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Sean Sullivan

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.
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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.

25



Pl

PARTIAL INTERACTION
FR

TOP OF DECK
I//:GRDERDECK INTERFACE

y

%DECK

PARTIAL INTERACTION

BOTTOM OF GIRDER —\

N/

/> FULL INTERACTION

GIRDER

A

COMPRESSIVE STRAIN

Q TENSILE STRAIN

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.

27



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,

31



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
= (780ue)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

Vv, = dtJr—WtWV” [2.34
where,

t = time after loading

v = 0.4 to 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
H BNREER [2.35)
The correction factor accounting for curing is

for moist cured oncrete other than 7 days, [2.36]

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:

( >40)  for creep and [2.38
and [2.39
for shrinkage [2.4Q
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