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CHAPTER |

|. INTRODUCTION

Development of a precast bridge construction system grants aremffand
economical design concept that can be executed for new bridgeuctiost and the
rehabilitation of existing bridges. Recently, there has beenedsed interest in
constructing bridges that last longer, are less expensive, anibsakiéme to construét
The concept increases the cost-effectiveness of bridges by pipvgdtisfactory
durability, and uses rapid construction techniques to minimize construime and
disruptions to the traveling pubfit With precast construction the individual components
are manufactured off-site where increased quality is usudtigd. Further, because
much of the work is completed away from the bridge site, userfenénces are
minimized since the amount of labor intensive on-site work is reddeading to
reduced onsite construction tifflein brief, the benefits of precast components in bridge
construction enhance the philosophy of “get in, get out, and stafout”.

Precast elements can be utilized for pedestrian, highway #@wncyabridges.
They can be adapted to all types of structures having short, mediidrtong span®
Precast products can be implemented to some or most of the componanisidife’'s
superstructure and/or substructure. The use of precast-predt@ssaete panels is
popular in the construction of concrete bridge decks in certain &€& stor composite
decks consisting of precast panels and cast-in-place toppingaljo@pth precast-
prestressed concrete panels can serve as formwork for thm-péeste concrete slabs
and accelerate the construction of bridge decks in a cost-effediy®. Traditionally

these panels are reinforced with mild steel temperature regm@nt in the traffic



direction along with low relaxation seven wire steel prestrgsstrands perpendicular to
the traffic direction (along the span length of the p&hel)

Recent studiés® revealed that 22% of the bridges in Oklahoma are structurally
deficient; that is the second highest percentage of any fimt@aly Pennsylvania. More
than 60% of the structurally deficient bridge ratings in Oklahoma are due te $eidge
deck deterioration. Because the bridges in Oklahoma and acrosstitre ara in dire
need of improvement and the associated costs are so overwhelraifrgdéral Highway
Administration (FHWA) has made it a priority to seek new methodeconomically
repair and construct bridges and other transportation infrastrudtiingt is needed is a
bridge deck system that is durable, rapid to construct, and economical.

In response to this need, several recent attempts have been made @ lorege
deck system withull depth precast concrete pieces that are lifted into place with large
cranes to serve as the bridge deck. These precast deck shistemiseen attempted in
around 10 states, but have not been widely adopted for the following reasons:

(i) difficulty adjusting the precast pieces to meet construction tolesance

(i) inability to provide a smooth final riding surface without extensive grindangl

(iif) expense due to specialized equipment or materials.
However, a new system is being investigated in this diseertaihe system utilizes
individual precast panels that are one half of the final bridge tiedtness in the interior
spans and a precast panel that has a full depth and partial detpgh sethe overhangs
and the first interior span. Additionally, this system includesled rebar mats serving
as top reinforcement in the interior bays. These panels sersteuatiral stay in place
formwork, working surface, and support for the screed rail. A 4” toppirggsifin place
reinforced concrete is placed to tie the structural systegether and provide the final

riding surface for the bridge deck.

Reinforced concrete structures are commonly designed to satisdyia of
serviceability and safety. In order to ensure the serviceab@guirement it is necessary
to predict the cracking and the deflections of RC structures wedece loads. In order

to evaluate the margin of safety of RC structures agaimgtdaan accurate estimation of



the ultimate load is crucial and the prediction of the load-deftwmmdehavior of the
structure throughout the range of elastic and inelastic response is desirable.

Advanced analytical tools can be an essential aid in the assgsshthe safety
and the serviceability of a proposed dediyiThe safety and serviceability evaluation of
structures demands the development of accurate and reliable methodwdeld for
their analysis. The objective of such an analysis is the invastigaf the behavior of the
structure under all possible loading conditions, both, monotonic and cyclitmis
dependent behavior, and, especially, its behavior under overloading.

Within the framework of developing advanced design and analysisodsefor
modern structures, the need for experimental research contingesingents provide a
rigid basis for design equations, which are very useful in thenprelry design stages.
Experimental research also supplies the basic informatiomite 8lement models, such
as material properties. In addition, the results of finite elememdels have to be
evaluated by comparing them with experiments of full-scale modgelstructural
subassemblies or, even, entire structures. The development ofer@redtical models
can, however, reduce the number of required test specimens for thensofua given
problem, recognizing that tests are time-consuming and costly serddd not simulate
exactly the loading and support conditions of the actual structurey Kéetors” can
complicate the development of analytical models of the response of RC ssucture

e Reinforced concrete is a composite material made up of coramdteteel, two
materials with very different physical and mechanical behavior;
e Concrete exhibits nonlinear behavior even under low level loading dusmlioear
material behavior, environmental effects, cracking, biaxial siiifip and strain
softening;
¢ Reinforcing steel and concrete interact in a complex way ghrdaond-slip and
aggregate interlock.
With the arrival of digital computers and powerful methods of amglguch as the finite
element method (FEM), many efforts to develop analytical solutidrnish would turn
aside the need for experiments have been undertaken by investigatdisitéedement
method has thus become a powerful computational tool, which allows coané/ses

of the nonlinear response of RC structures to be carried out in meréaghion. With this



method the importance and interaction of different nonlinear effecteeoresponse of
RC structures can be studied analytically.

Alternatively, the complex phenomena taking place inside a reimfargecrete
member have led engineers in the past to rely heavily on eaigorcnulas and analysis
methods for the design of concrete structtewhich were firmly based on numerous
experiments. These empirical formulae were presented in diffemens of design codes
and recommendations. Such provisions may take simplicity, low timeangdutational
effort as profound advantages over computer-based analysis techniqessmsgal in the
FEM.

Another analysis method standing halfway between the simplified inatiibds
and FEM is the strut and tie method. Strut and tie modeling ($fMjides a valuable
analysis and design tool for concrete structfitesspecially for regions where the plane
sections assumption of beam theory does not apply. It is a ratjgpralagh to visualize
the flow of forces at the strength limit state based on the variable-mogs analogy, and
a unified approach that considers all load effects simultaneously.

The present study is part of the continuing effort to understand theitebé
composite bridge decks and to satisfy concerns about their perf@m@hapter two
presents the first phase of the experimental study to explorpefiermance of the
precast prestressed overhangs compared to the conventionally builCbapser three
provides the outlines and results of an experimental study of pgeagelded rebar mats
as a replacement to the conventional tied reinforcement in thangalstce (CIP) portion
of the bridge deck. Chapter four includes an analytical modeling girtitdems tested
experimentally. Self-written, non-linear FE code has been autlarédused, with the
experimental results used as references for comparison purpubde audge on the
modeling accuracy. chapter five provides a test of the fdibhae prediction accuracy of
design codes and recommendations that are currently in praciidé. pgediction
accuracy is also investigated as well. Finally, chapter sapsvup all work done in this
dissertation and presents conclusions for the main points extraotecsc@mmendations
for future work.

This dissertation has been largely written in journal paperdbrirhis was done

to reduce the time required to publish each of the chapters asaljpaper. Because of



this; background information is contained in each chapter. Also, thisex@gin why

there will be some redundancy in the chapters.



CHAPTER I

. DEVELOPMENT OF A PRECAST OVERHANG FOR
BRIDGE DECK CONSTRUCTION

2.1- INTRODUCTION

In the United States and internationally, there is a need foewadn of
transportation infrastructure. The American Society of Civilik®grs has estimated that
$190 billion is needed over the next 20 years to eliminate deficieimcleS bridge$? It
is in the best interest of society to find ways to provide durablige systems in an
economic and rapid manner. Currently, the most costly and labor inteziesment to
construct on a bridge is the bridge deck. Improvements in bridge dedkuctios would
help satisfy these needs.

In response to this need, several attempts have been made toacoemterete bridge
deck system that is partially pre-assembled in a manufactiaailgy (or precast) and
then shipped to the construction site where construction can be completgdver
these systems have not been widely adopted for the following eea@plifficulty
adjusting the pre-assembled pieces to meet construction tolergngeasability to
provide a smooth final riding surface without extensive grinding, aiféxXpense due to
specialized equipment or materials needed for construction.

After careful investigation of these challenges, a new precadjebdeck system was
developed and implemented by TxDOT in Ft. Worth, Texas with the dfalesearchers
at Oklahoma State University, Texas A&M University, and AustiesfPessed. This
system has addressed each challenge by modifying the formpmeteast deck panels so

they contain a full depth and partial depth section. This systetloves the need for all



form work, provides a construction work platform, is adjustable to roeestruction
tolerances, and provides a support for all needed construction equipngribpping of
cast-in-place reinforced concrete is then used to tie the peeaated pieces together and
provide the final riding surface for the bridge deck.

This system has yielded drastic improvements in speed of corstrucind
improvements in economy are projected over modern methods of bridge deck
construction in Texas. The TxDOT estimates significant savingsst and over a week

in construction time per bridge span.

This chapter describes the features of the system, laborastingtehe construction of

the system in Texas, and the planned improvements for the future.

2.1.1- Precast Bridge Deck Construction Techniques

One bridge element that was recognized in the 1970s that coultly dreaefit from
precast construction is the bridge deck. This element is edpeand is quite costly to
construct due to the labor required for formwork placement and @dnfov placement
of the needed reinforcement, for placement of the concrete,oamidviding adequate

curing. A typical conventional forming system is shown in Figuke

2.1.1.1- Partial Depth Bridge Decks

In an effort to improve the economy and constructability of bridge desksral
US DOTs began using partial depth prestressed precast psusédsy an place formwork.
These panels were typically used in the interior portion offgaa and were only half of
the bridge deck depth. Next mild reinforcing steel was added above these pamalstand
in-place concrete was placed to finish the britfyewnhile these partial depth stay-in-
place forms yield definite benefits over conventional constructiethoas the cantilever
portion of the bridge deck is currently conventionally formed bggisverhang brackets
that serve as both formwork and a work platform. This system is shown in Fijure 1

The partial depth system was tried in several states and tah&igenges due to
slow speed of overhang construction, obtaining the correct elevation dinisteed
riding surface, and inadequate amount of support under the panel donsiguction

which caused serviceability problems. However, there has beextaarsige amount of



research on this system by the Texas B&T*'*15 This research found that this
system if constructed correctly was able to provide an econofmichje deck system
with a large amount of reserve capacity. Currently, sestatks use this system as a
standard method of bridge construction because of the improvements yn sadetomy

and speed over conventionally formed bridge deck construction.

Overhang Bracket
/ / wood forms with supports
Fa

1A. Conventional Forming

|

/ precast panel % final depth

I [ S S

1B. Partial Depth Panel

/ precast overhang panel

I I I I

1C. Full Depth Panels

/ precast overhang panel

11 11

I I I I

1D. Precast Overhang with Partial Depth Panels

1o

I A I

1E. Extended Precast Overhang

Figure 1: Display of various precast and cast in place bridge decks.

2.1.1.2- Full Depth Precast Bridge Decks
Beginning in 1985 several state DOTs (Texas, Louisiana, New ek, Jersey,
Vermont) started investigating the use of full depth precadgérdeck systerff§*”)



Typically, these bridge deck systems consist of thick conptatiks that run the entire
width of the bridge deck that are placed on the beams below. Ampéxaf one of these
systems is shown in Figure 1C. These concrete planks are heavyeandt &asy to

transport or place. Once these elements are in place, thegrarected with reinforcing

steel and some cast-in-place grout or concrete. Some syatertteen post-tensioned in
an attempt to minimize the amount of cracking in the bridge deck.

There was a flourish of recent research over this topic asasstaties continue to
investigate these systeftis®) One benefit that these systems have over the partial depth
deck panel system is that they remove the need for the convéritionang used in the
overhang construction. These systems typically use very dagéin-place concrete or
grout and require the use of several leveling bolts to obtain tmecta@eometry and
riding surface of the bridge deck. While these grade bolts akeussful, they have
proven to be challenging to provide adequate flexibility to meet atge Inumber of
different geometries required for a bridge deck. Furthermore tadifferential camber
between prestressed concrete beams these systems have beendobnbdeaiseable on
steel girders. This attribute has limited the use of tegseems. It is often necessary to
provide an asphalt wearing surface or grind the surface of the Wenkrds where the
concrete planks interface to obtain the correct riding surface. xamme of an
unsatisfactory riding surface provided by one of these full depthl gangons can be
found in Figure 2. While the full depth precast section has shown averpent in
speed of construction, it has also shown an increase in the cost oficbost® ! This
increase can be attributed to large shipping weights, increasani@ size, and additional

wearing surface or grinding.

2.1.2- Development of the New System

While reviewing the benefits and challenges of the full depth andhlpdepth
bridge decks, it was realized that some features of both systeud be combined in a
hybrid system that is able to achieve significant improvenwm@sthe previous systems.
An overview of this new hybrid system is shown in Figure 1D, and Figure 1E.
In this system, a new precast panel is used in the overhangxteat® from the first

interior girder to the tip of the cantilever. This precast pasdull depth from the



cantilever tip until the compression zone of the exterior bay. Thelpa then only
partial depth until the first interior girder. Each proportion anc 9f the precast
overhang panel was chosen for specific reasons. The full deptbrpoftithe precast
panel at the exterior of the bridge allows for the removathef overhang forming
brackets and also provides a construction work platform and area for the safety rail

Figure 2: A wooden stick placed at the intersection of two full depth precast panels that
have been adjusted using grade bolts. The difference in panel height is over %4".

Pockets in this full depth section are used to provide a connection hetinee@recast
panel and the exterior girder. Grout is used to fill the haunchaaucaoncrete is used to
fill the pockets. These grout pockets also provide a location fordieed rail to be
attached to the bridge deck. These panels also have special @aetrathe full depth
section to allow for a connection to be made between panels ancatte lgolts to be
used for altering panel geometry. In addition to this panel, a noyestable haunch
gasket was developed to be used with this system. This hauncihhdosgstem is made
with low density polyethylene foam that is glued to the tophefgirder allowing it to
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compress or expand as the grade bolts are adjusted in the prechsingveanel. A
detailed summary of the precast overhang element can be found in FigurEi§uaed}.
For the interior bays, the partial depth precast panels are ufedith® geometry of the
precast overhang panel has been established with the gradehaoteintorcing steel in
the interior span and between panels is placed and concretaligiube partial depth
section. Finally, the haunch of the exterior girder is grouteti then the pockets are
filled with a low shrink concrete mixture. The traffic raok fthe bridge is then completed,
and the deck is finished. A pictorial explanation of the constructioceps is shown in
Figure 5 through Figure 14.

80"

g 2 _g” o_g"

F

3.000'

¢ Composite Pocket

i
T

¥11;d) x 4" Coll Insarts typ.

Coil Insert—

| |
[ [
| |
| |
| |
| |
| /
Composite Pocket

IR
\ | \

Figure 3: A plan view of the precast overhang panel showing dimensions.
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Typical section

Elevation view

Figure 4: Connection details between the precast overhang panels.

Modified stirrups and

/ threaded couplers

Figure 5: The beams are erected on the bents. A shear connector is used on the external
beam for load transfer.
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Figure 6: Structural details for the modification of the external beam.
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Figure 7: The haunch gasket is glued to the external girder and the outside face of the
interior beam.
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Precast panels

[ | [ an |_|r

Figure 8: Precast panels are then placed. Precast overhang panels are used énidine ext
bay and partial depth panels in the interior bays.
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Figure 9: Grade bolts are adjusted in the overhang panels to the desired grade.
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Figure 10: The external rebar is a failsafe bar that is bent down and welded to the
stirrups of the first interior beam to prevent overturning.

Add threaded rod and nuts

T ud I |

Figure 11: Threaded rods and nuts are added to the grout pocket of the external beam.
This step could be carried out before the placement of the overhang panels.
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Figure 13: Concrete is placed to tie the precast system together. The haunch of the
external girder is filled with grout, and then the composite pockets a \fiith
concrete.
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Figure 14: The concrete barrier is constructed by either slip forming or conventional
forming.

2.1.2.1- System Attributes

As stated previously, this bridge deck system was specifiagdigned to
combine advantageous features from the partial depth bridge ddckhwitfull depth
bridge deck systems in such a manner as to address the challenges of both systems
This system specifically adapted the full depth section obtitgie deck in the overhang
portion as it eliminates the placement and removal of formworth#®overhang and the
work platform that is required with the partial depth panel aystaurthermore, this full
depth length was sized to create a significant work platfornthirscreed rail and the
construction workers to hand finish the external areas of the bdeige The precast
panel is designed to be continuous over the exterior girder and extethesfirst interior
girder to provide a stable support for the panel.
Incorporated into the precast overhang panels are threaded fosenistallation of the
columns for the contractors hand rail/fall protection system. This allows dédigbion to
be installed concurrently with the overhang units. While almaosgt system can be
accommodated, the inserts for the Rock Creek bridge were casthmttop slab
approximately 3” in from the outside edge (inside the concrdtectrail footprint). This

17



location negates the need for any patching after the temyduaiad rail is removed as the
rail concrete covers the inserts.

Grade bolts were used in the precast overhang panel to obtain itieel dieing surface,
like they are used in full depth bridge deck construction techniques. Howee@recast
overhang system only requires three grade bolts at the eXiayipas this is the only full
depth portion of the bridge deck. By using a set of non-continuous precats,pan
allows the system to avoid the past challenges that other full degtast members have
seen where construction tolerances from differential beam deflekive caused the
need for grinding or an overlay as shown in Figure 2.

One other benefit that may not be obvious is the simplification dfridge deck
construction. When the full depth portion of the precast panel is placéoeocexterior
beam, it is placing almost the entire dead load on the outside bettee the placement
of the remaining cast-in-place concrete. The placement ofigisid load on the external
girder insures that the height of the bridge deck establishdielyrade bolts for the full
depth section will be very close to the final height of the lerideck. The reason for this
is that no additional dead load deflection will occur. This alldivs construction
engineer to directly establish the roadway profile to maleh desired elevation and
ensure that all concrete cover requirements are met. Curremtlse tire numerous
challenges to provide the correct ride and reinforcement covberpartial depth panel
systems as one must accurately determine the deflectiamedfridge deck from the
placement of the fresh concrete. This is often challenging duehé complex
construction geometry and differential beam deflection, espedntlye cast of precast
concrete girders. Again, because of the preloading of the eltsgaen this is not a
problem with this system and the desired bridge deck heightecairdrtly established
with the grade bolts.
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2.2- TESTING METHODS

2.2.1- Specimens

The specimen layout can be seen in Figure 15. Each of the tiediedvas 8.25”
thick and 8’ x 18 or 8 x 22’ planar dimensions. The slabs were supportetthree
girders spaced at 6’ center to center with 3’, 5’, or 5-8” overhanghe testing setup
was restrained at the center beam by using post-tensionednualsad was applied in
the cantilever as shown in Figure 15. The supporting girders wevigld’'and 1'-2” high
and made of reinforced concrete. The 1’ width was chosen to minmzak lsut still

reasonable flange width for a prestressed or steel support beam.
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Figure 15: Test specimen: Typical Overall layout
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The novel precast overhang system has prestressing strands thanserse
direction and mild steel in the longitudinal direction in the bottorerlagnd mild
reinforcing steel in both directions in the top layer. This layoa$ whosen so that the
existing forms for partial depth precast panels could be used torwangte bottom
portion of the precast overhang panel. The opposing cantilever wies it cast-in-
place (CIP) concrete and had mild steel in both the top and botyens.|&einforcement
details can be found in Figures 16 and 17.

A 4’ partial depth precast panel was used for the interior sparrdbaived a
4.25” topping of concrete with mild reinforcement in both directions. Fpiscimen
construction style allowed investigation of the performance dh sae independently
with a minimal behavioral interference; and hence gave the chancempare the
strength and stiffness of both structural systems by usirgingle specimen. By
restricting the bridge decks to these sizes it forceoatl transfer to be made in the 8’
width of the specimen. In addition this specimen construction dtgl@safor the CIP
concrete used for both specimens to be as similar as posstiweehethe tested
specimens as they were from the same concrete mixture ardplaeed at the same
time.

The author recognizes this test protocol does not mimic the garfarmance of
a bridge deck; as the support beams on the ground are continuously edipport
Furthermore, the center beam is restrained at the centelte iMhisupports are different
than actual practice, both systems are evaluated with equivalppbrs conditions;
therefore the results from the testing are comparable. \Wghstpport condition the
specimen response are conservative when compared to bridge déek$ietd. This is
because this test setup did not allow the beam supporting the \eantdedeflect and
would therefore not allow load to be shed to other parts of the bridge 6° beam
spacing used in the testing was chosen because it is a reasbeablespacing for
prestressed bridge construction and it allowed the specimendstbd tith the facilities
available. The results from this testing would not be expectedyonrth the spacing of
the interior beams but would vary with changes in the cantileagtieas investigated in

the testing.
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Precast elements were created by Austin Prestressed tiri, Alexas. The cast-
in-place concrete for the specimens were from a localyreaxi company and the grout
used to fill the haunch of the system was Sika'212The grout was mixed by the
research team.

Typical reinforcing details used in this study are giverFigures 16 and 17.
Reinforcing bars consisting of #5 bars at 6” spacing transveesely#4 bars at 9”
longitudinally were used in the top mat of steel. A lap splies wsed at the interface
between the precast panel and the CIP concrete topping. Tia¢ gepth precast panel
reinforcing was 3/8-in diameter, stress-relieved, Grade 270rgsestg strands at 6-in
centers in the transverse direction and 0.32tiof welded rebar mats in the longitudinal
direction. The specified prestressing force during casting waskil® Jer strand. This
prestressing force was 54% of the general ultimateléessength for the strand. This
value matches the requirements by the Texas Department ofpdrei®n in precast
panel construction. The bottom layer of steel in the cast-irepd&erhang consisted of
#4 bars at 1’-6” centers for the majority of the specimens. One specirsaromstructed
with these bars at 6” centers. One would not expect that this clamgd have an
impact on the results since this bar was in compression. Duménganstruction of the
precast overhang panels by Austin Prestressed the reinfdyaiagn the top of the slab
were inadvertently switched for the 3’ overhang corner tes#ttpr the error was
discovered it was decided to use this same reinforcing detailghout the top layer of
reinforcing in specimens 1 and 2. This change in height of apprtetim@.5” is
estimated based on flexural failure to reduce the ultima¢agih of the specimen by
approximately 10% and would be expected to reduce the crackingamesisof the
specimen. This change is shown in Figure 18.
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Intended Detail

Detail Investigated

Figure 18: The intended detail and the detail actual used in the 3’ overhang specimens.

2.2.2- Test Set-up

The two cantilevers of each test specimen were tested lyr éttading at the
specimen center or at the corner by applying concentrated Wotidsydraulic rams as
shown in Figure 19. On the final specimen after both cantilevers t@sted, a cut was
made just to the inside of the external beam, as showigure 19.dto create another
cantilever to be tested. This cantilever was cut so thatialspan length of 5’-8”. This
specimen was then tested. For each test a 10” x 20" steelyalatesed to represent an
AASHTO HL 93 tire patch. The edge of the tire patch was platd’-2” away from the
face of the cantilever.
These loading conditions were chosen to simulate an HL 93 truckitigh\atlthe very
edge of the guard rail at midspan and where the bridge deck tersnguatie as at the
approach slab. For the cantilevers of 3’, 5’, and 5’-8” this leahteccentricity of 12,
18” and 32" respectively. It should be mentioned that when loading therdamad side
midspan loading of the 3’ overhang that the load area HL93 AASHEOpé&tch was
inadvertently rotated 90 The correct loading orientation was used for the remainder of
the specimens. This modification should be conservative as the midptietioad is in
the same point but the clear distance between the edge of theapththe edge of the

beam was increased by 5”.
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Figure 19: Investigated load positions for the test specimens: (a) 3'Center Loading, (b)
3’'Corner Loading, (c) 5’Center Loading, (d1) 5'Corner Loading, (d2) 5’-8" Gente
Loading

2.2.3- Materials

The average compressive strength, modulus of elasticity and ngplignsile
strength of the four specimens for concrete and grout mixtureshasen in Table 1.
These tests were conducted according to ASTM C873/C873M-04el, ASTM @4&89/C
02el, and ASTM C496/C496M-04el respectively. The aveaggeof the cast-in-place
concrete at the time of testing was 7 days. The propertiesncfete were measured on
4” x 8” concrete cylinders.

The grout to fill the haunch is SikaGrout 2¥2high performance grout. This
material is used to fill the haunch on the precast overhang poftitre dridge. This
requires the grout to be sufficiently fluid to flow through the ltdwwhile maintaining
dimensional stability and later attain sufficient strength. @lstg both of these criteria
can have conflicting effects. To evaluate these characteriséidtvability, segregation,
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bleeding, early age dimensional stability, fresh density, andgstremere evaluated.
Details of the grout investigation can be found in Trejo é&%alAfter the grout had
obtained initial set then a concrete mixture was used tthéllremaining space in the
pocket.

The mechanical properties of the reinforcement bar measured f@muwar
diameters met TxDOT 440 and ASTM A 615/A615M-08a grade 60 requirenieaiike
2 provides the average stress and strain magnitudes for the refjdesdested. The
minimum yield strength found to be 62 ksi, while the ultimate sthemgts 85 ksi. All

bars had a well defined yield plateau.

Table 1: Summary of the average material properties of the mixtures used in Test
Specimens.

Precast | Precast Pocket Depth
Specimern Test CIP Panel Panel Grout |Concrete| Panel
(Stage I) | (Stage 1)
3 Compression
Overhang psi 6980 9100 7100 8140 4090 8480
Center
Loading | Tension, psi 660 729 620 544 524 693
3 Compression
Overhang psi 5370 9150 6860 6290 4880 8480
Corner
Loading | Tension, psi 514 774 550 600 458 693
5’ Compression
Overhang psi 5730 9680 8740 6800 5370 8480
Center
Loading | Tension, psi 514 713 792 507 693
5' Compression
Overhang psi 3370 9310 9480 --- 4560 9910
Corner,
and 5’-8”
Center | Tension, psi 220 600 600 --- 530 770
Loadings
Table 2: Stress values for steel reinforcement
Specimen Yield Stress, ksi Yield Strain Ultimate 3ess, ksi
#5 Samples 70 0.00244 100
Precast wire mesf? 63 0.00215 69
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2.2.4- Measurements

During loading continuous measurements of the applied loads werreledcat
the hydraulic jack. Deflections of the slab with electronicdmevariable displacement
transducers (LVDTSs) with (0.0005 in) accuracy and surface strathngs were taken at
selected load stages by using a rectangular grid oflesai steel targets spaced at about
8” that was measured by a portable DEMEC gauge with 4.4 microstcauracy. The
DEMEC gauge has machined ends that match the machined holes tainless steel
discs. These systems provided flexible and accurate methods toigatesthe

performance of the overhang systems.

2.2.5- Determination of Principal Strains

The maximum average principal strai () was found for each set of DEMECSs.

This was found by averaging the perpendicular strains atdbs sef each grid squares in

both the x and y direction. This is shown in Figure 2@ asnd ¢ ; where:
X y

g =22 gnde =22 . (D
2

therefore,

£ =P HE? i (2)
max x y

and the orientation of this maximum principal siri,
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DEMEC grid

X

Figure 20: Determination of the principal strains
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2.3- RESULTS

The load, deflection, crack location, and surfatairs of each specimen were
measured at each loading step. A summary of thesunements taken during testing as
well as the surface strains is shown in Figureldugh Figure 29. These graphs were
displayed beginning with the cracking stage. Atbe,top surface deflection, progression
graphs, and the gauges locations have been accwdparthe former graphs.
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Figure 21: 3-ft. Overhang/ Conventional Side/ Center Loadiay.Top surface cracks
progression plots accompanied with maximum priddipa surface strains, b) Deflection

progress at different loading stages, c) Deflectjanges’ locations
Note: Failure Load has not been reached
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Figure 22: 3-ft. Overhang/ Precast Side/ Center Loading: g Surface cracks
progression plots accompanied with maximum priddipa surface strains, b) Deflection

progress at different loading stages, c) Deflectjanges’ locations
Note: Failure Load has not been reached
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Figure 23: 5-ft. Overhang/ Conventional Side/ Center Loadmgrop surface cracks
progression plots accompanied with maximum priddipa surface strains, b) Deflection
progress at different loading stages, c) Deflectjanges’ locations
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Figure 24:5-ft. Overhang/ Precast Side/ Center Loading: g Surface cracks
progression plots accompanied with maximum priddipa surface strains, b) Deflection
progress at different loading stages, c) Deflectjanges’ locations
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Figure 25: 5ft.-8in. Overhang/ Precast Side/ Center Loading:agp surface cracks

progression plots accompanied with maximum priddipa surface strains, b) Deflection
progress at different loading stages, c) Deflectjanges’ locations
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Figure 26: 3-ft. Overhang/ Conventional Side/ Corner LoadmgTop surface cracks
progression plots accompanied with maximum priddipa surface strains, b) Deflection
progress at different loading stages, c) Deflectjanges’ locations
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Figure 27: 3-ft. Overhang/ Precast Side/ Corner Loading: g) Jurface cracks
progression plots accompanied with maximum priddipa surface strains, b) Deflection
progress at different loading stages, c) Deflectjanges’ locations

34



Max € max =3065.2 microns at 24.0 kips Crack Pattern at Failure “27.50 kips”

Demacs Gric

Load path and
Domair } o

strain
magnitude; is

there a relation
30 \ \
N N
n
-_% Gauge 1
=
3 Gauge 2 e —— .. _i L=
S Gauge 3 | Demacs Gric |
> Gauge 4 - Tttt Domair mTTTTTTTT
Q Gauge 5 I
% Gauge 6 | |
<_': Gauge 7 g |. .........
[ Gauge 8 !IDl 30 S0 7o | 9%
l2 1 Gauge 9 I | " 20
— — — —Cracking Load H 20 40 6o | 80
: I 18"
0 0.01 0.02 0.03 0.04 0.05 ————————————— 1
Deflection (in) | v | 4 |

(b) (c)
Figure 28: 5-ft. Overhang/ Conventional Side/ Corner LoadmgTop surface cracks

progression plots accompanied with maximum priddipa surface strains, b) Deflection
progress at different loading stages, c) Deflectjanges’ locations
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Figure 29: 5-ft. Overhang/ Precast Side/ Corner Loading: g) Jurface cracks
progression plots accompanied with maximum priddipa surface strains, b) Deflection
progress at different loading stages, c) Deflectjanges’ locations
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Comparisons of each overhang type, conventiordlpaecast, for both overhang
lengths, 3 ft. and 5 ft, have also been made vadtipy the deflection progress at
locations having maximum magnitudes. The same piieapfor the top surface strains.
Cracking loads have also been included as a refer&ee Figures 30 and 31.
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Figure 30: Center Loading: Comparison of a) Maximum Top StefBeflections
Progression, and b) Top Surface Strains for DEME@simally influenced
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Figure 31: Corner Loading: Comparison of a) Maximum Top Scef®eflections
Progression, and b) Top Surface Strains for DEME@simally influenced

Considering the AASHTO’s 16 kips design load asfarence, Table 3, Table 4,
and Table 5 highlight the performance of all tggcsmens. Also, Figure 32 provides

some sample photos for two of the test specimeas failure.

38



Table 3: AASHTO LRFD 2007 limit states for tested specimens.

Check Limit state AASHTO LRFD 2007 Section
. Deflection should be
Service limit state > /1200 952
Fatigue and Fracture Limit state N.A 9.5.3
_ First crack loading should be
Strength limit state > 16 kips (service load) 954
Table 4: Performance of Test Specimens (Loads and strains).
Performance
At Cracking At Failure
. Construction ) Max. Max. ) Max. Max.
specimen | T | g | amots | wex | "Suace | |y | 018 | wan | “Suare | Remarks
; ) efin. Strain . h Defin. Strain
((kips) Design (in) (x 109) (kips) Design (in) (x 109)
Load (inin) Load (inin)
Conventional | 56.3 35 0.093| 1052.3 104 6.5 0.185 3540.3
3’ Overhang Failure loads have
Center Loading not been reached
Precast 48.0 3.0 0.011 564.8 72.0 45 0.118 1014.9
Conventional | 24.0 15 0.068| 2206.4 720 45 1.3p0 12,682
5’ Overhang
Center Loading
Precast 32.0 2.0 0.001| 1430.5 87 5.4 0.662 6175.3
5-8" Overhang Precast 314 | 20 | 0235 20668 690 43| 1506 17,1p1
Center Loading
Conventional | 48.0 3.0 0.078| 3046.2l 56.2 35 0.794  3338.6
3’ Overhang
Corner Loading
Precast 40.0 2.5 0.038 929.0 79.p 5.0 0.143 14,804
Conventional 24.0 1.5 0.050 3065.2 276 1.7 0.0p0
5’ Overhang
Corner Loading
Precast 24.0 1.5 0.021 2360.0 480 3.0 0.641 15,6p3
Table 5: Performance of Test Specimens (Deflections).
_ Construction Max. dgflecuon Max. defle_ctlon at Deflection I|m|t
Specimen T at service load max. applied load state at service Remarks
ype - . '
(in) (in) load (in)
3’ Overhang Conventional 0.0925 0.1350 0.03
Center Loading Precast 0.0110 0.118 0.03
5’ Overhang Conventional 0.0675 1.2995 0.05
Center Loading Precast 0.0390 0.6565 0.05
5-8 Overhang Precast 0.2345 1.596 0.05
Center Loading
3’ Overhang Conventional 0.078 0.7940 0.03
Corner Loading Precast 0.0375 0.1425 0.03
5’ Overhang Conventional 0.0495 0.0495 0.05
Corner Loading Precast 0.0210 0.6300 0.05
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2.4- DISCUSSION

All specimens that were loaded to failure developddilure surface around the
concentrated loads and failed in punching sheagmxtbe 5’-8” precast overhang and the
5’ conventional overhang with center loading whiaelled in flexure. The specimens
that failed in punching shear failed in a brittlamner; however, all of the bridge decks
failed at loads much higher than the design loddshould be noted that the failure loads
were not reached in the 3’ specimens with centdifey because of the limitations of the
rams. However the 3’ specimens provided a sigmificafety factor when compared to
the design loads, a minimum of 2.5 for corner logdat cracking. In each of the
specimens flexural cracks developed for all testthe top surface at the external support
beam, refer to Figure 21.a through Figure 29.ac{s along the longitudinal direction).
Such cracks increased their widths during the testching at failure values between
0.013” and 0.215". The following observations canbade:

e When comparing the performance of each specimetngol6 kip AASHTO
design load satisfactory performances were obtaidedinimum factor of safety
of 4.3 was obtained for center loading, and a mimmof 1.7 against failure for
the corner loading.

e As shown in Table 4, the precast overhang systesnahaonsistently higher
ultimate strength than the conventional overharegispens but similar cracking
loads.

e Generally, losses of stiffness for the 5’ overhaagsfaster than those of the ones
that are 3'. This can be seen by looking at thgimam deflections in

e Figure 30.a and Figure 31.a. This is expectechaddnger cantilevers have a
lower amount of stiffness. For the corner loadeéecsnens this means that the
increase in the cantilever length is more significthan the increase in load
transfer area. The cracking of the two systenteeasurface of the exterior beam
was quite different. This performance can be sedfigure 21 to Figure 29. In
the conventional overhang system cracks were obdeaat the interface between
the beam and deck, while the precast overhangmystewed cracking at several

locations over the top of the beam. This differenoebehavior is likely
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attributable to the presence of a continuous peséd panel in for the precast
overhang system.

For a given load, the cracking of the precast caeghsystem was much more
distributed than the conventional overhang systensl@own in Figure 21 to
Figure 29. This dispersion of cracks should leadracks that are smaller in size.
Surface strain measurements shown in

Figure30.b and Figure 31.b also reinforce this same observas the maximum
surface strains are lower for the precast systerhenwcompared to the
conventional overhangs. This made it possibleettuce surface strain by an
average of 23% prior to failure stages. As a resh# expected average crack
widths should also be 23% smaller therefore progjdin increased durability of
bridge decks for the same loading conditions.

It was observed in the testing that the locatiorthef maximum principal strains
were not necessarily within the expected load gaim the load point to the
support beam. This can seen by observing the lowldeof surface strains
between the load point and the support beam inr€iga.a, Figure 23.a, Figure
25.a, Figure 26.a, Figure 27.a, Figure 28.a, agdrEi29.a. This is due to the fact
that surface strains are more related to, and ttiredfected by deformations
rather than loads that were present in these iostarAs might be observed, the
only exceptions are the centrally loaded precagssfor the 3’ and 5’ overhangs.
Presence of prestressing with the available loadnsstry led to these two
exceptions.

In Figures 30 and 31, it can be observed that th& specimens showed the
greatest increase in surface strain and deflectiagnitudes when compared to
their precast companions. This suggests that theapt system is stiffer and
should exhibit less cracking for the same amourgxéérior load. The deflection
for both systems under the load cases tested wach fower than the AASHTO

limit for serviceability, see Table 5.
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This research investigated only static loading. éflasn the significant reserve

capacity of the specimens it would be expectedtlier system to show satisfactory

fatigue performance based on service load levElss is further supported by AASHTO

LRFD 2007 section 9.5.3 which states it is not seagy to investigate the failure of

concrete bridge decks under fatigue loading.

2.5- CONCLUSIONS

The research performed in this study evaluatedpdréormance of the precast,

prestressed full-depth bridge overhang system. €l bkerhang lengths were tested; 3,

5’, and 5’-8” under center and corner loading. Tihdings are:

All specimens provided significant safety factoreem comparing the service
loading specified to AASHTO to the cracking andméte loads. A minimum
factor of safety of 1.5 for cracking, and 3.0 diraate were both obtained for the
5’ overhang loaded at corner.

A punching shear failure was observed in all speasntested except for the 5’
cast-in-place overhang and 5’-8” precast overhatify wenter loading which
showed a flexural failure mode.

The precast overhang specimens showed the abilitgllow a much greater
dispersion of cracks when compared to the castaoepoverhangs. This was
reflected in the reduction in surface strains byaaerage of 23% between the two
systems when compared at the same loading corglitidhis reduction in surface

strain must lead to a similar reduction in cradesi

In conclusion the study recommends implementatiothe 5’ precast overhang

system as it showed satisfactory performance frbendenter and corner loading

under service and ultimate load states.
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CHAPTER Il

Ill. USE OF WELDED REBAR MATS FOR BRIDGE
DECK CONSTRUCTION

3.1- INTRODUCTION

Past research indicates that concrete bridge deaksise flexural design methods
show significant safety factors against failureisTWwas first noticed in testing by the
Ontario Ministry of Transportatidft. This research pointed out that bridge decks of
typical dimensions did not fail due to flexure, Imdgtead showed a significant amount of
load caring capacity after flexural yielding of thmeinforcing steel and then failed
suddenly due to punching shear. Similar loadrigshias been completed with bridge
decks that use stay in place partial depth bridgeels, and capacities similar to bridge
decks with mild reinforcing steel were obseV&t**** The arching action capacity is
used in the AASHTO LRFD Design Manual (2067)with the bridge deck direct design
method, which has lead to a significant reductiorthe amount of reinforcing steel in
bridge decks.

Past research has shown that bridge decks are@bi®vide significant safety
factors against failure; however, they continuestbow serviceability problems in the
field. These problems result from cracks in a beidgck that expose the reinforcing steel
and concrete to outside chemicals, which ultimat&yse durability problems. These
cracks are typically largest in the negative monmmegion over the beams as this area has
the greatest tension on the bridge deck surface fypical loading. Because of this, it

seems that the primary role of bridge deck reinfgycsteel is to minimize the
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surface cracks and keep the cracks that do forsmadl as possible in order to promote a
long service life.
Typically, the reinforcement for a bridge deck sgts of tied reinforcing bars.
While bridge decks with these bars have been uaesfactorily for years, the research
team feels that the performance of these bridg&sdecould be improved if pre welded
rebar mats were substituted for these bars. Sdimese advantages include:
e Rebar mats can be pre-constructed by a machingehandshipped to the jobsite
thus minimizing labor and increasing constructipaesi
e Mats with a similar density to current reinforcingstgns can be used in the areas
of high tension and lighter mats can be used intéim@perature and shrinkage
areas; this will allow for a reduction in the ambohrequired steel
e Since the mats are constructed with a machineglgiagpaced reinforcing bars
with smaller diameters could be used that wouldb®tconomical to place by
hand
e Close bar spacing provides superior crack contvel eebar of the same weight
per foot that uses bars with a larger diametersmading
e This ability to improve crack control provides opjmities for a greater tolerance
on the clear covers of bridge decks, which wilutes improved constructability
of the bridge deck

One primary challenge in constructing a bridge discko insure that a minimum
amount of clear cover is uniformly provided ovee tieinforcing steel. It is common for
construction crews to make significant adjustmeatthe reinforcing steel height during
construction to insure that this specified amouhtclear cover is provided at all
locations. If a bridge deck was allowed to havereatpr clear cover than what was
specified then this would increase its construditgland lower the cost. One challenge
with increasing the clear cover of the reinforcistgel is that the size of the surface
cracking may increase. However, by using a rebar tmaconomically use a tighter
spacing of reinforcing bars, cracking can be cdlattio which allows for an improvement
in the constructability with an increased coveetahce or an increase in the durability

by using a similar clear cover.
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3.2- EXPERIMENTAL METHODS

It was realized early in this research that it wiobe challenging to accurately
simulate the long term performance of a bridge dedke laboratory. Because of this it
was decided that a standard test setup would be taseompare the performance of
different structural systems to load applied byrawtic jacks and examine their cracking
and ultimate strength. While measuring the respafisbhese structures to loading from
external load does not replicate how a bridge detkperform in the field, this loading
can still be a useful method to compare the perdoce of two different reinforcing
layouts as long as similar testing is completedepresentative control specimens. If a
specimen showed improved or equivalent performancéhe testing program under
external loading then it would be expected to shewwilar performance when
implemented in the field.

In this project three control bridge decks weredufor comparison purposes to
the bridges that used rebar mats. These conidgdodecks included:

e 8" partial precast bridge deck that uses a 4” mepanel and 4” of cast in place
concrete with no steel in the cast in place coecest shown in Figure 38,
specimen A.

e 8" partial precast bridge deck that uses a 4” mepanel and 4” of cast in place
concrete with #5 bars at 6” transversely and #4 bar9” longitudinally for the
top layer of steel with 2” of clear cover with a gfay in place precast panel as
shown in Figure 38, specimen B. (standard TxDOdigig

e 8" cast in place bridge deck with a top layer ofB&ts at 12” in both directions
with 2” of clear cover and a bottom layer of reidiog steel with #5 bars at 12”
in both directions with 1” of clear cover as shownFigure 38, specimen C.
(standard AASHTO Direct Design Method)

These control specimens were chosen to providenehbeark for the testing of
two different styles of bridge deck design, andeatreme case of using no reinforcing
steel in the top layer of the partial precast leidgck. These control specimens allow for
a direct comparison of the cracking, surface ssraand ultimate load with the test

methods used and bridge decks that use pre-cotetrrebar mats with different covers.
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It is the goal of this project to use the rebarsrat develop a bridge deck system that
either provides a reduction in cracking with simitaovers or equivalent cracking at

increased covers.

3.2.1- Test Setup

To investigate the performance of these systemtetiesetup shown in Figure 33
was used. Different deck thicknesses with differenhforcement arrangements were
investigated as well, see Figure 38. This loadsettes a three support beam system
with two large point loads symmetrically placed ottee center beam. A spacing of 6’
between the load points was used as this matchedrahsverse wheel spacing of an
AASHTO HL 93 truck axle. The load areas used fertisting were 10” x 20" AASHTO
tire patches. A beam spacing of 8 was used fort#dsting. This beam spacing was
chosen as it was a reasonable spacing for a typi©dl bridge deck and could be tested
with the available strong floor space. If a larheam spacing was used then the ultimate
loads in the testing may be decreased but theivelattimate strengths and surface
cracking of the different systems should still limikr. The width of the specimen was
8. This was chosen as it was the dimension ¢dadard precast panel.

When constructing the load transfer area betweenettiernal beams and the
bridge deck a construction detail was used whezepthcast panels were extended until
about the beam centerline and then a plastic shagtused between the panel and the
concrete below. This was done to minimize the mdnwnhorizontal load transfer
between the bridge deck and the outside supporhdedhis simplifies the system to
behave as if it is a two span structure that istinaous over the center support. The
layout for the rebar mats used for the testindnis tesearch is shown in

Figure 33.b, Figure 34, and Figure 35. As showhigure 34, a heavier rebar mat
was used over the beams and a lighter mat was insé@ areas between the beams.
Figure 35 shows a finger splice detail that wasdusetween the two mats. Figure 36
shows how the finger splices between four adjacesis. This detail was chosen as it
provides a full transfer of loads at the lap fag thars used. This detail also minimizes the
amount of overlap of the rebar mats, improves thestuctability, and economy of the

system.
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Figure 33:a) Loading Setup for Bridge Deck, b) Rebar mat wesv showing the splice
detail used in the testing.
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Fige 34: Rebar mat Iayo[jt in secimen that used #5 barbaissc Note the heaver
rebar mesh used over the interior beam.

The width of the rebar mat over the beam was chtsd® 25% of the adjacent
span length plus the width of the beam. This wassen based on a beam analysis of an
HL 93 design truck that was systematically movedrawe surface of the bridge deck
while inspecting the locations of the inflectioniqto The controlling load case was a
three beam bridge with a HL 93 truck centered ia span. The negative moment in the
non loaded span was small enough at 25% of the lgpath that the design moment
would be lower than the cracking moment and so teryperature and shrinkage steel
could be used.

The lighter rebar mat that was used between thmmbe&eas chosen to satisfy the
temperature and shrinkage steel requirements. $iica@rea would always be expected
to be in compression or a low amount of tensioneungpical loading conditions, then
temperature and shrinkage steel could be usedba8at 4” in both directions provided
an area of 0.24 fnper ft were used because they satisfied ACI andSKARO
specifications. This mat size was not modified wigirthis testing. By using a lighter

reinforcement mat in the areas between the beanes,can significantly reduce the
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amount of steel that is used in the top mat ofthége deck compared to conventional
bridge decks that carry the same reinforcing stesdss the entire bridge.

21/08/20095 U
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Figure 35: A splice between the two rebar mats.

The designer should keep in mind that each matldhmidesigned to weigh around 150
Ibs each and should not be wider than 8’ to ingeasy shipping. This would allow them
to be easily placed by two workers. Also, in orderinsure that the mats are not
incorrectly switched during the construction thesigeer should take the needed
precautions and specify the mats to be dissimitaass This should not be hard since the
mats over the beams will be long and slender aedlighter reinforcement mats are

closer to square.
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Figure 36: Details for a splice between four rebar rifdts

The instrumentation used to evaluate the performanifcthe specimens included the
measurement of the load, specimen deflection reatoad application, crack mapping,
and the measurement of the surface strains. Theasurements were taken initially and
then at discrete load points through the testingasdeements were typically taken in
loading increments of 8 kips per load point, oraatotal load of 16 kips until initial

cracking was observed. After that load incremetitapproximately 16 kips per point
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load, or 32 kips total, were used until failure ftek each load step measurements were
taken from the instrumentation.

The deflection of the specimen was measured bygusir linearly variable
displacement transducers (LVDTs) with (0.0005”)aecy. These measurements were
taken at the midspan and quarter points of theisgec The surface strains of the
specimens were measured by using stainless stgetdglaced on an 8” rectangular grid
and fixed to the surface with epoxy prior to loadifhe movement of these targets with
load in the longitudinal and transverse directionld be measured by using a portable
demec stain gage that used special machined pgbimtsnatch a machined cone shaped
void in the stainless steel discs. The accuracthisf system is 4.4 microstrain. This
measurement technique has been used by a numieeairchers to measure the surface
strains of concrete specimens. A typical layouthef DEMEC points is shown in Figure
37. The crack maps for each specimen are shovppendix A. This measuring system
allowed the research team to economically captigigrficant amount of data that will

help evaluate the performance of the different ispecs.
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Figure 37: A typical demec gauge layout. The locations shaxth a red box were the
highest strains for the specimens investigatece average readings from the side that
failed were used to compare the performance odlififrerent specimens.

Each specimen was constructed with a typical DOifiger deck concrete with a 3”
slump, 20% fly ash replacement, 0.42 w/cm, %" maximnominal size aggregate, and
5% air content. Although the specified 28 day caespive strength of the concrete was
4,000 psi, the compression strength when evaluatagproximately 7 days for all of the
specimens was around 5,500 psi. Based on the cbsésam’s experience with past
bridge deck mixtures this would be a typical vdioethe strength gain of these mixtures.
A summary of the measured strengths is present€&dbte 6.

All specimens were constructed by using 4” pardigpth precast panels with a cast-in-
place concrete topping except for specimen B whkwels entirely cast-in-place. All of
the specimens were 8” in depth except for speci@evhich was 9”. In specimen A no
reinforcement was used in the cast-in-place sectinrspecimens D and E the density of

the transverse reinforcement was varied. In spewnte F, and G the same density of
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reinforcement was used at different clear covelisofthe specimen construction details

are shown in Figure 38.

Table 6: A summary of the concrete specimen test results.

Specimen Test CIP Pr(esct%sgtePl?)ne |
A Compression, psi| 6490 10050
Tension, psi 540 790
B Compression, psi| 5220 10540
Tension, psi 410 760
Compression, ps | 6240 10220
= Tension, psi 380 790
Compression, psi| 5300 10130
D Tension, psi 430 510
Compression, ps | 4500 10130
E Tension, psi 510 790
Compression, psi| 4920 10380
F Tension, psi 380 790
G Compression, psi| 8850
Tension, psi 730
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Figure 38: A graphical representation of the specimens tested.

3.3- RESULTS

An overview of the specimen details and results lsarfound in Table 7. The

results given in Table 7 are for the total loadcpthon the specimen and so would need

to be divided by two to determine the point loaglegal at each location. The cracking

load corresponded to the load at which the firatkmwas visually observed. All of the

specimens failed in either punching shear, a baildré between the precast panel and

the cast in place concrete, or a combination ofwlte Some typical failures are shown in

Figure 39, Figure 40, and Figure 41.
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Table 7: A summary of the specimens tested.

Construction Typ Cracking Failure
Specimen N_egavite Moment Partial | cjear Ratio to Ratio to Lo_ad vg:
Name | Reinforcementatthe | Depth |~ PEPt Load AASHTO Load AASHTO |Strain, Initial
Support Beal Precast] Desigr Desigr slope
transvers [longitudina| Pane | (in) | (in) |(kips) (kips) (kips/(in/in))
A -- -- yes N/A| 8 27 0.9 283 8.9 82200
B #5 @ 6" | #4 @ 12" yes 2 8 49 15 279 8.7 112000
C #A @12 | #4 @ 12 no 2 8 79 2.5 212 6.6 219000
D Dll@4"| D8 @ 4" yes 2 8 36 1.1 287 9.0 103000
E D1l @ 2.67] D8 @ 4" yes 2 8 4 15 204 6.4 145000
F D11 @ 2.67] D8 @ 4" yes 275 8 4p 15 215 6.7 124000
G D11 @ 2.67] D8 @ 4" yes 3.5 9 51 1.6 314 9.8 9260b

The load reported is the sum of both load points.
The AASHTO Design Load is 32 kips per axle.

Figure 39: A punching shear failure of specimen A.
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Figure 40: A sliding failure between the precast concrete pané the cast in place
concrete topping for Specimen B (standard TxDOtddeideck). Note that this failure
occurred at 8.7 times the design load.

i - L -
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Figure 41: A combination punching shear and sliding failuré&Specimen G.
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One useful method of comparison between the spesinaas to compare the
magnitude of the maximum average surface strainherailure side. This was always
found to be at the edge of the interior beam aedbtilge deck as shown in Figure 37.
This point corresponded to the location of thedatgrack during testing, as well as the
largest moment.

The raw data from the average maximum surfacenstfaom the failure side of
the bridge deck can be seen in Figure 42. A smogttechnique was used so that an
easier comparison of the data could be made. Tasdene by fitting a line to the two
linear portions of the data. The typical procedarethis smoothing process is shown in
Figure 43. The results of the smoothing technifueall of the bridge deck specimens
can be seen in Figure 44. A summary of the slopéseanitial load versus surface strain
measurements is given in Table 7. Please notethigafinal surface strain readings
correspond to the last surface strain reading befaiture. Because the measurements
were manually taken then the measurement of safifiailure was not possible. This
limitation should not be a problem as the geneetiavior of the system has been
characterized.

One should note that the location in the bilinesindvior was not at the point of
first crack for the specimens. Since the valuegterload at cracking for the specimen
was determined visually it corresponds to the ledwen the first localized cracking
occurred. These cracks had to be much larger amd distributed before the stiffness of

the system was noticed to change.
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Figure 42: Raw data from the average maximum surface straitmedailure side of the

bridge deck.
300 7
y =177 + 7600(x)
250 ¢ R2=0.9968
L]
200
k= .
= —— Fitted Data
S
8150 . = RawData
-
3 —__ y=82210)
=1 D R2 = 0.8896
Q100
<
= -
o
50 "
| ]
0 t t t t t t |
0 2000 4000 6000 8000 10000 12000 14000

Surface Strain, x107-06 in/in

Figure 43: An example of the smoothing technique used fodtta analysis in this
dissertation.
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Figure 44: The smoothed results from the average maximumaidgaains at the failure
side of the bridge deck.
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Figure 45: The smoothed results from the average maximumigtaains at the failure
side of the bridge deck showing only the first 3@@i@rostrain for each specimen.

60



3.4- DISCUSSION

As can be seen in Table 7, every specimen testedesha significant safety
factor. The smallest ratio of the design load versiue actual load was 6.4 when
compared to the HL 93, 16 kip point load or 32 &xbe load.

From the results one can see that all of the bridgeks tested provided
satisfactory ultimate strength including the speminthat used no top reinforcing.
Therefore, it appears that the steel provided énttip mat of a bridge deck is primarily
used for resisting cracking.

Only two specimens showed a lower average maximunface strain then the
TxDOT bridge deck. Both specimens consisted ofbamrenat with D11 bars at 4” and
D8 bars at 2.67” with 2” and 2.75” of clear covérhile the same rebar mat at 3.5” of
clear cover showed a performance less than the Tx&@ndard bridge deck this data is
still useful as it can be used as a point of irdgkion. From interpolation between the
2.75" and 3.5” specimen a clear cover of 3” withstimat would prove to show a
cracking performance equal to a TxDOT standardglerideck with 2” of clear cover.
Therefore, if one wanted to use the rebar matsnainereased depth to optimize the
construction tolerances then a mat with D11 ba&s@&t” transversely and D8 bars at 4”
longitudinally could be placed at 3" of clear coxrd an equivalent maximum surface
strain or cracking performance should be expecetdvden the bridge decks. If one used
a bridge deck clear cover of 2” then by comparimg $lopes of the average maximum
surface strains the load at the failure side wanéléxpected to be reduced by 30%. This
reduction in maximum surface strain should alsoetate to a reduction in crack sizes
for the bridge deck by approximately 30%. Whilesidifficult to quantify, this reduction
in crack size should correspond to the extensiseodice life of the bridge deck. If one
used this rebar mat at either depth of clear cahen for a 4 beam bridge with 8 beam
spacing the steel used would be reduced by 30%usByg rebar mats one would expect
to significantly increase the speed of construcéiod reduce the amount of labor needed
to construct a bridge deck. For bridge decks witlgér beam spacing or with more
beams, these improvements in economy and constnuspeed would be expected to

increase.
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It should be noted that while specimen C showefficeent strength and
outstanding surface strain performance up untiffitisé cracking, the surface strain after
first cracks were observed was not satisfactory. tkidf specimens that contained
reinforcing steel this specimen used the lowestuarhand also performed the worst after
first cracking. It is unfortunate that there was anough funding in this project in order
to investigate this behavior in more detail as gpgcimen had a much different load
versus surface strain performance than the otheimens investigated. This behavior
should be investigated with further research buikely due to the presence of higher

strength concrete in Specimen C and not usinggbaldpth precast panels.

3.5- CONCLUSIONS

In this work welded rebar mats were used to repi@ckreinforcing bars with partial
depth panels to improve the economy, constructgbdnd construction speed of bridge
decks. Bridge decks have been constructed andltdsiehave used tied reinforcing and
welded rebar mats. The testing results suggest tha

e The specimen with no top reinforcing steel, Speainde showed ultimate
strengths similar to the other specimens but higvels of surface strain.
Therefore, it appears that the top mat of reinfay@teel is primarily responsible
for keeping the surface cracks of a bridge decKldmeéore failure.

e A rebar mat with D11 bars at 2.67” and D8 bars "atv#h 2" of clear cover
provides a reduction in the average maximum surfstcain by 30% when
compared to the performance of a TxDOT standardgerideck from first
loading up until an axle load of 150 kips.

e A rebar mat with D11 bars at 2.67” and D8 bars "atv#h 3" of clear cover
should provide the same average maximum surfaaenstis a typical TXxDOT

standard bridge deck.

The improved ability of the wire rebar mat to h#te concrete bridge deck to resist
the initial cracking could allow an owner a constron tolerance for the placement of the
top mat of reinforcing. This would allow the caatdtor to place the rebar mats with a

clear cover near 3” and any geometry changes imts of up to 1” upwards could be
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ignored. The tolerance on the grading of bridgekdseel would allow for significant
improvements in constructability of bridge decksgaading of bridge decks would be

greatly improved.
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CHAPTER IV

V. FINITE ELEMENT MODELING

4.1- INTRODUCTION

From the beginning of this research, it was conmedlamportant to develop
analytical procedures that can quanitify the resparf the tested bridge deck specimens.
This attempt will significantly reduce the time aagpense needed to build and test a
full-sized bridge deck.

Depending on the structural characteristics, genmebnfiguration and support
conditions, several analysis methods were availafilee primary methods are;
orthotropic plate theory, folded plate method,ténelement method (FEM), finite strip
method, grillage method and space frame métfhioef®

4.1.1 Methods

Finite element method was considered from the Im@ginfor the analysis of
these composite deck slabs because of its powewvearsatility. Because the bridge's
deflections are small, geometrical nonlinearitynig expected to be significafit’. The
main concern in such a problem is the materialineality where the cracking and post-
cracking behavior of the bridge decks is the apgra® cover the complete life-span
behavior. Nonlinear approximations in FEM are mafécdlt to formulate, and solving
the resulting equations may cost 10 to 100 timesnash as a linear approximation
having the same number of degrees of freedom (f9.fMaterial nonlinearity was
indirectly considered using the Sequential Linegspmaclf®, also known as the

Newton-Raphson method, or Newton Method, which is powerful
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technique for solving equations numerically. A gireal example of this testing is
shown in Figure 46. Each specimen is subjected goven load. In each element, the
maximum principal stress is compared to thaximum allowable tensile stress of

concrete. Elements having maximum principaéssies greater than concrete tensile

N
r g

Al A2 A3 A4 A

Figure 46: Schematic representation of sequential linear ambro

strength are considered cracked. The cracking koadi orientation of each cracked
element is calculated, and its element stiffnesdrimas reformed following the
procedure for the smeared cracking model.

For crack representation, two methods are geneuaky; discrete crack models
and smeared crack models. Due to the complexityteme-consuming manner of the
discrete crack method it was not used. A disacedek method is more useful for cases
where dominant cracks control the behavior suchnathe modeling of aggregate
interlock and dowel failur&?

The smeared crack approach is the best choice Wigenverall load deflection
behavior of the structure is desiféd The cracked concrete is assumed to remain
continuous and the cracks are "smeared" as shoviigure 47. An entire element is
assumed to crack when the principal stress anywheteat element exceeds the tensile
capacity of concrete. Cracks are assumed to fompepeéicular to the direction of the
principal tensile stress as shown in Figure 47eAfiracking, the stiffness of the entire

element is set to zero in the direction perpendictd the principal tensile plane. With
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the just stated condition, this cracking model $@®etimes caused numerical difficulties

in cases of low load€". A reduction shear factop; has then been introduced by others
to address this issii®>*22® This reduction factor represents the remainireasktifiness

in the cracked plane due to aggregate interlock gowlel action. There are no clear
suggestions for a suitablp factor. Some researchers suggested a magnitude of
0.50°7:343%38) \while other§” advised a range from 0.20 to 0.50, recommendiagéme

time the 0.20 value. This last recommendatior dactor came after a series analyses
were attempted in the mentioned study with variaisies for the reduction shear factor
within this range, but convergence problems weentered at low loads with less

than 0.20. The appropriate shear transfer coeficias investigated for the models in

this study to find the most appropriate value.

Assumed v
direction of
cracking

Direction of

\ X principal tensile
stress

Finite element
mest
X
) ”

Figure 47: Schematic representation of smeared crack model

Crack eleme

4.2- PROPOSED COMPUTER PROGRAM
A computer program was developed called “SAMO_01" tme MatLab

programming language. This program was able tonaatically generate the bridge deck
mesh, apply the support restraints and use mateoialinearity through the Smeared
Crack Model. Mild and prestressed reinforcement wss @cluded in modelling. The
program had the following four modules:

1. Mesh generation
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2. Input check
3. Finite element analysis

4. Output plot

The eight-node hexahedron element, Figure 48a, usad to model the bridge deck
geometry (concrete), while the line element, Figd8b, was used to model all types of
reinforcement. Small element sizes were used iardalovercome the issues where there
could be no continuity between cracks in neightipetements or same eleméht*“%
This is shown graphically in Figure 49. Also, bezawf the requirement that the
reinforcing had to be placed at the intersectiothefnodes, this leads to the use of a fine
mesh.

Because of concerns over execution time,a hexahedi@ment was used to
model the concrete. Preliminary analysis showed tti@ eight node element provided
satisfactory performance in regards to deflecti®iggin measurements, cracking, and
failure loads. Additionally, when an actual cragkgooups of cracks occur in concrete,
the width of the crack band is many times largantthe maximum aggregate §f2e As
a result, the concrete element size should bedvilorée times greater than the maximum
aggregate size to correctly and realistically matiel actual cracks using the smeared
cracking approaétt***® In this study, the maximum nominal aggregate sz in 3/4
in., and the minimum FE element size for the folde bridge decks was 1.30 in. x 1.30
in. x 1.30 in.

AN

.ZP{, ‘

A

(a (b)
Figure 48: Elements used in SAMO_01 program: a) Eight-node Inectigon, b) Line
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Smeared Crack Approach

Figure 49: Discontinuity of cracks between elements

4.2.1- Mesh generation

This module is responsible of feeding the analyseslule with all the required
geometrical data related to both types of elemestd, and their nodes as well. It
develops the number of nodes and the nhumber ofeglienthat the deck media has been
divided into. Also, it generates the nodal coortBsa the elements coding, and the
numbers of connection nodes of the element witlother elements.
This module is versatile, time saving, and makes dbveloped software much more
useful. The module can minimize the storage spaqgeired for the stiffness matrix
through considering different node schemes, andéatiowing for the use of a much

finer mesh, and more loading steps without sigaiftancrease in computation time.

4.2.2- Input check

This module "qualitatively” informs the user abdlé model that is going to be
analyzed. Graphical displays are used to make e&syrate, and quick checks of the
input accuracy. The input data summarizes the deeklia geometry and the mesh
generation data.

4.2.3- Finite element analysis
This module begins by considering the media boyndanditions to the elements
nodes, which are coded as zeroes and ones, wheeadb degree of freedom with zero

denoting a free degree of freedom, while one degdifixed degree of freedom.
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Next, the program computes and assembles the dpphbelal forces in the
structural loading vector, which unionize the sedfight of elements and the effect of the
applied loads. Afterwards, the program computes eslement stiffness matrix and
assembles them into the overall structural stiSn@strix, named “kdd”. In this matrix
and after applying boundary conditions, each eléraddress meets a free d.o.f..

This program utilizes a column oriented form of &aelimination technique called the
active column solver; which exploits the differihgights above the diagonal exhibited
by various columns. A summary of this techniquesh®wn in Figure 50. This direct
eqguation solver method was chosen because it @®wdlutions within a fixed number
of steps. The number of steps can be calculatet knowledge of the size of the
problem and the specific procedure elected. Sintplio program and the constant array
size required gives an advantage over the iteratigthods; since the iterative methods
are usually not competitive with direct methodseptdn specific cas&€. The produced
system of simultaneous linear algebraic equatiores @nsequently solved, nodal
unknowns are obtained; which are the three dispiaoé components. From the obtained

nodal displacement components, the normal and isulg;esurains(gx,ey,sz.J/XyJ/Xz,?/yZ)
and consequently stressﬁasx,ay,az,rxy,rxz,ryz), also the principal stress€, ., c,,)

and their orientation to be computed.

/ Active column storage
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Figure 50: Example of active column storage for the globalatiral stiffness matrix
after applying boundary conditions
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4.2.4- Output plot
The goal of this module is to effectively displdyetresulting data. For every
loading step, the program plots outputs related to;

1) Concrete crack progression.

2) Bridge deck deformed shape with the maximum deflecand corresponding node
number and position displayed. This informatioplstted over the original unloaded
bridge deck position.

3) Maximum principal stresses on the exterior surfaceompanied with their

orientation.

Figure 51 provides a glimpse of the program outpubne of the tests; 3ft overhang

cip (corner loading).
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Supporting beams
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Figure 51: Sample of SAMO_01 program output: a) generated nigstrack
progression, c¢) Deflected shape, d) Principal rsérai
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Figure 51 (cont): Sample of SAMO_01 program output: a) generated pi®sh
Crack progression, c) Deflected shape, d) Prin@pains
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4.3- PROGRAM FLOW CHART

The program operational sequence may be declarefllyldsy the computer flow

chart presented in Figure 52;

( ST/IRT >

Input of geometrical, material,
and loading data

l

CALL “MESHGN” SUBROUTINE

eGenerates the bridge deck mesh
eDraws the generated mesh for visual check

\4

eGenerating B.C. vector
eGenerating loading vector

i=1
Figure 52: Program “SAMO_01" flow chart
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O

»
L
A

4

eDetermine element (brick) constitutive matrix

eDetermine element stiffness matrix

eAssembling structure stiffness matrix (kdd) thexedats of which
correspond to the un restrained DOF's in a onertoector

oi =i+l l

No i >no_conc

A

_elenents+ 1

Yes

Assigning rebars stiffness matrices' elements tiol™K

eForming load vector
eSolving for nodal displacements using "Gauss Active Column Mg
eDetermination of strains and stresses
eChecking for cracked concrete elements

e Checking for yielded rebars

ePlotting deflected shape for the bridge deck
ePlotting failed elements of the concrete

thod

oij=ij+1 |
!
@

Figure 52 (cont): Program “SAMO_01" flow chart
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No ~
ij>n_load_steps + 1

Yes

« 2

1=1
A =V
ePlotting top surface principal strains
oj=j+1
No j>n_load_steps+ 1

Yes

END

Figure 52 (cont): Program “SAMO_01" flow chart

4.4- RESULTS

Since the finite element method is a numerical @doce utilized in solving
complex engineering problems, important considenatpertaining to the accuracy of the
results and the convergence of the numerical solighould be taken. For this reason, as

a first step, the reliability and accuracy of theveloped computer program has been

75



measured using mesh and load conversion critefiardoéhe execution of every test
model to pick a reasonable mesh and loading divssid-ailure loads of full scale
experimental tests have been used as benchmagisktdhe primary guess of ultimate
(failure) load used in modeling. The program keegding load until a failure occurs.
Failure (complete destruction) of the model is dietg when solution instability occurs.

This should correspond to where the deflectionsumecexcessive in the testing.

4.4.1- Tuning the finite element model

Because there is no clear recommengleclue in the literature, the first efforts
with the computer model was to compare the accuvhtlye experimental results to the
computer models with differerft values. Because of lengthy run time required,ethre
verification test specimens were investigated thad different failure modes. These
include the corner loaded 3ft precast overhangerdioaded 5ft cast-in-place overhang,
and the centrally loaded 5ft precast overhang. &a&blsummarizes the effect of the
mentioned factor using strain and deflection mesment data as a reference. F@ur
magnitudes were checked; 0.10, 0.20, 0.35, and U&® percent difference of the sum
of the total error between eaflcurve and the corresponding one from experimeas w
obtained to recognize thgethat is best for the modeling of bridge decks.ufnmary of
this analysis is shown in Table 8. All graphicgbresentations studying this effect are
presented in Appendix B; Figures B7, B8, B11, BR23, and B14.

Relying on these result$, magnitude of 0.20 has been adopted as the most
reliable shear factor to model these experimeriis falue was chosen as it provided the

least percentage of absolute error sum.

4.4.2- Finite element solution versus experimental tests
While usingp = 0.20, a complete comparison between FEM andxperegnent is
presented in this section and summarized in TablEn® material properties from each

test were used as inputs for each FEM analysis.
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Table 8: Effect of thep factor

% difference of the sum of absolute error
from the experimental data
B= 01c | 02 [ 03 | 0.5
3ft_pre_corner
DEMEC 35 26.00 8.30 19.8§ 25.2
12 27.09 9.12 14.39 15.3p
15 29.97 8.32 10.69 9.64
22 32.92 4.56 4.94 9.8
37 23.58 10.72 15.54 30.0p
defln. Gauge 1 3.61 14.44 33.08 42.11
2 15.23 8.12 41.08 48.7p
3 29.92 11.06 7.69 9.22
4 8.46 16.34 22.47 31.11
5 18.56 13.18 15.19 17.08
6 35.28 15.41 6.89 17.46
7 30.27 13.16 14.16 23.7p
8 26.49 10.63 11.92 12.56
9 26.76 15.07 15.33 16.3
5ft_cip_corner
DEMEC 5 8.13 6.10 34.17 47.89
1 26.14 8.13 14.47 24.67
3 10.58 3.62 27.05 37.70
6 13.37 4.61 23.09 32.12
64 24.63 6.28 5.54 4.64
66 13.48 411 16.34 29.87
80 15.86 4.06 18.37 22.16
defln. Gauge 1 7.68 11.94 33.26 41.79
2 9.42 10.60 38.38 47.71
3 12.40 12.23 36.59 71.01
4 18.97 16.94 33.88 47.43
5 22.77 24.40 74.81 82.94
6 21.42 17.47 16.35 18.04
7 9.60 14.90 39.73 48.00
8 9.73 18.58 38.93 53.09
9 13.34 18.62 38.79 41.89
5ft_pre_center
DEMEC 58 29.32 10.30 41.63 76.10
3 22.10 8.51 13.26 20.63
49 18.17 11.85 34.97 46.27
66 13.20 9.90 19.48 37.24
109 8.35 6.45 10.47 12.34
defln. Gauge 1&9 17.42 13.07 43.55 52.26
2810 34.12 29.84 31.27 33.74
387 16.23 8.46 20.18 36.48
488 27.30 25.73 26.08 28.11
5 9.64 6.90 22.04 43.18
6 53.88 30.76 26.22 25.81
TOTAL AVERAGE OF % DIFFERENCE OF THE SUM OF ABSOLUTE
ERROR FROM THE EXPERIMENTAL DATA
Strains 20.2 7.4 19.1 28.3
Deflections 19.9 15.7 28.7 37.1

77



Table 9: Absolute error % of FEM with = 0.20 compared to experimental results

% difference (error) of the sum of absolute error fom the experimental data

DEMECs Deflection gauges
3ft_cip_center 14 1848 | 7&20 12 6 51 1 2 385 486
14.29 3.71 5.33 4.52 2.07| 1.44 22.41 28117 12,96 6.88
3ft_cip_corner 13 26 20 22 35 1 2 3 4 5 6 7 8 9
3.14 10.77| 9.52 8.77| 14.29 4.11 1.78 158 18J88 .3317 20.27 | 7.33 517 12.1%
3ft_pre_center 41 29 36 37 42 1 2 385 | 4&6
10.33 7.63 14.27 6.67 9.52 26.32 63.61 18|87 54216
3ft_pre_corner 35 12 15 22 37 1 2 3 4 5 | 6 7 8 9
8.30 9.12 8.32) 4.5 10.7p 14.44 8.12| 11.06 1634 13.18 1541 13|16 10.63  715.0
5ft_cip_center 58 | 80| 65 | o7 189 | 2810 | 387 | 488 | 5 6
8.42 9.78 | 17.18| 24.53 1111  16.67 7.94  18/67 4812. 7.82
5ft_cip_corner 5 1 3 6 64 66 80 1 2 3 4 5 6 7 8 9
6.10 8.13 3.62 4.61 6.28 4.1 4.9611.94| 10.60] 12.23 16.94 2440  17.47 1490 1858 6218.
5ft_pre_center 58 3 49 66 109 1&9 2&10 3&7 48&8 ) 6
10.30 8.51 11.85 9.9 6.45 13.07 29.84 8.44 25.78 6.90 30.76
5ft 8in_center 98&106 84 101 1810 | 28&9 3&8 487 5 6
- 17.76 14.27| 22.72 1429 1018 1444 12[f9 16.481.58
5ft_pre_corner 6 4 36 59 70 1 2 3 4 5 6 7 8 9
9.57 6.72 11.12 6.91 14.51 4.1y 210 9.62 77)31 5117 22.81 12.71| 21.44 16.16
Specimen_A 98&299 77 140 295 309 1&6 285 3&4
11.36 14.21| 12.33] 21.19 7.31 1494 1045 72
Specimen_B 35&110 10 68 103 137 1&8 287 3&6 485
38.67 8.93 14.17 13.87 42.88 10.26 42.15 48(13 7731
Specimen_C 140&64 62 87 102 137 1&8 287 3&6 48&5
12.73 5.27 9.31 8.77 6.84 6.8 9.57 8.47 2946
Specimen_D 144867 12 48 87 141 1&8 287 386 485
10.26 24.82 17.88 9.31 7.55 44.63 31.87 9.f3 8123
Specimen_E 54&130 47 60 86 134 1&8 287 3&6 48&5
21.45 33.17 21.25 12.39 16.9p 20.51 11.81 8[73 287
Specimen_F 13513'2%2& 58 84 137 1&8 287 3&6 485
14.67 41.17 34.12 6.78 18.9f7 19.97 1281 18|72
Specimen_G 65&140 17 62 105 138 | 1&8 287 3&6 48&5
14.88 27.34| 2114 2239 17.81 19.37 2147  14.749.431

Total Average

8.4% (Overhangs), 17.5%(Welded rebar specimeng

21.9%verhangs), 18.9%(Welded rebar specimens)

Std. Deviation

5.5% (Overhangs), 10.4%(Welded rebar specimens.

32.9%yerhangs), 11.8%(Welded rebar specimens)
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Table 10: Cracking and failure loads predicted by the FEM carad to the measured
values

Matlab Code Experiments ]
Specimen Cracking | Cracking Failure Failure Cracking Failure A(cjtual '.:a.llure
Load, Load, % load, load, % Load, load, escription
kips Diff kips Diff kips kips
3ft_cip_center 58.77 4.39 158.66 56.30 >103.5D
3ft_cip_corner 42.56 -11.33 59.30 5.52 48.00 56.20 Punching
3ft_pre_center | 41.12 -14.33 167.03 48.00 >96.0
3ft_pre_corner | 4317 7.93 84.71 5.80 40.00 80.00 Compﬁ,fggﬁg'”re *
5ft_cip_center 20.50 -14.58 84.12 -4.41 24.00 88.00
5ft_cip_corner 20.18 -15.92 33.70 22.55 24.00 27.50
5ft_pre_center | 25.60 -20.00 89.74 3.15 32.00 87.00
5ft 8in_center 32.80 4.46 72.10 4.49 31.40 69.00
5ft_pre_corner | 19.88 -17.17 46.90 -2.29 24.00 48.00
Specimen_A 24.60 -8.89 298.11 9.60 27.00 272.00  Punching lisside)
Specimen_B 47.80 -2.45 305.71 9.57 49.00 279.00  Punching lisside)
Specimen_C 80.55 1.96 216.12 1.94 79.00 212.00  Punching (ssidd#)
Specimen_D | 39.40 944 | 32312| 1259 36.00|  287.0p Eﬁ&??éﬂ?h%c?g
P/S panel flex. failure
Specimen_E 47.76 -2.53 228.54 12.03 49.00 204.0p & Support failure
(south side)
Specimen_F | 48.10 184 | 24133|  12.25 49.00|  2150p SPITMO & PUnching
Specimen_G 54.50 6.86 303.88 -3.22 51.00 314.0p  Punchinglfreide)

ABSOLUTE % DIFFERENCE (ERROR) FROM
THE EXPERIMENTAL DATA

Overhangs 12.2 6.9
Total Welded
Average rebar 49 8.7
specimens
Overhangs 5.6 7.0
Std. Welded
Deviation rebar 3.4 4.4
specimens

These relative differences are shown for a speaifimber of DEMEC locations and
deflection gauges. These strain measurements vilrges at positions either of high
strain magnitudes or for ones through which loads expected to transfer. Table 10
presents cracking and failure load magnitudes estich by the proposed computer
program. Relative differences to experimental gatashown as well. Additionally, the
observed failure characters for some of the testpvided.
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4.4.3- Estimating the optimum§f factor

Several unconsidered factors might affect the FHetiog. Bond between rebars
and surrounding concrete, as well as microcradkiati@ inside the concrete media at the
aggregate-paste interface were not consideredeinmibdeling. Microcrack initiation is
because of the reduced strength of bond betweeregage and paste which makes
concrete more inelastic. Thus, considering thatftmmerly adopted3=0.20 does not
accommodate the just stated effects on concretkiogg the idea of finding a bett@r
perfectly models this behavior came to existence fidimer FE analyses done for all
tests was based on the seledie0.20 after the primary comparisons executed betwee
the mentioned foup magnitudes, and partly on the recommend&tibthat suggested a
minimum magnitude fof of 0.20. The goal of this section is an attempptedict a
betterp for the FE modeling relying on all former analys8mce most of the 0.2
magnitude curves were above the experiments' camvéghe 0.1¢ curves were below.
This urges to guessing that the optimfins between 0.10 and 0.20 and should be much
closer to 0.20 than 0.10; where an early solutistability was experienced. Neglecting
any other factor affecting modeling excdpta rough (linear) interpolation usirgy=
0.50, 0.35, 0.20, and 0.10 were considered in gwoming graphs. The areas between
eachp curve and the experiments' were calculated argepted in the following graphs;
namely for the corner loaded 3ft precast overh&igufe 53), corner loaded 5ft cast-in-
place overhang (Figure 54), and the centrally IdaB# precast overhang (Figure 55).
Another part of the decision of the optimyinwas based on the area evaluation of the
rest of graphs included in Appendix B; that is howch far was thef3=0.20” curve from

the experiment's.
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Figure 53: Effect of § on area enclosed between FE model and experimerdgsfor the

3ft_pre_corner test; a) strain, and b) deflection
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Figure 54: Effect of § on area enclosed between FE model and experimerdgsfor the

5ft_cip_corner test; a) strain, and b) deflection
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Figure 55: Effect of § on area enclosed between FE model and experimerdgsfor the
5ft_pre_center test; a) strain, and b) deflection

4.5- DISCUSSION

Upon recognition of Table 8 where the effect of #imar reduction factor has
been summarized, and figures B7, B8, B11l, B12, Bdiy) B14 for a graphical
representation of these numbers, it is obvious that percentage difference of the
absolute error sum enclosed between the curvdseoéxperimental data and the curves
of the FEM plots for differenp magnitudes has its minimum values for 0.20 when

considering strain measurements. Regarding defleatiata, the elected sum of the
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absolute error fluctuates betwereurves of 0.10 and 0.20. Because of a greateritrus
the strain measurements they were used to detethmbp = 0.20. As soon as the most
consistenf value that produced the nearest behavior to thererents has been picked,
remaining tests have been modeled using the prdpmsaputer program. In brief detail
of each test, hereinafter the bullet points obskbsethe aid of Table 9 and all Figures in
Appendix B:

a) 3ft_cip_center; Figures B.1 and B.2
e Very good surface strain agreement. The averadallsiope for the selected
DEMECs is almost identical to experiments' and &svalue of 238,000 kips/
(in/in). The average absolute error is 5.24%.
e Fair deflection gauges agreement except at gaugewHere the FEM
underestimates deflection at any given loading nadge above 24 kips. The

overall average error is 22.61%.

b) 3ft_cip_corner; Figures B.3 and B.4

e Same trend for both surface strain plots, but neénite initial slope was
obtained from experiments until the 16 kips loadimggnitude. Average initial
slope of the FEM is 92,850 kips/ (in/in). This éifénce in initial slope may be
referredpartly (but not specifically) to the location at whichms® of the readings
were taken using the FEM. For instance, this loocaticas 1.61 in. off the
measured one for DEMEC 13. The average error i£8.30

e Excellent deflection data agreement was obtainegll gjauges with an average
error of 11.43%.

3ft_pre_center; Figures B.5 and B.6
e 467,050 kips/ (in/in) average initial slope for tleeperimental strain versus
639,350 kips/ (in/in) for the strain predicted e tFEM. FEM overestimated the
initial slope by 36% the magnitude of the actua¢.oNevertheless, the Overall
average error of 9.68% was obtained. It shouldelasgured that the given slopes

are the initials, where at later loading stagespeiomes even before cracking,
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they decrease; this explains the contradiction sebetween the difference in

average slope and the overall error between theesur

Initial stiffness for the deflection measurementhet two gauges near the loading
point (1 &2) are very different.

Deflection readings of the last two loading valoégauge 1 were not expected.
The difference may be due to localized gage mationc FEM underestimates

deflection at any given loading magnitude for gatgand above 40 kips at all

other gauges.

The overall average absolute difference in deftecteadings is 37.86%.

c) 3ft_pre_corner; Figures B.7 and B.8

Identical initial slope was found for both surfasgain plots of 89,600 kips/
(in/in). Generally, almost same trend for both plat observed all over the
plotting area with an average error percentage38%.

Good deflection data agreement was obtained afaalyjes except 6 and 8. At 6,
the experimental plot was not as expected. Onedvexgpect that the data would
be similar to measurement point 2 and 4. Less céle at gage 5 would also be
expected. While for gauge 8, the device seemed gmsince the stiffness was
infinite until 40kips then the results became reate. The overall average error,
including the suspected gauges, is 10.21%.

d) 5ft_cip_center; Figures B.9 and B.10

Very good surface strain agreement for both plingial slopes, except at
DEMEC 65, almost identical and have an averageevaful42,050 kips/ (in/in).
These slopes decrease just after the cracking.ld&gsaverage error between the
two curves is 14.98%.

Initial stiffness is almost identical at all measdirpoints. This initial agreement
between plots is lower after cracking for the rdwgauges next to the supporting
beam, while this difference gets very large for ttet row gauges; where the
FEM significantly underestimates deflection espégiahear failure. The

calculated average difference is 12.45%.
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e) 5ft_cip_corner; Figures B.11 and B.12

Approximately equal average initial slope of 10D,@&@ps/ (in/in) for both surface
strain plots. This agreement diverges even bef@eking loads at around 8 Kips.
The FEM underestimates strain prediction afterwafte. average error is found
to be 3.54%.

There was a small agreement between data espetallhe initial stiffness.
Gauges 4, 6, 7, and 9 seemed to not respond ial io&ding stages; which may
be referred to the very low corresponding deflectmthough other gauges gave
readings at similar deflection magnitudes. The farnreason led to an
unpredicted greater difference obtained at gauf@ & 0.20p magnitude. The
average error percentage is 15.73%.

f) 5ft_pre_center;Figures B.13 and B.14

135,750 kips/ (in/in) of average initial slope ftre predicted strain by FEM
versus infinite slope for the experimental straDtherwise, good agreement
exists, and the FEM overestimates surface straan fadure. Average error was
4.71%.

Relatively similar to théft_cip_center, initial stiffness is almost identical at all
measured points. Also, this initial agreement betwglots is lower after cracking
for the row of gauges next to the supporting beahle this difference gets very
large for the front row gauges; where the FEM sigaiftly underestimates
deflection from cracking load to around 80% of thiture load. The average error
percentage is 14.97%.

g) 5ft 8in_center; Figures B.15 and B.16

Average initial slope of 50,750 kips/ (in/in) fohe FEM versus 31,200
kips/(in/in) for the experiment. Generally, ploten a little far from each other
with an average error of 18.25%. FEM underestimate$ace strain over the
entire range of the plot.

Initial stiffness is almost identical at all measdirpoints. Also, this initial

agreement between plots is lower after crackingeretihe FEM underestimates
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deflection from around half the cracking load vataearound 85% of the failure

load. 13.29% average error was obtained.

h) 5ft_pre_corner; Figures B.17 and B.18

Identical initial slope was found for both surfateain plots of infinite magnitude
until cracking loads. Generally, almost same tréardboth plots is observed all
over the plotting area with an increasing diffeen&verage error is 9.77%.

Good initial deflection data agreement was obtaimeall gauges except the front
row gauges; 3, 5, 7, 9. Near failure loads, agre¢nseems to be switched

between gauges. Average error is 43.53%.

i) Specimen A;Figures B.19 and B.20

Identical average initial slope for both surfagsist plots of 228,570 kips/(in/in).

Generally, almost same trend for both plots is nleskall over the plotting area
with an average error of 11.88%.

Unexpected deflection curves were obtained fromegrpents for some gauges,
where some of them seemed to have stopped resgo@ierall, good deflection

data agreement was obtained with an average dridr.84%.

]) Specimen B;Figures B.21 and B.22

An average of 400,000 kips/(in/in) in surface straiitial slope from the FEM

versus 280,000 kips/(in/in) obtained by experimekiteak correlation between
these methods in the DEMECs within the load tranpfsth; where the error
reached 59.67%, while it is better correlated ia tlther sample DEMECs. the
overall average difference is 23.69%.

Deflection gauges, except gauge 1, seemed to opedy work. At gauge 1, a
very good agreement was found with an error of Jls26%. The overall average
error is 33.08%.

k) Specimen C;Figures B.23 and B.24
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Good agreement of surface strains between expetsnagiadl FEM. An average of
110,000 kips/(in/in) initial slope for the FEM vess86,700 kips/(in/in) obtained
by experiments. Average error obtained was 8.58%.

Almost identical initial stiffness for deflectionath with an average of 9,900
kips/in. The average error gets relatively largerl@ad reaches failure. Overall

average error is 13.63%.

[) Specimen D;Figures B.25 and B.26

Nearly matching average initial slope of surfagaistplots is observed with a
magnitude of 290,400 kips/(in/in) for the FEM versk41,000 kips/(in/in).
DEMECs 12 and 144 seemed off of this comparison. dlexall average error
equals 13.96%.

General good correlation of deflection data is iatd with an average error of

24.53%. Some gauges seemed to malfunction as préveus tests.

m) Specimen E;Figures B.27 and B.28

Same general trend of strain measurements, butluédserror difference is

relatively large with an average of 21.03%. An ager difference of initial slope
of 27.48% also took place.

Generally, good agreement in deflection data isiobtl with an average error of
11.96%. FEM deflections at gauges 2&7, and 3&6 basn compared to the
averages of experimental data at the same locatiwsrage initial stiffness

obtained using FEM is 52,200 kips/in versus 50,1ip8/ln by the experiments.

n) Specimen F;Figures B.29 and B.30

Similar general trend of strain measurements. TrehdEMEC 139 versus
DEMECs 128 & 62 (experimental data) look differemispite of symmetry of
their location, this may be referred to the failofeone side of the deck, while the
other one does not have that tendency. Additionadyperimental strain at
DEMECs 58 and 84 have sharp fluctuating tenden@zégj behavior), but both
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have an overall trend to increase. Remarkably Fthanode could not catch up
with these sudden changes. Average absolute eyuate24.19%.

Generally, good agreement in deflection data isiobtl with an average error of
17.52%. Three of the four deflection gauges onfdéiiled half gave readings too
much off the predicted ones by the FEM, while thesoon the other half were

very close.

0) Specimen G;Figures B.31 and B.32

Good correlation does the FEM has to the experinig@eerage error percentage
is 20.71%. Alike DEMECs of Specimen F, the FEM of EHEMECSs on the failed
side are much closer to the experimentals' than atter non failed half.
Additionally, experimental strain at DEMECs 58 antl liave sharp fluctuating
tendency (zigzag behavior), but both have an overald to increase. Similarly,
the FE mode could not catch up with the sudden gdmm strain readings for
some of the DEMECs (17&105).

Generally, good agreement in deflection data withagerage error of 18.75%.
data from gauges 8 and 7 were discarded, whileavleeages for 3&6, and 4&5

were considered as a reference to which FEM date e@npared.

4.5.1- General comments

In general, the FEM behavior matched the experinhelatia. The average strain

difference is 8.44% and 17.53% for the overhangingsand the welded rebar mats

specimens respectively. Deflection differencesahmgost identical for both tests with an

average of 19.92%.

Sudden changes in experimental data (zigzag befawiloich resembles the

actual occurrence of crack opening and closingjnogeneral, the change of strain

magnitude/type (tension/compression), compared telaively very slow response to

such changes in the FE modeling. Such a slow regpgmobably, may be enhanced by

using higher order elements, a much finer mesh,smaller loading steps.

Considering cracking and failure loads providedrable 10, loads predicted by

the FEM excellently matched the ones experiencedrerpntally. The average cracking
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load difference is -4.62% with a standard deviabb®.96, and was +6.4% with standard
deviation of 7.37 for failure loads.

Recognizing Figure 53, Figure 54, and Figure 58; phedicted averagg that
gives an approximate zero difference between the nkd&tleling curves and the
experiments' is “0.186”. This approximation is lihsa the linear interpolation principle.
By the aid of other figures presented in AppendjxaBother projected value of “0.18”
may be a good estimation for future study. It sHdaé emphasized that this suggestion is
completely independent of the other two previoustyted factors affecting modeling;
namely are the bond between reinforcing steel aodcrete, and the effect of
microcracks.

Although, the predicted cracking and failure loadsd overall behavior of the
modeled specimens using the FEM were satisfactoliolse to the actual ones, we notice
some differences between the two. Causes of thddeddfts might be referred to
measuring errors, temporary malfunction of somehef deflection gauges, graphs are
point-based representations of the measured d&een tat discrete load intervals
connected afterwards by straight lines; possibkrirte use a higher order brick element
to catch up with some of the missing modeled peréorce may improve this situation.
Moreover, the finite element models show slightly more stiffnéss tthe test data in both
the linear and nonlinear ranges. The effects of bond slip (betteerconcrete and
reinforcing steel) and microcracks occurring in the actualgeridecks were excluded in the

finite element models, contributing to the higher stiffness of the fireteeht models.

4.6- CONCLUSIONS

The outlined non-linear finite element program cave significant time and cost to
experimental testing. This program has proven ssfakat modeling the performance of
concrete bridge decks with interior and overharagling. Both, 8-node hexahedron and
line element were used to model the tested spesinidre program is aided with mesh
generation subroutine to facilitate the input pesceviesh and load convergence tests
have been performed for each specimen to obtainuheber of elements and number of
loading steps optimum for later on comparisons.thRese specimens it was found that a

shear reduction factg¥ of 0.20 showed the best correlation with the expental data.
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The results obtained were close to the experimeddtd. An average difference of -
4.62% was predicted for cracking loads, and 6.4@ failure loads for all tests.
Additionally, a 12.46% average surface strain d#fee, and 19.92% difference for
deflection. Total standard deviation is 18.89%. ighler-order brick element would be
expected to provide more accurate solution, esiyecahat regards to some
discrepancies in behavior modeling representecénstow response to catch up with
actual behavior displayed in graphs. However, thesements would be more
computationally expensive and their increase inuamy should be investigated with
future work to justify their use.

Although the obtained results were pleasing, ifoieseen by the author that a shear

reduction factoff magnitude of 0.18 will provide the most optimurauis.
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CHAPTER V

V. SIMPLIFIED HAND METHODS

5.1- INTRODUCTION

The quest for a more efficient procedure to esenaateliable and quick solution
for the problems subject of study and to adequatedglict their observed behaviors, this
led to investigating some of the available analgsid design methods and codes. In the
current chapter, ACtY and AASHTO LRFI¥? design provisions are investigated to
determine their estimated bridge deck capaciti¢B“*¥ design recommendations, the
suggested shear design equations by Muttoni and*®tfibased on the critical shear
crack principle, and Strut-and-Tie method (STM) hbeen used to reach the same goal
as well.

Reinforced concrete slabs without shear reinforcgnage commonly used in
many structural systems, such as bridge deck skdisslabs of buildings, parking
garages, and cut-and-cover tunnels. Shear is ystlal governing failure mode at
ultimate of these slabs without shear reinforceff@ntOne-way shear is found for
distributed loading and close to support lines, ihgarallel shear forces in the slab
develop. On the contrary, two-way shear (punchimgas) is associated to concentrated
loading, since shear forces develop radially toonhiice the load in the slab. Intermediate
cases between one- and two-way shear, where shemsfin a slab develop neither
parallel nor radiall{f®***¥are also found in practice.

Currently, codes of practice provide several apghea to check the one- and the
two-way shear strength of flat slabs. Nevertheleseme codes either have conservative

predictions, like ACI 318-0%", or closer measures in others, sometimes overastin
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like the case with FIP recommendatiBhs These significant differences in ACI 318-
08*Y are due to the fact that punching shear formuiagiccounts neither for the role of
the reinforcement ratio nor for the size of the rhefi”. The former findings were
obtained by a series of experimental puching stslabs by Guandalini et al. 2689

Based on the critical shear crack theory, Muttowi RoiZ*®*” derived their shear
design equations. The amount of shear that camansférred across the critical shear
crack depends on the roughness of the crack, whitrn is a function of the maximum
aggregate siZ®). Shear is initially resisted by three shear-cagyimechanisms:
cantilever action, aggregate interlock, and dowéba. These mechanisms create a state
of tensile stresses in the concrete that leadset@évelopment of the critical shear crack.
The development of the critical shear crack cantetsthree previous shear-carrying
mechanisms. A new one, the arching action, is aid/ The parameters governing the
arching action (and thus the shear strength) ag the location of the critical shear
crack, its width, and the aggregate size.

To overcome some of the obstacles associated withliBed code provisions,
strut and tie modeling (STM) can be used. These tode especially useful in
predicting shear failuré?. STM idealizes a series of trusses within the mertmodel
the flow of forces. Consequently, this method haerb validated and improved
considerably in the form of full member or sectiodasign procedures. STM design
provisions consist of rules for defining the dimiens and ultimate stress limits of struts
and nodes as well as the requirements for the ildison and anchorage of
reinforcement. The flexibility afforded by the meth allows for the development of
multiple solutions for the same problem. Conseduesbund engineering judgment and
design experience are fundamental to achieve aasafeptimal solution.

In parallel with the increasing availability of merimental results and the
development of limit analysis in plasticity theorgnd discussions raiseédl on the
adequacy of current strength factors for concrétetss STM is listed as an alternate
procedure in several sections of the previouslytraeaed codes (e.g. corbels, short shear
walls), and currently required for shear strengtisign of deep beams. The mentioned
discussions have been triggered by the significksdrepancies that exist between the

proposed values in design codes and those predigt!llr'M; In some cases, the latter
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ones are substantially lower than those given & AICI design code, especially for

higher strength concréte.

5.2- FORMULATIONS OF DESIGN CODES

Hereinafter the formulations associated with thel 8C8-08*, and AASHTO
LRFD? design codes, and FIP Recommendatidhgrouped according to the internal

force category:

5.2.1- Flexural capacity

Mn:gfy(d—%}/sgf;(%-dj, %>d' .................. @)

Where:
A, = Total Area of tension reinforcement .
A = Area of rebars in compression zone?fin.
fy = Yield stress of tension reinforcement (psi).
fs = Level of stress of rebars in compression zosg.(p
d = Depth of tension reinforcement (in.).
d = Depth of rebars in compression zone (in.).
a = Depth of compression block (Whitney's block))(i

=paC
¢ = Distance from extreme compression fiber tortbetral axis of the cross section (in.).
B, = 0.85-.05(f -4);> 0.65

<0.85 i (A&18-08*Y and AASHTO LRFL¥?)

Br=0.80 oot (FIP 1998)
M,= Nominal moment capacity of the cross sectionr{llp-

5.2.2- Shear capacity

a) One-way Shear

Since the bridge decks investigated did not haearskeinforcement, the nominal shear
capacity, \;, will be equal to the shear capacity of the cotesrd/.. For members

subjected to shear and flexure only, ACI 31&®@rovides the following formulae:
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V, = 2[1+ N—] f0,d e ©))

20004,
- _ vd
V. = (0.6\/7c + 700#}4”(1 ....................... (4)

Where:

b, = Width of the web of the cross section (in.).

f. = 28 day cylinder compressive strength (psi).

N, = Applied compressive force, +ve for compressibj (

A, = Gross area of the section fjnand N/A in psi.

d, = Depth of prestressing strands (in.).

V, and M, = Ultimate shear and bending moments respectitakgn simultaneously at the critical section
(Ib) & (Ib.in.).

Equations 2 and 3 are specifically applied for poestressed members, while equation 4
is applied to prestressed members.

In equation 4, Vc need not be taken less tliaﬁfibwd nor greater tharﬁ\/ft'bwd.
Additionally, V,dy/M, shall not be taken greater 1.0.

AASHTO LRFD?? shear design equation for non-prestressed mereractly eq.(2),
while its provision for prestressed members (whishprovided as a more detailed
procedure in ACI 318-0%" as well) is as follows:

V. is the lesser of ¥ and \tw, where;

V. =0.02 }ﬁ'bvdv +V, +% >0.06 /j:’bvdv ....................... (5)
M
Mcre =Sc [f;' +fcpe _i)
Sﬂ{.‘
a0 Y g g e (6)
v, =(0.06(7 +030f,)bd, +7,

V= nominal shear resistance provided by concregnvitclined cracking results from combined shear
and moment (kip).

Vv = nominal shear resistance provided by concretenviiclined cracking results from excessive
principal tensions in web (kip).

V4 = shear force at section due to unfactored dead dmd includes both DC and DW (kip).
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V; = factored shear force at section due to exteraglplied loads occurring simultaneously with Mkjpj.
M = moment causing flexural cracking at section uexternally applied loads (kip-in).

Mmax = maximum factored moment at section due to eatgrapplied loads (kip-in).

fepe = COMpressive stress in concrete due to effegiigstress forces only (after allowance for all pess
losses) at extreme fiber of section where tensigss is caused by externally applied loads (ksi).

Mgnc = total unfactored dead load moment acting omtbaolithic or noncomposite section (kip- ft.).

S = section modulus for the extreme fiber of the posite section where tensile stress is caused by
externally applied loads (if.

S.c = section modulus for the extreme fiber of the oiithic or noncomposite section where tensile stres
is caused by externally applied loads)in

foc = compressive stress in concrete (after allowdmcall prestresss losses) at centroid of crosgamec
resisting externally applied loads or at junctidmveb and flange when the centroid lies within tlage
(ksi). In a composite membey, fs the resultant compressive stress at the celnbfdhe composite
section, or at junction of web and flange, duedthlprestresss and moments resisted by precastenemb
acting alone.

V,, = Vertical component of Prestress force (Ib).

FIP“® formulations for one-way shear is as follows:

V, =h,d 012 f, 7 g, /(1+ 0.007 % ) ............................... 7)

Where:

Vrp = Nominal concrete shear capacity (N).

d = Effective depth (m).

fo = Concrete compressive strength (MPa).

p = Ad(bd) = reinforcement ratio of transverse reinfoneat.

Bn = (1-(n/400) (d/p)) = factor of influence of axial forces or of pess.
on = N/bd = axial stress (MPa); (+ve for tension)

Mutttoni and Rui#®*” proposed the upcoming simplified design equatidrich is
giving slightly more conservative values than thostained by using other design
code§'®: namely ACI 318-08%, and AASHTO LRFI¥?. The following equation has
been adopted by the Swiss code for structural esa¢sIA 262F°

When an axial force is applied to the member, tiitecal crack width may be increased

or diminished. To take this phenomenon into accomgg has to be replaced by fg+
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Mpg) and Nkg by (Mkg — Mbg), Where myg is the decompression moment (bending

moment causings = 0), whose value can be taken as:

-5
)

ng<0:mpy = —nd(

R )
—~
(o)
N

b=

ng>0:mp, = —nra,(

Where:

b = Thickness of member (in.).

d = Effective depth (in.).

d’ = Distance from extreme compression fiber to aédtof longitudinal compression reinforcement (in.)
fc’ = Specified concrete uniaxial strength in compgmeséAmerican practice) (psi).

h = Height of cross section (in.).

mgq = Design (factored) moment per unit length inicait section (Ib.in.).

Mgq = Plastic design (factored) moment per unit lengttritical section (Ib.in.).

& = Steel strain.

ng = Axial force (Ib.).

Vg = Shear strength (Ib.).

b) Two-way (Punching) shear

ACI 318-08*Y and AASHTO LRFI¥*? have the same punching shear formula for non-
prestressed slabs and footings, while ACI 318*0Btroduces the tools accounting for
the prestress effect, providing that the criticadt®n is located at “d/2” all around the

loading plate area. Hereinafter, the equationsgweg for the non-prestressed members:

v :(2+%j\/fibod < 4t b

{asd +2j f b.d (ACI 318-08*"

Where:

B = Ratio of long sideto short side of the column.
bo = Perimeter of critical section located at diseof d/2 around the column (in).
as = 40 for interior columns, 30 for edge columnsj &0 for corner columns.

For prestressed slabs and footings, ACI 318*0&rovides the following equation:
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V=[5 1030 J0d+V, 11

Where:
Bp = the smaller of 3.5 and{d/bo + 1.5)

FIP“Y Recommendation provides these equations for nestqssed Two-Way shear
design, providing that the critical section is lmch at “2d” distance all around the
loading plate area:

Pp = 012 & /(100f, p)3 U d oo (12)

Where:

Prp = Nominal concrete punching shear capacity (N).
& = (1 + 200/d) factor for size effect, with d inifm

P =1 PxPy

FIP provides the following equatidri¥ as well to account for the prestress effect:

P, =P TPy e 3j1

po

Where:

Proett = Effective nominal concrete punching shear capagith prestress effect included (N).
—Eqti ; i E +B.b
Ppo—EquwaIent decompression punching force (N s + Poby

b, +b
X y
Pxo, Pyo = Decompression forces correspondingdstyss in x and y direction respectively (N).
M yo M X0
Pxo = PRd ; Pyo = PRd
M yRd M xRd

Myrd & Myrg = Bending moments at the column face in widthard f§ respectively.
My, & My, = Decompression moments in the widthsbd § respectively (N.mm).
2 b,h?
=c @ & M. =0 2
6 yo

X0 cpy cpx 6

M

oo _ P calculated for unit width (N/mm/mm).
® h

Muttoni's*” formulations for the two-way shear strength aréolisws:
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Vg = 80 (o167 (14)

1420 Y4
dgo + dg

Wherevy is the rotation of slab outside the column regidhe resulting load rotation

relationship is thus:

: 4 3/2
y = 0_331;'!2‘;(_ Va V72 ) (15)
dE \8mp,

Where:

V4 = The factored shear force (Ib.)..

dg = Maximum aggregate size (in.).

dg0 = Reference aggregate size (0.63 in).

Vi = Design punching shear strength (Ib.).

Mgq = Design moment capacity per unit width (Ib.inYin
Es = Modulus of elasticity of reinforcement (psi).

L = Main span of a slab system (in.).

Equation (15) is formulated for intermediate colwnior edge columns, the constant 8 is

to be replaced by 4 and for corner columns by 2.

5.3- STRUT AND TIE MODELLING (STM)

Figure 56 shows the elastic stress distributiom tbttle-shaped strut as well as
the adopted STM. There are two efficiency factossoaiated with bottle-shaped
strut$®®. These two factors are based on the reinforceméthin the strut. As the
compression spreads out from the support, tenssodewveloped. In Figure 56, the
compression is applied vertically, and the indud¢edsion is horizontal. When the
induced tensile stress exceeds the tensile stresfgtiie concrete, a vertical crack will
form. Without any horizontal reinforcement, theustwould split, causing a brittle
failure. This phenomenon is the basis of the syfinder test (ASTM C496”) used to
determine the tensile strength of concrete. Nee&fls, if sufficient transverse
reinforcement exists, brittle failure can be avdidand the strut can continue to carry

load beyond cracking.
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Figure 56: a) Bottle-shaped strut; and b) refined Strut.

ACI 318-08* provisions provided in Appendix A have been applie this
work. A bottle-shaped strut, Figure 56 (b), isdis® model the compression member of
a STM with no detailed node geometry needed to bdeted. This model has been
promoted after the evaluation of various node céipagcwhich (the nodes) were found to
have more capacity than the other elements in tBetiss analogy. Because of the
absence of shear reinforcement in the bridge ddtks,most sensitive element and
consequently the first vulnerable to failure is teasile element in struts. These are
labeled in Figure 56. If either tie fails then teegut will not be able to carry any
additional loads. The nominal compressive strengftha strut without longitudinal

reinforcement, Fns, was taken as

Where:
Acs = The cross sectional area at one end of the strut
fce = The effective compressive strength of thecoete is taken as:
f.=0854.f/ B, =060 (since strut reinf. does not satisfy Section ArgégQuirements (ACI1318-68)
Nominal compressive strength of nodal zones hastlgxéhe same form of

eg.(12) for the experiments studied. Nominal stiieid a tie, Fnt, is taken as,
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Fro= Aty + Ay(fa +AF) coenns (13)
Where:

A = Area of non-prestressed reinforcement in aiié) (

Ay = Area of prestressing steel in a tieqin.

fse = Effective stress in prestressing steel (aftewalnce for all prestress loss) (psi).
Af, = Increase in stress in prestressing steel disctored loads (psi).

Tie elements considered in this modeling is eithepresenting steel
reinforcements; elements 1 &2 in Figure 57 and a8, or the pure tensile capacity of
concrete within the compression struts; element B&Figure 57 and 3,4,5&6 in Figure
58. Additionally, the cross sectional area of &rgbmpression elements were taken as
half of their total area magnitude at the loadedeso Resultants of the prestress strand
forces were placed compressing the rollers atrdeednds of the modeled test specimens.

In order to obtain the most accurate informatianfrthe STM analysis an event
to event (Multistage) analysis technique was usad allowed the capacity of a member
to be found within a STM and then the stiffnessvted by the member is removed and
then the analysis continues with the remaining mesitand stiffness. Additionally,
while modeling various tests using STM, once ar¢jgresenting reinforcement reaches
its tensile capacity; an equivalent force in magphét and direction of that tie will replace
it. This procedure is used to account for the yiglateau portion of the stress-strain
diagram of the reinforcing steel. On the other hamte any of the two tension elements
(ties) connecting other strut elements togethds;faill strut is removed in the next
loading stage. A full graphical representationlad Multistage STM analysis technique
presented on Figure 63 through Figure 78.
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Figure 57: STM for overhang specimens: a) 3D view, b) Top plignw, and c) side view
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Figure 58: STM for welded rebar mats' specimens: a) 3D view,dp plan view, and c)
side view at section Il-I
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5.3.1-Determination of the tensile capacity of the tie element in the concrete strut

One challenge that has plagued past users of S3NMm&i there is little guidance
on how to determine the tensile capacity of comcneta compression strut. Because of
this lack of guidance it is typical to assume tihaise elements have no tensile capacity.
Although this assumption is not accurate, it isssmative. Without this information it is
very challenging to produce STMs that accuratelgdmt the failure of a complex
structure.

Based on past experiments and analysis it was fthatdhe failure mode of the
5ft_cip_center experiment is a tension tie faillfegure 59. Because the compression
strut did not fail, it could be analyzed to detarenimore information about the capacity
of the tensile members holding its compression etdém together. Since the tensile
capacity was measured from concrete sampled dyiagement, a geometry of the
compression strut tension members was determingédasequently the cross sectional
area. This area was found to be 41 in2 (an equivai@ameter of 7.23") for the assumed
geometry.

Although, geometrical properties in STM tends ter@ase strut's force and
consequently the tie’s as it becomes shallowerdwhieans a higher applied stress), but
has been found when using the same reference hetaat higher (compared to
experiments) failure load is obtained. This wa®osis issue for the welded rebar mats
where a failure load as high as 170% than the bictad was obtained.

Because of the absence of shear reinforcemenmaija element responsible for
the strut’s strength is the tie, and it is obvidusn Figure 60 that as the strut gets very
shallow (low slope), the tie length gets smalled aonsequently its cross sectional area
as well. Accordingly, a factor had to be found @duce the tie area as the slope of strut
gets lower. This factor was taken as the struteafrgim horizontal axis referenced to the
reference angle and reference area obtained freravtaluation of the tie area for the 5ft
CIP overhang loaded at center. In other wordsisstie area is taken proportional to the
inclination of the strut taking the angle showrthe Figure 59 as a reference, i.e.;

current model area = 41fx current strut inclination (angle) / 24.62°

Having the area magnitude, the tensile capacitii@ttrut may be determined!
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Figure 60: Effect of strut inclination on tie lengths and atgerall geometry
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5.4- NUMERICAL APPLICATION

All design equations stated in sections 5.2, aBdake numerically applied in this
section. Actual materials data are utilized in eigus listed previously. Figure 61 and
Figure 62 show an overall graphical comparison loé three design codes and
recommendations, STM, and FEM to the experimeratd.dSection analysis for cracking
loads has also been determined for all tests. Mongprehensive numerical comparison
is provided in tables C.1 through C.4. STM resatts provided in Table 11 and Table 12.
A full graphical representation of the analysis gression presented in Table 1land
Table 12 is displayed on Figure 63 through Figue An overall comparison of the
absolute average errors for failure loads predibtethe simple hand methods and FEM
are shown in Table 13. Additionally, absolute agerarrors for cracking loads predicted

by section analysis and FEM are presented in Thhle
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Figure 61: Cracking and failure loads for overhang tests
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Figure 61 (cont): Cracking and failure loads for overhang tests
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Figure 62 (cont.): Cracking and failure
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Table 11: Determination of failure mode using STM for overpdests

i © Simulated failure Experimentally measured
E = sequence/failure load of strut concrete stresses
=] © o i :
§O | Lg| 2 & tle elements, Failure mode Compressive. | Tensil, psi
. — oy "X o Ips
Specimen €52 © 5 | 2 - -
S99 OgF = . . 7] = 7] -
= = = e Short | Diag. Short Diag. C = 5= C = %=
T O €0 - , 2o | S 3w S o
L © = © tie tie strut strut <3l Qo j=gio)} QD
o (] S *k *k Hok wok di db E . tall ag o 8 ag ) 8
= (8 (1) 2 (3) (4) predicted by Xperimentally Tn a b T a b
o x = N = =
i} STM observed ) )
3ft_cip_center| 127.0| >103.5 : L li-s Ivs* Tension failure 6976 660
Clp_ ) ) 58.0 | 845 | 126.6 127.0
. i ii-s iii-s .
3ft_cip_corner| 51.5 56.2 -8.4 395 505 = Comp. strut Punching 5371 514
i ii-t -t
> — . .
3ft_pre_center| 118.3 96.0 580 778 1183 Comp. strut 9098 | 709§ 729 620
i ii ii-t Comp. Comp. Strut
3ft_pre_corner 855 | 80.0 6.9 355 855 G55 strut/Tension | failure + Punching 9151 | 6857 796 550
. i ii iii-s iv-s* . . . .
5ft_cip_center| 86.2 88.0 -2.1 215 | 755 848 6.2 Tension failure Tension failure 5730 514
. i-s ii-s
5ft_cip_corner| 24.8 275 | -10. 73 248 Comp. strut 3369 220
i i jii-b* iii-b* o o
e
5ft_pre_centern 88.0 87.0 1.2 215 | 875 38.0 8.0 Tension failure Tension failure 9682 874 713 79
58" center | 725 | 69.0 | 51— L li-s v-s* Tension failure Tension failure| 9311 948 597 59
- ' ‘ " | 380 | 653 71.9 72.5
i ii-s iii-s
5ft_pre_corner] 46.5 | 48.0 -3.1—>85 123 265 Comp. strut 9311| 9483 597 597
Absolute error average =| 5.3

- * Very little participation in the ultimate failure
-** Refer to Figure 57

- b designates strut bottom splitting

- t designates strut top splitting

- s designates strut simultaneous top and bottom splitting
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Table 12: Determination of failure mode using STM for weldethar mats tests

» Simulated failure sequence/failure load of Experimentally measured
S22, 8 g Q strut & tie elements, stresses
m +— . . . . .
‘_g 8 xg_ g .g“ % kips Final failure Compressive, psi Tensile, psi
Specimen| & 5 s g S & | short| Dia 3ft 3ft 51t 51t o -
C—EG SE| 82| B tie tieg. Short | Diag. | Short | Diag. o g o §
L5 ﬁ =) © o o strut strut strut strut 3] o 3] o
(RN O €Y (2 predicted | Experimenta o o
w 3 4 ®) (6)
by STM lly observed
i if i i
Specimen 296.9 | 272.0] 9.1 Comp. strut Punching 6490 10050 540 790
A 296.9 218.6 218.0
Specimen i v i iv i ,
B 286.7 | 279.0, 2.8 2458 | 2867 2161 2534 176 8Comp. strut Punching | 5220 10540 410 760
Specimen i i v iv i Tension/ .
C 2216 | 2120\ TATZoo T 1801| 2276| 1824 155)1 Comp. strut Punching 6240 380
Specimen ii iv i v i Punching @ cip
D 2839 | 287.0| LYo T oo o500 2839 Taal, Comp. strut only 5300 | 10130 | 510 770
Specimen iii iv ii v i PIS panel flex.
223.4 | 204.0) 9.5 Comp. strut failure & 4500 10130 430 790
E 206.5| 219.9| 189.4| 2234 1554 Support failure
Specimen i i ii i i Splitting &
E 234.8 | 215.0| 9.2 T oo o000 2348 Toalo Comp- strut Punching 4920 | 10380 | 480 790
Specimen iv i v ii ii . Not Not
G 3443 | 31401 98355, 2088 | 3443 2869 o3alg oMMt Punehing | 885D yeqeq | 730 | tested
Absolute error average =| 7.0

- All struts failed at the top tension tie

-** Refer to Figure 58
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T2

T1

T2

(iv)

T1 = Equivalent yield force in short tie
T2 = Equivalent yield force in diagonal tie
Failed element

Figure 63: Failure sequence predicted by STM for the 3ft GlBrbang loaded at center
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T1 = Equivalent yield force in short tie
@ Failed element

Figure 64: Failure sequence predicted by STM for the 3ft GlErbang loaded at corner
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T1 = Equivalent yield force in short tie
(/) Failed element

Figure 65: Failure sequence predicted by STM for the 3ft &eoverhang loaded at
center
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T1 = Equivalent yield force in short tie
@ Failed element

Figure 66: Failure sequence predicted by STM for the 3ft &eoverhang loaded at
corner

116



T2

T1

T2

(iv)

T1 = Equivalent yield force in short tie
T2 = Equivalent yield force in diagonal tie
Failed element

Figure 67: Failure sequence predicted by STM for the 5ft @Brhang loaded at center
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@ Failed element

Figure 68: Failure sequence predicted by STM for the 5ft @Brhang loaded at corner
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T1 = Equivalent yield force in short tie
T2 = Equivalent yield force in diagonal tie
Failed element

Figure 69: Failure sequence predicted by STM for the 5ft &eoverhang loaded at
center
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T2

T1

T2

(iv)

T1 = Equivalent yield force in short tie
T2 = Equivalent yield force in diagonal tie
Failed element

Figure 70: Failure sequence predicted by STM for the 5fteiarhang loaded at center
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T1 = Equivalent yield force in short tie
@ Failed element

Figure 71: Failure sequence predicted by STM for the 5ft &eoverhang loaded at
corner
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78.3/12 k

@ Failed element

L2
Y-Z is plane
of symmetr

(iii)

Figure 72: Failure sequence predicted by STM for Specimen A
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Y-Z is plane Y-Z is plane
of symmetr of symmetr'

Y-Z is plan¢
of symmetn

T1 = Equivalent yield force in short tie
@ Failed element

Y-Z is plane
of symmetr  }:

Figure 73: Failure sequence predicted by STM for Specimen B
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Y-Z is plane Y-Z is plane
of symmetr of symmetry

Y-Z is plane Y-Z is plane
of symmetr  f of symmetr 7
(iii) (iv)
212 k
T
T2 T1 = Equivalent yield force in short tie

T2 = Equivalent yield force in diagonal tie
Failed element

VoI

Y-Z is plane
of symmetr'

v)

Figure 74: Failure sequence predicted by STM for Specimen C
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Y-Z is plane

of symmetr £

Y-Z is plane
of symmetr

Y-Z is plane
of symmetn

T1 = Equivalent yield force in short tie
T2 = Equivalent yield force in diagonal tie
Failed element

Y-Z is plane
of symmetry /%

Figure 75: Failure sequence predicted by STM for Specimen D
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Y-Z is plane
of symmetr £

Y-Z is plane
of symmetn

T1 = Equivalent yield force in short tie
T2 = Equivalent yield force in diagonal tie
Failed element

Y-Z is plane
of symmetry /%

Figure 76: Failure sequence predicted by STM for Specimen E
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Y-Z is plane Y-Z is plane
of symmetr of symmetr'

Failed element

Y-Zis plane
of symmetr'

Figure 77: Failure sequence predicted by STM for Specimen F
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Y-Z is plane
of symmetr Ky

T1 = Equivalent yield force in short tie
@ Failed element

Y-Z is plane
of symmetr'

Figure 78: Failure sequence predicted by STM for Specimen G
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Table 13: Summary of failure loads predicted by all analysethods

Absolute average % difference
Method (error) from experiments
Welded rebar
Overhangs ) §
mats specimens
AASHTO 40.27 43.81
FIP 16.57 31.97
ACI 19.85 31.86
Muttoni and Ruiz 22.71 26.70
STM 5.30 7.00
FEM 6.90 8.74

Table 14: Summary of cracking loads predicted by sectioysisand FEM

Absolute average % difference
Method (error) from experiments

Welded rebar
Overhangs .
mats specimens
Section Analysis 14.27 33.45
FEM 12.23 4.85

5.5- DISCUSSION

Recognizing the results obtained by the four deprgwisions and STM provided
in the previous section, the upcoming points shdugd brought to attention. These
discussions are separated according to the overuashgnterior loadings. Additionally,
in STM, the specimens were pushed until ultimatkeifa occurred. This mean that if a
flexural failure began to occur then the ductiliythe system allowed additional loading

to be resisted until enough events occur thatyketem loses its ductility.

5.5.1- Overhang tests

Considering Figure 61, Table C.1, Table C.2, Table, Table C.4, Table C.5, and
Table 11, the following points may be extracted:

e Although formulations used in flexural capacity amk-way shear determination
in both; AASHTO LRFI¥? and ACI 318-08% are exactly the same, nevertheless
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their prediction experienced notable differenceome-way shear and flexural
capacity! This absolute difference ranges betwekh2?6, and 41.78% with the
ACI 318-08*Y magnitudes taken as reference. This is becautieedfmitations
on the effective width placed on cross sectionSASHTO LRFD??,

FIP“® and ACI 318-08% flexural capacity predictions are almost identiddiis

is referred to the small differencefinfactor used in both method.

Regardless of the failure mode predicted, AASHTOFDR? has the most
conservative failure load in all tests. This meméid difference ranges from
22.08% in the 5ft_cip_corner test to more than 120%e 3ft_cip_center test.
Initial and final (destruction) failure modes, aheé sequence of failure in general,
predicted by all codes are almost the same, witloser estimation to the actual
failure loads is experienced by Ef2 Even though some of these predictions are
slightly overestimated, the absolute differenceirofial failure modes ranges
between 5.15% in the 5ft_cip_center test and 25.86%e 3ft_cip_corner test.
Additionally, FIP*® is the only code that correctly predicted the alcfailure
mode occurred in the 5ft_cip_center test.

The predicted failure modes were closer to the oredsfor the corner testing
than the overhang loads at the center. This mayéwsed by the possible
interference of the different failure modes in toener tests.

Two-way shear formulations of non-prestressed mesnpevided in AASHTO
LRFD®? is exactly like those provided by ACI 31848 At the same time,
AASHTO LRFD?? provides no formulae accounting for the prestedfect.
Cracking loads predicted by section analysis iselm experimental loads with
an average absolute difference of 14.16%, a minimpim3.05% in the
5ft_pre_corner test, and a maximum of 23.47% irBfhecip_corner test.

Very similar failure sequences, and failure modénd®ns to what have been
observed in experiments are found using STM, Tabldn addition, failure loads
were very close to experiments with an average latesdifference of 5.23%, a
minimum of 1.15% for the 5ft_pre_center test, andaximum of 10.00% at the

5ft_cip_corner test.
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A conservative one-way shear estimation predictethb equation proposed by
Muttoni and Rui#® compared to ACI 318-¢% and FIF*®. In the tests that
actually experienced shear failure, these predistioad the greatest difference
with an average of 38.21%. Punching shear estimatibough, were extremely
overestimated with an average difference from tlotuad failure loads of
123.35%.

5.5.2- Welded Rebar Mats Specimens
Considering Figure 62, Tables C.1, C.2, C.3, C.5, @nd Table 12, the following

points may be extracted:

Difference in flexural and one-way shear predictedgnitudes persists when
using AASHTO LRFI¥? and ACI 318-08% using the same formulations. As
well, FIP* and ACI 318-08% flexural estimations are very close.

The same failure sequence is observed for all desiges in every specimen.

All codes predicted the first and final failure nesdexactly like what have been
noticed in experiments.

AASHTO LRFD??, as in overhangs, is the most conservative; withildmum
absolute difference of 0.61% in specimen E, ancaaimum of 29.35% at D.
Although in most instances is over-predicting, #¥Pis the most accurate
(closest) design method with a minimum different&.64% in specimen C, and
a maximum of 37.60% at E.

ACI 318-08" is providing an upper-limit estimation in thesstge that is their
predicted failure magnitudes are the largest indalign codes, even though in
some cases like Specimens B & D it behaves as tst atcurate (nearest to the
actual) code.

Average cracking loads predicted are fairly clogetite actual ones; with an
average absolute difference of 33.36%, a minimui.@®% at specimen E, and a
maximum of 98.00% at A.

Exactly like overhang modeling, similar failure segces and modes to

experiments were observed when using STM, TableTh2. average absolute
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difference is 6.65%, a minimum of -1.08% obtaine&dspecimen D, and a
maximum of 9.64% in G.

e Muttoni and Rui#® one-way shear estimations are more conservatike tie
behavior in overhang tests. On the other hand,ptieposed punching shear
equations seem to better estimate the failure lexgerienced, but still farther
than FIF*® predictions. This better performance of the pungtshear equations

support the doubts about the inapplicability osthequations to the overhangs.

5.6- CONCLUSIONS

Various design codes are providing design recomatents, most of them are
significantly underestimating failure loads (consdive), some are overestimating, but
only a few of them are as close to the actual lobtigeover, some analytical tools, like
STM, have been introduced to overcome some of nhenveniences associated with
traditional design codes. The following points ni&yconcluded from this study:

e Although failure loads predicted by ACI 3188was flagged as of conservative
estimation in the literatuf®, especially if the failure mode is shear, AASHTO
LRFD? is found using even higher factor of safety irs tsiudy; mainly because
of the limitations put on the effective slab widirhe average absolute difference
predicted by ACI 318-08" for the overhangs is 20.79%, and 21.66% for the
welded rebar mats specimens, while it is 36.84%of@rhangs and 23.67% for
welded rebar mats specimens when using AASHTO L&EThis phenomenon
stated in literature was not detected in the welgbadr mats specimens; where in
most specimens ACI 318-38 over-predicted the actual failure loads.

e Even though it slightly over-predicts the failu@ads of a few instances in this
study, FIP'$® predicted failure loads are the closest to expemis) especially
those actually experienced two-way shear failuf®6 &f the tested specimens
failed in shear, 90% of them failed due to two-wstyear. Two-way shear
formulations in FIF® and the consideration of the critical sectionveité the
bridge deck depth around the loaded plate haventdjer influence on this close
result to experiments than the other design coéllesolute average difference is

16.57% for overhangs, and 19.18% for welded rebaatsmspecimens.
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Additionally, it adequately projected the failur@des experimentally observed in
all specimens.

Cracking loads estimated by basic section anabgsfound fairly close to the
actual measured ones. An average absolute difierend4.3% for overhangs,
and 33.5% for welded rebar specimens was found.

STM efficiently predicted actual failure modes,|dee@ sequences, and failure
loads in all tests.

One-way shear design equations proposed by Muttomd Rui#® are
conservative in all tests, while the punching shegrations are over-predicting

actual failure loads, and are applicable only to-emd supported slabs.
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CHAPTER VI

VI. CONCLUSIONS AND RECOMMENDATIONS

This dissertation presents a new precast overhamsters that allows for
significant improvements in construction speed,necoy, and safety while meeting the
AASHTO requirements and providing a serviceablecstrre.

The research performed in the first phase of erpartal work evaluated the
performance of the precast prestressed full-saadgéd overhang system. Three overhang
lengths were tested; 3’, 5’, and 5-8” under cerdad corner loading. All specimens
provided significant safety factors when comparihg service loading specified to
AASHTO to the cracking and ultimate loads. A minimdactor of safety of 1.5 for
cracking, and 3.0 at ultimate were both obtainedHe 5 overhang loaded at corner. A
greater scattering of cracks in precast overhamgieiected when compared to the cast-
in-place overhangs. This was reflected in the rednen surface strains by an average of
23% between the two systems at the same loadingjtamrs. This reduction in surface
strain must lead to a similar reduction in cradesi Accordingly, it is recommended that
the cantilever on the proposed precast overharigraysan be extended in length up to 5’
while still providing satisfactory strength and\seeability performance. By allowing
this extension of length of this system, the numifebeams on a 30’ roadway can be
reduced from four to three. This can lead to a iBggmt savings in the bridge
construction costs.

In the second phase, welded rebar mats were usegplace tied reinforcing bars
with partial depth panels to improve the economynstructability, and construction

speed of bridge decks. Conventional tied reinf@nd welded rebar mats were used in
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the test specimens. Similar ultimate strengthsewebtained for all specimens regardless
of the amount of top reinforcement existed, but ldweels of surface strains are quite
different and depends mainly on its amount andildigion. By using a rebar mat with
D11 bars at 2.67” spacing transversely and D8 ag#s longitudinally with 2” of cover
over the beams and then D8 bars at 4” in both ¥exse and longitudinal directions, a
bridge deck can be produced with a sufficient anhofistrength and improved durability
while using about 30% less steel than a typicaldaideck. This same steel layout can
be used with a clear cover of 3” with equivalentf@enance in strength and durability to
current TXDOT bridge decks. The improved ability thie wire mat help to resist
cracking, and consequently could allow an ownedregigreater construction tolerances
for the reinforcement placement or improved cradatol and hence long term
durability. Therefore, based on the testings irs thhase, welded rebar mats can be
substituted for tied reinforcing steel in the toptrof a bridge deck while using stay-in-
place concrete panels.

The proposed non-linear finite element program Ipagven successful at
modeling the performance of concrete bridge dedkis iwterior and overhang loading.
Mesh and load convergence tests have been perfdonegch specimen to obtain the
number of elements and number of loading stepsnoii for later on comparisons. For
these specimens it was found that a shear redufdaiior § of 0.20 showed the best
correlation with the experimental data. The resuitstained were close to the
experimental data. Lower average load differencebisined compared to the average
differences of surface strains and deflectionss Tifference is utmost 50% of the strains
absolute average difference. A higher-order brieknent would be expected to narrow
the mentioned differences, especially what regtrdise slow response to follow-up with
actual behavior demonstrated in graphs. This recemdied element though, would need
extensive investigation to justify its use for ftgwork. Additionally, it is foreseen that a
shear reduction fact@r magnitude of 0.18 will provide the best possilgsuits.

In evaluation of the hand methods available, ifasnd that the STM is the
closest, not only in estimating failure loads; but predicting the failure sequence and

mode as well. Although it sometimes slightly oveedicts failure loads, Fif®) design
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recommendation was found the closest to experimdnighermore, it satisfactorily
estimated the failure modes experimentally obsenvedl specimens.

Overall, a combination of STM for estimating faduloads and failure
progression, in addition to section analysis faacking prediction is a recommended
practice.

Finally, this system has been implemented to bthikel Rock Creek Bridge in
Parker County, Cool, Texas and is performing wéllis being constructed in Ft. Worth
on the West ¥ St Bridge as well. Additionally, Bridges in Miss@ Texas, and Spain

are under design with the system.
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Figure A.1: Crack map for specimen A
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Figure A.2: Crack map for specimen B
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Figure A.3: Crack map for specimen C
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Figure A.4: Crack map for specimen D
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Figure A.6: Crack map for specimen F
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Figure A.7: Crack map for specimen G
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Figure B.8 (cont): Effect of the reduction shear fact@rpn deflection measurements at
different locations for the 3ft_pre_corner bridgeckl

170



@ Cracking Points

%) ——>—— Experiment

% ------- Failure_Experiment
= ——a——FEM_beta 0.20
s sl L2T Failure_FEM_0.20
3 FEM_beta 050
2 Failure_FEM_0.50
g ——e——FEM_beta 0.35
<_E ------- Failure_FEM _0.35
% ——o——FEM_beta_0.10
L N L R Failure_FEM_0.10

-0.05 0 0.05 01 0.15 0.2 025 03 035 0.4 0.45 05 055 06
Deflection, in
gauge 5
@ Cracking Points

%) ——>¢— Experiment

é‘ ....................................................... Failure_Experiment
5 ——a——FEM_beta 0.20
s sl g~ Failure_FEM_0.20
3 FEM_beta_0.50
Q2 Failure_FEM_0.50
g ——e——FEM_beta 0.35
<_E ------- Failure_FEM _0.35
% ———o6——FEM_beta 0.10
= eyl e Failure_FEM_0.10

-0.05 0 0.05 0.1 0.5 0.2 0.25 0.3 0.35 0.4 0.45 05 0.55 0.6

Deflection, in

gauge 6

Figure B.8 (cont): Effect of the reduction shear fact@rpn deflection measurements at
different locations for the 3ft_pre_corner bridgek
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Figure B.8 (cont): Effect of the reduction shear fact@rpn deflection measurements at
different locations for the 3ft_pre_corner bridgek

172



@ Cracking Points

——>—— Experiment
------- Failure_Experiment
——a&——FEM _beta_0.20
------- Failure_FEM _0.20
FEM _beta 0.50
Failure_FEM _0.50
——e——FEM_beta 0.35
....... Failure_FEM_0.35
——o——FEM_beta_0.10
------- Failure_FEM_0.10

Total Applied Load, kips

-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 035 04 0.45 05 0.55 0.6

Deflection, in

gauge 9

Figure B.8 (cont): Effect of the reduction shear fact@rpn deflection measurements at
different locations for the 3ft_pre_corner bridgeckl

173



® Cracking Points

@ ———Experiment
o

< ——FEM

B )

S an b X7 e Failure_FEM
j}

------- Failure_Experiment

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 (2AB000 14000 15000
Microstrain (infin)

DEMEC 58(FE value was taken at a location 1" off from meméid DEMEC number)

° Cracking Points

—¢—— Experiment_demac 48

m

o

= ——FEM

=

- 4%t 9 A7 e Failure_FEM
]

o

j}

------- Failure_Experiment

Experiment_demac 66

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 02AB000 14000 15000

Microstrain (infin)

DEMECs 48&66

DEMEC locations

Figure B.9: FEM (B = 0.20) vs. experimental strain measurementsiareint DEMEC
locations for the 5ft_cip_center bridge deck

174



Load (kips)

Load (kips)

® Cracking Points

———Experiment
—¢—FEM
------- Failure_FEM

------- Failure_Experiment

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 (2AB000 14000 15000
Microstrain (infin)

DEMEC 65

® Cracking Points

—¢——Experiment
——FEM
------- Failure_FEM

------- Failure_Experiment

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 02053000 14000 15000
Microstrain (infin)

DEMEC 97

Figure B.9 (cont): FEM (B = 0.20) vs. experimental strain measurementsfiatrelint

DEMEC locations for the 5ft_cip_center bridge deck

175



® Cracking Points

Lo = O S

gof T e e

70 £

60 £ .
= £ —¢——Experiment_gauge 1
o 50 |
< [ — & FEM
=
3 40+ XK e Failure_ FEM
3 ——o——Experiment_gauge 9

------- Failure_Experiment
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 11 12 13 14
Microstrain (infin)
gauges 1&9
® Cracking Points

Lo v

gof 7 ¥ e

70

60 .
= —¢——Experiment_gauge 2
[=% 50
= ——FEM
=
3 40 X9/ e Failure_ FEM
3 ——o——Experiment_gauge 10

------- Failure_Experiment

-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 11 12 13 14

Microstrain (infin)

gauges 2&10

Nl

4 i

i_ ___________________________ i
i 7 |
69 7o / 5 3 1
i o o ?
010 8o 60 40 24
i !
i |
[iiislalytuliniivisotubuisiiisulytulguioin ghut
Demacs Grid

Dpmain
\ {

locations of deflection gauges

Figure B.10: FEM (B = 0.20) vs. experimental deflection measuremend#farent
locations for the 5ft_cip_center bridge deck

176



Load (Kkips)

Load (kips)

® Cracking Points

——>——Experiment_gauge 3

——FEM

------- Failure_FEM
Experiment_gauge 7

------- Failure_Experiment

Microstrain (infin)

gauges 3&7

® Cracking Points

——>——Experiment_gauge 4
——FEM
------- Failure_FEM

Experiment_gauge 8

------- Failure_Experiment

-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 11 12 13 14

Microstrain (infin)

gauges 4&8

Figure B.10 cont): FEM (B = 0.20) vs. experimental deflection measurements a

different locations for the 5ft_cip_center bridgeck

177



Load (kips)

Load (kips)

® Cracking Points

Lo L @

80
70

—>»——Experiment

——FEM
------- Failure_FEM
------- Failure_Experiment
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 11 12 13 14
Microstrain (infin)
gauge 5
® Cracking Points
00 ot i i e e e e a3 e e e e e e e e e e e e e e aaan
R < o
70
———Experiment
——FEM
------- Failure_FEM
------- Failure_Experiment

-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 11 12 13 14

Microstrain (infin)

gauge 6

Figure B.10 (cont): FEM (B = 0.20) vs. experimental deflection measurements a
different locations for the 5ft_cip_center bridgeck

178



@ Cracking Points

40

r- -~ -~ 1T~ ~"~“"~"\~~"~“""~“r-~~"~>“"T-"~“"~“"~“"~“">~"=>"°7"°=7"°7°7/7 L e I F
C | | | I I I I I
35 cE__ - e N | N I_ L _
‘el e : ——»——Experimen
30 £ | ————FEM_beta_0.20
> -7 ] """ : ------- Failure_Experiment
Q25 e il R Failure_FEM_0.20
= E I FEM_beta_0.50
< 0% A . I Failure_FEM_0.50
gjsi 7777777 1 S A S ——e——FEM_beta_0.35
- [ : : : : : : : ------- Failure_FEM_0.35
¥y e L -y _-_-_-4_-__._ ———FEM_beta_0.10
: : ------- Failure_FEM_0.10

|
l
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 @200

Microstrain (infin)

DEMEC 5

@ Cracking Points

A ‘*,,,ﬂ‘ ,,,,,,,,,,,, ﬂ‘ ,,,,,,,, ‘f,,,j‘ ———Experimen

— e aaaa heeaadaaans [ T beeaaaaaaan beaaa- | ———FEM_beta_0.20
a - ‘L ----- : ---------------- l‘ ---------- l‘ ----- : ------- Failure_FEM_0.2!
2 | | | | | Failure_Experimer
=
- e e A bo -4 FEM_beta_0.50
< | | | | | Failure_FEM_0.50
S | | | | | —e FEM beta 035

! ! ! ! b Failure_FEM_0.35

e I -
! | | | | ——o——FEM_beta_0.10
! ! ! ! [ Failure_FEM_0.10

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 @200

Microstrain (in/in)

DEMEC 1

Crack Pattern at Failure “27.50 kips”

DEMEC locations

Figure B.11: Effect of the reduction shear fact@rpn strain measurements at different
DEMEC locations for the 5ft_cip_corner bridge deck

179



o Cracking Points

e .‘, FiissaisisiasssapRasaREaaa ‘, FeREEEaE e ¢ FExperimen
! : ! ! ——FEM_beta_0.20
................ Feececeececapaccaajeanan. -===----Failure_Experiment
................ beeeedecenabanaaaeaaaa. =------Faiure_FEM_0.20
} } FEM_beta_0.50
,,,,,,,,,,,, o mm e ——p——— g ——— Failure_FEM_0.50
: : —=e—FEM_beta_0.35
7777777777777777777777777777777777 -~~~ ~~73-~—— ==-----Failure_FEM_0.35
|
|
|
|
|
|
t

Load (kips)

| |

| | ——o——FEM_beta_0.10

| AR Failure_FEM_0.10
| |

T | T
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 @200

Microstrain (infin)

DEMEC 3

o Cracking Points

40 e L |

| | | |
| ! I L |
| | | | | ———Experimen
777,_,,,r,,,7,,,,: ———————————— oo or oo o To oo —e——FEM_beta_0.20
N T Tttt oo oo I IEEEEEEEE Failure_Experiment
| | emmeees Failure_FEM_0.20
: FEM_beta_0.50
‘ Failure_FEM_0.50
,,,,,,,,,,,,,,,,,,,,, :,,,,,,,,,,,,,,,,,,,,,,,,,, —e FEM_beta_0.35
|
|
|
|
|
|
;

Load (kips)

R Failure_FEM_0.35
| ——=%——FEM_beta_0.10
[ Failure_FEM_0.10

10000 12000 14000 16000 18000 20000 @200

Microstrain (in/in)

DEMEC 6

Figure B.11 (cont): Effect of the reduction shear fact@rpn strain measurements at
different DEMEC locations for the 5ft_cip_cornerdge deck

180



@ Cracking Points

~~-~--41 ——»——FEM_beta_0.10
I Failure_FEM_0.10

T - - - - -0~ r- - 71
I I I
[} [} I
.......... FisiEsEieisisssiEsEEeepRsEREERRRpaREq
| | | ——>——Experimen
! ! | ————FEM_beta_0.20
P e I R R R N LI IR LR CICECIE R | N N
4 e e e S g S Failure_Experimer
-_\9" ! ! I mmeme Failure_FEM_0.2!
= | | | FEM_beta_0.50
'g | | | Failure_FEM_0.50
9 . L---! ——FEM_beta_035
| | |ommemee Failure_FEM_0.35
———————————— 4 - - = — = — — —}
I
I
I
I

Microstrain (in/in)

DEMEC 64

@ Cracking Points

—>»——Experimen
———FEM_beta_0.20
------- Failure_Experimer
------- Failure_FEM_0.2!
FEM_beta_0.50
Failure_FEM_0.50
—=8—FEM_beta_0.35
------- Failure_FEM_0.35
———e——FEM_beta_0.10
------- Failure_FEM_0.10

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 @200

Microstrain (in/in)

DEMEC 66

Figure B.11 (cont): Effect of the reduction shear fact@rpn strain measurements at
different DEMEC locations for the 5ft_cip_corneidge deck

181



o Cracking Points

| | : | —%——Experimen
L B L r—--1 ——FEM_beta_0.20
S L R Failure_Experiment

STV e Failure_FEM_0.20
! ! FEM_beta_0.50
Failure_FEM_0.50
.4 1 1 —e—FEM_beta_0.35
------- Failure_FEM_0.35
——o——FEM_beta_0.10
I memee Failure_FEM_0.10

Load (kips)

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 @200

Microstrain (inf/in)

DEMEC 80

Figure B.11 (cont): Effect of the reduction shear fact@rpn strain measurements at
different DEMEC locations for the 5ft_cip_cornerdge deck

182



@ Cracking Points

40
TN F e EEE  EE  E EE S EE EE EE L

30 " e Experiment
---------------------------------------------------------------------------------------- Failure_FEM_0.20
............ L R L e R Tttt rtrtrtrt-------Failure_Experiment

——a——FEM_beta 0.20
20 FEM_beta_0.50
Failure_FEM_0.50

Total Applied Load, kips

5 ——+——FEM_beta 0.35
------- Failure_FEM_0.35
0 ————FEM_beta 0.10
------- Failure_FEM _0.10
5
o
-0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Deflection, in

gauge 1

®Cracking Points

—— Experiment
------- Failure_FEM_0.20
@ ----- Failure_Experiment

FEM_beta_0.20
FEM_beta_0.50
Failure_FEM_0.50
——e——FEM_beta_0.35
------- Failure_FEM_0.35
————FEM_beta_0.10

------- Failure_FEM _0.10

-0.01 -0.005 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Deflection, in

gauge 2

A\ \

o Y~ W, y
|

] DemacsGrid | _____
! Namain I
! i
! i
b1 30 50 70 ] 9| —
15 1 P
i o 2
i 20 40 o . 8o
! % ! ,
S i 18
| N N GO B P

locations of deflection gauges

Figure B.12: Effect of the reduction shear fact@rpn deflection measurements at
different locations for the 5ft_cip_corner bridgectl

183



@ Cracking Points

40
T I I I IOV i i T iT i T T IS T iTciiciiciiiviiviiTiiTiiiiiiiciiisiiciisiist
——¢— Experiment
30
------- Failure_FEM_0.20
--------------------------------------------------------------------------------------- Failure_Experiment
25 ——&——FEM_beta _0.20
FEM_beta_0.50
20 Failure_FEM_0.50
————FEM_beta 0.35
e e D e T I I Failure_FEM _0.35
——o——FEM_beta 0.10
0+ S e s Failure_FEM _0.10
5
-0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Deflection, in
® Cracking Points
40
S iiiiiiiiiiovdiiiiiiiiiciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiicsiii:
—¢— Experiment
30+ e e Failure_FEM _0.20
P
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" Failure_Experiment
............ 2 T
——&——FEM_beta 0.20
o
FEM_beta_0.50
20

(/ Failure_FEM _0.50

15 ————FEM_beta 035
------- Failure_FEM_0.35
» — o FEM_beta 0.0
------- Failure_FEM_0.10
5
t + B + + + t + + + + + !
-0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Deflection, in

gauge 4

Figure B.12 (cont): Effect of the reduction shear fact@rpn deflection measurements at
different locations for the 5ft_cip_corner bridgect
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Figure B.12 (cont): Effect of the reduction shear fact@rpn deflection measurements at
different locations for the 5ft_cip_corner bridgect
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Figure B.12 (cont): Effect of the reduction shear fact@rpn deflection measurements at
different locations for the 5ft_cip_corner bridgect
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Figure B.12 (cont): Effect of the reduction shear fact@rpn deflection measurements at
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Figure B.13 (cont)): Effect of the reduction shear fact@rpn strain measurements at
different DEMEC locations for the 5ft_pre_centeidge deck
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Figure B.29: FEM (B = 0.20) vs. experimental strain measurementsffareint DEMEC
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Figure B.30 (cont): FEM (B = 0.20) vs. experimental deflection measurements a
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APPENDIX C: simplified Hand Methods' Tables
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Table C.1: Comparison of Cracking Loads; section analysexperiments

oo™ | Experimens |
. y Actual Failure
Specimen ..
Top surface Cracking | Failure load, description
Load, kips % Diff. Load, kips kips
3ft_cip_center 58.6 4.1 56.3 >103.5
3ft_cip_corner 36.7 -23.5 48.0 56.2 Punching
3ft_pre_center 59.2 23.4 48.0 >96.0
Comp. Strut fail
3ft_pre_corner 41.6 4.0 40.0 80.0 o onching
5ft_cip_center 26.8 11.8 24.0 88.0 Tension failure
5ft_cip_corner 18.5 -22.8 24.0 275
5ft_pre_center 39.2 22.3 32.0 87.0 Tension failure
5ft 8in_center 27.1 -13.6 31.4 69.0 Tension failure
5ft_pre_corner 23.3 -3.1 24.0 48.0
Specimen_A 53.6 98.3 27.0 272.0 Punching (South side)
Specimen_B 51.5 5.1 49.0 279.0 Punching (South side)
Specimen_C 50.3 -36.3 79.0 212.0 Punching (South side)
] Punching @ cip
Specimen_D 51.1 42.0 36.0 287.0 only(South side)
] P/S panel flex. failure &
Specimen_E 49.0 -0.1 49.0 204.0 Support failure (south side
. South side splitting &
Specimen_F 495 1.1 49.0 215.0 Punching
Specimen_G 77.1 51.2 51.0 314.0 Punching (north side)
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Table C.2: Comparison of AASHTO LRF® failure loads to experimental loads

Failure Load Analysis
AASHTO LRFD
Neg. Moment | o o\ | Oneway shear One way shear Punching shear Experiments i
Specimen region reqion flexural capacity Eq 2 capacity Eqs 5&6 capacity Eq 10 Actual '_:a!|ure
flexural gca acit (Eq 5.8.3.3-3in (Eq5.8.3.4.3-1in (Eq 5.13.3.6.3-1in descrlptlon
capacity pacity AASHTO) AASHTO) AASHTO)
Cracking .
Load % Load % Load, | o, Load, o M Load, o i Failure
ips | Difi. | ,wips | oif. | kips | PP | kips | PP | yips | %0 Diff 'ﬁ;‘g load, kips
3ft_cip_center | 80.8 Hohk n/a wxk 50.0 il n/a rxk 72.9 wxk 56.3 >103.5 -
3ft_cip_corner | 47.0 -16.4 n/a ek 25.9 -53.9 n/a ok 39.9 -28.9 48 56.2 Punching
3ft_pre_center | 81.9 Hohk n/a wxk 50.4 il 102.7 wxk 83.3 el 48.0 >96.0 ---
Comp. Strut failure +
R Hkk - - -
3ft_pre_corner | 48.4 39.5 n/a 29.3 63.4 63.7 20.4 52.1 34.8 40.0 80.0 Punching
5ft_cip_center | 58.1 -34.0 n/a ek 49.4 -43.9 n/a ok 67.3 -23.6 n 88.0 Tension failure
5ft_cip_corner 32.2 17.3 n/a rhx 22.1 -19.7 n/a Hhk 32.1 16.7 24.0 27.5
5ft_pre_center | 59.7 -31.4 n/a rohx 61.0 -29.9 120.2 38.2 87.4 0.5 2.8 87.0 Tension failure
5ft 8in_center 40.0 -42.0 n/a rrx 75.8 9.9 151.2 119.1 85.7 24.3 1.43 69.0 Tension failure
5ft_pre_corner | 34.8 -27.5 n/a rhx 37.0 -22.9 73.5 53.2 53.4 11.2 4.@ 48.0
Specimen_A 0.0 ** 180.0 -33.8 303.1 11.5 453.5 66.7 202. .825 27.0 272.0 Punching (South side
Specimen_B | 148.4| -46.8| 252.1 -9.7 310.4 11.3 453.1 62.4 206(8 -25.9 49.0 279.0 Punching (South sidg
Specimen_C 48.8 -77.0 | 103.1 -51.4 266.4 25.6| n/a Fkk 183.7 613 79.0 212.0 Punching (South side
: 4 Punching @ cip
Specimen_D | 109.6 | -61.8| 232.6 -19.0 304.3 6.0 445.4 55.2 202(8 -29.4 36.0 287.0 only(South side)
P/S panel flex. failure &
Specimen_E | 162.1| -20.5| 256.4 25.7 304.3 49.2 438.1 11418 202.8 -0.6 49.0 204.0 Support failure (south
side)
Specimen_F | 1405| -347| 247 149 3081 433 445 1073 20592 -4.5 49.0 215.0 SO”thpsdﬂiéﬁgm”g &
Specimen_G | 147.7| -53.0| 290.8 -7.4 359.4 14.5 568.8 81.2 250(9 -20.1 51.0 314.0 Punching (north side
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Table C.3: Comparison of ACI 318-0% failure loads to experimental loads

Failure Load Analysis

ACI 318-08
Punching shear Experi
. Neg. Moment | Pos. Moment Ogﬁev;?y sh;r;i;vsgcity One way shear capacity ments Actual Failure
Specimen region region capacity Eq 2 Eq 3 capacity Eq 4 Eql0&l11 description
flexural flexural (g e € i (Eq11-9in | (Egs11-31, 11- P
capacity capacity q q ACI) 32, 11-33, 11-34
ACI) ACI) in ACH
Load % Load, % Load % Load, % Load, % Load % Diff Failure
, kips | Diff. kips Diff. | , kips | Diff. kips Diff. kips Diff. , kips 0 ) load, kips
3ft_cip_center | 129.4 | *** n/a ok 79.9 ok n/a ok n/a ok 72.9 el >103.5
3ft_cip_corner 63.6 13.2 n/a rhx 35.1 -37.6 n/a ok n/a ek 39.9 28.9 56.2 Punching
3ft_pre_center | 131.1| *** n/a il nfa e 1107.7 | P 176.0 il 83.3 il >96.0
Comp. Strut failure +
_ *kk *kk - -
3ft_pre_corner | 65.5 18.1 nfa n/a 52.9 33.8 87.8 9.7 52.1 -34.8 80.0 Punching
5ft_cip_center | 92.9 5.6 n/a ok 79.0| -10.3 n/a ok n/a ok 67.3 26 88.0 Tension failure
5ft_cip_corner 44.2 60.8 n/a rrx 30.3 10.1 n/a ok n/a ek 32.1 186 27.5
5ft_pre_center | 95.6 9.8 n/a x n/a x| 130.4| 49.8| 139.7 60.6 185 44.2 87.0 Tension failure
5ft 8in_center | 53.6 | -22.3 nfa il n/a x| 135.8| 96.8 92.5 341 132 917 69.0 Tension failure
5ft_pre_corner | 47.7 -0.6 n/a ok nfa il 67.9 41.4 70.5 46.9 53.4 11.2 48.0
Specimen_A 0.0 ** | 2193 | -19.4 n/a x| 4935 814 506.4 86.4 884 6.0 272.0 Punching (South side
Specimen_B | 197.9 | -29.1| 315.7| 13.2 n/a x| 5054  81.p 509|6 782. 284.8 21 279.0 Punching (South side|
Specimen_C | 65.0 | -69.3| 128.4| -394 3248 53 n/a i n/g 832 -13.6 212.0 Punching (South side,
. L L Punching @ cip
_ *kk -
Specimen_D | 146.1 49.1| 289.8 1.0 n/a 495.% 72. 507{4 76.8284.8 0.8 287.0 only(South side)
P/S panel flex. failure &
Specimen_E | 216.2 6.0 321.8 57.7| n/a b 4955 142 507{4 T48.284.8 39.6 204.0 Support failure (south
side)
Specimen_F | 187.3| -12.9| 309.1 434 nia ¢ 501.6 1333 5087 683 284.8| 325 215.0 Soumpsdf]‘z;ﬁg“”g &
Specimen_G | 197.0| -37.3| 362.9] 15.6 n/a ** 5852  86. 6705 513 370.4 18.0 314.0 Punching (north side
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Table C.4: Comparison of FI® Recommendations failure loads to experimentaldoad

Failure Load Analysis

FIP Recommendations

Experiments

Actual Failure

; . Pos. Moment One way shear Punching shear
Specimen Nﬁg;(mgm’im;gg'on region flexural capacity Eq 7 capacity Eqs 12&13 description
pacity capacity (Eq 6.7.2 in FIP) (Eq 6.7.4 in FIP)
Load, . Load, . Load, . Load, . Cracking Failure
kips % Diff. kips % Diff. kips % Diff. kips % Diff. Load, kips load, kips
3ft_cip_center 128.9 i n/a il 99.9 ok 92.6 o 56.3 >103.5
3ft_cip_corner 63.3 12.6 n/a ok 42.0 -25.4 49.0 -12.8 48.0 56.2 Punching
3ft_pre_center 130.7 ol n/a il 113.7 ik 112.4 il 48.0 >96.0
} ok B B Comp. Strut failure +
3ft_pre_corner 65.4 18.3 n/a 55.6 30.6 63.8 20.2 40.0 80.0 Punching
5ft_cip_center 925 5.2 n/a i 95.6 8.6 94.8 7.7 24.0 88.0 Tension failure
5ft_cip_corner 43.9 59.6 n/a o 33.5 22.0 45.3 64.8 24.0 275
5ft_pre_center 95.3 9.6 nfa ok 142.5 63.8 123.1 41.5 32.0 87.0 Tension failure
5ft 8in_center 53.5 -22.5 n/a ok 150.4 118.0 125.8 82.3 314 69.0 Tension failure
5ft_pre_corner 47.6 -0.9 n/a il 75.2 56.7 68.4 42.4 24.0 48.0
Specimen_A 0.0 *x 218.2 -19.8 342.2 2538 280.0 3.0 27.0 272.0 Punching (South side)
Specimen_B 197.4 -29.2 314.2 12.6 352.2 26.2 284.1 1.9 49.0 279.0 Punching (South side)
Specimen_C 64.9 -69.4 128.2 -39.5 209.3 -1.3 215.3 15 79.0 212.0 Punching (South side)
Specimen D | 1459 -49.2 | 2884 05 343.0 195 280.7 22 36.0 287.0 | Punching (s@i)d‘;;’ only(South
. 4 P/S panel flex. failure &
Specimen_E 215.7 5.7 320.0 56.9 343.0 68.1 280. 37.4 49.0 204.0 Support failure (south side)
: ) South side splitting &
Specimen_F 186.8 13.1 307.5 43.0 348.6 62.1 282.4 31.4 49.0 215.0 Punching
Specimen_G 196.5 -37.4 361.9 15.3 400.7 27.6 319.5 1.8 51.0 314.0 Punching (north side)
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Table C.5: Muttoni and Rui#®*" critical shear crack equations

Failure Load Analysis Experiments
. - Actual Failure
Specimen One way shear Punching shear d inti
capacity Eq 8 capacity Eq 14 escription
Load, o M Load, o i Cracking Failure
kips Y6 Diff. kips 6 Dif. Load, kips | load, kips
3ft_cip_center 70.5 i 198.4 i 56.3 >103.5
3ft_cip_corner 30.9 -45.0 1145 103.7 48.0 56.2 Punching
3ft_pre_center 80.5 ok 200.5 ok 48.0 >096.0
Comp. Strut failure +
3ft_pre_corner 40.4 -49.6 1241 55.2 40.0 80.0 Punching
5ft_cip_center 69.7 -20.8 150.7 71.3 24.0 88.0 Tension failure
5ft_cip_corner 26.7 -2.9 81.9 197.8 24.0 27.5
5ft_pre_center 90.6 4.1 163.4 87.8 32.0 87.0 Tension failure
5ft 8in_center 89.6 29.9 152.6 121.1 31.4 69.0 Tension failure
5ft_pre_corner 44.8 -6.7 101.6 111.6 24.0 48.0
Specimen_A 318.1 17.0 306.6 12.7 27.0 272.0 Punching (Sodt) si
Specimen_B 325.8 16.8 301.7 8.2 49.0 279.0 Punching (Sout) sid
Specimen_C 271.6 28.1 324.7 53.2 79.0 212.0 Punching (Soat) si
Specimen D | 319.4 113 | 3018 52 36.0 2870 Punching @ o only(South
. P/S panel flex. failure &
Specimen_E 319.4 56.6 297.1 45.6 49.0 204.0 Support failure (south side
. South side splitting &
Specimen_F 323.3 50.4 300.0 39.5 49.0 215.0 Punching
Specimen_G 362.0 15.3 384.8 225 51.0 314.0 Punching (nodé)si
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