delta 
	Delta 

	169 
	169 

	1 
	1 

	4.3 
	4.3 

	1.43 
	1.43 

	10.9 
	10.9 

	3.63 
	3.63 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Hollister Differential Array 
	Hollister Differential Array 

	778 
	778 

	5.8 
	5.8 

	1.93 
	1.93 

	4.4 
	4.4 

	1.47 
	1.47 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	LA - Saturn St 
	LA - Saturn St 

	1003 
	1003 

	6.7 
	6.7 

	2.23 
	2.23 

	9.2 
	9.2 

	3.07 
	3.07 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Bonds Corner 
	Bonds Corner 

	160 
	160 

	6.4 
	6.4 

	2.13 
	2.13 

	7.1 
	7.1 

	2.37 
	2.37 

	Span

	Chalfant Valley-02 
	Chalfant Valley-02 
	Chalfant Valley-02 

	Zack Brothers Ranch 
	Zack Brothers Ranch 

	558 
	558 

	5.7 
	5.7 

	1.90 
	1.90 

	7.5 
	7.5 

	2.50 
	2.50 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Capitola 
	Capitola 

	752 
	752 

	11.6 
	11.6 

	3.87 
	3.87 

	5.9 
	5.9 

	1.97 
	1.97 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Rinaldi Receiving Sta 
	Rinaldi Receiving Sta 

	1063 
	1063 

	10.1 
	10.1 

	3.37 
	3.37 

	5.2 
	5.2 

	1.73 
	1.73 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Sylmar - Converter Sta 
	Sylmar - Converter Sta 

	1084 
	1084 

	7.4 
	7.4 

	2.47 
	2.47 

	11.3 
	11.3 

	3.77 
	3.77 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Delta 
	Delta 

	169 
	169 

	1.5 
	1.5 

	7.1 
	7.1 

	2.37 
	2.37 

	19.4 
	19.4 

	6.47 
	6.47 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Hollister Differential Array 
	Hollister Differential Array 

	778 
	778 

	10.2 
	10.2 

	3.40 
	3.40 

	8.8 
	8.8 

	2.93 
	2.93 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	LA - Saturn St 
	LA - Saturn St 

	1003 
	1003 

	9 
	9 

	3.00 
	3.00 

	9.4 
	9.4 

	3.13 
	3.13 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Bonds Corner 
	Bonds Corner 

	160 
	160 

	12.3 
	12.3 

	4.10 
	4.10 

	9.2 
	9.2 

	3.07 
	3.07 

	Span

	Chalfant Valley-02 
	Chalfant Valley-02 
	Chalfant Valley-02 

	Zack Brothers Ranch 
	Zack Brothers Ranch 

	558 
	558 

	8.3 
	8.3 

	2.77 
	2.77 

	8.8 
	8.8 

	2.93 
	2.93 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Capitola 
	Capitola 

	752 
	752 

	12.6 
	12.6 

	4.20 
	4.20 

	7.7 
	7.7 

	2.57 
	2.57 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Rinaldi Receiving Sta 
	Rinaldi Receiving Sta 

	1063 
	1063 

	16.7 
	16.7 

	5.57 
	5.57 

	8 
	8 

	2.67 
	2.67 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Sylmar - Converter Sta 
	Sylmar - Converter Sta 

	1084 
	1084 

	8.2 
	8.2 

	2.73 
	2.73 

	13.7 
	13.7 

	4.57 
	4.57 

	Span


	 
	  
	Table 3-22 Maximum Link Force and Displacement (Model 2) 
	Earthquake 
	Earthquake 
	Earthquake 
	Earthquake 

	Station 
	Station 

	RSN 
	RSN 

	Scale 
	Scale 

	Transverse 
	Transverse 

	Longitudinal 
	Longitudinal 

	Span

	TR
	Maximum Displacement (in) 
	Maximum Displacement (in) 

	Maximum Force (kips) 
	Maximum Force (kips) 

	Maximum Displacement (in) 
	Maximum Displacement (in) 

	Maximum Force (kips) 
	Maximum Force (kips) 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Delta 
	Delta 

	169 
	169 

	1 
	1 

	0.02 
	0.02 

	6.80 
	6.80 

	0.10 
	0.10 

	75.90 
	75.90 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Hollister Differential Array 
	Hollister Differential Array 

	778 
	778 

	0.02 
	0.02 

	6.95 
	6.95 

	0.10 
	0.10 

	75.80 
	75.80 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	LA - Saturn St 
	LA - Saturn St 

	1003 
	1003 

	0.02 
	0.02 

	6.70 
	6.70 

	0.11 
	0.11 

	77.50 
	77.50 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Bonds Corner 
	Bonds Corner 

	160 
	160 

	0.02 
	0.02 

	6.92 
	6.92 

	0.12 
	0.12 

	79.50 
	79.50 

	Span

	Chalfant Valley-02 
	Chalfant Valley-02 
	Chalfant Valley-02 

	Zack Brothers Ranch 
	Zack Brothers Ranch 

	558 
	558 

	0.01 
	0.01 

	6.70 
	6.70 

	0.09 
	0.09 

	75.00 
	75.00 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Capitola 
	Capitola 

	752 
	752 

	0.02 
	0.02 

	6.73 
	6.73 

	0.10 
	0.10 

	76.50 
	76.50 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Rinaldi Receiving Sta 
	Rinaldi Receiving Sta 

	1063 
	1063 

	0.02 
	0.02 

	6.90 
	6.90 

	0.09 
	0.09 

	74.50 
	74.50 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Sylmar - Converter Sta 
	Sylmar - Converter Sta 

	1084 
	1084 

	0.01 
	0.01 

	6.75 
	6.75 

	0.09 
	0.09 

	75.10 
	75.10 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Delta 
	Delta 

	169 
	169 

	1.5 
	1.5 

	0.02 
	0.02 

	6.80 
	6.80 

	0.11 
	0.11 

	77.80 
	77.80 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Hollister Differential Array 
	Hollister Differential Array 

	778 
	778 

	0.02 
	0.02 

	7.00 
	7.00 

	0.09 
	0.09 

	75.50 
	75.50 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	LA - Saturn St 
	LA - Saturn St 

	1003 
	1003 

	0.02 
	0.02 

	6.80 
	6.80 

	0.12 
	0.12 

	79.40 
	79.40 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Bonds Corner 
	Bonds Corner 

	160 
	160 

	0.02 
	0.02 

	7.04 
	7.04 

	0.14 
	0.14 

	82.90 
	82.90 

	Span

	Chalfant Valley-02 
	Chalfant Valley-02 
	Chalfant Valley-02 

	Zack Brothers Ranch 
	Zack Brothers Ranch 

	558 
	558 

	0.02 
	0.02 

	6.73 
	6.73 

	0.10 
	0.10 

	76.50 
	76.50 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Capitola 
	Capitola 

	752 
	752 

	0.02 
	0.02 

	7.18 
	7.18 

	0.13 
	0.13 

	81.50 
	81.50 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Rinaldi Receiving Sta 
	Rinaldi Receiving Sta 

	1063 
	1063 

	0.02 
	0.02 

	7.00 
	7.00 

	0.09 
	0.09 

	74.60 
	74.60 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Sylmar - Converter Sta 
	Sylmar - Converter Sta 

	1084 
	1084 

	0.02 
	0.02 

	6.90 
	6.90 

	0.10 
	0.10 

	76.20 
	76.20 

	Span


	  
	3.5.3 Analytical Results for Model 3 
	The purpose of Model 3 was to study the effect of pocket spacing on bridge response by comparing the results with Model 2.  The results of Model 3 are illustrated in Figures 
	The purpose of Model 3 was to study the effect of pocket spacing on bridge response by comparing the results with Model 2.  The results of Model 3 are illustrated in Figures 
	3-72
	3-72

	 through 
	3-95
	3-95

	 and Tables 
	3-23
	3-23

	 through 
	3-25
	3-25

	. 

	 
	3.5.3.1 Hysteretic Response 
	 The hysteretic response base shear-displacement response at the center of cap beam are shown in Figures 
	 The hysteretic response base shear-displacement response at the center of cap beam are shown in Figures 
	3-72
	3-72

	 to 
	3-79
	3-79

	.  The maximum base shear and displacement for 100% and 150% design motions in the longitudinal and transverse direction are summarized in Table 
	3-23
	3-23

	.  

	 
	3.5.3.2 Displacement Response Histories 
	Table 
	Table 
	3-24
	3-24

	 shows the maximum displacement and corresponding drift at the center of cap beam for all ground motions.  The maximum longitudinal and transverse displacement are also presented in Figures 
	3-80
	3-80

	 to 
	3-87
	3-87

	 corresponding to seismic excitations scaled to two intensity levels, 100% and 150% of design motions.  From the figures, it can be observed that the displacements at the top of all five columns are almost identical.  The displacements varied from 4.4 in. (1.47% drift) to 11.3 in. (3.7% drift) along the longitudinal direction and 4.3 in. (1.43% drift) to 11.7 in. (3.9% drift) along the transverse direction for 100% design earthquake.  In the longitudinal direction, the maximum displacements were 11.3 in. fo

	displacement is higher than that of the longitudinal displacement.  This trend was reversed at MCE Level. 
	 
	3.5.3.3 Behavior of Headed Anchors 
	The forces and displacements in the links are presented along the longitudinal direction of the girders.  Negligible difference between the force and displacement profile of the links were observed among 14 girders.  Therefore, only the results for girder 7 are presented in Table 
	The forces and displacements in the links are presented along the longitudinal direction of the girders.  Negligible difference between the force and displacement profile of the links were observed among 14 girders.  Therefore, only the results for girder 7 are presented in Table 
	3-25
	3-25

	.  The maximum forces and displacements are also shown in Figures 
	3-88
	3-88

	 to 
	3-95
	3-95

	.  The response is plotted along the longitudinal span of the bridge.  It can be seen that the anchor displacements were negligible.  From the figures, it can be ascertained that the peak link displacement occurred was close to the bent for all the eight earthquakes.  The maximum force in the anchors when subjected to 100% design level and MCE level were 124 kips in longitudinal direction and 10.2 kips in transverse direction, which are substantially lower than the ultimate capacity of the connectors (375 k

	 
	  
	Table 3-23 Maximum Base Shear and Displacement (Model 3) 
	Earthquake 
	Earthquake 
	Earthquake 
	Earthquake 

	Station 
	Station 

	RSN 
	RSN 

	Scale 
	Scale 

	Transverse 
	Transverse 

	Longitudinal 
	Longitudinal 

	Span

	TR
	Displacement (in) 
	Displacement (in) 

	Base Shear (kips) 
	Base Shear (kips) 

	Displacement (in) 
	Displacement (in) 

	Base Shear (kips) 
	Base Shear (kips) 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Delta 
	Delta 

	169 
	169 

	1 
	1 

	4.34 
	4.34 

	1800.15 
	1800.15 

	10.66 
	10.66 

	2000.67 
	2000.67 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Hollister Differential Array 
	Hollister Differential Array 

	778 
	778 

	5.77 
	5.77 

	1969.09 
	1969.09 

	4.38 
	4.38 

	1608.69 
	1608.69 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	LA - Saturn St 
	LA - Saturn St 

	1003 
	1003 

	6.73 
	6.73 

	1407.68 
	1407.68 

	9.22 
	9.22 

	1965.62 
	1965.62 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Bonds Corner 
	Bonds Corner 

	160 
	160 

	6.48 
	6.48 

	1886.76 
	1886.76 

	7.01 
	7.01 

	1878.35 
	1878.35 

	Span

	Chalfant Valley-02 
	Chalfant Valley-02 
	Chalfant Valley-02 

	Zack Brothers Ranch 
	Zack Brothers Ranch 

	558 
	558 

	5.73 
	5.73 

	1850.58 
	1850.58 

	7.57 
	7.57 

	1692.69 
	1692.69 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Capitola 
	Capitola 

	752 
	752 

	11.65 
	11.65 

	2157.03 
	2157.03 

	5.79 
	5.79 

	1630.87 
	1630.87 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Rinaldi Receiving Sta 
	Rinaldi Receiving Sta 

	1063 
	1063 

	10.13 
	10.13 

	1912.61 
	1912.61 

	4.93 
	4.93 

	1617.77 
	1617.77 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Sylmar - Converter Sta 
	Sylmar - Converter Sta 

	1084 
	1084 

	7.43 
	7.43 

	1755.84 
	1755.84 

	11.26 
	11.26 

	1925.16 
	1925.16 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Delta 
	Delta 

	169 
	169 

	1.5 
	1.5 

	7.11 
	7.11 

	1903.75 
	1903.75 

	18.88 
	18.88 

	2012.54 
	2012.54 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Hollister Differential Array 
	Hollister Differential Array 

	778 
	778 

	10.22 
	10.22 

	1935.22 
	1935.22 

	8.69 
	8.69 

	1760.92 
	1760.92 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	LA - Saturn St 
	LA - Saturn St 

	1003 
	1003 

	9.33 
	9.33 

	1807.33 
	1807.33 

	9.25 
	9.25 

	1965.82 
	1965.82 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Bonds Corner 
	Bonds Corner 

	160 
	160 

	12.30 
	12.30 

	2113.18 
	2113.18 

	9.13 
	9.13 

	1885.82 
	1885.82 

	Span

	Chalfant Valley-02 
	Chalfant Valley-02 
	Chalfant Valley-02 

	Zack Brothers Ranch 
	Zack Brothers Ranch 

	558 
	558 

	8.38 
	8.38 

	1926.60 
	1926.60 

	8.80 
	8.80 

	1685.69 
	1685.69 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Capitola 
	Capitola 

	752 
	752 

	 
	 

	 
	 

	 
	 

	 
	 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Rinaldi Receiving Sta 
	Rinaldi Receiving Sta 

	1063 
	1063 

	16.74 
	16.74 

	2001.98 
	2001.98 

	7.81 
	7.81 

	1418.86 
	1418.86 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Sylmar - Converter Sta 
	Sylmar - Converter Sta 

	1084 
	1084 

	8.22 
	8.22 

	1814.53 
	1814.53 

	13.32 
	13.32 

	1757.48 
	1757.48 

	Span


	  
	Table 3-24 Maximum Displacement and Drift (%) (Model 3) 
	Earthquake 
	Earthquake 
	Earthquake 
	Earthquake 

	Station Name 
	Station Name 

	RSN 
	RSN 

	Scale 
	Scale 

	Max. Transverse Displacement (in) 
	Max. Transverse Displacement (in) 

	Drift (%) 
	Drift (%) 

	Max. Longitudinal Displacement (in) 
	Max. Longitudinal Displacement (in) 

	Drift (%) 
	Drift (%) 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Delta 
	Delta 

	169 
	169 

	1 
	1 

	4.3 
	4.3 

	1.43 
	1.43 

	10.8 
	10.8 

	3.60 
	3.60 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Hollister Differential Array 
	Hollister Differential Array 

	778 
	778 

	5.8 
	5.8 

	1.93 
	1.93 

	4.4 
	4.4 

	1.47 
	1.47 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	LA - Saturn St 
	LA - Saturn St 

	1003 
	1003 

	6.7 
	6.7 

	2.23 
	2.23 

	9.2 
	9.2 

	3.07 
	3.07 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Bonds Corner 
	Bonds Corner 

	160 
	160 

	6.5 
	6.5 

	2.17 
	2.17 

	7.1 
	7.1 

	2.37 
	2.37 

	Span

	Chalfant Valley-02 
	Chalfant Valley-02 
	Chalfant Valley-02 

	Zack Brothers Ranch 
	Zack Brothers Ranch 

	558 
	558 

	 
	 

	 
	 

	 
	 

	 
	 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Capitola 
	Capitola 

	752 
	752 

	11.7 
	11.7 

	3.90 
	3.90 

	5.9 
	5.9 

	1.97 
	1.97 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Rinaldi Receiving Sta 
	Rinaldi Receiving Sta 

	1063 
	1063 

	10.1 
	10.1 

	3.37 
	3.37 

	5.2 
	5.2 

	1.73 
	1.73 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Sylmar - Converter Sta 
	Sylmar - Converter Sta 

	1084 
	1084 

	7.4 
	7.4 

	2.47 
	2.47 

	11.3 
	11.3 

	3.77 
	3.77 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Delta 
	Delta 

	169 
	169 

	1.5 
	1.5 

	7.1 
	7.1 

	2.37 
	2.37 

	19.4 
	19.4 

	6.47 
	6.47 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Hollister Differential Array 
	Hollister Differential Array 

	778 
	778 

	10.2 
	10.2 

	3.40 
	3.40 

	8.8 
	8.8 

	2.93 
	2.93 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	LA - Saturn St 
	LA - Saturn St 

	1003 
	1003 

	9.3 
	9.3 

	3.10 
	3.10 

	9.3 
	9.3 

	3.10 
	3.10 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Bonds Corner 
	Bonds Corner 

	160 
	160 

	12.3 
	12.3 

	4.10 
	4.10 

	9.2 
	9.2 

	3.07 
	3.07 

	Span

	Chalfant Valley-02 
	Chalfant Valley-02 
	Chalfant Valley-02 

	Zack Brothers Ranch 
	Zack Brothers Ranch 

	558 
	558 

	8.4 
	8.4 

	2.80 
	2.80 

	8.8 
	8.8 

	2.93 
	2.93 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Capitola 
	Capitola 

	752 
	752 

	 
	 

	 
	 

	 
	 

	 
	 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Rinaldi Receiving Sta 
	Rinaldi Receiving Sta 

	1063 
	1063 

	16.7 
	16.7 

	5.57 
	5.57 

	8 
	8 

	2.67 
	2.67 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Sylmar - Converter Sta 
	Sylmar - Converter Sta 

	1084 
	1084 

	8.2 
	8.2 

	2.73 
	2.73 

	13.7 
	13.7 

	4.57 
	4.57 

	Span


	 
	  
	Table 3-25 Maximum Link Force and Displacement (Model 3) 
	Earthquake 
	Earthquake 
	Earthquake 
	Earthquake 

	Station 
	Station 

	RSN 
	RSN 

	Scale 
	Scale 

	Transverse 
	Transverse 

	Longitudinal 
	Longitudinal 

	Span

	TR
	Maximum Displacement (in) 
	Maximum Displacement (in) 

	Maximum Force (kips) 
	Maximum Force (kips) 

	Maximum Displacement (in) 
	Maximum Displacement (in) 

	Maximum Force (kips) 
	Maximum Force (kips) 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Delta 
	Delta 

	169 
	169 

	1 
	1 

	0.02 
	0.02 

	9.93 
	9.93 

	0.10 
	0.10 

	113.30 
	113.30 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Hollister Differential Array 
	Hollister Differential Array 

	778 
	778 

	0.02 
	0.02 

	10.20 
	10.20 

	0.10 
	0.10 

	113.10 
	113.10 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	LA - Saturn St 
	LA - Saturn St 

	1003 
	1003 

	0.02 
	0.02 

	9.85 
	9.85 

	0.10 
	0.10 

	115.70 
	115.70 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Bonds Corner 
	Bonds Corner 

	160 
	160 

	0.02 
	0.02 

	10.20 
	10.20 

	0.11 
	0.11 

	118.50 
	118.50 

	Span

	Chalfant Valley-02 
	Chalfant Valley-02 
	Chalfant Valley-02 

	Zack Brothers Ranch 
	Zack Brothers Ranch 

	558 
	558 

	0.02 
	0.02 

	9.78 
	9.78 

	0.09 
	0.09 

	112.00 
	112.00 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Capitola 
	Capitola 

	752 
	752 

	0.02 
	0.02 

	10.20 
	10.20 

	0.10 
	0.10 

	114.20 
	114.20 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Rinaldi Receiving Sta 
	Rinaldi Receiving Sta 

	1063 
	1063 

	0.02 
	0.02 

	10.14 
	10.14 

	0.09 
	0.09 

	111.44 
	111.44 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Sylmar - Converter Sta 
	Sylmar - Converter Sta 

	1084 
	1084 

	0.02 
	0.02 

	9.89 
	9.89 

	0.09 
	0.09 

	112.20 
	112.20 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Delta 
	Delta 

	169 
	169 

	1.5 
	1.5 

	0.02 
	0.02 

	10.00 
	10.00 

	0.11 
	0.11 

	116.20 
	116.20 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Hollister Differential Array 
	Hollister Differential Array 

	778 
	778 

	0.02 
	0.02 

	10.23 
	10.23 

	0.09 
	0.09 

	112.60 
	112.60 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	LA - Saturn St 
	LA - Saturn St 

	1003 
	1003 

	0.02 
	0.02 

	10.05 
	10.05 

	0.11 
	0.11 

	117.90 
	117.90 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Bonds Corner 
	Bonds Corner 

	160 
	160 

	0.03 
	0.03 

	10.30 
	10.30 

	0.13 
	0.13 

	123.70 
	123.70 

	Span

	Chalfant Valley-02 
	Chalfant Valley-02 
	Chalfant Valley-02 

	Zack Brothers Ranch 
	Zack Brothers Ranch 

	558 
	558 

	0.02 
	0.02 

	9.90 
	9.90 

	0.10 
	0.10 

	114.10 
	114.10 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Capitola 
	Capitola 

	752 
	752 

	 
	 

	 
	 

	 
	 

	 
	 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Rinaldi Receiving Sta 
	Rinaldi Receiving Sta 

	1063 
	1063 

	0.03 
	0.03 

	10.26 
	10.26 

	0.09 
	0.09 

	111.52 
	111.52 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Sylmar - Converter Sta 
	Sylmar - Converter Sta 

	1084 
	1084 

	0.02 
	0.02 

	10.10 
	10.10 

	0.10 
	0.10 

	113.80 
	113.80 

	Span


	 
	3.5.4 Comparison of Model 1, 2 and 3 
	3.5.4.1 Hysteretic Response 
	 The hysteresis loop for Models 1, 2 and 3 are shown in Figures 
	 The hysteresis loop for Models 1, 2 and 3 are shown in Figures 
	3-96
	3-96

	 through 
	3-110
	3-110

	.  From the hysteresis loop, it can be observed that all three models show similar seismic behavior.  All three models show inelastic response of the bridge substructure.  

	 
	3.5.4.2 Displacement Response Histories 
	 Negligible difference was observed in the displacement at the top of the columns among the models with connectors spaced at 4 ft (Model 2) and 6 ft (Model 3).  The results are not presented herein. 
	 
	3.5.4.3 Behavior of Headed Anchors 
	 The behavior of the headed anchors when placed at the spacing of 4 ft and 6 ft was determined by comparing the link force and displacement results from Model 2 and Model 3.  Tables 3-26 and 3-27 present the maximum force and displacement in the link in Model 2 and 3 in longitudinal and transverse direction, respectively.  No significant difference was observed in the link element representing the headed anchors between Models 2 and 3.  A significant increase in the forces in the link element was observed b
	direction.  Therefore, there was no failure in the link element under MCE motion level even when the spacing was increased to 6 ft. 
	Table 3-26 Comparison of Maximum Link Force and Displacement in Model 2 and 3 in Longitudinal Direction 
	Earthquake 
	Earthquake 
	Earthquake 
	Earthquake 

	Station 
	Station 

	RSN 
	RSN 

	Scale 
	Scale 

	Model 2 
	Model 2 

	Model 3 
	Model 3 

	Span

	TR
	Maximum Displacement (in) 
	Maximum Displacement (in) 

	Maximum Force (kips) 
	Maximum Force (kips) 

	Maximum Displacement (in) 
	Maximum Displacement (in) 

	Maximum Force (kips) 
	Maximum Force (kips) 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Delta 
	Delta 

	169 
	169 

	1 
	1 

	0.10 
	0.10 

	75.90 
	75.90 

	0.10 
	0.10 

	113.30 
	113.30 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Hollister Differential Array 
	Hollister Differential Array 

	778 
	778 

	0.10 
	0.10 

	75.80 
	75.80 

	0.10 
	0.10 

	113.10 
	113.10 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	LA - Saturn St 
	LA - Saturn St 

	1003 
	1003 

	0.11 
	0.11 

	77.50 
	77.50 

	0.10 
	0.10 

	115.70 
	115.70 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Bonds Corner 
	Bonds Corner 

	160 
	160 

	0.12 
	0.12 

	79.50 
	79.50 

	0.11 
	0.11 

	118.50 
	118.50 

	Span

	Chalfant Valley-02 
	Chalfant Valley-02 
	Chalfant Valley-02 

	Zack Brothers Ranch 
	Zack Brothers Ranch 

	558 
	558 

	0.09 
	0.09 

	75.00 
	75.00 

	0.09 
	0.09 

	112.00 
	112.00 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Capitola 
	Capitola 

	752 
	752 

	0.10 
	0.10 

	76.50 
	76.50 

	0.10 
	0.10 

	114.20 
	114.20 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Rinaldi Receiving Sta 
	Rinaldi Receiving Sta 

	1063 
	1063 

	0.09 
	0.09 

	74.50 
	74.50 

	0.09 
	0.09 

	111.44 
	111.44 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Sylmar - Converter Sta 
	Sylmar - Converter Sta 

	1084 
	1084 

	0.09 
	0.09 

	75.10 
	75.10 

	0.09 
	0.09 

	112.20 
	112.20 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Delta 
	Delta 

	169 
	169 

	1.5 
	1.5 

	0.11 
	0.11 

	77.80 
	77.80 

	0.11 
	0.11 

	116.20 
	116.20 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Hollister Differential Array 
	Hollister Differential Array 

	778 
	778 

	0.09 
	0.09 

	75.50 
	75.50 

	0.09 
	0.09 

	112.60 
	112.60 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	LA - Saturn St 
	LA - Saturn St 

	1003 
	1003 

	0.12 
	0.12 

	79.40 
	79.40 

	0.11 
	0.11 

	117.90 
	117.90 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Bonds Corner 
	Bonds Corner 

	160 
	160 

	0.14 
	0.14 

	82.90 
	82.90 

	0.13 
	0.13 

	123.70 
	123.70 

	Span

	Chalfant Valley-02 
	Chalfant Valley-02 
	Chalfant Valley-02 

	Zack Brothers Ranch 
	Zack Brothers Ranch 

	558 
	558 

	0.10 
	0.10 

	76.50 
	76.50 

	0.10 
	0.10 

	114.10 
	114.10 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Capitola 
	Capitola 

	752 
	752 

	0.13 
	0.13 

	81.50 
	81.50 

	 
	 

	 
	 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Rinaldi Receiving Sta 
	Rinaldi Receiving Sta 

	1063 
	1063 

	0.09 
	0.09 

	74.60 
	74.60 

	0.09 
	0.09 

	111.52 
	111.52 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Sylmar - Converter Sta 
	Sylmar - Converter Sta 

	1084 
	1084 

	0.10 
	0.10 

	76.20 
	76.20 

	0.10 
	0.10 

	113.80 
	113.80 

	Span


	  
	Table 3-27 Comparison of Maximum Link Force and Displacement in Model 2 and 3 in Transverse Direction 
	Earthquake 
	Earthquake 
	Earthquake 
	Earthquake 

	Station 
	Station 

	RSN 
	RSN 

	Scale 
	Scale 

	Model 2 
	Model 2 

	Model 3 
	Model 3 

	Span

	TR
	Maximum Displacement (in) 
	Maximum Displacement (in) 

	Maximum Force (kips) 
	Maximum Force (kips) 

	Maximum Displacement (in) 
	Maximum Displacement (in) 

	Maximum Force (kips) 
	Maximum Force (kips) 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Delta 
	Delta 

	169 
	169 

	1 
	1 

	0.02 
	0.02 

	6.80 
	6.80 

	0.02 
	0.02 

	9.93 
	9.93 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Hollister Differential Array 
	Hollister Differential Array 

	778 
	778 

	0.02 
	0.02 

	6.95 
	6.95 

	0.02 
	0.02 

	10.20 
	10.20 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	LA - Saturn St 
	LA - Saturn St 

	1003 
	1003 

	0.02 
	0.02 

	6.70 
	6.70 

	0.02 
	0.02 

	9.85 
	9.85 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Bonds Corner 
	Bonds Corner 

	160 
	160 

	0.02 
	0.02 

	6.92 
	6.92 

	0.02 
	0.02 

	10.20 
	10.20 

	Span

	Chalfant Valley-02 
	Chalfant Valley-02 
	Chalfant Valley-02 

	Zack Brothers Ranch 
	Zack Brothers Ranch 

	558 
	558 

	0.01 
	0.01 

	6.70 
	6.70 

	0.02 
	0.02 

	9.78 
	9.78 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Capitola 
	Capitola 

	752 
	752 

	0.02 
	0.02 

	6.73 
	6.73 

	0.02 
	0.02 

	10.20 
	10.20 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Rinaldi Receiving Sta 
	Rinaldi Receiving Sta 

	1063 
	1063 

	0.02 
	0.02 

	6.90 
	6.90 

	0.02 
	0.02 

	10.14 
	10.14 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Sylmar - Converter Sta 
	Sylmar - Converter Sta 

	1084 
	1084 

	0.01 
	0.01 

	6.75 
	6.75 

	0.02 
	0.02 

	9.89 
	9.89 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Delta 
	Delta 

	169 
	169 

	1.5 
	1.5 

	0.02 
	0.02 

	6.80 
	6.80 

	0.02 
	0.02 

	10.00 
	10.00 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Hollister Differential Array 
	Hollister Differential Array 

	778 
	778 

	0.02 
	0.02 

	7.00 
	7.00 

	0.02 
	0.02 

	10.23 
	10.23 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	LA - Saturn St 
	LA - Saturn St 

	1003 
	1003 

	0.02 
	0.02 

	6.80 
	6.80 

	0.02 
	0.02 

	10.05 
	10.05 

	Span

	Imperial Valley-06 
	Imperial Valley-06 
	Imperial Valley-06 

	Bonds Corner 
	Bonds Corner 

	160 
	160 

	0.02 
	0.02 

	7.04 
	7.04 

	0.03 
	0.03 

	10.30 
	10.30 

	Span

	Chalfant Valley-02 
	Chalfant Valley-02 
	Chalfant Valley-02 

	Zack Brothers Ranch 
	Zack Brothers Ranch 

	558 
	558 

	0.02 
	0.02 

	6.73 
	6.73 

	0.02 
	0.02 

	9.90 
	9.90 

	Span

	Loma Prieta 
	Loma Prieta 
	Loma Prieta 

	Capitola 
	Capitola 

	752 
	752 

	0.02 
	0.02 

	7.18 
	7.18 

	 
	 

	 
	 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Rinaldi Receiving Sta 
	Rinaldi Receiving Sta 

	1063 
	1063 

	0.02 
	0.02 

	7.00 
	7.00 

	0.03 
	0.03 

	10.26 
	10.26 

	Span

	Northridge-01 
	Northridge-01 
	Northridge-01 

	Sylmar - Converter Sta 
	Sylmar - Converter Sta 

	1084 
	1084 

	0.02 
	0.02 

	6.90 
	6.90 

	0.02 
	0.02 

	10.10 
	10.10 

	Span


	 
	3.6 Concluding Remarks 
	 This chapter presented a numerical study to investigate the seismic response of headed anchors placed at two different pocket spacing of 4 ft and 6 ft.  For this purpose, the number of headed anchors was first designed for live load and seismic forces, and later analyzed for eight different ground motions.  The headed anchors were designed to resist the interface shear due to live load and the seismic forces generated in the deck .  Headed anchors were designed for the maximum shear that was developed for 
	The nonlinear response history analysis was also performed in the 3 models using eight different ground motions corresponding to 100% design level and 150% MCE level.  Insignificant difference was observed in the overall seismic behavior due to the increase in pocket spacing from 4 ft to 6 ft.  The finite element models with 4 ft and 6 ft spacing with 12-#5 and 18-#5 headed anchors, respectively, were found to show similar overall seismic behavior.  Their seismic response were also similar to the Model 1.  
	level ground motions.  It was observed that the forces in the headed anchors were lower than the ultimate strength of the connectors.  Thus, no failure in headed anchors were observed in either models. 
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	Figure 3-32 Hysteresis Loop for Imperial Valley-06 "Delta" - Model 1 (a) 100% (b) 150%  
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	 (b) 
	Figure 3-33 Hysteresis Loop for Loma Prieta "Hollister Differential Array" - Model 1 (a) 100% (b) 150%  
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	Figure 3-34 Hysteresis Loop for Northridge-01 "LA-Saturn St" - Model 1 (a) 100% (b) 150%  
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	Figure 3-35 Hysteresis Loop for Imperial Valley-06 "Bonds Corner" - Model 1 (a) 100% (b) 150%  
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	Figure 3-36 Hysteresis Loop for Chalfant Valley-02 "Zack Brother Ranch" - Model 1 (a) 100% (b) 150%  
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	Figure 3-37 Hysteresis Loop for Loma Prieta "Capitola" - Model 1 (a) 100% (b) 150%  
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	Figure 3-38 Hysteresis Loop for Northridge-01 "Rinaldi Receiving Sta" - Model 1 (a) 100% (b) 150%  
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	Figure 3-39 Hysteresis Loop for Northridge-01 "Sylmar-Converter Sta" - Model 1 (a) 100% (b) 150%  
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	Figure 3-40 Displacement History for Imperial Valley-06 "Delta" - Model 1 (a) 100% (b) 150%  
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	Figure 3-41 Displacement History for Loma Prieta "Hollister Differential Array" -Model 1 (a) 100% (b) 150%  
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	Figure 3-42 Displacement History for Northridge-01 "LA-Saturn St" - Model 1 (a) 100% (b) 150%  
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	Figure 3-43 Displacement History for Imperial Valley-06 "Bonds Corner" - Model 1 (a) 100% (b) 150%  
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	Figure 3-44 Displacement History for Chalfant Valley-02 "Zack Brother Ranch" -Model 1 (a) 100% (b) 150%  
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	Figure 3-45 Displacement History for Loma Prieta "Capitola" - Model 1 (a) 100% (b) 150%  
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	Figure 3-46 Displacement History for Northridge-01 "Rinaldi Receiving Sta" - Model 1 (a) 100% (b) 150%  
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	Figure 3-47 Displacement History for Northridge-01 "Sylmar-Converter Sta" - Model 1 (a) 100% (b) 150%  
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	Figure 3-48 Hysteresis Loop for Imperial Valley-06 "Delta" - Model 2 (a) 100% (b) 150%  
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	Figure 3-49 Hysteresis Loop for Loma Prieta "Hollister Differential Array" - Model 2 (a) 100% (b) 150%  
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	Figure 3-50 Hysteresis Loop for Northridge-01 "LA-Saturn St" - Model 2 (a) 100% (b) 150%  
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	Figure 3-51 Hysteresis Loop for Imperial Valley-06 "Bonds Corner" - Model 2 (a) 100% (b) 150%  
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	Figure 3-52 Hysteresis Loop for Chalfant Valley-02 "Zack Brother Ranch" - Model 2 (a) 100% (b) 150%  
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	Figure 3-53 Hysteresis Loop for Loma Prieta "Capitola" - Model 2 (a) 100% (b) 150%  
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	Figure 3-54 Hysteresis Loop for Northridge-01 "Rinaldi Receiving Sta" - Model 2 (a) 100% (b) 150%  
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	Figure 3-55 Hysteresis Loop for Northridge-01 "Sylmar-Converter Sta" - Model 2 (a) 100% (b) 150%  
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	Figure 3-56 Displacement History for Imperial Valley-06 "Delta" - Model 2 (a) 100% (b) 150%  
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	Figure 3-57 Displacement History for Loma Prieta "Hollister Differential Array" -Model 2 (a) 100% (b) 150% 
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	Figure 3-58 Displacement History for Northridge-01 "LA-Saturn St" - Model 2 (a) 100% (b) 150%  
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	Figure 3-59 Displacement History for Imperial Valley-06 "Bonds Corner" - Model 2 (a) 100% (b) 150%  
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	Figure 3-60 Displacement History for Chalfant Valley-02 "Zack Brother Ranch" -Model 2 (a) 100% (b) 150%  
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	Figure 3-61 Displacement History for Loma Prieta "Capitola" - Model 2 (a) 100% (b) 150%  
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	Figure 3-62 Displacement History for Northridge-01 "Rinaldi Receiving Sta" - Model 2 (a) 100% (b) 150%  
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	Figure 3-63 Displacement History for Northridge-01 "Sylmar-Converter Sta" - Model 2 (a) 100% (b) 150%  
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	(b) 
	Figure 3-64 Maximum Link Force and Displacement for Imperial Valley-06 "Delta" - Model 2 (a) 100% (b) 150%  
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	Figure 3-65 Maximum Link Force and Displacement for Loma Prieta "Hollister Differential Array" - Model 2 (a) 100% (b) 150%  
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	Figure 3-66 Maximum Link Force and Displacement for Northridge-01 "LA-Saturn St" - Model 2 (a) 100% (b) 150%  
	 
	 (a) 
	 
	 (b) 
	Figure 3-67 Maximum Link Force and Displacement for Imperial Valley-06 "Bonds Corner" - Model 2 (a) 100% (b) 150%  
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	Figure 3-68 Maximum Link Force and Displacement for Chalfant Valley-02 "Zack Brother Ranch" - Model 2 (a) 100% (b) 150%  
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	Figure 3-69 Maximum Link Force and Displacement for Loma Prieta "Capitola" -Model 2 (a) 100% (b) 150% 
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	Figure 3-70 Maximum Link Force and Displacement for Northridge-01 "Rinaldi Receiving Sta" - Model 2 (a) 100% (b) 150%  
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	Figure 3-71 Maximum Link Force and Displacement for Northridge-01 "Sylmar-Converter Sta" - Model 2 (a) 100% (b) 150%  
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	Figure 3-72 Hysteresis Loop for Imperial Valley-06 "Delta" - Model 3 (a) 100% (b) 150%  
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	Figure 3-73 Hysteresis Loop for Loma Prieta "Hollister Differential Array" - Model 3 (a) 100% (b) 150%  
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	Figure 3-74 Hysteresis Loop for Northridge-01 "LA-Saturn St" - Model 3 (a) 100% (b) 150%  
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	Figure 3-75 Hysteresis Loop for Imperial Valley-06 "Bonds Corner" - Model 3 (a) 100% (b) 150%  
	 
	 (a) 
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	Figure 3-76 Hysteresis Loop for Chalfant Valley-02 "Zack Brother Ranch" - Model 3 (a) 100% (b) 150%  
	 
	 (a) 
	Figure 3-77 Hysteresis Loop for Loma Prieta "Capitola" - Model 3 (a) 100% 
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	Figure 3-78 Hysteresis Loop for Northridge-01 "Rinaldi Receiving Sta" - Model 3 (a) 100% (b) 150%  
	 
	 (a) 
	 
	 (b) 
	Figure 3-79 Hysteresis Loop for Northridge-01 "Sylmar-Converter Sta" - Model 3 (a) 100% (b) 150%  
	 
	 (a) 
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	Figure 3-80 Displacement History for Imperial Valley-06 "Delta" - Model 3 (a) 100% (b) 150%  
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	Figure 3-81 Displacement History for Loma Prieta "Hollister Differential Array" -Model 3 (a) 100% (b) 150%  
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	Figure 3-82 Displacement History for Northridge-01 "LA-Saturn St" - Model 3 (a) 100% (b) 150%  
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	Figure 3-83 Displacement History for Imperial Valley-06 "Bonds Corner" - Model 3 (a) 100% (b) 150%  
	 
	 (a) 
	 
	 (b) 
	Figure 3-84 Displacement History for Chalfant Valley-02 "Zack Brother Ranch" -Model 3 (a) 100% (b) 150%  
	 
	 (a) 
	Figure 3-85 Displacement History for Loma Prieta "Capitola" - Model 3 (a) 100% 
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	Figure 3-86 Displacement History for Northridge-01 "Rinaldi Receiving Sta" - Model 3 (a) 100% (b) 150%  
	 
	 (a) 
	 
	 (b) 
	Figure 3-87 Displacement History for Northridge-01 "Sylmar-Converter Sta" - Model 3 (a) 100% (b) 150%  
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	Figure 3-88 Maximum Link Force and Displacement for Imperial Valley-06 "Delta" - Model 3 (a) 100% (b) 150%  
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	Figure 3-89 Maximum Link Force and Displacement for Loma Prieta "Hollister Differential Array" - Model 3 (a) 100% (b) 150%  
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	Figure 3-90 Maximum Link Force and Displacement for Northridge-01 "LA-Saturn St" - Model 3 (a) 100% (b) 150%  
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	Figure 3-91 Maximum Link Force and Displacement for Imperial Valley-06 "Bonds Corner" - Model 3 (a) 100% (b) 150%  
	 
	 (a) 
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	Figure 3-92 Maximum Link Force and Displacement for Chalfant Valley-02 "Zack Brother Ranch" - Model 3 (a) 100% (b) 150%  
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	Figure 3-93 Maximum Link Force and Displacement for Loma Prieta "Capitola" -Model 3 (a) 100%  
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	Figure 3-94 Maximum Link Force and Displacement for Northridge-01 "Rinaldi Receiving Sta" - Model 3 (a) 100% (b) 150%  
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	Figure 3-95 Maximum Link Force and Displacement for Northridge-01 "Sylmar-Converter Sta" - Model 3 (a) 100% (b) 150%  
	 
	 
	 
	Figure 3-96 Comparison of Hysteresis Loop for Imperial Valley-06 "Delta" (100%) 
	 
	 
	 
	Figure 3-97 Comparison of Hysteresis Loop for Imperial Valley-06 "Delta" (150%)  
	 
	 
	 
	Figure 3-98 Comparison of Hysteresis Loop for Loma Prieta "Hollister Differential Array" (100%)  
	 
	 
	 
	Figure 3-99 Comparison of Hysteresis Loop for Loma Prieta "Hollister Differential Array" (150%)  
	 
	 
	 
	Figure 3-100 Comparison of Hysteresis Loop for Northridge-01 "LA-Saturn St" (100%) 
	 
	 
	 
	Figure 3-101 Comparison of Hysteresis Loop for Northridge-01 "LA-Saturn St" (150%)  
	 
	 
	 
	Figure 3-102 Comparison of Hysteresis Loop for Imperial Valley-06 "Bonds Corner" (100%)  
	 
	 
	 
	Figure 3-103 Comparison of Hysteresis Loop for Imperial Valley-06 "Bonds Corner" (150%)  
	 
	 
	 
	Figure 3-104 Comparison of Hysteresis Loop for Chalfant Valley-02 "Zack Brother Ranch" (100%)  
	 
	 
	 
	Figure 3-105 Comparison of Hysteresis Loop for Chalfant Valley-02 "Zack Brother Ranch" (150%)  
	 
	 
	 
	Figure 3-106 Comparison of Hysteresis Loop for Loma Prieta "Capitola" (100%)  
	 
	 
	 
	Figure 3-107 Comparison of Hysteresis Loop for Northridge-01 "Rinaldi Receiving Sta" (100%)  
	 
	 
	 
	Figure 3-108 Comparison of Hysteresis Loop for Northridge-01 "Rinaldi Receiving Sta" (150%)  
	 
	 
	 
	Figure 3-109 Comparison of Hysteresis Loop for Northridge-01 "Sylmar-Converter Sta" (100%) 
	 
	 
	 
	Figure 3-110 Comparison of Hysteresis Loop for Northridge-01 "Sylmar-Converter Sta" (150%)  
	4. Summary, Conclusions, and Recommendations for Future Research 
	 
	4.1 Summary 
	The primary objective of this study was to develop and design prefabricated precast bridge decks connections to precast longitudinal girders.  These prefabricated decks also offer the ability to be replaced during the life span of the bridge while maintaining the serviceability and seismic resiliency of the bridge. 
	 To perform the analytical investigation on bridges with prefabricated decks, the properties of the anchors that connect the deck to the girders were needed.  An experimental study was conducted on headed anchors to determine their shear, pullout strength, and stiffness.  Nine push-out shear specimens were tested to identify the strength and the lateral stiffness of the anchors embedded in different types of grout or concrete.  The filler material is referred to as “grout” in this document.  The group effec
	 The experimental test results on the anchors were used in an analytical investigation on a two-span bridge to determine the anchor seismic demand forces and the effect of the anchor spacing on the overall bridge seismic response and the anchor forces.  Three different models were investigated for this purpose.  In the first model, 
	rigid link elements were used to connect the decks and girders.  In the second and third models, link elements spaced at 4 ft and 6 ft were assumed, with increased number of anchors in each pocket in the latter to provide the same shear resistance in the two cases.  The number of anchors was designed for live load and seismic forces.  Response spectrum analysis was performed on the bridge model to design the deck anchors.  A nonlinear response history analyses was performed with eight different ground motio
	 
	4.2 Conclusions 
	 Based on the results of the experimental investigation and analytical study presented in this document, the following conclusions are drawn: 
	 The failure mode of all shear test specimens was the fracture of the headed anchor at the interface of deck and girder. 
	 The failure mode of all shear test specimens was the fracture of the headed anchor at the interface of deck and girder. 
	 The failure mode of all shear test specimens was the fracture of the headed anchor at the interface of deck and girder. 

	 The types of grout had negligible effect on the ultimate shear capacity of the anchor. 
	 The types of grout had negligible effect on the ultimate shear capacity of the anchor. 

	 The anchor head area had negligible effect on the ultimate shear capacity of the anchor when the filler material was UHPC. 
	 The anchor head area had negligible effect on the ultimate shear capacity of the anchor when the filler material was UHPC. 

	 The shear capacity of the headed anchors increased linearly when the number of anchors increased indicating no group effect. 
	 The shear capacity of the headed anchors increased linearly when the number of anchors increased indicating no group effect. 

	 The failure mode for all pullout tests was the fracture of the anchor at the top of the grout indicating adequate embedment length. 
	 The failure mode for all pullout tests was the fracture of the anchor at the top of the grout indicating adequate embedment length. 


	 The type of grout and anchor head area had no effect on the pullout strength of the headed anchor. 
	 The type of grout and anchor head area had no effect on the pullout strength of the headed anchor. 
	 The type of grout and anchor head area had no effect on the pullout strength of the headed anchor. 

	 Out of the six different grout types investigated, Latex Concrete took the least amount of time to be removed from the pocket. 
	 Out of the six different grout types investigated, Latex Concrete took the least amount of time to be removed from the pocket. 

	 Polyester Concrete and UHPC were the most difficult material to be removed from the pockets. 
	 Polyester Concrete and UHPC were the most difficult material to be removed from the pockets. 

	 Based on the time required and ease in removing the grout, 1428 HP, EucoSpeed, conventional concrete and latex concrete were recommended to facilitate future deck replacement. 
	 Based on the time required and ease in removing the grout, 1428 HP, EucoSpeed, conventional concrete and latex concrete were recommended to facilitate future deck replacement. 

	 The ultimate shear strength of the anchors were similar to the AASHTO Section 6 anchor shear capacity equation. 
	 The ultimate shear strength of the anchors were similar to the AASHTO Section 6 anchor shear capacity equation. 


	                      
	 The effective shear stiffness of the headed anchors obtained from the test results was: 
	 The effective shear stiffness of the headed anchors obtained from the test results was: 
	 The effective shear stiffness of the headed anchors obtained from the test results was: 


	               
	where, E is the modulus of elasticity of anchor, Ia is the moment of inertia of anchor, and Leff is the effective length that is unrestrained for bending in anchor. 
	 The axial stiffness of the headed anchors obtained from the test results was: 
	 The axial stiffness of the headed anchors obtained from the test results was: 
	 The axial stiffness of the headed anchors obtained from the test results was: 


	            
	where, A is the area of anchor, E is the modulus of elasticity of anchor, and L2 is the length of the anchor embedded into the deck. 
	 The design provisions in AASHTO Section 6 for cast-in-place decks were found to be applicable to precast decks. 
	 The design provisions in AASHTO Section 6 for cast-in-place decks were found to be applicable to precast decks. 
	 The design provisions in AASHTO Section 6 for cast-in-place decks were found to be applicable to precast decks. 

	 Using the experimental results of the anchor stiffness in gravity load analysis showed that precast bridge decks were able to achieve approximately 70-75% of a full composite action.  The mid-span deflection of the bridge increased by 44% with experimental anchor stiffness than full composite action due to the decrease in vertical stiffness of the bridge.  
	 Using the experimental results of the anchor stiffness in gravity load analysis showed that precast bridge decks were able to achieve approximately 70-75% of a full composite action.  The mid-span deflection of the bridge increased by 44% with experimental anchor stiffness than full composite action due to the decrease in vertical stiffness of the bridge.  

	 The analytical investigation showed no difference in the overall seismic response of pockets spaced at 4 ft and 6 ft.  
	 The analytical investigation showed no difference in the overall seismic response of pockets spaced at 4 ft and 6 ft.  

	 The results of the nonlinear seismic analysis showed all anchor forces were substantially less than their ultimate capacity.  
	 The results of the nonlinear seismic analysis showed all anchor forces were substantially less than their ultimate capacity.  


	  
	4.3 Recommendations for Future Research 
	 A system experiment of a multi-span bridge models is recommended to investigate the composite action of precast decks using headed anchors.  The lack of full composite action may affect the live load stresses in the longitudinal girders.  In addition, the fatigue response of the headed anchors needs to be evaluated.  
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