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SUMMARY:

This paper examines the experimental investigatibran integral bridge pier system consisting of anaete
column, I-shaped precast concrete girders, ancheerted-tee concrete cap beam to facilitate acagdrbridge
construction (ABC) in high seismic regions. Usindhaf-scale test unit, the focus of the researatudted the
behavior of the connections between the girderscapdbeam as well as the overall system behavimmn€ctions
in the experimental model included an as-built @mion that has been implemented by the Califobepartment
of Transportation (Caltrans) and a similar but ioyad connection using unstressed prestressingdstr&oth the
as-built and improved connections exhibited satisiey seismic response under horizontal loadinggbéng
successful system performance by the formationladtic hinges in the column and system stabilitytaighigh
levels of displacement ductility. However, when jegked to vertical reverse cyclic loads to fullyeesise the
girder-to-cap connections, the as-built connecticas observed to deteriorate considerably while itheroved
connection continued to exhibit dependable behaween for high vertical displacements. Key experimal
results, comparisons with analytical data, and menendations for similar connections for precast imems for
ABC methods are included in this paper.
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1. INTRODUCTION

Accelerated Bridge Construction (ABC) is increa$mine bridge construction method of choice, given
the many benefits of decreased field constructime &@and the continuing advancements in industry tha
make the implementation of ABC methods feasibl@cRst concrete members are appealing for ABC
methods because of the minimal field time thakeguired for their installation. Precast concretelayis
also have several advantages over structures togsief steel girders or cast-in-place concrete
alternatives for implementation of integral colurand cap beam systems for bridges, and integral
systems are often very desirable for high seisetions because of their tendency to dissipate grimrg
the formation of plastic hinges. However, the immpdmtation of precast concrete girders for the desig
earthquake-resistant bridges has been limited. idgoy reason for this lack of use is the absence of
research and design information regarding the adiores between critical bridge components
(Theimann, 2009; Snyder, 2010). The research preden this paper was directed at an investigation
the design of a bridge system for seismic regionplementing a cast-in-place reinforced concrete
column integrally connected to a cast-in-place cetecinverted-tee cap beam supporting I-shapedptec
concrete girders. Specific areas of interest ir@tlil) good overall system behavior through veatfan

of sufficient shear capacity as well as positivel aregative moment capacity in the girder-to-cap
connection to allow successful formation of a jtakinge at the top of the column; (2) experiménta
quantification of the performance of the girdereap connections with as-built and improved detaifs]



(3) suitable design recommendations and specificatio promote the use and advancement of similar
designs in an effort to continue to provide incesh®pportunity and motivation to incorporate ABC
methods in bridge construction. The primary foaughis paper is, however, given to the large-scale
experimental tests conducted to validate the cdioreregions.

Seismic advances made since observations of thealfemeta Earthquake in 1989 and the Northridge
Earthquake in 1994, namely new bridge designs atrdfits based on the capacity design philosophy
(Snyder, 2010; Priestley, Seible, & Uang, 1994yeharoven to provide structures and design appesach
that are more suitable for resisting earthquakddoaA significant amount of research in these aheeass
been conducted in the last two decades with coraditie success. However, even though acceptance of
the capacity design philosophy is widespread, semgctural details have still not been accordingly
investigated. One such detail is the girder-to-capnection when precast girders are utilized in the
bridge superstructure. The advantages and impravsmelated to the use of precast components are
already resulting in such designs becoming theepred choice over traditional cast-in-place cortsiom
techniques (FHA, 2009). Analytical and experimeniaestigations of these connections, when
successfully completed, will provide increasedigbdnd impetus to utilize prefabricated components
building bridges using accelerated methods thabBhegh quality and are sufficient for seismic is.

2. INVERTED-TEE BENT CAP

One connection detail for which further investigatiwould be useful is the connection between an
inverted-tee bent cap and a precast girder duetstaability to speed up the construction of the
superstructure. The inverted-tee bent cap system lm used for single or multi-column bent
configurations and consists of a cap beam in th@elof an upside-down letter “T” that is placedtam

of the columns. Precast girders, typically with pkegh ends, are then placed with ease in the fielthen
ledge of the inverted-tee without requiring anyséabork. The bridge is made continuous for live lbsd
casting a concrete diaphragm around the girderscapdollowed by construction of the concrete deck
over the length and width of the structure.

The inverted-tee connection detail has been used mumber of bridges throughout the state of
California. When this detail had been implementdte column was designed assuming a fixed
connection at the base and a pin support at thereotop adjacent to the cap (SDC, 2006). Havinma p
support at the column-to-cap connection is notcigffit for seismic design, because it prevents the
possibility of forming a plastic hinge at the tdjptloee column, thereby increasing the foundatiortsaad
making the precast option cost prohibitive. Althbuassumed as a pin connection in previous designs,
analysis completed as a part of the project presemtrein illustrated that inverted-tee connectiareen
properly designed, can be expected to behave rilardixed connections, with adequate resistance to
both positive and negative moment at the girderap-beam connection regions (Theimann, 2009;
Snyder, 2010). The moment resistance of the prelyjassumed pin connection, along with its effect o
the behavior of the remainder of the bridge, hadpneviously been investigated. Thus, the expertaien
investigation was conducted to quantify its behawiod possibly lead to design methods that caizeitil
the moment resistance of an inverted-tee connedtioseismic design. Also of interest regarding the
inverted-tee connection was the shear force trarigien the girder-to-cap beam, since such a transfe
through the inverted-tee connection would be commised if the girder-to-cap connection experienced
deterioration. A further objective of this reseambs to develop and investigate means by which to
improve this type of connection.

The inverted-tee bent cap system has a numbemoifisant advantages over traditional cast-in-place
systems. First, the inverted-tee bent caps allovihi® use of precast girders. Shop constructiontses
higher-quality girders than would be produced ie tield and allows for economic savings, being well



suited for ABC practices. The benefits of ABC methdave been well documented in recent years and
include reduced field construction time and laleduced traffic control or divergence and henceced
congestion, and reduced noise and air pollutiotliiBton, Barnes, & Breen, 1999; Caltrans, 2008). |
addition to ABC benefits, the inverted-tee systeetrdases the required depth of the superstructure
compared to more traditional bent caps. This beiseéispecially apparent when girders with dappetse
are utilized. Also, the inverted-tee system requless supporting falsework than a method thatzesl
splicing of the precast girders in the field, besmfalsework is only required for casting the inedstee
bent cap itself. Hence, the girders can be plaéedtty on the bent cap without any direct supgiarn
falsework, which results in economic, time, andiemmental savings.

Despite the aforementioned benefits, precast coamgerare still not implemented frequently for bedg

in areas of seismic activity. It is highly likeli&t the use of precast construction would beconakelyi
accepted in seismic areas if a design methodologpe wleveloped and proven to be reliable and cost
effective. The advantages of doing so would be mabie, as already discussed above. Successful
improvement and testing of the specific connectietween commonly used precast I-girders and an
inverted-tee bent cap would likely to increase A&®ridges in high seismic regions.

3. PROTOTYPE BRIDGE

The prototype bridge selected for this study cdedi®f a four-span, five-girder bridge consistirfgao
reinforced concrete column, cast-in-place invettsdcap beam, and I-shaped precast concrete girders
The interior spans of the prototype bridge were ft 2 length and the girders had 8 ft spacing heigjht

of approximately 5.5 ft. This bridge was designedccordance to the AASHTO LRFD Bridge Design
Specifications 3rd Edition with 2006 Interims andli@rnia Amendments (AASHTO, 2003) as well as
the Caltrans Bridge Design Aid (BDA, 1995). In aduh, Caltrans Bridge Design Specifications (BDS,
2003) and Seismic Design Criteria v. 1.4 (SDC, 200€re also used in the design. Computer software
packages WIinRECOL v. 5.0.2 (TRC/Imbsen), Xtract ClliRabsen), and Conspan (Bentley, 2008) were
used to aid in the design. The majority of the q@ngie design was completed by the structural design
firm PBS&J with consideration to finite element Wwaronducted as a part of this project. The outcomes
of the finite element analysis as well as discusgind calculations for the design of the columm ca
beam, girder dapped end and slab for the protohge been documented in Thiemann (2009). For
further information on the prototype bridge, rei@iSnyder (2010).

4. EXPERIMENTAL UNIT AND TEST PLAN

A half-scale test unit was developed for the ceptetion of the prototype structure, which représdra
typical inverted-tee bridge. Specific informatigrlated to the design of the test unit is include&myder

et al. (2011). Since the behavior of the connedbetween the girders and the inverted-tee cap lvessn
the main focus of this study, only one column, vathalf-span on each side, was constructed. Threrefo
the test unit consisted of a single column withirarerted-tee cap beam and a superstructure oflfive
girders overlaid with a deck on each side. The exmntal plan consisted of testing both an “astbuil
connection” and an “improved connection,” descrilbednore detail in the following paragraph. To
accomplish both connections without building twsettenits, one side of the inverted-tee cap beam was
constructed using the as-built details while thieeotwas constructed using the improved connection
details for the girder-to-cap region. The connettiegion of the column was designed with adequate
confinement, as it was expected, based on the tisalwork, to develop a plastic hinge at the tBpst
research has shown that a majority of the negatieenent contribution would be provided by the
longitudinal reinforcement in the deck (Hastaklet2003). Overall details of the test unit arevpded in
Figure 1, and further information on the test nais been documented in Snyder et al. (2011).
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Figure 1. Inverted-tee Experimental Test Unit

Figure 2 provides the details of the test unitislgi-to-cap connection. The connection shown i@
utilized the “as-built” details on the right sideplicating a connection detail that has alreadgnbgsed in
practice, while the left side of the connectiondimorated an “improved” detail. The enhancemerhef
improved detail was accomplished using a groutedtrassed post-tensioning strand connecting each of
the girders to the pier cap. In a new bridge dedigs unstressed strand is expected to run camisly
through girders along the entire bridge from ond efthe abutment to the other. However, since the
right side of the pier cap, as shown, was intertdeloe the as-built condition, the unstressed straasl
terminated at the right face of the pier cap intdss unit.

Hooked reinforcement was placed between the caplamihragm to establish a connection between the
diaphragm and inverted-tee bent cap, as is tydmalsuch configurations. Also, following another
common technique, the girders contained trans\dae! bars that extended into the diaphragm inrorde
to further establish a connection between the eddsbends of the girders and the diaphragm.

The experimental investigation for this project wiasded into two main phases. The first phasesrretd

to as Phase |, was primarily geared towards ingastig the sufficiency of the cap-to-girder conract
in having adequate capacity to develop the pléstige in the column under simulated gravity andrit

seismic load. The second phase, designated Phaseet cyclic vertical loads applied to the girders
fully exercise the cap-to-girder connections anddtablish the ultimate capacity of the connections



Figure 2. Girder-to-cap connection

Phase | testing consisted of horizontal cyclic gstic loading of the superstructure. Using two
horizontally mounted actuators on each end of traent, the superstructure was cyclically pushetl a
pulled through a series of increasing system digpteent ductility levelsyy, until the specimen reached

a maximum displacement ductility of 10. The purpo$dhase | was to investigate the ability of the
girder-to-cap connection to provide good systemfgoerance, specifically by providing sufficient
strength for the development of a plastic hingethat column top just below the cap beam. The
development of such a hinge is a key componena foridge designed according to the capacity design
philosophy for seismic loading.

Two sets of vertical tie-downs and four actuatarsifooned in the vertical direction were used todate

the gravity load effects on the test unit duringagth | testing. The tie-downs were positioned
appropriately to closely model the scaled shearranthent values at the girder-to-cap connection that
would be experienced by the prototype structure.

5. PHASE | TEST RESULTS

Phase | loading of the test unit revealed excelfgformance for both the as-built and improved
connections as well as for the overall system whdyected to combined gravity and seismic loads in
cyclic manner. Plastic hinges were successfullyetigped at the top and bottom ends of the colume. Th
test structure achieved a displacement ductility@fcorresponding to 7 in. (178 mm) of total honital
displacement, at which point the buckling of colulongitudinal reinforcement and confinement failure
in the plastic hinge regions were observed. Both ithproved and as-built connections between the
precast I-girders and the inverted-tee cap bearavaehas fixed connections and did not show siganitic
signs of degradation. Visual observations reveldss-than-expected degradation of the positiveuds-b
connection and almost no damage to the improvedhasdion. Data analysis following the test con-
firmed a slight difference in the behavior of tieehalilt connection compared to the improved corioact
Deck cracking that resulted from the Phase | tessisted almost exclusively of transverse cracks th
extended across the entire width of the deck. Taeks were more tightly spaced near the cap bedim, w
spacing increasing further away. This extent okdtal cracking indicated that all of the girdersrave
engaged in resisting the horizontal seismic load.



Critical data collected during the test was comgdcethe predictions made prior to the test based o
SAP2000 grillage model analysis (Snyder, 2010). @tmparison revealed generally good results. The
horizontal force vs. lateral displacement of thpesatructure is shown in Figure 3, which showshslig
disagreement at small displacements as the grittaagel used an effective cracked stiffness for itogh
column and superstructure sections, rather thaadhel gross values for the crack-free stage etdht.
However, the analytical and experimental resultgabeto converge progressively with increasing &ter
displacement. This progressive improvement in thegarison is likely an indicator that the system
began to behave more like the analytical model aserof the structure softened due to the developmen
of cracks and yielding of longitudinal reinforcerhen
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Figure 3. Load-displacement response

One more finding from Phase | that is worth mentigris the similarity in force-displacement behavio
in Figure 3 for the two displacement directions.isThimilarity indicates that both the as-built and
improved connections behaved similarly, in termshefir contribution to overall system behavior, whe
exposed to the horizontal seismic load testinghase .

The test unit as a system behaved well, as theections exhibited excellent seismic performances Th
as-built girder-to-cap connections behaved asedfoonnection instead of a pinned connection, aontr

to current design assumptions (SDC, 2006) regardiegast girder connections to an inverted-tee bent
cap. This observation suggests that minimal measuogld be required to the as-built bridges in otde
ensure a satisfactory performance of the inveed-girder bridges in the field. It was also elshied

that a satisfactory agreement was achieved betireepredicted response of the grillage model ard th
measured response of the test unit.

6. PHASE Il TEST RESULTS
Following the Phase | test, the loading setup hertest unit was reconfigured by removing the gatti

tie-downs and horizontal actuators and reinstalfingiators in a vertical configuration closer te thid-
span of the girders on either side of the colursrgteown in Figure 4. This configuration was intehtie



allow the displacement of the girder ends vertycalhile retaining the fixed configuration of thelgon.
Initial loading for Phase Il consisted of using tregtical actuators to apply a hold-down forcehe test
unit simulating the moment at the girder-to-caiifeice at the end of construction. Then, in thenary
testing for Phase Il, the girder ends on both simfethe cap were simultaneously subjected to cyclic
positive and negative displacements at graduadiseasing magnitudes.

Horizontal actuators F‘
. Reaction frame Total 1 each end |

1
-
-
-

— [t

s
=
we

Figure 4. Phase Il Test Configuration

The goal of the Phase Il test was to fully exerdmgeas-built and improved girder-to-cap connedtion
order to fully investigate their performance. Threds was placed on examining the ultimate moment
capacity of each connection type as much as pessibbrder to determine the validity of the current
design approach (SDC, 2006), which assumes theiilissbnnection will eventually degrade to a pin
condition under positive moments.

The test structure was subjected to a maximumipedite., upward) displacement of 3 in. (76 mmjl an
a maximum negative (i.e., downward) displacemen® afi. (152 mm). Both the positive and negative
responses matched or exceeded expectations. IntFectforce vs. displacement plot indicated the
structure still had additional negative moment citgavhen the test was terminated, as a significaop

in strength was not recorded. Therefore, it isijikbat a displacement greater than negative §li52
mm) could have been achieved. However, extensidesagnificant cracking was noticed in the deck at
the end of the test, with the largest cracks cpoeding to the stem of the inverted-T and the oetkgre

of the diaphragm. Cracks spanning the entire widtthe structure indicated that all of the girdesse
still actively engaged in resisting the applied neoimn

Phase Il was successful in exercising the as-lmaiiinections to their full capacity under positive
moments, establishing the moment capacities andriagsa satisfactory shear transfer through the as-
built girder-to-cap connection. The as-built cortimtwas clearly observed to have a significanemnes
capacity for both positive and negative momentqjtreoy to current design assumptions for this
connection. Phase |l subjected the connection tarman negative and positive moment magnitudes that
were approximately 4.9 and 1.4 times greater, i@y, than the demands imposed during Phase |.

The Phase Il test did not, however, allow complgtentification of the improved connection
performance. This limitation occurred progressiedythe as-built connection began to fail and duée
damage to the column ends that was sustained dtlin@hase | test. The combination of the as-built
connection degradation, and the column hingesdéegloped during Phase | testing produced a pinned-
like mechanism, so larger vertical actuator disphaents tended to only produce larger rotations in



damaged regions, failing to significantly increabe moment demand in the improved connections.
Although the pin-like behavior due to the as-buitbnnection deterioration dominated the load-
displacement response on both sides of the pier cameful reduction of the data revealed that the
positive moment demand on the as-built side beganedsing while improved connections responding
elastically throughout Phase Il testing, providatgar indication that the improved connection eitbib
better performance.

7. LOAD DISTRIBUTION

One of the limitations to more widespread use t#gral bridges in seismic regions is the lack ses¥ch
and appropriate design recommendations regardimgléieral load is distributed among the girders in
the superstructure. Current design recommendasilbow very little, if any, distribution of laterdbad to
girders that are not immediately adjacent to tHara. However, several studies in the last decade h
revealed that significant portions of the latecdd from the column are transferred to intermechae:
exterior girders (Holombo, Priestley, & Seible, @p(ritharan et al., 2005; Snyder et al., 2010).
Similarly, the inverted-tee test specimen detaietthis paper revealed that sizeable portions efldakeral
load were distributed to the intermediate and exteirders. Figure 5 provides a graphical sumnadry
the load distribution among the five girders in tiest unit, on the basis of measured strain in the
longitudinal deck reinforcement above each of tindegs, with the data biased to isolate only therkd
load contribution. Figure 5a shows the lateral laEstribution among the exterior, intermediate, and
center girders for all of the peak conditions wikilgure 5b shows the same data for the peaks gftbal
lower load conditions. Looking at these low-loadtdbution results, it is seen that significanelal load
distribution to all the girders was measured euwdghealowest load levels. The exterior girdersseen, at
the very first peak recorded, to individually cafry percent (or 30 percent when the two extericdayi
contributions are combined) of the total laterahdo Although there is a bit of irregularity in the
distribution for the next four peaks recorded, gigant distribution is observed even through this
irregular pattern, with the exterior girders neearrying less than 10 percent of the lateral Idddre
uniform distribution is documented for all of thigilher peak conditions, implying that incorporatiafna
more realistic lateral load distribution would lead more efficient seismic design of bridge
superstructure.
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Figure 5. Experimental load distribution for test unit



8. CONCLUSIONS

This experimental investigation was conducted tan@re and quantify the performance connections
between precast concrete I-girders and an invegegier cap, including both an as-built connectiat
has been implemented and an improved variatiomefas-built connection. This study has yielded the
following conclusions:

The as-built connection of the inverted-tee pigy ttathe precast I-shaped girder did not behave
as a pinned connection, as anticipated based otuthent design assumption. Rather, it acted as
a continuous connection with full moment sufficiguasitive and negative moment resistance
between the girder-to-cap connection.

The improved cap-to-girder connection performedeapected, exhibiting fully continuous
behavior under both positive and negative moments.

During both phases of testing, successful trarsffehear forces from the superstructure into the
cap beam was observed for both the as-built andowe connections.

Overall, the inverted-tee cap beam detail withithproved connection to girders can be used in
an integral connection design to develop a pldsinge in the top of the column. Thus, the
inverted-tee pier cap is an excellent way to imgethprecast concrete girders in seismic regions
and promote accelerated bridge construction irethegions.

The improved cap-to-girder connection is sufficigmtachieve the design goals intended in an
integral connection. However, full quantificatioh tbe improved cap-to-girder connection was
not achieved due to the degradation of the as-looifinection. Further work is underway to
complete this portion of the investigation.

Since the as-built bridges are expected to havicmuft moment connections to act as fixed
connections based on the details adopted, the osluare expected to develop plastic hinges at
the top adjacent to the cap beam. In consideratfaminimizing cost, only the column tops in
these bridges are suggested for retrofitting withguate confinement reinforcement so that this
region can successfully develop a plastic hingshtiuld be noted, however, that doing so will
increase the column shear demand as well as odmamts within the system, and thus these
effects should be investigated prior to retrofgtino ensure satisfactory overall seismic
performance of bridges in future earthquakes.

The force vs. displacement predictions from aag#l model were observed to correlate well with
the measured response of the test unit for botsgshaf testing. Thus, the grillage model is an
adequate means of predicting the behavior of ctered future inverted-tee bridge structures.

All girders (i.e., the center, intermediate andeéxt) participated in resisting the seismic latera
load. This sizeable seismic resistance contributiom the intermediate and exterior girders does
not match the current design recommendations; durtbnsideration of the overall performance
of the girder system in resisting lateral load niayprove cost efficiency as well as alleviate
congestion and unnecessary stiffness in the cooneegion of girders adjacent to the column.
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