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ABSTRACT

A bridge with precast bridge deck panels was built at the Virginia $&cictures
Laboratoryto examine constraability issues, creep and shrinkage behavior, and strength
and fatigue performance of transverse joints, different types of shear connectors, and
different shear pocket spacing§he bridge consisted of two AASHTO type Il girders,
40 ft long and simplypportedand fiveprecast bridge deck panels. Two of the
transverse joints were epoxied méenale joints and the other two transverse joints
weregrouted femaldemale joints. Two different pocket spacings were studied: 4 ft
pocket spacing and 2 ft pket spacing Two different shear connector types were
studied: hooked reinforcing bars and a new shear stud detail that can be used with
concrete girders.

The construction process was well documentBuke change istrain inthe
girdersand deckwvasexamined and comparedddinite element modeto examinethe
effects of differential creep and shrinkagfter the finite elemat modelverification
study, the modelasusedto predict the long term stresses in the deckdmtdrmingf
theinitial level of posttensioning was adequate to keep the transverse joints in
compression throughout the estimated service life of the bridge. @auimg testand
shear and flexuratrength tests weigerformedio examine performance of the different
pocketspacings, shear connector types and transverse joint configurations. A finite
element study examined the accuracy of the AASHTO LRFD shear friction equation for
the design of the horizontal shear connectors.

The initial level of postensioning in the bdge was adequate to keep the
transverse joints in compression throughout the service life of the bittge.types of
pocket spacings arghear connectogserformed exceptionally well. The AASHTO
LRFD shear friction equation was shown to be apple#ideck panel systems and was

conservative for determining the number of shear connectors required in each pocket.



recommended design and detailing procedwasprovided for the shear connectors and
shear pockets.
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Chapter 1

Introduction

1.1  Introduction to Precast Bridge Deck Panel Systems

Precast bridge deck paneksn beused in place oh castin-place concrete deck in
order to reduce bridge closure times for deck replacements. The panels are prefabricated
at a precasting plant providing optimal casting and curing conditions. The panels can be
transported to the bridge site for immediatection. Precast panels can be either full
depth or partial depth. Partial depth panels act as arsfagce form for a cash-place
concrete topping. This research program only investigates the behavior of full depth
precast panels.

Figure 1.11 shows a representation of a bridge with precast deck panels and
prestressed concrete girders. The construction process consists of first placing the panels
on top of the girders. The self weight of the panels is transferred to the girders through
leveling bolts. Leveling bolts are threaded through the depth of the panels and protrude
through the bottom of the panels. The protrusion can be adjusted depending on the
desired haunch height or desired-tdpdeck elevation. The transverse joints greuted
next. If the deck is to be pogénsioned, thisperation can then be performed. After the
posttensioning operation is complete, the p@stsioning ducts are typically grouted.

The haunch is poured after the ptestsioning operation. Once the grauthe haunch
has cured, the leveling bolts can be removed and the panels and girders act as a
composite system. Barrier rails can be cast and a wearing surface is placed.

The mosttommon type of joinbetween adjacent panésa grouted female
femalejoint. Epoxied malefemale shear kesyhave been used in precast pavements. The
mechanical interlock provides continuity between the panels. The pansipiaadly
posttensioned together to hedpld strength to the joint, a&$ distribution reinforaaent,
reduce the chance for water leakage at the joint, and improve the durability of the deck.
However, if postensioning is not applied, mild reinforcing steel is often placed across
the joint in order to properly reinforce the joint. The mild reiaifog steel must be

properly developed on each side of the joint.



Composite action between the deck and girders is provided by shear connectors
that extend out of the girder and into the shear pockets of the panels. The connectors
typically consist of elter hooked reinforcing bars or shear studs. The girders are
typically either precast, prestressed girders or steel girders. Precast, prestressed girders

wereused in this research program.
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Concrete |-Girders

Figure 1.11 Representation of Bridge Deck Panel System

1.2  Summary of Challenges Associated with Precast Bridge Deck Panel Systems
1.2.1 Horizontal Shear Connectors
Composite action between the paraislgirders is provided by the haunch and
shear connectors which are clustered together at the shear pockets inktaaidga
more uniform shear connector spacing found with-taptace concrete decks. The
discrete locations of the shear connectors raises questions about the proper way to design
for horizontal sheatransfer The pocket spacing is typically 2 ftarger pocket spacing
is desirable because it results in less grout that has to bedpdwring the bridge closyre
and fewer blockout forms that have to be placed during fabricafibis also allows for
shorter construction delays. Larger pocket sgaolay cause cracking t@cur along the

interface between the shear pockets whezeetts no reinforcement preser@urrent



design provisions do not address the design of shear connectors for precast bridge deck
panel systems.

There are a variety of seeconnectors that can be used with precast bridge deck
panel systemsHooked reinforcing bars are the most common type for panels installed
on prestressed concrete girdeBhear studs atbe mosicommontypefor panels
installed on steel girderg2rior performance and applicable code provisions for hooked
reinforcing bars and shear studs are discussed in Chapter 2.

This research program investigatbe performancef shear studand hooked
reinforcing barsvith precast, prestressed girdeii$ie hamked reinforcing bara/erecast
with a girder. A portion of the hooked reinforcing bar thenrpedfrom the top flange
of the girder io the shear pocket. The shear connedétail with the shear studs was
fabricatedby casting a steel plate in ttap flange of a prestressed girder. Shear studs
werelocated on the bottom of the steel plate. This is shown in Figue Additional
shear studwerethen be shot directlgnto the top of the steel plate after the girdess
erected and the panelereplaced. No prior use oesting of this detail was found in the
literature review presented in Chapter 2.

Postinstalled hooked reinforcing bars have also been proposed in deck
replacement projects. Shear connectors that aranstatied reducéhe tripping hazard
associated with shear connectors during early construction phases. They also ensure that
all the shear connectors fit in the shear pockets when casting tolerances are exceeded.

Preinstalled hooked reinforcing bars are also usedsmréisearch.



Figure 1.21 New Detail For Horizontal Shear Reinforcement

1.2.2 Prestress Losses ostTensioning Ducts
Long termprestresgosses may be significant enough to decrease the pre
compressive stress across a transverse joint to avploane the bottom surfamf a
transverse joint goestmtension undeservice load.Prestress losses due to creep,
shrinkage, and relaxation of the prestressing strands are long term [blssggsearch
program investigated the usestdndard equati@provided by current code provisions
to estimate the loss of prestress in the paaradswhether thegroduce accurate results,
particularly when considering the shrinkage and creep lo33$esresearch program also
looks at whetheruwrrent creep and shkage models accurately predict creep and
shrinkage indoed strains. &veral key faars aretaken in to accourwhen considering
prestress loss from differential creep and shrinkage
1. Secondary moments due to prestressilossntinuous spans,
The amounof mild reinforcingsteel in the panels and girders,
3. Girder spacing which effects the axial stiffness of the deck to axial
stiffness of the girder ratio,
4. Span lengths,
Concrete composition discussed in most code provisions
regarding creep and hkage,

6. Differential creep and shrinkage due to substantial differences



in casting dates and the concrete age at the time of prestressing
between the panels and girders,

7. Creep deformation associated with the gessioning force on the
composite system,

8. Creep associated with the prestressing force from the girder
on the composite system,

9. Stiffness of the girder compared to gtéfness of the deck,

10. Time at which the system is made composite relative to the casting
date of the gnlers (if applicable) anpanels,

11. Time at which the podensioning is applied relative to the casting
date of the panels,

12. Steel girders vs. prestresiseoncrete girders,

13. Partial composite action.

The above factors cause force and moment redistributiom isygtem which are
nottaken ino account in standard code provisions. Doing so requires a rigorous, time
consuming analysis and prior knowledge of the actual construction schedule,
environmental conditions, and material properties.

Many states have reported problems with ileglat the transverse joits This
can often be attributed to a lack of ptetsioning or poor construction practices such as
bowing of the formwork. There has been much speculation as to which type of
transverse joint is the best to use in termstiigth, durability, ease of construction, and
cost . The transverse joints are often thoug
and special consideration needs to be given to these joints. Recommended levels of post
tensioning have been givem keep the joint in compression under live IdadsAttention
also has to be given to the decrease in this compressive force across the joint from the
long term postensioning losses, loss of composite action between the girder and panels

that may resulover time, and stress redistributions within the composite girder.

1.3  Objectives of Research Program
The research program described heveaisdeveloped to address the challenges

and problems discussed in the poers section.By doing so, current desigirovisions



and practices can be improved and modifications to code provisions can be made, if
necessary.

The first objectivevasto conduct a literature review to develop a thorough
understanding of the precast deck panel system. The performance @fcihst peck
panel systemssed currently and in the past was investigatadaddition, the structural
behavio of components in the system wstadied. Current code provisiongre
reviewed that pertain to design issues encountered in precast deckypteraks

The second objectiv@asto examine the constructability of the system. A bridge
consisting of precast deck panels and precast, prestressed concretevgisterl in the
Virginia Tech Structureand Materialdaboratory. This bridgevasrefered to as the lab
mockup. The construction process was well documented. Particular attention was given
to the transverse joint details, the types of shear connectors, and the construction process.
Somedetails may result in more relaxed casting toleesrand/or reduce construction
time.

The third objectivevasto study the composite action of the system. The hooked
reinforcing bars and the new detail with shear stweieboth considered in the testing
program. Both cyclic and overload testsreperformed. The cracking patterns at the
interface between the haunch and girder, the strains shde connecteiand the
vertical deflections of the system wersed ashe primary indicators for the level of
composite action The shear pocket spacingsalso examined to séie4 ft pocket
spacing performeddequately compared to 2pidcket spacing. Finite element studies
werealso conducted to aid in making more general conclusions about the composite
action of the system by modeling pusth specimas and the laimockup. The puskoff
specimen consisteaf athinl ayer of grout csatsdp edkd weemc it ditee
blocks. Reinforcementasprovided across the interfaces between the grout and
concrete blocks. The specimeasloaded in pure she& measure the horizontal shear
strength of the interfacedodifications to current code provisiongresuggeste@as
necessary.

The fourth objectivavasto investigate to Wwat extent creep and shrinkadteets
the long term postensioning losses arteck stresses e lab mockup Forces in the

posttensioning strands in the lab mockupremonitored along with the longitudinal



strains in the deck and girders. Tderimentatesultswereused toverify the results of
thefinite element modelsThe resultsvereused to recommerah initial levelof post
tensioning.

The fifth objectivewasto study the structural behavior of the transverse joints and
evaluateconstructability issues associated with the transverse joints used in the lab
mockup. Epxied malefemale joints and grouted femdiemale jointsvereused. Both
cyclic and overload testgereperformed and relative displacemeatsl crack patterns
werecompaed to see if one joint performéetter than the other. Water walso
ponded atelected intervals during the testing program to determine if the jointsdeak

The resultavereused to recommend guidelines for precast deck panel systems.
Guidelinesvererecommended for

1. Fabrication practices,
The ypes of shear connectors to use,
Design method for horizontal shear transfer,
Spacing of shear pockets,
Transverse joint configuration(s),
Transverse joint formwork (for grouted femdéemale joints)
Required iitial levels of postensioning,

Panel leveling screws,

© © N o 0 b~ DN

Haunch formwork,

10. Grout gecifications.



Chapter 2

Literature Review

This chapter presents a revieWiterature concerned witbrecast deck panel
systems. Previous investigations on the behavior of bridge deck panels sygtems
covered first. Previous studies dealing watkstress loss, horizontal shear, panel joints,
as well as general issues such as constructability and durability are covered. Current
code provisions are discussed next. Code provisions on creep and shrinkage of concrete,

prestress loss, and horizonshlear design are covered.

2.1  Previous Studies
2.1.1 Prestress Losses
2.1.1.1 NCHRP Report 496

NCHRP (National Cooperative Highway Research Program) Repdtt 496
Prestress Losses in Pretensioned F8gtength ConcretBr i dge Gi rder s, 0 i der
limitations for current methods for estimadiprestress losses and propose@ methods
for estimating prestress losses in high strength bridge girders. The report investigated
many of the factors influencing long term loss&be recommendations presentedhtuyg
report were adopted in to the AASHTO LRFD 2006 IntefimEhe creep and shrinkage
models and the method for determining prestress losses are presented in Section 2.2.1.3
and 2.2.2.1.

The report propsednew models for predicting creep coefficieatsd shrinkage
strains. Multipliers were developed for rstandard relative humidities, V/S (volume
to-surface) ratios, loading age, and concrete strengththér models for predicting
creep coefficients and shrinkage strains, the standard relativdityii/S ratio, loading
age and concrete strengitere not representative of the findings presented by NCHRP
Report 496.Theseinclude the voluméo-surface ratio and the variation of the creep
coefficient and shrinkage strain with time.

The report pmtedout that theeffects ofcomposite action between the deck slab
and precast girderaust be taken in to accountdocuratly estimateprestress loss in

high strength girdersNCHRP Report 496 proposedhatwasr ef erred t o as t he



me t h ordeaiernfinong the prestress losses in composite systems. In this method, the
report suggestetdking in to account any elastic gains in prestress such as the addition of
the deck dead load.

The method consistenf using strain compatibility equationsdaoonstitutive
relationships to determine the prestress loss at various stages of construction. The change
in strain in the concrete at the location of the centroid of the streamsiset equal to the
change in strain in the prestressing strands. Thiugrahange in stresgastaken into
account by using an aging coefficient instead of using a time stepping approach. This
methodwasused to determine the creep and shrinkage losses between the time of transfer
and deck placement.

The relaxation loswassmall during the entire time period for the analysis. An
average value of 2.4 ksi was reported aneasdecided to spliit evenly between two
distinct stages: up until deck placement and after deck placement.

The elastic gain in prestress duelte tleck placementascalculated next. The
report stresses thigasnot necessary if the transformed section propenteggbeing
used, since it will automatically be taken into account. The long term loss from the time
the deckwasplaced until the fial timewasalso calculated using a strain compatibility
approach at the centroid of the strands.

The losses and gains due to the different effects on the composite saston
calculated separately; such as the shrinkage of the girder concreteomthasite
section, creep of girder concrete in the composite section caused by the initial prestress
force and self weight, creep of girder concrete in the composite section caused by deck
weight and superimposed dead loads, relaxation of strands in tipesitersection,
shrinkage of the deck in the composite section. The resulting expressions for prestress
loss and gaimvereadded together to determine the total loss of prestress from prestress
transfer up until the specified final time.

The fidethotdedwme examined and altered to
me t h o dwaseasierand much quicker to use. The following assumptions were used
to develop the fAapproxi mate met hodo:

1. Prestress lossegerecalculated at the maximum positive moment

section,



2. No mild steel reinforcement existed that section,

3. Elastic losses and gains from external loadsenot considered,

4. Prestressvastransferred to the concrete at 1 day in accelerated plant
curing conditions,

5. The casin-place deck weightvasapplied to therecast girder
withoutany shortening after at least 28 days fithwn time of prestress
transfer,

6. VIS ratio for the girdewasbetween 3 in. and 4 in.

The proposed correction factors, fndetaile
were verified by comparingredicted prestress loss values to values inferred from strain
measurements in seven bridges in four states. The bridges were instrumented with
vibrating wire gages at the centroid of the prestressing strandslepil of the girder,
and at the centaf gravity of thetop flangeThe pr oposed dapproxi mat e
al most as accurate an estimate as the fidet ai

The approach abowdoesindeed prove to be robust. However, the proposed

formulas are not general enough to take in to acqmustitensioned bridge decks.

2.1.1.2 Wollmann etal.

Wollmann et af examinel the ageadjusted effective modulus approach and
appledit to a project in Salt Lake City, Utah. Particular attenti@sgiven to creep and
shrinkage effects on the composite syst8pliced precast and petgnsioned concrete
girders were used on the project. Because the girders were very deep, the long term
effects of creep and shrinkage had to be taken in to account. The girders were
pretensioned as well as paehsioned. Thegsttensioning was applied at a minimum
concrete age of 50 days in order to minimize prestress loss and other creep and shrinkage
effects, such as larger long term deflections.

The aging coefficienivasused to approximate the gratidavelopment of
stresses over time in a larger time interval compared to using a time stepping approach
without an aging coefficient, where the time intervals must be small enough to eliminate
any error. The errds due to the nonlinear nature of th@plem. By using small time

steps, the increment of the increase (or decrease) inistsaimall enough that the

10



difference between the exact change in strain and estimated change iis strai.

This requires a great number of time steps in ordprdduce an answer that is close to

the exact solution. This often calls for a computer program or elaborate spreadsheet to
carry out the calculations. The aging coefficient, originally developed by’Trost

mentioned aboverasexpressed as

_ B {1 do() 1
P tUIE(r) ) o dr 2.1]

where,
Eo, = modulus of elasticity at time.t
E(t) = modulus of elasticity at time
oo = Stress at time,t
ot = stress at time t.
o(t) = stress at time.

v, = creep codicient at time t due to a load applied at tirge t

v(t,t) = creep coefficient at time t due to a load applied at time
As shown in the above equation, the aging coefficient depends on the loading history and
variation of concrete properties over timEhe aging coefficient usually varies from 0.5
to 1.0. Typical values qf, depending on the age of loading, are tabulated in2001°.
If a constant value is used for the aging coefficient, then the expression for the strain at
any time can be givem ithe following form

Oy — 0,

O
& = E—° 1+ Vir, )+ Q-+ ,uvmo) + &g [2.2]

(0] 0

whereg; = shrinkage strain at time t. This concejatsapplied to the creep and

shrinkage analysis of thelb Reconstruction project in Salt Lake City, Utah.
Wollmannetal. proposedh method consisting of stain compatibility equations,

equilibrium equations, and material constitutive relationships to solve for the changes in

forces, moments, strains, and curvatures in the system. The initial forces and moments

acting on theomposite systemarebroken down ito forces acting on the girder and

deck by using axial rigidity ratios and flexural rigidity ratios, respectively. Expressions

for change in strain at the centroid of the deck and change in strain at the centroid of the
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girder are considered along with the change in curvature in the deck and change in
curvature in the girder. Compatibility equations are written to establish the relationship
between the strains and relationship between the curvatures. The changefancesa

in the longitudinal direction of the bridge are considered in an equilibrium equation. The
changes in moments are summed about an arbitrary point. If the system is indeterminate,
then the equilibrium equations must account for tdependent rachdant forces. The

deflections can be found by using the principle of virtual work,

A(d) = [x()M (x,d)dx [2.3]

where,
A(d) = deflection at location, d, along the span
k(X) = curvatures due to lorigm effects

M (x,d) =moments due to a virtual force applied at location, d.

In order to handle the loss in prestress on the composite s¢kcg@pproach
used by Wollmann &il. wasto assume a change in strain at the centroid of the
prestressing steel. The correspondingngfe in force, with a strand relaxation increment,
can be broken down into individual components acting on the deck and girder using the
axial rigidity ratio discussed above. The resulting change in axial forces can be
incorporated in to the expressiowns §train. After a solution is determined, the initial
assumption for the prestress loss can be checked. If the initial assumption is incorrect,
another iteration can be run. Thighgapproach discussed by Wollmann et al.

Another approacto handlirg the prestress lossto treat the loss in prestress
force and change in strain at the level of prestressing as additional unknown variables.
This requires writing an additional equation for the strain at the level of the prestressing,
writing an additbnal strain compatibility equation, ingmrating the change in forcetan
the equilibrium equation, and incorporating the moment induced on the composite system
by the change in prestress in to the expression for the change in curvature.

Because thereere large blockouts in the girder for the pashsioning ducts in
the Salt Lake Cityproject, the system of equatiowasrefined, using the net section
properties of the girder and grouted ducts. The results of the analysesdthatvhe

time dependerdtress changeatue to differential creep and shrinkage were quite small.

12



This was accomplished with the use of partial depth precast deck panels. The long term
deflection of the system was found to be in the downward direction. The detailed
analysis preented by Wollmann allows designers to take advantage of high early
concrete strengths resultinglower creepand shrinkage strains and lower press loss.
Wollmannet al.recommendedn aging coefficient of 0.8 for spliced precast concrete
bridges.

2.1.1.3 Harrison and LeBlanc

Harrison and LeBlaricarried out a timelependent analysis on the West
Sandusky Street Bridge oveib in Findlay, OH. This was done to determine the
required level of prestress in the precast deck panel system with hybrid deeginders.

This included an investigation of the long term creep effects on the system and the
restraint provided by the steel girders. The authors also cormd@nthe fabrication of
the deck panels and construction of the bridge.

The 10 %2 in. thick @nels used in this project were ptetisioned in both the
transverse and longitudinal direction. Ptstsioning in the transverse direction was
shown to be more feasible to accommodate the crown in the roadway. Before the panels
were shipped to the jatite, the entire deck was assembled to verify all the deck panels
were constructed in compliance with the plan requirements. Shear studs were used in the
shear pockets in order to obtain composite action with the steel girders. A grouted
femalefemale diear key was used between the panels in order provide continuity
betweerthe deck panels. Dimmerling &' did a study on the transverse joints in this
bridge, looking at the long term behavior of these joints.

The commercial softwar8AP2000% was usd to determine the required level of
prestressing in the bridge deck. The bridge was modeled with plate elements and beam
elements. In addition to the dead and live loads, temperature and shrinkage effects were
included. A temperature range of @®wasincorporated into the loading cases. The
results determined a maximum tensile stress in the deck of 400 psi. Therefore, a post
tensioning level of 400 psi was suggested. Since the girders were simply supported,
causing the deck to be in compressionnimist of the load cases, the governing load case

was found to be the shrinkage of the concrete deck.
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The commercial softwarridge Designer I was used to determine the stress
redistribution over time in the deck and girders, due to creep and shrigftacis, and
determine resulting prestress losses. The different stages of construction were taken in to
consideration, since they have a large impact on the behavior of the system. The stages
used by Harrison and LeBlanc were

1. Castirg and curing of theatk panels,
Placemat of the panels on the girders,
Stressing of the tends in the postensioning ducts,
Grouting of the hauncto obtain composite action,
Removal of ¥ insacrificial layer of the deck,

Application of wearing surface drother superimmed dead loads,

N o g M D

10 year evaluation.

Each of these phases was evaluated over a specified time period to include creep and
shrinkage. Two different scenarios were run. The first scenario assumed the deck was
cast 45 days before stressing the longitudeadlons. The second scenario assumed the
deck was cast 7 days before the stressing of the longitudinal tendons. This was done to
look at the effects of the age of the deck at the time oftpasbning, and incorporate

this irto the design of both the pels and girders. The CERP* Model Code 1990 was
used to determine the tirtpendent concrete properties.

Results showed that a compressive stress increase of 11.5 ksi and 12.8 ksi
occurred in the top flange of the steel girder for the 45 day t@ngidme lapse and 7
day tensioning time lapse, respectively. The compressive stress in the deck decreased
from 435 psi to 405 psi for the 45 day tensioning time lapse and from 435 psi to 400 psi
for the 7 day tensioning time lapse.

Theresultsof Harrsn and LeBl ancdéds study shoul d
recommended level of pestnsioning in precast deck panel systems. The results are
based on the analysis of one bridge. In addition, if prestressed concrete girders were
used, additional stress redistrilmrtiwvould occur from the creep associated with the

prestressing of the girders on the composite section and shrinkage of the girder.
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2.1.1.4 Dimmerling etal.

Dimmerling etal.* also looked at the behavior of the Sandusky Street Bridge
over F75 in Findlay, OHaddressing the leaking of the shear keys, a common problem
with this type of deck system. Vibrating wire gages were placed in the grouted shear
keys and the pogensioning process was monitored for the effects of creep, shrinkage,
and temperatureThe \ibrating wire gages were suspended from segments of plastic that
span the width of the transverse joiiithe gages were placed at the joints at midspan, at
the quarter points, and at the end joints.

A nonshrink grout was used in the joints. Variatiomshe way the grout was
mixed from batch to batch caused a variation in the respdrise ints. Dimmerling
pointedout that this has been a problem with other projects as well.

Dimmerling reported the elastic strain increments in each joint forteadion
that was stressed. The results indicated that the tensioning was successful and the joint
stresses were kept around 400 psi.

The strains were monitored for the next eight months. During this time, several
observations were made. The groutifighe shear pockets did not significantly change
the strains in the joints. The heat of hydration reactionot@iredduring the grouhg
of the shear pockets createdemperature gradient in the system that may or may not
haveproducel significant residual strains. The compressive strain during the first 2 %
months decreased steadily. Thigsreported to be contraction associated with the
effects of creep and shrinkage instead of compressive stress. After the first 2 ¥2 months,
the changes in strawerebelieved to be causexhly by daily temperature effects.

A load test was performed approximately 5 months after thet@asioning
operation. The purpose of this test was to see if close to full composite action between
the girders and panelspsesent. The strains in the vibrating wire gages were compared
to hand calculations assuming full composite action. There was good agreement between
the hand calculations and field data.

2.1.1.5 Peterson and Ramirez

Peterson and Ramir€z%investigated the Bevior of precast, prestressed

concrete form panels with a CIP (castplace) topping. One issue addresaedthe
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restraint moment developed at interior pieraVhile the precast panels have undergone

a substantial amount of shrinkagdresh CIP toping has not undergone any shrinkage.
The precast panels restrain the shrinkage producing compressive stresses in the panels
and tensile stresses develop in the CIP topping.

In a continuous span, this causes negative restraint moments to develop at the
interior supports and positive restraint moments to develop at midspan for each span.
Additionally, the reactions at the interior supgdricreasand the reactions at the end
supports decrease. The creep associated with the prestress force in hagisagedn
the composite section causes the opposite effect. In a continuous span, this causes
positive restraint moments to develop at the interior supports and negative restraint
moments to develop at midspan for each span. This assumes the doktti®n
prestressing strands is oriented in the longitudinal direction. The creep of the panels and
CIP topping under the self weight of the system will also produce restraint moments. The
restraint moments caused by this effect are similar to the mocsarged by the
differential shrinkage between the panels and CIP topping.

To investigate this issue, two bridges were constructed and tested at Purdue
University. Each bridge had two spans consisting of prestressed concrete form panels
and a CIP toppingThe bridges were continuous over the interior suppbine interior
support of each bridge was pinned and the exterior supports were roller supports. Two
loads were applied near the interior support to create a large negative moment at the
interior supprt. One load was placed on each span. During casting of the CIP topping
and throughout the testing of the bridges, the end reactions were monitored using load
cells. These end reactions, along with the applied loads, were used to calculate the
moment &the interior support. The restraint moments can also be calculated by
multiplying the change in the end reaction by the span length.

During the first few days of observation, the change in the end reaat&sns
believed to be due to the thermal bowiffiget. The panels and CIP topping cambered
upward in each span, causing the end reactions to increase. Another large change in the
behavior of the system occurred when cracking was observed in the CIP topping at the
center support. This caused the @strmoment to decrease. The experimental values

for the restraint moments were compared to analytical methods for calculating the
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restraint moments. However, these methods were based on continuous spans for
prestressed girders with a CIP toppinthe QP topping only accounteidr a small
portion of the composite depth. Therefore, Peterson and Ramirez proposed a new

method for calculating the restraint moment at the center pier for a two span, symmetric

bridge
Mr = (gOCM p _a(Md)precast)(A(l_ ei(ﬁl)) _a(Md)CIP(l_ e7¢2)
3 1-e*
—EaMs( ) ) [2.4]
where,

o = factor accounting for the relative stiffness of the diaphragm region
and the main spans.
20,
_ Ly
21,

3l
7_*_7
L, L

[2.5]

m

l¢ = moment of inertia of diaphragm region (area between support
points at center pier)

Lq = length of diaphragm region

Im = moment of inertia of main spans

Lm = length of main spans

Mp = moment caused by prestressing force about the centroid of the
composite member

M; = differential shrinkage mment, adjusted for restraint of precast
panels and steel reinforcement

(Mg)precas= midspan moment due to dead load of precast panels

(Mg)cip = midspan moment due to dead load of CIP topping

¢1 = creep coefficient for creep effects iniéd when prestress force
is transferred to the precast panels

¢ = creep coefficient for creep effects initiated when CIP topping is cast

A(l—e )= change in expressiofil—e*) occurring from time CIP
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topping was cast to time corresponding with restraint
moment calculation
Peterson and Ramirez stated that if the a@gtmoment exceedeate cracking moment,
the restraint moment should be recalculated using axniinat accounts for the deced
stiffness using cracked section properties.

The PCA (Portland Cement Associatitiroposed a method for calculating the
differential shrinkage moment in a composite sectiog,rdtjuired for the calculation of
the restraint moment in Equation 2.4he method was originally produced for the design
of continuity connections between adjacent precast, prestressed girders-spanulti
bridges. Peterson and Ramirez modified the equation with a factor, which will be
referred t o atheréspaintby theopreaast pamelsrand refinfoncement in

the CIP topping
M, = PeE, A6 + ) 2.6

where,
p = modification factor proposed by Perterson and Ramirez

1 1
LEoA |, BA
EdA\j EdA\i

E, = modulus of elasticity of therecastpanels

[2.7]

Ap = area of precast panels

Es = modulus of elasticity of steel reinforcement in CIP deck

A = area of steel reinforcement in CIP topping

Eq = modulus of elasticity of CIP topping

A4 = area of CIP topping

gs = differential shrinkagstrain

h = CIP topping thickness

e = distance between the top of the precast member and the centroid

of the composite section
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In addition to monitoring the twbridges over the curing period, a static test was
also conducted on each bridgéach bridge was loaded tp20 kips. The cracks which
had developed during the curing period propagated and additional cracking formed. The
moments at the interior supports were tracked with increasing load. The proposed
method for calculating the rieaint moment with cracked section properties showed very
good correlation with the experimental data.

The restraint moments developed from differential creep and shrinkage between
the CIP topping and precast panels is analogous to the same phenomes@edevel
between full depth precast panels and prestressed concrete girders. However, the change
in support reactions from thermal bowing of the panels during curing from the heat of
hydration reaction obviously would not pertain to full depth panel constructhis is
because the girders and panels would cure separately before being made composite.
However, casting the haunch may cause enough of a temperature gradient to create a
thermal bowing effect.

Perterson and Ramir@tso conducted a study on theotbridges to examine the
behavior and strength when exposed to repeated service Id&diRy® million cycles
were applied to each bridge. The applied loads were based on producing a stress range in
the reinforcement of 120% of the maximum allowal#sign stress range. After the first
2 million cycles of loading, the stiffness of the system did not change significantly. A
durability study was conducted after 2 million cycles which consisted of ponding water
for prescribed time increments. This veie for 48 weeks. There appeared to be a
significant change in stiffness after the durability study was done. This was believed to
be caused by positive restraint moments at the interior support which caused some of the
cracks to close. This positivestraint moment was developed when the surface of the
CIP topping swelled due to-kgetting the surface. During the last 3 million cycles of
loading, the stiffness of the system did not change significantly.

The bridges were then loaded to failure. Thpacity of each system was
compared to the calculated capacity using virtual work. The calculated failure load was
within 1.3% of the actual failure load. The calcathfailure load did not taketm
account the restraint moments at the center @eacking of the concrete and yielding of

the steel prior to failure relieved the stresses producing the restraint moment. Based on
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this information, it was noted that the restraint moments developed do not affect the

ultimate strength of the structure.

2.1.1.6 Issaetal.
Much work on fultdepth deck panelsadbeen done at the University of Illinois
at Chicagdiy Issa et at*'#*°. |ssa poitedout that every DOT (department of
transportationhas their own method of design and construction. The purpdise of
studies was to formulate an optimum full depth precast bridge deck to be used on steel
girders. Some of the work includéte following:
1. An extensi ve sur viegathesigformation afthes t at e DO
current details used and performancéheir deck panel systems,
2. Field inspection of selected bridges across thmiry using precast
deck panels,
3. An analytical study on the geired level of postensioning,
4. Laboratory testing to look at the effects of ptesisioning, behavior of
the transerse jointsand measure of composite action.
| ssads wor k on rengioningiseliscusked v thik sectianf Thp o s t
remaining studies conducted by Issa are discussed in Section 2.1.2.6 and Section 2.1.4.2.
Issd performed finite elementnalyses tanvestigatethe required level of post
tensioning to keep the transverse joints in compression. Several bridges were modeled.
Two of the bridgesmodeled werghe Culpeper bridge in Virginia and the Welland River
bridge in theNiagara FaB, Ortario. These two bridges wetlee focus of the study. The
Culpeper bridgevasa 54.5 ftsimply supported span supported by steel rolled beams
spaced at 6.25 ft. The joints between the adjacent panels are thefamealk
configuration. The 18 span Wahd River bridge had 3 spans rehabilitated wittcast
panels, spanning 48dnd supported by steel girders.
The finite element software ALGGRwas used along with the program
PCBRIDGE" to perform the analyses. Symmetry of the bridges was consialedezhly
a portion of each bridge wasodeled in ALGOR. This reducéde number of degrees of
freedom and analysis run time. PCBRIDG&swised to determine the resultgigears
and moments to apply to the boundaries of the model in ALGOR. The precealst, pa
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transverse joints, shear pockets, parapets, and closure pours were modededanith
eightnode brick elements. Four layers of brick elememeused in the deck panels.
The mild reinforcement for the precast panels and closure pours armstiensioning
tendons were modeled with truss elements. Thetpastoning was applied by imposing
a temperature change in the truss elements for thegrsbning tendons. The steel
stringers ad diaphragms were modeled with fowode plate elementBeam elements
were used to model the shear studs.

Three different levels of pesénsioning were examined in this study; 200 psi,
300 psi and 400 psi. Theserethe stresses in the deck caused by theteosioning
force applied. The joints thatere studied in each of the bridges were the ones with high
tensile stresses. A number of analyses were run for each bridge modeled to account for
the different levels of pogensioning and live load positioning to create maximum shear
or live load positning to create maximum moment.

For the Culpeper bridge, the maximum tensile stag#ise transverse jointgas
only 100 psirom the worsecase live load wheel positiong\ posttensioning level of
200 psi was recommended to keep the joints in corsjares For the Welland River
bridge, the critical locatiofor high tensile stresses was in the top surface of the deck in
the vicinity of the supports. Issa found that a level of 400 psi oftpostoning was not
enough to eliminate the tensile stressear the supports in this case. Issa analyzed
several more continuous bridges using a&ssioning level of 600 psi. This proved to
be more than enough to keep the joints in compression. The results were interpolated to
find the minimum levebf pog-tensioning that creatatensile stress of zevas450
psi. In all other regions of the continuous bridges, 200 psi was acceptable.

Issa recommends a pdsnsioning level of 200 psi for simply supported bridges.
For continuous bridges, a pasnhsbning level of 200 psi in positive moment regions and
a posttensioning level of 450 psi in negative moment regiwasrecommended. Long
term creep and shrinkage effects were briefly meetio Issa arbitrarily increasads

recommendation for initialgstt e nsi oni ng | evel s by 100 psi

t o

stresses in the concrete indKCreaimig the effec

shrinkage can have a substantial effect on the loss otgrmsbning force and desesve

more considerationThe levels of postensioning recommended in this report may or
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may not work well for keeping the joints in compression for panels supported on
prestressed concrete girders. In addition, full composite action was assumed between the
panels and girders.aRial composite action caused by relative slip between the deck and
girders causes a tensile stress increment in the deck in positive moment regions.

An experimental study was done by f8ga investigate the transverse joints,
shear pocket connectioand amount of pogensioning required in the deck. Three
bridges, modeled from a fogpan continuous prototype bridge in Virginia, were built in
a laboratory setting at a scale factor of ¥4. Shear connectors used were specially
fabricated to meet the signed model requirementsieaded shear studs were used for
the shear connectors. The headed shear studs were ¥4 in. in diameter and 1 % in. long.
The ultimate strength of the shear studs was 75.8 ksi and the yield strength was 65.2 ksi.
The corners ofhe shear pockets that hodske shear studserebeveled to eliminate
stress concentrations.

The difference between the bridge modetsthe level of postensioning. One
model had no podgensioning, another had a pasnhsioning level of 208 psind the last
model had a pogensioning level of 380 psiGrouted femaldemale joints were used as
the transverse joint configuration between adjacent paf@ks.panels were cast and
cured for 60 days under controlled humidity and moisture room. dielpwere
supported on two steel beams. Each span was 9.5 ft. with a girder spacing of 18 in.

The three bridges were tested under both static and fatigue loading. The truck
loadings for the static tests were positioned to create a maximum positivenirarthe
system. The loading scheme for the fatigue tests were the same as the static tests. The
first two models were subjected to 2 million cycles of simulated HS20 AASHTO truck
loading” at a frequency of 3 Hz. The last model, pesisioned to 38fsi, was
subjected to 1.3 million cycles. Additionally, an ultimate load test was performed on
each model.

The bridges were instrumented at maximum negative moment regions, maximum
positive moment regions, and maximum horizontal shear regions to miaitapplied
load, deflections, rotations, changes in strain, crack patterns, and relative slip. Surface
strain gages, LVDTSs, vibrating wire gages, and crack displacement transducers were the

instrumentation devices used.
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The model with no pogensionimg initially cracked in the transverse joints near
the central support. This ultimately led to the failure of the system. The models with
posttensioning also experienced cracking at the center support. However, more cracking
occurred away from the ceati support as the | oad whs incre
that higher levels of pogénsioning delay the onset of cracking at the central support.
No relative slip occurred between the panels and girders until high static load levels were

reached phigh stress ranges were introduced during the fatigue test.

2.1.1.7 Markowski

Components o%fwoMatth& Wniversityi obVeisconsin at Madison
on precast deck panels relevant to this study inditlieerequired level of post
tensioning across the trarerse joints and composite action between steel girders and
precast panels with different shear stud layouts. Other aspects of the deck panel system
investigated by Markowski includehe required level of posénsioning across
longitudinal joints and gnel edge strength. This stuggsthe first of three phases for
this particular research project at the University of Wisconsin at Madison.

Mar kows ki 6s wor k o n -tandioaingra@agaithe transverdee vel of
joints is covered in this sectio. Section 2.1.2.7 covers Marko
composite behavior of the steel girders and precast panels.

The transverse joints were tested in flexure to see when the bottom of the joint
would open up under different levels of ptetisioning. The ge of the panels used for
this test was 4 ft x 8 ft x 8 in. The panels were prestressed in the transverse direction.

Two lab specimens were placed end to end in aX®fin. simply supported condition

with a grouted femaléemale joint between them.h& panels did not rest on steel

girders. The panels were prestressed in the transverse direction and wézagosed

to a level of 154 psi across the joint. The setup was instrumented with LVDTSs, strain
potentiometers, and strain gages. The longildgeparation of the transverse joint on

the bottom face of the panels, the relative vertical movement on the top face of the

panels, and the strain adjacent to the joint were measured. The panels were
Apreconditionedod wit hndn@lmate padkestwasof | oadi ng

conducted.
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During the testing of the transverse joints, significant nonlinear behavior was
observed. The joint opening exceeded 0.18 in. on the bottom surface of the panels.
Markowski noted that cracking occurred at the bottdrtihe joint in a gradual manner.
Unloading and reloading showed that large residual relative displacements and relative
slip occurred.

Using the results from the LVDTSs for both the transverse joints and longitudinal
joints, moment vs. curvature plots eedeveloped to establish the rotational spring
constants thatould beused in computer modeling of the joints. Constitutive
relationships and the geometry of the cross seeteneused with the strain distribution
to calculate the axial force and morhanting on the cross section. If the assumed
neutral axis location did not result in a net horizontal force equal to zero for the flexural
strain distribution, then another neutral axis location was assumed and the process was
continued.

In his modéng approach, Markowski offséte axial force with the total
effective postensioning force. An initial prestress fonwasthen backed out by taking
into account creep, shrinkage, and elastic losses. However, it does not appear that the
lossegeportedby Markowskiwere based on a composite section with a steel girder. The
losses seem to only be based on the test setup consisting of only the panels. There was
no mention about seating losses or friction and wobble losses. Based on the results of the
aralytical models and experimental results, the level of-fstioning of 250 psi across

the transverse joint was deemed adequate.

2.1.2 Horizontal Shear Transfer
2.1.2.1 Seracino

Using partialinteraction theory to model the composite action of agerishore
accurately models the behavior of a bridge. Loss of full composite action between the
deck slab and girder results in a tensile stress increment in positive moment regions.
Seraciné® formedthe concept of partial interaction focal points to preeghe linear

elastic partial interaction theory. His woslasbased on composite steel beams only.
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There are two extreme bounds that measure the degree of composite action. One
bound being no composite action and the other bound being full composite. For
full composite action, the curvature can be calculated as

M (X)
Ecl fi

s (X) = [2.8]

where,
ls = the moment of inertia transformed to concrete with full interaction of
the concrete slab with the beam.
E. = modulus of elastity of the concrete
Assuming a pure flexural state, the strain is zero at the centroid of the composite section.
For no composite action, the curvature can be calculated as

M (X)

9= e+ (.

[2.9

where,
(El)¢ = flexural rigidity of the conete component
(Els = flexural rigidity of the steel component
The steel section and the concrete section have the same curvature under the no
composite action state assuming there is no vertical separation between the concrete
section and steel secton The strain distribution is zero
and zero at the steel sectionds centroid. N
the steel and concrete interface when there is partial composite action or no composite
adion.
The two PIFPs (partial interaction focal points) can now be fodine. PIFPs are
shown in Figure 2.1.10ne PIFP occurs at the intersection of the full interaction strain
distribution and the no interaction strain distribution for the concretemse This is
referred to as PIRP The other PIFP occurs at the intersection of the full interaction
strain distribution and the no interaction strain distribution for the steel section. This is
referred to as the PIEPThe strain distribution in partial composite action state must
pass through both the PIFéhd PIFR The only unknown remaining is the curvature in

the partial interaction state.
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Figure 2.1.1 Strain Distributions for Variable Degrees of Composite Action

A magnification facto (MF;) can be applied to the full composite interaction state

to get the curvature in the partial composite action state. The magnification factor is

MF, = (-d,*A+1)*(d,” A (

cothel) sinh(ex)) si
where,
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n=— [2.15

k = connector stiffness

p = connector spacing

Es = modulus of elasticity ahe steel component

d. = distance between the centroid of the steel section and centroid of the

concrete section

x = distance from the end of the span

L = length of the span
MF, = 1 implies full composite action. Although the calculationthe magnification
factor is not too complicated, it may not be very practical for design use. Therefore,
Seracino looked at the magnification factors at the supports, midspan, and quarter points
and made some observations to simplify the expressibims.magnification factor at the

supports can be expressed as

1
ME.) = - 2.1
( ¢)s —dCZA\'—Fl [ 6]
The magnification factor at midspan is
(MF,), =—1 (d2A (2 —1)+1) [2.17)
TOdlAHL C al '
The magnification factor at the quarter points is
(MF ) —L(d 2A'(i—1)+1) [2.18]
9 gAHL T 3al '

C

The magnification factors between the supports, midspan and quarter points can be

l inearly interpolated without intuwoeducing mu
presented in Equation 2.10’he curvature for partial composite action can beddun

multiplying the curvature for full composite action by the magnification factor. The

curvature for partial composite action can be used with the PIFPs to find the strain

distribution at any section.
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2.1.2.2 Tadrosetal.

Tadros eal ?®

proposed a debondeshear key system to be used with concrete
girders. Design criteria and specifications were also cited. This sgatdre used with
castin-place concrete decks and partial and full depth precast panel decks. The purpose
of this new systerrs to facilitate deck removal. The girders are cast with blockouts so
shear keys are present in the top flange of the girder along the entire length. Hooked
reinforcing bars are used as the shear connectors. A sealant is applied to the top of the
girder that willbreak the bond between the girder and the deck concrete. Therefore, the
shear resistance is provided by the mechanical interlock between the deck and girder via
the shear key and the shear reinforcement.

The shear keys must b @il pematypetyr Tagrossi zed so
claimedthe shear keys can fail in one of two ways. The shear key can fail by bearing on
the side of the shear key. The factored horizontal shear force can be compared to the

factored horizontal shear capacity

Vih (vask) < ¢(O85fctsk(bsk _tsk)) [219]

where,
vuh = factored horizontal shear stress (psi)
b, = width of the top flange (in.)
Ssk = shear key spacing (in.)
¢ = 0.7 for bearing design
f6 = smaller of the compressive streng
strength of the concrete (psi)
tsk = depth of the shear key (in.)
bsk = width of the shear key (in.)
The shear key can also fail by shearing of the base of the shear key. The factored

horizontal shear force can be compared to theffad horizontal shear capacity

Vin (B,Sy) < d(CA + 1A 1)) [2.20)
where,

c = cohesion stress (psi)

Ask = Wsbs = area of shear key at base?\in

¢ = 0.9 for shear design
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u = coefficient of friction
Ayi = area of horizontal shear reinforceménf)
fy = yield strength of the shear reinforcement (psi)
AASHTO LRFD? and the ACI 318, Building Code for Structural Conci®give values
for o606 aredehding on whether the deck i s ca:
preparation, and the materatlthe bonding surface. This will be discussed in
subsequent sections. Il n this application, t
bond between the deck and girder. Tadros recommendsfor this application.
Tadros recommenddte followving equation in the calculation of the horizontal
shear stress

V
Vi = [2.21]

where ¢ = distance between the tension and compression resultant forces in the section.
Tadrosargued that only the composite loads on the systemdakwisen calculatingyy.
Tadros wentontoclailnte s hear connectors and shear Kkey:
weight or the girder self weight since they are introduced prior to composite action being
achieved. This will reduce the numbérconnectorghat are required. Tadros does not
address the issue of load redistribution in the system after significant cracking occurs.
The design of the shear key system can be accsinepliby utilizing Equations
2.19 and 2.20 The unknown variables arg, ts, Wsx, ¢, Bin@ As. Three of the
variables can be chosen in advance by the designer and the remaining variabdées can b
solved for. Tadros recommendesing the following equation to establish a maximum

for the amount of shear reinforcement:

A f, <0.25fb,S [2.27]

c v sk

This debonded shear key system was used in a bridge in Nebraska. The
southbound structure had the debonded shear key system and the northbound structure
had the conventional roughened, bonded interface. Tests were perfotmedhvee
axle truck. Deflections of the southbound structure were compared to deflections of the
northbound structure. Deflections on the southbound structure were almost the same as
the deflections on the northbound structure, indicating there waEgase in flexibility

or loss of strength at the interface associated with the debonded shear key system. The
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bridge was also inspected three months after completion and so signs of distress were

noticed.

2.1.2.3 Pushoff Tests at Virginia Polytechnic Institute and State University

There have been extensive studies done on the horizontal composite action
between precast concrete panels and precast concrete girders viafpish t e s t s . Two
shapedodo blocks are cast t o ser.mMbduachs¢thena pr ecas
cast between the panel and girder. Such parameters as haunch heights, grout types,
amount of shear reinforcement, type of shear reinforcement, and surface prepaagion
investigated to determine their impact on the strength amalvime of the interface
between the panels and girders. L-aéid plots were used to examine the overall
behavior of the interface between the panel and girder. -&iaih plots were used to
examine the behavior of the shear connectBrsshoff testsare discussed further in
Chapters 3 and 5.

Menkulasf’ performed a total of 36 push off tests. The bottom surface of the
panels had a rough, exposed aggregate finish. This was accomplished by placing a cloth
soaked in a retarder mix on the formwork. FBhoeface was later hosed down to remove
the unhydrated grout. The top surface of the girder was given a raked finish. The
compressive strength of the concrete for the panel and girder was 5 ksi. The casting
orientation for the grout in the haunch washwhe girder and panel on their sides. There
was no mention of the age of the grout at the time of testing.

The grouts tested were a latex modified mix that was created in the lab @nd Set
45 Hot Weather grout. The shear connectors used in the parastetiies included
hooked reinforcing bars, peststalled hooked reinforcing bars, passtalled, epoxied
Dayton Richmond anchors, and no shear connectors. Theptadled shear connectors
are advantageous because they make deck removal easiefpallasger casting
tolerances during a deck replacement project
the tests had shear keys present in the girder. This was similar to the detail proposed by
Tadro$®, except that no debonding agent was appligdeairder.

A force normal to the surface of the panel was applied to the top surface of the

panel to simulate the self weight of a tributary area of the deck. This was accomplished
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with a force of 2.5 k. A load was applied to the side of the test specipassing through

the centerline of the haunch in an attempt to load the specimen in pure shear. The
specimen was instrumented with two potentiometers to measure the relative displacement
between the panel and girder. Electrical resistance strain wageglaced on the shear
reinforcement to measure the strain in the reinforcement.

The tests exposed several key aspects about the behavior of the system. First, the
strength of the specimen does not vary significantly with the haunch height. However,
Menkulasi found that improperly developed shear connectorsctenestailure of the
specimen to be a putlut failure of the shear connector. This occurred in a specimen
with a 3 in. haunch. The Dayton Richmond connectors showed very brittle behavior.

They were very convenient to install though. Thé3&tHot Weather mix performed

better than the latex modified mix. However, Menkulasi proposed that more grout types
be tested in the future. The shear keys on the top surface of the girders in¢reased t
capacity of the specimen. Based on the limited tests on this detail, the shear key appeared
to increase the capacity anywhere from6IB%. Most of the failures occurred at the

interface between the haunch and girder or haunch and panel.

Menkulasi poposed two equations to be used in design to predict the capacity of
the interface between precast concrete panels and precast concrete girders. The equations
that he proposederelower-bound capacities derived from his data. For an uncracked
interface,

0.51(A.f, +R)
b,s

v, = 0.06+ [2.23

where,
Vnh = nominal horizontal shear stress resistance (ksi)
Ay = area of shear reinforcement?jin
fy = yield strength of the shear reinforcement (ksi)
b, = width of the interface (in.)
s = length of the irerface (in.)
P, = sustained compressive force, normal to the interface (kips)

For a cracked interface,
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0.86(A,,f, +P,)
Vnh = b S

[2.24

Equations 2.23 and 2.2dere compared to code provisions for calculating the horizontal
shear resistance, suchACl 318°, AASHTO LRFD¥, and AASHTO Standard
Specification®. The AASHTO LRFD provisions showed the best correlation with
Menkul asi 6s data and ACI 318 and AASTHO St an
unconservative.

ScholZ performed pustofftestssini | ar t o Meoffkests. Sigpushs push
off tests were done, two for each grout examined. The grouts used were a Five Star
Highway Patch, S&t45 Hot Weather Mix, and Se#5 Hot Weather mix with a pea
gravel extension. The same surface prepgaratsed in the previous study by Menkulasi
was used in this study. The casting orientation of the grout for the haunch differed from
Me n k ul a s i dnghatshp grauti waecast with the girder and panel upright instead
of on their side. No shear cautors were used in these tests. A constant haunch height
of 1 % in. was used. The specira@rere tested two days after the casting of the haunch.

Results showed that the a5 Hot Weather extended mix performed the best.
Schol z6s datraabcloynpwairtenrd Mearwkoul asi 6s proposed
the shear capacity diie interface (see Equations 2.23 and R.Bktholz recognized that
in many of Menkul asi 6s tests, the shear rein
theyield strengthm Equations 2.23 and 2.24ay not be valid. Using the strain in the
shear connector at the time the interface cragkmes the modulus of elasticity of the
steel, E, was proposed by Scholz to replace the yield strength of the shear connectors.
ForMenkul asi 6s push 0%45 Hos\Weatoer extended grout nhix, & he Se't
new equation was developed using the strain in the shear coratetttietime the
interface cracked

v=115+ 1.45—AV“gst; th

Vv

[2.25

In addition to pustoff tests, Schia also completed tests to measure the cube
compressive strength, tensile strength via split cylinder tests, shrinkage characteristics,
flow and workability, and bond strength of different grouts. The tests were carried out in

strict accordance with ASTMtandards. These material properties are critical when
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selecting a grout to be used for the haunch between the precast panels and girders. The
grouts tested were ThoR6&0-60 Rapid Mortar, SikaQuick2500, Five Stat Highway
Patch, Sét45 Hot Weather ith and without pea gravel aggregate extensions.

The ThoRo€ 10-60 grout had the highest 7 day compressive strength. The
grouts with the extended pea gravel did not gain as much strength as the grouts without
the extensions. All of the grouts withouetpea gravel extension had comparable
compressive strengths at 2 hrs. The Five®Sjeout had the best tensile strength.

Shrinkage bars for each mix were used to establish the relationship of the
shrinkage strains with time. This was done over a 2&dapd. Because of the
different size bars used and the need to compare these shrinkage values with ones from
other tests, the shrinkage strains were multiplied by the vetareerface ratio
correction factor found in ACI 268 The Five Stat Highway Ratch and Sé&t45 Hot
Weather had the lowest shrinkage strains for the shrinkage bar tests.

In addition to the shrinkage bar tests, a small mockup of the shear pocket was
created to test the durability of the detail. After the grout was poured into ttk®blto
and cured for a substantial amount of time, water was ponded on the top of the specimen
to look for any leaks that may occur in cracks resulting from large shrinkage strains in the
grout. The Five St&rHighway Patch and Sé45 Hot Weather had tHewest shrinkage
strains for the mockup. No water leakage was present in any of the specimens after
approximately 60 days.

The flow and workability of the grouts were examined with drop tests on a flow
table with a truncated flow cone. A haunch flow kge was also constructed to test the
flow and workability. The mockup was built to mimic the flow of grout between two
shear pockets spaced at 2 ft. The grout was poured in one end and the flow was
monitored to determine if it flowed completely to theetpocket and see if the entire
haunch was filled. The Set#5 and SikaQuick performed the best for the haunch flow
mockup and Five StaHighway Patch and S&45 performed the best for the drop tests.

Slant shear cylinder tests were used to exammé&adind strength. The bottom
portion of the cylinders wergiven different surface preparations: exposed aggregate
finish, raked finish, raked and sand bl asted

aggregate finish definitely increases the capatfithe interface. The Five Star
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Highway Patch and SikaQuitlperformed the best. ThoRd&0-60 also performed
favorably. There was an attempt to find a correlation between the slant shear cylinder
tests and the push off tests. However, no correlatias found. Scholz suggests

performing more slant cylinder tests using different angles for the cylinder component for
each test.

WallenfelsZ°per f or med 29 push 'Dést sewWalslenfLekez
tests were very “dedsmFile Staf HighwayRatah kSatUmHot 6 s
Weather, and Set 4310t Weather with a pea gravel extension were the grouts used.

The girders were given a raked finish and the panels were given either an exposed
aggregate finish or a smooth finish. All of tiests were performed within 24 hours of
the grouting operation. In addition to testing specimens with hooked reinforcing bars,
specimens in which a steel plate was cast with the girder were also testedstadet
shear studs were shot to the top battom of the plate. This eliminates tripping hazards
during construction and allows for easier panel placement during construction.

Anot her series of Wall enfeatdewmik Ghssddtal st s e x a
provideda reduced pocket diametrthe top of the panel, improving the appearance and
performance of the riding surface. With this detail, the gn@agpumped in at one
location and the awasallowed to escape through a predetermined vent location.

During most of,falad of teernnfedatesoecidrred betwesn tise
slab and the haunch for the specimen with hooked reinforcing bars. This may be
attributed to air getting trapped during the casting operation. For specimens with the
steel plate detail and shear connectibrs failure of the interface occurred between the
girder and haunch.

The behavior of the system was broken down into three different categories. The
first categorywascharacterized by the shear capacity of the shear connectors being less
than the shaacapacity provided by cohesion at the interfaces. For this case, thdifpad
plot waslinear up until cracking. After cracking, thesmasa sudden drop in the load
carried. Theravasstill a considerable postrack capacity, maintained at a fairly
constant magnitude. In general, the shear connedtdrsot yield at the time the peak

capacitywas reached. Yielding occuredmetime after the peak loags reached
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The second categowyascharacterized by the shear capacity of the shear
connectors éing greater than the shear capacity provided by the cohesion at the
interfaces. The loadlip plotdid not show a significant decrease in strength as the slip
increasedn the postpeak load region. In general, the shear connedtdngeld by the
time the peak capacityasreached. The specimens with the steel plate embedded in the
girder with shear connectors fell in this category.

The third categoryascharacterized by the shear capacity of the shear connectors
being approximately equal to theesin capacity provided by cohesion at the interfaces.
Here, theravasa slight drop in the load carried when the interfacekstad he specimen
then continuedo carry additional load after cracking.

Based on Wall enf el sz 6 s codnactoes haveanbte maj or i ty
yielded at the time the peak strengtasreached. The equations for the capacity the
interface provided by many code provisions assume the shear connectors have yielded.
The peak shear stresses provided in this study were compdhe$é obtained by
AASHTO LRFD?. The AASHTO LRFD equion that usec coefficient of friction and
cohesion value that correspond with an unintentionally roughened surface showed the
best correlation with the pusdif test data. Wallenfelsz proposadhange to the current
AASHTO LRFD equation to predict the horizontal shear strength, wikdmore
consistent with his results when the amount of stesincreased

v, =max[cA,, (A f, + R,)] [2.26]
where,
¢ = cohesion stress
A = area of intedce
u = coefficient of friction
= 0.9 for grout/concrete interface
= 0.6 for grout/steel interface
As = area of shear connectors
fy = yield strength of shear connectors
P, = sustained compresgiforce, normal to the interface
The hidden pocket detail provided no noticeable increase or decrease in capacity.

However, forming the pocket for the hidden detail can prove to be difficult. The strength
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of the specimen was not affected by the surfaepgration on the bottom of the panel.
Additionally, an exposed aggregate finish may promote the formation of additional air
bubbles during the casting of the haunch. Therefore, it was recommended to use a
smooth finish on the bottom of the panels. Awotpoint worth noting from

Wal | enf e wastha the specimen with the embedded steel plate and shear studs
performed similarly to the detail with the hookedhforcing bars. This indicatetat

this detail may be a suitable alternative to thekiedaeinforcing bar.

2.1.2.4 Badieetal.

Badie etal*° propose the use of large diameter shear studs in composite bridge
construction. The advantages of the system include less installation time, ease in deck
removal, and safer working conditions during camgion. The diameter of the studs
used in this study were 1 ¥4 in. An emphasis on quality control during the welding
process is mentioned. Pusfi tests were done to investigate the ultimate strength of the

large diameter shear connectors using addteel section as the girder. Control groups

of % in. studs were tested as a basis of comparison. Both headed and headless studs

were tested. Confinement ties were provided in the deck for some of the spggoimen
see if there waan influenceonthe capacity. The specimgwere tested for ultimate
strength and some of the specimere also subjected to 2 million cycles of fatigue
loading.

The same mode of failure was observed in most of the spexiée failure
occurred by ear at the base of the weld. Other failure modes observed were a base
plate failure for two specimens and concrete failure for three of the specimens. After
observing the failure of the base plate, a minimum top flange thickness of ¥z in. was
recommended The concrete failure occurred at the unloaded end of thegbush
specimen. Thigvasbelieved to be a local effect, specific to this type of test, and would
not be typical in most bridges since the majority of the studs are well confined.

In addition b the insight of the failure mode of 1 ¥ in. diameter studs, other key
aspects of the behavior of these large diameter connectors was noticed. The use of
confinement steel greatly increased the capacity of the push off specimen. Most bridge

decks do hava high level of confinement from the top and bottom transverse and
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longitudinal reinforcement. Using headless studs decreased the capacity etcthesp
However, Badie suggestéatther studiesireneeded in this area. Based on the data,

fatigue loaling did not have an effect on the capacity of 1 ¥4 in. diameter studs. The large
diameter shear studs showed 30% less slippage at failure than the smaller diameter studs.
However, the large diameter studs did show larger slip values after the fatidung loa

was applied. The tests shesithat the AASHTO LRFD specifications are conservative

for estimating the number of studs needed, based on fatigue requirements, but may
overestimate the amount of studs needed by as much as 30%. A stud spacingrof 6 in. o
morewasrecommended.

Based on the observations and design recommendationssadiglbeam was
tested to further eval doanaece.tThedeain wasadOift. di a me
long, W36x160 with an 8 in. thick concrete deck. The beam wesltts4.8 million
cycles of HS25 vehicle loading, as specified in AASHT®FD?. The fatigue test
showed no loss of composite action between the concrete deck and beam. No distress

was noted in the concrete deck due to the use of the large diameéser stu

2.1.2.5 Kahn and Slapkus

Kahn and SlapkdStested six composite concreteb&ams to investigate the
interface shear strength for sections made with high strength concrete. The flange was
cast against a precast web that had cured for 4 weeks. The prdzmbsiagde nominal
compressive strength of 12 ksi. For the -g¢agilace flanges, three of the specimens had
a nominal compressive strength of 7 ksi and the other three specimens had a nominal
compressive strength of 11 ksi. The surface between the wdlanage was not
intentionally roughened. The ratio of reinforcement crossing the interface ranged from
0.0019 to 0.0037. The transverse reinforcement consisted of 5, 7, or 9 Mhapéd
stirrups.

The specimens were loaded to failure undetpaiatbending test. The
specimens were instrumented with electrical resistance strain gages and LVDTs. The
specimens with the 11 ksi flanges failed in flexure with the concrete crushing between the
load points in the top flanges. The specimens with the flakgjes failed by cracking at

the interface between the web and flange. Riistests were also performed using a
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wide range of concrete strengths. There was a good correlation between the results for
the puskoff tests and composite beam tests.

Theexperimental shear stresses from the composite beam tests were compared to
the predicted peak shear stress values proposed in previous research and current code
provisions. AASHTO LRFE, AASHTO Standard Specificatioffsand ACI 318° were
found to be coservative for predicting the strength of the interface for high strength
concrete specimens. In some cases when the experimental shear strength was compared
to the AASHTO Standard Specifications, the experimental shear strength was six times
greater.Kahn and Slapkus compared the shear strength from their test®tation
proposed by Kahn and Mitch&l

v, =0.05f +14p, f <0.2f ' [2.27]
where,
f6 = compressive strength of the weake

or web concrete (psi)

A,

pv = hs = transverse reinforcement ratio
S

\
fy = yield stress of the transverse reinforcement (psi)
Equation 2.27 showed a reasonably good correlation with the experimental data. Kahn

and Slapkusod results were alloawandPampfdred to a
v, =ki,/@5+p, f ) f.' <0.25f [2.28

where,
k = Aroughnesso constant
= 0.6 for rough surfaces
= 0.5 for smooth surfaces
A = correction factor related to the concrete density
Equation 2.28 predicted the shear strength moneratdy than all the other methods for

calculating the shear strengtiat were studied by Kahn and Slapkus.
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2.1.2.6lssa et. al.

Iss&® carried out further lab studiesitovestigatecomposite action between the
precast deck panels and supportinglgigders. This was done by testing 28 posh
specimens. Fourteen of the specisware ¥4 scale and 14 of the speciswere full
scale. Each specimen consisted of a steel beam and two precast panels. Two of the full
scale specimexdid not have angtuds so the friction contribution of the interface to the
total capacity could be evaluated. The number of pockets and the number of shear studs
in each pocket were the two main parameters examined by Issa. One, two, three and four
stud specimen were amined. All the studs were placed in a line perpendicular to the
longitudinal axis the of the steel girder specimen.

Part of the specimen preparation consisted of saturating the shear pockets with
water so that there would not be any exchange of wateeba the grout and concrete
panels during the grout pour. LVDTs were installed to measure the relative slip and
uplift between the panels are steel girders. Crack initiation and crack propagation were
also monitored throughout the test.

Finite elementodels were created in ANSYSo simulate the pushbff tests.

Nonlinear behavior such as cracking and crushing of the concrete and grout, slip via
contact and target elements were incorporated in the analysis. Whether or not the
plasticity of the steelvas modeled was not mentioned. Shear transfer coefficients of 0.6
and 0.75 were used for open cracks and closed cracks, respectively, as part of the
concrete material model. There was no mention about whether the models were run
under force control or dplacement control.

During the testing, the failure of the first stud was characterized by a sudden drop
in load. The dominate failure mode of the studs was a shear failure; although, some studs
were subjected to bending. A critical slip level of 0.82was established based on the
results of thgushoff specimen. Issa defingde critical slip as the level where there
wasa slight increase in load with a larger increase in slip. Here, the shearastud
engaged and a clamping stresssimposed orthe specimen. At higher loads, the stud
started to yield and was accompanied by local cracking and crushing of the concrete. The

stud would then typically fail through the weld.
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Issa shows that the two, three, and four stud specimen, with the same ntimber
pockets, experienced ultimate loads at the same relative slip poivasdtso shown that
as the number of studgsincreased, the strength increased the initial portion of the
loadslip cuwve (elastic stiffness) increasetiowever, there waso direct relationship
between the number of studs and the ultimate load. For example, Issa noted that
doubling the number of connectors did not double the capacity of the specimen. The
ultimatestrength was increased for a greater number of shear pocKe¢ finite element
analysis results indicated the maximum shstgess in the interface occurnedegions
surrounding the shear studssa reportedhe finite element results showed a good
correlation with the experimental results. The finite eletnesults did not capture the
postpeak portion of the loadlip curve.

Issa comparetis test results with equations developed from previous studies to
predict the shear strength of welded shear studs, as well as current code provisions. The
AASHTO-LRFD? shear friction equation was reported to have predicted conservative
estimates for the shear strength for shear studs. A cohesion value, c, of 25 psi and

friction coefficient,u, of 0.7 are recommended.

2.1.2.7Markowski

Markowsk?? investigated the aoposite action between steel girders and precast
panels with different pocket spacing, which was an extension of the study discussed in
Section 2.1.1.7. A model was constructed on ¥ scale with a &lirit simply supported
girder and precast deck pasielOne half of the girder had 1 ft pocket spacing (simulating
2 ft pocket spacing) with one longitudinal row of three shear studs. The other half of the
girder had 2 ft pocket spacing (simulating 4 ft pocket spacing) with two longitudinal rows
of shear 81ds, three shear studs per row. There was no prestressing in the transverse
direction, but longitudinal pogensioning was applied at a level of 256 pEhis was
close to the desired level of pdstsioning of 250 psi. According to Markowski, the
desired level of 250 pss the level of postensioning thais tobe supplied for the Door
Creek Bridge. The Door Creek Bridge is a bridge will be constructed in the field for a

later phase of the research program.
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The setup was instrumented with LVDTdastrain gages. The vertical
deflection at midspan, the relative slip between the girder and panels at the ends of the
span, and strain distribution through the depth at selected intervals along the span were
measured. Both a cyclic test and ultimaterggth test were conducted. The specimen
was subjected to 2 million cycles of load at 2 Hz. The load applied at midspan was based
upon creating the same maximum moment in the specimen that would be found by
applying an AASHTO vehicle load with a fatigusctor and axle spacing for fatigue
applied. Static tests were performed every 400,000 cycles to see if there was any
degredation in stiffness. The specimen was also subjected to an ultimate load test.

For the test on the specimen which investigated csitgaction, there was no
significant degradation in stiffness under the cyclic loading regardless of the pocket
spacing. However, cracking was observed on the top surface of the shear pockets that
were spaced at 2 ft (simulating 4 ft pocket spacing foll acale model). Thereere
some noticeable differences in the strains on the bottom flange of the girder during the
cyclic test. During the ultimate load test, the capacity of the 100 kip actuator used by
Markowski was reached. There was no evideri@ny cracking or crushing of the
concrete. However, a portion of the steel beam did yield during the test. It was also
noticed that the end of the beam with the smaller pocket spacing reached its first slip
before the end with the larger pocket spaciAg higher loads, the smaller pocket
spacingdid provide better composite action between the panels and girder. However, the
magnitudes of slip for both ends of the girderevery small. A 4 ft pocket spacinvgas
recommended by Markowski.

When a paion of the deck was removed in the vicinity of the shear connectors, it
was noticed that cracking occurred along the top of the shear studs. Markowskideport
that having shear studs with the same length creates a plane of weakness in the deck
where cacks can form.

Markowski preseteda method to calculate the flexural capacity of a section
assuming partial composite action, whigasbased upon the work of SeracihioThe
strain distribution through the depth of the section can be calculatechisitngthod.

The strain distribution from Mawak owski 6s

compared to the partial interaction strain distribution. Markowski notes that the strain in
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the bottom flange of the beam did increase dramatically when shslf occurred,
signifying partial composite action. However, the strain in the top flange matches the full
interaction straimistribution. Markowski stadthat itwasdifficult to determine if there

waspartial composite action or full compositeiantbased upon the analytical models.

2.1.3 Panel Joints
2.1.3.1 Sullivan

Sullivart® carried out fiite element analyses in SXrind ANSYS*to examine
the behavior of different transverse joint configurations. The different joints examined
were the ralefemale epoxied joint, a dapped connection, and flat joint between two
panels with a CIP (cagt-place) concrete topping.

The Scioto River Bridge in Columbus, Ohio was modeled in SAP. The bridge
consisted of three steel plate girder spans and eigstrpssed girder spans. The girders
were modeled with frame elements and the deck and parapets were modeled with shell
elements. Full composite action was assumed between the girders and panels in all the
models. The piers were not modeled. Insteagigrs were treated as pin and roller
supports because the large stiffness of the piers was not believed to affect the longitudinal
membrane behavior of the deck. The loading cases in the SAP model consisted of an 80
psi wheel load placed adjacent to sa@rse joints at critical locations on the bridge, a
wearing surface load of 30 psf, member self weight, and two temperature loads. The first
temperature load consisted of a uniform decrease in temperaturérofi8fl a
temperature gradient of & thraugh the depth of the deck that induced compression in
the top of the deck. The second temperature load consisted of a uniform temperature
decrease of 58F and a temperature gradient of°Esthrough the depth of the deck that
induced tension in the tofd the deck.

Several locations of the bridge were analyzed in SAP under the wheel load case
and other load cases to determine the locations that produce large tensile stresses in the
transverse jot. A refined model consistingf a twopanel system was rdeled in
ANSYS. Rotations and lateral, longitudinal, and vertical displacements from the SAP

model were applied to the nodes on the boundaries of thpanal system,
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corresponding to a given load case or combination of the cases. These boundary
conditions accoursdf or t he rest of t heandlsysteingeds i nfl ue

The applied load cases in tABISYS models were the same as the load cases in
the SAP model. The panels were modeled with brick elements that incorporated cracking
and crushing ofoncrete. The girders were modeled with beam elements. Interface
elements were used to model the interfaces between the two panels at the transverse
joints. The material properties of the interface incorporated frictional behavior based on
the user spefied friction coefficient.

Crack patterns, crack widths, longitudinal strain distributions, shear stress
distributions and relative vertical displacements between the panels were studied for each
of the transverse joint configurations under the varioadihg conditions. All the joints
exhibited at least some cracking. Crack widths were calculated from empirical formulas
found in previous research. Sullivan discovered from other research that crack widths as
small as 0.002 in. can cause water leakhgmugh the joint. ACI sets a limit on crack
widths of 0.013 in. In this study, crack widths as high as 0.018 were discovered.

The longitudinal behavior of the transverse joints was found to be independent of
the transverse joint configuration. Theabysis revealed that the large longitudinal
stresses caused from the temperature loading produced the most adverse effects in the
system. The cracks produced from this load were eliminated whetepegining was
applied at a level of 800 psi in the deckhe cracks were also eliminated if expansion
joints were provided at every other pier in the SAP model. From a practical standpoint,
including expansion joints at every other pier can create maintenance issues.

Sullivan showed that the vertical behavid transverse joints was dependent
upon the transverse joint configuration. When the-p@sioning was not included in
the models, the matiemale joint produced the smallest relative vertical displacements
and the flat joint with the cast-place t@ping produced the largest relative vertical
displacements. Although, the largest relative vertical displacement were still quite small.
The flat joint with the casin-place topping had a maximum relative vertical
displacement of only 0.399xE0n. The malefemale joint had a maximum relative
vertical displacement of only 0.99x1@. The difference in the performance of the joint

configuration was reduced when pésisioning was incorporated.
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2.1.3.2 Gulyasetal.

Gulyas el performed lab tests onauted femaldemale joints to investigate
the performance of different natrink grouts. The height of the specimen ranged from
7in.to 14.25in. The specim&were 6.5 in. wide and 3.25 in. deep. Two grouts were
used in the tests. The first groutsnaagnesium ammonium phosphate {Migs-POy].

This is also known as Set@5lot Weather grout and was used in studies by Stholz
Menkulasf’, and WallenfelsZ. The 7 day compressive strength was 7260 psi and the 7
day tensile strength was 557 psi. Beeond grout was another msinrink grout. The 7

day compressive strength was 5870 psi and the 7 day tensile strength was 390 psi. The
details of the mix design for the nshrink grout is given by Gulyas. A total of 24
specimens were tested, eight gsihe norshrink grout and 16 using the Sef’4%ot

Weather grout. Each received a sandblasted surface treatment to improve the bond on the
surfaces of the keyways. Sixteen of the specimens had keyway surfaces covered with a
damp towel prior to groutingEight of the Set 45Hot Weather specimens were
intentionally left exposed to the air for several days prior to the grouting of the joints.

The specimens with Set @5iot Weather grout were given a 7 day air curing treatment
after grouting. The specims with the norshrink grout were covered in damp towels

and plastic for a 7 day curing period after grouting.

Three different types of tests were performed. The first test was a direct tension
test. This test simulated shortening of the precast conoeatebers due to creep and
shrinkage and any drying shrinkage of the grout in the keyway. The second test was a
vertical shear test. This test simulated a wheel load on one member and no wheel load on
the other member. The third test was a transverse &sta This test simulated
differential creep, shrinkage, or temperature movement at the interface between the grout
and precast member.

The specimeswith Set 45 Hot Weather grout exhibited much higher failure
loads than the neshrink grout. Even th8et 45 Hot Weather specimsithat were
exposed to air before grouting had failure loads at least 1.45 times the failure load of the
non-shrink grout specimen Allowing the Set 48 Hot Weather specimen to be exposed

to the air for several days prior pouring the grout caused a substantial decrease in
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strength, anywhere from 44% to 68%, depending on the type of test run. The
longitudinal shear test showed the most substantial difference.

In addition to the transverse joint pusti tests, shrinkage tesswere conducted
for 3in. x 3in. x 10 in. prisms. Three mixes were compared. The first mix was the Set
45° Hot Weather grout. The second mix was the S&tHid Weather grout with an
aggregate extension. The third mix was concrete with Portlanchtentke a water to
cement ratio of 0.32. The Set4Hot Weather grout mixes, both with and without the
aggregate extension, had shrinkage strains five times less than the concrete mix at about
120 days.

Chloride absorption in 4 in. cubes was also moadaryver 21 days. The changes
in weights of the specimens were monitored over this time period. The®Sdbt5
Weather specimen showed an increase in weight of about 1% and the portland cement

concrete specimen showed an increase in weight of about 3%.

2.1.3.3 Kaneko et al.

Kaneko et. af’*®performed finite element and experimental studies to
investigate and verify the failure modes of mEmale shear keys proposed in
formulations using principles of fracture mechanics. The failure mode investigased
the sheaoff, or shearing failure. This occurs through the base of the key. Another
failure mode of the malemale shear key is the sliding and separation of the female end
with respect to the male end. These two failure modes may occur simultand®efgy.

to Sullivari® for more on the shearing failure and sliding failure.
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Figure 2.1.2Proposed Failure Mode for the Mdtfemale Shear Key

The proposed failure mode of the shear key consists-ofaegks (diagonal
multiple cracks) and-8racks (singleurvilinear crack). The failure is initiated by the
formation of the Srack at the corner of the shear key due to high shearestyedsich is
shown in Figure 2.1.2The Scrack continues to propagate under additional load. The
propagation of the cck induces the rotation of the shear key. This creates a high stress
field at the lower part of the base of the key. The high stress field leadsrtacki
development. The cracks are oriented at a certain angle of inclination. If there is no
posttensoning applied across the joint, then the state of stress at the base of the key is
close to a pure shear stress state (neglecting longitudinal stresses from flexure). For this
state of stress, thedgracks would be oriented at45Additional loading cases
additional Mcracks to form along the base of the key. Eventually the shear key is
sheared off at the base by the failure of the compressive struts betweeititheky]
During this process, the male and female end of the joint slip and sepatte tel one
another. Kaneko drved relationships for the shear stress and the relative slip. The
wedge crack modevasused to predict the response due to the formation of-ttrack

AL() =sin(0) 8

m(F —sin@) - ol cos ) In(l) [2.29
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where,

0 = orientation angle afrack (recommended value of°35

E = modulus of elasticity of concrete

F = vertical wedging force

op = lateral prestress

| = assumed crack length
Therewasno mention about how to calculate the shear stress. However, the average
shear stress cde calculated by taking the vertical wedging force, F, and dividing it by
the area of the base of the key.

The rotating smearecrackband modelvasused to predict the response due to

the formation of the Mcracks

A=gD+y,L [2.30]

where,
D = depth of the key joint
L = length of the key joint
gy = normal strain in the vertical direction
Yxy = Shear strain
Determining the shear stresg,, requires using the strain statee, andyx, and using
stress transformations andnstitutive relationships that incorporate inelastic behavior.
The constitutive relationships consist of a model for the compressive behavior of concrete
and a model for the tensile behavior of concrete. The constitutive relationships used by
Kanekowerefairly typical and there is a wealth of literature that proposes such models as
well as slight variatior’§*°
Push off tests were performed on mgmale shear kejs The vertical slip
between the male and female end were monitored along with thechpeitical load.
The cracking patterns in the joint were tracked. The cracking observed in the experiment
was consistent with the behavior ctfck and Mcrack formatiordescribed above.
Equations 2.29 and 2.20so predict the slip of the key fainvell through the entire
range of loading for different levels of prestress.
A nonlinear finite element analysis was also carried out to add confidence to the

verificationstudy. The model consisted of three node andriode plane stress
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elements. Aalyses were run with both a multidirectional fixed smearagk model and

a discrete cracking model (S crack path assumed) to verify the behavior with two
different crack models. The finite element model traces thegak stress region of the
shear sess vs. relative slip curve considerably well. However, the models were unable

to track the pospeak shear stress region on the shear stress vs. relative slip curve.

2.1.4 General Studies on Precast Deck Panel Systems
2.1.4.1 NUDECK System

A great dal workhadbeen done at the University of Nebraska at Lintdffin
the development of the NUDECK precast deck panel system. The NUDECK system is
very similar to typical precast deck panels used. One unique feature is that the NUDECK
system utilizesgral reinforcement around the ends of the prestressing strands. This
provides a confining mechanism for the concrete surrounding the strands and reduces the
development length of the strands in an overhang.

Another major difference in the NUDECK systéigs in the continuity over the
girders. Normally full width panels are continuous over the girders with the exception of
shear pocket locations. Therefore, there are only discrete locations where there is no
precast concrete segment over the girddre firetensioned strands are continuously
embedded in the concrete panels over the entire width. In the NUDECK system, the
precast concrete segments only run between the edges of the girders. Continuity over the
girders is provided by mild reinforcing sleproperly embedded in adjacent concrete
panel spans. When the stress in the prestress force is released, the mild reinforcing bars
go into compression, transferring the compressive force between the panels. Over the
girder lines, the total compressifarce in the continuity bars is equal to the total tensile
force in the prestressing strands. The elastic shortening loss in the prestressing strands is
equal to the compressive stress gained in the continuity bars. The corresponding strain
increment icalculated as:

Ag = ﬁfz\p% [2.3]]

where,

foi = tensile stress in the strands just before release
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As = cross sectional area of the mild reinforcing continuity bars

Ap = cross sectional area of the prestressing strands

Es = modulus of elasticity of the mild reinforcing continuity bars

E, = modulus of elasticity of the prestressing strands
Buckling of the continuity bars must also be checked over the length of the gap. The
gaps over the girders are filled with grout after theesyss postensioned together.

Cyclic and ultimate load tests were conducted on two lab specimens. The system

was also used on Skyway Drive and West Dodge Bridge in Omaha, Nebraska. Both
projects demonstrated the successful implementation and perf@ragthe NUDECK

system.

2.1.4.2Issaetal.

ss§isubmi tted a questionnaire survey to
joints were used, the type of bonding material used to fill the joints, the protection system
used on the deck, the problems associaidutive joints, and the type of connecting
system between the panels and girders. Of the states that reported, leaking of the
transverse joints was the most common problem. Cracking and deterioration of the
system was also reported. This was mostlybaited to poor construction procedures,
poor material quality, and inadequate maintenance.

The femalefemale grouted joint was the most common transverse joint presented
by Issa. However, lllinois utilized the makemale joint on the Senneca bridge.akimg

was reported at the joints in this bridge. The vast majority of the bridges described in the

report had steel supporting systems with shear studs shot to the girder to obtain composite

action.

A field inspection of the bridges reported in the synw@s done by Isda The
biggest problems found were leaking and/or cracking arémsverse joints. Issa
reportedthat many of theseccurrencesan be attributed to poor construction
procedures, the configuration of the joint between the adjaceelspanack of post
tensioning, or thenaterials used. Issa recommentigtt an opening of at least ¥ in. be
used between femafemale joints to allow for any panel size irregularities. Leaking was

reported in this joint configuration when the paneéstautted against one another at the
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bottom of the joint. Based on the inspections, Issa reconedémat longitudinal post
tensioning be used to keep the joint in compression and guard against leaking. Issa
reported that very few states use longitudp@dttensioning. Fewer problems were

encountered with bridge decks supported on concrete elements.

2.2 Current Code Provisions

The following sections discuss current code provisions that are applicable to the
design and analysis of precast deck panel syst&maslels for predicting the variation of
the creep coefficient and shrinkage strauith time are discussed first. Methods for
calculating prestress loss are discussed next. The equations for prestress loss are not
valid for calculating prestress logsthe postensioning ducts because the equations do
not take in to account the effects of differential creep and shrinkage. Methods for
calculating the horizontal shestrength are presented last. The equations for horizontal
shear strength are not@igableto the design of the shear pockets for precast deck panel
systems th way they are presented. Tbdowing chapters investigatghether the

equations mapealteredfor thedesign of shear pockets inggast deck panel systems.

2.2.1 Creep and Shrirkage of Concrete
The following section discusses various models for predicting creep and
shrinkage response of concrete. These models aid in predicting the response of concrete

structures and in predicting prestress loss in prestressed concrete structures

2.2.1.1ACI-209
The ACI (American Concrete Institute) 28%eport presents models for
predicting creep and shrinkage response of concrete under service conditions. The

shrinkage strains can be predicted at any time by
ta
(8sh)t = —a(gsh)u [232]
f+t
where,
t = time from the end of initial curing

o =0.9t0 1.10 (1.0 recommended value)
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f =20 to 130 days (35 recommended when moist cured for 7 days or
55 days when steam cured feBHays)
(esn)u = ultimate shrinkage strain
= (780u€)ysh

vsh = product of applicable correction factors for nonstandard conditions
The factorysp that accounts for nonstandard relative humidity, member sizes, concrete
composition, slump, fine aggregate composition, cement content, and air content is

Ysn =V VvV VeV a [2.33
The creep coefficient can be calculated at any time by

t”
AR

[2.34

where,

t = time after loading

v = 0.4 t0 0.8 (0.6 recommended value)

d = 6 to 30 days (10 days recommended)

Vy = 235y

vc = product of applicable correction factors for nonstandard conditions
The factory. that accounts for nonstandard curing conditions, relative humidity, member
sizes, concrete composition, slump, fine aggregate composition, and air content is

Ysn = Va1 7v¥'sVy Yo [2.35
The correction factor accounting for curing is

7. =125, )" for moist cured oncrete other than 7 days, [2.36]

7a =L1.13(t,) % for steam cured cwrete other than-2 days [2.37]

where t, = is theloading age (days). The correction factor for curing only applies to
creep.

The correction factor for the ambient relative humidity is:

v, =127-0.00674 (A > 40) for creep and [2.39
v, =14-0.011 (40< 21 <80 and [2.39
7, =3-0.031 (80< 4 <100 for shrinkage [2.40Q
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wherel = relative humidity (percent). The correction factor for member size can be
calculated two separate ways.
The member size correction factor using the average ttisknethod is:
7, =1.14-0.02h  for creep duringhe first year of loading, [2.41]

7, =110-0.017h for creep at ultimate values, [2.42)
7, =1.23-0.03&h for shrinkageduring the first year and [2.43
7, =117-0.02h for shrnkage at ultimate values, [2.44]

where h = average thickness for the part of the member under consideration (in.).
The second method for calculating the member size correction factor is based on

the volume to surface area ratio

2 0547
Vs = 3 1+1.13e S for creep and [2.45
—012Y .
Vs=12e S for shrinkage [2.46

Vv o .
whereg = volume to surface area ratio (in.). Only the average thickness method or the

volume to surface area ratio method should be used.
The corection factor for slump is
v, =0.82+0.067s for creep and [2.47]
7 =0.89+0.041s for shrinkage [2.48

where s = slump (in.).

The correction factor for fine aggregate composition is

7, = 0.88+0.0024y for creep and [2.49
7, =03+0.014y (y <50 and [2.50]
7, =0.9+0.002y (v > 50 for shrinkage [2.5]]

wherey = ratio of fine aggregate to total aggregate by weight (%).
The correction factor for cement content is
7. = 0.75+0.0003& for shrinkage [2.52]

where ¢ = cement content (IbAd
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The correction factor for air content is

7, =0.46+0.09 >1.0 for creep and [2.53
7, = 0.95+0.008x for shrinkage [2.54]

wherea = air content (%)
When calculating long term deflections or prestress loss in structures where the
change of stress over time due to creep and shrinkage is small, an effective modulus can

be used. This effective modulus, Eaccounts for an increase in deflection duereep

_Eo [2.59
1+v,

E

e

where,

E.i = modulus of elasticity at the time of loading

Vi = creep coefficient increment from time of loading to time of interest
The modulus of elasticity at the time of loading, #aries with time an a function of

the compressive strength, which also varies with time

3 1 :
E. —33\/5‘) 0(+,3t(fc )28 [2.56]

where,
® = unit weight of the concrete (bt
o = 4.0 for Type | cement and moist cured
= 2.3 for Type Il cement and moist cured
= 1.0 for Type | cement and steam cured
= 0.7 for Type Ill cement and steam cured
B = 0.85 for Type | cement and moist cured
= 0.92 for Type Il cement and moist cured
= 0.95 for Type | cement and steam cured
= 0.98 for Type Ill cemeat and steam cured
(f6 23 =compressive strength at 28 days (psi)
The effective modulus method for calculating long term deflections and prestress
loss is not accurate when the change in stress over time is significant. An example is

when a casin-place concrete deck is made composite with a precast concrete girder that
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was cast several months earlier. In this situation, additional forces and moments develop
in the deck and girder over time from differential creep and shrinkage. A more detailed
analysis is warranted for calculating long term losses and prestress losses in the
composite system. Refer to Sections 28 .fibr examples of previous studies regarding

this effect. The age adjusted effective modultsg should be used in cases where
significant stresses develop over time

_ 1+E;vt [2.57

where,u = aging coefficient. The aging coefficient depends on the time of interest with

ea

respect to the loading age and the ultimate creep coefficient for the loading considered.
See Table 5.1.1 of AGR09™ for values for the aging coefficient. Section 2.1.1.2
discusses the aging coefficient further.

The effects of compression steel can be incorporated into an analysis in two ways.
The first way is to use the age adjusted eiffeanodulus and include the effect that the
compressive forces developed in the concrete are transferred to mild reinforcing steel in
the compressive zone. Strain compatibility equations, constitutive equations, and
equilibrium equations are used in camjtion with the age adjusted effective modulus.
The studies discussed in Section 2.1.1.1 and Section 2.1.1.2 use this method. The second
way is to apply an additional multipliet;, to the ultimate creep coefficient,. vACI 209

presents several equats to take this in to account

g,:035—a45%320A. [2.58

for reinforced flexural members considering only creep effects,

A
=1-06-—>>03 2.59
- ! [2.59

for reinforced flexural members considering both creep and shrinkage effects, and

1
& =—1_ [2.60
1+ A
A

for prestressed flexural members, where,

AO = area of compression steel
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A = area of tensile steel.

2.2.1.2CEB-FIB Model Code 1990
The CEBFIB, Model Code for Concrete Structurd99d* also provides time

dependent fuctions to estimate the creep coefficient and shrinkage strains at a given
time. The equations presented in this section are in Sl units because that is how it is
presented in the CEBIB Model Code 1990The shrinkage strains at any time can be
predictedby

£(t.1,) = £ (L 1,) [2.61]
where,

€cso = Notional shrinkage coefficient

s = coefficient that describes the development of shrinkage with time

t = age of concrete (days)

ts = age of concrete at the beginning of shrinkage or swelling
The notional shrinkage coefficient is

Ecso = Es(Tom) Bru [2.62]

where,

e.(f,)=(160+108_(9- ffﬂ)) x10° [2.63

fem = mean compressive strength of concrete at 28 days (MPa)
=f«+ 8 MPa [2.64]
fck = strength below which 5% of albpsible strength measurements
for the specified concrete may be expected to fall

(anal ogous t o,indAEILOIYn strength 06
femo= 10 MPa
Bsc= 4 for slowly hardening cements

= 5 for normally or rapid hardening cements

= 8 for rapid hardening, high strength cements

RH,;
:BsRH =1- (m) [2.69

RH = relative humidity of the ambient atmosphere (%)
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Bru = -1.5FsrH for 40< RH <99 [2.66]
Bry = 0.25 forRH >99 [2.67]

The development of shrinkage with time is

t—t,
t
Bs(t-ty) = B [2.68
35q 1| L1t
ho t1

where,

ho =100 mm

t1=1 day

h = notational size of the member

_2A

[2.69
u
u = perimeter of the member in contact with the atomexsph
¢ = cross section of the member
The creep coefficient can be calculated at any time by
#(t.1,) = g B (t-1,) [2.70)

where,

do = notional creep coefficient

B¢ = coefficient to describe the development of creep with time

after lbading

t = age of concrete at the time of interest (days)

t, = age of concrete at loading (days)
The age of concrete at loading can be adjusted to account for the type of cement used and
seasonal variations in temperature, which may produce conselésaiperature
departures from the mean concrete temperature 9€20rhe adjusted age may be

estimated by
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where,
tyr=1day
o = -1 for slow hardening cements
= 0 normal or rapid hardening cements

= 1rapid hardening, high strength cements

4000

TO

13.65-

| S ——

tr = Zn:Ati e
i=1

At; = number of days where a temperature, T, preydigs)

T(At;) = is the corresponding temperature durktg°C)
To=1°C
The notional creep coefficient is

¢0 = ¢RHﬂ( fcm)ﬂ(to)

where,
¢RH =1+ : 1
3
0.4{hJ
h0
53
ﬂ( fcm) =7
me
meO
1
Bt,) =

t 0.2
0.1+|2
tl

The development of creep with time is
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0.3

[2.77

where,
Sy =1501+ (1.2ﬂ)18) h +250<1500 [2.78
RH, h,
When calculating long term deflections and prestress losses, the following

formula to estimate the modulus of elasticity at any time may be used with the effective

modulus method or age adjusted affective modulus method
E, (1) = B..()*°E, [2.79
where,

E.i = modulus of elasticity at 28 days

= (2.15% 104)(:&j3 [2.80]

ﬂCC(t):e{ \/:

s = 0.38 for slow hardening cements

[2.81]

= 0.25 for normal and rapid hardening cements

= 0.2 forrapid hardening, high strength cements

2.2.1.3AASHTO LRFD Specifications

The AASHTO LRFDSpecifications provide models for predicting creep and
shrinkage response over time. The provisions presented in this section inclRdé3he
Interims* and 2006 Interinfs The equéons for the creep coefficieand shrinkage
strainrepresent a simplification of tleammary ofesults presented in Section 2.1.1.1.
The multipliers applied to Equation 2.82 and Equation 2.83 are the same except for the
relative humidity carection factor.

The formula for computing the shrinkage strain is
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Esh = (_480* 10—6)ktd kvskhskf [282]
The formula for computing the creep coefficient is

Y (L) = 190K, K oKk 1704 [2.83]
where,

t = age of concrete (daysgtween time load is applieddtime being

considered.
ti = age of concrete when the load is initially applied (days)
The relative humidity correction factor is
k.. = 2.00—-0.014H for shrinkage and [2.84]

k.. =1.56—0.008H for creep [2.85

where H = relave humidity (percent).
The VIS ratio correction factor is

k,=145- 0.13% >0.0 for creep and shrinkage [2.86]
The concrete strength correction factor is
. > , for creep and shrinkage [2.87]
1+ f
wherefd6 = f or pr e sdompeesst/estrengieahpestress transfer

for nonprestressed members: 80% of strength during service (ksi)
The timedevelopment correction factor is

t .
= for creep and shrinkage 2.8
Ko =61 4f '+t P J [2.88
where t = age of concrete afteatbing (days). Factors such as slump, cement content,

percent fine aggregate, and air content are not included because of their minor effects.

2.2.1.4PCI Bridge Design Manual
The PCIl Br i dg e*caloslationg for cielep and ahrinkage are
similar to the ACI 209° model The shrinkage strains can be predicted at any time by
-t
S(t,t.) =—2—(545x10 °k_k k. k 2.89
( 0) f+(t—to)( X cphsst) [ ]
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where,
f=(65 2510 ) 43 days oflsteam curing
=(45-25(6) for 7 days of moist curing
t = age of concrete (days)
t, = age of oncrete at the end of the initial curing period (days)
The creep coefficient can be predicted at any time by
(t-t,)*

- (12_05f ')+(t—t )0.6 (1'88(Iakhkskst) [290]

Ct.t,)

The curing period correction factor is taken from the PCI Bridge Manual and can be
found in Table 2.1. The réative humidity correction factor is:
k, =200-0.014RH (40<RH<80) or [2.9]]

k, =4.286—0.0429RH (80<RH <100 for shrinkage and [2.92
k, =1.586—-0.0084RH for creep [2.93

Table 22.1 Correction Factr for Curing Period

Moist Curing | Shrinkage
Period

(days) Factor, Kp

1 1.20

3 1.10

7 1.00

14 0.93

28 0.86

60 0.79

90 0.75

The volume to exposed surface area correction factor is:

1V

k, = 12e s for shrinkage [2.94
2 054"
k= 3 14113 S for creep [2.95

The loading age correction factor for creep is:
k, =113, [2.96]

for ti; > 1-3 days of stream curing or:
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k, =125, " [2.97]

for ti, > 7 days of moist curing.
The concrete strengttorrection factor is:
ky =1.2-0.05f,' for shrinkage and [2.98

ky =1.18-0.045f ; for creep [2.99

The above equations are valid for concrete strengths up to 12 ksi. If the
compressive strength of the concrete is XKgso< 5 kg, then the multiplier for concrete

strength, k, shouldbe eliminated from Equation 2.89 and Equation 2.90

2.2.2 Estimation of Prestress Loss

There are several effects that contribute to prestress loss. Instantaneous losses are
elastic shortening, anchois(posttensioning only), wobble friction (pe$tnsioning
only), curvature friction (pogensioning only). Losses that occur over time are creep,
shrinkage, and steel relaxation.

There are a variety of methods to account for these losses, depemdieglevel
of accuracy required. One method is the lump sum method. In the lump sum method, the
effective prestress force is determined by multiplying the initial prestressing force times a
coefficient to account for all losses. This coefficient usualhges from 0.75 to 0.9.

Another method to calculate prestress losses is the refined method. Elastic shortening
loss, anchorage loss, friction loss, creep loss, shrinkage loss, and relaxation loss are
calculated separately and added together. Thieimethod used by most designers for
typical structures.

The most intricate method is the time stepping method. In this method, the
instantaneous losses are calculated first from formulas presented in the refined method.
Then the remainder of the apsik is divided in to time steps. This method is often time
consuming, however, many commercial software packages are available to perform such
an analysis. In a given time step, prestress loss is determined by calculating stress
redistribution in the sstem due to creep and shrinkage effects. The methods presented in
Sections 2.2.1:4 for variation of the creep coefficient and shrinkage strain are used to

aid in finding the creep strain and shrinkage strain increments in each time step. A steel
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relaxdion increment is incorporatediineach time step. The more timeps the
analysis is divided to, the more accurate the results will be.

The most computationally efficient way to reduce the number of steps is to start
with small step sizes and inase them in a logarithmic fashion. However, the results
will only be as accurate as the models used to predict creep, shrinkage, and steel
relaxation as well as the estimation of the material properties, applied load estimates,
construction staging, etc herefore, using the time stepping method may not be
necessary except in special cases. The time stepping method is used in this research
project because there are not typical methods for calculatinggrmssoning losses in
precast deck panel systemsere typical effects of differential creep and shrinkage
losses are unknown.

This section focuses on the refined method for calculating prestress losses. This
method is easy to use and often used to check the results obtained from the time stepping
methal to see if the results are reasonable.

2.2.2.1AASHTO LRFD Specifications

The AASHTO LRFDSpecification¥” provides models for estimating prestress
loss. The provisions presented in this section includ2@né Interim&® and 2006
Interims. The approximate ethod for time dependent losses is presented in this section.
The refined method for time dependent losses can be found in AASHTO LRFD Article
5.9.5.4. The background for both of these methods is summarized in Section 2.1.1.1.

Thetotal prestress loss:is

Af o = Af g + Ao + AF e +AF [2.100
for posttensioned members and
Af jr = Af s +AF o [2.107

for pretensioned members where,
Afpes= elastic shortening loss
Afanchor= @anchorage loss
Afpe = friction loss

The elastic shorteningss is given by:
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Af pg=—Ff [2.102

where,
E, = modulus of elasticity of pretensioning steel
E.i = modulus of elasticity of concrete at transfer
fegp = coNcrete stress at the center of gravity of the pretensioning steel due
to pretensioning force at transfer and the self weight of the member
at the section of maximum positive moment
For posttensioned members where all the tendons are stressed simultaneously, the elastic
shortening loss is zero. For pastsioned members where all the tendons are not
stressed simultaneously, all the tendons except the last tendon will have an elastic
shortening loss associated with it.
The anchorage loss for a straight strand with no friction can be expressed as:

Al g [2.103

anchor — |_ p

Af

where,

Al = amount of slip experienced by the tendon

| = length of the tendon
The magnitude of the slip depends on the prestressing system used. % in. is algommon
used value As shown in Equation 2.10®ng tendons &ve small anchorage losses and
short tendons have large anchorage losses.

Equation 2.10&ssumes the loss is distributed uniformly over the length of the
tendon. However, the anchorage loss is usually confined to the area near the jacking
anchor (live ad), unless the duct is very well greased and the wobble and curvature are
small. If the losses are fairly small, they can usually be compensated for by overstressing
during jacking.

Losses due to friction between prestressing tendons and the duist wall

Af oy = £ (L e o) [2.104

where,
fo; = stress in prestressing tendon at jacking (ksi)

x = length of a prestressing tendon from the jacking end to the point
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of interest (ft)

K = wobble friction coefficient (per ft of tendon)
AASHTO LRFD Table 5.9.5.2.2fh

u = coefficient of friction- AASHTO LRFD Table 5.9.5.2.20

o = sum of absolute values of angular change of prestressing steel path
from the jacking end, or from the nearest jacking end if tensioning is
done equally at both sides (radians)

The term O0Kx6 accounts for the wobble curvat

ducts) andd tahcec otuenrtns 6f or t he curvature frict

the ducts).
The long term lostom creep, shrinkage, and steel relaxatigin
f o A
Af o =100 VoV« 120y, 7 + Af oR [2.109
Ay
7, =1.7—0.01H [2.104
5
= 2.107
Vst 1+ f.' [ ]

i
where,
H = relative humidity (percent)
foi = stress in the strands at transfer after allimstneous losses (ksi)
Aps = area of prestressing strand?{in
Ag = gross cross sectional ared)in
f (0= compressive strength at tsder (ksi).
Afpr = relaxation loss (ksi)
The relaxation loss in lonelaxation prestressing strands is

Af fpi(fpi 0.55) [2.109
U300 f, '

where,
foy = yield strength of strands (ksi) = 0,9f

foi = stress in the strand®mediately after transfer > 0.55{(ksi)
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2.2.2.2Tadros Method in the PCI Bridge Design Manual
The PCI Bridge Manu&i presents the Tadrosatod for calculating prestress
losses. The individual losses are added together to find the total loss in the tendons. For

the elasticshortening loss, Equation 2.162n be used. The loss due to creep is:

fc fcdp
CR, = E,(KC, Eg” —(1+KC,") = ) [2.109]

Cl C

where,

fegp = defined in Section 2.2.2.1 (ksi)

feap = change in concrete stress at the center of gravity of the prestressing
strand due to dead loads except the dead load present at the time the
prestressing force is applied (ksi).

E. = modulus of elasticity of concrete at 28 days (ksi)

E.i = modulus of elasticity of concrete at the time of release (ksi)

E, = modulus of elasticity of prestressing tendons (ksi)

C, = ultimate creep coefficient at the time of release

C/0 = u lraep aoedfitient atthe time at the time of the
superimposed dead loads
K = 1 : 2.110]
E e
1+ -2 e 1+—2-
E.* A r

Aps= area of prestressing tendons)(in
A = gross cross sectional area of the concref (in
&, = eccentricity of the prestrasg strands with respect to the centroid of
the section (in.)
r = radius of gyration of the gross cross sectional @nea
E.* = age adjusted effective modulus for a gradually applied load at the
time of transfe(ksi)
The lossdue to shrinkage is:
SH=Ke, E [2.111]

shu™—p

where,gsp, = Ultimate free shrinkage strain, adjusted for member size and relative

humidity (see Section 2.2.1.4). The relaxation loss is given by:
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CR = (1—35H1Tﬂ)|¢r [2.112]

po
where,
foo = stress in the prestressing tendons when the stress in the surrounding
concrete is zero (ksi).

r = intrinsic relaxation bthe strand (see Equation 2.)@Bsi)

The term 1— BM accounts for the fact that the actuglbxation will be less than
po

the intrinsic relaxation (relaxation that occurs at a constant length found in a laboratory

setting).

2.2.2.3PCI Design Handbook

The PCI Design Handbo&kpresents a method for calculating prestress losses,
similar to the methods prested above. The method for calculating the prestress loss due
to elastic shorteng is the same as Equation 2.10the loss due to creep is expressed as:

E
CR= Kcr E_p(fcgp - fcdp) [2113]

C

where, K; = 2.0 for normal weight concrete and 1.6 for shgltweight concrete. The

loss due to shrinkage is:

SH=E (- 0.06%)(100— RH)(8.2x107°) [2.114]
The loss due to relaxation of the prestressing tendons is:
RE=C(K, — J(SH+CR+EYS) [2.115]
where:
fo fo
C=1+ 9(f— —-0.7) for 0.70< T <0.75 or [2.116]
pu pu
fpl fpi
f u f u fpi
C=—">" (-2 -055 for 0.51<—"<0.7 or [2.117]
0.19147°0.85 f

pu
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f

f f
C=—" for —® <051 [2.118]
3.83 o

pi

for stress relieved tendons and

fpi fpi
fou  fou f,
C=—" (™ _055 for —2 >054 or [2.119]
0.2125 0.9 fo,
f,
f f
C=—" for —* <054 [2.120]
4.25 f

pu
for low relaxation tendons,
fou = ultimate strength of the prestressing tendons (ksi)
Values for ke and J can be found in Table 4.7.1 of the PCI Design Handbook.

2.2.3 Horizontal Shear Design

The mde provisions presented in this section aid in the design of the interface
between precast deck panels and the supporting girders. The shear capacity of the
interface must be greater than the horizontal shear stresses developed at the interface.
The hoizontal shear stresses are resisted by the cohesion between the concrete and grout,
the dowel action of the shear reinforcement crossing the cracked plane, and the clamping
force developed in the shear reinforcement. The cohesion consists of frictsstainees
that develops at the interface between the two materials, which includes aggregate
interlock when both materials at the interface are concrete.

The dowel action can best be described as the shear resistance of the reinforcing
bar. A reinforcingoar experiences shear deformations from the relative slip between the
two members forming the interface as well as axial deformation from the separation of
the two members at the interface caused by a rough crack. The code provisions assume
that the twanterfaces separate.

The code provisions presented also assume that the shear reinforcement has
yielded when the peak load is reached. However, this may not be the case as shown in
pushoff tests conducted by Wallenfef€z Although the reinforcementay not yield
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prior to the peak load being reached, the behafitrte materiain the vicinity of the
reinforcements fairly nonlinear. Cracking at the interface, local cracking and crushing

of the concrete near the shear reinforcement, and fricti@helvior are phenomena that
complicate the problem. Many of the provisions presented are based ofristiear

theory and may be used in the design of transverse joints between adjacent precast deck

panels as well.

2.2.3.1AASHTO LRFD Specifications
The AASHTO LRFD Specification&’ provideequations to calculate tmeminal
shear resistance ahinterface The provisions presented in this section include@tsh
Interims. The nominal shear resistance at the interface between two concretes, grout, or
stee cast at different times can be expressed as
V, =cA, +u(A;f, +P) <min(0.2f 'A,55A,) [2.121]

where,
¢ = cohesion factor
= 100 psi for an intentionally roughened surface between two concrete
surfaces cast at different times
= 75 psi for nointentionally roughened surface between two concrete
surfaces cast at different times
= 25 psi for a surface formed by steel and concrete
A, = area of concrete engaged in shear transfor (in
u = friction factor
= 1.0\ for an intentionally oughened surface between two concrete
surfaces cast at different times
= 0.6\ for notintentionally roughened surface between two concrete
surfaces cast at different times
= 0.7\ for a surface formed by steel and concrete
A =10 for normal density concrete
= 0.85 for sandow-density concrete
= 0.75 for all other lowdensity concrete

A = area of shear reinforcement crossing the interfaég (in
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fy = yield strength of the shear reinforcement (ksi)

P: = permanenhet compressive force normal to the interface (kips)

f6 = 28 day compressive strength of

interface(s) (ksi)
Ay usually is the product of the width of the top flange and the spacing between the shear
reinforcement.However, the shear connectors in precast deck panels are grouped
together at the shear pockets. AASHTO LRFD does not address how to handle this
situation. For calculations performed in this research program, the capacity of each shear
pocket, using thé&ibutary length between the pockets to calculaig i& compared to the
shear force developed at the pocket, using the tributary length between the pockets. No
previous research has been discovered that shows whether using the entire tributary
length béween the pockets produces accurate predictions of the capacity of the interface
at the shear pocket in question.
The shear stress at the interface between the girder and panels can be calculated as

v, = \%9 [2.122]
where,
V = harizontal shear force (kips)
Q = first moment of the area of the slab about the neutral axis of the
composite section (fy
| = second moment of area of the composite section about the neutral axis
of the compositsection (iff)
b = width of section at the interface (in)
when the system behaves elastically.
When the strength of the system is evaluated, there is often cracking present in
prestressed girders and the interface between the slab and girder is ¢cemtkedg in
partial composite section. Therefore, only the compressive force developed in the system
and the tensile force developed in the tensile reinforcing steel and prestressing strands is
considered. Using equilibrium, the following expressioobained for the horizontal
shear force (k/in)
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V, =4 [2.123]

where, d = distance between the centroid of the steel in the tension side of the girder to
the resultant center of the compressive force in the deck.

The AASHTO LRFDspecifications also provide a method for calculating the
shear resistance of an interface with steel girders and shear studs or steel channels. This
section will address the capacity for a system with shear studaight girders with an
infinite raduus of curvature When shear studs are used, the specification requires that
ratio of the height to the diameter of the shear stud not be less than 4.0. Often, the design
of the shear studs is governed by the fatigue limit state instead of the stneiigskelie.
The fatigue limit state is satisfied by placing limits on the pitch, p (in.), of the shear

connectors

6d < p<—— <24in. [2.124]

where,
d = diameter of the shear studjjin
n = number of shear connectors in a cross section
| = moment of inertia of the shetérm composite section {in
Q = first moment of the transformed area of the slab about the
neutral axis of the short term composite sectio) (in
V¢ = shear force range under LL+I determined for the fatiguie
state (kips)
Z, = shear fatigue resistance of an individual shear connector (kips)

The fatigue resistance of an individual shear connector is:

2
Z =ad® > 5'52d [2.125]
where,
o = 34.51 4.28log(N) [2.126]
N = nunber of cycles
= 365(y)N(ADTT). [2.127]

y = design life (years)
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n = number of stress range cycles per truck passage
(see AASHTO LRFD Table 6.6.1.2%
(ADTT)s. = single lane ADTT
= p(ADTT)
p = see AASHTO LRFD Table 3.6412-1
ADTT = %trucks(ADT) (See AASHTO LRFD C3.6.1.4.2)
%trucks = see AASHTO LRFD Table C3.6.14.2
ADT = 20,000 vehicles per lane per day

The strength of the shear connectors is found by:

Q =0 05A/ T E; <o AF, [2.128]
where,

asc=0.85

Asc = cross sectional area of a shear stu@) (in

f6 = 28 day compressive strength of th

E. = modulus of elasticity of the concrete at 28 days (ksi)

Fu = minimum tensile strength of the shear stud (ksi)
An equation is &o given to calculate the total number of shear studs required between
sections of maximum positive moment and each adjacent point of zero moment. This
equation is also used to determine the number of shear studs required between points of
zero moment anthe centerline of an interior support
_ min(0.85f,'bt,, F,,Dt,, + F bt + F bt)

st yw yccc [2129]
Q

n

where,
b = effective width of the slab (in.)
ts = slab thickness (in.)
Fyw = yield strength of the web for steel girders (ksi)
Fy: = yield strength of the tension flange &teel girders (ksi)
Fyc = yield strength of the compression flange for steel girders (ksi)
D = web depth for steel girders (in.)
b: = width of the tension flange for steel girders (in.)

b. = width of the compression flange for steel girders (in.)
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tw = thickness of the web for steel girders (in.)
t; = thickness of the tension flange for steel girders (in.)
tc = thickness of the compressions flange for steel girders (in.)

Note that Equation 2.B2assumes the entire compressive stress bloskifiadlhe deck.

2.2.3.2ACl 318 Specifications
ACI 318 presents 4 methods that can be used for calculating the horizontal shear
strength at an interface between two materials cast at different times. The first method is
based on the she#iction method resuing in the following equation
V, = A, f, (usina; +cosx;) [2.130]
where,
Ay = area of shear reinforcement?jin
fy = yield strength of the shear reinforcement (ksi)
u = see Equation 2.12
ot = angle between the shear reinforcement and crack plan

The second method that can be used to calculate the horizontal shear strength is
V, = A, f,(0.8sina, +cosz,)+ AK,sin®a, [2.131]

where,
K1 =400 psi for normal weight concrete
= 200 psi for lightweight concrete
= 250 psi for sand lightweight comte
A. = area of concrete section engaged in shear transfer (in
When using the modified shear friction method,

Aty of A f sina;
A A

C

> 0.2 ksi [2.132]

for the design equations to be valid.
The first term in Equatim2.13 represents the contribution of friction, with 0.8
representing the coefficient of friction. The second term represents the sum of the

resistance to shearing of the aggregates on the crack face and the dowel action of the
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shear reinforcement. Tiskear sength provided by Equation 2.130 and Equation?.13
can not exceed the maximum shear strength of
Vi, max = Min(0.21 ' A.,800A,) [2.133]
The third method for calculating the shear strength consists of the following

equations
Vnn = 80hd for intertionally roughened surfaces

without hear reinforcement (Ib) [2.134]
Vnn = 80hd for surfaces not intentionally roughened
with the minimum amount of
shear reinforcement, specified in
Equation 2.137 (Ib) [2.135]
Vi = (260+0.6.f,)Ab,d < 500kd (Ib) [2.136]
for intentionally roughened surface to an amplitude of % in. with shear reinforcement,
where,

b, = width of contact surface (in.)
d = distance from extreme compression fiber to centroid of tension

reinforcement, or 0.8h, whichever is greater (in.)
h = depth of prestressed concrete member (in.)
pv = ratio of shear reinforcement area to area of concrete

contact surface
A = correction factor related to the unit weight of thearete

(see Equation 2.13
If Equations 2.134.13% exceed 50Q, then Equation 2.1Bshall be used to compute

the shear strength.
The mimimum amount akinforcement for Equation 2.135 and Equation @.43

A, oo =075/7, 2S5 SBuS [2.137]

fy - fy

where,
by = web width (in.)
S = spacing of shear reinforcement (in.)
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The fourth method presented by ACI 318 for calculating the shear capacity at an
interface is based on the change in compressive or tensile force at an interface. The
change in commssive force or tensile force is computed at any segment. Shear
reinforcement is selected to be able to transfer the compressive force or tensile force
across the interface to the supporting element. The horizontal force computed from this
method shall at exceed the sheareaigth provided in Equations 2.12413%, where A
shall be substituted for,t.

2.2.3.3PCI Design Handbook

The provisions for horizontal shear strength provided by the PCI Design
Handbook® are similar to ACI 318. The PCI Design Handlok recommends that the
four methods presented in the previous section be used when applicable. There is one
major difference between the PCI Design Handbook and the ACI 318 methods. The
horizontal shear lengthy) is used in place of the distance fridm extreme fiber in
compression to the centroid of the tension reinforcement, d. The horizontal shear length

is the distance between the point of zero moment and the maximum moment.

2.3  Summary of Literature Review

This chapter presented previous studies @urrent code provisions regarding
factors contributing to creep and shrinkage behavior, prestress loss, composite action
between the bridge deck and supporting girders, transverse joint configurations and
behavior, and constructability of the precastidpe deck panel system.

There has been a significant amount of work on the estimate of prestress loss.
Methods were proposed for calculating prestress loss in girders taking in to account
differential creep and shrinkage when composite action withdble id considered.
However, these methods were not extrapolated to propose methods for calculating long
term posttensioning in precast deck panel systems. Some studies recommended required
levels of postensioning to keep the transverse joints in casgion. Table 2.3.1
presents a summary of the different levels of p@ssioning used in the previous studies,
discussed in Section 2.1.1h& focus of these studies dealt with steel girders instead of

prestressed, precast concrete girders. Some s# 8tadies did not take differential creep
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and shinkage effects in to account. This research progranelbakthe long term post
tensioning lossesonsidering differential creep and shrinkaaied the affects on the
system.None of the studies mentied the effect partial composite action baghe long
term effective stress in the deck. A reduction in composite action causes a reduction in

the amount of compression present across the transverse joints.

Table 2.3.1 Summary of Different Levels ofsR®ensioning for Previous Studies

Initial Level
of post-
tensioning
Investigators (psi) Performance Type of Study
Harrison and LeBlanc 435 N.A. Finite Element
Dimmerling et. al. 400 satisfactory Experimental
200 (simply
supported
Issa et.al. spans) N-A. Finite Element
450
(continuous
spans) N.A.
none poor Experimental
Issa et.al. 208 satisfactory Experimental
380 satisfactory Experimental
No good.
Recommended
Markowski 154 250 psi. Experimental

A great deal of research has been done usisly@ffi test results to recommend
preferred grouts, surface preparations, the use of unbonded shear keys, shear connector
types, large diameter shear studs, and pocket spataige 2.3.2 provides a summary of
the different types of shear connectors usqarevious studies, discussed in Section
2.1.2. There has been very limited work on the evaluation of composite action in deck
panel systems on bridge mockups using prestressed concrete girders. There is no
researchiesults presently available that isgateshe performance of the detail with the
embedded steel plate with passtalled shear stugdiscussed in Section 1.2.1 and
Section 1.3.This research progralonoked at the performance of this new shear stud

detail. The code provisions for hooatal composite action do not specifically address
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precast deck panels systems or whether the current equations are applicable for such

systems. There is even speculation on whether the current equations are correct since the
shear connectors are assurhed y i el d,
program addressed the level of axial strain in the shear connectors aswedtiasithe

AASHTO LRFD shear friction equatiomasapplicableto precast bridge deck panel

systems.

Grouted femaldemak and epoxied maleemale transverse joint connections

whi

c h Thissraséatch a |

ways

were discussed. Research has shown that both types of joints perform well when the

deck is postensioned. Finite element studies were able to predict the failure modes of

these joints. Although bbtoints have been used successfully in the past, there has been

little work done on addressing the constructability issues associated with these joints and

how this can affect the performance. Constructability issues associated with the different

shear onnectors has not been directly addressed in previous research either.

Constructability issues associatedhtite epoxied maleemale joint,grouted female

female joint and shear connectorgre addressed in this research program.

Table 2.3.2 Summanyf Different Shear Connector Types for Previous Studies

. Type of Shear Number
Investigators Connector Type of Test(s) of Tests Performance
Tadros et. al. H.R.B. Flexural 1 Satisfactory
Scholz none Push-off 6 Satisfactory
Wallenfelsz H.R.B. and S.S Push-off 29 Satisfactory
H.R.B. Push-off 26 Satisfactory
; post-installed
Menkulasi Dayton Richmond Push-off 10 Brittle failure.
anchors
Badie et al. large diameter Push-off 45 Sat!sfactory
S.S. Flexural 1 Satisfactory
Kahn and
Slapkus H.R.B. Flexural 6 Satisfactory
Push-off 28 Satisfactory
Issa et. al. S.S. Results
Flexural 3 .
Varied.
Markowski S.S. Flexural 1 Satisfactory

H.R.B. = hooked reinforcing bars

S.S. = shear studs
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Chapter 3

Research Program

3.1 Introduction

An experimental research pragn and analytical research program were
developed in order to accomplish the objectives outlined in Section 1.3. The
expermental research program consistédtatic and cyclic tests on a simply supported,
full scale bridge built at the Virginia Techr@ttures Labratory. The analytical program

consistedf finite element analyses using the commercial software DIRNA

3.2  Experimental Program
3.2.1 Design of Lab Mockup

The design wabased upon 40 ftlong simply supported bridge withgirder
lines, spacedt 8 ftcenter tacenter. This span length was selected because of the limited
available floor space in the Virginia Tech Structures Laboratohe lab mockup
consistedbf 2 AASHTO Type Il girders, 40 ft long, spaced at 8dhter to centerThe
AASHTO Type Il girder was the most efficient girder to use for the 40 ft simple span.
The deckwas 8 in. thick, with a 2 fbverhang. The haunch between the panels and

girderswas 2 in.

3.2.1.1 Design Summary

The design of the lab mockup was done per AASHRBFD?? specifications.

The design calculations are located in Appendix A. The Virginia Tech drawings that
were produced from the design are found in Appendix B and the fabrication drawings are
found in Appendix C.

For the flexural design, the strandtiern for the girders was selected to satisfy
service load levels. The girders had1¥2 in. diameter Grade 270 strands in a straight
pattern. The eccentricity of the strand grtwgiiow the girder centroidas 7.83 in. The
strand pattern selected fitre girders also provided a flexural strength that exceeded the
required flexural strengthThe AASHTO LRFDrequired flexural strength was defined

asMy req= MJ/dp, Where, M, is the ultimate design moment afne strength reduction
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factor for flexure fron AASHTO LRFD. Mild reinforcing bars were also provided in
addition to the prestressing strands in the girder. Four No. 5 bars were provided in both
the top flange and bottom flange of the girders. The mild steel bars were provided in the
girder for tworeasons. The first reason was to aid in the layout of the stirrups for the
vertical shear design. The mild reinforcing bars provided locations to tie the stirrups to in
order to keep the stirrups in place. The second reason the mild reinforcing t&ars we
added was to increase the flexural capacity of the lab mockup. The flexural strength of
the labmockup was calculated to be 24080in, which was 60% greater than the

AASHTO LRFDrequred flexural strength of 15,500in. The additional flexural

capaity was provided to prevent the system from failing prematurely in flexure before
gaining insight into the behavior of the horizontal shear connectors.

The AASHTO LRFDrequired vertical shear strength was 152 k at the critical
section. The critical sectn was 3 ft 8 in. from the center of the bearing. In order to
satisfy this requirement, No. 4 U bars spaced at 2&érequired However, No. 5 U
bars spaced at 20 in. were provided to prevent the system from failing prematurely in
vertical shear ere gaining insight in to the behavior of the horizontal shear connectors.
The vertical shear capacity with the No. 5 U bars was 230 k.

In order to satisfy the AASHTO LRFD service and strength requirements for the
transverse deck design, each panel pvagsided with 16%2 in. diameter Grade 270
strands. Eight strands were provided 2 %z in. from the top of the deck (clear spacing) and
8 strands were provided 2 ¥z in. from the bottom of the deck (clear spacing). Each panel
had a different strand pattern bese of the shear pocket layout, the transverse joint
configurations, and the pesgnsioning blockoutsThe panelsvereappoximately 8 ft x
12 ft x 8 in.;slight variations exigtdbetween the panel types.

Twelve- %2 in. diameter strands were providadhe longitudinal postensioning
ducts to provide a compressive stress across the transverse joiatiyout of the
strands is discussed in Section 3.2.18e calculated initial level of pe$tnsioning
after all initial losses wa268 psi. Tle calculated effective level of pesnsioning after
all long term losses wa200psi. The sign convention is negativg for compression

and positive (+) for tension.
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For the horizontal shear connectors, No. 5 hooked reinforcing bars were used for
girder 1, and 7 in. long, % in. diameter shear studs were used for girder 2. Equation
2.121 was used to select the required number of connectors per pocket and calculate the
capacity provided at a shear pocket. Equation 2.123 was used with the tnimoieey
spacing to calculate the design shear force for the pockets. For the shear stud connectors,
Equations 2.124.29 were also satisfied.

Because the shear connectors were clustered together in shear pockets instead
being dispersed in a more unifornranmer along the length of the bridge, the number of
required connectors for each pocket was selected instead of a required connector spacing
at a given location. The following design procedure was followed for each pocket:

1. The vertical shear force at thecation under consideration was calculated.

2. Equation 2.123 was used to determine the shear force per inch.

3. The tributary pocket spacing was calculated. The tributary pocket spacing

was half the pocket spacing on each side of the pocket under consideratio
4. The horizontal design shear force was calculated by multiplying the shear
force per inch by the tributary pocket length.
5. Equation 2.121 was used to select the number of required shear connectors.
The top flange width and the tributary pocket spacingewsed to calculate
the area of concrete engaged in resisting the shear force. The cohesion value
of 75 psi was used for not intentionally roughened (smooth) surface.
In order to provide a more uniform shear connector design, the same number of shear
comectors was provided in several pockets. This caused many of the pockets in regions
with small shear forces to be over designed. Table 3.2.1 shows the number of connectors
required in each pockesing Equation 2.12and the number of connectors provided
each pocket for both girder 1 and girder 2. More details about the pocket spacing, pocket
sizes, and details on the shear stud connector detail are given in the next section. The

pocket numbers are shown in Figure 3.2.1(b).
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Table 3.2.1 Comparisoof Number of Shear Connectors Required and

Number of Shear Connectors Provided

(a) Girder 1

pocket # bgrs # bgrs Vv N
# required provided fprov: T req
1 8 8 1.03
2 8 8 1.11
3 7 8 1.20
4 6 8 1.31
5 5 8 1.44
6 5 8 1.61
7 4 8 1.81
8 4 8 1.90
9 3 8 2.14
10 2 8 2.76
11 3 8 1.87
12 6 10 1.42
13 10 10 1.06
14 12 16 1.25
15 15 16 1.06

(b) Girder 2

pocket # bars # bars Vv N
# required provided n_proviin_req
1 7 6 0.93
2 6 6 1.00
3 6 6 1.09
4 5 6 1.19
5 5 6 1.31
6 4 6 1.46
7 4 6 1.65
8 4 6 1.70
9 3 6 1.89
10 3 6 2.44
11 4 6 1.60
12 7 8 1.29
13 9 8 0.96
14 11 12 1.14
15 13 12 0.97

3.2.1.2Lab Mockup Details
Figure 32.1 shows a schematic representation of the lab mockup. The bearing
pads restdon a support beam that runs perpendiculd@nédongitudinal axis of the

girders. Three pogensioning ductsvereused to accommodate the 12 strands used to
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create the desired level of pdehsioning. The live end in Figure23 waswhere the
standswere stressefibr the posttensioning operatn.
Figure 32.1(b) shows the layout of the shear pockets. The pocket spaasg
ft at the deaé@nd, 2 ftatthe liveend,and2.5ftor t he At r an3ypd i on panel
6 3 &he.pocket spacing was varied in accordance withthen2l 3 objedives
outlined in Section 1.3The dead end was tested during the live load testing program to
look at the performance of the system with 4 ft pocket spacing and the live end was tested
during the live load testing program to look at the performancesafytstem with 2 ft
pocket spacing. This is discussed further in Section 3@r6uted femaldemale joints
wereused at the dead end and epoxied Aateale joints are used at the live end in
accordance with the'®and 5" objectives outlined in Sectiol.3. Figure 2.1(a) and
Figure321 (b) | abel what wil/l be referred to as

This terminology will be used during the description of the instrumentation and test

setup.
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Figure 32.1 Lab MockupDetails(a) Elevation View (b) Plan View

(c) Section View

Figure 32.1(b) shows the pocket locations. The width of each pocket in the

transverse direction of the bridgas11 in. at the bottom of the pocket. The trarse

width of the pocket taperedp to 1 ft at the top of the pocket. The length of the pockets

in panel 1 and panel\asl fti 5 in. at thebottom of the pocket and taperedl fti 6

in. at the top of the pocket. The length of the pockets in panel 3, panel garel Svas
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11 in. at thébottom of the pocket and tapertdl ft at the top of the pocket. The length
of each pocket was sized to allow for at least a 1 ¥z in. gap between the edge of the pocket
and the edge of the first shear connector in the poddditionally, the number of
different pocket sizes was reduced when possible.
Five, Y4 in. thick plates were placed in the top flange of girder 2 immediately after
the concrete was placed in the formwork, as shown in FigRi2 3-ive smaller plates
were used as opposed to one large plate in order to make placing the plates easier. The
shear studs on the bottom of the plate were shot into place prior to casting the girders.
The shear studs on the top of the plate were shot during the constructiencgequ
after the panels wepdaced on top of the girders.e&n selected shear studs were shot to
the top of the girder prior to the panels being placed. This was done so the selected shear
studs could be easily instrumented with electrical resistaraie gges. The location of
the instrumented shear studsliscussed in Section 3.2.2. More informatatioutthe
location of the plates, the layout of the shear connectors, and other detdgsis given
in Appendix B and Appendix .C
Leveling boltswere used to allow for the panel elevations to be adjusted so the
desired haunch height could be obtained. The leveling bolt system consisted of Dayton
Richmond F53 Thin Slab Coil Inserts and-B4 Coil Bolts. Specifications on the
leveling bolt systencomponents argivenin Appendix D
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Figure 3.22 Placement of the Plates in Girder 2.

3.2.2 Instrumentation of Panels and Girders

During the casting operation at Bayshore Concrete Products in Chesapeake, VA,
the panels and girders were instruneehtvith thermocouples andWGs (vibratingwire
gages) The thermocouples and VWGs were placed such that they would be located at
the 1/3 points of the span of the bridge. FiguBe33shows the location of the VWGs
and thermocouplethrough the depth of theass section The support beams are not
shown for clarity.

Figure 32.4 shows a VWG and a thermocouple placed in one of the girders prior
to casting the concrete. The thermocouples and VWGs were used to monitor the change
in temperature and strain thigluthe casting process as well as during the investigation
of the time dependent behavior in the lab, which is discussed in upcoming sections. The
VWGs also aiddin calculating the curvature of the girder and composite sydt&ing

the data analysis. hE sensitivity of the VWGs was;ik.
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The panels and girders were instrumented with ER (electrical resistance) strain
gageswi repot s, and L VDBelVagniaddch Structurdsaboratoryi ng a't
Figure 32.3 shows the location of the ER strain gages, whierelocated at the 1/3
points of the span of the bridge. The ER strain gaggsused during the cyclic tests
and static testsThe sensitivity of the ER strain gages was5 The strain gages ad
in establishing strain profiles through the depth, calculating the change in curvature of the
composite system, and in establishing whether full or partial composite aetson
present.

Wirepotswereused to measure the vegdidisplacement of the bridge and any
relative displacements that may occur at the transverse joints between the precast deck
panels. Figure 2.3 shows the location of the wirepots under the girdéhe sensitivity
of the wirepots was 0.005 infhe wrepotswerelocated directly under the locations of
the applied loads. The locations of the applied loasi®adjacent to the transverse
joints and will be discussed in subsequent sections.

During loading, the displacement measured by the wirepottetbgader the
applied loads includethe displacement of the bearing pads. To get the displacement of
the bearing pads, wirepotgerealso placed 1 ft away from the centerline of each bearing
pad. These bearing pad displacemargreused with the dispteements measured by the
wirepots located under the applied loads to get the true displacement of the system.

Wirepotswerealso used to measure any relative vertical displacements that may
occur at the transverse joints between adjacent precast detk plaigeire 3.5 shows
the setup used with the wirepots to measure the relative vertical displacement between
the deck panels.
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Figure 32.5 Setup to Measure the Relative Vertical Displacement

at the Transverse Joints.

LVDTs wereused to measuiny relative horizontal displacement (slip) that may
occur between t he pan wdreplacadddtfrgnieacdiendathe The L
bridge. This locatiomvashalf way between the first two pockets at the dead end and half
way between the seconddathird pocket at the live end. The setup to measure the
relative displacement with the LVDT is shown in Figur2.@. The sensitivity of the
LVDTs was 0.005 in.

ER strain gagewereplaced on selected shear connectors to measure the strain in
the horzontal shear connectors during cyclic testing and static testing. Particular
attentionwaspaid to how close the shear connectors g#ido yield stressat high loads.

A nominal yield stress of 60 ksi was used forltbeked reinforcing barsnd a normal

yield stress of 50 ksi was used for the shear stiilis.corresponding nominal yield
strains were 206Q< and 1724.¢ for the hooked reinforcing bars and shear studs,
respectively.The straisin the shear connectongerecompared for the differemiocket
spacings and compared for the hooked reinforcing bar and the shear studs. Eigure 3.
shows the locations of the instrumented shear connectors. The terminology will be

discussed shortly.
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Load cellswereplaced on one strand in each ptstsionng duct. The load cells
werelocated at the dead end of the bridge. During the stressing operation, the load at the
live endwasmeasureavith a load celbind compared to the load at the dead end. This
wasused to determine a typical wobble frictiondas each duct. Elastghortening
losses for the first 11 strand®re alsextracted from the load cell data. With the initial
seating losses, an accurate estimation of the force profile along the length of the strand
can be made for the representastrand in each duct. The load cellsrealso used to
measure the loss of force in the strands over time. \ds®nly done until the post
tensioning ductsveregrouted.

Table 3.2.3jives the names of each instrument, the type of instrument, and a
desciption of where itwaslocated in the lab mocku Even thoughane names are used
more than oncedhe instrumergthatarebeing referred to will be obvious. Tabl2
should be used with Figure2Z33 and Figure 2.7 to determine the location of the
instrument in question. The VWG and thermocouple dategathered with &£ampbell
CR23X micrologger and twmultiplexers. The ER strain gages, wirepots, LVDTs and
load cellswereconnectedo a System 5000 scanner produced by Vishay

MicroMeasurements Gup, Inc.

Girder Top Flange

Figure 32.6 Setup to Measure the Relative Horizontal Displacement

at the Horizontal Interface.
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Figure 32.7 Locatiors of Instrumented Shear Connectors

Table 3.2.2Location of Instrumentation in Lab Mockup

(a) VWGs

Name —Ove[iirder Description of Location
G1.TD Girder 1 In the top flange on the dead end.
Gl1 BD Girder 1 In the bottom flange on the dead end.
Gl TL Girder 1 In the top flange on the live end.
Gl B L Girder 1 In the bottom flange on the live end.
G2_T D Girder 2 In the top flange on the dead end.
G2_B_ D Girder 2 In the bottom flange on the dead end.
G2 T L Girder 2 In the top flange on the live end.
G2 B L Girder 2 In the bottom flange on the live end.
Gl S2 Girder 1 In panel type 2.

G2_S2 Girder 2 In panel type 2.

Gl 5S4 Girder 1 In panel type 4.

G2_S4 Girder 2 In panel type 4.
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(b) Thermocouples

Name —Ove[iselrder Description of Location

TG1.T D Girder 1 In top flange of girder on dead end.

TG1. M D Girder 1 In web of girder on dead end.

TG1 B D Girder 1 In bottom flange of girder on dead end.

TG1 T_L Girder 1 In top flange of girder on live end.
TG1_M_L Girder 1 In web of girder on live end.

TG1 B L Girder 1 In bottom flange of girder on dead end.

TG2. T D Girder 2 In top flange of girder on dead end.

TG2 M _D Girder 2 In web of girder on dead end.

TG2_B D Girder 2 In bottom flange of girder on dead end.

TG2 T L Girder 2 In top flange of girder on live end.

TG2 B L Girder 2 In bottom flange of girder on dead end.
TG1.S2 T Girder 1 In panel type 2 in the top portion of the slab.
TG1_S2 M Girder 1 Lr;a%anel type 2 in the middle portion of the
TG1.S2 B Girder 1 !Sr;a%anel type 2 in the bottom portion of the
TG2 S2 T Girder 2 In panel type 2 in the top portion of the slab.
TG2 S2 M Girder 2 !Sr;a%anel type 2 in the middle portion of the
TG2 S2 B Girder 2 !Sr;a%anel type 2 in the bottom portion of the
TG1 . S4 T Girder 1 In panel type 4 in the top portion of the slab.
TG1 S4 M Girder 1 !Sr?apk))anel type 4 in the middle portion of the
TG1 S4 B Girder 1 Is’r;a%anel type 4 in the bottom portion of the
TG2 . S4 T Girder 2 In panel type 4 in the top portion of the slab.
TG2 S4B Girder 2 Is’r;a%anel type 4 in the bottom portion of the

(c) LVDTs
Name —Ove[iirder Description of Location
H1 Girder 1 Interface between panels and girders.
H2 Girder 2 Interface between panels and girders.
(d) Load Cells
Name Over.—G'rder Description of Location
Line
Duct Closest to
LCA Girder 2. Dead end.
LCB Middle Duct. Dead end.
Duct Closest to
LCC Girder 1. Dead end.
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(e) ER Strain Gages

Over__Gwda Description of Location
Line
Girder 1 See Figure 3.2.7.
Girder 1 See Figure 3.2.7.
Girder 1 See Figure 3.2.7.
Girder 1 See Figure 3.2.7.
Girder 1 See Figure 3.2.7.
Girder 1 See Figure 3.2.7.
Girder 1 See Figure 3.2.7.
Girder 2 See Figure 3.2.7.
Girder 2 See Figure 3.2.7.
Girder 2 See Figure 3.2.7.
Girder 2 See Figure 3.2.7.
Girder 2 See Figure 3.2.7.
Girder 2 See Figure 3.2.7.
Girder 2 See Figure 3.2.7.
Girder 1 Lower surface of panel on dead end.
Girder 1 Lower surface of panel on live end.
2 Girder 2 Lower surface of panel on dead end.
2 L Girder 2 Lower surface of panel on live end.
Gl1 DL Girder 1 Lower surface of girder on dead end.
Gl L L Girder 1 Lower surface of girder on live end.
G2 D L Girder 2 Lower surface of girder on dead end.
G2 L L Girder 2 Lower surface of girder on live end.
Gl1 D U Girder 1 Upper surface of girder on dead end.
Gi1LU Girder 1 Upper surface of girder on live end.
G2 D U Girder 2 Upper surface of girder on dead end.
G2 L U Girder 2 Upper surface of girder on live end.
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(f) Wirepots

Name Over_—Glrda Description of Location
Line

Al Girder 1 1 ft. from end_ of glr_der on live end. U_sed to
measure vertical displacment of bearing pads.
Under load applied near inside joint (dead end

B1 Girder 1 test setup) or near outslde qunt (live end test
setup) to measure vertical displacement of
system.
Under load applied near outside joint (dead end

c1 Girder 1 test setup) or near msu_je joint (live end test
setup) to measure vertical displacement of
system.

D1 Girder 1 1 ft. from end_ of glr_der on dead end. U_sed to
measure vertical displacement of bearing pads.

A2 Girder 2 1 ft. from end_ of gl(der on live end. Us_ed to
measure vertical displacement of bearing pads.
Under load applied near inside joint (dead end

B2 Girder 2 test setup) or near outs_;lde joint (live end test
setup) to measure vertical displacement of
system.
Under load applied near outside joint (dead end

co Girder 2 test setup) or near msu_je joint (live end test
setup) to measure vertical displacement of
system.

D2 Girder 2 1 ft. from end_ of glr_der on dead end. _Used to
measure vertical displacment of bearing pads.

Jt O NA Located at outside transverse joints.

Jt_| NA Located at inside transverse joints.

3.2.3 Constructability Study

The fabrication of the panels and girders and the construction of the lab mockup
waswell documented. During the fabrication of the girders, the practicality and ease of
construction of th@ew shear stud detddr the horizontal shear connector system was
examined. Other important observations were also recorded as seen fit. The prethod f
forming the transverse joints, method for creating an efficient strand pattern, and method
for creating the shear pocketereexamined duringhe fabrication of the panels.

The different stages of the construction of the lab mockup were examined. The

stages included:

1. Placement of the panels on the girders.
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Pouring the grouted femafemale transverse joints.
Epoxying the malédemale transverse joints.

The posttensioning operation.

Placing the formwork for the haunch.

Pouring the haunch.

N o g s~ w D

Grouting the psttensioning ducts.

8. Removal of the leveling bolts and lifting eyes.
The duration of each task and notes on the construction process were recorded for each
stage. Recommendationeremadefor thetransverse joinand shear connector type
thatworkedbeg from a ©nstructability point of view.

3.2.4 Time Dependent Testing of Lab Mockup

The strains and temperatures in the VWGs and thermocouples as well as the
forces in the load cells at the dead end of the-f@msioning ducts were measured and
collected oveapproximatelytwo monttsto investigate the time dependent behavior of
the lab mockup If the temperature remad fairly constanthe strains will not be
influenced by the temperature. Therefahe thermocouple data may not be uséftilis
is thecase This may be true when the girders and panels were placed in the lab.

The VWG datavasused to provide insight into the force and moment
redistribution produced by creep and shrinkage effects in the composite system. One of
the primary interestwaswhether the initial level of podgensioning keeps the transverse
joints in compression. Although long term stressmddnot be measured
experimentally in the lab mockup, the experimental datsvery useful inverifying the
finite element resultsThe finite element models wecapable oestimatingthe long
termlongitudinalstresses. The finite element models prodigesults over a much
longer time period than two months so the long term deck stresslekbe examined.
The time interval in ta finite element modelasapproximately 25 years. This is
discussed more in Section 3.3.1. The long term strains in gisderecompared to the
long term strains in girder 2. This will aid in discovering whether the plates cast with
girder 2 for theshear studs actexs compression reinforcement in some regions and

reducel the long term strains.
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3.2.5 Material Testing

Compression tests and split cylinder tests to measure the compressive and tensile
strength of the concrete in the panels and girders wedictad at selected intervals
throughout the testing prograrihe tensile strength of the concrete was calculated by
using the equation

f, = % [3.1]
where,

P =load at which the cylinder failed during the split cylinder tegisjki

d = diameter of the test cylinder (in.)

L = length of the test cylinder (in.)
Compression tests were also performed on the grout in the haunch. The Forney
compression machine wased to carry out these tests. Additionally, the modulus of
elastigty was obtained at key construction intervals where strains resulting from elastic
deformations were available. An estimation of the modulus of elasticity could be back
calculated from the experimental strain values. The moduli of elasticity obtaomed fr
the experimental data were compared to the modulus of elasticity obtained from Section
8.5.1 of ACI 318°for normal weight concrete. The modulus of elasticity was not
determined experimentally because of difficulties encountered measuring the
deformatonsfor the modulus test.

The cylinders were filled during the casting of the panels and casting of the
girders at Bayshore Concrete Products in ChesapeakeTkéday after the cylinders
were filled, the molds were removed. The cylinders then cuneat temperature in
the Virginia Tech Structures Laboratory until the time a test was performed with one of
the cylinders.The cylinders were 4 in. in diameter and 8 inoimg. The compression
and split cylinder tests were performed before the relgfatbe prestress force, at 7 days,
28 days, and during key intervals during the construction process. These key intervals
included the time the panels were placed on the girders, the time théepsgining was
applied, the time the haunch was poured @nmediately before the live load testing

began. Multiple breaks were made at each time interval as seen fit. The results were
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used to predict limits for the live load tests and help establish material models for the

finite element models.

3.2.6 Live Load Test Setup for Lab Mockup
The live loadtesting program consisted ioftial static tess, cyclic testing up to 2
million cycles, intermediatstatic test, and final static test¥$hese tests were performed
on both the dead end and live end of the lab mpdk the following order:
1. Initial static test at the dead end,
Cyclic testing athe dead end,
Intermedate static test at the dead end,
Initial static test at the live end,
Cyclic testing at the live end,

Intermedate static test at the live end,

N o g s~ w D

Final gatic test at the dead end,

8. Final static test at the live end.
Each of these tests is discussed in the following sectidosding of water at the
transverse joints was also performed before each of the load tests. More details on each
of these tests wWibe presented in subsequent sectidRecall from Figure 3.2.1 in
Section 3.2.1 that the live end was where the strands were stressed and the dead end was
at the opposite support.

Figure 32.8 shows the test setup on the dead end and live end. Thesbkets
are left out of the figure for clarity. The loading for each oftiihetest setups (dead end
and live engl consisted of fouload patcheplaced symmetrically about the longitudinal
centerline of the bridge. The symmetric loadivegsdone to aempt to create the same
loading on each girder. By doing so, the performance of different shear conceatdrs
be compared. Thsvo test setups are symmetric about the transverse centerline
(midspan) of the bridge. This allowede performance of th&ystem with the different
pocket spacings to be compared.

Note that the spacing of the fdoad patches Figure 32.8(a) for each test setup
did not match the wheel load spacing and axle spacing for an AASHTO design vehicle.

It was decided that loadshould be placed adjacent to joints in such aasay havethe
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resulting shears and moments in the girders and panels comparable to AASHTO design
shears and moments for the lab mockup.

The loadsvereplaced adjacent to the transverse joints to lesperformance of
the different transverse joint configurations. Altigh, the longitudinal location of the
loading framesvaslimited bythe bolt hole pattern on the longitudinal reaction floor
beams in the lab. This did not allow tbad patcheso beplaced at the very edges of the
transverse joints. Howevetwas possible to pladbe edges of thimad patchesvithin
6 in. of the edges of all the transverse joints.

The size of each logmhtchwas9 in. x 14 in. on the dead end and 9 in. x 18 m. o
the live end. The difference in logdtchsizes is attributed to the limited number of
elastomeric bearing pads available in the lab for the number of projects requesting
elastomeric bearing pads. For this study, the size of thektal sizas notan issue
since local effects are not a concern.

A spreader beam spans between eachoparheel loads in the transverse
direction. The loadvashalf way between the twload patchesas shown in Figure
3.2.8(b). Each test setup requires two spreadamisefour bearing pads for tlead
patchestwo loading frames, and two hydraulic rams. For the static 8460 kip
hydraulicramwasused to apply the load to each spredmsm. For the cyclic tests, a

closedloop, servehydraulic testingystemwasused to apply the loadings.
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3.2.7 Initial Static Tests for Lab Mockup

For each initial static test (prior to the cyclic testing), a load of 37.33 kips was
applied at each weel load location. This loadasdetermined by using a typical
AASHTO design wheel load of 16 kips, multiplying by an impact factor of 1.333 and a
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load factor of 1.75. Tkicorresponds to a load of 74&/frame (kip per framefor each
of the two framesised on a given test setup.

The load was gradually increased up to this limit. At load increments of 20
k/frame the bridge was inspected for flexural cracks, web shear cracking, web flexural
cracks (if any flexural crackserealready present), craclgrat the horizontal interface,
and cracking at the transverse joints.

The data was used to determine if full composite action between the panels and
girders over each girder line remained after the load is applied. The performance of the

transverse jointand different types of shear connectors was studied.

3.2.8 Cyclic Testing for Lab Mockup

After the initial static test, a total of two million cycles of loading was applied to
the bridge. The number of cycles used in this study is the asuthafound in pevious
research on precast deck panel systems by fesasimilar loading conditions. Two
million cycles of loading at each end of the bridge was also selected based on the time
limits of the testing programThe shape of loading curve over time wasrne wave,
with a period of 0.5 sec (frequency of 2 Hz).

For the first 500,000 cycles, the load ranged from 2 k/frar28.4 k/frame This
created thAASHTO LRFD design fatigue momeiaif 2250k-in for the girder, which
was calculated during the desigmage of the study. During the cyclic tests, a
compressive force of at leaskip was always present to preveatationalmovement of
the spreader beam and to prevent damage to the bridge. A wheel load fot the nex
1,500,000 cycleranged from 2 k/frami@ 44.7k/frame. The range of the loading, 42.7
k/frame, corresponds to twgpical AASHTO design wheel loaaf 16 kips, multiplied
by an impact factor of 1.33This was greater than the AASHTO LRFD impact factor of
1.15for fatigue The load level 042.7 k/frame produced a maximum moment in the
bridge of 3520 kn, which was 56% greater than the AASHTO LRFD design fatigue
moment of 2250 4n.

Every 100,000 cycles to 300,000 cycles,dielic testing was stopped to conduct
a static test on the systerithe loadvasgradually increased up to 44&/frame These

intermediate static tests were done to see if there was any loss in stiffness in the lab
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mockup due to loss of composite action, cracking, sliding at the joints, etc. throughout the

cyclic testprogram.

3.2.9 Intermediate Static Tests for Lab Mockup

After the cyclic testing was completed for a given test setupitarmediatestatic
test was performed. The purpose of this test was to attempt to capture selimearon
behavior in the resultsThes results offer insight into the behavior of the system after
cracking, plastic behavior of the reinforcing steel, prestressing strands, and shear
connectors, and relative slip at material interfaces ocEe. load was gradually
increased up to aboUBOk/frame or until sufficient cracking was noticed in the system
but the system could still be deemed repa#gall load of130 k/framewas predicted to
cause cracking in the bottom of the girder undeiribiele load point (see Figure
3.2.8(a))and crackng at the interface betweéme haunch and girders.

The load was gradually increased up to this limit. At load increments of 20
k/frame the bridge was inspected for flexural cracks, web shear cracking, web flexural
cracks (if any flexural crackserealready present), cracking at the horizontal interface,
cracking at the transverse joints, cracking in the vicinity of the wheel loads on the top of
the deck, cracking over the girder lines, cracking on the bottom side of the panels, and
cracking in the skar pockes. When the load was above 100 k/frathe load
increments were decreased to every 10 k/freor0 k/frame

The datavasused to determine if full composite action between the panels and
girders over each girder line remained after the loagpsied. The performance of the
transverse joints and different types of shear conneststhoroughly studied.

3.2.10 Final Static Testsfor Lab Mockup

After the testing was completed on the dead end and live ends of the hridge,
final static testvas performed on the dead end and then the live €hd purpose of this
test was to see required flexural strengtbf 15,500k-in and required vertical shear
strength of 152 k coulde reachethefore a failure was observetihe failure mode of
the ystem was also notedl'he load was gradually increased ufatilure. An elastic

analysisdetermined an applied load of 187 k/frame would produce a moment equal to the
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requred flexural strength of 15,506in and an applied load of 212 k/frame would
produce a shear equal to the required vertical shear strength of 152 k.

The load was gradually increased in 20 k/frame incremerits.bilidge was
inspected for flexural cracks, web shear cracking, web flexural cracks (if any flexural
crackswerealready presnt), cracking at the horizontal interface, cracking at the
transverse joints, cracking in the vicinity of the wheel loads on the top of the deck,
cracking over the girder lines, cracking on the bottom side of the panels, and cracking in
the shear pdets. When the load was above 150 k/frartiee load increments were
decreased to every 5 kips to 10 kips. When displacements started increasiighly a
nonlinear manner with respect to the applied load, the analysis was switched to
displacement controlThe displacement increments used at this point were 0.05 in.

The datavereused to determine if full composite action between the panels and
girders over each girder line remained after the load is applied. The performance of the
transverse jointglifferent pocket spacingand different types of shear contes were

thoroughly studied along with the failure modes at each end of the lab mockup.

3.2.11 Durability Study of Transverse Joints
Water was ponded over the transverse joints at selected istefa selected

intervals were:

1. Before the initiastatic test,

2. Before the cyclic testing,

3. Before thantermediatestatic test,

4. After theintermediatestatic test,

5. After thefinal statictest.
Water was poured from a bucket onto the bridge deck overath&verse joints until the
depth of the water was approximately %4 in. to %2 in. deep. The joints were monitored for
a half hour period. During this period, any leaking at the transverse joints was noted.
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3.3  Analytical Study

3.3.1 Finite Element Analysis of Time DependenBehavior

The finite element software DIANA was used to carry out an analysis of the time

dependent behavior of the lab mockup to provide insight in to thegrsbning losses

in the system as well as the effective long term stresses aoeasarisverse joints. The

results were used to examine whether the initial level ofteosioning provided in the

lab mockup was sufficient to keep the transverse joints in compression. Based on the

resultspresented in Section 5..ecommendations wemade for the initial level of pest

tensioning.

A stagedplane stress analysigas run in DIANA The followingwasthe staging

used for the lab mockup:

1.
2.

Girder curedor 1.5 days.

The strands in the girdererecut. The girdesat and gainestrength
over the next 22 days.

The panelsverecast and cuikfor 2.5 days. The panels theatin the
casting yard andieretransported to the lab. The panels contihioe
sit in the lab. The same environmental conditieseassumed to
exist in the casting ydrand lab. The girders contirdi® sit in the
casting yard, then the lab. The time period for this w&ep/1 days.
The panelsvereplaced on the girders. The dead weight of the panels
wastransferred to the girders through the leveling bolts. Time no
composite systersatin the lab for a period of 20 days.

The first sixstrandswveretensioned during the pegtnsioning
operation in te deck. The system then remaingie for twodays.
The last sixstrandswveretensioned during the pestnsioning

operationin the deck. The system remaindtk for sixdays.

. The haunclwascast. The cmposite system remainédie for 26

days. (This marks the end of the analysis in the lab.)
The compositeystem remainedlle for an additional 25 years to look

at the long term effects of the bridge.
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The model consistedf one girder witha tributary deck width of 6 ftif the results of the
finite element modelverein good agreement with the results from the lab mockup, then
a three dimensional modebuld be deemeé unnecessary.

Eight node quadrilateral elementereused to model the panels, girder, haynch
and bearing padsThe element size used for this stweysapproximately 2 in. x 2 in.
Using 2 in. x 2 in. elementgsults in 23 elements through the degitthe composite
section. The number of elements used through the depth, along with the higher order
polynomial used to model the displacement field, accurately mddeéstrain profile
through the depth and preveheé model from having an artificiglhigh stiffness Figure
3.3.1 shows the mesh used for the time dependent behavior models.

The prestressingtrandsn the girder, the pogensioningstrandsn the deck, and
all the mild reinforcing stealeremodeled with embedded reinforcing bars. desded
reinforcing bars have no degrees of freedom of their own whichstiadue
computationally cheap. They are embedded i n
elements that the embedded reinforcement passes through in the geometric layout of the
model. Tl strains in the embedded reinforcement are calculated from the displacement
fields of the Amother el ements. o These embe
stiffness of the system.

A prestress load can be assignedrtbedded reinforcement, whigvasrequired
for the precast bridge deck panel system. Initial losses in thégmssbning system such
as anchor loss, wobble friction loss, curvature friction loss, and elastic shomesrag
calculated by DIANA. These initial losse®rebased orthe CEBFIP Model Code
1990.

The concrete in the panels and girders, the grout in the haunch, and the steel for
the prestressing steel, paehsioning steel and mild reinforcing stesdreall modeled
with linear elastianaterialssince no cracking or yiéing of the steelvasanticipated
during the time dependent aysik.

Different creep and shrinkage modelsreused in the preliminary stages to
determine whichmodel most accurately model#ee variation of the displacements,
strains, and stresses irelab mockupover time. The creep and shrinkage models
available in DIANA werethe ACI 209° model, the CEBFIP* model code 1990, and
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the NEN (Netherland$720"° model. The NEN 6720 model was immediately removed
from the list of possible models fdri$ application becausewasonly valid for
materials with strength and modulus of elasticity thetetime independent.

In order to carry out the time steps, regular NewRaphson iteration was used
with explicit time steps. With regular Newtdtaghson, the stiffness is updated every
iteration, which typically results in fewer iterations in a given time (or load) step than
modified NewtorRaphson iteration, where the stiffness is only updated at the beginning
of a time (or load) step. The time stepere broken up to mimic the logarithmic
behavior of the time functions for the creep coefficient and shrinkage strains. The
smallest time step used was 10 seconds and the largest time step used was 1000 days.

Figure 3.3.1 Mesh for Time Dependenth@eior Models

3.3.2 Finite Element Analysis of Push Off Tests
Finite element modelserecreated in DIANA for pusioff specimesto propose
a methodology for modeling tlehear connectors and timerface between the haunch
and girders and interface betwebr haunch and panels. Timedeling methodology for
modeling the shear connectors and interfaceth#puskoff testsis also used in the
finite element models for time dependent effects if necessary (see Section 3.3.1) and the
ultimate load tests (see&ion 3.3.3). Load vs. relative displacement cuwere
developedrom thefinite element results and compared to experimental results produced
by WallenfelsZ°. Observations were made regarding the relationship betieérad
vs. displacementcurdfeor t he finite el ement. Thedfisital t s and
el ement slip values were comparhesd to Wal |l enf
conservative the finite element models were.
After the finite element modeiserecomparedo experimeral dataand shown to

predict the behavior sufficienthadditional modelsvere created in DIANA Each of the
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models hadlifferent numbers of shear connectors diffiérent yypes of shear

connectors.The capacities obtained from the finite element model® compared to the

capacitieobtained from AASHTO LRFE for calculating the horizontal shear capacity.

The different typsand amourgof shear connectors used for the parametric study were:
1. 2No. 4 bars,

2 No. 5 bars

4 No. 4 bars,

4 No. 5 bars,

2-3/4 in. diameter shear studs,

o gk~ w N

3-3/4 in. diameter shear studs,

7. 4-3/4 in. diameter shear studs.
The results are presented in Section 5.2.

A description of the pushff test specimen is givan Section 2.1.2.3. Figure
3.3.2shows a representation of the poshtest specimen. A plane stress analyss
used first to attempt to match the experimental datght node quadrilateral elements
wereused to model the panelrder, shear pocket, and haunch,rsixe triangular
elementsvereused to model the lding pad, thre@ode beam elements were used to
model the shear connectors, and threde interface elements were used to model the
interface between the haunatdagirder. Beam elements were used instead of truss
elements to include the dowel actiortloé shear connector©nly the beam elements
provide rotational stiffness at the nodes that the beam elements share with the plane stress
elements.Interface elements were used to allow slip to occur between the girder and
haunch.

It wasassumed that perfect bondexisted at the interface of tkbear
connector(sand the haunchnd the interface between the haunch and panel. The entire
length of the interface between the haunch and girder consisted of two dissimilar
materials cast at different timeblowever, the large surface area of grout that passes
through the location where the interface between the panel and haunch is located adds
strength to the top interface. Therefore, it was assuhatthe top interface, between
the panel and hauncivasstronger than the bottom interface, between the haunch and

girder and crackingvould occur at the bottom interface first. It was assuthatithe
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entire depth of the haunch was filled with grout. If the grout did not fill the entire depth
of the haunchthen the strength at the top interfageuld be less than the strength at the

bottom interface. This was verified by studying the cracking patterns in the lab mockup.
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Figure 3.3.2Pushoff Specimen Modeled in DIANA.
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Figure 3.3.3Meshfor PushOff Models

Thepavingmeshing algorithmvasused to vary the size of the glents in the
model. The paving algorithm produced a quadrilateral mesh on any type of surface.
Figure 3.3.3hows a pusloff test model with th@avingmesh algorithm apied to
generate the mesiA mesh quality checlwasrun to check the elements for large aspect
ratios, large angle deviation at the corners, midnode offsets, warping, and bulging of the

midnodes.The mesh was refined in the vicinity of the interface leetwthe haunch and
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panel and the shear connectors. Localized cracking and crushing, relative slip, and large
stress concentrations in the shear connectors were expected to occur at this location.

Modeling the behavior of the shear connectors in a biglgeeomplex problem.
When a large shear is transferred from the deck to the girder, the interface cracks causing
the two surfaces to separate and slip relative to one another. In turn, a tensile force is
developed in the shear connector causing a cesspre force and corresponding
frictional force to develop at the interface. This frictional force increases the horizontal
shear capacity of the system. Accurately mo
accomplish in DIANA.

DIANA offers severbmaterial models that can be used with interface elements.
They were examined and considered for the material model for the interface. A crack
dilatancy model was first examined. The mod
after the crack opening ithe normal direction of the interface exceeded a user defined
limit. In order to exceed this limit, a very small limit can be defined by the user and
normal loads in equal and opposite directions at the interface can be applied to create a
tensilestres i n the interface. Although a rough cr
effecto was not produced. The rough crack t
model did not cause the interface to separate and produce tensile stresses in the shear
connetors and frictional stresses in the interface. The Motulomb material model
was examined next. It was also incapable of
in unstable behavior at higher loads.

A nonlinear, elastic material was selectedthar interfaces because of its stable
and predictable behavior. The user specifies a normal stress vs. relative opening diagram
and a tangential stress vs. slip diagram to define the behavior of the material. The
tangential stress vs. slip diagram wasrst such that there was still a small amount of
shear resistance after the interface fAcracks
stress vs. slip diagrams used for the push off tests were derived from data from Scholz
and WallenfelsZ. The normhbstress vs. relative opening diagram was defined such that

the stiffness in the normal direction was very large.
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Figure 3.3.4 Tangential Stress vs. Slip Diagram for Interface
Material Without Shear Connectors

Negl ecting t he Tfecansepvatiyeianmd gccepth fordhisttype ofv a s
analysis and itesulted in larger slip values and higher strains in the shear connectors.
Because the strain levels and slip valeselarger than expected, the acceptable
number of shear connectors frone tharametric study, discussed in Section 31843,
conservative.

As mentioned aboveracking and/or crushing of the coet® occuedin the
panels, haunch, armgirders in the vicinity of the concrete interfaces and sbe@anectors
Two approaches weexamined to attempt to capture this local behavior: A smeared
cracking approach and a softened elastic modulus approach.

For the smeared cracking approach, the smeared cracking model was activated in
DIANA to model any cracks that form. The crackingdebwas defined by a tension
cut-off model, a tension softening model and a shear retention model. A linear tension
cut-off relationship was selected for the tensionaffitmodel, which is shown in Figure
3.3.5 with a principle stress orientation. Timsorporates the influence of a biaxial stress
state on the tensile strength of the concrete. As shown in Figure 3.3.5, when a
compressive stress exists along one principle stress axis and tension exists along the other
principle stress axis, the tens#gength is reduced. A linear tension softening

relationship was selected for the tension softening model, which is shown in Figure 3.3.6.
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The stressn, and straire,, are normal to the direction of the crack plafée total

strain is divided ito anelastic strain and a crack strain. The same is applied for the total
stress. In the formulation of the tension softening model, it is assumed that the crack
stress is a functioaf the crack strain for the one crack that was formedaéswlassumed
thatcoupling effects with other cracks is ignored. The constant shear retention model
was used instead of the full shear retention moBet.the full shear retention model, the
shear modulus is not reduced after crackifgr thisconstant shear retentiomodel, the
sheamodulusis reduced by a user defined amo(ff)t For the models in this study, it
was assumethat50% of the shear stiffness wlast when the crack was formeg=0.5).
The DI ANA User 6 £retommanded usigh-0d5 rHoveeer, the value
of B was increased to 0.5 to improve the convergence behavior of the model without

affecting the results.

Figure 3.3.5Tension CHOff Model
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Figure 3.3.6Tension Softening Model

Crushing was defined by using the Von Midailure criterion along with a
uniaxial, multtlinear stress vs. strain curve to capture the plastic behavior of concrete and
grout in compression. For the Von Mises failure criterion, yielding (or crushing) occurs
when the distortional strai@nergy dasity at a point becomes greater than or equal to the
distortional strairenergy at yield (or crushing) in uniaxial tension or compression.
The multilinear stress vs. strain curve was based upon the modified Hogenstad model
presented in MacGreg8r The compressive strength of the concrete for the panels and
girders was 6 ksi and the compressive strength for the grout in the haunch was 4 ksi.
The second approach to modeling the local cracking and crushing at the interface
between the haunch and girde the vicinity of the shear connectors was the softened
elastic modulus approach. In this approach, the region where the localized cracking and
crushing occurs was assumed to have very small, constant stiffness through the entire
anal ysi s.edOal hriesgificcr aicskk shown in Figure 3.3.7
decreasing the elastic modulus for the grout in the haunch and concrete in the girder. The
factor that the elastic moduluswase duced by and the svasze of t he

determineé from the results of the puslff tests run witithe smeared cracking approach.
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Figure 3.3.7 Cracked Region for Softened Elastic

Modulus Approach

Thesoftened elastic modulus approach producere stable convergence
behavior when attemptirig capture the unloading portion of the load vs. displacement
curve for the pusioff tests. Thisvasbecause the cracking that occurred \oasalized
and the smeared cracking approaasbetter suited for capturing cracking on a global
scale. The restd of the two approaches discussed above were compared andne
selected to run the remaining finite element analyses.

The material for the shear connectors was modeled with the Von Mises failure
criterion with a uniaxial stress vs. strain curve, sintitethe approach for modeling the
crushing of the concrete described above. A nominal stress vs. strain curve for Grade 50
steel was used for the shear studs and a nominal stress vs. strain curve for Grade 60 steel
was used for the hooked reinforcing ar

The preliminary models were run with force control and displacement control and
were compared to make sure the results and behavior of the system were the same.
Displacement controlled analyses were run for the remaining push off test models.
Secantteration was used with adaptive load stiepsarry out the load steps. In general,
secant iteration results in more stable convergence behavior than other iteration methods
when strong nonlinearities, such as cracking, are invol¥éds is because trsiffness
remains positive even when unloading is present for the load vs. displacement curve.
Two methods were used to define the load steps. For smaller applied load levels, explicit
load steps were used where preliminary analyses indicated theaslgiivalues were
very small, cracking was not extensive, and only the onset of yielding may have occurred
in the shear connectors. The size of the load steps was determined from the convergence
behavior and decreased in size as the total applied leadnedarger. For higher applied
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load levels, an adaptive load stepping scheme was used where cracking started to become
more extensive, relative slip values started to become larger, the stresses in the shear
connectors were well in to the plastic ranged the behavior of the system became

harder to predict. DIANA determined the size of the next load step based on the user
specified desired number of iterations per load step, the actual number of iterations in a

given load step, a maximum step size, amdinimum step size.

3.3.3 Finite Element Analysisof Live Load Tests forthe Mockup

A series oplare stress finite element analysesrecarried out teexaminethe
flexural and shear capacitiestbe deck panel systewompared to predicted values from
the design calculations (see Appendix, Apyunloading behavioshear connector
behavior, and pocket spacing influendée failure mode of each modeas
investigated. Possible failure modes include the failure of one of the horizontal
interfaces, flexuralailure of the girder, and excessive shear cracks in the girder. If the
horizontal interface fails first, the horizontal shear is no longer transferred uniformly
from the girder to the deck. Instead, the horizontal shear is transferred from theagirder t
the deck via the shear connectors at the shear pockets. The widely spaced shear pockets
may affect the capacity of the system and the cracking pattern in the girder.

Both the live end setup and dead end setup of the lab meaknepsed to
examine the éhavior of the lab mockupDetails on the setups are given in Section 3.2.6.
The entire bridge was modeled in DIANAne girdewwasmodeled at a time with 6 ft
tributary deck width.

A verification study and a parametric study were carried out to iexsitme
behavior of the deck panel system. For the verification study, the lab mockup was
duplicated in DIANA. Because only one girder was modeled at a time and two load
conditions were examined (live end setup and dead end setup)alaeng modelswere
examined for the verification study

1. Girder 1 withdead end setup for static tests
2. Girder 2 withdead end setup for static tests

3. Girder 1 withlive end setup for static tests
4

. Girder 2 withlive end setup for static tests
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Recall the static tests ohet dead end examined the 4 ft pocket spacing and the static tests
on the live end examined the 2 ft pocket spacing. Additionally, girder 1 had the hooked
reinforcing bars as shear connectors and girder 2 had the shear studs as shear connectors.
The resuk for the finite element models were compared to the experimental reBlés

load vs. displacement curves, shear connector strains, strain profiles, cracking patterns in
the girder, and cracking patterns in the haunch and ineebl@ioveen the haunchdh

girder were examined and compared.

Once the results of the finite element models were compared to the experimental
results, the parametric study was conducted. The parametric study consisted of varying
the amount of shear connectors in each pockettandistribution of the shear
connectors among the pockets. This allowed for additional insight in to the influence of
the pocket spacing and connector type on the behavior of the deck panel System.
capacities of the modelgerecompared t®AASHTO LRFD provisions. As necessary,
modifications to current design equati@rsproposed or new equatioageproposed to
predict the horizontal shear capacity at an interface. Any unique behavior that the deck
panel system exhibitsasdiscussed.

A total of 11 different models were examined for the parametric study. Six of the
models were run with No. 5 hooked reinforcingsas shear connectors and fofehe
models were run with % in. diameter shear studs as shear connectors. Table 3.3.1 shows
the numbe of shear connectors per pocket for each model examined with a given shear
connector type. Model MOCKUP had the exact number of shear connectors used for the
lab mockup. Model 2.121 100 had close to the exact number of shear connectors
required per poakt using Equation 2.121. Model 2.121 75 had approximately 75% of
shear connectors required per pocket using Equation 2.121. Model 2.121 50 had
approximately 50% of shear connectors required per pocket using Equation 2.121.

Model 2.128 R had close to thamber of shear connectors required using Equation

2.128. The shear connectors were distributed in an even manner among the pockets. The
connectors were also distributed among the shear pockets so the dead end and live end of
the bridge had approximayethe same amount of shear connectors. Model 2.128 L had
close to the number of shear connectors required using Equation 2.128. Unlike model

2.128 R, the shear connectors were distributed among the pockets such that more shear
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connectors were placed iodations with high shear stresses. The results of different
models were compared using load vs. displacement curves, Von Mises stresses in the
shear connectors, and cracking patterfise results are presented in Section 5.3.

Figure 3.3.8 shows the mefdr the finite element model. The mesh was refined
in the vicinity of the interface between the haunch and girder. Eight node quadrilateral
elements were used to model the panels, haunch, girder, and bearing pads. Three node
beam elements were used todrl the shear connector®nly the beam elements
provide rotational stiffness at the nodes that the beam elements share with the plane stress
elements.Three node interface elements were used to model the interface between the
haunch and girder. Embesttireinforcing bars were used to model the vertical shear
stirrups, the mild longitudinal reinforcing steel, the strands for-fgwstioning in the
panels, and the strands for prestressing in the girder. Details on the embedded reinforcing
bars are givem Section 3.3.1. The material models and nonlinear solution algorithms
used for the models of the lab mockup described in Section 3.3.2.

The smeared cracking approach was used instead of the softened elastic modulus
approach for two reasons. The firsason was that the cracking in the haunch and the
girder in the vicinity of the shear connectors was not as localized as it was for the push
off specimen. The cracking was smeared along th® Inftto 1 ft6 in. length of the
shear pockets. The sewbreason was that the load vs. displacement curve for the lab
mockup did not have an unloading portion, as shown by the experimental data in Chapter
4. Therefore, consideration did not need to be given to replacing the cracking model with
a softened eléis modulus approach to stabilize the convergence behavior. Additionally,
the models were run under force control since the load vs. displacement curve does not

have an unloading portion.
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Figure 3.3.8Meshfor Live Load Tests on Lab Mockup
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Table 33.1 Number of Shear Connectors per Pocket for Parametric Study

(a) Hooked Reinforcing Bars

Model Name | MOCKUP | 2.121 100 | 2.121 75 | 2.121 50 | 2.128 R | 2.128 L
Pocket #
1 8 8 6 4 4 6
2 8 7 5 4 4 6
3 8 6 5 3 4 6
4 8 6 4 3 4 6
5 8 5 4 2 4 2
6 8 4 3 2 4 2
7 8 4 3 2 4 2
8 8 3 2 2 4 2
9 8 2 2 1 4 2
10 8 1 1 0 4 2
11 8 3 2 1 6 2
12 10 6 4 3 6 6
13 10 9 7 5 6 6
14 16 12 9 6 6 10
15 16 15 11 8 6 10
Total # 140 91 68 46 70 70

(b) Shear Studs

Model Name | MOCKUP | 2.121 100 | 2.121 75| 2.128 R | 2.128 L
Pocket #
1 6 7 6 3 6
2 6 6 4 3 6
3 6 6 4 3 6
4 6 5 3 3 3
5 6 5 3 3 3
6 6 4 3 3 3
7 6 4 3 3 0
8 6 4 3 3 0
9 6 3 2 3 0
10 6 3 2 3 0
11 6 4 3 4 0
12 8 7 5 4 0
13 8 9 6 4 5
14 12 11 8 4 9
15 12 13 9 4 9
Total # 106 91 64 50 50
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Chapter 4
Experimental Results

This chapter presents the experimental results of the constructability study, time
dependent study, material testing, and live load testing on the lab mockup. Design details
used in the lab mockuperecompared to see hatley assisted with rapid construction.
Creep and shrinkage strains were examined to study the long term performance of the lab
mockup. The live load testing program investigated the different pocket spacings and
shear connectors useditwvestigateheir influence on the level of composite action in the

lab mockup.

4.1  Fabrication and Constructability Study
4.1.1 Fabrication of the Girders

The formwork, the reinforcement cage, and the stressing of the prestressing
strands for the girders was done on 12/12/051&#83/05. The stressing bed was set up
so the two girders were in a single line with the prestressing tendons running the length of
the entire sessing bed. Refer to AppendixXf@ more information on the layout of the
girders during casting.

Upon arival at Bayshore on 12/12/05, a conversation took place with the plant
manager, Alvin Potter, regarding one of the shear connector plates and a conflict with the
lifting eye. The lifting eye consists of a series of strands that are bent to form a hook
protruding from the top of the girdeiSee Appendix @r more on the lifting eye. The
endsof the lifting eye are tied to the bottom of the reinforcing cage. The steel plates
are installed aftethe concrete has been castirdgr 2 (see Figure 3.2). Thereforejt
was not possible to cagate 5 with the top flange because the lifting eye was in the way.

In order to solve the problem, a long slot approximately 8 in. by 2 in. was cut in the steel
plate. Caution was exercised not to cut too closamyoof the existing studs or near a
location where a future stud was to be shot. Figurd 4hows the slot cut irlgie 5

after the concrete was cast.
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Figure 4.11 Slot in Steel Plate for Lifting Eye

During tying of the steel reinforcing cage, pbiems were encountered when the
height of the longitudinal bars and stirrups in the top flange were checked. Per Alvin
Potter, the steel reinforcing cage had to be retied because the bars in the top flange were
sitting too low. Potter pointed outthatth er ect i on of the steel <cag
strands are specified in the top flange in t
prestressing tendons that are tensioned until the strands are straight. This requires only a
small force (4 kips to 5 kg) compared to the force in the otemdons after stressing
31 kips). The stirrups in the top flange c:
tied into place. The bottom two longitudinal mild reinforcing bars can then be tied to the
stirrups.
The girders were instrumented with the VWGs and thermocouples on 12/13/05
from approximately 8 a.m. to 12 p.m. The concrete was placed on 12/13/05 at 3 p.m. and
the pour lasted approximately 1 hour. The air temperature was approximately 30
Girder 2was poured first followed by girder 1. Cylinde8dn. long and 4 in. in
diameterwere filled during the pour for the material testing phase of the study. The QC
(quality control) employees at Bayshore gathered the information on the air content in the
concrete, the slump of the concrete, and the temperature of the concrete. The air content
in the mix was 7.4%, the slump was 8 %2 in., and the temperature of the concrete mix was

54 °F. The concrete iR design is given in Appendix.EThe same mix designas used
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for the panels.The expected slump in the mix design was between 0 in. and 7 in. The
expected air content in the mix design was between 3% and 7%.

One of the last steps consisted of placing the steel plates in the top flange of girder
2. Theconstruction crew had difficulty in getting each steel plate into place. The
problem was not associated with the length of the plates. The construction workers had
no problem lifting the plates to the top of the formwork. The prol@eroounteredvas
trying to fit the steel plates in between the formwork. The width of the steel plate was 12
in. and the top flange width of the girder is 12 in. Slight deviations in the width of the
plate or width between thsde formswill cause the steel plate not o fIn order to
solve the problem, the construction workers had to remove a selected yolk. The yolk is
shown in Figure 1L..2. The yolks tie the top of the forms together to keep the dimension
correct and prevent side forms from bowing outward from yueaulic pressure of the
fresh concrete. After the yolk was removed, a cereng was used to temporarily
secure the side forms while the steel plate was hammered into place. Then the come
along was tightened and the yolk was hammered back in to ptaseecommended for
future projects that a nefill width steel plate be used.

The beams were steam cured from approximately 10:00 p.m. on 12/13/05 until
approximately 9:00 a.m. on 12/14/05. Cylinders were broken the morning of 12/13/05
and compressivstrength of the girders was greater than the required compressive
strength at release. Information on the material testing is found in Section 4.3. The
prestressing strands were cut on 12/14/05 at 10:30 a.m. Slight cracking was observed on
the top surdce of the girder at the ends. This cracking was not believed to be due the
tensile strength exceeded at the release of the prestressing force. This was checked

during the design phase. These may have been shrinkage cracks.

4.1.2 Fabrication of the Panels

The formwork, the reinforcement cage, and the stressing of the prestressing
strands for the panels was done on 12/22/05 and 12/23/05. The layout of the prestressing
bed is shown in Figure 82 and Figure 4.3. Each of the five panels had a unique
strandlayout because of the layout of the horizontal shear connectoralbgockets as

shown in Appendix B and Appendix GVhen consulting with Bayshore engineers
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during the production of the shop drawings, an attempt was toadduce the number of
strandpatterns. With some effort, the number of strand patterns was reduced down to
three. Itis considerably cheaper to have one strand pattern so all the panels can be cast
at once. If each panel was cast separately, the entire bed would be used for each
operation wasting several hundred feet of strand each time a panel was cast. Instead, all
of the strands required for all five panels were run the entire length of the stressing bed.
When a strand passed through a given panel that did not call for ttedlpa strand in

the strand pattern, it was debonded. The strands were debonded by wrapping a plastic

tube around the strand. The plastic tubes are shown in Figuge 4.

Figure 41.2 Layout of the Stressing Bed for the Precast Panels
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debonded strands

Figure 41.3 Formwork for a Transverse Joint

The blockouts for the shear pockets consisted of foam blocks. These blocks are shown in
Figure 41.2. The transverse joints were formed by attaching wood blocks conforming t
the dimensions of the transverse joint to the side form of the stressing bed. This is shown
in Figure 41.3.

The panels were originally supposed to be cast on 12/23/05. Problems were
encountered with pumping standing water out of the casting b&dggsee mild steel
within the acceptable tolerances, and the lifting eyes for the panels not having a long
enough development length. The pour was delayed until 1/4/06.

On 1/4/06 the panels were instrumented with the VWGs and thermocouples from
8 a.m.until 11 a.m. The pour took place from 3:20 p.m. to 4:10 p.m. The pour started at
panel 5 and ended at panel 1. Cylind8ns). long and 4 in. in diametexgere filled
during the pour for the material testing phase of the study. Concrete from theattis
was usedo fill the cylinders. There were a total of two batchespour the panelsThe
QCemployees at Bayshore gathered the information on the air content in the concrete,
the slump of the concrete, and the temperature of the concreteir Thstant in the mix
was 5.4%, the slump was 8 in., and the temperature of the concrete mix #asibé

expected slump in the mix design was between 0 in. and 7 in. The expected air content in
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the mix design was between 3% and 7Bf.the time the cacrete was being placed in
panel 1, a QC employee noticed that the mix was very fluid. However, no additional
cylinders were made.

The stressing bed was steam cured from approximately 10:00 p.m. on 1/4/06 until
approximately 9:00 a.m. on 1/5/06 when sii@nds were originally suppose to be cut.
Cylinders were broken the morning of 1/5/06 and compressive strength of the panels was
slightly less than the required compressive strength at release. Consideration was given
to testing another cylinder later the day and cutting the strands at that time. However,
the uncertainty of the concrete properties in panel 1 and panel 5 was considered. A
conversation took place between the QC employees at Bayshore and a Sika chemicals
representative. The Sika chieals representative suggested that the panels be steam
cured for an additional day.

On 1/6/06 at 11 a.m. the strands were cut. Considerable time was taken to prepare
the stressing bed for releasing the prestressing force. The side forms shownean Figur
4.1.2 were welded to the bottom of the casting bed during the pour. These forms had to
be knocked loose to allow the panels to expand lateradiyal®d i sonbés ef fect whe
strands are cut. The blockouts for the shear pockets were also origitigtytbdhe
bottom of the casting bed to keep them in place during the pour. The bolts had to be
removed prior to the strands being cut. Once the strands were cut, the debonded strands

werecut out of the shear pockets.

4.1.3 Placement of the Precast Panelsxahe Girders

When the panels and girders were delivered t&/tiginia TechStructures
Laboratory, they were temporarily stored until construction was ready to begin. The
girders were set on the reaction floor of the lab and the panels were stackpabdn t
each other. Timber blocks were placed in between the panels in the stack to prevent
damage to the lifting eyes. This is shown in Figuied4.

Support beams were bolted to the floor beams. Bearing pads were placed on top
of the support beams ftine girders to bear on. The bearing pads were placed so the
centerof-bearing to centeof-bearirg span was 39 ft and the cenrteicenter spacing of

the two girders was 8 ft. Each girder was placed on the bearing pads usinptwo 5
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overhead cranesThe diagonal distances between the girders were measured to make
sure the girders were square with one another.

The panels were placed on the girders on 3/16/06 from 3:00 p.m. until 4:40 p.m.
Three members of the Virginia Tech research team completegdnation. Panel 4 was
placed, followed by panel 1, panel 3, panel 2, and panel 5. The order of the placement of
the panels was based on the order in which the panels were stacked in the lab. Timber 2
x 4s were placed on top of the girders prior toipgt¢he panels. The leveling bolts were
installed at a later date. The wood blocks that the panels originally rested on are shown
in Figure 41.4.

The hooked reinforcing bars greatly hindered the placement of the panels. The
shear pockets were only ma2lén. longer on each side of the outside hooked reinforcing
bars. The hooked reinforcing bars were placed within an acceptable tolerance, but not
exactly what the shop drawings called for. Therefore, there wath&ein. of playto
use when placinthe panels. This proved to be especially difficult when placing the
panels at the live end where the transverse joietea malefemale configuration. Each
panel had to be placed on top of the girders and slid together. In many cases, the length
of the male protrusion in the malemale joint of 1 in. was very close to the distance
from the edge of a shear pocket to the edge of the first hooked reinforcing bar in a shear
pocket.

Using the grouted femaliemale joint allows for the panels to be pladaectly
on the girders, without having to slide the panels together. The size of the gap between
adjacent panels with this joint configuration can be adjusted during construction to
account for any small errors that occurred during the fabrication jgroces
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Figure 414 Girders with Wood Blocks in Place for Panel Erection

The detail with the steel plate and shear studs cast with the top flange of the girder
proved to be easy to deal with when placing the panels. Since there were no studs to
interfere with theplacingof the panels, the panatsuldslide around freely on girder 2.

The leveling bolts were installed after all the panels were in place. A total of 16
leveling bolts were installed. Typically three leveling bolts are used for each panel
Three leveling bolts are used instead of four leveling bolts to avoid placing a torsional
moment on the panels. Four leveling baltese requiredn panel 3 because of the shear
pocket layout. An air guwasused to install the leveling bolts. Seuerathe bolts
could not be installed immediately because the coil inserts were not flush with the bottom
of the panels. This problem was solved by using a jack hammer to widen the hole above
the coil insert. This allowed the leveling bolt to be insthliethe same angle as the coil
insert.

Steel plates approximately 3 in. x 3 in. x ¥z in. were placed on top of the girders
where the leveling bolts bear on the girders, as shown in Figuge 4’his prevents the
leveling bolt from crushing the concret®lot using the steel plates could cause the
leveling bolt tocrush the concrete in the area it was bearing, creatamgall hole in the
top flangeof the girder With the leveling bolt in a hole, significant frictional force
would develop between theveling bolt and girdeduring the postensioning operation.

This would introduce problems with a portion of the gesisioning force being

transferred to the girders during the ptEstsioning operation.
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Figure 415 Leveling Bolt Bearing on a &l Plate

As soon as the leveling bolts were adjusted so the panels were close to the final
elevations, the wood blocks were removed. Surveying equipment was used to adjust the
panels to their final elevation.

After the panels were set to their fina¢ehtions, the podensioning strands were
fed through the ducts to asstine misalignment of the ducts between adjacent panels
was kept to a minimurand all four strands could fit through each duct. Long ropes were
then tied around each group of strandée strands were pulled though the dead end
until the strands were only present in panel 1, panel 2, and panel 3. This was done to
allow panel 4 to be removed for the epoxying of the Aeateale joints. Once panel 4
was back in place, the rope coulel dssed to quickly pull the strands back through panel 4

and 5 so the stands could be pestsioned shortly after the epoxy was placed.

4.1.4 Grouting the FemaleFemale Transverse Joints

The grouted fematéemale joints were formed with % in. plyform. Threests
of plyform were used per grouted joint to form up the bottom surface, each 4 f6x 1 ft
in. X ¥ in. One sheet of plyform 1-f in. x 8 in. X % in. was used to form up each side.
Weather stripping was placed around any edgese leaks could pasdy occur. The
ducts were coupled together with duct tape and small segments of extra plastic duct to
bridge the gap. The blockouts for the pstsioning ducts in the femalemale joints
are shown in AppendiB and Appendix C The size of the blockm was 6 in. by 9 in. on
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each side of the joint. This allowed enough room to place the duct coupler in the joint
and wrap duct tape around the duct segments to prevent grout from leaking in. A duct
coupler consisted of a small segment of an extra seatithe posttensioning duct that

was shipped with the panels and girders. The coaplddbe cut to a desired length to
splice the ducts in the two panels together.

An attempt was made to form up the bottom surface of the joint from only the top
of thedeck surface. This type of forming system would be very advantageous in the field
to reduce operations from below. Holes were drilled in the plyform at 30 in. ¢enter
center. A rope was fed through each hole and a knot was tied at the end sothe plyf
could be suspended from the ropes. The other end of the rope was fed through a pipe
approximately2ft ong wi th a hole drilled in the midd
side, fed through the 1 %2 in. gap between the panels, dropped underegethels
suspended from the ropes, and then pulled flush against the bottom surface of the panels.
In order to try to create a tight seal between the panels and plyform, the pipes were
rotated so any slack in the ropes would be taken up by the pipe p£laene then used
to keep the pipes fromarning,allowing the rope to unravel. It was found that this
process did not work well. The problem encountered was trying to get the plyform to fit
tightly enough against the bottom surface of the panels sgrdoéwould not leak.

Instead of using rope, thin, threaded metal rods were used. This required one of the
Virginia Tech research team members to hold the plyform in place under the bridge while
feeding the threaded metal rod through the hole in thenplyto another person on top

of the bridge deck. The person would then slide a washer and nut over the top of the rod
and tighten it. The excess length of the threaded metal rod was then cut off. The steel

pipe with the threaded metal rod is shown igufe 41.6 in a completed joint.
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Figure 41.6 Grouted Femaléemale Joints with Steel Pipe and
Threaded Metal Rod Forming Alternative

The grout was poured on 3/28/06. The grout used for the fderalde joints
was Five Stdt Highway Patch. fie product dta sheet is found in Appendix Frhis
grout was selected based on a recommendation provided by WallEnfalse grouting
operation took place from 1:00 p.m. to 1:45 p.m. Three members of the Virginia Tech
research team completed this gem. The hopper used for mixing the grout is capable
of holding and mixing 2 50 Ib bags of grout. The hopper was placed on topeof t
bridge deck within 5 10 ft of the transverse joints. One person mixed the grout in the
hopper, one person pourtége grout into the joints, and the other person helped pour bags
of grout in to the hopper, vibrate the grout in to place, and level off the top surface of the
grout to be even with the top of the deck. Because the grout sets up so quickly, minimal
leakag occurred through the bottom formwork.

4.1.5 Epoxying of the MaleFemale Transverse Joints

The transverse joints were epoxied on 4/5/06 from 1:20 p.m. to 1:50 p.m. Sikadur
31 Slow Sei SBA was used. This is an epoxy specially formulated for segmental
bridges, and was provided at no cost to the research team. Paaslstigspended
approximately 1 fabove its final elevation. Panel 4 was chosen in order to minimize the

number of panels moved during the operation. Expansive foam was placed around the
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perimeer of the postensioning ducts. This was done to prevenkggomom leaking ino
the duct. This operation is shown in Figurel4.

Epoxy was then placed on each side of panel 4 using chemical resistant gloves.
This procedure is shown in Figurel8. No epoxy was applied to the other surfaces of
the malefemale joints on panel 3 and panel 5. Once the panels were in place, the rope
was used to pull the strands back through the ducts in panel 4 and panel 5. Three
members of the Virginia Tech reselateam performed the epoxying operation. One
person operated the crane to lift panel 4 and placed expansive foam around the edges of
the ducts while the other two people placed epoxy on the edges of panel 4.

After the procedure was completed, the endb®transverse joints in the
overhangs were not in firm contact. At the time, it was believed these small gaps would

close up after the poegtnsioning operation was completed.

Figure 41.7 Expansive Foam Being Placed Around the
Posttensioning Ducts
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Figure 41.8 Epoxy Being Placed on a Mdiemale Joint

4.1.6 PostTensioning Operation

The first six strands were petgnsioned on 4/5/06 from 2:20 p.m. to 4:00 p.m.
The last six strands were pdsnsioned on 4/7/06 from 9:30 a.m. to 2@BM. Six
strands tensioned &pproximately68% of the guaranteed ultimate tensile strengthltes
in a pressure just over 188i on the transverse joint. Typically, 50 psi is considered a
minimum to adequately seat an epoxied joint. The strandslaesked strand 1 through
strand 12. Strand 1 was closest to girder 1 and Strand 12 was closest to girder 2. The
strands were stressed in the following order: strand 6, strand 7, strand 2, strand 3, strand
10, strand 11, strand 5, strand 8, strandr@net12, strand 1, strand Zhe strands were
tensioned in this order to keep the longitudinal stress distribution in the deck as uniform
as possible in the transverse directidimree people were used when the first six strands
were stressed and one g&m was used when the last six strands were stressed. Before
each strand was released, a mark was spray painted on the dead end of the strand a known
distance from the edge of the panel. This mark was measured again after the force was
released to deterime thedead endeating loss.

Typically, strands in flat four strand ducts are stressed individually veipeeial
moro-strand jack. However, since thenostrandjack was not used for the lab
mockup, a stressing chair had to be used to tension eanl.sfThe stressing chair was

fabricated at the Virginia Tech Structures Lab and consisted of three steel tubes welded
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together. The stressing chair is shown in Figuted4.Two square steel tubes,i i
(O0.D.) x3in. (1.D.) x 1 #6 in. formed the damns that bore on the panels and one
square steel tube A4.i(0.D.) x 3in. (O.D.) x 2 6 in. formed the beam of the stressing
chair.

The strands were fed though a long slot which had been cut out of the beam of the
stressing chair. The stressing ichread to be supported on a stack of masonry bricks and
wood blocks to get the elevation of the stressing chair to be at the same elevation as the
strands. A shim plate was placed against the beam of the stressing chair to conform to
the angle the presssing strand that protrudes from the anchor assembly. A hydraulic
ram, a small metal tube used as a spacer, a load cell, and a chuck were then placed over
the strand. Each strand was stressexppoximately 2&ips. This was measured with a
load cell. Twenty eight kips is approximately @8of the guaranteed ultimate tensile
strength of a %2 in. diameter grade 270 strand. A loadvesllalsglaced at the dead end
of one strandn each postensioning duct. After the full stressing force was achigved
thewedgeswvereinserted into the anchor plate and tapped in with a hammer. The force
wasthen gradually released by the hydraulic ram.

Using the data from the dead end and live end load cells as well as the measured
seating loss at the live end, tariation of the force in each strand along the length of the
bridge can be calculated. The force along each strand is shown in Figure #Hel0.
average force shown in Figure 4.1.10 is the average of all the data points along all the
strands.This aveage force is constant along the length oftthdge A table
summarizinghe calculations can be found in Appendix G. The force profile in each
strand was calculated as follows

1. The force at the dead end and live end was obtained fraxhcllls. It wa

assumed thahe force measured by the load cell on dead end represented the
dead end force for each strand in the ftessioning duct.

2. The loss in force due to the seating loss at the live end was:

P,—P
AP, =2\/ P ELAA, [4.1]

where,

AP, =loss in force at the live end (kips)
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P; = jacking force at the live end (kips)
Pp = force at the dead end (kips)
L = total length of tensioned strand (in.)
Eps = modulus of elasticity of the prestressing strand (ksi)
Aps= area of one prestresg strand (iR)
A4 = anchor loss measured at the live end (in.)
3. The length from the live end where the maximum force occurs was:
B 2A _E_A

— =2 4.2
max AP [ ]

a
4. The maximum force that occurred ajJlwas:

P, -P,

Poax = PJ - L Imax

max

[4.3]

5. The force increased lindgifrom P;- AP, at the live end up to theB at Imax
from the live end. The force decreased linearly frogy &t Ihaxto P at the
dead end. These assumptions were used to determine a force profile along the
length of each strand.

6. The elastic shortemg losses at selected increments along the length of a
strand were calculated. Because none of the strands were tensioned
simultaneously, the first strand that was tensioned experienced elastic
shortening losses from the remaining 11 strands that wes®ted. This

was calculated by

E o #_strands P ( X)

Af (X)) =—
PES() Ec IZl: A\jeck

[4.4]
where,
E. = modulus of elasticity of the concrete in the panels at the
time the strands were tensioned (ksi)
P(x) = force in the prestressing strand at a distancenxthe live
end (kips)
Ageck= cross sectional area of the decK)(in
7. The relaxation losses at selected increments along the length of a strand were

calculated
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PX)
log(24t) | Ass P(x)
45 f A

py ps

AFf (%) =

[4.5]

where,
foy = nominal yield stress of thegstressing strand (ksi)
t = time from the tensioning of strands until the end of the
posttensioning operation (days)

The wobble coefficient is calculated from Equation 2.104. The average wobble
coefficient in the 12 strands is 0.001 /ft. Usingftree profile for each strand along the
length of the bridge, the force and stress across each transverse joint was calculated.
These forces and stresses are shown in Table 4.1.1. REfgute 32.1 for the
locations of the transverse joints.

The defections of the system were measured with dial gages before and after the
deck was postensioned. There was no change in the deflection, indicating that none of
the posttensioning force was transmitted to the girder through the leveling bolts. The
stee plates the leveling bolts bore on provided a smooth enough surface to allow the
panels to slide when the force in the strands was applied.

After all the strands were tensioned, the ends of the transverse joints were still not
in complete contact with orenother. The panels were in firm contact at the center of the
transverse jointsNo epoxy seeped out of the joint during the gessioning operation.

After further observation, it appeared that the ends of panels that make up the transverse
joints wee bowed. This could have been caused by bowed formwork during the casting
operation. Itis believed that a good seal at a +feat®le joint cannot be achieved if

there is any bowing in the panels. In order to solve the problem encountered, additional

epoxy was injected in to the malemale joints on 5/12/06.

131



Force in Strand (kips)

27.0

26.5

N
o
o

255

25.0

245

— - AVERAGE
24.0 T T T T T T T T T

0 50 100 150 200 250 300 350 400 450 500
Distance from the Live End (in)

Figure 4.1.10 Variation in Prestress Force for the Strands in thd &usbning
Duct Immediately After the Podtensioning Operation
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Table 4.1.1 Initial Force and Stress Across Each Transverse Joint

Force Stress
Transverse Joint (kips) (psi)
Outside Epoxied 306 266
Inside Epoxied 308 268
Inside Grouted 310 269
Outside Grouted 312 271

4.1.7 Shooting the Shear Studs

After the posttensioning operation was performed and before the haunch and
shear pockets were poured, the shear studs were shot to the steel plates on girder 2. This
operation was performed by one member of the Virginia Tech research team. In order to
properly weld he shear studs to the plates, the plates must be connected to one another
by small, steel bars. This allows the current to flow from one plate to another. Ceramic
ferrules and dirt were removed from the top surface of the girders with an air hose before
pouring the haunch.

4.1.8 Grouting the Haunch and Shear Pockets

The formwork for the haunch was placed on 4/11/06 from 10:30 a.m. to 12:00
p.m. and from 5:30 p.m. @10 p.m. Plyform sheets 4xt7 in. x % in. were used to
form up the sides of the haunch.e¥her stripping was placed between the bottom of the
panel and top of the plyform to seal the gap at this interface. The plyform was secured to
the girder with concrete stud anchors spaced at approximately 14 in. This is shown in
Figure 41.11
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Figure 41.11 Formwork Detail for Haunch

The haunch and shear pockets were poured on 4/13/06. The haunch and shear
pockets for girder 2 were poured from 2:10 p.m. to 2:55 p.m. The haunch and shear
pockets for girder 1 were pouredmnd:10 p.m. to 3:40 p.m. The direction of each pour
was from the dead end to the live end. Grout cubes were filled from the first few
wheelbarrows for the girder 2 pour. The grout placed over girder 1 was considerably
more fluid than the grout placedevgirder 2.

The grout was mixed in a gasoline powered mortar mixer outside because of the
danger of inhaling powder and fumes in confined areas. The grout used was Five Star
Highway Patch, the same grout used for the ferffeatele transverse joints. #&f
mixing, each batch of grout was then placed in a wheelbarrow and transported to the
bridge, about 50 ft to 75 ft away, via a forklift. The forklift placed the wheelbarrow on

the bridge deck and the grout was poured into a shear pocket directly &om th
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wheelbarrow. Two wheelbarrows were used during the operation. The grout was
vibrated into place. Eight members of the Virginia Tech research team were used to
perform this operation. The crew consisted of three people mixing and transporting the
grou, two people using wheelbarrows to place the grout into the shear pockets, one
person vibrating the grout, and one person shoveling the grout into the shear pockets.
One person was also responsible for the grout cubes and pictures.

Many of the early bates of grout were stiff and set rapidly. After mixing
several batches of grout, the members of the research team responsible for mixing and
transporting the grout were able to produce fairly consistent mixes that were not too stiff.

The formwork was remad on 4/14/06 from 4:30 p.m. to 6:10 p.m. This was
done by one member of the Virginia Tech research team. Many of the concrete stud
anchors were not easy to remove, so a crow bar, screwdriver, and hammer were used to
aid in the removal.

Although the gout was vibrated at each shear pocket to help the grout flow
through the haunch to the next shear pocket, a few locations were not completely filled
with grout. The two most noticeable locations where this happened were at midspan of
girder 1 and girder.2There were gaps in the haunchbetween the shepocketshat
were almost the entire depth of the haunch. The length of the gaps was about 4 in. Since
these gaps occurred at favorable locations where shear stresses are close to zero, the gaps
were rot filled with grout.

The leveling bolts were removed on 4/17/06. This process was performed by one
member of the Virginia Tech research team. The process took one hour to complete.
The bolts had to be removed by using an air powered gun. The processdving a
bolt leaves a void in the haunch and a hole that runs from the top of the deck to the top of
the girder. The holes were not filled with grout, however in a field application they

would be.

4.1.9 Grouting the PostTensioning Ducts
A hand powered Enrich grout pump was used to grout the ftessioning ducts.
The operating pressure of the pumgs15 psi with an output capacity of 48 cubic feet

per hour. Three members for the Virginia Tech research team were used for this
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operation. One person@mted the hand pump and two people mixed the grout. A5
gallon bucket was used to mix the grout and transfer it to the reservoir of the hand pump.
Five Staf’ Special Grout 400 with Devoid&Automatic Cavity Preventer was used to

fill the posttensionimg ducts. This is a special grout used primarily for this type of
application.

The first attempt at grouting the ducts took place on 4/25/06 at 3:00 p.m. The
grout was first pumped in at the dead end in the middle duct. The first reservoir from the
pumpwas pumped in without a problem. It was soon determined that the time it took to
mix the grout in the 5 gallon bucket would be insufficient to complete the process
because the batches were too small. The mortar mixer was then used for the next batch.
The time it took to get the mortar mixer into place and mix the next batch of grout was
about 10 minutes.

Grout was pumped in and a leak was observed. The grout was leaking through a
gap between two of the wedges in the gessioning anchor plate. Tlgeouting
operation was stopped for the day. Since the first grouting attempt showed that the hand
pump does create enough pressure to spring a leak between the wedges or any other gaps
at the anchor plate, the blockouts for the fiessioning anchoragesdice were
completely grouted at the live endt the dead end, the gaps were sealed with an
expansive foam. The blockouts the posttensioning anchorage deviaethe dead end
could not be filled with grout becaueéthe load cells that were in pkac

The grouting process was completed on 4/27/06 from 8:00 a.m. to 9:00 a.m. The
grout was pumped in from the live end. Several small leaks occurred at the epoxied
malefemale joints as the grout was being pumped through. Note that this occurred prior
to the additional epoxy injected into the transverse joints on 5/12/06, as mentioned in
Section 4.1.6. No leaks occurred at the grouted-feaf@le joints as the grout was
pumped into the pogénsioning ducts.

The grout was able to flow through the duanhd out of the vent on the dead end
of the bridge for the outer two ducts. However this did not occur for the middle duct.
This was because the middle duct was partially filled with grout at the dead end from the
first grouting attempt on 4/25/06. Tie¢ore, there was no guarantee that the duct was

completely filled after the grouting process was stopped.
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This completedhe construction phase of the research program. Other operations
performed in the field that were noérformedon the lab mockup ihgde but are not
limited to:
Installing conduit,
Milling the surface of the deck,
Placing a bater rail,

Placing a wearing surface,

a b~ w0 N E

Grinding the surface of the strands to be flush with the edges of the

precast members.

4.1.10 Recommendations based on Construckélity Study

This section provides recommendations for the precast deck panel system
regarding the strand pattern, the transverse joint configuration, the shear connectors, and
the posttensioning operation. These recommendations are based on theafethdts

constructability study.

4.1.101 Strand Pattern

When laying out the strand pattern for the precast panels, the panel production
and stressing bed layout should be considered. Minimizing the number of strand patterns
allows for more panels to lmast in a stressing bed at one time with fewer strands having

to be debonded in panels that do not require a specific strand.

4.1.102 Transverse Joints

From purely a construction standpoint, the grouted feffiesthale joint is better
than the epoxied maffemale joint. Neither of the joints takes significantly more time
than the other téabricate The femaldemale joints allow the panels to be placed on the
girders without having to slide the panels together while avoiding conflicts with the
horizontd shear connector layout. The femé#&tenale joint configuration is also more
forgiving if the edges of the panels are bowed. The variation in the gap between the
adjacent panels along the length of the joint caused by bowing can be compensated for by

allowing at least a ¥z in. gap between the panels at the joint. A gap of atleast 1 %2 in. is
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recommended if the grout is going to be vibrated in to place. The one advantage that the
malefemale joint has is that it is more aesthetically pleasing if an gvisriaot going to

be provided on the bridge deck. In the majority of cases, an overlay is provided.

4.1.103 Shear Connectors

The steel plate with poststalled shear studs is a better detail for the system to
resist the horizontal shear forces conglaio the hooked reinforcing bars, from a
construction standpoint-rom a fabrication standpoint, it is quicker to place the steel
plate with the shear studs in the wet concrete than tying the hooked reinforcing bars in
with the reinforcing steel cage.

The steel plate detail allows the leveling bolts to bear directly on the girders since
the majority of the top surface of the girder is steel. Girders with hooked reinforcing bars
need to have a steel plate placed on top of the girder so none of thensasting force
is transferred to the girder via a frictional force that develops between the leveling bolt
and girder.

The steel plate detail with the passtalled shear studs also allows the panels to
be moved during erection without having to waailyout conflicts with the shear
connector layout. Erecting panels with shear connectors already in place may damage the
shear connectors if the panels collide with them. The steel plate detail is also better from
a safety standpoint since the trippingda is eliminated. When determining the size of
the steel plate to place in the top flange, it is recommended that the width of the steel
plate be at leadt’2 in. smaller than the width of the top flange of the girder so problems
will not occur trying tdfit the plate between the formwork for the top flange.

Additionally, this provides cover to protect the steel plate from the corrosive

environment.

4.1.10.4PostTensioning Operation

During the posttensioning operation, the force may be partially transferad f
the deck to the girders via the leveling bolts. This happens if the interface between the
leveling bolt and girder is rough enough to develop a significant frictional force. This

frictional force can be reduced by using lubricated steel platesefdevbling bolts to
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bear on. Dial gages, or similar instrumentation to measure the deflection of the system,
can be used to monitor any change in deflection that may take place during the post
tensioning operation. In place of instrumentation to measwehange in deflection,

strain gages are just as effective in detecting any force that may be transferred to the
girder during the operatiorSurveying equipment may be used to detect any force
transfer to the girder when the use of strain gages ogalgs is not feasible.

4.2 Time DependentBehavior
4.2.1 Time Dependent Behavior During Fabrication

Figure 4.2.1shows the strains in Girder 1 up until 24 minutes after the strands
were cut and Figure 4.2shows the temperature in Girder 1 up until 24utes after the
strands were cut. All strains reported in subsequent figures have been adjusted for strains
produced from the thermal expansion of the steel material in the vibrating wire gage with
respect to the surrounding concrete. Recall that Tabl2i@ Section 3.2.2 defines the
notationfor each gage presented in the legend of the following figures. The strains in the
girder increasafairly linearly up until about 0.35 days from the moment the concrete
was cast. From this point up until theastds were cut, the strains decrebasethe
temperatue increased

The temperature increasstiadily causintgemperature inducestrainsto
develop in the girder. The temperature theganto drop around 0.79 days from the
moment the concrete was ta3his coincides with the time the formwork was removed.
It is difficult to translate strains into stresses prior to cutting the strands. Temperature
evolution, strength gain, elastic modulus gain, bond development, and other effects make
it difficult to determine the stress in the concrete immediately prior to cutting the strands.

At release of thengstressing strands, Figure 4.8Hbws that the net increase in
compressive strain is greater in the bottom of the girder than in the top of theagrder,
expected. Similar behavior is obged for girder 2 during casting, as shown in Appendix
H. The average elastic loss in girder 1 using the vibrating wire gage dat8.8@&&si.
The average elastic loss in girder 2 using the vibrating wire gagevdat9.31 ksi. The
elasticshorteningosses werealculatedoy first averaging thelastic shorteningtrains

from two vibrating wire gagesThe two vibrating wire gages wdoeated at the centroid
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of the strand group at tl€3 points of the girdespan, as discussed in Section 3.2 Be

average strain was then multiplied by an elastic modulus of 28,500 kspredicted

elastic loss calculated during the design phasev62ksi. This calculation is shown in

Appendix A.
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B = bottom of girder
-500 E=tiveend
D = dead end
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Figure 4.21 Variaton of Strain with Time During Casting and Strand

Release for Girder 1.
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TG1 = temperature in girder 1. Forms removed. ————————»|
g0 [T =top of girder.

M = middle of girder.
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Figure 4.22 Variation of Temperature with Time During Casting and Strand

Release for Girder 1.

The temperature in the panels up until 15 minutes after the saendst is
shown in Figure 4.23. All the thermocoupleserein agreement with one another from
the time the steanvasturned on in the stressing bed until day 1.5. At this pdiet, t
temperature in panel 4 starteddecrease at a faster rate than the temperatpsnai 2.
Panel 4 may have been uncovered before panel 2 after the steam was turimb off.
card Ibe confirmed since none of the Virginia Tech research team members were present
at the time. Around day 1.9, the temperaturabénpanels increasedgtitly. This may
have been due to a significant rise in the ambient temperature which caused the internal
temperature to temporarily rise. Figure 4.2hows the strains during the duration of the
casting operation. As discovered with the girdersijrtbeease in temperatucaused
temperature inducestrainsto developn the panels. Thigasexpected for members
that are confined during the curing process. The strainedtarincrease (decrease in
compressive sti) as the temperature decreafenday 1.6 today1.9. The strains

associated with the elastic shortening of the panels from the prestress force are not picked
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up by the VWGs since the VWGgreoriented perpendicular to the prestressingisisa
The purpose of the VWGs wés study tle longitudinal strains in the bridge deck.
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Figure 4.23 Variation of Temperature with Time During Casting and Strand

Release for the Precast Panels
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Figure 4.24 Variation of Strain with Time During the Casting and Strand

Release of the Precasiriels

4.2.2 Time Dependent Behavior During Construction

After the panels and girders were shipped to the Virginia Tech Structures Lab, the
Campbell system was reattached to the lab specimen. Data from the VWGs was gathered
from the time the panels were plaaadthe girders until the end of thene dependent
study. Figure 4.3.displays thestrains in girder 1, Figure 4@displays the siins in
girder 2, and Figure 4.2 displays the strains in the panels during the time intervals in the
lab. Figure 4.2.8lisplays the curvature in girder 1 during the time intervals in the lab.
Notice that the start of the analysis in the lab is measured from the time the girders were
cast. Problems were encountered with gage G2_B_D throughout the study. The gage
stoppedwvorking at day 118 The general behavior of each member will be discussed
here along with the effecthatkey construction stages have on the system. The sign
convention is positive (+) for tensile strains and tensile strain increments and negative (
for compressive strains and compressive strain increm&hessign convention for

curvature is positive (+) when the ddskn compressioand the bottom of the girdes
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