Transverse Sulbssemblage Testing
of the InvertedTl Bridge System

Matthew S. Mercer

Thesis submitted to the faculty of the
Virginia Polytechnic Institute and State University
in partial fulfillment of the requirements

for the degree of

MASTER OF SCIENCE
in
CIVIL ENGINEERING

Thomas E. Cousins, @Bhair
Carin L. RobertaNollmann, CeChair

Cristopher D. Moen

June 12, 2012
Blacksburg, VA

Keywords: Invertedl, Subassemblage, Embedded Plate, Extended Bar, Accelerated Bridge
ConstructionPrefabricated Bridge Constructiddoutre Dalle



Transverse Subssemblage Testing

of the InvertedT Bridge System
Matthew S. Mercer

ABSTRACT

The invertedT bridgesystemis a rapidbridgeconstructiortechniquehat consists of
precast inverted girders placed adjacent to one another@natied with a castin-place deck
This system was first implemented in the U.S. by the Minnesota Department of Transportation
(Mn/DOT). This research focuses onproving the constructability of the Mn/DOT system
whil e maintaining t hanceschasattazistids.sTo accompligh this goal )| per
five subassemblage specimens were cast and tested in the structures laboratory at Virginia Tech.
These tests focused on identifying an improved precast girder geometry and transverse sub
assemblage connectibor this system.

From this study it was found that all of the proposed specimens behaved adexjuately
service load and strengtRrom these results, it is recommendetutther evaluat@ specimen
with a tapered profile and no physical cention betwee precast girders for use in a Virginia

Department of Transportation bridge near Richmond, VA.
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INTRODUCTION

Background

Prefabricated bridge construction is a rapid construction process that includes both
precast and cast-place(CIP) elementsThis process consists of manufacturing girder elements
in a precast concrete facjliand then transporting tisections to the work site. The system can
be made compositeasthe addition of a CIP deck. With this processetspent at thevorksite is
reduced and better quality control of the pregaster components is achievedre
undesirable issuehoweverare created-or adjacent girder systems such as adjacent boxes or
voided slabs hteseissuedgnclude differential shrinking ahe precast and cast-place elements
and durability of the system. Cracks can compromise the strength of the bridge and allow
chlorides and other corrosive agents access to the reinforcingistelent girder systems can
also lose shear key connectwhich leads to decreased load sharing between girders. Many of
these issues can be resolved by using the inva@rtaiige system.

The invertedT system, dype of rapid bridge construction systetonsists of inverted
shaped girder sections with a Gtpping. The geometry of the invertddgirders maximizes the
amount of CIP concrete over thgder to girdejjoint. Figurel shows a comparisdoetween the
invertedT and adjacent box girder systems. The depth of concrete over the girder to girder joint
is much greater in the invertddsystem and therefore has better reflective crack control
capabilities. The concrete over the joint in prefatteidadjacengirder systems is susceptible to
reflective cracking due to the high tensile stress across the bottom of the bridge and lack of bond
between girders. The tension stress is caused by transverse bending and differential deflection of
the girdersThe current practice for resisting the tensile stagskincreasing load sharing
between girders the invertedl concept is to extend rebar from the side of each girder over the
joint and then cast the girders together with the deck concrete. Tdlisestees to carry the
tensile forces that develop across the joint and reduce the refle@tole Reducing the
reflective cracking limits corrosion and helps maintain the strength of the biidgeconnection

also ensures load sharing between adjacembers
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Figure 1: Depth of CIP Concrete over Longitudinal Joint of Inverted-T System (top) and Adjacent Box
Girder System (bottom)

For the invertedl' system the CIP deck concrete serves a few purposes. The first of
which is toprovide a smooth wearing surface for drivdrg covering the joints of adjacent
girders Secondly, if the girders are properly roughened the deck acts compositely with the girder
elements and contributes to the flexural strength of the system. Last{y|Rdeck provides
continuity along the longitudinal joint. The deck concrete distridtite loads among adjacent
girders.
Objective

Theobjective of thisresearch is to further develop the inverfetb invertedT
connection for adjacent precast gnslen the prefabricated invertddbridge system. The current
design detail of extended bars protrudiremsverselyrom each precast girder (as developed by
Mn/DOT) (French et al., 201 Tyeats constructability issues'hese included obstacles with
formwork to accommodate the bars extending from the formwioldsand difficulties with
transportation and placement of the girders without causing damage the extended bars.

ThedevelopednvertedT bridge system desigghouldprovide equivalent or better
reflective crack control under service level conditions. Ultimately, the findings of this research
will be used as the basis for fidtale testing and eventual implertagion in a bridge in

Virginia.



Organization

The next chapter of this thesis iitarature review that covers Accelerated Bridge
Construction and the research and studies that have brought the Kiveyt&t@m to its current
state. The next chapter presents the specimens tested as part of this research. It covers the
purposeofeachest and details the specifications of
for parameters such as geometry and connection types is also laid out in this chapter. Following
the introduction of the specimens is a chapter that documents the methqiscasdes by
which the specimens were constructed and instrumented. This also includes details on the
material testing and data acquisition procedures.

Following the physical descriptions of the specimens and test setup is a chapter that
discusses the anical methods used to calculate service level stresses and the loads required to
simulate those stresses in a laboratory setup. Following the finite element models and
calculations in the analytical methods section is the results chapter. This chageatgal of
the recorded data that is included in the discussion chapter.

The discussion chapter expands on all of the important results and behaviors that were
recorded throughout the process of this research. The inferences of the discussion ehapter ar
summarized into a few key points in the conclusions chapter. The recommendations chapter then
presents what changes or further studies should be done based on the conclusions of this
research. The recommendations are followed by the references usegaptr and a series of

appendices that cover information that was not included in the body of the thesis.



LITERATURE REVIEW

Accelerated Bridge Construction and Prefabricated Bridge Superstructure Systems

The increasing traffic demands on bridge infrastructure present significant challenges for
the state departments of transportation. One of these challenges is reducing construction time to
minimize obstruction to the motoring publi&s.solution to thigproblem is to prefabricateridge
partsoffsite and then transport and assemble the components at the jobsite.

In conventional bridge construction the majority of tuacrete placememtork is done
onsite. Included in this work is the installation obstructure and superstructure forms. After the
forms are installed they are filled with reinforcing steel and concrete. Once the concrete is placed
time is apportioned to allow for curing. This entire process takes a significant amount of time
and is alssusceptible to delays due to adverse weather. The lengthy successive cycle and the
delays add to the distress that construction projects cause to motorists. (Culmo, 2009)

The increased use of Accelerated Bridge Construction (ABC) has been driven by the
need to limit the obstruction to the motoring public during bridge construction and rehabilitation
projects. The ABC concept not only limits issues with trafficeagnce, but also offepositive
benefits within the context of bridge construction proceasdsjuality.Culmo (2011) provides
the following lists of advantages of the ABC concept.

ABC improves:

i Site constructability

9 Total project delivery time

1 Material quality and product durability

1 Work-zone safety for the traveling public and contractor persion

ABC reduces:

1 Traffic impacts

1 Onsite construction time

1 Weatherrelated time delays

ABC can minimize:
1 Environmental impacts

1 Impacts to existing roadway alignment
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1 Utility relocations and righof-way take

Casting bridge girders in a plant as opposed to in the field aftovietter monitoing
andquality control of the specimens. Fabricating the components in a controlled environment
eliminates any issues that might arise in the field. More importantigastyng and aging the
girders offsite the time required otesior forming and placing is reducebhe girders can
simply be craned into place and prepared for deck placement immediately. (Ralls et al., 2002)

Prefabricatedbridge design not only reduseonstruction time, but also promotes worker
safety. Creating the formwork for castplace bridggCIP) systems can be hazardous work.
CIP construction requires workers to work close to traffic, near power lines or over water.
Performing that work in a ctrolled and safe environment eliminates any danger associated with
placing workers in compromised positions during construction in the field. This is particularly
valuable in situations that require workers to reach the underside of a bridge for thegiostal
or removal of formwork. (Ralls, 2006)

There are several options to pursue within the scope of prefabricated bridge
superstructure systems. Some examples of these options includepihliprecast deck panels
with or without postensioning, Fiber Binforced Polymer (FRP) deck panels, steel grids,
orthotropic decks, adjacent deck billbeams, adjacent doublebeams, adjacent invertdd
beams, adjacent box beam&ided slabsmodular beams with decks, fullidth beam span with
deck, and a total lmtge fabrication. All of these options serve as solutions to accelerate bridge
construction and provide minimal disturbance
judgment to discern if the ABC approach is appropriate for a projecifainics, which option is
most suitable. (Culmo, 2011)

In adjacent member bridges)aeplaced in positionthe girders are connected to one
another to form continuity. This continuity promotes load sharing and dissithéestresses
more evenly acrogbe widh of the bridge. Closure joints must be designed to distribute loads
laterally without distortion. These joints must be sealed to prevent moisture from passing through
the interface. Continuity is established by a few different methods includinggmssined
joints, passively reinforced joints, welded or bolted joints, or some combination of these
components. (Ralls et al., 2004)

Posttensioned joints typically use the compression created from thégussbning in

combination with a shear key for logdnsfer. Whilaypically effective, this process does



require the labor associated with ptatsioning. Passively reinforced joints use an arrangement
of projectinglapped reinforcing steel to foroontinuity. These joints must be wide to allow the
projecting bars to develop. This large area of concrete over the joint is susceptible to shrinkage
cracking. Welded or bolted joints consist of vertical or inclined plates which are cast into the
prefabrcated elements and then welded together in the field. The process, though an effective
means to form continuity, requires additional labor for both welding the connection and grouting
the finished joint. (Ralls et al., 2004)

One significant disadvantage pioefabricated bridge construction is durability. All of the
connections discussed above are susceptible to reflective cracking. This issue is a concern along
the longitudinal joint between adjacent bridge girdatghis joint there is1o stiffnesgrovided
by the girders anstresseslevelop in the decttue to diffeéential deflectionFigure2 shows the
relationship between differential displacemeantl reflective cracking in prefabricated

construction. (Bell et al., 2006)
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Figure 2: Reflective Cracking from Differential Displacement

Poutre Dalle System

In April of 2004 a group of engineers sponsored by the Federal Highway Administration
(FHWA) and the American Association of State Highway and Transportation Officials
(AASHTO) set out to obtain information on prefabricated bridge systems overseas. e gro
was interested in identifying the methods and processes that were being used in other
industrialized countries in Europe and Asia. The study focused on Belgium, France, Germany,
Japan, and the Netherlands. This study led to the discovery of 33 newitgobsthat to date



had not been implemented in the United States. Of these 33 the research team selected 10 that
were of interest for further study. (Russell et al., 2005)
During the study conducted by the FHWA and AASHT@ groupmembers were

introdued to thePoutre Dalle system in France. This skgpén (20 to 82 feet) system consists
of beams that are placed next to one other and connected by a CIP deck. Each of the beams is a
shallow, precast, prestressed concrete inverteddam. Figure3 shows a photo of a Poutre
Dalle system inverted girder.Figure4 shows a cutaway @he CIP deck and configuration of
the invertedT girders. The system was designed to provide transverse moment capacity for the
longitudinally oriented girders. Transverse load distribution was achieved through the
development of transversely oriented feraement protruding from the precast section and
extending into the CIP concrete placed in the trough region created by adjacent panels. (French
et al., 2011) Continuity between adjacent inveildoeams was established using a series of 180
degree bentdoks protruding through the web of each precast girder. These hooks overlapped
adjoining flanges and were cast into the deck concrete. Reports on the systeledpite
following advantagegRussell et al., 2005)

1 Provides a precast solution with a rangesizes
Does not require falsework.
Can be placed across highways in service.
Has short delivery time.
Does not require skilled labor for erection.
Has smooth bottom surface.
Has thinner deck resulting in higher vertical clearance.
Allows fast constructio.

Allows economical construction.

=4 =4 4 A4 4 A4 -4 -2 -2

Provides a safe working platform.



Figure 3: Poutre-Dalle Precast Girder from France (Courtesy of Federal Highway Administration)
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Figure 4: Model of Poutre Dalle System

Minnesota PCSSS

The Minnesota DOT (Mn/DOT) implemented the concepts of the Poutre Dalle system into a
precast composite slab span system (PCSSS). This study led to the construction of twe inverted
T bridges in the state of Minnesota in 20(&mithet al, 2008)In Project 1671 for the National
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Cooperative Highay Research Program (NCHRIREench and others further investigated the
Poutre Dalle system in the pafigastin-Place Concrete Connections for Precast Deck Systems
(French et al., 209)1At that time there were no published results regarding the performance of
the Poutre Dalle system. In this study the researchers at the University of Minnesota modified a
few of the practices of the French and tested a series of connections alomgyitioeliteal joint.

The main difference in the study performed in Minnesota was that the 180 degree hooked bars
used in France were replaced with 90 degree hooks. This albeegpeof reinforcement to be
pre-tied and dropped into positimver the inverted to invertedT joint. This cage served to

resist shear forces across the longitudinal joint. The modification of the hooks simplified the
installation of the cage in tHeeld. Figure5 andFigure6 show the 90 degree hooks and the

alignment of the precast girders in the field.

90 Degree
Hooked Bars

Figure 5: Precast InvertedT Used by Minnesota Dept. of Trans (Mn/DOT) (Courtesy oMn/DOT)



Overlapping
90 Degree
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Figure 6: Field Installation of Precast Inverted-Ts before Installation of Drop-in Cage (Courtesy of Mn/DOT)

The work done by the University of Miesota as part of the NCHRP proj@etench et
al., 2011) included some optimizatiohthe transverseonnection along the longitudinal joint of
the invertedT bridge system. &ensubassemblagepecimens were designed and tested to
investigate the effects of spacing, size, and placenfdhe 90 degree hooked extended bars.
Each specimen was designed to investigate a single attribute and identify the crack control
performance of the system with the variable component. The results of this research indicated
that using larger extended bavgh tighter spacing and minimal caganforcement was
preferable oveother economically equivalent combinations of extended bar sizes, spacing, and
cage reinforcement details.

The University of Minnesota test specimen consisted of two adjacent pyedast
sections combined with a cdstplace deck section. This setup is showfigure7. A vertical
clamping system was also used adjacent to the applied load to simulate the effects of rotational
restraint. The clamping restraint can be sedfignre8. The specimens were exposed to a set
loading regimen that included several thousand cycles at each load step. The specimens were
instrumented with a series of concrete embednsteel resistance, and vibrating wire gages.

There was also a series of LVDTs and wirepots attached to the side and bottom of the specimen.
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Cores were taken from each sample after testing to help identify the maximum height of the

crack. The results dhis work were developed into a design guide for inveTtdulidges.

(French et al., 2011)
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Figure 7: Elevation View of Subassemblage Specimens (Courtesy of Mn/DOT)

Figure 8: Clamping System Used to Provide Rotational Restraint (Courtesy of Mn/DOT)

The design guide set forth in NCHRP-710 based on the results of the agsemblage
testing done at the University of Minnesota made several recommendations for the
implementaion of the invertedl concept. The first conclusion was that reflective cracking
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originating at the longitudinal joint between adjacent precast flanges can be controlled through
the addition of a drojn reinforcing cage. The research also indicated tleatagimforcement

spacing for crack control is defined as the maximum spacing between the reinforcement crossing
the joint regardless of whether it is part of the diropage or the transverse hooked bars. The
publication also set forth guidelines for allaie dimensions and cover depths of the concrete

components of the systeffrrench et al., 2011)
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TEST SPECIMENS

This chapter presents the specimens tested and explains why each was selected. It
discusses the manner in which thst setup was chosen and what limitations controlled the tests.
Along with descriptions of each connection that was tested, some rejected options are included to
show the thought process of why the chosen specimens were selected.

Transverse Orientation

The component of interest for this research is the longitudinal connection between
adjacent bridge girders. The goal was to mimic the transverse stress at this connection which
occurs under service load conditions. Fadale testing is not within the s@pf this portion of
the project so a section of the bridge was selected to best represent the performance of the system
as a whole. Preliminary discussions considered three girder sections with two connections per
test, but specimen size and weight retizhs limited further consideratiomherefore, on
transverse connection was included in each test specithenleft a test setup that consisted of
two full girder sections with one connection between them. This arrangerasréplicated with
differentgirder and connection details to optimize the design. The load applied caused similar
transverse stress conditions to that of the actual bridge.

The specimens were sized to conform to the constraints of the test environment. Al
testing was done at the dimas Murray Structures Laboratory at Virginia Tech. The lab contains
two overhead cranes each with a capacity of five tons. This limited the overall weight of each
specimen to 20,000 Ibs. During the preliminary,-hiuridge design @nducted in the summef o
2011, 6 ftwide, 18 in. td girders with a 7 in. cagh-place deck wreprescribed. These
dimensions were based on the work done at the University of Minnesota (French et al., 2011)
with adjustments made to meet the specific design needs of thedgstibrVirginia. Since
these parameters had already been selected and designed,aheladed that using a 4 ft wide
test section would give the best behavior and connection alignment (which is discussed later in
this chapter) while still meeting themwstraints of the overhead cranes.

Each specimen was constructed of two separate precast girders with varying geometries

and connection types. These girder pieces were placed adjacent to one another and joined with
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the castin-place (CIP) deck. Once curdtie entire specimen was moved as one unit into the

testing area usingspreader beam and both overhead cranem Bctual bridge applicatipn

each girder has a flange on either side of the web. Since flanges were time consuming and

difficult to cast, mly one flange was cast per precast girder. The normally CIP region above the

flange was treated as part of the girder and cast as such. Since this portion of the test was located

far from the connetn being testethis adjustment did not affect the réswof the test.

Connections

The goal of this research was to provide the best resistance to reflective cracking over the

joint of the adjacent bridge girders. Ideally, from a research perspective, the best way to identify

the components that promoteetbest performance would be to test each deviation from the

existing system as the only variable and compare the results of each achtregeadntrol. Lab

spaceand time restrictions, hower, limited the experimentatido a total of four tests. Since

there were several variables of interest, it was decided to investigate combinations of different

variables in each of three tests. Those results were compared to the control to identify which

properties provided the best performance.

The control for thestests was the invertedl design developed based on the research and

implementation done at the University of Minnesota as showigure9. Further details of the

full test specimen are illustrated igure 10 throughFigurel2.
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Figure 9: Extended Bar Control Test Section

14



T o o o
[ = =

b o o ] o o o o q o o ] L] o o
ib ™ o a a a o a ! a o Y o o a a ™ o

Figure 10: Profile View of Extended Bar TestSpecimen
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Figure 11: Plan View of Extended Bar Test Specimen
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Figure10andFigurell show the complete specimen that was testede laboratory
from an ekvationand plan perspective. ligure11the top mats of reinforcement have been cut
away to expose the steel layout in the region over the longitudinal joint. It is this layout that
exemplifies the benefit of the fourdowide speimen. The 4 fwidth allowed the inclusion of
four reinforcementonnections from each girder (eight total) which allowed the specimen to
replicate the system behavior that would be seen in the field.

The extended bars of the existing control specimena éabrication, transportation, and
placement issue. From the standpoint of the prestressed girder fabricator, the extended bars
require special formwork that allows the bars to protrude from the geometry of the girder. This
special requirement means tivaorder for a precaster to be selected for a project they must be
willing to accommodate this need. In meetings held in the fall of 2011, several precasters
expressed this as an issue they would prefer to not have to deal with. Eliminating the extended
bars was seen as a desirable change to the system as it would eliminate this issue and curtail any
potential cost increases as a result of special fabrication requirements.

The protrusion of the bars from the girder side also serves as an issue during
transportation and placement in the field. The extended bars add about one foot of width to either
side of the girder. For the design profile used in this test that is a 33% increase in width. The
extended bars are also vulnerable to damage during trangpottathe construction sit€igure

13 shows some of the difficulty in aligning the girders with the extended bars.
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Figure 13: Workers Installing Inverted -T with Extended Bars Into Position (Gonzalez)

As an alternative to the extended bar connection, a welded connection between the
precast girders was investigated can be seen Figurel4. The original design consisted of
small metal plates embedded in the top of each precast girder and welded at intervals along the
length ofthe span. These plates were welded to rebdreddedhnto the precast girders to carry

the tension force across the weld.
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Figure 14: Original Welded Plate Design

The welded plate connection produced both desirable and undesirable changes to the

extended bar system. Ometpositive side, the welded connection eliminated the need for
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complicated formwork during fabrication and eliminated issues with damaged connection bars.
Since the connection was located at the top of the precast flange, the distance between the
tensionsteel and compression resultant increagaxch provided more moment resistance. The
geometry of the system moved the tension steel Gamabovethe bottom of the precast
element taabout 3.5 inabove. The absence of the extended bars also creates a safer work
environment for contractors and their crews. On the negative side, the connection required field
welding of the connection plate. This added time to ags® which was desu to be rapid
construction. Also, the design left little tolerance for differential camber of the precast girders.
The plates embedded into the top faces of the flastymsldbe aligned aapproximatelythe
same height in order to form a solid welded connection. Dtlees®e drawbacks, refinements to
the welded plate connection were investigated.

A solution was found by means of another precast concrete usage. JVI manufactures a
weldable connection called the Vector Connector whose primary use is in-doginteer
flanges in parking garages as showkigurel5. This concept was considerft use inthe
bottom flange connection of the inverf&dThe benefit of th Vector Connector connection is
that the tapered face of each end of the connection allows for a tolerance in installation. The
setup requires a piece of weldable rebar to be dropped between the two adjoining faces and
welded in to place. The tension feris then carried into the legs of the Vector Connector which

transfers the tension force into the precast detible
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Figure 15: Mini V -Square Vector Connector (courtesy of JVI)
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The concept of the Vector Connector providesblution to the tolerance issue, but
created a few others. For one, the standard Vector Connector is designed for use in a minimum
of 4 in. thick precast flanges. The desired flange thickness ohtleeted T test specimens &
in. JVI also offered a Minvector Connector applicable to flange thicknesses as smalings
but these were not able to carry the calculated tensile forces within a reasonable spacing. Given
the limitations of theff-the-shelf product, it wadecided to take the primary contep the
Vector Connector anchodify it for the forces and dimensions of the inveited

A specially fabricategblate that transfers the tension force into the con¢asteshown in
Figurel6 andFigurel7) was used instead tlie JVI connector The tension forces transferre
across the precast element witN@ 6 rebar welded to the connection plates on each flange tip.

This provides a connection solution that can be simply produced at the precasting facility.
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Figure 16: Tension Rebar betweerEmbedded Plates
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Figure 17: Homemade Embedded Plate Connection

As Figurel7 shows, the embedded plate connection is comprised of a plate located at the
end of both adjoining girders that can be joined by a weldedidragbar. The plate is attached
to the transverse tension bar with a-fudinetration weld. One side of each cection is placed

into the girde formwork and then castto the precast section. After the girders were cast and

19



sufficiently aged they were betiup agaist one other. Once together, a No. 6 to 8loebar
(depending on the size of the gap) was drofijerdieen the plates and the remaining gap was
filled with weld. The connection was designed so that if the girders are properly aligned the
tension steel will be in plane with the location of the weld. If the girders do not align as shown in
Figurel8the connection will still work. The difference is that modifications need to be made to
the size of the drom bar and that the tension force will createne moment at the weld, which

has been accounted for in the design.

Field Weld
#6 Bar

Field Weld
#8 Bar

Differential Camber

T

Figure 18 Corrective Alignment for Embedded Plate Connection

In order to capture the performance of the embeddedquateection the specimen
shownin Figurel9was choseffor testing This specimen is analogous hetextended bar
connection witha few exceptions. The obvious difference between the two test specimens is the
embedied plate takethe place of the extended bars. Also, since the bars designed to carry the
tensile force from the embedded plate connection ran attr@$®ottom of the stion the No.3
bars at 18 in. spacing were replaced by theMwoo6 bars per embedded plate connection. The
embeddegblate connections were sizambe placed everd ft. In addition, the shear cage was
eliminated from the existing extended bar conneatietail. The inclusion of the cage would add
to the tension steel of the specimen to some degree. By eliminating thibelaaeor of just the
welded connection between the precast girders would be made more evident. Beyond those
changes, all geometrgrestressing, and mild steelnfmurations remained the santeprovide a
direct comparison between the two connection profitegire20 andFigure21 show the layout
of the full test specimen.
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Figure 19: Embedded Plate InvertedT Shaped Test Section

Figure 20: Profile View of Embedded Plate Test Specimen
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Figure 21: Plan View Embedded Plate Test Specimen

Geometry

The invertedT system gets its name from the fact that the girders resemble an-upside
downii T o . T hiy#as gothaenieable anddesirable qualities. One benefit of the
invertedT shape is that the thick middle portion provides a place for multiple rows of

prestressing in the longitudinal direction. The thick web also contributes tontjieuttinal
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strength because it is designed with a higher strength concrete than the CIP deck. The flanges on
either side of the web allow a transverse connection to be made without significant loss of
section over the joint. Since the flange tips are votled together the only effective concrete at
the joint is that which is included in the CIP deck. Reducing the thickness of the flange increases
the depth of the deck over the joint and increases the effective section at that location. Some
negative propeies of the inverted shape arise from the 90 degree angles at the flanges and
outer edges of the middle portions. From a precasters perspective these 90 degree angles create
issues for removal of formwork after casting. This, however, can be resohastiling a slight
taper to both the top of the flange and the vertical face of the girders. Even with that adjustment
to ease fabrication, the angles of interest are still close to 90 degrees, which makes the areas
prone to stress concentrations.

In orderto alleviate stress concentrations caused by the sharp angles of the iiiverted
system, it was decided to investigate tapered sedi®shown irFigure22. By tapering the
vertical face of the girdethe stress concentrations created at the corner whegediee flange
and web meet and at the top corner of the girderegigced. This alslmwersthe elevation of
the bottom temperature and shrinkage afaeinforcementin the Mn/DOT profileboth mats of
temperature and shrinkage reinforcement were placed at a constant elevation near the top of the
composite section. With the tapered secti@bottom layer of temperature and shrinkage
reinforcement can easily be lowertxjust above the elevation of the flange. This allows the
transverseéemperature and shrinkageeel in the bibom layer to contribute tthe transverse

moment capacity ahe section over the joint.
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Figure 22: a) Inverted-T vs. b) Tapered Profiles

In addition to relieving stress concentrations, tapering the vertical face of the girders
creates a better bond between the precast and CIP sections. For two vertical faces cast against
one another there is very littleterlock to carry the transverse $&n across the interface
However, by shifting the angle to 45 degrees a significant amotim dfansverse tensiaan
be resisted across the interface. Since the force at this interface is tension this friction resists
interface debonding. This prodegcbetter composite action and reduced cracking at that interface

as shown irFigure23.

T I e

Figure 23 Interface Interlock
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As Figure22 shows the flange dimensions were kept the same for the two geometries.
Cutting the flange width in half to limit the amount of precast girder removed by tapering the
vertical face was consedled. This idea was discarded, however, in favor of keeping the flange
width the same in order to keep a sufficient amount of CIP concrete over the joint. This does,
however, reduce the total area of the precast girder and thus some of the stronger cbtiet
composite section. The 11ite dimension for the flange was cten in lieu of the original 12 in.
flange in order to allow a slight taper to the vertical interface on the invEnpedfile. This taper
was introduced to ease the form removal pssc Though no longer necessary for the 45 degree
tapered profile, thedinge dimension was kept at 11 Ystmprovide consistency between tests.

In order to make a comparison between the two geometries it was advantageous to test
two specimens with thenly difference being their geometries. This decision brought about the
inclusion of the specimen Figure24. This profile is a replica of the inved T shape with
embedded plate connection only now with the tapered section profile and necessary consequent
adjustments. These adjustments include relocating the shear stirrups closer to the center where
the top face of the precast girder is level andstohg the spacing of the prestressing strand in
the second layer to keep all of the strands within the girder bounds. This specimen also takes

advantage of the dropped bottom layer of temperature and shrinkage reinforcement.
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Figure 24: Embedded Plate Tapered Shape Test Section

As a fourth test profilea tapered section with no physical transverse connection between
the precast girders was tested. This section can be seguie25. For simplicity, this
be
was tested to determine if the complexity of providing the connection reinforcement across the

speci men wil |l referred to as Thibspecineno conne

transverse joints was necessary when using a tapered profile. Eliminating the connection saves a
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significant amount of time during both fabricatiand in the field. The rationalization behind the

Ano connectiono test setup was to increase th

shrinkage mat to carry the tensile force along the joint. As the drop bar begins to bend up along
the tapered f@e of the girderthe force can then be transferred to the transverse flange steel and
carried across the bottom of each precast girder. Issues did arise due to some of the assumptions

made about this force transfer. These issues can be found in thesidisaispter of thithesis
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Bars (18" 0.C)
Figure 25: No Connection Tapered Test Section

The four profiles selected for this research were designed in order to improve the
Mn/DOT system. Each of the three roontrol specimens presented eitla new variable or a
system of changes that serve as a potential improvement to the Mn/DOT system. These variables
are presented ihablel. Given considerations like time and ease of construction, along with
cost, it was not appropriate to compare the trials by a direct strength and cracking behavior basis
only. Instead thesegts and corresponding results were configured to find a system or group of
unique variables that created the most favorable product for application in the ifiveridde

systemFull details of the steel layout for each specimen can be found in App&ndix

Table 1: Test Matrix

Test Geometry Connection Shear CageDrop-Bar
1 Inverted-T Extended Bar Yes No
2 Inverted-T Embedded Plate No No
3 Tapered Embedded Plate  No Yes
4 Tapered No Connection No Yes
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EXPERIMENTAL METHODS

This chapter discusses the test setup and how the tests were conducted. An introduction
to the load regimen is included along with an explanation of the process. The instrumentation

and layout used for the tests is detailed and justified as such.

Testing Setup

The purpose of the physical testing was to replicate the behavloe ofvertedT to
invertedT joingin a scaled, laboratory setting. Studies were performed to determine the
appropriate specimen layout and loading configuration to most suitgiligate actual bridge
conditions. The subssemblage testing was intended as a precursor-scalé testing of the
invertedT system. The ultimate goal of the safsemblage and fedicale testing is to provide
the Virginia Department of Transportati recommended fabrication and design details for
construction of the U.S. 360 Bridge of over the Chickahominy River.

The first step in designing the test setup was to model the behavior of the bridge. A finite
element model was created by Fatmir MenkulBl. Dcandidate, Virginia Tech). With this
model,Menkulasi was able to apply a series of load combinations and identify thecasest
service loading configuration on the bridge. From that configuration, he calculated the worst
case service stressesthe bridge. The sulissemblage test was designedetproduce this state
of stress at the invertedto invertedT connection. Further discussion of this modeling is
included in the Analytical Methods chapter of this thesis.

The finite element model slwed that in all loading cases the transverse shear stress was
very small. The region of interest for these transverseassbmblage connection tests was the
area over the precast girder joints and at the vertical or tapered interfaces between thadjirder
CIP concrete. To create a region of constant moment and negligible shear in the region of
interest the specimens were loaded at quarter péiigiste26 shows the shear and moment
created in the test specimen from ther point loading. Loading gointssix feet apart and over
a 9in. x 18 in. contact arsanulated the AASHTO truck wheeafch load. According to
AASHTO (AASHTO, 2010)thedesign tanderwheel loads are 6 &@n center with a patch size
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of 10in. x 20in. The target bending stress across the longitudinal joint was calculdled in

finite element model as 0.k8i. The test 4ap minimizal the effect of shear on the joint area
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Figure 26: Test Setup with Shear and Moment Diagrams

A load frame setup was develap® apply the quarter point loadBhe completed setup
can beseen inFigure26. The frame was constructed of two W21x62 columns moluotéhe
strongfloor with fourl in. diameterA325 bolts per column. Spanning the columns were two
W21x62 crosbeams held in place witlix 3/4 in.diameterA325 bolts per connection. A RR

27



20013 Enerpac 200 ton actuator was used to apply the vertical load to the test specimens. This
was attached to the crossbeams by way of a custom steel mount that was supported by eight 3/4
in. diameterA325 bolts per side. The actuator was attached to the mount with four 3/4 in.
diameterA325 bolts. From the actuator, the load was transferred to a stiffened W14x70 spreader
beam. The spreader beam transferred the load to two 9 &inx, 2 in. thick ruber padsThe
specimen sat upon two rubber bearing pads each placed atop stiffened W21x101 support beams.
These beams were connected to the strong floor with eightiiameterA325 bolts. This setup
provided a simply supported condition for the specimen

The calculated frame capacity placed an upper bound on the load that could safely be
applied to the specimens. Though the actuator was capable of applying a load of 400 kips, the
capacity of the frame limitethe applied loado 300 kips. The controlloppcomponent of the
setup was shear in the bolts connecting the actuator to the crossbearsit of 300 kips was
significantly more thamhe calculated®5 kip appliedoad requiredo induce service load stresses
at the connection. This was deemedraa@equate upper limit for testing the system for realistic

loads. A photo of the setup with specimesplace can be seen kgure27.

Figure 27: Test Frame Setup (Photo)
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Testing Regimen

Beyond just testing the specimens at the calculsgedce stress, there was also interest
to know the behavior of the specimens ab®eevicestrength ugo flexural strength. Aesting
regimen was created that captured that behavior and also tracked crack growth induced from
cyclic loading. Another finitelement model was created lgnkulasi to model the test setup.

From that model, and considering setktight effects, it wasatermined that the appli¢oad

necessary to cause a service level stress 8k8ilat the longitudinal joint wag5 kips (12.5

kips at each loading point). In order to track the behavior of the specimens the load increment
was set at 5 kips. Beyond 3ipg, the load was increased to 10 kips per load step. This process
was continued until the first crack was identified. At that point the cracks were traced and crack
height and width were documented. After recording the crack data, the load was reldased an
cycled to the cracking load five tes. Crack propagation angeningwas then checked again.

The cycling process was repeated for three more cycles and the cracks were checked again. After
completing those eight cycles the specimen was loaded analadloae cycle at a time until

three subsequent loads showed no crack propagation or opening. From there, the load was again
increased by 10 kip increments as crack initiation, propagation, andwedtidocumentect

each load step. This process was car@d until either the capacity of the load frame was

reached or the specimens could not carry increased load.

There was interest in fatigue testing, particularly for the welded connections. A limited
availability of actuators in the laboratory capablg@eifforming such cyclic loading, however,
eliminated such testing as an option. Crack propagatasinvestigated under cyclic loads via
the manual cycling process stated above. The behavior of the systems under a lifecycle of traffic

loads, however, stilemained a question.

Instrumentation

The ultimate goal of the tests was to identify which connections, geometries, systems,
etc. best limited reflective cracking at the inverfetb invertedT joint. This was achieved by
the visual documentation of crack formation and propagation at giaes bind the use of
instrumentation to measure crack openings, reinforcement strain, vertical deflection, and applied

load.
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Cracks can be visually observed on the order of arou@® ihOwide. For the most part,
a crack of this size is the first of whievorth noting in terms of reflective cracking. However,
with the use of instrumentation, smaller cracks can be observed. In addition to enhancing what
the eye can see instrumentation embedded within the specimens can measure reinforcement
strain at or naaa crack.

Instrumentation was embedded into the girders before they were cast. The strain in the
connection steel was of interest for these tests. By tracing the rate of changetéeldtesn,
the load afirst crack could be identified. Beyond th#tose strain valuesereused to identify
yielding and fracture of thiears All of the gages used on the rebar were GEBAL25UN-350
from Micro Measurements. These gages were protected using the M Coat F Protective Kit also
produced by Micro MeasuremeaniThe gages came with three preattached wires and had a gage
factor of 2.11. This process is further discussed in the Construction and Processes chapter of this

paper Figure28 andFigure29 show the gage surface preparation and protection.

Figure 28 Strain Gages Attached to Prepared Surface of Figure 29: Protective Coating Applied to
Embedded Plate Connection Strain Gages on Embedded Plate Connection

In addition to the strain gages applied to the rebar, embedment strain gages were also
placed in a pattern throughout the CIP portion over the longitudinal joint. The gages used were
120 mm (4.72 in.) PMi120-2L concrete embedment strain gages manufactuydtbkyo Sokki
Kenkyujo Co., Ltd.. The 120q gages had a gage
lead wires. The gages waukacedin the CIP region of the specimens just before the closure pour
was placed. In order to best capture the strain profile and propagation of cracking in the region
over the longitudinal jointhe gages wenglacedin a uniform pattern for each of the test
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specimenskigure30 throughFigure37 showthe layout of the embedment gages. One vibrating
wire gage was also inserted into each specimen at the time of deck placement to monitor
shrinkage strains in the concrete. The location of this gagf®snin Figure31. The installation

of all of the strain gages is further discussed in the Construction and Processes chapter of this

thesis.
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In addition to the instrumentation distributedhin the specimens series of wirepots
and Linear Variable Differential Transformers (LVDTs) werageld on the exterior of each

specimenA series of wirepots were attached to the bottom of each test profile to capture the
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vertical deflectiorof the pecimens. These vapots enabled the trackingloadversus
deflectionbehavior during testing in orday identify the ductility of each profile. The wirepots
were oriented in a pattern along the transverse direction of the test to provide a defigmted sh
contour.Figure38 andFigure39 show the orientation of the wirepofwo wirepotswere placed
on eithe side of the joint to monitor any differential displacement where the two precast
members were joined. This wieended to help to determiifeany debonding was taking place

between the precast girders and the CIP concrete along the top of the flange.

Figure 38 Wirepots (photo)
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Figure 39: Plan View of Wirepot Layout

To monitor the strain profile and crack opening on the outer fiaites specimena
series of LVDTswvere mountedo each specimerhe four LVDTs were placed at different
elevations along one external face of each specifgare40 andFigure41show the
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orientation of the instrumentation. LVDTs 6, 8, and 9 spanned a distance of 12 in. and LVDT 7
spanned 36 in. The bottom LVDT was oriented to record the opening betweeagrotilange

tips. The LVDT above it was positioned to monitor the strain and eventual crack opening in the
CIP region directly above the longitudinal joint. The third LVDT stretched three times as far as

the other three and was added to capture any cirathkes vertical or tapered interface between

the precast girders and the CIP deck. The fourth and final LVDT was set to record the same as

the second LVDT except at a higher elevation in the CIP deck.

LVDT 8_,..""'—"
»

LVDT 9 —

Figure 40: Photo of LVDT Layout
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SPECIMEN CONSTRUCTION AND INSTRUMENTATION

This chapter presentise specimen construction and instrumentation metidus.
specimens were fabricated in the Thomas M. Murray Structures Laboratory at Virginia Tech.
The precast girder sections were formed and casbuseandall of the mateal testing for the
projectwas alsaconducted irhouse

Formwork Construction

In order to cast the girder sectipfmmwork was constructed. Four girder molds (two for
the invertedTl shapes and two for the tapered shapes) were assembled to reduce cost and
construction time. Each test specimen required two matching girders (tetghbtifvas required
for the four specimens) so that each mold was used twice.

The forms were constructed usiplywood formboard. Té forms were assembled using
threadedleck screwsandreinforced with tensioned pencil rod to reduce bovdog to
hydrosatic pressures. A photo of a typical form assembly can be s&eguire42. The side and
back forms were constructed and erected atop the base. The flange face formwork was left off to
allow ease of access for inserting and tying rebar. Once all of the rebar hatktethe front
face was attached and the pencil rods were inserted and tensioiégusg!2 shows, the form
supports extended above the top @f tloncrete. This was dose thathe form supportsould
be reusedfor the CIP closure pour. This did add some minor inconvenience to the concrete
finishing process, however, due to the extended stirrups and lifting hooks there were already

major obstrutions to that process.
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Steel

The reinforcing steel wasrade 60 A615 steel with the exception of the tension steel for
the embedded plate contiea. The tension steel for tlrennection was A706 weldable steel to
accommodate thereld to the connection plate. Grade 270,-l@haxation pestressing strand
was used to represent the actual prestressing in the bridge, howewveo} veassioned. Four foot
lengths of Grade 270.6in. diametelprestressing strand were cut and placed in the sections at
theactual prestressing stralatationsas determined bthe preliminary bridge design. Since the
sections were onl¥ ft wide and the test was in the transverse direction, no signtfdifference
in the behavior of the specimens from the prestressing strand not being tensioned was
anticipated.

First Concrete Placement Attempt

The first four girder specimens cast were for the extended bar connection and the no

connection tests.he concrete mix used had an. maxmum course aggregate size. The
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concrete for this andladther mixes was ordered from Conrock in Blacksburg,IWarder to

support the weight of the wet castplace concrete, the flang were designed with a row Igb.

3 rebar running in both the transverse and longitudinal directions. Very little room was available
for thel in. maximumcourse aggregate to pass through to fill the ends of the flanges as shown in

Figure43. A typical poorly consolidated flange can be seeRigure44.

Concrete

Aggregate Size

Figure 43: Flange of First Girder Placement Attempt (Drawing)
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The method to create the roughened surface for the first girder placement did not perform
well. For this test a wire mesh was nailed to the inside of the forms. The hope was that when
removed, the mesh would leave an imprint in the concrete that woutd geesad bond with the
CIP concrete. This, however, was not the case as the mesh pulled away from the forms when
they were removed and stayed embedded in the concrete. The lack of roughened surface can be
seen inFigure4b.

Figure 45: Poor Roughened Surface and Flanges

Due to the poor quality of the initial specimensvas decided to test them as a trial and
compare the difference between a) a smooth and a roughened surface and b) a complete and a
damaged flange. The flange of one of the girders for that specimen was significantly poorer than
the others and the sucewas almost completely smooth. That being the casepftthe girder
pieceswere discarded and ondypair ofdamaged extended bar connection specimen was tested
as a trial. Due to the poor quality of this test specimen, it was only instrumented Vidti 1BVs
and wirepots.
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Girder Concrete Placement

The concrete mix and fonvork design were revised to addréss issues of the first
placement. The second concrete mix was designed with a 1/2 in. max aggregate size and is
further detailed in the Mix Design segment of this thesis. The forms were modified to ensure the
concrete diccompletely fillthe flange. Thisvas done by leaving off the piece of formwork that
covered the top of the flange during the start of the concrete placement. When the concrete
reached a height of abolfft within the formwork, concreteas added directly into the flange
tip and vibrated.The concrete in the flanges was then leveled off and the flange top form was
put into place.

The means to provide a roughened surface on the girders was also modified. The mesh
concept was discarded and replaced with physically altering the forms thesn3de inside
faces of the forms were cut with a dado blade to create grooves. The grooves were cut 1/4 in.
deep and 1/2 in. wide as showrFigure46 which provided a muchetterresult as can be seen
in Figure47. This process did, however, make the form removal surface more difficult. This was
anticipated and the grooved forms were heavily lubricated with both motor oil ardiOMBEren
with extensiveoiling, the forms were cumbersome to remove and in some cases required the use

of an air chisel. This resulted in some damage to the grooves, but still left a roughened surface

for the casin-place concrete to bond to.

Figure 46: Grooved Formwork Figure 47: Roughened Surface (Flange and Tapered
Face)
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The top surface of the girders was given a raked finish shortly after the concrete was
placed Figure48 shows the resultant roughened surface. The grooves for the flange and
vertical/tapered face as well as the top surface were formed to run parallel with the flow of traffic
on thebridge. However, for a redife applicationit would be moréeneficial to run the grooves
perpendicular to the flow of traffic to increase thsistance to interface shaéarthe more
pertinentiongitudinal direction. This concept is further discussethe Recommendations
chapter of this thesi3.he details of the surface finishing are presentéelhlile2 and the
properties for each girder and hw they were used are sholabla3.

Figure 48 Roughened Surface (Top oGirder)

Table 2: Surface Conditions of Girders

Surface Method Direction of Roughening
Top By Hand Parallel to Traffic
Back Smooth Forms N/A
Side Smooth Forms N/A
Vertical/Tapered Face Grooved Forms Parallel to Traffic
Top of Flange Grooved Forms Parallel to Traffic
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Table 3: Girder Uses

Pour Geometry Connection Surface Use

1 Inverted-T Extended Bar Smooth Trial

1 Tapered No Connection Smooth Discarded

2 Inverted-T Embedded PlateRoughened Full Test
2 Tapered Embedded PlateRoughened Full Test
3
3

Inverted-T Extended Bar Roughened Full Test
Tapered No Connection Roughened Full Test

CIP Concrete Placement

The process for the Clftacement was similar to thidr the precast girdesection The
forms used for the girders were modified to accommodate the differences in geometry and the
steel was tied in the same manner. For each specimen two precast girders were placed flange to
flange and then enclosed by the formwork as shoviiigare49. From there, the steel was tied
into place and strain gages were placed according to the layout given in the Experimental
Methods chapter of this thasiThe top surface of the specimens was left smooth to provide an

adequate surface for applying load.
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Figure 49: Formwork for CIP Deck Concrete
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Strain Gage Application

All of the strain gages used in this project were placed in a concrete environment and
needed to be properly applied and protected to produce meaningful feealiscal resistance
strain gages were attached to reinforcement bagadhof the specimens. Each bar was prepared
by grinding off the embossments and sanding the surface smooth. From there, the procedures set
forth by the strain gage manufactuvezre followedto properly adhere the gages to the steel.
Since the gages were te placed in an adverse environment, they were protected using the M
Coat F kit from Micro Measurements which is made up of soft rubber patches and neoprene
pads. All protective coating was performed as prescribed by the manufacturer. The concrete
embedmengages came already shielded from the concrete environment and needed no
additional protection.

In order to ensure the proper location of the embedment strain gages both before and after
concrete placement a seewgystem of mounts was providéthese monts were formed by
running additional pencil rod in the longitudinal directaomd attachinghe gages perpendicular
to these rods. The vibrating wire gage in each specimen was insialiéatly. The wires from

each gage were routed along the penci] gpduped togetheand brought out as one unit.
Timing

The timing of concrete placements and testing was planned in & Wwayt the effects of
differential creep and shrinkage and to better mimic field conditions. Due to time limitations of
the prgect, providing a 9@lay cure forhe precast girders was not possilidach girder was
allowed to age for a minimum of 26 days before adding the CIP deck. Each deck was allowed to
age a minimum of 23 days as well before testing commeiniedde5 in the Results chapter

documents the age of each girder at deck placement and each deck at time of testing.

Data Acquisition

A high speed data acquisitisgstem was used collect data from the strain gages,
wirepot s, LVDTO6s and | herzdvasaused for eachAsersidaedgial i ng r a

acquisitionsystem was also configured so ttieg recording ofdditional readings couldceb
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manuallyactivated The option to manually record was especially useful during the loading and
unloading processeghile conductinghe cyclc tests All data was reduced and converted into a
spreadsheetocument and exported to an external system for data reducti@malydis.

A dataloggemwas used to collect data for the vibrating wire gages. This datalogger
collected information for all specimefrem placement of deck concreti@the completion of
testing. The recording interval ranged from once per minute in the days shortly after concrete

placement to once per hour thereafter. Each instrument was calibrated before use in the tests

Material Testing

Whenconcrete was placedpecimens were cast for material testing. This included>
8 in. cylinders for compressive, tensile, and modulus testing,»612in. cylinders for creep
and shrinkage testing,iB. x 3in. x 11 in.prisms for unresained shrinkage testing, andn3x 4
in. X 16in. prisms for freeze¢haw testing. All test specimens wenadeaccording to (ASTM
C192/C192M09). The compressive, tensile, and modulus cylinders were tested based on the
schedule presented Trable4. These tests were conducted using the standards defined in (ASTM
C39/C39M09a), (ASTM C496/496M4), and (ASTM C46D2) respectively. The results of
these tests can be found in AppenBix

Table 4. Material Testing Schedule
Number of Tests at Each Age

Test 7days 1l1l4days 28days 56days 90days
Compressive Strength 3 3 3 3 3
Tensile strength 3 - 3 - 3
Modulus 2 2 2 2 2

The creep and shrinkage behavior of each of the concrete mixes was recorded.
Unrestrained shrinkage prisms were cast and cured to the specifications set forth by (ASTM
C192/C192M09). Three prisms were cast for each concrete placement and recordings were
taken on a daily basis tapering to a weekly to monthly basis as the shrinkage began to level out.
Creep specimens were prepared and tested according to the guidelines se{ASTM
C512/C512M02). Five 6 inx 12in. specimens were cast (three weredledin a creep frame

and two were left unloaded to record shrinkage). By recording the shrinkage of the unloaded
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cylindersthe effect of creep in the cylinders under load could be isolated. Three additional

prisms were cast and cured for fre¢zaw testilg. These specimens vectested by VCTIR.

Embedded Plate Connection Welds

The connections for the tapered section weztled with No 6 reinforcemenbar. For
the two connections in the invertddprofile, however, the gap wéaairly large and required

No. 8dropin reinforcement baFigure50 shows the embedded plate connection before and

after the weld. The design strength of the connection was not controlled by tha despor

The original idea for the welding process was to use a shielded metal arc weld (or manual
stick method) to complete the connection. However, after completing two welds it became
evident that a different processs neededt was difficult to remove the litiup slag from each
layer of weld, which affected the quality of the weld. Also, the two connections completed with
this process took almost one hour combined to complete. This was deemed to be to long for a
field weld in a rapid construction application

Switching to a gas metal arc weld (GMAW) for the remaining two connections proved to
be a much better option. The two GMAW welds for the connections of the embedded plate
tapered web profile took a total of ten minutes to complete. This was less #asf e time it
took to complete the welds using the SMAWY the embedded plate inverté@dorofile. Also,
since there was no slag builg, the welds were better quality. The effects of using different
welds for the specimens from a research perspeatesancluded in the Discussion chapter of

this paper. An E7018 electrode was used for both welds.
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Moving Specimens

Lifting hooks were embedded in the specimens for movement around the lab. Each girder
secton weighed between 4 ankips depending on the geometry. Each full test specimen
weighed approximately 15 kips. Each of the two cranes in the lab could only lift 10 kips so the
system was designed to incorporate both cranes together. The hooks were placed in a manner to
produce ero tension in the extreme bottom fiber as it was undesirable to expose the joint to any

tensile forces before testing.
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ANALYTICAL METHODS

Bridge Design

The first step bthe project was to complete a structural design obtldge super
structure for implementation of invertddbeams. The bridges in consideration wareJ).S. 360
over the Chickahominy River in the Richmond District of VDOT. (Hill & Lowe, 2010) The
structures are identical 75 ftvo-span, and six lane bridgeeand were designed as 19 adjacent
invertedT girders making up the 1X¥#width of the bridge. A full design was performed for the
candidate bridge system using AASHTRFD Fifth Edition (AASHTO, 2010¥kpecifications.
This design included all componeimtisthe bridge superstructure and is includedppendixC.
The design washecked and verifiedy Menkulasi.

Once a final design was accepted for the bridge, th@ssemblage component was
designed. The prestressing strand, mild steel, concretegetted for each specimen to best
simulate real life conditions was established. The Test Specimens chapter of thisrésesits
further detail of the process of how the specimens were sized and placed within the test setup.
The work done in Minnesota@&nch et al., 2011) was identified as the stdtthe-art design
practice for this type of bridge system. For that redlsercontrol desigelosely resembled the
recommendations set forth by the Umisity of MinnesotaThe other proposed specimens were
designed similarly to the control salssemblageith minor differences to investigate potential
improved performance parameters. The goal of this work was to improve upon the existing
system, not completely change it.

Finite Element Models

Prior to testing, two finite element models were developed. The first was of the candidate
VDOT bridges for implementation of invertddbeams. The second was of the-asbemblage
test specimens. Both were used to aid in the design of thessemblageest specimens as well
as develop testing protocols. Finite element modeling was performed by Fatmir Menkulasi (Ph.D
candidate, Virginia Tech). A dissertation containing more details of this work will be completed

by Menkulasi in the future.
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According to AG (ACI-318, 2008) a deep beam is defined as (a) clear spans equal to or
less than four times the overall member depth; or (b) regions with concentrated loads within
twice the member depth from the face of the support. Th@ssemblage test specimen is
characterized as a deep beam because the distance from the applied load to the face of the
support isl.2 times the depth of the member. This arrangement is shdvigure51. Simple
beam mechanics do not completely apply to the system and a more in depth analysis must be

done. For this reason the test setup was modeled using the finite element method.
Applied Load

l

26"
Less Than
2x Depth

Figure 51: Deep BeamCategorization of Test Setup

The goal of sutassemblage testing was to develop invefitemnnection details that
resulted in no cracking at the inved{&deamto-beam interface under service load. Therefore,
one component to validating the saksemblge test was identifying the service level stress in
the candidate bridge and relating that toghieassemblageest pecimensin order to find this
stress a preliminary finite element model of the candidate bridge was created. The model was
based on th&ull-scale finalized bridge design. The system as modeled with a pin support across
the middlepier with roller supports ahe outer gers. All elements used weséells and analyzed
as such. Since the main interest was identifying the flexural andsthess in the transverse
direction, the effect of prestressing was ignored and therefore not modeled. To simplify the
model further, no mild steel was included in the model. The model consisted of two sets of 19
adjacent inverted girders (one set for eh span) that were made composite via a CIP deck.

The deckgirder interfacavas assumed to be fully bonded.
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The dead loads were assumed to not contribute to transverse flexural stress. This is due to
the fact that transverse stresses will only developdmtvgirders once the CIP deck hardens and
a composite section is created. Tthges not apply tsuperimposed dead loads such as barriers
or a wearing surface. For this reason the superimposed dead load was added to the model as
uniform distributed load iaddition to the AASHTO uniform lane loads. (AASHTZD10
Other conditions such as differential shrinkage were not considered in lieu of keeping the
preliminary model simple and time spent modeling at a minimum. A more detailed model will be
completed aftr subassemblage testing is completed.

The anticipated service level transverse stress was identified by placing AASHTO
specified truck and tandem loads over the bridge deck surface and recording theas@msttess
scenario. This was done by shiftitige location of the AASHTO truck and tandem loads and
recording the resulting maximum streBgyure52 andFigure53 show the deflected shape of the
bridge under two loading configurations (tandem and lane). Through this process it was
identified that minimal transverse shear stress was developesbdbe sutassemblages. This is
logical as there are no supports along thessadehe bridge and the primagadpath is tathe
abutments. The study also showed that the waarseé transverse flexalrstress was
approximately 0.1&si. Several loadingombinations and configurations were analyzed with the
finite element model. Thstressof 0.18 ksi waobtaina by combining the effects déne
loading and a tandem loadth dynamic load allowances the outermost lane with the wheel
loads positionedirectly over the longitudinal joints as shownkigure54.
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Figure 53: Deformed Shape under Lane Loading on the First Span
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Tandem Tire Load Tandem Tire Load

IS
1

Figure 54: Position of Tandem Tire Loads For WorstCase Transverse Bending Stress

The geometry of the U.S. 3@0idgeis unusual in that its width is greater than its span.
This creates interesting behavibat is not foundn all invertedT applicationsA short, wide
bridge has higher transverse shears and lower transverse load distribution than a more narrow
structue. The load spreads out more and has a less direct rote $opport. It is for this reason
that the given fullscale model provides conservative results in compasismnarrower bridge
systems.

As discussed in the Experimental Methods chapter stthi@sis a four point loading
system was used to achieve uniform flexural stress and minimal shear stress across the region of
interest in the specimen. In order to best recreate the stress effects in the region of interest a
variety of load orientationseve modeled using a finite element model of theaggemblage
test specimens. The stress at the joint and interface was best approximated using two point loads
with each applied three feet from each end of the speciehieving the target flexural sties
(0.18 ksi) required a total applied load of 25 kipgure55 andFigure56 show the transverse
stresses from the finite element model in two défe orientations with two point loads applied
three feet from the edge of each specinkégure57 shows the stresses in the fatlale model
for comparison against the model of the test specimen. Note the similaritgs$atrat the

longitudinal joint.
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Figure 56: Profile View of Transverse Stress in Test Specimen with Load Applied 3 Feet from Each Edge of

Specimen
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Figure 57: Stresses in FullScale Model

The load to induce a stress of OKE8in thesubassemblagat the longitudinal joint was
first calculatedn the finite element modelree thesubassemblage test specimens exhdeiép
beam behaviorThe service level loadias alsccalculatedwith classical beam behavior and
compared tahe finite element model. The differences in the two methods were negligible.

All of the assessments done within the finite element program were conducted using a
linearelastic analysis. This characterizes the type of behavior expected in the ravaypsdahht
represent service level stresses up to cracking. Under service level loads the concrete is not
expected to crack and is therefore assumed to remain-gfesdic. The results of the laboratory

test support this assumption.
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RESULTS

This chapter presents the results from testing theassbmblage specimens. Five
specimens were tested, the first with limited instrumentation, which was used as an
instrumentation and testing protocol trial. The other four were fully instrumentgat@vided
the basis for the conclusions and recommendations at the end of this thesis.

Material Testing

When concrete was placgeshmples wereast for materigbroperty verificatiortesting.
Of major interest were the compressive strength, tensilegsitresamd modulus of elasticity.
These valuesyith linear interpolations tthe time of testing, are listed Trable5. The28 day
design compressive strengths for the deck and precast mixed warand &si, respectively

More detailed material test results can be found in AppeBdix

Table 5: Interpolated Concrete Strength Values

Cast-in-Place Deck Precast Inverted-Ts
Specimen Age at Testing f'. f; E Age at Testing f'.. f; E
(days)  (psi) (psi) (ksi) (days)  (psi) (psi) (ksi)
Extended Bar 28 3380 360 3110 54 8820 750 5510
Embedded Plate Inverted-T 24 3680 420 3900 66 9390 820 5720
Embedded Plate Tapered 28 3810 430 4190 70 9380 804 5730
No Connection 23 3400 340 3280 49 8985 740 5530

Visual Documentation

At each load stepisual cracks werenarked Propagation heighéind widthof the largest
overall crack and the crack over the joint walso recordedThis information is presentddr
the four(trial specimen not included) test specimen8ppendixD. Photg@raphswere also
taken during each test to documerdck propagation in each specimen. The end of each crack
was marked with the load thatopagated the crack to that point. These photos are given in

Figure58throughFigure61.
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Initial Crack

Initial Crack

4

Figure 59: Cracks on Embedded Plate InvertedT Specimen (photo)
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No Cracking in
this Region

Initial Crack/

Figure 61 Cracks on No Connection Specimen (photo)

Deformed Shapes Under Load

One indicator of the relative performance of the different specimens is bending behavior.
Specifically, the presence or absence of a plastic hinge was noted using deflected shape plots. An
illustration of bending versus hinging behavior is showRigure62. Plastic hinging refers to
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the deformation of a section of a beaumere steel has yieldeBefore a hinge is formed, the

system undergoetistributed bendingno yielding) If a hinge forms, however, large rotations

occur at the location of the plastic hinge which can cause the formation of large cracks. From a
service load perspective the formation of a hinge is undesirable. Under sead@®hditions

the entire system should remain linedaistic. From a strength perspective the formation of a
plastic hinge is expected as the bending moment reachiésthyield momentFigure63
throughFigure66 show that none of the specimens formed plastic hinges at the service load and
that deflections at that load were small. Some of the specimens did develop plastic hinges near

the ultimate load as the applied moment approagleddl This, however, is not a concern for

fT— )

Bending

/ \

Hinging

serviceability

Figure 62 Bending vs.Hinging Behavior
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Load Versus Deflection Behavior

Some of the fundamental indicators of the performance of each connrgetioretry
combination are elasticity and ductility. It is beneficial for a system to remain-kestic for
service loads. Any load that causes plastic behavior creates permanageda the system and
compromises the future behavior of the bridge. It is, therefore, desirable for a specimen to remain
linearelastic under service loads.

As a bridge approaches failure it is beneficial to have some degree of warning. It is for
thatreason that connection ductility was suggested as important criteria in making a system
recommendation. The load deflection behavior for the four specimens tested can be found
superimposed ifigure67 andFigure68. The stiffness and ductility of each specimen is

addressed in the Disssion chapter of this thesis.
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Figure 68: Load Deflection Behavior for up to 50 kips
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Strain Gage Results

Strain gagesvere used as documented in the Experimental Methods chapter of this
thesis. The recorded strains were graphed against their corresponding loads and used to develop
a strain profile for each specimen. The gages attached to the steel within the speciviéed pro
valuable information about the loads at which reinforcement yielding occurred. Both the linear
strain gages attached to the steel and the embedment gages placed in the concrete provided
information on cracking loads. Spikes in the strain graphsateticthe initiation of cracking
near the gage. This data provided insight to what was happesidg of the specimengable6
shows the agied load that caused the initiedack at the location of the connection steel. These
were taken as the extended bars for the extended bar test, the tension rebar behinebitttedemb
plate in the embedded plate tests, and the drogrb#dre no connection test. Thetation for the
gages is illustrated iRigure69. The loadhat caused the steel to yield is also includexhle7

showsthe loads that caused cracking in the CIP region over the longitudinal joint.

Table 6: First Crack and Connection First Yield Loads
Extended Bars Embedded Straight Embedded Taperec No Connection

Connection
Stee| EMB-L (1-4) EXT-L (1-4) EMB-L (1-4) Drop Bar 1-4
Member FirstCrac Yield FirstCrack Yield FirstCrack Yield FirstCrac Yield
(kips)  (kips)  (kips)  (kips)  (kips)  (kips)  (kips)  (kips)
Near 90 160 110 140 120 170 60 80
Near-Middle 80 160 110 140 120 160 60 90
Far-Middle 80 190 110 140 120 170 60 80
Far 80 150 110 140 120 180 60 90
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Figure 69: Documentation of Connection Steel

Table 7: Cracking Loads at Gages Located 9 in. and 12 irAbove Bottom of Precast
Extended Bars Embedded Straight Embedded Tapered No Connection

Gage Initial Crack Initial Crack Initial Crack Initial Crack
(kips) (Kips) (Kips) (kips)

9"-1 90 110 120 60
9"-2L 100 No Crack 100 70

9"-2 100 110 120 60
9"-2R 110 No Crack 150 No Crack
9"-3 80 120 120 i
12"-1 90 120 120 60
12"-2 90 140 160 60

** - Too difficult to identify

The strain gages reinforced what was observed visually. Almost all of the strain gages
indicated the first crack in the specimen at the same load that was visually determined. Strain
gages R-EMB (gage attached to one of the tension rebar on the weldtxqgannection on the
ri ght pr ec a<l((empbéedmehegage loatedd ab@we bottom of precast, midway
through the section, and on the left side of the joint) on the embedded plate tapered specimen,
however, indicated first crack at 100 kipstead of the first visually identified crack at 110 kips.
All other gages were consistent with what was identified visually.
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Extended Ba

Two plots are included to show the development of strain at key points in the specimen.
Figure70shows the strain in the extended bars on the right side of the specimen throughout the
range of applied load. This figure shows the evenidigion of strain across those bars, which
corresponds to an even distribution of stréggure71 shows the strain in the gages attached to
the top mat of temperature and shrinkage steel. This figure shows the shift of the compression
zone in the top of the specimen. As the applied load approaches about 160 kips the steel becomes
less compressive. Atload of about 260 kips the steel in this region goes into tension. All of

these figures are explained further in the Discussion chapter.
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Figure 70: Strain in Extended Bar Steel (Right Side) ~ Figure 71 Strain in Gages Attachel to Top Mat of
(6 in. Above Bottomof Precast) Similar to Left Side T&S Steel (22.5 in Above Bottom of Precast)

Embedded Plate InvertedT

Four graphs are included and described to show the behavior of the specimen and
applicability of the results for the embedded plate inveftéeist. These plots are further
discussed in the following chapt&igure72 shows the strain in tension steel behind the
embedded plate connection and how the stress in those bars was distributed. The spike in the
data is most likely due to a loss of bond between the strain gages and steel so all data after
around 180 kips of afipd load should be disregardédgure73 shows the development of
cracking along the longitudinal joint and the lack of such to the left and fightragure74
shows the development of cracking directly above the vertical precast to CIP interface. This
graph shows that though there was no dragKirectly eft or right of the invertedr to inverted

T joint there was other cracking in the constant moment region other than at th€ignirg75
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shows the strain in the top mat of steel. Like in the extended bar specimen, this plot shows the
change from compression to tension of the top mat of steel with the onset of cracking. This graph

also reinforces the equal distribution of stresses acrossah®er under service load conditions.

Strain in Embedded Plate Tension Steel
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Figure 72 Strain in Embedded PlateTension Steel (Left
Side) (1.5 in.Above Bottom of Precast)

Figure 73: Strain in Row of Gages 9 inAbove
Bottom of Precast
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Figure 75: Strain in Gages Attachal to Top Mat of
T&S Steel (22.5 in.Above Bottom of Precast)

Figure 74: Strain in Two Gages at Corner Points of
Interface (19 in.Above Bottom of Precast)

Embedded Plate Tapered

Threeplots are included to show the development of strain in the embedded plate tapered
test specimerfigure76 shows the strain in tension steel behind the embedded plate connection
and how the stress in those bars was distributed. Like in the embedded plate-ihiyzoteof
the same connection tldata after the spike at around 220 kips should be neglected as those
values represent what the gages recorded after debonding from thEigteel77 shows the
development of cracking along the longitudinal joint and the inclusion of cracking both to the
left and right of it. This shows that this specimen had a greater distribution of cracking
throughout the CIP region above the jofigure78 shows the strain in the top mat of T&S
steel. In this case the rebar remained increasingly compressive throughout loading. This indicates
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that the neutral ax did not approach this region during this test. More advanced analysis is

included in the Discussion chapter.
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Figure 78: Strain in Gages Attached to Top Mat of T&S Steel (22.1. Above Bottom of Precast)

No Connection

Four plots are included to show the unique behavior of the no connection test specimen.
Figure79 shows the development of cracks in the concrete nine inches above the bottom of
precast. It indicates cracking along the near side of the longitudinal joint and not on the far side
ortothel eft or the right. ( Di-3LyFgge80ahaintshowstiset r ay
development of crackdin. aboveFigure79. This graph reinforces the development of cracks
along the near side of the joint but not the Fagure81 shows the strain in the drop bars that
were designed to carry the tensile force across the joint. The plot indicates even distribution of
strain in the bardzigure82 shows the strain in the top mat of temperature and shrinkage
reinforcement. This figure shows increasingly compressive strain throughout the range of

loading. This suggestbat the neutral axis did not approach the top mat of steel in this test.
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Figure 81: Strain in Drop Bar (5 in. Above Bottom of ~ Figure 82: Strain in Gages Attached to Top Mat of
Precast) T&S Steel (22.5in. Above Bottom of Precast)

Comparisons

Every specimen had five gages loca®ad. above the bottom of the precast girder as
shown inFigure30in the Experimental Methods chapter of tiiedis. In the center of that

patter n daigure§3ppedesSadlirect comparison of the strain of each of the four
specimens tested at thame location.
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Figure 83: Comparison of 9"-2 Gages in Each Specimen

The load vs. strain graphisr each specimen iRigureA-7 throughFigureA-17 of
AppendixE show the strain development at the various dtheztions where gages were placed,
but not included in the discussion. The installation of strain gages at different elevations
throughout the specimens provided aistiprofile for each tesEigure84 showsthe strain
profiles for each respective test. This figure represents the strain slope in each specimen in the
linearelastic range at a load of 30 kips.
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Figure 84: Strain in Each Specimen at an Applied Load of 30 kips
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Vibrating Wire Gages

Vibrating wire gages were inserted into each specimen at the time of deck placement to
monitor shrinkage strains in the concrétgure85 shows theaw straindata without
temperature correctidior each of the specimens tested. The specimens exhibited similar
behavior with strain magnitudes consistent with onetarofThough there was some variance in
the strain of each test, the difference is small and strain in the system before testing can be
eliminated as a variable between specimens.
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Figure 85: Strain Recorded From VWGs from Time of Deck Placement

LVDT Results

LVDTs were attached to one side of each specimen as documented in the Experimental
Methods chapter of this thesis. These gages were attached to identify first cracking and to
provide a strain profile. The performance of the LVDTs was poorer than expétige.the
LVDTs were able to indicate a load at first cracking across the interface and at theagirder
girder joint, there was no trend to the data to help indicate a strain profile throughout the depth of

the specimens. Also, the loads indicated forathget of cracking were not consistent with the
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strain gages and visual observation. Moreover, one of the four LVDTSs failed to record reliable

data for two of the tests.
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DISCUSSION

Comparison to Work Done at the Universityof Minnesota

The framework of this research was based on the NCHRP (National Cooperative
Highway Research Program) ProjectADcompleted by members of the University of
Minnesota. (French et al., 2011) The @gsemblage test setup was based off ofainvork
done as part of that project. Bqilojects involed testingwo girder sections (with outer flanges
removed) cast together with a deck topping that was simply supported with an applied vertical
load. The instrumentation configuration used in Misota produced favorable results and was
therefore closely imitated in this project.

Though similar, there were differences that made this research unique from what had
previously been conducted. The most discernible difference was the connectioometge
variation in this project. For the NCHRP project the only variation between tests was the size and
spacing of the extended bars and reinforcing cage and size of the precast members. This project
expanded the invertedl concept to consider two diffemt connection types and investigate
varying the geometry of the precast elements.

After examining the results of the tests in Minnesota it was decided to also vary the
loading regimen and configuration. The results from the NCHRP publication indicateéteh
fatigue loading of several thousand load cycles at various load steps had negligible effect on the
cracking behavior of the specimens. For that reason it was decided to simplify the fatigue testing
to what was defined in the Experimental Methodttraof this paper.

The specimens were tested by applying two point loads at the quarter points opposed to
one line load along the invertddto invertedT joint. The consensus was that the fpoint
loading better simulated the ftdtale stress statésat were calculated in the finite element
model. The clamping assembly used in Minnesota was disregarded since it also did not properly

simulate expected behavior.
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Material Testing

While the mixes for the precast inver{€dections met or exceed#te desired strength
neither of the two deck mixes met their design 28 day strength values. A table of this data can be
found in the Results chapter of this thesis.

To accommodate the designed casting sequence two separate pours were made for the
four specimens. The two embedded plate precast sections were cast first and had a 28 day
compressive of 8670 psi whio800ws. Ihe &dendgdbarat er
and no connection invertel sections tested at 9680 psi at 28 days which was 21% greater than

designed. The tensile strengths and modulus of elasticity of theddJvegirders were also
higherthan designedlhe design fothe tensile strength was takenyas “G@and the modulus

of elasticity was taken as X "G Table8 shows the ifference between the designd ecorded

concrete strength.

Table 8: Difference in Recorded and Designed Concrete Strength of Girder Mixes at 28 Days

Concrete Girder Mix 1 Girder Mix 2
Strength Measurec Design % Difference  Measurec Design % Differenci
f'e- (psi) 8670 8000 8% 9680 8000 21%
f', - (psi) 910 671 36% 700 671 4%
E- (ksi) 5380 5098 6% 5710 5098 12%

The critical tensile stress for the saksemblage tests occurs at or immediately above the
inverted T-to-invertedT joint. It is the strength of the concrete at this location that is of
importance. Like the girders, the CIP pours were done in two separate placements. The first of
these, which acted as the topping for the embedded plate spebiatestsested28 day
compressive strength of 3810 psi, whicls appr oxi mat el y 5@é64000psis t han
The deck concrete for the extended bar and no connection specimergs$tadcmmpressive
strength of 3380 psi at 28 dayghich was aproximately 16% below what was designed. The
tensile strengths and modulus of elasticity valymserally tested lower than design&dble9

shows the difference between the calculated and recorded concrete strength values.
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Table 9: Difference in Recorded and Designed Concrete Strength of Deck Mixes at R&ys

Concrete Deck Mix 1 Deck Mix 2
Strength Measurec Design % Difference  Measurec Design % Differenci
f'.- (psi) 3810 4000 -5% 3380 4000 -16%
' - (psi) 430 474 -9% 360 474 -24%
E- (ksi) 4190 3605 16% 3110 3605 -14%

The lack of quality of the mixes creates the issue of hindering the performance of the
specimens and perhaps allows the onset of cracking at lower loads. However, sincethe cast
place concrete in all sedlssemblages was below the design commessrength of 4000 psi,
the tests results should be conservative.

Applicability of Loads

Considering existing stresses in the specimens caused fyesgift and weight of the
spreader bar, the applied lodetermined by the finite element modeinduce service level
stresq0.18 ksi)at the joint is 25 kips. This corresponds to the transverse stress induced from
AASHTO tandem and lane loadingsable10 shows the ratio of the transverse stress caused at
each load step to the service level stress. (Note: These stresses only apply up until the onset of
cracking.)The service load is the load that induces service load streggeshE theoretal

load at which cracking should occur based on the tensile strength of the concrete.
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Table 10: Applied Load to Service Stress Relationship

Applied Load Stress Applied Stress/

(kip) (ksi) Service Stress

5 0.09 0.51

10 0.11 0.63

15 0.13 0.76

20 0.15 0.88

25 0.17 1 <@ Service Load
30 0.19 1.13

40 0.24 1.37

50 0.28 1.62

60 0.32 1.87

70 0.37 2.11

80 0.41 2.36

90 0.45 2.6
0 T Tom T T amee
110 0.54 3.1

120 0.58 3.34

The ratio of applied stss to servicstress infable1l canbe somewhat deceiving. For
instance, an applied load of 25 kips has a ratio of 1.0 while double that load (50 kips) has a ratio
of 1.62 instead of 2.0. This is due to the effect of thewelfjht of the specimen and the
spreader beam. This selkeight cantributes a larger percentage of the total load at lower levels
than it does when the applied loads get larger. These calculations are included in Appendix
These calculations are made based on classical beam theory. The finite element model of the test

setup supported those calculations for loads within the heleatic range.

Comparison of Calculatedand Teskd Values

The design nominal strengths and cracking loads were not the same for all of the
specimens. These values were calculatethkipg he smallest value from the following section
analyses 1) over the longitudinal joint, 2) at the vertical (or tapered) precast to CIP interface, and
3) at the minimum depth of CIP concrete. The design nominal strengths and cracking loads are
displayed inTable11 and are compared to the results from the laboratory tests. All design values
are based off of nominal strength values of the steel and corigoédevalues indicate the
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controlling factors é&r nominal moment capacitZalculations for the data ifablel1are

included in Appendix G.

Table 11: Comparison of Design Mminal and Cracking Loads to Test Results
Embedded Plate Embedded

Nominal & Cracking Loads Extended Bar No Connection
Inverted-T Plate Tapered
DesignM,, Over Longitudinal Joirfkip-in) 4110 2740 3510 2310
DesignM,, At Vertical/Tapered Interfacékip-in) 2270 2740 3510 2600
DesignM, At Min. Depth of CIP Concreftieip-in) 2270 2740 2740 1070
Design Applied Loa@, (kip) 123 151 151 50
Actual Applied Load at Strengtkip) 260 225 300 90
(Actual/Design) 211 1.49 1.99 1.80
DesignM,, (kip-in) 1890 1930 1930 1890
Design Applied Lodd, (kip) 100 102 102 100
Actual Applied Load at Cragiip) 90 100 110 60
(Actual/Design) 0.90 0.98 1.08 0.60

In all four cases the test specimens exceeded their design nominal load capacity. The
strength was ovepredicted for all four tests by 49% to 111%.

The cracking load prediction was within 10% of the tested results for the extended bar
and two embedded plate specimens. Any lack of conservatism is most likely dutoteeihe
than desired strengtif concrete in the CIP deck. TRHP deck had a correspding lower
tensile strength concretehich would case the specimens to crackater tensile stresses. It is
interesting to note that for the no connection specithemesign cracking moment (1890 kip
in.) exceedethe design nominahoment (1070 kipn.). This is due to the fact that the
minimum reinforcing prescribed by AASHTO was not provided. This same relationship is seen
with the extended bar connection as well since the design nominal m@aeéatkipin) does
not exceed 1.2 times the crackingmment(2270 kipin.) as prescribed by AASHTO (AASHTO,
2010) For this reason additional testing should be conducted to further examine this behavior
and perhaps design the extended bar and no connection spetimeretminimum reinforcing
requirements
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Validation of Finite Element Models

The finite element models for both the full bridge and the test specimens were created
based on several assumptions. Both models were designed entirely of concrete with alt inverted
T girder geometries and did not consider the effects of steel. Themwékss for the model
full-scale bridge under AASHTO loading conditions and the model test specimen with simply
supported boundary conditions and a 25 kip load split evenly between the two quarter point loads
were almost identical.

The strain profiles ofll of the test specimens could not be obtained at the service load of
25 kips due to irregularity in the strain gage results. For that reason, the strain profile from the
finite element models is compared to the test specimen strain profiles of thargesttioad
increment 80 kipg. This comparison is shown Figure86. Both finite element models had a
tensile stress of approximately 0.18 ksi dilg above the longitudinal joint and a compressive
stress of approximately 0.16 ksi at the extreme compression fiber with a linear trend between
those points. Adjusting those stresses to a 3
modulus elastick of 3600 ksi converts thdse Ustrresapeed il
(The design modulus of elasticity closely represents the average recorded modulus of elasticity
of 3620 ksi for the four test specimens.) The 30 kip load step is withimé#ae elastic range for

the models and the test specimens.
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Figure 86: Comparison of Strain Profiles of Test Specimens to the Finite Element Models at an Applied Load
of 30 kips
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As Figure86 shows the slope of the strain profile of the finite element model replicates
the behavior of the test specimens. The extended bar specimen experienced larger strains while
the other thee specimens experienced smaller strains than predicted. The generally conservative
nature of the models is most likely due to the fact that the effects of reinforcement, which stiffen
the test specimens, were not considered in the models. The lacksef\atism in the extended
bar connection is most likely due to the low modulus of elasticity of deck concrete in that
specimenTable5 showsthe concete strength values. Though the comparison is not direct it can
still be seen that the assumptions of the model do represent the actual behavior of the tests at a

load close to service level.

Comparison of Specimens

It is insufficient to compare thaltimate and cracking loads of the specimens as the only
means to evaluate relative performance. The service level stress is a key aspect to consider. Since
the daily demand on the bridge system falls into this classification it is beneficial to identify h
each connection and geometry behaves under these stress conditions. There is also benefit in
comparing the specimens from a relative performance standpoint. Identifying the maximum
capacity of each specimen indicates how it might behave under ultimaterdoading
conditions. In addition to these qualities the durability and constructability of each connection

are also of importance. Following are sections discussing these and other considerations.

Service Level Load Behavior

One of the primargoals of this research wasdevelop an inverted to invertedT
connection with good resistanceradlective cracking. The stress corresponding to crack
initiation in each specimen was compared directly to the applied load causing the first crack. For
applied | oads up to the design service | oad of
until well above this value that the no connection specimen cracked. The other three specimens
first cracked at larger loads as showTable12. This table also shows the stiffness of each
specimen throughout the lineallastic range up to a load of 50 kips. This dat@derived from

Figure68in the Results chaptefhe stiffness values are relatively similar to one another which
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indicates that each of the specimens is behaving lglaatically and offering similar resistance
to the applied force-rom a service level perspective all specimens behaved adequately and

would be suitable for implementation.

Table 12 Comparison of Service Load Behavior
Cracking Load Load Ratio Stiffness

Specimen . (Cracking Load/ .
(Kips) Service Load) (Kip/in)

Extended Bar 20 2.60 970
Embedded Plate Inverted-T 100 2.85 1460
Embedded Plate Tapered 110 3.10 1050
No Connection 60 1.87 940

Relative Strength and Ductility

From a strengtktandpoint the embedded plate tapered section behavedstodt all of
the sections tested. It was the only connection and geometry combination that could not be tested
to failure since its capacity exceeded that of the loading frame. The extended banteaadied
plate invertedl specimens failed at similar loads (260 kips and 225 kips, respectively). The no
connection specimen, as expected, had the lowest load at first cracking and at failure.
Ductility is the ability of a section to deform beyond itslgl point without significant strength
loss. (Wight and MacGregor, 200Bable13 shows the ultimate load and deflection ductility of
each specimen. The ductility was calculated by dividing the measured specimen deflection just
before failure by the deflection at yieldio§the steel. (Park and Paulay, 1975) This table shows
that the extended bar and two embedded plate connection specimens gave an indication of failure
and therefore better ductile performance while the no connection specimen did not. The
justification forthe poor behavior in the no connection specimen is discussed later in this

chapter.
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Table 13 Comparison of Nominal Load and Ductility

Strength Ductility
Specimen (kips) ( U.-‘t.f.mate Def.-‘e.cﬁon/
Yield Deflection)
Extended Bar 260 3.4
Embedded Plate Inverted-T 225 6.0
Embedded Plate Tapered *300 *7.4
No Connection 90 11

* - Test Setup Limited Maximum Load to 300 kips
(Embedded Plate Tapered Specimen did not fail)

The deflection ductility ratio is based on the midspan deflection of the specimen at the
larges recorded load step before failure divided by the midspan deflection of the specimen at the
yielding of the connection steel. Connectsgiael yielding was determined fraime strain gage
readings in the Results chapter.

A tensionrcontrolled section has tensioAreinforcement area such that when the beam
reaches its nominal flexural strength, the net tensile strain in the extreme layer of tensile steel is
greater than or equal to 0.005. If the net tensile strain is less than the yield strain ofGsGf2 of
the section is considered compressiontrolled. A net tensile strain between 0.002 and 0.005 is
considered atransitienone section. Appropriate (G factors
strain exhibited in the extreme tension stadight and MacGregor, 2009igure72 andFigure
76in the Results chapter show that the tension steel in the embedded plate spedbewhsd
0.005 and both are thereforetensom nt r ol | ed and can use the full
Figure70 andFigure81 indicatethat the tension steel in the extended bar and no connection
specimens reached a strain of 0.002, but did not reach 0.005. Based on this data and according to
ACI-318 these specimens are in the transitional
factor. (ACI-318, 2008) The plots for the extended bar and no connection specimens, however,
are based off of the strain from only one location on each bar. It is possible that other locations
experienced larger strains than what was captured by the stgas. ga

A section analysis of each specimen indicated that all four tests were designed to be
tensioncontrolled. This design can be found in Appendix G. Moreover, there was no observed
crushing in the compression zone during testing. A more likely exmanatthat the high,
ductile strains of the extended bar and no connection specimens were localized away from where

the strain gages were installed. This is reinforced by the fact that the significant crack opening,

78



and therefore high concentration ofesss in the steel, occurred at locations away from the strain

gages for both the extended bar and no connection specimens.

Durability

Eachtest specimen was subjected to cyclic loadifigr first cracking. This test protocol
is detailed in the Experim&d Methods chapter of this thesir each cyclic load test the
number of cracks and crack lengths stabilized after a few cycles of load.

Assumingan uncracked connection area at servicedpti® extended bar and no
connection details will not bgarticularly susceptible to chloridegress. The tension rebar
abovethe joint for these two specimens have at |8dst of clear cover from the top of the
exposed joint as per AASHTO bridge design guidelines. The same cannot be said for the two
embeddd plate connections. For those details the inclined plates and portions of the tension
rebar attached to those plates are directly exposed to the elements as digwre8y.

Figure 87: Plates Exposed to Elements

This exposure means that the welded connection attaching the precast members will be
directly exposed to corrosion inducing chemicalse onset of corrosion will likely cause

concrete spalling above the connection and possibly reduce the servideH#esystem.

Constructability

Since the inverted bridge system was developed for rapid construction implementations
it is desirable to optimize the system so that it iy éa$abricate, ship, and assemble the precast
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elements. One key factor in theig construction concept is to minimize the impact of the
construction sequence on traffic. There are three key points to consider for each specwsen 1)
of precast element fabrication, 2) ease of shipping, and 3) ease of assembly in field.

Constructalhity issues with the extended bar connection were part of the reason for this
research. The extended bars created issues during fabrication, transportation, and installation.
From a fabrication standpoint the extended bars made constructing and reroawiwgrk a
challengeComplicated formwork was requiréd accommodate the bent bars that protruded
from the girderds side. The bars also created
bent while in transit or during ldéng or unloading. Inddition, the bars maplacing the
girders onsite a meticulous operation. On the positive side, the extended bar connection requires
little work in the field if the bars arrive and can be installed undamaged. Workers simply install
the shear cage into tinegion over the joint, tie the steel in the deck, and place concrete.

The two embedded plate connection details present similar issues. From a constructability
perspective the geometry of the girders makes very little difference other than the faimas for
tapered section are easier to remove. In either case there are no major modifications that need to
be done to the formwork like for the extended bar girders. There are also no concerns with
shipping the embedded pl a tpretrudngelemenssThesweldede t he
connection does, however, require additiondlefd labor. With the current design, anfield
weld must be performed déhft intervals along each longitudinal joint between adjacent girders.

The practicality of such woris currently unknown. The details of the welding process are
included in the Construction and Processes chapter and further discussions of this topic are
included in the Conclusions chapter of this thesis.

The no connection detail was by far the simiptiEsign tested. There are no special
accommodations that need to be considered by either the precaster or the contractor. The precast
girders are simply cast, shipped, and then positioned onsite. There are no connections that need

to be constructed andastdard tapered forms can be used with no slots or holes.

Geometry

The introduction of a tapered profile to the inverfedoncept produced some promising
results. In the case of the direct comparison between the two embedded plate connections the

specimen with the tapered profile required the application of 10 more kips to crack. It also
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exceeded the 300 kip capacity of the frame, whereas the invepexfile failed at a load of 225
kips. Furthermore, the type of cracking in the tapered section wasdasirable. Seleigure59
andFigure60in the Results chapter of this paper. The inveftguofile failed atthe joint which
opened up dramatically at the failure load. The tapered specimen showed little damage at the
joint, but rather had more crack distribution with the majority of the opening at the tapered
interface between precast and CIP concrete.

Thoughit is difficult to directly compare, since one specimen failed and the other did not,
the loaddeflection behavior indicates that the tapered profile showed much better ductility than
the invertedTl specimenFigure67 in the Results chapter illustrates this behavior. The-load
deflection relationship in the two specimens was very similar up to a load of 190 kips. From that
point the invertedl profile deflected significantly with each additional load step while the
tapeed profile showed more linear behavior to the pofnhaximum load frame capacity.

Crack Control

The introduction of reflective cracking reduces the effective moment of inertia and in
turn reduces the strength of the systBmflective cracks also prale a path for chloride® the
interior steel of the members which can cause corrosion and shorter service life. Limiting the
initiation of reflective cracking and controlling crack widths is a desrgohlity for the
invertedT to invertedT connectionFigure88 shows the height of the highest crackhe
specimerat each load stepigure89 shaws the height of the crack at the inverietb inverted
T joint. These graphs are based on the data presented in ApjRerdie vertical origin for both

plots is defined as the bottom of the specimen.
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Figure88 shaws that,in all casesthe first crack extended several inchestically at
initiation. Additionally, in all cases except the extended bar connection the cracks propagated to
approximatey their finalheight shortlyafterthe formation of thérst crack. Most of the
additional cracking that took place after the formation of the first crack was in the form of new
cracks not the propagation of the existing ones. As the specimens craekeeltifal axis
shifted up.This concentrated the compression force over a smallerFageme89 shows
behavior similar to that ifigure88. The difference irrigure89is that for the two embedded
plate connections the craditisl not extend vertically nearly as much at first crack. This indicates
that the embedded plate connection possessed some crack arresting properties that the other two
connections did not.

According to ACI standards, the maximum allowable crack widtllfpiair conditions is
0.016 in. This value reduces to 0.012 in. for humid, moist air and to 0.007 in. for conditions
where deicing chemicals are used. (A28, 2008) For a bridge to meet service requirements
the maximum crack width should not exceedgsthalueswhere appropriatd-igure90 shows
the maximum crack widths recorded in each specimen throughout the loading [Fapes91
shows thenaximum crack widths up to the ACI limit for dry conditions. (Note the difference in
scale of the two pits.) These figures are lgbonthe visual crack documentation in Appendix
D.
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Figure 90: Maximum Crack Width in Each Specimen through Full Range of Applied Load
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Figure 91: Maximum Crack Width in Each Specimen up to ACI Crack Width Limit

None of the specimens tested cracked under service load conditions. It was not until the
loads presented ifable14 that the specimens exceeded the ACI limits for maximum crack
width under different conditions. This confirms that crack widths are not a serviceability issue
for any of the specimens tested.

Table 14: Loads at Which Each Specimen No Longer Meets Service Requirements for Crack Width
Embedded Plate Embedded Plate

. Extended Bar No Connection
Environment Inverted-T Tapered
(kip) (kip) (kip) (kip)
Dry 130 140 160 70
Moist 100 130 150 60
Deicing Chemice 90 90 130 60

Cracking in the Extended Bar Specimen

The extended bar connection exhibited cracking during testing above the ifivéoted
invertedT joint as can be seenkigure58in the Results chaptefhe largest cracks were
located at the vertical interface between precast and@i€rete. The cracks did not propagate
vertically as fast for this test as the other three. There was minimal cracking over the joint for
this test. A small crack did initiate at the joint, but was arrested at the approximate location of the

extended barand then extended horizontally as the failure load approached. The instrumentation
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attached to the extended bars showed no signs of rebar failure during any point of the loading
regimen, even at failure of the specimen.

The lack of cracking over the jdimdicates that the increased steel in that region due to
overlap of extended bars prevented crackiigure1lin the Specimen chapter of this paper
shows this overlap. The majority of the cracking occurred at the interface where only one set of
extended bars spanned. The cracking in this region also could suggest a loss of bond between the

precast and CIP concrete.

Cracking in the Embedded Plate Irverted-T Specimen

Though cracking initiated at the vertical interface between precast and CIP caherete
failure crack occurred directly through and above the invertedinvertedT joint. The failure
crack was darge crack that limited the strength of the specimen at ultimateByacbmparing
cracking at the joint and the data from the strain gages attached to the tension bars welded to the
embedded plates, it can be deduced that the significant crack opgamfe joint was a direct
result of the yielding of the tension connection steel. The strain gagegpine 72 indicated that
the tension steel atthed to tle embedded plates yielded at a load of athdQtkips. Shortly
after this load the crack over the joint showed significant growth while the load deflection curve
leveled out. Further discussion of the connection yielding is discussed in thec@tmmsection

of this chapter.

Cracking in the Embedded Plate Tapered Section

Cracking in the tapered section with embedded plate connectors initiated at the interface
between precast and CIP concrete. This interface also had the largest crack during testing of the
specimen. As stated before, this specimen did not fail under thenomaXoad applied. It is
interesting to note, however, thtae strains shown iRigure76indicated that the tension rebar
attached to the embeddeldtes yielded in all connections between 140 and 190 kips. This is
much different than the inverteldtest with the same connection which failed not long after the
tension bars yielded. This indicates that either the geometry of the specimen or thenraflusi

the drop T&S rebar had some effect in extending the capacity of the specimen.
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Though none of the cracks opened to the extent of the joint crack in the embedded plate
invertedT specimen it is worth noting that the embedded plate tapered sectjposdiess many
more cracks, especially away from the longitudinal joint near the application of the two point
loads. This indicates that the tapered profile better distributed the transverse strain throughout the
specimen than the invertdddesign which snply opened up at one point to form a hinge. The
tapered section exhibited no hinging, but instead demonstrated beam bending behavior

throughout testing-igure65 illustrate this behavior.

Cracking in the No Connection Specimen

The specimen with apered geometry and wonnection cracked at a lower applied load
than the other tests. The first crack initiated at the invartedinvertedT joint where there was
the least effective momeof inertia. The crack that show#te greatesbpening however,
formed through the thickest portion of the precast element. This is a result of the limited amount
of tension steel in the precast girder in thegskerse direction. In the three other cases the
connection steel passed through the bottom of the precast girder to develop the tensile strength of
the connection. In this specimen, however, since there was no connection steel to develop, the
bottom row ofsteel across the girder was designed only to support the weight of wet CIP
concrete on the flange. This is detailedrigure25in the Test ecimers chapter of this thesis.
The only steel running transversely across the bottom of the precast girder was #3 rebar spaced
18 in. on center. That limited amount of steel could not carry the tensile force that developed
across the bottom of the specimen dmresult was a large failure crack forming at a load of 90
kips. This is supported by the nature of the failure which occurred through the precast section of
the test specimen. This behavior is discussed further in the next s#danteresting to ate
that while the specimenifed at a low load it exhibitedehavior similar to the other tests up
until that point.There was very little ductility in the failure, which does raise someeorfrom

a safety perspective.

Failure Modes

Structuralfailure refers to loss of thiwad-carrying capacity of structure or an individual

component within a structure. Structural failure is initiated whemidwerialis stressed to its
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strengthlimit, thus causing fracture or excessdeformations(Wight and MacGregor, 2009)
For this project failure was determined at the point in which the test specimen could no longer

carryadditional applied load.

Extended Bar Connection Failure

The extended bar connection faikesla result of a large craakthe vertical interface
between precast and CIP concrete. As mentioned before, this behavior is most likely due to the
lesser amount of connection steel at that location in comparison to the other regions of the CIP

portion or a bond failure at the imtace.

Embedded Plate Connection Failure

The tension el yielded for both specimens testeith embedded plate connections. In
the case of the straight web inverEgrofile the bars yielded at 140 kips as showRigure72.
The rebar in the tapered section yielded between 140 and 190 kips as skogumeaii6. The
point of rupture for both of the connections in the invefgatofile was in the tension rebar just
behind the embedded platggure92 showsa closeup view of the fracture. There was no

rupture in the tapered profile test.
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Figure 92 Embedded Plate InvertedT Connection Failure (photo)

The weld attaching the drap bar between the two plates held for all of the connections.
This weld was designed to be the strongest point in the connection. This eliminated any
variability that might have come from using different sized dropars andvelding processes.
The reason that the bars in the inverteplrofile ruptured and the ones in the tapered profile
didnét is most I|ikely a result of strain dist
equally distributed through multiple cradksthe tapered section profile. In the inverietest
all of the strain was localized at the joint and thus at the weakest point in the embedded plate
connection. The weakest point of the connection happened to be in the tension bar directly
behind the @te. The weld between that bar and the plate was completed apentetitation
weld and had a higher capacity than the tension bars. Initial inspection indicated that the
connection had failed at the weld, but upon further investigation the shapebaf tefailure
indicated the location of rupture.
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No Connection Failure

The performance of the no connection specimen was satisfactory from a service level
perspective, yet the failure behavior was unsettling. The design of the transverseddngtarh
steel in the precast girder was under designed as an oversight. The drop bar could not carry the
transverse tensile force once the bar bent upwards along the tapered face of the precast girder
because of the reduced depth of the force couple.ni&ie the tensile force shift to the
transverse bottom layer of steel in the girder. The #3 bars at 18 in. spacing were not designed to
carry such force. This resulted in the failure of the specimen through the girder section. This
oversight limited whata@nclusions could be drawn about this system. If bars had been designed
to carry that force it is likely that the ultimate capacity of the specimen would have been much
higher. By any respect it would have been more beneficial to force the failure toneactine
joint to more directly compare this configuration to the others tested. This idea is discussed

further in the Conclusions and Recommendations Chapters of this thesis.

Strain Gage Results

The strain gages placed within the specimens both reinforced the visual observations
made during testing and provided new information about the behavior of the profiles under
loading. The cracking loads indicated by the gages in the lower elevation refjibas

specimens closely reflected the loads at which cracks were first visually identified.

Extended Bar

The strain gages in the extended bar connection indicated cracking at a load 10 kips less
than what was identified visuallifzigure70 shows thathree of the gages attached to the
extended bars on the left specimen indicated cracking at 80 kips. A gage located 9 in. above the
bottom of t he p3rcapturadsthis behaviol as wel. Bguenoindhé Results
chapter indicates the strain in each of the extended bars was similar. This shows that there was
good distribution of stress across the bottom of the section and that eheterfended bars

was carrying a fairly equal share of the tensile force. This behavior is favorable to a situation
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where one side of the specimen strains significantly more than the other due to an unbalanced
load distribution.

Figure71shows the shift of the compression zone in the top of the specimen. The gages
in that plot were positioned 22.5 in. above the bottom of the precast section. Updooé lo
around 160 kips all of the gages were in compression. As the cracks began to propagate through
the section theeutral axis movedpward. At 160 kips the neutral axis shifted to a point that
resulted in a decrease in compression in the top mat ofsi&$. At a load of around 250 kips,
just before failure, the neutral axis passed above that region and the bars went into tension. This
indicates that even though the top mat of reinforcing steel was in tension the specimen was still

able to support thapplied load.

Embedded Plate InvertedT

The gages for the embedded plate inveftedst produced the most concise results with
the fewest scatter of all of tests performed. The biggest issue with the gages in this test was that
the four gages attached to the tension rebar on the right siie wEtded connection were
destroyed when the girders were cast. The gages attached to the tension rebar behind the
embedded plates on the left side, however, did capture some interesting behavior in the
specimen.

As Figure72 shows all four gages indicated cracking at the same point at around 110
kips. Fromthat point thdfour gages indicated different magnitudes of strain up to a load of
around 180 Ips. It is at that load that the gages all show a drop in strain. Initial observation of
this behavior suggested that the bars have ruptured at this load. This, however, is not the case as
the specimen was able to carry an additional 45 kips of load. Alikeleinference is that at
the load of around 180 kips the bond between the strain gages and the rebar failed. Debonding of
the gages from the rebar creates an immediate drop in strain reading in the gages. By this
reasoning any behavior indicated beyd®@ kips inFigure72 should be ignored.

The gages located 9 in. above bottom of precdsigure73 show that the crack
remained al most exclusively al oflig -229hea-B)do n9gdi t u
that were located along the center of the section all indicate crackilggtinhtwo offset gages
( 920L a rRish@vano variance in strain. Though most of the cracking in the CIP region was
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limited to the area directly over the joint this does not mean that there was no other cracking in
the constant moment region. The twaggs inFigure74 that were located above the interface
indicate that cracking did occur there between 110 and 120 kips. This is supported by the photo
in Figure59. The behavior of the top mat of T&S steel displayeBigure75is similar to that of

the extended bar connection. This region shows initial compression followed by a shift towards

extreme tension near the failure load.

Embedded Plate Tapered

The gagesittached to the tension steel behind the embedded plate connection in the
tapered embedded plate tesFigure76 showed behavior similar in nature to that of the
invertedT geometry test of the same connection. Like in the invertprbfile all strain data
beyond where the gages indicate debonding should be ignored.

Unlike the invertedr test the tapered profiledicrack in more than one place in the CIP
region.Figure77 indicates that all five locations along the 9 in. elevation cracked. This signifies
thatthe use of the tapered profile helped spread the strain throughout that region more
effectively. In the inverted profile all of the strain was concentrated in one large crack directly
over the joint. In the tapered profile, however, the one large amduaéailure crack was
replaced by a series of smaller cracks throughout the CIP region over the flanges. Moreover, the
vertical shift of the neutral axis was limited in this testFAgure78 shows the strain in the top
mat of T&S steel remained increasingly compressive throughout the 300 kips of applied load.
This indicates that the distribution of stress helped the specimen maintain strength.

No Connection

The responses of some of the gages in the no connection testaéicand may not
appropriately describe the behawialLgageiiguret he t e
79 does not seem consistent with what would be expected in this region. It is believed that the
large spike in data is effectively an error in the gage as it does not desgythimg the
specmen actually exhibitednd the data points before and after that point report data similar to
one anotherRegardless of that odd point the rest of the gages do suggest that the majority of

cracking in the CIP region occurred directly overgireer to grderjoint. With the exception of
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the one outlier poirghown inFigure79: Strain in Row of Gagesi@. Above Bottom of Precakigure79,

neither of the two offset gages indicated cracking. There is also inditiadibone transverse

face of the specimen experienced mBshevscr ackin
little strain by comparison to ¢htwo gages across the joifihis behavior is supported at the

level 12 in. abovéhebottom of precast bligure80. I n this -findgatese gage 12
significantl y mo-2 &hissignifiesthat the dpecimenglid igoeequalB o

distribute the load in the longitudinal direction. This isypiec becausé&igure81 shows the

gages in the drop bars that were designed to carry the tension force in this specimen all show
similar values of stiia. Since the drop bars are all the same size and material this strain

relationship indicates that they are under the same stress and thus carrying the same tensile force.
The behavior of the gages in the top mat of T&S steElgare82indicates that the neutral axis

never approached that layer of steel in this test.

Comparisons

Every specimen had a layer of five gages located nine inches above the bottom of the
precast girder as shown kigure30in the Experimental Method$apter of this thesis. In the
center of t hat-2 Fgured3shows thevamsuntgpfsiaen difkdly over the
longitudinal joint in the ceter of the specimen. This gage shows the inability of the embedded
plate invertedl specimen to distribute stresses compared to the other three. Looking at the
slopes of the regions of the graphs after cracking provides insight to the abiligoebtimery
and connection combination to arrest cracks once they form. The embedded plate tapered section
cracked at a similar load to the embedded plate inv@rtgaecimen, but was better able to
restrain that crack from opening. The extended bar connectmuidlga better job of arresting
the crack width opening in the region over the inveffiad invertedT joint. Much like what the
other instrumentation indicated, after the formation of the first crack, the no connection detail
showed significant crack gnagh with each additional load step. All of this behavior did,
however, occur at loads well above the service level and should be considered as such.

Figure84 shows the strain profile for each specimen at a load of 30 kips. The selected
load is an arbitrary point within the linealastic range that exceeds the service level load. This
plot shows that the strain profile for each of the systems is on the sayn#uda and that the
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specimens behaved similarly. The linearity of the strain indicates monolithic behavior of all of
the specimens before cracking. This supports the assumptions made in design and in the finite

element model.

Extended Bar Trial Specimen

As noted in the Construction and Processes chapter of this thesis a trial specimen was
created because a mistake made in the girder casting process. This specimen was instrumented
with only LVDTs and wirepots and was used primarily as a practice to eutrny issues in the
testing process. The specimen was put through the same loading regimen as the other tests and
external cracking was documented accordingly. The primary differences between this specimen
and the other extended bar test were the cananet and quality of flanges and roughened
surfaces. From a testing perspective the only real difference was the absence of strain gages on
the interior of the specimen.

The results of the trial specimen were surprising and if nothing else created orany m
guestions about the behavior of the transverseasabmblage connections. Despite the poor
guality of the exterior of the girder components the entire specimen actually showed better
performance than the supposedly better quality specimen. Theptgakcsi mend6s capaci ty
exceeded what the frame could apply. The extended bar specimen, however, could not carry any
load past 260 kips. This is counterintuitive on a few levels. First of all, the trial specimen
experienced its first crack at a load 10 kipohethe extended bar test. In addition, the extended
bar failed at the vertical interface between the precast girder and the CIP deck. It is logical that
that the extended bar specimen with its roughened surface would have better bond at this
interface andhus better resistance to separation. The trial specimen showed significant crack
opening at that interface, but such opening did not restrict the specimen from carrying more load
through the 300 kip range tested. Aigure93 shows the two specimens behaved almost
identically up until a load of 200 kips. They maintained similar behavior to 260 kips until the

extended bar specimen failed.
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Figure 93: Comparison of Load-Deflection Behavior between Extended Bar and Trial Specimens

The one advantage the trial specimen possessed over the extended bar specimen was a
stronger deck concrete mix. The CIP portion of the trialispat was cast with the two
embedded plate specimens. The strengths of this mix are listedbleb in the Results chapter
of this paper. Theehavior of the cracking at failure of the extended bar conneatiicates
that deck concrete strength could have been the controlling factor for capacity. As the extended
bar specimen approached failure, the deck concrete over the joint exhibitedikeweditern of
cracking. At that load, cracks extended in all directions throughout the CIP concrete. These
cracks did not extend into the precast girder. This indicates that the concrete in that region did
not have the tensile strength to handle theiag@tress at that load.

The comparison of behavior of the deck concrete in those two tests raises some questions
concerning the applicability of the other tests run in this research. If the deck concrete strength is
such a crucial component then thesm@ableness of comparing specimens with different deck
strengths becomes questionable. This result indicates that it is possible that the extended bar and
no connection specimens might have behaved better than recorded if the deck concrete mix had
reachedts proposed strength. This notion, however, most likely applies to the extended bar
connection due to the fact that the no connection specimen failed in the precast girder. Though it
is possible that increasing the strength of the deck concrete woulthbesased the load that
first induced cracking, it is doubtful that it would have added any ultimate capacity to the no
connection test.
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The difference in capacity between the trial and extended bar specimens indicates one of
two things. The first beinthe differences in the specimens discussed in the segment above and
the second being variance of specimens. In every case only one test of each profile was
completed. The limited sample size leaves the tests susceptible to unidentified variance. It is
possible that any of the profiles could have tested stronger or weaker on average than what was

recorded as part of this research.

Summary

Theobjectiveof this research is t;ecommend an improved invert@dsystem for sub
assemblage and fudicale testig. The data and discussions presented show the benefits and
detriments of each geomettpnnection combinatioMable15includesa qualitative summary
of each of the specimens for each of¢higcal systemcharacteristicsA rating of Acceptable
means that the specimen met the requirementhé given characteristié rating of Poor
designates that the specimen did not megiirements or expectations.rating ofQuestionable
indicates that further studyust be completed to provide a suitagaluation of the given

characteristic.

Table 15: Evaluation of Each Specimen

Characteristic Extended Bar Embedded Embedded No Connection

Plate Inverted-1 Plate Tapered
Service Load Behavior Acceptable Acceptable Acceptable Acceptable

Strength Acceptable Acceptable Acceptable Acceptable

Ductility Acceptable Acceptable Acceptable  Questionable

Durability Acceptable  Questionable Questionable  Acceptable
Constructability Poor Questionable Questionable  Acceptable

Table15 showsa comparison of each of the specimens basdtbw each one can meet
the needs of the bridge system. The extended bar specimen was deemed acceptable for
everything except constructability. The poor constructability of this system was known before
any testing was conducted, but it was beneficial ttudecthis specimen as a control to represent
the current state of the invert@dsystem.

Despite the several advantages of the tapered profile, the two embedded plate specimens
are equally applicable for implementation based on their similakivesaes. Both tests
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performedmuch better than needed from a service and ultimate load standpoint that the
advantages of the tapered profile are relatively insignificant compared to the irveTtied
uncertainty that comes with the embedded plate coiondahits the applicability of either of
these systems. As discussed earlier in this chapter, the exposed steel of the connection raises
concerns in terms of durability. Also, the feasibility of performing thield welds in a timely
manner is questiable.

Although it had théowest ultimate strengtlihe no connection test wagong enough to
be acceptable for boservice load and ultimate conditiohe 60 kip cracking load is well
beyond the 25 kip service load. There was little ductility engisstem and this is a concern.
However, the main cause of the low ductility lies in the nature of the failure. The reason for the
failure was due to an oversight in the design. By adjusting the design to meet the demands of the
system the likelihood of sreasing both the ultimate capacity and ductility is great. Simse
system is by far the easiest to constriwather testing of this system is recommended. The goal
of the further testing will b&o improve the ultimate strength and ductility by irasieg the
amount of steel in the bottom layer of transverse reinforcement. By adding steel to this region the
specimen should better be able to carry the tensile force and prevent the failure crack from
forming through the precast section. This shouldnatlee specimen to carry additional load

until it fails in the region over the longitudinal joint like in the other specimens of this testing.
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CONCLUSIONS

The objective of this research was to develop an improved invEredverted connection.
Based on the analysis of the results from theamgemblage testthe following conclusions are
drawn.

1 Small to medium size course aggregates and a high coshuretp are required to

properly form the flanges of the precast girders. In addition, consolidation of the concrete
in the flange can be improved by using open formwork at the flange tip and installing the
formwork when the concrete is properly consolidatethe flange.

1 All of the specimens tested met the service load requirerferitme, tandem, and truck
loadsset forth by AASHTO.

1 The embedded plate invertddspecimen performed similarly to the extended bar
specimenThe embedded plate connectioraipursuable option for further study and
implementation into the invertet bridge systemHowever, durability and
constructability of the embedded plate connection needs further evaluation.

1 The embedded plate tapered profjenerallyperformed better #n the embedded plate
invertedT profile and is an acceptable alternative to the-tagpered system.

1 The strength of the no connection system was controlled by the small amount of
reinforcement in the bottom of the precast section, not by the strengthiavertedT to
invertedT joint. The strength of the no connection system can be significantly improved
by increasing the amount of reinforcement in the bottom of the precast section.

1 All connections displayed acceptable performance under the@uitng repeated load

regime.
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RECOMME NDATIONS

Based on the analysis of the results from theamgemblage tests, the following

recommendations are made

1.

Concrete quality should be closely monitored and controlled. Maximum aggregate sizes
greaterthan 1/2 in. should not be used for the precast girders.

Any implementation of the current system of extended bar conneatidodethe u® of a
tapered section geometry.

The no connection concept should be considereddein the U.S. 360 bridgAdditional

testing and modification to the detail, however, shoulddmepleted before implementation.
The under design of the transverse tension steel, however, raised some concerns from an
ultimate strength and ductility perspective. A few practical optexnst for further testing.
Basedoff calculations made to resist the transvéesesile force these options include #4 bars
at 6 in. spacig, #5 bars at 8 in. spacing,#8 bars at 12 irspacing. hiese options should be
considered to optimize the transtd the tensile force across the bottom of the section.
Testing should be conducted to monitor the behavior afitheonnectiorsubassemblage
under conditions that include shear. Though the finite element model indicated negligible
worstcase shear fahe system there would be value in documenting the behavior of a
transverse suassemblage connection under both service level and ultimate shear stresses.
Future studies should consider hollow core beams. Theveatht of the girder section adds

a sigrificant amount of stress to the system. The inclusion of holes in the web region of the

girders would reduce the sealfeight and the stresses associated with that weight.
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APPENDIX A - SUB-ASSEMBLAGE REINFORCEMENT DETAILS
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Figure A-2: Steel Location for Extended Bar Specimen

Table A-1: Rebar Schedule for Extended Bar Specimen

LENGTEF WEIGHT

Description BAR NO. SIZE TYPE _
P (i) (Ibs)
T&S (Transverse) A 8 #4 STR. 142 7.9
T&S (Longitudinal) B 20 #4 STR. 46 2.6
Tall Shear Stirrups C 28 #4 1 35 1.9
Short Shear Stirrups D 28 #4 2 29.5 1.6
Flange Steel (Longitudinal) E 12 #4 STR. 46 2.6
Flange Steel (Transverse) F 6 #3 STR. 68 2.1
Cage G 4 #4 3 74 4.1
Lifting Hooks H 6 #4 STR. 46 2.6
Minnesota Connection I 8 #6 4 92.5 11.6
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FigureA-3: Steel Location for Embedded Plate InvertedT Specimen
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Table A-2: Rebar Schedule for EmbeddedPlate Inverted-T Specimen

Description BAR NO. SIZE Typg -ENGTH WEIGHT

(in) (Ibs)
T&S (Transverse) A 8 #4 STR. 142 7.9
T&S (Longitudinal) B 20 #4 STR. 46 2.6
Tall Shear Stirrups C 28 #4 1 35 1.9
Short Shear Stirrups D 28 #4 2 29.5 1.6
Flange Steel (Longitudinal) E 12 #4 STR. 46 2.6
Lifting Hooks F 6 #4 STR. 46 2.6
Flange Steel (Transverse) G 6 #3 STR. 68 2.1
Vector Connector Tie (A706 Steel) H 8 #6 STR. 70 8.8
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Figure A-4: Steel Locaton for Embedded Plate TaperedSpecimen

Table A-3: Rebar Schedule for Embedded Plate Tapered Specimen

Description BAR NO. SIzE Typg -ENGTH WEIGHT

(in) (Ibs)

T&S (Transverse) A 4 #4 STR. 142 7.9

T&S (Longitudinal) B 20 #4 STR. 46 2.6

Tall Shear Stirrups C 28 #4 1 35 1.9

Short Shear Stirrups D 28 #4 2 29.5 1.6
Flange Steel (Longitudinal) E 12 #4 STR. 46 2.6
Flange Steel (Transverse) F 6 #3 STR. 68 2.1
Lifting Hooks G 6 #4 STR. 46 2.6

Vector Connector Tie (A706 Steel) H 8 #6 STR. 70 8.8
Bent T&S (Transverse) I 4 #4 5 156 8.7
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Figure A-5: Steel Location for No Connection Specimen

Table A-4: Rebar Schedule for No Connetion Specimen
LENGTEF WEIGHT

Description BAR NO. SIZE TYPE (in) (Ibs)

T&S (Transverse) A 8 #4 STR. 142 7.9
T&S (Longitudinal) B 20 #4 STR. 46 2.6
Tall Shear Stirrups C 28 #4 1 35 1.9
Short Shear Stirrups D 28 #4 2 29.5 1.6
Flange Steel (Longitudinal) E 12 #4 STR. 46 2.6
Lifting Hooks F 6 #4 STR. 46 2.6
Flange Steel (Transverse) G 6 #3 STR. 68 2.1
Bent T&S (Transverse) H 4 #6 5 156 19.5

Note: Each specimen containsi486 in. long cut pieces of 0.6 in. prestressing strand. (24 per

girder)
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APPENDIX B - CONCRETE MIXTURE DESIGN
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CIP Deck Concrete Mix

The concrete mikor the CIP deck was based off of studies done in the summer of 2011.
During that time four different mixes were proposed for investigation. Each of the test mixes
were designed for a compressive strength of 4,000 psi. The goal of this testing wasfyoaden
mix that produced minimal shrinkage and maximum creep. Minimal shrinkage was desirable to
reduce any cracking in the CIP section as a result of differential shrinkage. Since the girder
sections were to be aged before the placement of the deck jtréyrdd the shrinkage in the
girders would have already occurred. Any shrinkage in the deck creates tensile stress in the deck
which can lead to cracking. Since completely eliminating the differential shrinkage issue is not
possible, there is benefit providing a mix that allows for high levels of creep. If the mix can
creep under the internal forces caused by the differential shrinkage the tensile stress in the deck
can be somewhat relieved. Alleviating this stress reduces the likelihood and maghaogie
cracks from differential shrinkage.

From the testing performed on the deck mixes, which is further detailed in a paper by
Achmaa Vaanjilnorov (unpublished data). The design that provided the best properties from that
study for this application wake VDOT standard A mix. This mix is detaileth Table Ab.

Table A-5: Mix Proportions for CIP Deck

Material Quantity
per ydf

#57 Stone 1853 Ibs
Nat. Sand 1168 Ibs
Cement 533 1bs
Fly Ash 133 1Ibs
Water 250 Ibs

Water Reducer 161 340z
Midrange Water Reducer 130z
Water/Cement Ratio 0.38

Precast Girder Concrete Mix

The mix design for the girders was selected basqa@nous research conducted at

Virginia Tech.The mix is detailedn Table A6.
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Table A-6: Mix Proportions for Precast Girders

Material Quantity
per ydf
#78 Stone 1544 Ibs
Nat. Sand 1502 Ibs
Cement 675 lbs
Water 267 Ibs
Microsilica 54 1bs
SIKA 2100 27 0z
Retarder 24 0z
Water/Cement Ratio 0.36

Concrete Strengths

Girder Mix 1 and Deck Mix 1 apply to the two embedded plate specimens and Girder
Mix 2 and Deck Mix 2 apply to the extended bar and no connection specimens.

Compressive Strength
12000
= 10000
£ —e
£ 8000 i
=4
f__’l =4 Girder Mix 1 == Girder Mix 2
@ 6000
Q
2
a
Q
g 4000 * % >: *
g &~
© 2000

Deck Mix1 === Deck Mix 2

0 T T T T
0 20 40 60 80
Time (days)

Figure A-6: Compressive Strength Gain with Time
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Table A-7: Concrete Compressive Strengths

Girder Mix Deck Mix
Day 1 2 1 2
(psi) (psi) (psi) (psi)
7 7530 7100 3110 2610
14 8830 8010 3340 3340
28 8670 9680 3810 3380
56 9550 8750 4050 3300
90 9020 8310 3780 3590
Table A-8: Concrete Modulus of Elasticity Values
Girder Mix Deck Mix
Day 1 2 1 2
(ksi) (ksi) (ksi) (ksi)
7 5090 4860 4120 3110
14 5250 5370 3150 3710
28 5380 5600 4190 3110
56 5810 5510 4390 3360
90 5980 5710 5080 3370
Table A-9: Concrete Tensile Strengths
Girder Mix Deck Mix
Day 1 2 1 2
(psi) (psi) (psi) (psi)
7 730 718 360 280
28 910 700 430 360
90 750 830 410 340
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APPENDIX C - U.S. 360 SUPERSTRUCTURE DESIGN
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1. Introduction:

o

This worksheet

serves as the preliminary design of Route 360 over the Chickahominy River bridge

replacements. All calculations are based on the two bridges that were part of a study done at Virginit
The format of this worksheet is based on work dainae University of Minnesota for work done on NCH

Project 1071.

2. Materials, Geometry, Loading information and

L oad Factors:

Materials:
Concrete
_ ‘ Compressive strength of precast prestressed inverteelin at 28
fc_b . BKs days
fo p: Bks Compressive strength of precast prestressed invertdzedam at transfer of
- prestressing force
dp @.15(3@ Unit weight of precast prestressed Invertedélams in kips per
%3 cubic feet
fo g: 2ks Compressive strength of CIP concrete at 28 days
- (d for deck)
gq : @_15d<1J Unit weight of CIPconcrete in kips per cubic feet
# 3
Kl: #.( Correction factor for source of aggregate
o .15
. .%gb Q . . . .
Ep : 8300108 —0  Off . @si=5422.8s 28 day modulus of elasticity of precast concrete
aekip 0 -
ct’l
2 g 15
. &9b N : . Modulus of elasticity of precast concrete at transfer
B, 23000AGE P8 o odisi = 4286 s yore
aekip 6 -
c’l
2 g 15
By : 3300&1&_18 Qffe ¢@si=3834.as Modulus of elasticity of CIP concrete
aekip O -
ol
H: Average ambient relativieumidity
fur 21 Ultimate creep coefficient
€sh p: ©.000E Ultimate shrinkage strain in precast concrete
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esh d: ©.000¢€
a: H9.0000
Strand:

NUMayers @ 2
NUMyirands 1° 3+

NUMyrands 2° 3+

Ultimate shrinkage strain in CIP concrete

Coefficient of thermal expansion /degree F

Number of layers of strands
Number of strands in layer one of beam

Number of strands in layer two of beam

NUMyirands® NUMsgrands 1+ NUMsgrands

NUuMstrands = 24

COVeljy ot 2in

dv: 9.5n

. z
Ap © 9.21%

o _ 2
Aot Apm‘lumstrands‘o'O?’ﬁ

ps
db: 9.6n

dlayerl: TOVer, o + dy + - =2.8&n

djayersiandz SN
fpu: 27Kks

Ep: 2850Rs
fpy: :@.%pu
pr :@.7Kﬁpu

t: &¢

Rebar:

fy: B8ks

Es: 29008s
Apar: 8.70°
Numphars: %
Agt Apg®umyae
A = 0dn?

S

Total number of strands

Required cover for bottom of precast beam

Diameter of shear steel (stirrups)
Area of one prestressing strand
Total area of prestressing steel

Nominal diameter of ongrestressed strand

d
Distance between centerline of strands in layer 1 to bot

of Inverted T:

Distance between centerline of strands in layers 1 and 2:
Tensile strength of prestressing steel

Modulus of elasticity of prestressing steel

Yield strength of prestressing steel

Jacking force (initially applied force)

Time from tensioning to detensioning of strands (hours)

Yield stress of mild reinforcing
Modulus of elasticity of mild steel
Number 8 bars

Number of bars ahild steel (no mild steel included)

Area of mild steel

112



Abar_d : @.44n2 Number 6 bars

Dbar_d : 98n Diameter of number 4 bars
covery : #in Cover over steel in deck
NU”bars_d : 8 Number of bars of mild steel in slab

Ag d' A bar_dc.b‘Iu Mhars_d

Ag 4= 3.5%n° Longitudinal rebar in slab
Aghearbar: ﬂ.an Number 4 bars
Geometry:
hp : 48n Height of precasinverted T (from bottom of flange to top of web)
hg © 3in Thickness of flange
by : Fdn Width of bottom of beam
by : 42n Width of one flange
hWGb . :hb - hﬂ =15n HE|ght of web
bWGb . :bb - ZCbﬂ = 480n Width of web
_ Shear width of the precast section (web and longitudina
by © F4n trough width)
. c’-olhb Q. . Z Area of concrete on flexurénsion side of member
Ac: B by + Epz_ - Iy Qmweb =504n (see LRFD B5.3)
Slab:
he o =in Thickness of the CIP topping above the web of the inverted T
d .
by : 24n Width of the CIP region between the precast units
hys: €N Thickness of the CIP slab assumed to be wear
he: Hp + hy Total thickness of composite beam and $thdes not include
wearing surface)
Span
L: 87.% Centerline of pier to centerline of pier dimension
Piepfset - 8N Distance from centerline of pier to end of beam
Lp: % - Piegget = 370 Overall length of the precast section
Lpad : 42n Length of bearing pad
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Bearingoﬁset . #in

Distance from end of beam to centerlinde#ring

Ldes: Ep - ZGBearingoﬁset =360 Design span of the precast section

(hﬂ by, + bWeb(.b'web)dlb

VtoSO :

2Qhy By, + byepBien) + bp@p + byen@y + 20yerdp + 20y @y + 20y Gy

Mtos, = 5.081n Volume to surface ratio of the precast section

(hg®yp + 2Bg Byep)y,

Vto% o=

VtoSy = 3.968n

Bridge:

by @y, + 2QpPhy + hyep) + 20 Gy + 20,6 Dy + byep®p

S: &t Beam spacing

Num, @ 4¢ Number of the precast section in the bridge crasstion

widthy o0 214t Overall width of bridge

widthy . : 216t Curb to curb width of bridge

NUMgnes: * Number olanes

Loads:
Dead

NUMy 5rrigrs - 2

. Kip
Wharrier - @'3ﬂ_

. ip
Wius_future @.02§<—2
) ft
Live:

. Kip
HL-93

Construction Timing:

Yrans® 3

tage: 8(
tdeCk: 97

tinal © 2000

Number of barriers

Weight of single barrier

Weight of future wearing surface

Design lane load

Notional live load per LRFD specs

Time from tensioning of strands to release of prestress (

Time from transfer to deck placement

Time when continuity is established (days)

Assumed end of service life of bridge (days)
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Load and Resistance Factors:

vy B¢ Resistance factor for shear

DLA: 6.3 Dynamic load allowance (LRFD 3.6.21)

f

Non-composite SectiorProperties:

Area of Inverted T-Beam:
Ab: :hbmb - 2®W€b®ﬂ :93@12

Centroid of the Inverted T from the Bottom of the Flange

hp a

h ~
o y y webQ
hb(beE - meeb(bﬂ Géﬁﬂ + 0

2

T —g.428n

Yp - Ap

Moment of Inertia of the Precast Inverted T about xaxis:

= 3 2 o 3
bpdy,” Ay g Sy 0 -
lp e + bb(hb(BPE - Y0 - ZQ—Web + by Qe @y + web
12 c?2 = é 12 C 2
.4
lp =27120n

Section Moduli (Top and Bottom}

! .
S = 30000’
Yb
|
S: = b _ g3}
hp - Yp

Strand Pattern Properties:

NUMstrands_ Olayers + NU ”Etrands_f()dlayerl *+ diayers 1and)1

Ypbar_strands
- NUMstrands 1+ NUMstrands 2

Ypar_strands™ 4.30n

€CC. ¥pb - Ypar_strands™ 4.128n

Area of CIP Portion over each Inverted T-Beam

-~

Z

Composite Section Properties:
Effective width:

[*] 1 ~

% ZQ 8

- 2 o
e 6 6
A n

beg @ ®in(b) beg = 6  This includes all area above precast beam
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Transformed Section Analysis:

33(1501L ‘/T—o7o7
33150 °0) Offc b

btrans: :h(beﬁt =5091m'1
Gross Area:
Ag . Ab + beff (hG)d + 2@11 G)(hwet
. 2
Ag =1546.@n
Gross Centroid:
. A hd@ éhweb Q
ApQp * Pef “"%%’ﬁb + —-0+ 2y mmweb%p +hyO
Yo' =
g
Ag
yg =1L.778n
Yg top: Pp*hg - Yg= 13.228r Centroid from top of CIP

Gross Moment of Inertia:

. 2 1. . .. 3 o é hd
|gl :hD + Abcéyg - yb) + 1—2®eﬂ= @(Dd + (bEff mmd)?b + 7 - yg()
5t

:Oz

BN

Ahyen
lg2: 29'—“)11 B Byyep + by G’mweb%p_ +hy - yg”'

'g : *gl+ |92 Brokenapart to fit on page
'g = 7798(1)14 Gross moment of inertia of composite section

Gross Section Moduli:

Sg p: = =6621. @n“ Taken from bottom of InvertedBeam
Yg
I i)
Sg t =12532.61" Taken from top of invertedBeam
g
I el
Sg d: =9 - 5897.6n" Taken from top of CIP concrete
- Yg_top
Deck Properties:
hgd .. . & hwebg

A
btransCth(’;ﬁb + 79 + hQby mweb%ﬂﬂ + > -

Yg: =

birans®q + hQBy B0
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yq =16.91@n  Centroid of deck measured frdmttom of precast girder

Distance between centroid of deck and centroid of gross

€q: Yq - Yg =5134n composite section

3.Loads

Self-weight of the Inverted T's:

weight, : ApQp = 0.976'&:—p

Weight of the CIP portion over each inverted T beam

weighty : A4Qq :o.gﬁ%p

Future wearing surface

‘width, ;
ctoc _ Kip
Barrier Loads:
NUM arriersWoarrier ip
weigh ; ;= :0.06(%§— perbeam
INparrierperbeam Num, ft

Live Loads:

Distribution Factors:

Following provisions set forth by LRFD 4.6.2.3 under the assumption that the superstructure acts likiypeslab
bridge.

Single Lane Loading:

L1 Fldes If Lges <6 Modified span length taken equal to the lesser of the aci
span or60’

6@ otherwise
Modified edgeto-edge width of bridge taken to be eq:

Wy 1 :“Widthtot if widthy,; < 30t to the lesser of the actual width or 60' for multilane

|| 3Gt otherwise loading, or 30" for singldane loading

The equivalent width of longitudinal strips per lane for both shear and moment with onedatveo lines
of wheels, loaded

E, 40n+ Sm(j Ly Wl Already factors in 1.20 to account for the multiple presence e
tripl -

Estrip = 14.528

bb In terms of fraction of one lane to be distributed to

DF,: = =0.413
1 recast member
Estripl P
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Double Lane Loading:

Widthtot if Widthtot < 60t

60t otherwise

The equivalent width of longitudinal strips gdane for both shear and moment with more than one lane
loaded
Ly W Ly W 12widthy
=11 2 1.1 2 ot
Estrip2: 984n + 1.440Q —O—— if 84n+ 1.44nQ —O—— <
P o f Numy,
12wvidthy ot
——— otherwise
Num,
Estrip2 = 12570
L by _ In terms of fraction of one lane to be distributed to
DFy: " 0.477 precast member
Estr|p2
Governing Case:
DF: HDF, if DFq >DF,
DF, otherwise
DF =0.477 In terms of fraction of one lane to be distributed to one precast member

(Applicable to bottshear and moment)

4. Moments and Shears

At release the structure will behave as two simply supported beams in the longitudinal direction. There a
points of interest at this point of time which include:

Ly - 00, Transfer point of strands
L
midspan: :dTes Midspan of beam
a L ¢ . . .
=) ¢ Matrix of points of interest at release
cmidspar:
x! =(3 18t

At final conditions the structure will behave as a composite system. Some of the loads, such as beam
concrete selfveight will act on the simple span system while superimposed loads appliecbatiauity is
established will act on the continuous system. These effects can be superimposed to produce shears
and stresses that properly mimic the bridge system. The composite system has five points of interest
include:

% 1 o Centerline of ¢ft bearing
1

118



Lp - Ldes

X k- ———— Left transfer point of strands
2 2 The critical section for shear is,drom the face of th
L . .
X 9. 7% + pad Left critical section for shear support. This can be conservatively assumed to b
3 ¢ 0.72h
L
xf4 : :dTes Midspan of beam
% 1 9.378 e Point of max moment from uniforndyplied
S ) distributed load on both spans
><fT =(0 2.52 18 13.91t Matrix of points of interest at final conditions

¥+ qfor nl 1. 11 Matrix that displays points of interest (tenth points) along Span 1
n-1. ranging from the centerline of the left pier to the centerline of the

. 10 center pier

e

XfCT =(0 3.757.511.2515 18.7522.5 26.2530 33.7537.9

For beamdesign itself, the results of the continuous structure must be mapped onto the checkpoints of |
The following function maps the results from the continuous beam analysis to the beam check points ai
using linear interpolation

Map(POBO. X 3 MVE) : ey« lastxe)

for il 1. Iast(xf)

j« 1
while 3PO+ BO+ % /i > X
Cc = J
j« j+1
break if j >jyax
PO+ BO+ X% - %
i j-1
C«

e

MV. « MVc. . + cc‘éMvC. - MVc. )
i j-1 j j-1

MV

The moments amnghears shown below were manually entered into this template. They represepoihOtl
values of the left span that were generated byDacdntinuous beam program (RISAD3. All similarly
highlighted regions represent manually entered values that wesrergted in a similar fashion.

Future Wearing Surface:
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o

a 0o azo
%660 %) 59
e (0] & 0
aall.2g xlo
&13.80 .40
& , .0 e 0
aE\14.36“_ “ a0-%
Mfws_c: B6l2.70@ipd Vivs ¢ 880.70Kif
®9.20 x1.0
e (0] & 0
& 4.10 &e2.3
®13.4 Sl
e 0 & O0
C-25.5- c-3.4-
Barrier Loads:
ao 0 é_O.QQ
c29 99 .69
x (0} x O
4909 aD.49
@6 O .20
&e,. .0 & 0
666.26. N aéo.Jb' |
Mbparrier ¢ zeb.5 oipd Vbarrier_c 2 0. Hir
@4 0 &o.9
e (0] & 0
2l6g 20-&
& 1.80 210
®. g0 22 a0
x (0} x O
c-11.% c-1.5-
Design Truck, Left Span, +M:
20 5 350.8 All Truck and Tandem loads were calculated
e 6 % P applying a moving load and recording the
= 586 &2- 0 respective moment and shear envelopes.
2% ¢ 839
3809.P 6.0
x, .0
§23.%_ " 205
Mtruck_pc* 55812(:?(R|p@ Viruck_pc* $4'4?@'F
Bg5.H 83,80
x 0 x 0
éZS.% 0’94'1('5
a41.9 20 0
&2 59 22y 0
x 0 e 0
c 0 =+ c 0 =+

Design Truck, Left Span,-M:
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20 § 8-5.25

% 19.69 & 520
=S (0] x 0}
$39.2('j &-7.40
258,80 211L.9
x (o} e (g
2 78.46" - %16' -
Mtruck_nc: Be-98 0Gipd Viruck_nc: #8222 @&
&117.8 &30.9
=S 0] =S 0]
aé137.% a537.%
22156.8 ae44.§?
®176.% 509
e (0] e (0]
c-211.4 c-56.8
Design Tandem, Left Span, +M:
aoag 846.9
&50.8 &g P
e (0] e O
2529 2836
3318.9 270

S %4

Mtandem pc 8835.2%ipd  Vigngem pc 287D

300, &2 P
® 0 & 0
237.% 56
x589 a4.50
Es59 O &) 50
& 6 & 0
c 0 = c 0 =+

Design Tandem, Left Span;M:

a oo a-4.73
® 1760 & 4.79
® 0 ® 0
$35.66 $8.36
2 53.40 &214.8
®e_. .0 ®.. 0
ae'”'zd B aé21.16. |
Mtandem_n¢ &89 9(&|p0! Viandem nc 5625-1"._’@!5
&106.8 ®31.f
® 0 ® 0
2124.6 236.7%
xr142.H R41.8
®160.9 B y4.0
® 0 2 0
c-178+ C-48.1

Design Lane, Left Span, +M:
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aoo 410.53
B4.4 2250
e O ps 2] 0
a80.9 *5.79
x7.80 &e330
Bs.3 0.9 0
sding &9 Calculated by applying design lane load to lefi
Mlane_pc: w4zbdl|p(ﬁ Vlane_pc: :&,150@“: span 0n|y y applying g
&4.9 &390
0] e (0]
285% = 6.35
270 2 8.70
eH 0 e 0
0 C
=0 5 ®u 2
cOo0 =+ c-13.5-
Design Lane, Left Span;M:
80§ &1H
& -0 &, 0
-5.6. C
e 0 591'%
xelly 1.9
®16.9 ®&1.9
gzz.% i 1. 58
. P Y Calculated by applying design lane load to bo
Miane nc: 2228. x")dllp(]i Viane nc' eel-Ddir spans
&33P &4
&e_ 0 & 0
a539.45 &51_%
2450 *x1.9
2. 4 2. B
250.¢ E
e [0) 59158
C-56.2 c-1.5:
Loads Acting Before Composite Action is Established:
Self Weight of Beam:
Woy © 9p@p =0.97 ” Selfweight of beam at time of release
Mgyr: Jfr ni 1.2
Wstrn
M « GL - s
swr, 2 o des %0
Mswr
Mser =(48.262157.95®Ripd Moments due to selfeight of beam at release located at points of
Mgyf: Jfor n i 15 interest on simply supported beam
Wsw&fn
M « GL - X 0
swf_ 7 ¢ des ¥ 0
Mwf ] _ _
Moments due teelfweight of beam at time fin:
Mswa =(0 40.82833.15157.95148.07gkipd located at points of interest on simply suppori

beam
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Vowi : o for ni 1.5
.é.l-des o]
V. & Wy, (@R—— - 0
swf Sw c 2 an+
szf

T
Vgu =(17.5515.11215.6 0 4.387@ir

Shears due to selfeight of beam at time fina
located at points of interest on simply suppo

beam

SelfWeight of CIP Concrete:
Wy : 9ghgy, + 20,6 ,0q )

ft

Mdeck: for ni 1.5
WGk
M « —— @l yae - &
deck 2 o des )‘fn‘]
Mdeck

T N
Mgeck =(0 37.68730.6 145.8136.68)Ripd

Vgeck : J for ni 1.5
.éll-des 0
V, « wWy@Pr— - 0
deck d c 2 Xrn:_
Vdeck

T
Vgeck =(16.213.9514.40 4.09@ir

Loads Acting on Continuous Structure:

Barrier Weight:

Seltweight of CIPconcrete at time of release

Moments due to selfeight of CIP concrete at tin
final located at points of interest on simply
supported beam

Shears due to selfeight of CIP concrete at time
final located at points of interest on simply
supported beam

Mparrier - Map(Pie'E)fset ,Bearingygset + % » X - M barrier_()

T _ -
Mparrier = (0.7732.7072.32 5.4 6.173@ipd@

Moment caused by barrier weight acting on continut
structure

Vbarrier - Map(Piebﬂset ,Bearinggset X + X ’Vbarrier_()

T _
Vparier = (0.82 0.62 0.66 -0.313- 0.0 i

Future Wearing Surface:

Miws - Map(Pierset ,Bearing,gset % » X » vavs_c)
Mg, | =(1.76 6.16 5.28 12.46714.23%Rip(
f\NS —( . . . . . mlm
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Shear caused by barrier weight acting on continuous
structure

Moment caused by future wearing surfagsght acting or
continuous structure



Viws Map(Pie'bfset ,Bearingygset % X ’vavs_c)

T . Shear caused by future wearing surface weight acting
Vips =(1.8671.5331.6 -0.733-0.033Gir continuous structure

Positive Moment Envelope:

Max, gnigdtruck,tandem : g for ni 1. last(truck)
Vehicle « truck if truck >tandem
n n n n

Vehicleft1 « tanden’h otherwise
|Vehic|e

Mvehicle_pc: Maxvehicle(Mtruck_pc*Mtandem_pc)

Positive moment envelop caused by greater of truck and ta
loads for tenth points

T

IV'vehicle_pc

=(0 158 254 318.8343.2335.2300.7237.8158.559 0)Qipd

Myehicle p* Map(Pie'bfset ,Bearingy et % X » Mvehicle_p()

Positivemoment envelop caused by greater of truck and tar
loads for points of interest

T_ L
Myehide p = (42.133147.467126.4332.9339.94yipd

Miane p° Map(Piebfset ,Bearingy et % X » Mlane_p()

Positive moment envelop caused by lane load for points of
interest

Miane p = (9.30732.57327.9283.72784.44)ipt

ML p: qfor ni 1.5
M « DF@M + (1+ DLA)DA,, ohi %
LL_p, & Iane_g,] ( ) vehmle_rm

MLL p Positive moment at points of intere
caused by the combination of desi
T o
ML p =(31.173109.10593519251.163255.978kiph lane load and greater dfuck and

tandem load with consideration pai
to distribution factors

Vvehicle_pc: Maxvehicle(vtruck_pc* Vtandem_pc)
Shear caused by greater positive moment of truck and tandem |
for tenth points

T _ Ri
Vyehide pe =(50.842.133.927.422917.312.17.5 4.5 1.2 0)hi
Vvehicle p* Map(Piebﬂset ,Bearingy gset % X 'Vvehicle_p()

Shear caused by greater positive moment of truck and tandem |
for points of interest
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T _
Vyehide p = (48.4842.6843.8416.95323.9i

Viane_p- Map(Pieblfset ,Bearing, et % X 'Vlane_p()
Shear caused by lane load for points of interest
Viane p = (9.868.26 8.58 - 1.66 1.2y
VLL p: for ni 1.5
VLL_pn « DF%/Iane_q] +(1+ I:)l-'A‘)("yvehicle_prﬁ

VLL p Shear from positive moment envelope at
points of interest caused by the combina
Vi pT = (35.46431.0231.9099.965 15.49p&if of design lane load and greater of truck ¢

tandem load with consideration paid to
distribution factors

NegativeMoment Envelope:

Miny,ehigdtruck, tanden) : for ni 1. last(truck)

Vehicle « truck if truck <tandem
h n n n
Vehiclen « tanderr}] otherwise
Vehicle
Myehicle nc Minvehicle(Mtruck_nc'Mtandem_nc)

Negative moment envelop caused by lesser of truck and ta
loads for tenth points

T _ L
Myehicle nc = (0 -19.6-39.2-58.8-78.4-98 -117.6-137.2- 156.8- 176.4- 211.4Gipd

Myehicle_n- Map(Pie'blfset ,Bearingy et % X » Mvehicle_nc)

Negative moment envelop caused by lesser of truck and ta
loads for points of interest

T_ .
Myehide n = (-5.227-18.293- 15.68- 99.307- 75.78)ipd

Miane n* Map(Piebﬁset ,Bearingy et % X - Mlane_n()

Negative moment envelop caused by lane loaddunts of
interest

T L
Miane n = (-1.493-5.227-4.48 - 28.473- 21. 75Bhipd

MLL_n: for nl 1.5
M « DF@M + (1+ DLA)YDA,, i %
LL_n, & Iane_r}1 ( ) vehlcle_r}ﬂ

ML n
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Negative moment at points of intere:
caused by the combination adsign

T . lane load and lesser of truck and
ML n =(-4.029-14.1-12.086-76.592-58.46BRipQ  tandem load with consideration paid

distribution factors

Vvehide nc Mi”vehicle(vtruck_nc'Vtandem_n&

Shear caused by lesser negative moment of truck and tandem |
for tenth points

T
Vyehide nc =(-5.2-5.2-8.3-14.8-21.1-257 -31.4 - 37.8 - 44.9 - 50.3 - 56.§ G

Vvehicle_n- Map(Piebfset ,Bearing, et % X 'Vvehicle_nc)

Shear caused by lesser negative moment of truck and tandem |
for points of interest

vvehide_nT =(-5.2-5.2 -5.2 - 26.08- 20.26Gif
Viane n' Map(PieE)fset ,Bearing, et % X 'Vlane_nc)
Shear caused by lane load for points of interest

Viane 1 = (-1.5-1.5-1.5-1.5 - 1.5

VL rT: for ni 1.5

vV, « DFQV, + (1+ DLA)Y, ; C
LL_n, & Iane_rh ( ) vehlcle_rh]

VL n

- Shear from negative moment envelope a
points of interest caused by the combinat
of design lane load and lesser of truck an
tandem load with consideration paid to
distribution factors

T .
Vi n =(-4.015-4.015-4.015-17.263- 13.57di

5. Restraint Moments and Losses

Positive Restraint Moment:

Moment Due to Eccentric Prestressing:

fpe . 48%s Estimate of stress in prestressing strands a time of continuity
Pos: *ped"ps = 95%Rif Total force in prestressing strands
Mp : Ppsc"écc = 328Ript Moment caused by prestressing strand eccentricity

Dead Load Moments:

Mdp : Mswf4 Max dead load moment due to sekightof beam

Myq : Mdeck4 Max dead load moment due to weight of deck

Estimate of Differential Shrinkage at End of Service Life of Bridge:

Shrinkage Strain in precast at time continuity is established:
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VtoSo

kys1: 2.45- 0.1B—— =0.789

:Ikvs « kygy if kyg1>1

1 otherwise
=1

kps: 2- 0014 =102

5
k : =———— =0.833

fei b
ksi

ttd * *deck - ttrans = 96
‘. ttd
td ;

61- 40°=L 4 tg
ksi

ebld . :0.0004&8(.%]8@1:

ebld =-0.000285¢

Factor for the effect of volume to surface ratio

Factor for humidity

Factor for strength of concrete

Time for development (days)

=0.701

e

Shrinkage strain in precast at time continuit

established

Shrinkage Strain in Precast at Time Final:

i © %inal - ttrans = 19999
U
Kid2: = T
.Ci b
61- 45— + 1t
ksi

=0.998 Factor for time final

epif : =0.00048, By, B By~

ebif =-0.000407:

Shrinkage strain in precast at time final

Total Precast Shrinkage Strain:

shp® ®pif = Chid

€shp = - 0000121

Shrinkage Strain in CIP at time Final:

Vto
kysp: 1.45- 0.1B——
n

Kvsd © JKvsd « kys2 if
1 otherwise
Kysd =1

khSd D2- 001@1 =102

=0.935

kst>1

Factor for the effect of volume to surfaegio

Factor for humidity

Factor for time development

Time from transfer to final

127

(LRFD 5.4.2.3.21)

(LRFD 5.4.2.3.2)

(LRFD 5.4.2.3.24)

(LRFD 5.4.2.3.5)

(LRFD 5.4.2.3.31)

(LRFD 5.4.2.3.5)

(LRFD 5.4.2.3.31)

(LRFD 5.4.2.3.21)

(LRFD 5.4.2.3.22)



ke - = %  _119 Factorfor strength of concrete (LRFD 5.4.2.3.24)

0.8, 4
ksi
tﬁd : tﬁnal - tdeck =19903 Factor for time final

1+

t
Kig © = 0 ;ﬁd =0.998 Factor for time development (LRFD 5.4.2.3.25)
61- 40k—c_ + tftd
Si

€qgf = - 0000581« Shrinkage strain in CIP at time final

Differential Shrinkage:

€sh - ®ddf - Cshg

eg, =-0.00046

Uniform Shrinkage Moment:

€ Hp - Yg Distancg from top o_f precast beam to centroid of gross
composite crossection

Ago: by

Ago = 504:"D12 Area of top portion of slab

hy: = ! G 1

B @y Es@s ¢
14—
B @q2 E1@g2

h, =0.262 Transformation factor for top portion of slab and precast beam

1

_ - . @& hqg.
Mg : esh(]{dq"‘dz%ee *+ 72‘D2
Mg = - 188.78ipG Shrinkage moment

Creep Effectson Precast M, and Mq:

Creep in Precast at Continuity:

Vto
kys3: .45- 0.1%—— =0.789 (LRFD 5.4.2.3.21)
In
Kysc: :lkvsc « kygz if kyg3>1
|1 otherwise
kysc =1 Factor for the effect of volume to surface ratio

Khe: 256- 00081 =1 Factor for humidity (LRFD 5.4.2.3.%3)

128



K : =——— =0.833 Factor for strength of concrete (LRFD 5.4.2.3.24)
fei_b
1+
ksi
tie © Tdeck - ttrans = 96 Time for development
ttfc .
kig © = =0.701 Factorfor time development (LRFD 5.4.2.3.%5)

f

ci b
61- — +t
ksi  tC

e . - 0L
Yodi @ % Bysc®h B By Byans

Ypgi = 1109 Creep in precast coefficient at time of CIP placement due to loading at transfer

Creep in Precast at Final:

Vto
kysa: #.45- 0.1%—— =0.789 (LRFD 5.4.2.3.21)
in
kusf © Jkvsc « Kysa If kysa>1
1 otherwise
kvsf =1 Factor for the effect of volume to surface ratio

khe @ 2.56- 0008 =1 Factor for humidity (LRFD 5.4.2.3.%3)

kg - - > - 0.833 Factor for strength of concrete (LRFD 5.4.2.3.24)

f.
1+ ci_b
ksi

t
kig @ = ftﬁ =0.998 Factor for time development (LRFD 5.4.2.3.55)
61~ 4 CI_'b + g
ksi

T (N R
Ypi © 3 -9Byst On B Giff Dyans

Ypij =158 Creep in precast coefficient at time final due to loading at transfer

Creep Effects on CIP My and Mg

Vto
kysg: 2.45- 0.1%—— =0.789 (LRFD5.4.2.3.21)
In
kvsm® JKvsc « Kyss if kys5>1
1 otherwise
kysm=1 Factor for the effect of volume to surface ratio

Khm: 2.56- 00081 =1 Factor for humidity (LRFD 5.4.2.3.%3)

ki : = =0.833  Factor for strength of concrete (LRFD 5.4.2.3.24)
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ttfm . tﬁnal - tdeCk =19903 Time to final

t
K = = ftfm =0.998 Factor for time development (LRFD 5.4.2.3.5)
.Ci_b
61- 40— +1t
ksi tm

) , i . i . - 011
Yo © 3-Bygr G B Bup Oyeck

Ypg =0921  Creep in precastoefficient at time final due to loading at CIP placement

CIP Deck Creep Coefficient at Time Final Due to Loading at CIP Placement:

Vtosy
kysg: %.45- 0.1®—— =0.935 (LRFD 5.4.2.3.21)
in
kvsp® FKusc « kyse If kysg>1
1 otherwise
kvsp =1 Factor for the effect of volume to surface ratio
khp: 456- 00081 =1 Factor for humidity (LRFD 5.4.2.3.3)
i = 5 _ =1.19 Factorfor strength of concrete (LRFD 5.4.2.3.4)
0.8, ¢
1+ ——=—
Kksi

ttfp . tﬁnal - tdeCk =19903 Time to final

Factor for time development (LRFD 5.4.2.3.25)

Creep in CIP coefficient at time final due to loading at CIP placement

M, _at Interior face of Pier:

Since a minimum girder age of 90 days is specifiesitiverestraint moments caused by creep and shrinkage
deck slab shrinkage may be taken as zero. Computati@stofintmoments shall not be required. Reinforcem:
will rather be calculated baset 1.2*M. (LRFD 5.14.1.4.4)

Positive Restraint Connection:

Conservatively assume entire section of continuity diaphragm is
composed of deck concrete

Cracking Stress

Moment of inertia of continuity diaphragm
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