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viii
ABSTRACT

As the United States highway infrastructure is in need of rehabilitatiotodnereasing
traffic needs and structural inadequacies, use of precast concretatslesmecreasing. Use of
precast concrete systems provide various advantages, including minimi#fingltsauption,
increasing the quality of the final product, and lowering life-cycle cdtsh the Federal
Highway Administration and the lowa Department of Transportation havenigeoghe
benefits of using precast concrete elements in bridge construction to help tieeldaration of
construction projects.

This thesis focuses on the laboratory testing of full-depth precast, pregtcessrete deck
panels used in the construction of a continuous four-girder, three span bridge over Seplaw Cr
on 120" Street in Boone County, lowa. Various laboratory tests were conducted orea sing|
panel and on two panels connected by a closure pour. These tests ranged from dgtermini
physical properties of the panel (compressive strength and prestiessa)jgto determining the
panel’s response in various circumstances (moving with a crane, duringtieliehd), and under
loading).

Tests were conducted to determine physical characteristics of a aetlspeh as
compressive strength and stress in the mild reinforcing due to prestreShmgverage
compressive strength of the concrete core samples was 7,600 psi, which excespedifibd
compressive strength of 5,000 psi. Prestressing strands in one post-tensiomiag) \wikee cut
to determine the amount of stress in each strand due to prestressing. Ob#rs six
instrumented, five were found to have a stress lower than that expected fromdhe initi

prestressing force.
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Strains in the mild reinforcing bars were monitored in the laboratory while Awasdifted
with a crane. Two different strap configurations were used to lift the phedirgt
configuration used four lifting straps, and the second used two lifting strapsltsResm these
tests showed the strap configuration did not have a significant effect on thersttaied in the
mild reinforcing bars. The total strain (measured plus induced due to presfyedgsa bar used
during these tests had a maximum value of 70%. Panels were also leveled in #teriabor
monitor the strains in the mild reinforcement. Bars were found to utilize 869 gfdld strain
during this process.

Service load tests were performed on both a single panel and two panels connected by a
closure pour. Through these tests it was determined that the deck panels had atlengtte s
under service loads.

Both a single panel and two connected panels were tested to failure. Uloathtedts
included testing a single panel and two connected panels to a flexural failitesang the
connected panels to a punching shear failure. The connected panels also exparienc
combination punching shear and flexure failure during one test. Failures dutmigsac
occurred at loads much greater than the service loads the panels are expegtedeiocexn the

field.
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1. INTRODUCTION

1.1 Background
Due to factors including increasing traffic needs, inadequacies of tietusé, and

increasing truck weights, the highway infrastructure in the Unite@<$S(H.S.) is in need of
rehabilitation or replacement. In order to ensure the safety of the public, this
rehabilitation/replacement must be conducted in a manner that both minimizestmngnd
improves safety. A way to meet these goals is through the use of prefabcimateete systems
(Russellet al, 2005).

Prefabricated concrete systems provide various advantages over the usénepleas
(CIP) systems. Use of prefabricated concrete systems can:

e Minimize traffic disruption

e Improve constructability

e Improve work-zone safety

e Minimize construction impact on the environment

¢ Increase the quality of the final product

e Lower life-cycle costs
Use of precast bridge elements also allows construction to proceed during dabldrw@&@iidges
can be constructed quicker because of the elimination of cure times fromitta path of the
construction schedule (Russetlal, 2005).

Both the Federal Highway Administration (FHWA) and lowa Department of

Transportation (DOT) have recognized the need for use of precast concrete®iarbedge

construction. This thesis focuses on the use of precast elements in the donstfube
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superstructure of a bridge constructed in Boone County, lowa. The work presentetth@sithe
was sponsored by the FHWA and lowa DOT.

The bridge in Boone County, lowa is located over Squaw Creek dhtaget. Shown
in Figure 1.1 is a map of Boone County with the location of the bridge marked. A continuous,
four-girder, three-span bridge design was chosen to replace an existirgMandridge at the
site. A photograph of the Marsh Arch bridge that was replaced is shown ie Eigar, while
the replacement bridge is shown in Figure 1.2b. Dimensions of the replacementbeddl ft
-4in. long and 33 ft - 2 in wide. Span lengths are 47 ft-5in., 56 ft - 6 in., and 47 ft - 5in. The
original Marsh Arch bridge was a single span arch 76 ft in length and 18 ft wide.

Precast elements used for this bridge include abutment caps and pier cags for t
substructure and girders and full-depth deck panels for the superstructukepabDels were
prestressed in the transverse direction of the bridge and had two full-depth cohaendie
girders for post-tensioning. After all the deck panels were placed, the lradgeost-tensioned
in the longitudinal direction. Performance of the deck panels was evaluatedaboratory and
is discussed in this thesis.

1.2 Resear ch Objectives
Objectives of this research were based on input from the lowa DOT and tatwa S
University (ISU) Bridge Engineering Center (BEC) reseach®@rolved with the project. The
following objectives were the focus of this research project:
e Determine the strength and behavior of the longitudinal closure joint connectkhg dec
panels
e Monitor the stresses present in the mild reinforcing bars during liftingemeting of the

deck panels
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a) replaced Marsh Arch bridge

b) completed replacement bridge
Figure 1.2. Original and replacement Boone County bridges.
e Observe the flow of concrete in the post-tensioning channels to ensure no void spaces a
created
These objectives were met through various laboratory tests performed on spe@statetails

and test results will be presented in this thesis.
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1.3 Scope of Resear ch

The first task for this project was the completion of a review of literaalaged to the
project. First, literature relating to accelerated precast concretessuptire elements was
reviewed which was followed by a more focused review of projects involving vatemkspanel
systems. A summary of the literature reviewed for this project is presengection 1.4.

Once the literature review was completed, laboratory testing of the deelspvas
conducted. A variety of tests were executed to meet the previously stated plogetives. An
explanation of the various laboratory setups and tests conducted is presented inZzhapter

Test results from the various laboratory tests along with a discussion ofllis aes
presented in Chapter 3. Also, a comparison of the results to design standards aadyméte
strengths is provided. A summary of the research, conclusions, and recommendaédranba
the laboratory tests are presented in Chapter 4.

1.4 Literature Review

An increase in costs coupled with a decrease in highway revenues have had a serious
impact on the highway construction program, leading to the need for economical briégessys
Because of this, the use of precast bridge elements has become more prettadent i
construction industry (Tokerud, 1979). Using precast bridge elements in place ofrGéntsle
offers various advantages. Precast concrete construction contributes tctloe of
sustainability by incorporating integrated design, using materiatsesifiy, and reducing
construction site disturbance, waste, and noise (VanGeem, 2006). Economics alscittfieenc
decision to use CIP or precast elements.

By using precast elements, major time-consuming tasks such as tihenesadtremoval

of formwork, placement of reinforcing steel and concrete, and concrete aveingt completed
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at the job site. Instead, these tasks are completed off-site, and the filgshedtes delivered

to the construction site and placed when needed for the construction to continue. This can
significantly compress the project timeline and reduce traffic disruptiodudiey the
construction schedule is important in colder climates where a large number ofictomstr
projects must be completed in the short period of time when the weather conditiaseablé
(Bell 11l et al, 2006).

A second advantage of using precast concrete elements is that fabocatiesnin a
controlled environment with stringent quality control. By fabricating at iat pllae fabricator
can take as much time as necessary to properly fabricate the elefieistieads to greater
durability and uniformity of the elements (Hielatral, 2005). Also, this allows for greater
control of the concrete cover over the reinforcing steel, decredrigg¢lihood of inadequate
cover and surface spalling (VanGeem, 2006).

Work-zone safety is improved by using precast concrete elements. Wokerpased
to high-speed traffic and other on-site construction hazards for a shorter arhtwona due to
the elimination of constructing formwork and casting concrete on-site (Ha¢lbéy 2005).
Safety is also increased because less work is done in close proximity tolipew@nd over
water (Bell lllet al, 2006).

Precast elements provide some economic advantages. A more durable produigt typica
results from precasting, which in turn can decrease life cycle costs. Apotmmic benefit is
the potential the same precast elements can be used at different projeitisg iesa
repeatability of the use of the design (Belldtlal, 2006). CIP concrete has seen an increase in
cost due to rising labor costs. Labor requirements for CIP concrete includmsteiction of

falsework, forms, placing steel, and casting and finishing the concreter(tipk®79).
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Construction of CIP concrete bridges has a greater impact on the environmentrtgan us
precast elements. Erection and removal of the formwork required for CIP hredgees
workers and equipment to access the underside of the bridge. This causes a greatogisturba
the surrounding environment and increases the probability of materials falbrihentvaterway
(Bell 11l et al, 2006).

CIP concrete decks do provide some advantages over using precast elements.
Adjustments can be made to CIP decks in the field, allowing for the production of &asmoot
roadway profile. Also, CIP concrete decks provide composite action. However, uge of C
decks result in a low construction speed, the need for strict field quality conttalracking due
to shortening of the deck as a result of cooling during cement hydration cycle anelndiidi
creep and shrinkage. Because of cracking, CIP concrete decks often wi# ragjor repair or
replacement within 15 to 25 years of construction (Falkdlad, 2004). CIP decks also have a
high cost because of the need to install formwork, require an extensive amouldiradrite and
are limited in use during cold or inclement weather (Batlad., 1998).

Overall, use of prefabricated elements and systems is increasing. Sthraenafjor
problems inhibiting the implementation of broader use of prefabricated systethe amitial
cost, lack of standardization, lack of specialized contractors, and problems witnttextions
between elements (Ehmke, 2006).

1.4.1 Superstructure Types

Four types of precast concrete superstructure systems are prevalesg.syidtems are
partial-depth precast concrete deck panels, full-depth precast conclepadets, prestressed
concrete multibeam superstructures, and pre-constructed composite units (Ri€hs)et al,

2005).
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1.4.1.1 Partial-Depth Precast Concrete Deck Panels

Partial-depth precast concrete deck panels typically are 3.5 in. deégn@ ift the
longitudinal direction, and wide enough to span between bridge girders. Bduaps@els are
only 3.5 in. deep, a CIP deck is cast once the panels are placed. The panelsstayvi@-as
place forms for the CIP deck (Hiebstral, 2005).

Reinforcing in the deck panels is provided by pretensioning strands. Panels are
pretensioned in the transverse direction. Strands are located at the mid-depth nélthaga
serve as the bottom layer of reinforcing steel in the bridge deck. After theppteaed in the
field, the top layer of reinforcing steel is placed, and the CIP concraterpof the deck is cast.
Once completed, the CIP concrete and precast panels act as a compositeb&bt(ali,
2005).

One problem observed with this system is the presence of reflective cratkiegCIP
deck at the panel edges (Fallatal, 2004). This occurs because the deck panels are not
connected at the transverse joint. Individual panels therefore can deflectrdiilly at the
transverse joint, resulting in cracking of the CIP deck.

Experimentation has shown another problem with this system is the reduced panel
arching action due to a lack of beam support anchorage for the transverseqmeigstrand in
the individual panels. This in turn reduces the load capacity of the system compatkd to f
bridge width CIP or panel systems. Another disadvantage is the cost &badihthaving to
construct conventional formwork for the bridge overhangs (Fadahb 2004).

One of the first projects using partial-depth panels was the lllinois dplbroject in the
1950’s. Currently partial-depth panels are used by at least 28 states and Canadiaagrdoni

the state of Washington, previous applications using partial-depth panels hacchiggtarction
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costs but overall savings. Savings were a result of the reduced amount®ttnafifol required
(Hieberet al., 2005).

The NUDECK system is a variation of the partial-depth panel systemncBiyrecast
concrete panels pretensioned transversely are used. Prestressing islrpypdies of % in.
diameter, Grade 270 low-relaxation strands at a 24 in. spacing. The pretensiandg have a
1 in. clear spacing vertically. An effective pretensioning stress of 3Z0tpslosses is
achieved. High-strength wire spirals are placed around the final 24 in. ofteachair to
ensure a short transfer length of the prestress force (Fall@ha2004).

NUDECK panels contain an opening over the girder lines for running post-tensioning
strands. Using an open post-tensioning channel reduces interference beérsteants and
shear studs and simplifies the process of post-tensioning in the longitudinal directstn. P
tensioning is executed after a strength of approximately 1500 psi is readhedransverse
joints and prior to composite action developing. If post-tensioning is done at thishenpest-
tensioning force is applied to only the deck, with none of the force distributed to the stiffer
beams. Once post-tensioned, the deck is highly resistant to transverse craallahgdtal,
2004)

To preserve the tension in the prestressing strands through the open longitudind) channe
four #7 reinforcing bars are grouped with each pair of strands. Number 7 barseeteecause
of the need to resist buckling in the reinforcement during the release of theggesmd bending
during handling and erection. Longitudinal reinforcement for NUDECK panpl®vsded by
#5 steel bars spaced on 12 in. centers (Fa#ahb 2004).

Conclusions based on the use of the NUDECK system are: 1) use results in coh#ol of t

transverse cracking of the deck frequently observed in CIP decks due to shrit)khge
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continuity in both the transverse and longitudinal directions eliminates reflecacking over
joints; 3) the NUDECK system exhibits improved fatigue resistance aét control in the
longitudinal direction over the girder lines; 4) construction speed is improved beaifahe
elimination of field forming (Badiet al, 1998).

1.4.1.2 Full-Depth Precast Concrete Deck Panels

Full-depth precast concrete deck panels typically are 8 in. thick, 10 ft longpamthe
full width of the bridge. A wearing course is not required for full-depth panels, but oneanay
applied to create a smooth driving surface. The transverse joint between pgraiseid to
construct a shear key for transferring load between adjacent panels.stBdeanr reinforcing
bars extend from the girders and connect the girders to the panels to devepmsite action.
This connection is made by grouting the open channel in the deck panel in whstkelHes
(Hieberet al., 2005).

Panels are typically pretensioned in the transverse direction; however, infibdaement
may also be present. If panels are not prestressed in the transvergmdiceatking may occur
under service load conditions (Fallagtaal, 2004). Recent applications of full-depth panels
include post-tensioning longitudinally. Longitudinal post-tensioning places thedraagoint
in compression, thus improving durability and promoting monolithic behavior of thersyste
(Hieberet al., 2005).

Full-depth deck panels have been used since the early 1960’s. Currently, over 18 states
Japan, Great Britain, Canada, and Mexico use full-depth panels. The primaoy thesé
panels is for replacing deteriorated CIP decks; however their use in new boialgfruction is

increasing (Hiebeet al, 2005). The majority of applications using full-depth panels have
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involved steel girder bridges. One explanation for this is that most older orelgaring a deck
replacement have steel girders (Slavis, 1982).

Full-depth precast concrete panels have been used in Japan in recent yemses ticthe
following benefits: improved durability, lower creep deformation, and fast cotistidgne.

The use of full-depth panels reduces construction time by eliminating the ndexdrfarork and
CIP concrete. In Japan, deck panels are not post-tensioned in the longitudinal direstsat (R
et al, 2005).

Other countries, such as France, use a slightly modified design foefitl-deck panels.
In France, deck panels are longitudinally post-tensioned together and cordais gsed to
adjust the elevation of the panel. Instead of match casting panels, a tra@dRgmat can be
cast between the panels (Russehl, 2005).

An advantage of using full-depth panels over CIP decks is the ability to use a wider
girder spacing. Also, because the deck panels are connected to the gisterartstuds, a
positive connection for lateral load is provided that was not included in the bridge design.
Transverse continuity is accomplished through the use of overlapping hoop badsngxteom
the deck panels (Russell al, 2005).

The full-depth, full width precast deck panel system could become a low cosbrsdduti
deck replacement projects if the panels are standardized. Use of the sysieno hee
widespread enough that contractors become familiar with the constructionsprates system
is very durable because all of the components are cast in a controlled environment, w
alleviates the early age deck cracking and differential and restrdinekiage cracking

(Menkulasi and Carin, 2005).
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1.4.1.3 Prestressed Concrete Multibeam Superstructures

Use of prestressed concrete multibeam superstructures has been extensglett the
U.S. This system is common for bridges subjected to low traffic volumes and irerareas
where fresh concrete is difficult to obtain. Prestressed concrete raoitdgoerstructures
consist of precast/prestressed concrete girders such as double tees, box logarth-tiees,
and channels placed adjacently and spanning in the longitudinal direction of tiee(bfieberet
al, 2005).

Girders in multibeam superstructures serve as both the deck and support sygtem for
superstructure. Adjacent girders are connected by one of or a combination oflgadgtiar
keys, mechanical fasteners, or transverse post-tensioning. A non-compositg \wearse is
added to provide a smooth riding surface. In the state of Washington, poor performéaece of t
longitudinal joint under heavy traffic has been observed (Hiebal, 2005).

Of the various multibeam superstructure shapes being used, the bulb tee is the most
efficient. However, double tees and channels are more stable during handlingcamgl, pind
therefore are the preferred shape of contractors. Shapes such as the channel amd box bea
provide an additional advantage of having near-vertical flush sides; this atlfager@ members
to be connected directly to each other and eliminates the need for intermediatagtnesphr
Even though the box beam is less efficient than tees and channels, it is used exiensiasy
regions (Tokerud, 1979).

Precast prestressed concrete box girder bridges were widely usétbis Htate
highways during the 1960s and 1970s. Use of these bridges was discontinued due to corrosion
problems. Approximately 10 percent of prestressed box girder bridges inventoliletben

state highways had experienced significant corrosion, leading to a éetbemige rating and
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required load restrictions. Because these bridges are economical to buikttetisal widely
used on county roads throughout lllinois (Hawkengl, 2002).

lllinois DOT box girders are either 36 in. or 48 in. wide and vary in depth. Shallower
beams contain circular voids and welded wire fabric for the shear reinfemteeeper beams
contain rectangular voids and the shear reinforcement consists of deformedheadeeper
beams are limited to the 36 in. width to restrict the weight and size of the girdessalldws
for easy transportation to the project site and placement with a mobile craviar(siet al.,
2002).

Differential deflections between adjacent girders allowed the develogheeftective
cracks along the longitudinal joint between girders. Corrosion of the pestyetrands
resulted from salt laded water seeping through the cracked joint and into #re @alinty
engineers believe a lack of transverse load distribution between adjadens ggrthe cause for
the longitudinal cracking (Hawkiret al, 2003).

Two solutions used by the lllinois DOT to resolve this problem include transveissly
tensioning the girders together and providing a composite cast-in-placeteatheck. Both
solutions have worked satisfactorily, but add considerably to the cost of constrdctinot
ensure that corrosion will be prevented, and make replacing damaged giodediffrcult.
Currently these are no reasonable solutions for retrofitting bridges inesérawkinset al.,
2003).

The Ohio DOT requires 1 in. diameter steel tie bars spaced at distanceataothen 25
ft to be used in box girder bridges in the state. Tie bars are placed at midheightirafethargl
pass through precast ducts. However, shear key failures and large redfiigeahs of adjacent

girders were still observed. Suggestions to improve shear key performance indide i
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increasing the depth of the shear key and increasing the level of trarsystréensioning
(Huckelbridgeet al,, 1995).
1.4.1.4 Pre-Constructed Composite Units

Pre-constructed composite units (PCUs) are concrete or steel girtteesoomposite
concrete bridge deck that are prefabricated. Fabrication takes plade afiesthe PCUs are
transported to the job by barge, truck, or rail. Once on-site, entire unitdedantp place,
reducing construction time. After several units are set, the joints betwwdsrare grouted.
Longitudinal and transverse post-tensioning is conducted to put the joints into coampressi
(Hieberet al., 2005).

While on a scanning tour in April 2004, the Federal Highway Administration (FHWA)
and the American Association of State Highway and Transportation OfficilASHAO)
observed the use of a partial depth panel system in Germany similar to they§t€td. The
German system involved casting a partial depth panel on a beam prior to dtectiegm.
Beams are then set into place so the panels almost touch. Because of thestiidbeegranels,
there is no need for additional formwork prior to placing the CIP concrete (Retsak 2005).
A project using this system can be seen in Figure 1.3.

One advantage of PCUs is the ability to fabricate units with nonstructuraragesuch
as barrier walls, light posts, and wearing surfaces. This helps reducast@citon time of the
project. Use of PCUs has been limited mostly to large projects. The firstajgpis of PCUs

were large-scale superstructure replacement projects in the 1990’sr(étiabe2005).
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Figure 1.3. Placement of partial depth panelscast on beams (Russell et al., 2005).
1.4.2Superstructure Element Connection Methods

The method used to connect the precast superstructure element varies with tfe typ
element being used. Closure joints, shear keys, and cast-in-placeetogpaigs are various
methods used to connect precast elements and aid in load transfer.
1.4.2.1 Closure Joint

Closure joint details were observed by the FHWA and AASHTO while on the scanning
tour in 2004. Prefabricated deck systems require longitudinal and transversejpnotade
continuity for live load distribution and seismic resistance. One method to accorh@ighlty
overlapping hoop bars that project from the edge of the slabs. The hoop bars are thppaxyerl
by continuous loop bars, and straight bars pass through all the loops to provide continuity. This
joint detail may provide better continuity between adjacent elements d@addyatk control
along the joint than details used in the U.S (Rustell, 2005).

Details similar to those observed in other countries have been used in the state of New

York and are being developed for use in Texas. However, issues concerning the amount of
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concrete cover, loop bar bend radius, type of reinforcement to be used, properties ¢ concre
used for the closure joint, sealing of the interface between the precast path€ P, and the
need for an overlay need to be addressed. Several research projects sponsongdtimntie
Cooperative Highway Research Program (NCHRP) are underway to evaluase thiethese
joints (Russelkt al., 2005).

A 1995 survey found the use of female to female joints was a common was to connect
deck panels in the U.S. A variety of problems have been encountered with the use of these
joints. Some of these problems are related to material quality, constructiodyes;eand
maintenance. One problem frequently cited was leaking occurring atrth@geaet al, 1995).
1.4.2.2 Shear Key

The transverse joint must be able to resist vertical shear caused fromaeldsatriossing
the joint and bending induced by moving vehicular loads. The joint may be subjected to tension
through drying shrinkage of the grouting material and transverse shortening cf¢astpr
concrete slabs. If the grouting material cannot resist the stressesdrtliuring service,
cracking will occur. Cracking will allow foreign materials to penetiato the joint, gradually
weakening the joint (Isset al, 2003).

A visual inspection of various joint systems in bridges throughout the U.S. was
conducted in 1995. From this inspection, the conclusion was drawn that the transverse joints
between precast slabs should be female-to-female (shear key) with aiminmminal width of
1 Y in. at the top and %2 in. at the bottom. Longitudinal post-tensioning should also be provided
to compress all of the joints (Isstal, 2003). If longitudinal post-tensioning is not done, a

debonding of the transverse joint can occur (&tsa, 1998).
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A failure of the longitudinal shear key affects the strength and sabiiitg of the
bridge. Failure compromises the lateral load distribution of the bridge, resalimdjvidual
girders being exposed to greater live loads than designed for. Also, excdssive re
displacements between adjacent girders can develop if the shear kel fagssive relative
displacements occur because each girder acts individually with no loadrttzetgfeen them
(Bell 11l et al, 2006).
1.4.2.3 Cast-In-Place Topping

Use of a CIP concrete topping is another method to connect precast elements. A CIP
topping will allow for production of a smooth riding surface. The topping will connecteadjac
elements, allowing for continuity within the deck system and a means fovdraadoad
transfer. CIP toppings can be made to act compositely with precast elemprasjngnthe
structural performance of the system. To achieve composite behaviorshihereinforcement
protruding from the precast sections or roughening of the contact surface®leinieaits or a
combination of both are used (Bell dt al, 2006).

There are various drawbacks to using a CIP topping to achieve continuity between
precast elements. Using CIP toppings leads to relatively slow commtrapeeds, the need for
strict field quality control, and the possibility of cracking due to differestisinkage between
the CIP topping and the precast sections. Longitudinal reflective craaft@mgdevelops in the
CIP topping about the joints formed between adjacent precast sections. Okicgaacelop,
water and deicing chemicals penetrate the cracks, leading to staininggiiimd)&long with

corrosion of the reinforcement (Bell Bt al, 2006).
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1.4.2.4 Post-tensioning

Providing post-tensioning is another method for connecting adjacent precast members
achieve continuity. Post-tensioning tendons are typically run perpendicular testressing
strands present in the member. Use of post-tensioning along with prestressiihhdapth
panels eliminates concerns of cracking because the panel is compressed in bdathdirec
throughout its service life, resulting in a durable deck system (Fadtadla 2004).

The use of post-tensioning does have disadvantages. A large amount of post-tensioning
is typically required for superstructures such as full-depth deck panels, whicmaaltiiteonal
cost and time in the field to the project (Baeiel, 1999). Use of post-tensioning requires the
mobilization of a specialty contractor and increased construction monitoring)j wicreases the
initial construction costs (Bell Ikt al, 2006).

One major problem associated with the use of post-tensioning is the possibility of
corrosion. A walk-through inspection of 70 Florida bridges using post-tensionirajedvit
with “indications of possible post-tensioning problems,” 16 with “minor defects,” andthO wi
“no visible defects.” However corrosion problems are not limited to Florida and notleetsi
a problem specific to the environment of that state, as corrosion problems have teesrelis
in post-tensioned bridges in other states (Postah, 2003).

Corrosion problems found in the United States are the result of numerous factors, gncludin
deficient grouting specifications, possible deficiencies related toractish, and the effects of
aggressive marine environments. Voids in the grout at the tendon anchorages have also been
cited as a source of corrosion initiation. These problems have resulted in tendes faithin

the bridges’ first 10 years of service (Postbal, 2003).
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2. LABORATORY TESTING

Deck panels were fabricated at Andrews Prestressed Concrete, Incamnif&lke, lowa and
delivered to ISU. ISU received three precast deck panels for testiregprdject proposal called
for the testing of two deck panels; however, ISU was able to purchase a third delckipah
had been rejected by the lowa DOT due to the presence of a cold joint. Labestiogy t
included concrete coring to determine the concrete compressive strengimiiation of the
compressive force in the #7 reinforcing bars due to prestressing, detemaofadtrains in the
panels while leveled and while lifted with a crane, service load testingyltamdte load testing.

A photograph of one of the precast deck panels used in this project is presentedar2 Hig

Figure2.1. Full-depth precast concrete deck panel (courtesy of lowa DOT).
2.1 Deck Panel Properties
Dimensions of the deck panels are given in Figure 2.2. As can be seen, the panels had a
60 degree skew; the dimension of the panels perpendicular to the centerline ofgheviasdL6
ft- 1in. This allowed each deck panel to span half the transverse width of the braafpe. E

panel was 8 ft - 1 in. in the direction parallel to the centerline of the bridge; thus 36 ware!
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Each panel consisted of three segments connected by prestressing strantts and m
reinforcement. The purpose of the mild reinforcement was to “hold open” a chanwmetibéhe
segments for the post-tensioning strands which were placed in the field. BothH#hmels ran
in the longitudinal direction of the bridge and were aligned over the prestresssdte girders
of the bridge.

Also of note in Figure 2.2 is that the bottom of the panels is 3 in. wider than the panel
top. This provides an opening for placing the concrete for the shear key betwewlvideal
panels. The shear key runs transversely and provides continuity between the deck4mnel
shown in Figure 2.3, the shear key surface had a diamond pattern to provide a better bond
between the concrete in the panels and the concrete placed in the shear key.

Reinforcement in the deck panel is shown in Figure 2.4. All panels were reinforced the
same, with the only difference among them being the presence of a cold jomthird panel.
The cold joint was a result of an equipment breakdown during casting. Grade 60 midctneg
bars were used for all the reinforcement; a modulus of elasticity equal to 29,06 kssumed

for the reinforcing steel as none of the reinforcing was tested. Number 7 andfé@ireg bars
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Figure 2.4. Reinforcing steel in deck panels.

were used in the transverse and longitudinal directions, respectively. Four #irimarsded
every two prestressing strands to carry the compressive force in the sitergtsthe open

longitudinal post-tensioning channels.
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Eight prestressing strands were used in each of the deck panels. Pngsstessds
were uncoated, seven-wire, low relaxation steel strand with a nominal diai&ten.; a
modulus of elasticity equal to 27,000 ksi was assumed by the lowa DOT for thegwiest
strands. Strands were to be tensioned to 31 kips prior to release, resulting in astressabf
approximately 158 ksi in each strand. Deck panels were specified to have a csinengt® of
4,000 psi at stress transfer and a 28 day strength of 6,000 psi.

A 1 in. pitch spiral 2 ft in length with a 4.5 in. outer diameter and 4 in. inner diameter,
ASTM A227 steel, is present at each end of the prestressing strands to helpniiténeent of
the prestressing force. Eight pairs of #5 hook bars are shown at the top of the panekin
2.4a. These bars are the reinforcing steel for the longitudinal closure pdedlatée
longitudinal center of the bridge for transferring load between adjacenidraaganels.

Shown in Figure 2.5 is the steel reinforcement in the deck panel casting beds. The four
groups of prestressing steel and mild steel are visible in both figures, a&s\tiedl spirals
encasing the ends of the prestressing strands. The additional steel stes@@mlthe spirals in
Figure 2.5a is the reinforcement for the barrier rail connections. Rssfyeteel exiting the
formwork and the double hooks are visible in Figure 2.5b.

2.2 Instrumentation

Instrumentation on the deck panels consisted of concrete strain gages, stegages)
and deflection transducers. In this section, the location of each type of gadedrastalell as
the numbering system for each type of strain measured will be presented! besdetailed
later, not every gage installed was used in every test. The specifscuggkin a particular test

will be presented during the discussion of the individual tests.
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a) deck pane reinforcing steel

b) double hooks and prestressing strands
Figure2.5. Deck pand reinforcing steel in formwork (courtesy of lowa DOT).

A general numbering system was created for identifying concrete ahdtsiée
measurements taken during testing; it follows the pattern PW-XYZ. Théetbex, P, indicates

the strain is in a deck panel and the second letter, W, is 1, 2, or 3 indicating the strairesf int
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is in Panel 1, Panel 2, or Panel 3, respectively. The next letter, X, is either Gbsi§rafies
the strain is in the concrete (C) or steel (S). The fourth variable, Y, is a nuorbet fo 10 that
identifies the location of the strain being discussed; figures displayingdigons of the strains
are in the following sections. The final variable, Z, will be a T or B and deridgtesstrain was
measured in the top or bottom surface if it is a concrete strain, or in the bat thabe top or
bottom surface if it is a steel strain. All steel strains were meaguthe top surfaces of the
bars.

A similar numbering system is used for concrete and steel strains etkastie closure
pour. For these strains, the general numbering system is CP-XYZ. In teiss¢f designates
the strain as in the closure pour. The variables X, Y, and Z have the same rasgregously
described for the deck panel strains.

Deflections are designated by PW-V. In this nomenclature, P signifieetieetion is
that of a deck panel, W is either 1, 2, or 3 and designates the panel being discussedyiasd V va
from 1 to 10 and identifies the location of the deflection of interest. For closure fieatides,
the general naming system is CP-V. CP identifies the deflectiontas tha closure pour, and
V is a variable identifying the location of interest.
2.2.1Concrete Strains

The location of the concrete strain gages used is shown in Figure 2.6éohoesere
the same for each deck panel and for both the bottom and top surfaces of the deck pamel. Int
longitudinal direction of the bridge, gages were placed along a line péodahe skew. Strains
were measured at the center of each panel segment and at the quarter poimtseoiaihe
segment. In the transverse direction, strains were measured alongasviotiated in one-third

of the panel width from the panel edge. A total of ten strain locations are shown inZggaure
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c) closure pour concrete strain location numbering system

Figure 2.6. Location and identification of concrete strains.
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Strain locations are numbered in Figure 2.6b. An example of a strain design&n is
C3T. This designation indicates the following: the strain is in deck panel (P) tvaeoq@jycrete
strain is being discussed (C); a strain at location number 3 in Figure 2.6bd 3)eastrain is
located on the top surface of the panel (T).

Shown in Figure 2.6c¢ are the locations and numbering for the concrete strains in the
closure pour connecting Panel 1 and Panel 2. Strains were measured 2 ft - 3 in. from the
transverse edge of the panel and along the longitudinal center of the joint. €straias were
measured only on the top surface of the closure pour.
2.2.2Steel Strains

Presented in Figure 2.7a and b are the numerical labels for the steetnegbars for a
deck panel. The number in Figure 2.7a refers to the vertical plane the rdesigireis in. As
illustrated in Figure 2.7b, T or B is used to indicate if a strain is in a top or battoforcing
bar in a particular vertical plane. An example of a number for a steel strainak pastes| bar is
P3-S3T; this strain would be in deck panel (P) three (3), is a steel strain @)3n®B, and in
the top bar of the vertical plane (T).

Instrumentation of the closure pour hook bars is also shown in Figure 2.7; as illustrated
strains were measured for ten of the hook bars. The bar the strain was in can beigeea in F
2.7c, and the locations of the strain measurements on the hook are shown in Figure 2.7d. As
seen in Figure 2.7d, strains were only measured in the top surface of the bars, hivaiegen s
both the top and bottom bars of the hooks were measured. An example strain designation for the
closure pour steel strains is CP-S7B, with CP meaning a closure pour strain s&#&rstrain, 7

being the bar number, and B meaning the bottom bar in the hook.
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b) closure pour bar numbering
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o= STEEL STRAIN GAGI = = STEEL STRAIN GAGE
c) Section A-A d) Section B-B

Figure2.7. Location and identification of steel strains.
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2.2.3Deflections
Locations of deflections measured during testing are illustrated by lgjaakes in
Figure 2.8; deflection transducers were positioned at each location to entreesdeflections. In
a given test, a maximum of ten of the eleven deflection transducers were ufledtidbe
locations included: the four corners of the panel; the midpoints of the transversetleelges
center-point of the panel; and the midpoint between bar groups in the post-tensioning channel.

| |~—53/4" == DEFLECTION TRANSDUCER

W

4-31516" |  4-315/16"
5 3/4" | |

a) location of deflection measurements

N |

10 11
5 6 7

= = DEFLECTION TRANSDUCEI

b) deck pane deflection numbering system

Figure 2.8. Location and identification of deflection measurements.

www.manaraa.com



30

CP-1

- " /CP-2 -

CP-3

» = DEFLECTION TRANSDUCE!

c) closure pour deflection numbering system
Figure 2.8. Continued

Presented in Figure 2.8b is the numbering system used for deck panel deflections. A
example of the deflection numbering system is P2-3. This label is explairdtbasfthe
deflection being analyzed is for deck panel (P) two (2); the deflection is &irdo@ in Figure
2.8b.

A different configuration of deflection measurements was required once Panel 1 and
Panel 2 were connected with the closure pour. Deflections measured at thengdclopeers
near the closure pour were replaced with three measurements along ¢hnéneenitthe closure
pour. These deflections were labeled CP-1 through CP-3, as can be seen ia.B@ure
2.3 Concrete Strength Testing

Concrete cores were taken to determine the actual concrete compreesigth sif the
deck panels at the time of testing. Cores were taken from Panel 1 afstiaf on this panel
was completed. Locations of the cores are shown in Figure 2.9. Panel legtsidelr coring
because this panel had sustained the least damage during loading. All cerexkarefrom the

end span of the panel because this span was the only section that had not cracked dugng loadi
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Figure2.9. Corelocations.

ASTM C 42 was followed to obtain three concrete cores from the deck panel. Cores had
a diameter of 3 in. and a height of 8.25 in. Once removed from the deck panels, both ends of
each core were cut resulting in a 6 in. specimen. The cores were cut to redengttheol
diameter ratio to two and also to provide a flat and smooth surface for testing. weoeethen
tested in accordance to ASTM C 39 to determine the compressive strength of tieéeconcr
2.4 Stressesin Panel Mild Reinforcement Dueto Prestressing

The eight prestressing strands present in one longitudinal channel of PanelkcBttere
determine the compressive force in the mild reinforcement due to pregreSsiains were
measured while cutting the strands by installing strain gages on six ofdive twild
reinforcing bars. Bars 1T, 1B, 2T, 2B, 8T, and 8B (shown in Figure 2.7a) weremnestied; a
photograph of these strain gages is shown in Figure 2.10.

An initial strain reading was taken prior to beginning the test in order to réwotddro”
strain in the bars. After this, the top strand between Bars 1 and 2 was cut usihg astshown

in Figure 2.11a. Once the strand was cut data readings were taken. Nmtirehwop
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a) cutting thefirst prestress strand

Figure2.11. Torch cutting of the prestress strands.
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RIGHT END OF |
TOP STRAND

.

LEFT END OF
BOTTOM STRAND

e

b) after removal of the prestress strands

Figure2.11. Continued

prestressing strand was removed to provide better access to the lower stranet) amel lower
strand was cut. The cut strands (top and bottom) are shown in Figure 2.11b.

Once the prestressing strands between Bars 1 and 2 were cut, the procepsated to
cut the strands between Bars 7 and 8, with data being recorded after eatlvagaut. After
these strands were cut, the strands between Bars 5 and 6 were cut, followestiaytise
between Bars 3 and 4. The strands were cut in this order to reduce the extra cogrfpressin
Bars 7 and 8 after the first two strands were cut.

2.5 Lifting Panel Strains

One concern about the deck panels was the additional stress exerted on the exgosed mil

reinforcing bars during lifting and transporting. Panel 2 and Panel 3 weremnesiied and

lifted with a crane in the laboratory to determine the additional stressesthdh the exposed
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reinforcement. Straps were connected to the panels in two different configu(tdiorigting
straps and two lifting straps) and strain measurements were taken dtingg li
2.5.1Four Lifting Straps

The first lifting configuration used four straps to lift the panel. Each strapwagpped
around two groups of reinforcing steel bars, after which the ends of two seeppawed
together; the crane hook was then put through the ends of the straps to lift the®panel
photograph and sketch of the straps wrapped around the bar groups are shoureif. ERy
Straps had to be wrapped around the bar groups in different configurations in orderao have
balanced pick of the panel. Panel 2 and Panel 3 were tested in this configuratiomagsghdn
Bars 1, 2, 7 and 8 shown in Figure 2.7 were used to collect data in both panel tdsf{sarieac

was lifted twice and the results compared.

a) photograph of lifting the deck panel with four straps

Figure2.12. Setup of lifting test using four straps.
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b) cross-section of strap setup
Figure2.12. Continued
2.5.2Two Lifting Straps

The second lifting configuration used two straps to lift the panel. Each strap was
wrapped around the four bar groups in the longitudinal channel, as shown in Figure 2.13. Once
both straps were in place, the panel was lifted and strain readings takgrPaBel 3 was tested
with this setup, and data were collected from four lifts. Steel straing sisi strain gages on

Bars 1, 2, and 8 were recorded during the tests.

a) photograph of two strap setup prior to lifting

Figure 2.13. Setup of lifting test using two straps.
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b) cross-section of strap setup

Figure 2.13. Continued
2.6 Leveling Test

In addition to during moving and transporting, there was concern about the stresses in the
mild reinforcing steel during the leveling of the panels. Therefore, Paned #estad in the
laboratory to determine the magnitude of the stresses exerted on the mild iregrdterel during
panel leveling. For this test, two supports simulating the precast girdbesfieltl were cast to
support the panels; the simulated beams were 18 in. tall, 14 in. wide, and 10 ft long. Panel 2

supported by two simulated girders is shown in Figure 2.14.

Figure 2.14. Deck panel setup for leveling test.

For the field bridge, panels were leveled to a 2% transverse slope using a deigoedie
by the contractor and approved by the lowa DOT. Four devices were used to |bveesic
Each device was placed under a group of exterior reinforcing bars, as shagurenZ=15. The
leveling device consisted of a 3/4 in. coil nut welded to the bottom of a 3/4 in. plate that had a
13/16 in. hole. A 3/4 in. diameter coil bolt was then threaded through the nut, and the bolt was

turned to adjust the height of the panel.
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PL 8" x 8" x 3/4" WITH
13/16" @ HOLE AND 3/4"
COIL NUT WELDED TO
BOTTOM OF PLATE

ll M //

" PL 6" x 6" x 1/4"
2-1/2"0 "
PRESTRESS WITH 1" @ WASHER
STRAND

a) cross-section of leveling device

b) photograph of leveling device

Figure 2.15. Leveling device used to achieve correct elevation and 2% slope of the deck
panels.

One variation made in the laboratory test setup was the addition of a 1/4 in. plate for the
rod to bear on. A washer was welded to the plate to keep the rod from moving on the plate. The

plate and washer were added because the test panel was not confined by othes pemeld be
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the situation in the field. In the field, these other panels would keep the panel aimdjlevel
devices from moving along the prestressed girder. The additional plate dret wsed in the
laboratory can be seen in Figure 2.15b.

To achieve the desired elevation of the panels, four leveling devices \edrparspanel.
Using four devices allowed each corner of the deck panel to be adjusted separhtély unt
required elevation and slope were achieved. A photograph of one leveling device and two
deflection transducers in a simulated post-tensioning channel is shown in EiireT hrough
the use of the deflections measured at Points 8, 9, 10, and 11 shown in Figure 2.8, the slope of
the panel was calculated and adjusted until a 2% slope was reached, as reduerédldh tThe

slope was calculated by dividing the difference in the height of the panels & amd 9 (and

10 and 11) and dividing by 8 ft — 4 in., which was the distance between deflection transducers.

LEVELING
DEVICE |

DEFLECTION
TRANSDUCEF

Figure2.16. Leveling devicesand transducers used in panel leveling tests.
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In addition to leveling the panel to the desired field slope, various combinations of the
four leveling devices were raised to a height of 1 in. to determine the panel refspahBerent
scenarios. These tests included the following: raising one corner of the piaired, sae side,
raising opposite corners, and raising three panel corners. During eacbagistgs (strains and
deflections) were taken for every 1/8 in. increment the leveling device 18ad.rdPresented in
Table 2.1 are the different tests conducted (i.e. adjusting the various levelicgsjlevihe
number in the table corresponds to the deflection closest to the leveling devicedpestefa

Table2.1. Testsconducted with leveling devices.

Test Number Leveling Device Adjusted
Pt9to1lin.
Pts9and 11to 1 in.
Pts 8,9,and 11to 1 in.
Pt8to1in.
Pts8and 9to 1in.
Pts8and 11to 1 in.
Pt10to 1in.
Pts 8 and 10to 1 in.
“Field Leveling”

O©CoO~NOULPA,WNE

The panel was not lowered to the original position prior to each test listed in Table 2.1.
For example, once the deflection at Point 9 reached 1 in. in Test 1, the leveling dewvtoe nex
deflection Point 11 was adjusted until the deflection at Point 11 reached 1 in. (Tesbkin Ta
2.1). The leveling device next to deflection Point 9 was not adjusted during Test 2. ifkgpllow
Test 2, the leveling devices near Points 9 and 11 were untouched while the defleatioh&t P
was adjusted upward 1 in. (Test 3). Next, the panel was lowered to the zero positiont dnd Tes
undertaken. This process was continued for all of the tests, with the panel onliobeiregl to
the zero position after Tests 3 and 6.

The “Field Leveling” test was conducted to determine the stresses develdpednild

reinforcing steel during leveling of the panel to field requirements. Forettisthe panel was to
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be leveled to a 2% slope in the transverse direction. To achieve this, a differ8&8@ iaf was
required between Points 1 and 3 and Points 5 and 7, located at the corners of the panel. This
resulted in a difference of 2 in. between Points 8 and 9 and Points 10 and 11.
2.7 Longitudinal Post-Tensioning Channel Concrete Placement Test

One concern about the deck panel system was the placement of concrete in the post-
tensioning channel (i.e. could concrete could flow around all of the steel in thepsisitng
channel?). Shown in Figure 2.17 is a photograph of one of the post-tensioning channels in the
bridge prior to placement of concrete. In order to check this concern, a model lvdntinelovas
constructed in the laboratory and concrete was placed multiple times to detéramy void

spaces were left around the steel.

Figure 2.17. Photograph of longitudinal post-tensioning channel prior to casting concr ete
in thefield.

2.7.1Channel Construction
The laboratory channel model was to have the same dimensions and all of the steel

present in the field bridge channel. Therefore, the channel was 10 in. wide, 8 1/4 in. deep, and 6
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ft long. A 6 ft channel length was chosen because this allowed construction of d citeeree
observations could be made on both the concrete flow around the leveling devices and through

only the prestress strand. Figure 2.18 provides illustrations of the channeliciealst

a) constructed channel used in concrete placement tests (courtesy of lowa DOT)

SIMULATED PRECAST STIRRUP TO BE
DECK PANEL REMOVED —
< NN\ \\\\\ <
v q“ . LONGITUDINAL
e WA / POST-TENSIONING
ﬂ v \\\\\\ \\\\\ \\\\\\ < CHANNEL
v g R A

S #5 STIRRUPS
T J AT9"'O.C.

gl sy g d g~ 6 - (6" DIAMETER

\ v POST-TENSIONING
< NN v < NN
; v RN RS v STRANDS PER ROW
RN < <9 RN
v NN A v N
< AN/ AN \ < AR
MR R
~ v N RN A v RN
N < AR AR
v NN AN N NI SR
v ~ NN v NN
< RN < RN
< v N

b) plan view of channel constructed

Figure 2.18. Channd constructed for longitudinal post-tensioning channel concrete
placement test.
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C) cross-section of channel constructed
Figure 2.18. Continued

Elements composing the completed model included a simulated deck panel with mild
steel and prestress strands, a simulated girder, and concrete beams tatseigpurtlated deck
panel. Plywood was placed at the ends of the channel to close the channel and support the post-
tensioning strands. The plywood could be removed between tests to allow for cleahag of
specimen before reuse. Presented in Figure 2.18a is a photograph of the consstucted te
specimen.

As can be seen in Figure 2.18c, a cross-section of the channel, the followingsant pre
in the channel: stirrups extending from the girder to provide composite action witbdkewo
layers of prestressing strands, two layers of mild reinforcement, and 12psisiaing strands
(6 in the top layer and 6 in the bottom layer) along the length of the channel. Excluded from the
figure for simplicity is the leveling device.

Stirrups were spaced on 9 in. centers to simulate the worst-case spachg@eduirred
near the end of the girders. Two stirrups were removed from the beam prior to filacing

simulated deck panel on the beam because the stirrups would interfere with eithitd gteel
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reinforcement or the leveling device. The specifications for the project alsd fmal removal of
any stirrups in the field that may interfere with installation of the dec&lpan

Three inches of each stirrup were left exposed from the beam instead of tha.4 1/2 i
specified in the plans, because in the field the panels would be raised and nobresiag
girders once leveled. Leveling decreases the overlap of the stirrupsevgbdt-tensioning
strands and other bars. For this reason, the exposed length of the stirrups was oeithecexh s
of the stirrups would be located at a lower height on the model channel and cladatesthe
field conditions.

Twelve post-tensioning strands ran the length of the channel. For the testsiritie st
were not post-tensioned. In order to eliminate any sag in the strands, thewtentsd to the
mild steel reinforcement and supported at the ends by plywood. The holes in the plywood were
not oversized, allowing for a tight fit of the strands.
2.7.2Concrete Placement

Placement testing was conducted on two days, November 9, 2006 and May 17, 2007. A
total of three tests were conducted, two on the first test day and one on the second dlaiyd The
test will be the focus of this section. Unlike the first two tests, which took plackeithe
laboratory due to weather conditions, the third test was conducted outdoors. Photographs of the
setup of the channel outside of the laboratory are presented in Figure 2.19.

Another change from the first two tests was the addition of the leveling devittes t
channel. In the first two tests, the focus was to ensure the concrete leftispaceés among the
mild reinforcement and post-tensioning strands; therefore the levelimgpdavere left out so
this was easier to observe. Leveling devices were in-place duringrthé&etiti resulting in a

worst-case scenario for obstructions in the channel and replicating fieldicosdiThis test
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setup provided a worse-case scenario for the opening between the levelingptiggiead the
girder because in the field, the plate would be raised higher due to leveling kipadets.
During this test, the space between the plate and the girder was 1 1/4 in. A photograph of a

leveling device in the channel prior to testing is shown in Figure 2.19b.

a) outdoor test setup

b) steel in channel

Figure 2.19. Concrete placement test setup.
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An O-4-S35 concrete mix was ordered from lowa State Ready Mix for all #stse t
This mix met the following requirements: a class O-4WR; maximum top saggoégate of 3/8
in.; 35% replacement with ground granulated blast furnace slag (GGBFS); nmaxwuater
cement ratio of 0.38; maximum slump at the plant of 3 in.; maximum slump afteoadufiti
high range water reducer of 8 in.; and a minimum concrete temperature at tiraeeof@ht of
70° F.

Testing began at 11:00 A.M. on May 17, 2007. Air temperature at the time of the test
was 61°F. The temperature of the channel concrete was 45°F. Slump of the conanetefat t
arrival was measured at 3 3/4 in. After the addition of 40 ounces of super plagicizabic
yard of concrete, the slump was 8 in. For comparison, the air temperature was 554 and t
slump at arrival was 2 in. for the first two tests. A 5 in. slump after the additiaperf s
plasticizer was measured for the first test and the slump was 6 1/2 in. fordhd test, after the
addition of extra super plasticizer.

Concrete placement for the third test began near the mild steel, which ishthendgof
Figure 2.18. For this test, concrete from the concrete truck was placed intol davh®e, and
then placed by the shovelful into the channel and vibrated. One location of the channel was
filled at a time, and as the channel filled, placement continued until the chanrfallwas
2.8 ServiceLoad Tests

A series of service load tests were conducted to determine the responseeaktbanels
to loads placed at various locations. Load magnitudes typically were 40 kips far ispans
and 20 kips on the cantilevered sections. Service load tests were first pceforip@nels prior
to the closure pour being cast, with concrete strains, steel strains, auficleftiata recorded.

Next, the closure pour was cast between two panels and service load tgstatga, with the
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results between the series of tests compared to determine the effectlo$dine pour on the
system. All service loads were completed applying loads to a 9 in. sqogparit.
2.8.1Individual Panel Service Load Tests

Setup for the service load tests began with placing four simulated pyedass at the
proper spacing on the laboratory floor. Once the girders were set in place, kygadets were
lowered into position. Leveling devices designed by the contractor wedeto adjust the slope
of the panels to 2%, matching the slope of the panels in the field bridge. Nexipglyw
formwork was attached to the beam below the deck panel and at both ends of the longitudinal
post-tensioning channel, as shown in the photograph in Figure 2.20a.

Once the formwork was constructed, concrete could be placed in the post-tensioning
channels. A C-4 mix with 3/8 in. chips and a 4 in. slump was used for the post-tensioning
channel concrete. Concrete in the channels was placed on February 15, 2007; agihotogr

the concrete placement in one of the channels is shown in Figure 2.20b.

a) formwork along bottom of channel

Figure2.20. Casting concretein the post-tensioning channel.
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b) placement of concretein channel

Figure 2.20. Continued

Load locations used for the two panels are presented in Figure 2.21. Load locatens wer
laid out along three lines in the transverse direction (A, B, and C) and fourteemlthe
longitudinal direction (1-14). Lines A, B, and C were equally spaced at 1 ft - 9 esuned
from the bottom of the transverse shear key. Lines 1 through 14 were spaced on 3 @énts;rem
with Line 1 approximately 2 in. from the corner of Panel 1. This was done so point B8 would be

positioned over the center of the closure pour for the connected panel service load tests.

PANEL 2
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More instrumentation was installed on Panel 2 than on Panel 1, and therefore Panel 2 was
tested more extensively, as illustrated in Figure 2.21. Each test poinhelilR@as chosen to
correspond to a point on Panel 2, allowing for a comparison of the data from the two $tanel te
This it was possible to see how both panels responded to the same loading.

Also of note in Figure 2.21 are load locations B6 and B10. The footprint at these points
is parallel to the support beams. This was done so the load would not be applied direetly to t
support, which would occur if the footprint was not rotated. Point C8 was also rotated so the
load footprint would not overhang the deck panel.

Service load testing began on Panel 2 on February 22, 2007, seven days after the post-
tensioning channel concrete was placed. The 7 day strength of the concretshamtied was
4,650 psi. Loading of the panel began at Point B14, and shown in Figure 2.22 is the test setup
for various load points. Each point was loaded twice to ensure consistent resultsnef@r Pa
loading varied from 32 kips for points on cantilevered sections to 40 kips for interior spéns, wit
the load increased in 4 kip increments. All points on Panel 1 were loaded to 20 kips in 2 kip
increments. A load cell was used to measure the applied load.
2.8.2Connected Panels Service Load Tests

After the service load tests on the individual panels were completed, the gosureas
cast, connecting the two panels. Shown in Figure 2.23 is a photograph of the closure pour
connection prior to concrete placement. Present in the joint are sixteen #5 double hooked bars
and four #5 longitudinal bars.

Load points used for the connected panel service load tests are presentacki2 i)

Multiple goals were considered in determining these load points. These goalte wistermine
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the panels’ response as the load moved in the transverse direction; determiseahseref the

closure to loading; and determine the general effect the closure had gatdm.s

b) serviceload at Position C10

Figure 2.22. Individual panel serviceload test setup.
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c) serviceload at Position B14

Figure2.22. Continued

Figure 2.23. Longitudinal closure between panels prior to concrete placement.

—
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PANEL 2 |

Figure2.24. Load pointsused in connected panel serviceload tests.

The first test goal was to determine the panel response as a load mosgedrsaly
across the system. This was accomplished by applying load at multiglerisadong Line B in
Figure 2.24 and measuring the resulting concrete strains, steel sindigfl@ctions.

Another objective of the connected panel service load tests was to measasptmnse
of the closure to loading. To do this, multiple load points were positioned in the vicitiity of
closure, with concrete strains, steel strains, and deflections measured ageldrecor

Finally, the general effect the closure had on the response of the systeob&as t
determined. This was accomplished by comparing the response data betweénithel
panel tests and closure tests with the load in the same locations.

Review of Figure 2.24 reveals Panel 2 has the majority of the load points. Theve are
reasons for this. First, Panel 2 had the majority of the instrumentatiosfotieely loading this
panel, a better idea of the response would be obtained. Also, Panel 2 was subjectetesisnore
during the individual panel service load tests than Panel 1. Testing Pateh&ely again
allowed for a better comparison of data between the two sets of servicesksad te

The test setup in the laboratory for the connected panel tests is shown irn22gure
Testing went from Column 14 to 1 and Row A to C in Figure 2.24. As previously noted, a 9 in.

square footprint was used for each test, and each point was loaded twice to ensuentconsis
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results. Loading varied from 20 kips for points on Columns 2 and 14 (the cantilevered jections
to 40 kips for all the points in the interior spans. Instrument readings were¢akigmes for
each test, resulting in readings in 2 kip increments for the cantileveredasmhakip
increments for the interior spans. A load cell was used to measure thel &qmadie
Instrumentation locations for this test were presented earlier iro8&cH.
2.9 Ultimate Strength Tests

A series of ultimate load tests were conducted to determine flexural anftinppusbear
capacities of the connected deck panels. Testing was done on both the singlegoah@&|) @&hd
connected panels (Panels 1 and 2). Footprints used for the tests included a 9 in. square, tande

wheels, and line load.

a) serviceload at Position B2

Figure2.25. Test setup for connected panel service load tests.
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c) serviceload at Position A14

Figure2.25. Continued
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2.9.1Test of a Single Panel

Panel 3 was tested to determine the flexural capacity of a single panewakhi
accomplished by applying a line load at the midspan of the panel. As previously no&@ Pa
also contained a cold joint, so this test would help determine if the cold joint dffeetstrength

of the panel. The position of the line load is shown in Figure 2.26a.

A |

975

’ ‘
"o |

495

vﬁ 8 1/4" ‘ ‘

e /

/

LOAD BEAM \/& 5 1/8

a) location of lineload for Panel 3 test

b) Panel 3 setup prior totesting

Figure 2.26. Laboratory setup for Panel 3 ultimate load test.
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Presented in Figure 2.26b is a photograph of the laboratory setup prior to the start of the
test. The line load was applied by loading a 6 ft long HP10x42 section. Neoprene mads wer
placed between the load beam and deck panel to account for the roughness in the deck panel
surface and to evenly distribute the load. A 300 kip load cell was placed between the hoad bea
and the actuator. Deflection transducers were installed at the ends and midfferibat
beam so the load distribution through the beam could be monitored. Data were cfdlected
every 10 kip increment of load applied to the panel.
2.9.2Test Using 9 in. Square Footprint

The goal of this ultimate strength test was to determine the strength ohgitidinal
closure pour. Because of the anticipated strength of the closure pour and thgesagfahe
laboratory equipment, the decision was made to place a point load to one side of the ffoent for
test. This was done instead of placing one point load on each side of the joint and subjecting the
joint to pure flexure. The reasoning for this was to expose the joint to both flexureeamd-sa
more severe loading condition.

A 9 in. square footprint was used to keep consistency between this test and tee servi
tests to allow for data comparison. Location of the footprint relative tddkere joint can be
seen in Figure 2.27a. The footprint was parallel to and 4 1/2 in. from the joint and 2 ft — 8 in.
from the panel edge. Shown in Figure 2.27b is a photograph of the applied load reldtee t
closure joint and concrete strain gages on the specimen.

Steel beams were used to tie the specimen to the floor. This was done because of an
anticipated uplift force at the exterior beams during loading. The locatidhe restraining

beams relative to the support beams can be seen in Figure 2.27a. Locatiomsstfdimeng
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beams were controlled by the locations of the inserts in the tie down floor. Tleetesttisetup

with the two restraining beams is shown in the photograph in Figure 2.27c.

Loading was to continue during the test until either the specimen failed or tHetgab

the actuator was reached, which was 400 kips. Instrumentation readings vweatedalt 10 kip

increments until failure occurred. A load cell was used to measure theddpplie

[ RESTRAINING BEAM

o

RESTRAINING BEAM
? 9" SQUARE FOOTPRINT
o

T

2.g"

!

a) location of 9in. squarefootprint

b) test setup for closure pour ultimate load test

Figure2.27. Laboratory setup for closurejoint ultimate load test.
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C) restraining beams positioned for ultimate load test

Figure 2.27. Continued
2.9.3Testing Using Tandem Wheel

A tandem wheel footprint wa

Footprint

s used for the third ultimate load test. The load was

positioned as close to midspan of Panel 2 as possible based on the layout of the tieaown f

Shown in Figure 2.28a is the exact

position of the load. A steel beam was positioned over one of

the support beams to keep the panel from lifting during loading due to uplift forcegnteckin

Figure 2.28b and c are photographs of the test setup.

o

2 7/32

/ 4

o

/)

TANDEM WHEEL FOOTPRINT
RESTRAINING BEAM

a) load position for tandem wheel footprint ultimate load test

Figure2.28. Load position and laboratory setup for tandem wheel ultimate load test.
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b) laboratory setup

- 1

H/ ACTUATOR

STEEL PLATES =
'{'e' ) 3

NEOPRENE

— |

c¢) tandem wheel footprint
Figure 2.28. Continued

Shown in Figure 2.28c is a photograph of an overall view of the tandem wheel footprint.
The following can be seen in this figure: two neoprene pads each with dimensions ofyl00in. b

in., steel plates approximately 20 in. x 10 in., 9 in. square steel plates, a 300 kip load cell, and a
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400 kip actuator. Load was applied until either a failure in the deck panel occurred or the
capacity of the actuator was reached. Data were recorded for eva@pyitrements of load
applied.

2.9.4Line Load

A line load was applied to test a span of Panel 1 in flexure. The load was appliad unt
deck panel failure occurred. Data were recorded for every 10 kip incremeatiafpplied to
the panel; applied loads were measured with a load cell.

The line load was applied by loading a 6 ft long HP10x42 section. Neoprene pads were
placed between the load beam and deck panel to account for the roughness in the deck panel
surface and to evenly distribute the load. A 300 kip load cell was placed between thealvad b
and the actuator. Deflection transducers were installed at the ends and midfferibat
beam so the load distribution through the beam could be monitored. A photograph of the setup

in the laboratory prior to testing is shown in Figure 2.29a.

a) laboratory setup for lineload ultimate load test

Figure2.29. Laboratory setup for ultimateload test using a lineload.
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| o7 |
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[1/1) /

r 8 1/4"
f

\7/

LOAD BEAM 51/8" 1°]

T RESTRAINING BEAM
b) location of lineload on Panel 1
Figure 2.29. Continued
Shown in Figure 2.29b is the position of the line load on Panel 1. The line load was placed
at the midspan of the panel. Also shown is the location of the restraining beam usexitést.thi

The restraining beam was needed to transfer the uplift forces developatki2Ro the tie

down floor.
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3. LABORATORY TEST RESULTS

In this chapter, results for the various laboratory tests performed on the deckapanels
presented. Test results presented include concrete compressive streagtiessung force
measurements, strains measured in the deck panel during lifting, and seaswed during
leveling. Observations made during placement of concrete in the longitudibéépsisning
channel are discussed. Lastly, strain and deflection data from the serditesksaand ultimate
strength tests of the panels are presented.

3.1 Concrete Strength Test Results

Compressive strength results for the concrete cores taken from the Raemerdésented
in Table 3.1. Results for this panel were assumed to be representativearhfitessive
strength of the concrete in all the deck panels tested. The compressivéistrangéd from
7,530 psi to 9,570 psi. Because the strength of Core A was significantly great€otbarB
and C, only the Core B and C strengths were used to calculate the average comepeessive
strength of 7,600 psi. By not using the high compressive strength of Core A, a conservati
value was obtained. The average compressive strength exceeded the speuifite strength
of 5,000 psi by 27 percent.

Table3.1. Deck panel concrete compressive strengths.

Core Strength (psi)

A 9,570*

B 7,670

C 7,530
Average 7,600

*excluded from average
3.2 Stressesin Panel Mild Reinforcement Dueto Prestressing
Presented in this section are the stresses calculated from strainsatéasix

reinforcing bars when the prestressing strands in one longitudinal chameetwt. Locations of
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the instrumented bars can be seen in Figure 2.7. The experimental streesnmieaeinforcing
bar was compared to the design stress for the mild bars. To determine thetdessgn gach
bar, estimated losses were subtracted from one-half the initial ist@ss prestressing strand.
Estimated losses included losses due to creep, shrinkage, relaxation, and elastimghend
were taken as a lump sum value of 40 ksi (Naaman, 2004). The design stress in eacimgeinfor
bar without considering losses was 25.8 ksi and 20.7 ksi considering losses.

Calculated stresses for each instrumented bar are given in Table 3.2. Heokaisd
an assumed steel modulus of elasticity equal to 29,000 ksi were used tarsegtrasses from
the measured strains. Experimental stresses ranged from 13.0 ksi to 21.5 ksi. Ong batke s
was stressed greater than the design stress less losses by 0.8 kserdde experimental stress
was 16.1 ksi, which is 4.6 ksi less than the design stress less losses. Thessésrénlthe
prestressing force were greater than expected.

Table3.2. Stressin each instrumented bar.

Stress Difference from Design Value Less Losses

Bar(ksi) (%)
1T 13.8 -33
1B 17.2 -17
2T 13.0 -37
2B 21.5 +4
8T 15.8 -24
8B 15.1 27

In Table 3.3 the average stress in the top and bottom bars is presented. The average
stress in the bottom bars (17.9 ksi) was higher than that in the top bars (14.2 ksi); however both
stresses were less than the design stress less losses. A reasodiff@rémee in stresses could
be that the bottom prestressing strands were stressed higher than the toptkisasdsjpported
by comparing the values of 1T and 1B, or 2T and 2B. Both bottom strands were stresged highe

than the corresponding top strands.
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Table3.3. Averagestressin each bar layer.

Stress Difference from Design Value Less Losses

Bar (ksi) (%)
Top  14.2 31
Bottom 17.9 -14

3.3 Lifting Panel Strain Results

Presented in this section are the results for the crane lifting tests.k palea was lifted
multiple times with two different strap configurations (see Figure 2.12 guiled=2.13). Strains
induced in the mild reinforcing bars were measured during each test to deternsitede fud
stress in the bars.
3.3.1Four Lifting Strap Test Results

Shown in Figure 3.1 is a plot of the strains experienced in each instrumentedulbar w
the panel was lifted from the support beams. Locations of the instrumented h@aesarged in
Figure 2.7, and the configuration of the straps around the bars is shown in Figure aib&. Str
measured in the test presented (the first test) agree with resuoitghie other tests conducted
with the same strap configuration. All strains plotted were temporary leettaysonly occur
during lifting; once lifting is completed and the panel is in place, the oniynstpaesent in the
mild reinforcing bars are due to the prestressing force and bending aintiievered sections
over the supports due to the self-weight of the panel.

As can be seen in the graph, half the bars experienced tension and half were in
compression. However, not all the top bars experienced tension and not all thedasgom
experienced compression, as one would expect. Three of the top bars (1T, 7T, amd @1¢
bottom bar (8B) were in tension. The tension in the bottom bar, 8B, was due to a localized effe

caused by bearing of the lifting strap directly on the bar near the stg@n §ar 1T experienced
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Strain (MIL

20 30 40 A0 60 0 80
Tune {zeconds)

Figure3.1. Strain resultsfor first lift of Panel 2 with four straps.
the largest tensile strain (251 MII) if Bar 8B is neglected, and Bar 2T bddrtfest compressive
strain (-278 MII).

Presented in Table 3.4 are the maximum strains measured for eachensgd tvar
during the four strap lifting tests. These strain values are only for the sgexiit where the
strain gage was located; strains obviously will be different at otherdosationg the bar. Each

strain was added to the strain induced in the bar due to prestressing, -1179 MIl. Gdisasl

calculated using the following equation:

P
E=— 1
AE (1)
Where P = prestressing force exerted on a #7 bar = -20.5 kips

A = area of a #7 bar = 0.6¢in

E = steel modulus of elasticity = 29,000 ksi
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Table3.4. Strainsand percent utilization of the #7 bar yield strain during four strap

lifting.
Maximum Total Utilization
Bar Strain Measured  Strain (%)
(MII) (MII)

1T 251 -928 45
1B -204 -1383 67
2T -278 -1457 70
2B 79 -1100 53
7T 143 -1036 50
7B -40 -1219 59
8T 93 -1086 52

Strains were then compared to the yield strain for 60 ksi steel, 2069 M|, to deteimi

percent utilization of the yield strain. Bars with utilization less than 10896 reserve strain

capacity. Bar 2T had the highest percent utilization at 70%. All instrumented/ése utilized

between 45% and 70%.

3.3.2Two Lifting Strap Results

Six bars were instrumented when a deck panel was lifted with two strapgyrieaait

each strain can be seen in Figure 2.7 and the layout of the straps can bé-gpen 1 13.

Strains induced while lifting a deck panel with two straps are plotteyind=3.2. Of the six

bars instrumented, four experienced tension (1T, 8T, 2B, and 8B) and two were in sampres

(1B and 2T). As previously noted, these strains were temporary because they orngdocc

during lifting; once the panel was set in place, the only strains present indheimiorcing

bars were due to the prestressing force and bending of the cantilevel@ussaatr the supports

due to the self-weight of the panel.

Bar 8B had the largest strain, stabilizing at a strain of 1780 MIl. Howevesttais was

caused by a localized effect from the lifting strap bearing directithe bar near the strain gage.

Neglecting this strain, all the instrumented bars experienced strasrthdes250 MIl. The
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Figure3.2. Strain resultsfor fourth lift of Panel 3 with two straps.

strains measured during the two lifting strap tests were of a simalginitnde to those measured
during the four lifting strap tests, even though the strap configuration wesediff This shows
that for the instrumented bars, the configuration of the lifting straps did not tifestrains in
the bars.

In Table 3.5 the maximum strains in each instrumented bar during the twafstrgp |
tests are presented. These strain values are only for the specific pointhehs&rain gage was
located; strains obviously will be different at other locations along theHzah strain was
added to the strain induced in the bar due to prestressing calculated using Equatioridtal This
strain value was then compared to the yield strain for 60 ksi steel, 2069 Ml|,igsmear
behavior and a steel modulus of elasticity of 29,000 ksi. Values for percent célthstyain

utilized ranged from 46% to 66%.
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Table3.5. Strainsand percent utilization of #7 bar yield strain during two strap lifting.

Maximum

Strain Tota}l Utilization

Bar Strain
Measured (MII) (%)

(MII)
1T 22 -1157 56
1B -177 -1356 66
2T -38 -1217 59
2B 231 -948 46
8T 217 -962 46

3.4 Leveling Test Results

Strains experienced during the various leveling tests conducted are presditgnla
3.3. Tests conducted and the order leveling devices were raised were gres8etgion 2.6;
locations of the instrumented mild reinforcing bars were shown in Figure 2.1.ekawt plotted
on the horizontal axis in Figure 3.3 represents an increase of 1/8 in. in height gétimg leod

being adjusted.
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a) strainsfor all instrumented barsduring Test 1

Figure3.3. Measured stedl strainsin Panel 2 mild reinforcing bars during leveling tests.
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Figure 3.3. Continued
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d) top bar strainsin Test 7, 8, and 9
Figure 3.3. Continued

Shown in Figure 3.3a are the strains measured for each instrumented bail dating,
2, and 3. Bar 8B experienced the largest strain (1194 MII) during the test, waima\sice
that of the next largest strain. Strain data for all the bottom bars are diegaFigure 3.3b
through d because these strains were the result of a localized effect loatise bar bearing on
the leveling plate.

Bar 2T and Bar 7T were the only bars to experience compressive strangstdating,
and Bar 7T was the only bar that was always in compression. The maxiraimmstasured in
the top bars during testing was approximately -600 MIl. Another observation frqrtothés
that strains tended to change over the first 1/2 in. of adjusting a leveling daditieen
remained constant as the leveling device is raised the final 1/2 in. to a height of 1 i

An observation that can be made from the results of the test replicatihig¥ieling

(Tests 7, 8, and 9) shown in Figure 3.3d is the maximum strain experienced bylepars
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was independent of the height of the bar. Strains induced in bars were essbrtsdiné when
a leveling device was at 1 in. or when the same device reached 2 in.

Maximum strains measured for each instrumented bar during the levelmgrest
presented in Table 3.6. These strain values are only for the specific poiattidnstrain gage
was located; strains obviously will be different at other locations alongatheEach strain was
added to the strain induced in the bar due to prestressing calculated using Equationdtal This t
strain value was then compared to the yield strain for 60 ksi steel, 2069 Mtiagdinear
behavior and a steel modulus of elasticity of 29,000 ksi. Values for percent of thetsaet
utilized ranged from 31% to 86%.

Table3.6. Strainsand percent utilization during leveling tests.

Maximum Strain

Total Strain Utilization
Bar Measured (MIT) (%)
(MII)
1T 533 -646 31
2T -595 -1774 86
7T 273 -906 44
8T 249 -930 45

Values given in Table 3.6 were temporary because all strains wenotorzsr the deck
panel was placed in a horizontal position on the support girders. However, becausadisck pa
are left in a leveled position in the field, strains due to leveling may be permaaerd s the
reinforcing bars.

3.5 Longitudinal Post-Tensioning Channel Concrete Placement Results

The photographs in Figure 3.4 address concerns the lowa DOT had about the flow of
concrete in the post-tensioning channel, specifically the flow around all oke#lgstsent in the
channel. In Figure 3.4a, one can see the concrete flowed through the chaneel lay#ns, first

under the prestress strand, then between and around the strands, and finally ab@arelthe str
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This was typical of all three tests conducted. Shown in Figure 3.4b is efiovahg between

the prestressing strands, addressing concerns of the lowa DOEnéteowould leave void

space between the strands.

b) concrete flowing between post-tensioning strands

Figure 3.4. Concreteflow during longitudinal post-tensioning channel concr ete placement

(-
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c) concrete below the leveling device
Figure 3.4. Continued

Concrete can be seen below the leveling device in Figure 3.4c, eliminatihgranot
concern of the lowa DOT. Because concrete is beneath the leveling desttis fransferred
from the deck panels by bearing on concrete and not through the leveling deviceeod. Th
leveling device was only present in the third test.
3.6 Service Load Tests Results

Presented in the following sections are results for the individual panel and teashnec
panel service load tests. Concrete strains, steel strains, and deflectiaregatsented along
with comparisons to service values where appropriate.
3.6.1Individual Panel Service Test Results

The following section presents the results from the service load tests cehpituotego
the closure pour being cast. A total of 22 load points were used; 8 points on Panel 1 and 14

points on Panel 2 (see Figure 2.21). In this section, results for loads positioned a1 B
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B14 are presented. Load placed at B5 and B11 resulted in the largest strainseatidrefbr
the cases of the load positioned between the support beams. A load at B14 resultedgashe
deflections in the deck panel. Results for these three load positions aremtsines of the
results obtained from the other 19 load cases. Magnitude of loads applied varied labwever
were greater than the 16 kip wheel load of a HS 20-44 truck used in design.

Strains induced for a load varying from 0 to 48 kip positioned at B11 are plotted in
Figure 3.5. Refer to Figure 2.7 for the location of each steel strainheAdt¢el strains for this

load location resulted from bending of the cantilevered portion of the deck panel about the

support beam.
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Figure3.5. Stedl strain versusload, load at B11, Panel 2.
Bottom bar strains were compressive and less than 20 MIl and were not plotted for
clarity. From Figure 3.5 one can see the top bars were in tension and theyrogjbetbending

due to self weight occurred in Bars 5, 6, 7, and 8. The maximum steel strain measured during

this test was 101 Mll in Bar 6T.
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Plotted in Figure 3.6 are deflections for a load varying from O to 48 kip at Bliiploca
of the deflections are shown in Figure 2.8. These deflection results ar@ fgpitests with a
load located between the support beams. For this load case, the cantilevervad defiected
upward (positive direction), and the loaded span deflected downward (negativeuljreE@ch
panel corner deflected a similar amount, with the deflections at P2-3 and Rig Bltghtly
greater because these points were farther from the support than Points P2-barithe2-

largest measured deflection (0.067 in.) was directly under the applied load.
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Figure 3.6. Deflection versusload, load at B11, no closure pour.

The largest concrete strain (-253 M) for load varying from O to 48 kip at B1Xredcu
at P2-C8T. This strain was the closest to the applied load (1 ft - 9 %2 in. away). PReC2T a
P2-C3T are the second and third closest strains to the load, respectively, wheshnatiréhe
strains measured (-184 MIl and -162 MIl). P2-CAT was over 4 ft from the load, explaimng
the strain was 2 MIl. All concrete strains are presented in Figure 3.7oaétidns of the strains
shown in Figure 2.6. Concrete strains measured in the cantilever sectionsssd¢han 2 Mll

and therefore were not included in the figure for clarity.
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Figure3.7. Concretestrainsversusload, load at B11, Panel 2.
The largest changes in deflection for a single panel occurred with a |Bad.at
Deflections for a 0 kip to 32 kip load at this point are plotted in Figure 3.8. A 32ddpnas

used for load at B14 because the panel began to rotate about the near support at loads greate

than 32 kips. Point P2-3 deflected 0.433 in. under the 32 kip load.
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A comparison of the deflection of the individual panels with a load at B5 on Panel 1 and
B11 on Panel 2 are plotted in Figure 3.9. Panel 1 was loaded 0 to 20 kips, while Panel 2 was
loaded 0O to 24 kips. These load ranges were plotted because 20 kips was the maximum load
applied at B5, whereas B11 was loaded to 48 kips in 8 kip increments. In order to plot the data
over a similar load range and because data were not recorded at 20 Kips, 24 kipsaass
the maximum load to plot for B11. Locations of each measured deflectipnesented in
Figure 2.8. These results are presented to show that the two deck panels witksihodetéy

responded essentially the same way; the deflections for the two panelthard®.005 in.

I3 P24 Pi-ﬁ'\,\ ).<P2-2 P2 17/.« P )ﬁ

Load (&ips) .
) =

—_

-(1025 -02 0013 -0.01 -0.005 0 0005 (.01 0015
Detlzetion (in.)

Figure 3.9. Comparison of deflection versusload results, for loads at B5 (on Panel 1) and
B11 (on Panel 2).

3.6.2Connected Panel Service Load Test Results

Nineteen points on the deck panels were loaded after the closure pour wasecast (se
Figure 2.24). These points were chosen to meet the test objectives sgaetian 2.8.2. The
results for a load at B8 are presented to show the response of the closure pour tiotead. P

illustrating the response of the system as a load moves longitudinally or teahgaee also

www.manaraa.com



77

shown, along with a plot showing deflections of the deck panels with and without the closure
pour in place.

Steel strains measured for the closure pour hooked bars for a load 0 to 40 kipseat B8 a
plotted in Figure 3.10, and the locations of the strains are shown in Figure 2.7. Sjesimga
Bars CP-S3T and CP-S5B were damaged when the closure pour was cast and matlsésen i
bars are shown in the plot. Bottom bars in a hook were in tension and top bars in compressi
during loading at B8. Bars experienced greater tensile strains than ssw@isErains because
the bars were at different depths in the cross-section; bottom bars had 1 1/2 in.afvedeand
top bars had 2 1/4 in. of clear cover. The largest strain measured was 307 MIl in 88BCP-

which was located at the location of the load and is less than the yielding s2asodll.
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a) strains CP-S1 through CP-S5, top and bottom bars

Figure 3.10. Closure pour steel strainsversusload, load at B8, closure pour in place.
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b) strains CP-S6 through CP-S10, top and bottom bars
Figure 3.10. Continued

Adjacent bars comprising a double hook had tensile strains within 15 MII, and bars in
compression were within 45 MII of each other. One reason as to why the compreasige str
varied more than the tensile strains is because the gages were wrapped iorédédt them
prior to placing concrete (see Figure 2.23) , the concrete may not have bomddd@asome of
the bars. Therefore some bars had to carry a larger compressive forcééndoars.

Bar P1-S8T was the only bar to experience a compressive strain for a dadket B8,
and the strain was -20 MIl. Reinforcing bars with strains greater thitil20e plotted in
Figure 3.11; bars with strains less than 20 MlIl are not shown for clarity. fedfegure 2.7 for
the locations of the bars. The largest strain was 278 MIl and occurred in B&TPRa-top bar.
Top bars experienced larger strains than bottom bars because the panel heel Inegding
over the support beam, therefore subjecting the top bars to larger strains tharotheobot
top bars were at a different depth in the cross-section than bottom bars due to pangl I&keli

of the reinforcing steel strains were less than the yielding strain ofN2D69
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Figure 3.11. Sted strain versusload, load at B8, closure pour in place.

A plot of concrete strains versus load for a 40 kip load applied at B8 is shown in Figure
3.12. Locations of each strain can be seen in Figure 2.6. The largest strairesdidociine
closure pour concrete; strains in the top surface of the closure pour were core@edstrains
in the top surface of the deck panels were tensile. Deck panel straingsgaitgan 16 MII.
Location CP-C2T experienced the largest strain (286 MIl). All of the straireslass than 3000
MIl, which is the maximum useable strain at the extreme concrete campréber specified
by the American Concrete Institute (ACI) Building Code Requirementstfoct8ral Concrete
(2005). Greater strains were experienced at CP-C2T than CP-C1T even thayagretheere
the same distance from the load because of the skew of the deck panels.

Deflections due to a 40 kip load at B8 are plotted in Figure 3.13; the locations of the
deflections are given in Figure 2.8. Deck panel deflections were less than 0.0@2not a
included in the plot for clarity. CP-2 was at the applied load and underwent the largest

deflection, 0.051 in.
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Figure 3.12. Concretestrainsversusload, load at B8, closure pour in place.
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Figure 3.13. Deflection versusload, load at B8, closure pour in place.
Graphs of the change in deflection as a 16 kip load moved along Line B are presented in
Figure 3.14. Results for a 16 kip load are plotted because this load is equivalent20-4HS

wheel load. Changes in deflection near the load were the largest; defléearaes of unloaded
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spans were less than 0.005 in. For example, from Figure 3.14a one can see thaads the |
moved from Panel 1 to Panel 2 (B1 to B14) the deflection of points on Panel 1 changed 0.002 in.

or less.
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c) Panel 2 deflections
Figure 3.14. Continued

The largest change in deflection occurred when the cantilever section ded.|cEhese
are load points B2 and B14. Point P2-3 underwent the largest deflection change, 0.135 in. (see
Figure 3.14c). Deflections for the deck panel spanning between the support beams had a
maximum value of 0.017 in.

Presented in Figure 3.15 are the deflection changes experienced as a 40 kipvieéid m
from load point A11 to C11 along grid Line 11. Locations of load points can be seen in Figure
2.24 and locations of deflection are shown in Figure 2.8. Changes in deflection of Pareel 1 wer
less than 0.002 in. and excluded from the plot for clarity. As one would expect, the catilever
section of the deck panel (P2-3 and P2-7) deflected upward (positive) and the loaded portion of
the deck panel (P2-2, P2-4, P2-6) deflected downward (negative). Defldotions
cantilevered section were independent of the location of the load, as the deflectgedoh&92
in. among the three load points. The stiffness of the closure pour was apparent &, thss te

deflection changes of the closure pour were a maximum of 0.002 in.
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Figure 3.15. Deflection of the deck panelsasa 40 kip load moved along grid line 11.

Another observation from Figure 3.15 is the loaded span responded as expected. When
the load was at A11, P2-2 experienced the greatest deflection, and the deflati®pant
decreased as the load moved to C11. P2-4 deflected the most when the load was above this point
(at B11) and deflected approximately the average of the P2-2 and P2-6aies|émt load
points A11 and C11. Point P2-6 deflected the least of P2-2, P2-4, and P2-6 when the load was at
Al1l, and the deflection increased as the load moved along Line 11.

A plot of deflections for a load at point B11 for the individual and connected panels is
shown in Figure 3.16. From these plots, one can see the effect the closure pour had on the
system. Every deflection decreased after the closure pour was cashengtieatest changes
occurring at the cantilevered sections of the deck panel. Deflections/atdeated at a corner
of the cantilevered deck panel, decreased by 0.02 in. after the closure pour ws Emgtre
3.16, deflections CP-1 and P2-5, along with CP-3 and P2-7, are at approximatelyghe sam
location and can be compared. Casting the closure pour resulted in a decrease of 0.025 in. in

deflections at the locations.
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Figure 3.16. Deflectionsfor load point B11 before and after casting the closure pour.
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c) deflections P2-5, P2-7, CP-1, and CP-3
Figure 3.16. Continued
3.7 Ultimate Strength Results
Results for the ultimate strength tests are presented in the followingnsech single
panel was tested to its ultimate flexural strength. Strength testimphaeated panels included

testing to the following failures: punching shear; combined punching shear ame flard

flexure.
3.7.1Single Panel Ultimate Test Results

Photographs of a single panel tested to failure are presented in Figure 3ii& load
was applied to the deck panel, and a flexural failure occurred at a load of 153 kips.teCibiatre
spalled from the deck panel surface is visible in Figure 3.17a. In Figure 3.17&noseec
flexure cracks propagating up the side of the deck panel.

Two values for the experimental moment due to the line load were calculatedashis w
done because the fixity provided by the supports was unknown. The first value assumes the

support beams acted as pinned supports and the second value assumes fixed supports. The
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a) deck panel after loading

b) flexure cracks

Figure3.17. Flexural failure of the single deck panel tested.
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experimental moment was 368 ft-kips when the supports were treated as pinned arkps84 ft-
when fixed. These values bracket the theoretical strength of 263 ft-kips, edaudatg strain
compatibility equations. Because the theoretical strength lies bethve@inned moment and
fixed moment, the support beams provided a fixity between pinned and fully fixed. fl¢edore
and experimental flexural strengths for a single deck panel are presehtddar8.7.

Table 3.7. Single panel flexural strengths.

Flexural Capacity Capacity (ft-kips)
Theoretical 263
Experimental (for pinned supports) 368
Experimental (for fixed supports) 184

The largest concrete strains occurred along the axis of bending. Concieteai
plotted in Figure 3.18 for a load to 150 kips, and the location of each strain is shown in Figure
2.6. Point P3-C8T experienced the largest strain (-3919 MII). This strain exiceexisain
value of -3000 MiII specified by ACI as the maximum useable strain at theextroncrete
compression fiber. P3-C3T experienced -2969 MII of strain, and all other stiei@dess than -
700 MII.

Deflections experienced during the test for a load up to 150 kips are plotted i@ Figur
3.19, and locations of each deflection are shown in Figure 2.8. Deflections of the loadefd span o
the panel were downward (negative), and deflections of the cantilevered seeiengward
(positive). P3-4 was at midspan at the location of the applied load and thereforereogqukthe
largest deflection, 0.95 in. at failure. Location P3-6 had a greater deflelstingecthan P3-2
because of the skew of the deck panel. Point P3-3 deflected 1.24 in. upward and experienced the

largest deflection during the test.
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Figure 3.18. Concretestrain versusload for single panel ultimate load test.
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Figure 3.19. Deflection versusload for single panel ultimate load test.
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3.7.2Nine Inch Square Footprint Results

A punching shear failure of the deck panel occurred at a load of 150 kips; photographs of
the deck panel from above after failing in punching shear are presented i F@ur The
failed concrete has been removed to show the reinforcing steel in Figure 3.2@ztibmspf the
deck panel after failure occurred showed the reinforcing steel had been pushed rdoandva
caused strips of the concrete to spall from the underside of the deck panel 3=@Qaje

The theoretical punching shear was calculated using concrete shear sijeagjtne
published by ACI (2005). A concrete compressive strength equal to 7,600 psi (from tlegeconcr
strength testing) was used to determine the theoretical punching sheahstiéng
experimental shear force was 146 kips, which exceeded the theoreticahstrfel8p kips by

8%. Theoretical and experimental punching shear capacities are presérabttif.8.

a) top view of punching shear failure footprint

Figure 3.20. Photographs of the deck panel after a punching shear failure.
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b) top view after concrete removal

¢) underside of the deck panel

Figure 3.20. Continued

www.manharaa.com



91

Table 3.8. Punching shear capacity.

Capacity Shear Force (kips)
Theoretical 135
Experimental 146

Concrete strains experienced during loading were measured for loadmd 4 kips
and are plotted in Figure 3.21; locations for each strain are shown in Figure 2i6s \Bére
recorded only to 140 kips because failure occurred prior to the next autonzatied) ey the
DAS. Strain gages at concrete strain locations on Panel 1 did not measwuanhecstirately
and are excluded from the plot. Strains were the largest in the closure pchingea101 Ml
prior to failure. This value was less than -3000 MII, which is specified by A@leasiaximum
useable strain at the extreme concrete compression fiber. The maximammstaured in

Panel 2 was 118 MII.

164 P2 Gages

CP-C2 o .
T ARPPTT ST, P2-C1T N

-1200 =100 =800 -000) -0} =200 { 2040
Strain (MIT)

Figure 3.21. Concretestrain versusload for 9in. square footprint loading.
A maximum steel strain experienced during testing was a tensile strar40 MIl. This

strain is equivalent to a stress of 50 ksi, which is less than the bar yieldb$#6dssi. Steel
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strains for the closure pour hooked bars are presented in Figure 3.22 for loading to.140 kips
Locations for each strain are shown in Figure 2.7. As expected, the bottom bais lvdaa
were in tension throughout the test. Half of the top bars started as compreas$isoament

and carried tension by the end of the test as a result of the concrete crackimgdeyath of the
compression zone in the concrete decreasing.

Strains in the reinforcing steel of the longitudinal channels are plotteduneR3.23 for
loading to 140 kips. Strains less than 140 Ml were excluded from the graph for, eadtihe
location of each plotted strain is shown in Figure 2.7. From the figure, one can sard¢h2 P
reinforcement carried more load than the Panel 1 reinforcement, as only am@émgéd bar on
Panel 1 experienced over 140 MIl. This load distribution would be expected because the load
was closer to the Panel 2 bars. All of the bars were in tension as the panel undeyaterd ne
bending about the support, and the top bars experienced the largest strains. Tharargest

was 1158 Mll in Bar P2-S2T.

CP-§2T PSR CP-S1B ,CP-43B

CP-S4B
Fa"

CP-85T CP-51T

() T
=400 200 { 201} Ei GLH) SO0 1000 12000 1400 1600 18040
Strain (MIT)

a) strains CP-S1 through CP-S5, top and bottom bars

Figure 3.22. Closure pour steel strain versusload for 9 in. square footprint loading.
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b) strains CP-S6 through CP-S10, top and bottom bars

Figure 3.22. Continued
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Figure 3.23. Stedl strain versusload for 9 in. square footprint loading.
Deflections for the 9 in. square footprint test show the closure pour was sidgffethie
rest of the deck panels. The maximum deflection measured for the closure pour was 6d2 in. a

was 0.032 in. for a non-cantilevered section of the deck panels, even though the load was applied

www.manharaa.com




94

next to the closure pour. Plotted in Figure 3.24 are deflections experienceadioglup to 140

kips at the locations shown in Figure 2.8. Changes in deflection at P1-2 and P2-&wénan

0.002 in. and were not plotted for clarity. These deflections were less thapaataiue to the
nearby restraining beam limiting the positive deflection of the deck pandien Wbserving the

data, one will notice the deflections had a sudden increase in the positive dir@ckiau$

between 80 kips and 100 kips. This sudden change in the deflections could not be explained by
the researchers, as nothing abnormal was observed during testing andritdatdréor the

concrete and reinforcing bars does not exhibit a similar response.
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Figure 3.24. Deflection versusload for 9in. squarefootprint loading.
3.7.3Tandem Wheel Footprint Results
Failure occurred at a load of 157 kips do to a combination of punching shear and flexure.
Figure 3.25 is a photograph of the deck panel failure caused by the tandem wheeitfolotpri
this figure, the concrete that failed around the footprint due to punching shear can, ladosee

with the concrete that spalled from the surface due to bending.
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Figure 3.25. Punching shear and flexurefailure dueto tandem wheel footprint.

Provided in Table 3.9 are the theoretical and experimental flexure and she#resapaic
a deck panel for loading by a tandem wheel footprint. Experimental valuesal@rated with
statics, theoretical flexure strength from strain compatibilityaéiqos, and punching shear
strength from equations in ACI Building Code Requirements for Structural Co(20&&). A
comparison of the values shows the applied moment (298 ft-kips) exceeded the ttheoretica
flexural strength (263 ft-kips) by 14%. One reason for this is the support beams ¢ sviae
restraint, reducing the applied moment by providing additional fixity. Also of adbeiapplied
shear (150 kips) was 80% of the theoretical punching shear capacity (188 kipgugehig
shear failure occurred. The punching shear capacity may have been reduceddig¢bause
flexural cracks reduced the depth of concrete available to resist punching shear.

Table3.9. Theoretical and experimental capacitiesfor thetandem wheel footprint test.

Failure Mode Strength
Theoretical Punching Shear 188 kips
Applied Punching Shear 150 kips
Theoretical Flexural 263 ft-kips
Applied Moment 298 ft-kips
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Closure pour hooked bar steel strain values were low, with the maximum strair3#2ing
MII. This strain is equivalent to a stress of 10 ksi, which is significantly bédewielding
stress of 60 ksi for the hooked bars. Steel strains experienced in the closure pour heaked bar
plotted in Figure 3.26 for loads up to 149 kips; refer to Figure 2.7 for the location of eath stra
Strains are only plotted to a load of 149 kips because failure occurred prior to the neateditom
DAS recording. Any strain less than 30 MIl was excluded from the plot fotyclarhe plot
also shows the top bars were in tension and the bottom bars in compression, meanugg negat

bending occurred at the closure pour.
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Figure 3.26. Closure pour steel strain versusload for tandem wheel footprint.

Mild reinforcement bar strains for loading to 149 kips are shown in Figure 3.27, and the
locations of each strain are presented in Figure 2.7. Excluded from the figalaitgrwere the
strains in the Panel 1 bars, which all were less than -100 MIl. Panel 2 steagntensile, with

the top bar strains greater than the bottom bar strains by 800 MIl on averagerainhia the
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Figure 3.27. Sted strain versusload for tandem wheel footprint test.
top bars of Panel 2 was similar in magnitude, showing load was distributed equallytubug
the deck panel. Bottom bar strains were less than 200 Ml of strain. Point P2-S&requk
the largest strain (1054 MIl) which is equivalent to a stress of 31 ksi.

The highest concrete strain (-2163 MII) was at P2-C3T, which was closest piptieel a
load. P2C8T was located on the axis of bending for the deck panel, which explains why the
strain experienced at this point was the second largest even though P2-C9T wdsclosat to
the load. The low strains in the closure pour verify the steel strains previcagiggstd and that
a low portion of the load was transferred to that section of the deck panel systahe All
concrete strains experienced during the tandem wheel footprint testdmgda 149 kips are
plotted in Figure 3.28, and locations for each strain plotted are given in Figure raiés Bt
Panel 1 were not plotted because the gages malfunctioned, and strains in RdribeZbsure

pour that were less than -165 MIl were excluded for clarity.
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Figure 3.28. Concretestrain versusload for tandem wheel footprint loading.

Deflections at the locations shown in Figure 2.8 are plotted versus loading to 149 kips i
Figure 3.29. Panel 1 deflections were less than 0.007 in. and were not included in the plot for
clarity, along with the deflection at CP-2, which had the transducer remoeedh&f® in.
footprint test. The cantilevered section adjacent to the loaded span deflected upward 1.11 in.,
and the loaded span deflected downward 0.078 in. Point P2-2 had a greater deflanogen ch
than P2-6, a result due to the skew of the deck panels.
3.7.4Line Load Results

A photograph of the deck panel failure due to an applied line load is shown in Figure
3.30; Figure 2.29 presents the location of the applied load. The deck panel failed dueedo flexur
at an applied load of 196 kips. This load is equivalent to a moment of 372 ft-kips, which exceeds
the theoretical flexural strength of 263 ft-kips. These values are givaabla 3.10. The
applied moment value was calculated by using statics and treating the deckyptaralas a
simply supported continuous beam. However, the support beams supply some resingint aga
rotation, which was shown in the single panel test. Strain compatibility was usdduiate the

theoretical flexural strength of the deck panel.
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Deflection versusload for tandem wheel footprint loading.

Figure 3.30. Flexural cracking in deck panel dueto applied lineload

Table 3.10. Deck panel moment capacities.

Capacity (ft-kips)
263
372

Failure Type
Theoretical Flexure

Applied Moment
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Tensile strains in the closure pour steel were less than 310 MIl, and compreasige s
were less than -100 MIl. Every top bar was in tension, while half the bottom bargwe
compression and half in tension. The maximum strain experienced was 303 MiIl, which is
equivalent to a stress of 9 ksi. Closure pour steel strains are plotted in Figuie 83dling to
189 kips, and locations for each strain are shown in Figure 2.7.

Plots of concrete strains and steel strains for the post-tensioning chanfeetement
are not provided for this test. Concrete strain gages on Panel 1 malfunctioned, asdostrali
Panel 2 and the closure pour were less than 100 MIl. Panel 1 steel strains alsat were

measured correctly, so these strains were discarded.
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a) CP-S1 through CP-S5, top and bottom bars

Figure 3.31. Closure pour steel strain versusload for applied lineload.
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Figure 3.31. Continued

Deflections experienced during this test are plotted for loading up to 189 kipsine Fig

3.32, and locations of each deflection are given in Figure 2.8. Deflections along thie plmgr

and Panel 2 were less than 0.08 in. and were excluded from the plot for clarity. As one would

expect, the loaded span deflected the most, with the panel deflecting 0.808 in. at midspan. P

P1-2 and P1-6 deflected different amounts because of the skew of the deck panels. The

cantilevered portion of the deck panel deflected upward, with P1-3 deflecting 0.139 in.
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Figure 3.32. Deflection versusload for applied line load.
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4. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

4.1 Summary
Three deck panels were obtained from Andrews Prestressed Concrete, |aimriatory

testing. Testing included determining the concrete strength of the dedk, patermination of
the stress in the mild reinforcing due to the prestressing force, detersiirams in the panels
while lifting them with a crane, determining the strains in the panails Veveling them,
observation of the concrete flow through a model of the longitudinal post-tensioninglchanne
service load testing of individual panels and two panels with the closure pour in pkhce, a
ultimate strength testing of a single panel and connected panels.
4.1.1Concrete Strength Testing Summary

Three concrete cores were removed from one deck panel after the conclusstin@f te
and tested to determine the compressive strength of the concrete. The strdrgtiods was
assumed to be representative of the three deck panels. Cores were found to Yersgan a
strength of 7,600 psi, which exceeds the specified compressive strength of 5,000718%. by
4.1.2 Stresses in Mild Reinforcing Due to Prestressing

Strains in six mild reinforcing bars were measured while the prasigestsands in one
longitudinal channel were cut. Stresses in five of the six bars were leskdhthrdretical
compressive stress with prestressing losses considered of 20.7 ksi. BartBB laagest stress
(21.5 ksi), exceeding the theoretical compressive stress minus losses by 4khweRhastress
was found in Bar 2T (13.0 ksi), 37% less than the theoretical compressive stressicgnside
losses.

The average stress in the top and bottom bars was calculated and compared. Top bars

were found to be under an average compressive stress of 14.2 ksi. Bottom bars experienced an
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average compressive stress of 17.9 ksi. Both of these values were less than tieatheore
compressive stress minus prestressing force losses which was 20.7 ksi.
4.1.3Lifting Panel Strain Summary

Temporary strains induced in the mild reinforcement in the longitudinal post-tensioning
channels were measured during the crane lifting tests. Two differ@ntcsinfigurations were
used to lift a deck panel, and the panel was lifted twice for each setup. Therfiigtiation
used four straps, with each strap wrapped around two groups of bars (see Figure 2.22). Bar
experienced a strain of -278 MII, the largest strain during this test. When addedttaithe
induced in the bar due to prestressing, the total strain at a point was -1457 MB.stfdim is
compared to the yield strain of the bar, 70% of the bar strain is utilized.

Lifting configuration two used two straps to lift a deck panel, with one strgppeda
around all the bars in the bottom layer of a post-tensioning channel (see FigureBar13p
experienced the largest strain during this test, 231 Mil. Bar 1B expeatigmeéargest
compressive strain, and therefore was under the largest total strain whendieato the
prestressing force are included. The total strain for this bar at the postitetimegage was
applied was -1356 MIl. When compared to the yield strain for 60 ksi steel, 66% of the tota
strain was utilized.

The utilization of bars for the four lifting strap test ranged from 45% to 70%zatidn
for the two lifting strap configuration ranged from 46% to 66%. These resultsteba@irains in
the bars essentially did not vary with the two strap configurations tested
4.1.41 eveling Test Summary

A deck panel was leveled in the laboratory to the slope required in the fiddg britight

additional tests were conducted to determine the deck panel’s response to vapes|s/xath
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strains experienced in the mild reinforcing bars recorded during the testisigain of -595 M|
was experienced in Bar 2T, and was the largest strain in any bar during.tdsaxial strains
due to the prestressing force are included, 86% of the bar strain was utilized.
4.1.5Longitudinal Post-Tensioning Channel Concrete Placement Test Summary
A model of the post-tensioning channel was created to observe the flow of concrete
through the channel in a laboratory setting. The model provided a worse-casm $oeflaw,
as the stirrups and mild reinforcement were at a lower height than would be encbumtieee
field due to panel leveling. Concrete was observed to flow around all of the steethatime|
and leave no void spaces.
4.1.6Service Load Test Summary
Service load testing was conducted on an individual panel and on two connected panels
Loads on the individual panels ranged from 20 kips on cantilevered portions to 48 kips on the
interior span. A 9 in. square footprint was used to apply the load. Load was applied at eight
points on Panel 1 and 14 points on Panel 2 (see Figure 2.21). Application of load to eight of the
same points on the two panels allowed for comparison of results. Deflectionsahée s
locations for the same load points on the two panels were found to be within 0.005 in.
Concrete strains, steel strains, and deflection data were recordedtdsting. Steel
strains induced by the cantilevered portions of the deck panel bending over the supgrt gird
resulted in a maximum strain of 101 MIl. Concrete strains were less than -253 |
maximum deflection for an interior span was 0.067 in., and the maximum deflection for a
cantilever was 0.146 in. Load was applied at 19 different location in the connecteggpaice
load tests; applied loads were limited to 20 kips on cantilevers and 40 kips on intargor spa

Steel strains for the closure pour hooked bars reached a maximum strain of 307 Ml duri
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service load testing, which is significantly less than the yield str&20@® MIl for Grade 60
reinforcement. The maximum strain experienced in a mild reinforcing lsa wemsile strain of
278 MII. Concrete strains did not approach ACI limits for the maximum useable cenpres
strain of -3000 MII, having a maximum value of -286 MIl. As one would expect, deck panel
deflections decreased after casting the closure pour. Changes in defleaase®©.025 in.
for a 40 kip load at B11 after the closure pour was cast.

4.1.7Ultimate Strength Test Summary.

Four ultimate strength tests were conducted on the deck panels. An individual panel wa
tested to flexural failure, and three tests were conducted on two connectedrtidsk pae
single panel failed in flexure at a load of 153 kips, or a moment equal to 368 ft-kips for pinned
supports and 184 ft-kips for fixed supports. These values bracket the theoretigh sif @63
ft-kips, indicating that the laboratory support girders provided a fixity btvaenned and fully
fixed.

The second ultimate strength test was an attempt to fail the closure poutticgniiec
panels; however, the deck panel next to the closure pour failed in punching shear instead. A 9 in.
square footprint was used in this test, and failure occurred at an applied stear 46 kips.

The theoretical punching shear capacity for a 9 in. square footprint is 135 kips, whi8towas
less than the applied shear.

A tandem wheel footprint was used for the second ultimate strength test canolutie
connected panels. This footprint resulted in a combinations punching shear and fléxeratai
a load of 157 kips. For this load, the applied shear was 150 kips and the moment was 298 ft-
kips. The theoretical punching shear was 188 kips, and the theoretical flexuréhstran @63

ft-kips. Reasons for the discrepancies in the loading are: the restrainmg bged to resist the
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uplift forces caused by loading provided fixity to the system and decreasagiiied moment;
punching shear capacity was reduced because flexure cracks in the deckharesl the depth
of concrete available to resist shear stresses.

For the final ultimate strength test, the connected panels were testexlte flailure. A
beam was used to apply a 196 kip load to the panel as a line load. The applied moment of 372 ft-
kips exceeded the theoretical flexural strength of 263 ft-kips by 41%; howevestraning
beams used to resist the uplift force provided some fixity to the system,mgdleiapplied
moment to a value less than that given.

4.2 Conclusions
4.2.1Concrete Strength Testing Conclusions
The following conclusions can be drawn from the concrete strength tests:
e The average compressive strength of the concrete cores was 7,600 psi.
e The average strength exceeded the specified strength of 5,000 psi by 27%
4.2.2Stresses in Mild Reinforcing Due to Prestressing
The following can be concluded about the stresses in the mild reinforcing duettessieg:
e Stresses in five of the six instrumented bars were less than the theotetgsahgnus
prestress losses (20.7 ksi).
e Top bars had an average stress of 14.2 ksi.
e Bottom bars had an average stress of 17.9 ksi.
4.2.3Lifting Panel Strain Conclusions
The following conclusions can be drawn from the crane lifting tests conducted decthe

panels:
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e The maximum compressive strain measured when lifting a deck panel witlftiogr
straps was 251 Mll.

e The utilization of the reinforcing bar yield strain when lifted with fourpgreanged from
45% to 70%.

e The maximum compressive strain measured when lifting a deck panel witlitimgp li
straps was 177 MlIl.

e The utilization of the reinforcing bar when lifted with two straps rangeth #6% to
66% of the yield strain.

e Because bar utilization ranged from 45% to 70% for four strap lifting and 46% to 66%
for two strap lifting, the strap configuration used did not have a significat effehe
reinforcing bars.

e Bars were less than 100% utilized for both lifting configurations, sholatiy are
acceptable for use.

4.2.4 Leveling Test Conclusions
The following conclusions can be drawn from the leveling tests conducted on the ddsk pane

e The maximum strain measured during the leveling tests was -595 MII.

e The utilization of the reinforcing bar due to combined bending and axial stresged ra
from 31% to 86% of the yield strain.

e Mild reinforcing bars did not exceed the yield strain during any of the levielstg.

4.2.5Longitudinal Post-Tensioning Channel Concrete Placement Test Conclusions
The following can be concluded from the longitudinal post-tensioning channel ®ncre
placement test results:

e Concrete was observed flowing below the leveling device.
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Concrete was observed flowing between the post-tensioning strands.

No void spaces were observed in the channel during the tests.

4.2.6Service Load Test Conclusions

The following conclusions can be drawn from the service load test results:

Strains induced in the reinforcing bars during tests without the closure pourecadess

than yielding, with 101 MII (a stress of 2.9 ksi) the maximum strain expesie

Deflections of the deck panel between the supports reached 0.067 in. prior to casting the
closure pour.

Strains in the concrete before casting the closure pour reached -253 Mll, wikgsh is

than the value of -3000 MII recommended by ACI as the maximum useable compressive
strain.

The deflection of the cantilever portion of the deck panel reached 0.146 in. for a 16 kip
load prior to casting the closure pour.

Reinforcing steel experienced 278 MII of strain (a stress of 8.1 ksi) saftet the

closure pour was cast.

Strains in the hooked bars in the closure pour reached 307 Ml (a stress of 8.9 ksi), which
is less than the yielding strain of 2069 MII.

The maximum strain measured in the concrete after the closure pour wasscé&éva

MIl, which is less than the -3000 MIl recommended by ACI as the maximumeusabl
compressive strain.

The maximum deflection of a portion of the deck panels spanning between two support

beams after the closure pour was cast was 0.051 in.
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Deflections of the deck panel spanning between support beams decreased by 8% aft
the closure pour was cast.

Cantilever deflections decreased 49% or more after the closure poursivas ca

4.2.7Ultimate Strength Test Conclusions

The following conclusions can be made from the ultimate strength tessresult

The support beams provided a fixity between pinned and fully fixed. A single panel
failed under an applied moment of 368 ft-kips if the supports are pinned or 184 ft-kips if
the supports are fixed. The theoretical moment capacity was 263 ft-kips.

The experimental punching shear capacity of the deck panels for a 9 in. squaretfootpr
was 146 kips, which was 8% greater than the theoretical strength of 135 kips.

A deck panel failed under combined flexure and punching shear for a load applied by a
tandem wheel footprint. The applied moment at failure was 298 ft-kips, 13% gheater t
the theoretical flexural capacity of 263 ft-kips. The shear force atdéanas 150 kips,

80% of the theoretical punching shear of 188 kips.

The moment applied to the two deck panel system was 372 ft-kips, exceeding the
theoretical capacity of 263 ft-kips by 41%. The difference in values was due figity
provided by the support beams.

Deck panel failures occurred at loads much greater than those the panels would be

exposed to in the actual field bridge.

4.3 Recommendations

The following actions are recommended based on the laboratory testing ofkhmadels:

The mild reinforcement and prestressing force should be evaluated to produce a more

efficient deck panel section.
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Additional testing should be conducted if panel lifting configurations other than those

tested are to be used.

Testing should be conducted to determine the strength benefit of having adjacent pane
in the longitudinal direction.

Strains should be measured during panel leveling and subsequent placement of concrete
in the longitudinal channels to determine if concrete placement has an effeet on t

strains in the bars (i.e. if strains are permanent or temporary).
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APPENDI X

Moment Capacity of Panel

f_ = 6ksi

f, = 60Ksi

f, =270ksi

pretensiomg force= 31 Kips

strand

Ag=Ag= 0.153n** 4= 0.612n°

A, = A, =48in?

S, =075

o= KPR _ s026ks

0.153n

E, = 2900(ksi

E. =57,000,/6000psi = 4,415si

Lower pretensioning strands

f.  162IKsi
851 = = -
E 29,000ksi

ps

P, = (4strand9(0.153n)(162.1ksi) = 99.2kips

- 0.00559%

- ‘ 829N _ 631280/ = 2.1875n
3 H 3
:\/bh _ | @4any82sn)° oo
12A  \12@4in)(825n)
r? = 567n°
_ 2 _ ; 2 ;
|,952| -k 1+ e_2 N 99.2kip 1+ (2.1875r21) _ 59810° ﬂ
AE r (84in)(825n)(4.415x10°ksi) 567n in
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Tryc=2.05in.

£, =000 6.3125n — 205n _ 0.00624!2
205n in

f,, = 60ksi

& s = 000559+ 598x10°° + 0.00624= 0.0119%
|

f o = 235ksi

¢, = 0003 208730 = 209N, 550933"
205n in

f_ = 27.1ksi

£ pq = 0.000933+ 598x10°° + 0,00559= 0.0066%
|
4 =165si

T, = 0.612n?(165si+ 235ksi) = 244.8kips
T, = 4.8in” (60ksi+ 27.1ksi) = 418.1kips
C = 085(6ksi)(84in)( 075)( 205n) = 658.7kips

T =6629Kips
C~T
Determine M
c 1
TSl, Tpsl
dra/2 J‘
ora/¢2
TSZ, Tpsz

a= 075(205n) =1.5375n
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ch:Mn

M. = (O.612in2)(165ksb(2.6875n _1:5378n

j+ (4.8in2)(27.JksD(2.6875n - 15375”)

1.5375n

+ (O.612in2)(235<sb(6.3125n -

j + (4.8in2)(60ksD(6.3125n - 15375”]

=1938in* k+2496in* k + 797.3in* k +15966in* k
=2837n*k
= 236ft* k

Punching Shear Strength, 9 in. x 9 in. footprint

b, = 4(631n+9in) =6125n

V, = (2+ g}NGOOpSi (6125n)(631n) = 20Xips

V., = [w ; 2}/7600psi (61250n)(631in) = 17ips

6125n
V., = 4,/7600psi (6125n)(631in) = 135kips
V., =135ips

Punching Shear Strength, Tandem Wheel Footprint

b, = 2(631n + 20in) + 2(L0in + 631in) = 8524in
20in
= —= 2
p 10in
a, =40

V, = (2 + gj,/7600psi (8524in)(6.31n) =18&ips

V., = [w + 2}/7600psi 85.24in)(631in) = 23%ips

8524in
V., = 4,/7600psi (8524in)(631n) =18&ips
V, =18&ips
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Shear Force, 9 in. X 9 in. Footprint

P = 15Ckip

15Ckip — 225ksf

= -
10in
12in/ ft

[325& + 325ft + 1t + )(8ft)

. . 2
V, = 225ksf| 66672 —| O2INFIN )y 4edips
12in/ ft

Shear Force, Tandem Wheel Footprint

P = 157kip
o 15%kip
(8ft)(833ft)

V, = 236ksf| 66672 —| 251N +10n 11200+ 631N 11, 5y
12n/ ft 12n/ ft

236ksf
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