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Abstract

Fiber Reinforced Polymer (FRP) is a relatively new material used in the field of civil
engineering. FRP is composed of fibers, usually carbon or glass, bonded together using a
polymer adhesive and formed irttee desired structural shape. Recently, FRP deck panels have
been viewed as an attractive alternative to concrete decks when replacing deteriorated bridges.
The main advantages of an FRP deck are its weight (roughly 75% lighter than concrete), its high
strengthto-weight ratio, and its resistance to deterioration. In bridge design, AASHTO provides
load distributions to be used when determining how much load a longitudinal beam supporting a
bridge deck should be designed to hold. Depending on the deéekahalong with other
variables, a different design distribution will be used. Since FRP is a relatively new material
used for bridge design, there are no provisions in the AASHTO code that provides a load
distribution when designing beams supportindg-&# deck. FRP deck panels, measurifigké
8.5ft, were loaded and analyzedkansas State Universityer the past 4 years. The research
conducted provides insight towards a conservative load distribution to assist engineers in future
bridge designsvith FRP decks.

Two separate test periods produced data fordémiert For the first test period,
throughout the year of 2007, a continuous FRP panel was set up at the Civil Infrastructure
Systems Laboratory at Kansas State University. This contimsned measured B ft by 6ft x
6 inchesthick and was supported by 4 Grade A572 HP 10 x 42 steel b8dmadeam
spacingb6s, al ong t he.5H&255t Stain galiges veere imouated,at mide r e
span of each beam to monitor the amodnbad each beam was taking under a certain load.
Linear variable distribution transformers (LVDT) were mounted atspiah of each beam to
measure deflectionLoads were placed at the center of the panel, with reference to the 6 ft
directionand at seval locations along the 8.5 ft directiontr&n and deflectioneadings were
taken in order to determine the amount of load each beam resisted for each load location.

The second period of testing started infédeof 2010 and extended into January of
2011. This consisted of a simpkgan/cantilever test sap. The test saip consisted of, in the
8.5 ft direction, a simply supported span of 6 ft with a 2.5 ft cantilever on oneAsdione
previously both beams had strain gauges along with LMDdignted at migspan. There were

also strain gaugesere installegspaced at 1fbincrements along one beam in order to analyze
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the beam behavior under certain loads. Loads were once again applied in the center of the 6 ft
direction andstrain and defletion readirgs were taken at several loadations along the 8.5 ft

direction. The data was analyzed after all testing was completed. The readings from the strain
gauges mounteid 1.5 ft incrementslong the steel beam on one side of the simple tgsaset

up were used to produce moment curves for the steel beam at various load locations. These
moment curves were analyzed to determine how much of the panel was effectively acting on the
beam when loads were placed at various distances away fromthebea Usi ng t hese e
l engths, 0 al ong wi t h-spgahad eashtbeam,ithe loddadaeh beafhwas m t h
resisting for different load locations were determined for both the continuously supported panel

and the simply supported/cantilevenphdata.Using these loads, conservative design factors

were determined for FRP panels. These fa@mrsS/5.05 for the simply supported panel and

S/ 4.4 for the continuous panel, where AS0 is
measurements wereadto validate the results. Percent efrbesed on experimental and

theoretical deflectionsyere found to be in the range of 10 percent to 40 percent depending on

the load locations for the results in theport
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CHAPTER 1 - Introduction and Literature Review

1.1 Introduction

Fiber reinforced polymer (FRR3 a composite material consisting of fibers made out of
materials such as carbon or glass, bonded together using anpepgxyer. Although FRP has
been used for over half a century in Aerospace Engineering applications, its use is generally new
is othe engineering disciplines.

The most common form of FRP in Civil Engineering is found in pultruded shapes that
can be used as structural materials. More recentlyHeRBycomldecks have been used to
replace existing deteriorated bridge decks. TheseRidwdecks have several advantages such
as a high strength to weight ratio, great weather resistance, and minimal construction time.

The high strengthio-weight ratio allows bridges tincrease their load capacity since the
FRP will allow foradditionallive loads due to a reduction in dead loads. FRP is extremely
resilient against weather and will not deteriorate nearly as quick as other materials such as steel
in high sulfate environments. The timegjuiredto replace an existing bridge deck withFERP
deck is very small, taking as little as a day, compared to the weeks it could take to replace an
existing bridge deck with a new concrete de€lansequentlyalthough FRP cos®ibstantially
more than concretéhe reduced labor costs and time requiats more than compensate for the
additional material costs, translating into overall cost savings in bridge construstaiaghat
haveimplemened FRP include: Kansas, Missouri, West Virginia, New York, Colorado, Ohio,
Maryland, and Pennsylvania.

Due to the fact that it is not commonly used in construction, #rerao design standards
or codedor designing bridge elements with FRP dec&®nsequently, mostesignausing FRP
that havebeen implementedp to this poinhave used experimental dal@ng withcomputer
modeling The American Association of State Highway and Transportation Officials
(AASHTO) provides distribution factors for beams supporting bridge denksle from other
materials These distribution factors are dependent on thargpatthe beams supporting the
bridge decks. There are also different factorslitferent bridge constructionsoFexample, a
bridge with a timber deck supported by steel beams will have a different factor than a bridge
with a concrete deck supported steel beams. Fallowable stress design (ASDhese factors

areinterms ofthbeams paci ng AS0 divided by a certain
12
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After substitutingthe spacing, theesulting factorepresents the load on the bridge dfeck
which that particular beam needs to be desidoed-or example, ithere is a 10 kip wheel load
on a bridge with a longitudinal beam spacing &f @nd the AASHTO design factor forish
particular bridge is S/8, then that beam needs to be desgysegport 4/8 or 0.5 of the wheel
load, whichequalss kips.AASHTO provides these design factors for most commaterials,
however due to the limited use of FRRerhare o stipulations for FRP in the specifications

The main objective of the resehrdetailed in thiseportis to determine a conservative
lateral load distribution factor for FRP that would assist design engineers. Data was collected
from two different testing periogdgcludingthe year of 2007, and also the fall of 2010 extending
into January of 2011. The original testing in 2007 consisted of a panel continuously supported
while the more recent tests were performed on a panel with a simple span/cantitaper Set
the original testingstrain gauges were placed at rsjghn of tle supportingoeams to determine
the reactions along with LVDTs taeasure beameflections. The instrumentation was the same
in the simple span/cantilever testifgpweverstrain gauges were added along one beam in order
to determine the behavior of thedm during various loading circumstances. After the reactions
were determined from all the data, distribution factors were established for the FRP panel
supported on steel beams by modeling different loading scenarios.

Strain gauges were alptacedat 6inch spacing along the panel in three rows. These
provided some insight into the behavior of the panel during loading. This data was not
completely necessary for determining distribution factors, howausrbriefly discussed in
Chapter 61t can be found on théData CD)for further analysis.

1.2 Literature Review

1.2.1 Kumar,et al
Kumar, et alKumar, et al., March 200Xpompleted research on an FRP parseld inthe
design of a bridge on the Missouri Rolla University Campus. The bridggndeonsistedf a
deck made out of hollow iBch squard=RPpultrudedtubeshapes bonded together to form |
shapesEach | shape consisted of 7 layers of these square tubes alternately laid longitudinally
and transversely. The tubes were connectedhiegesing an epoxy adhesive. The flanges were

approximatelyeighttubes across while the webs had a widtfoaf tubes. Only one of the |
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shape members were fabricated and used for experimental purposes. Experimental tests included
a design load test,fatigue test, and an ultimate load test. The design load test proved that the
structure was capable of taking the AASHTO required design load measuring deflection along
with visual observations. It was found that the deflection was more than adequhge fo

maximum design load. The fatigue testing included 2 million cycles where the structure was
continuously unloaded to 500 pounds and reloaded to 11,000 pounds. Every 400,000 cycles, the
test was paused adstatic loadvas applied to check for angds of stiffness in the member.

All results concluded that the member did not lose any stiffness due to fatigue. The ultimate load
test proved the structure to be able to withstawkral times the required design lodthe

failure observed was not Jent and it was concluded that in the case of an actual bridge failure,

occupants would have sufficient time to evacuate the structure before collapse.

1.2.2 Temeles

Temeles(Temeles, 2001 evel oped a fAtesting facilityo
two FRP decks. The testing facility consisted of a bay cut out of the concrete road leading up to
a weigh station on Interstate 81 in Virginia. A FRP panel would be laid in the bay in order to
monitor the strains and deflections over an extended periau®fis trucks passed over. Upon
fabrication of the first panel, some design deficiencies were found and corrected for the
fabrication of the second deck. The panels consisted of 10 square FRRdwkomwembers
placed side by side and sandwiched onatiogh bottom bywo 3/8inch FRP plates. Each tube
was 15fti 3incheslong with a hollow square cross section. The hollow squares imath Sides
and were 3/8chthick. The deficiencies found included not enough clear space for a bolt to
connect the p#el to supporting beams therefore resulting in sdeleminatingof the tubes from
the bottom plate in certain areas. Because of these defeseitavas decided thatddk 1 would
not be placed in the test facility é&woidanypossiblefailure while a tuck was passing over it.
However four stiffness tests wereonducted on Deckin addition toultimate load tests
performedn a separate testing facility. The second deck was subjixirtstiffness tests
before being placed in the testing facility and tfeamr more stiffness testdong withtwo
ultimate strength testdt was possible to complete twttimate loadests since the panel

spanned two6.5 ft bays The panel was supportég simply-supported beams in the laboratory
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setup and bybeams bearing directly on a reinforced concrete slab the entire length of the beams
for the Atesting facility.o For the tests, t
alongwih a strain gauge and a AWire Poto (used f
transverselyn each baysix readings total)

In Deck 1 testing(tested only in the laboratory, not in the field), the loads and
corresponding deflections shdie manel to act lineaelastically for the required AASHTO
design loads during all four stiffness tests. The first ultimate load test went up to a maximum of
102 kips, however the panel did not fail since the test had to be stopped because the load cell had
reached its maximum capacitifromload-deflection plots, it was determined that the panel
failed to exhibit elastic behavior after a load of 60 kips, therefore this bay was not tested again
with a larger load cell. The second ultimate strength tefdgok 1 resulted in a maximum load
of 107 kips before a punchirghear failure. The loadeflection plot showed the panel to behave
linearelastically upd a load of 70 kips, thereafter; ductile behawais observeth a nonlinear
portion of the plat

Deck 2 performed similarly tBeck 1 in all four stiffness tests. In some locations, the
deflections were slightly less than those observed Deck 1. It was concluded that these
differences were probably due to the differences in fabrication. lalwaobserved that in one
bay, the deflection under a load varied by 1.8% from the deflection under the same load in the
adjacenbay. Theoretically, these deflections would be the same. Another discrepascy
foundwhen comparinghe strain to the disctions. In the West bay, the strain in a location was
found to be | arger by 100 €| than the strain
During the same period, the deflection in the same location of the west bay was found to be
smaller tlan that of the deflection in the East bay. The cause of these discrepancies in the results
was concluded to be uncertain. The field tests proved that the maximum strains produced did not
approach the strains recorded from the ultimate load tests ofidackact the strains were less
than half the strains recorded in the ultimate load test. A fraction of the trucks were diverted
using a cone so that the panel would experience the maximum amount of straingaensur
critical load was recorded the tests. A visual inspection was completed for the panel twice
during service and once after the panel was removed from the testing facility. Upon the first two
inspections, minor longitudinal cracking had been observed on the top face of the panel over
someof the supports as well as on the bottom face of the panel in the middle of supports. By the
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time the panel was removed, the cracks in all areas had expanded. It was also unexpectedly
observed that the stiffness in the deck increased and became lidgs fiethe posfield

stiffness tests compared to the-fisdds stiffness tests. The reasons for this were uncertain. The
flexibility of the panel was also observed to be higher in the field than it was in either the pre or
post field stiffness testsThis wasconcluded to beue to the support conditions of the panel.

The supports were free to deflect in the laboratory tests, as oppasstrig on a concrete slab

in the field tests, therefore causing mdegormationn the panel itself. The ultinba strength

tests proved failure loads of 132 kips and 85 kips. The failure caused by the 132 kip load was
concluded to be due to a combination of punching shear along witbrdkng in between the

tube walls. The second failure at a load of 85 kips duge to a failure in the tube wall where a

significant size crack had formed during the field testing.

1.2.3 Allampalliand Kunn

Alampalli and Kunn(Alampalli and Kunn, 2001yorked with the New York State
Department of Transportation (NYSDOT)doalyze a new FRP bridge deck installed on the
Bentley Creek Bridge in Chermung County, New York. The deterioration of the original
concrete deck had required NYSDOT to reduce its load rafittie bridge During the deck
replacement, the sub structuvas repaired by replacing rusting rivets with steel bolts; fish
plating areas of section loss, along with cleaning and painting all the steel members. After the
new FRP deck was installed, the bridge was instrumented with a total of 18 strain ga&uges,
were placed on a supporting steel beam and the remaining 12 were placed in desired locations of
the FRP deck. The six that were placed on the steel beam were alliplHfudame area along
the beamtwo were on the top flangéyo on the web, antivo were on the bottom flange of the
beam. The main objectives of this bridge analysis were to determine: 1) if composite action was
present between the steel beams and the FRP beck, 2) if the FRP joints, which were glued
together using an epoxy adhesive, weaasfering load, and 3) verify the load rating of the deck.

Thesix strain gauges located on the beam were analyzed in order to determine if
composite action was happening or nohe result proved that no compositéi@t between the
FRP panel and spprting steel beams was presemhis was concluded sincké strains for the

flanges (top and bottom) closely matched each other and the strains at the middle of the web

16



were approximately zero. Strain gauges were located on either side of a joirttic@iveo

FRP panels. Through data analysis of different loading conditions, it was determined that 60
percent to/5 percentof the flexural load was being transferred between panels. Through the
data analysis, the load rating for the deck matched glod®t the manufacturers had originally

stated. The rating was controlled by the shear capacity of the deck.

1.2.4Bakis et al.

Bakis et al(Bakis, et al., May 200)rovided a good introduction into FRP. Subjects
discussed in the journal ranged frame fabrication of FRP materials to the different usages of
FRP in the world today. The article is authored/agiousprofessionals with field experience
using FRP. Tha r t iintrbdactios explained the fabrication process of panels and pultruded
shapes that are common in FRP members.

In a lot of FRP panels, the core, or web, is actually made out of pultruded shapes
sandwiched together by FRP plates. These pultruded shapes are usualllychodi@guare
FRP. The other main type of FRP deck istibeeycomb core sandwiched between two FRP
plates. These can either be fabricated using pultrusion in a mold for the whole panel or the
honeycomb structure is haihald in the panel.

It has been observed that most failures in these decks occur by gusicbar or large
scale delamination of the web from the flanges. When judging the feasibility on whether to use
FRP or a more conventional material such as concrete, the cost is much greater for FRP. On
average, concrete is around $30 per square fbibe WRP is usually around $65 per square foot.
The advantages of the FRP deck are a quick construction time along with an increased live load
capactiy, which in some circumstances, can bypass the replacement of an old bridge
substructure. It is briefly dcussed that the deflection criteria for FRP decks is inconclusive
since there are so many different panel desigieese various panel designs provide diffitmilt
determinehow much any one design is going to deflect with out a computer model or physica

experimentation.
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1.2.5 Hayes et al.

Hayes, et al( Hayeset al, 2000)ran experimental tests on an FRP deck and determined
the feasibility of using the design. The design consistégelf’e-102 mm x 102 mnx 6.35
mm square tubes sandwiched together between two 9.35 mm thick plates. The deck spanned a
length of 4.27 m. FouW10 x 40 steel beanspaced 1.22 m apatipported the deakreating
threeseparate spans. The objectiveshef tests included determininigexural strength and
stiffness of the deck under simulated wheel loading, fatigue behavior under cyclic loading and
residual strength after, and failure modes from fatigue and static loading.

The first test was completed by loading the middle baligdMASHTO wheel design
load. It was determined that the panel had more than enough flexural strength and it behaved
linearly elastic throughout the test. The deflection value turned up to have a ratio of L/247 which
was not conservative enough for AASE@ndards.

The second test loaded one of the outside bays to failure. For the most part, the panel
proved to behave linealastically up to failure. The maximum load occurred at 347 kN, which
is roughlyfour times the maximum AASHTO wheel design lodihe fatigue test was
performed in the opposite outside bay and consisted of 3,000,000 loadings with static tests
performed incrementally throughout. The static tests proved the panel to keep its flexural
stiffness.

After the fatigue testing was compethe panel was loaded up to failure. The failure
load for this bay was 369 kN, just a little bit higher than the opposite bay. It was concluded that
both bays stopped behaving lanelasticallyaround 311 kN. Both failures were due to shear
punchingin the panel. Upon the panel autopsy, it was conclude that the core failed in shear. It
wasalsoconcluded that the panel had more than enough flexural and shear strength and the

controlling factor in design would be the serviceability of the panel.

1.2.6 Kalny
Kalny (Kalny, 2003)completed aeportbased on the structural performance of FRP
honeycomb sandwich panels in 2003. His testing, completed in 2002, inthedeffiect of the
width-to-depth ratio orpanelstiffness, determining stiffness expeentally and analytically,
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identification of failure criteria, exterior
effect on ultimate capacity, and tbealuation of fatigue performance.

In order to determine the effect of width to deptharain stiffnessfive sandwich panels
were tested for flexural strength. Each panel had the same depth with a varying width. The
panels were labeled A6, A 12, A 18, A24, and A30. The number designation relates directly to
the width of the panel. For exgle A 12 had a 1ilhchwidth with a 5.9nch depth while the
A24 panel had a 2éhch width with a 5.9nch depth. The depth was Sré&ch for every test
conducted. It was found that the stiffnessiainedelatively consistent for all the panels tested
until they deflected 1.&hches. Since the sparihe panels were tested withiasroughly 104
incheslong, a deflection of 1.thchescorresponds to the span over deflection ratio of 80. It was
also noticed that the panels behaved linealdgtically upto this point. After this point (span
to-deflection ratio less than or equal to 80), the panels began behavifigeaty-elastically.

When comparing the ndimear portion for each of the panels, no definite similarities or
common behaviors could lestablished. It was also found that no correlation existed between
the widthto-depth ratios and the ultimate strength of each panel. All the panels did however fail
conservatively above the design load and it was determined that deflection would be a
controlling variable in the panel design.

After the panels had failed in testing, they were repaired throdigbnaing the
laminates to the core and addihgeelayers of FRP wrap around the corners of the panel.
However, the A12 panel was not repaibedwas instead cut apart for coupon testing. When
|l oaded to failure again, the panelsdé results
increase in their ultimate load. It is important to note that design flaws were noticed in the A24
panel @atime of fabrication. The A18 panel lost roughly 14 kips of load capacity between the
original test and the test using the repaired panel. As it was observed in the first round of tests,
the panels failed through delamination of the top and bottom ¢éengheets from the
honeycomb core. It islsoimportant to note that the wraps acted as a clamping mechanism,
whichinmostcasegpr ovi ded extra capacity for the panel
ability to retain load after delaminatitnad occurred. A | oud fipopping
the A18 panel and the load fell from 75 kips to 68 kips.

Three different 32t long FRP beams were also analyzed foréport One beam was
loaded at Clarkson University to a total load of 75 kipsfach it failed through horizontal
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shear. (delamination within theean) The other beam t etsathadd was a
delaminated over a 10 ft sectionroute to Clarkson University. The beam was an identical
design to the beam that actuallysatasted at Clarkson. After the discovery of this damage, the
beam was shipped to KSU for testing. The damaged side was placed on the bottom so that it
would be in tension and a 4 point bending test was performed. The panel proved to still be able
to withstand a 40 kip load at m&pan which is more than adequate for the 28 kip AASHTO
design load. After failure, the beam was shipped back to the manufacturing company, Kansas
Structural Composites Inc. (KSCI) and repaired. The repair consisted of rgnadivin
unbounded laminates in the area of failure and replacing with 3ayews. After all the
laminates were replaced on the beam, an additiBinchlong wrap was added on each of the
four corners. After the beam was set up for the danmepoint flexure test, it was loaded to
failure which occurred at 125 kips. The failure mechanism was the same as the damaged beam,
through delamination of the core and laminate layers. It was concluded this mechanism is
probably due to the weak strength of tasin transferring the load between these two
components. Since there are no fibers in that resin, it lacks the capacity that the rest of the
components have with fibers.

For the fatigue tests, 3 specimens were atibban FRP panel measuring &hesdeep,
20 incheswide, and 14 ftlong. The first specimen wdsaded to failure in order to get a good
idea of appropriate load limits for the remaining specimens. The second specimen was
repetitivelyloadedfrom a minimum load of 500 Ib. and a maximuoad of 5,400 Ib for roughly
11 million cycles. Static tests were condudteementallythrough the cyclewhich found
there was negligible loss in stiffs® The creep observatithese increments was also
negligible. The third fatigue specimen waadedfrom a minimum load of 500 Ib. to a
maximum load of 10,775 Ib for roughly 11 million cycles as well. The results were closely
similar to those of the second fatigue specimen.

Theauthor was able to produce two analytical equations that producsldeheand
flexural stiffness of a certain FRP member within 20% of the experimental value. The first
met hod included summing t he transverseumomentoff Youngo~o
inertiasof the base FRP materia$ well agtheshear modulus and traverse areas of the base

FRP material The equation formed is as follows:
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EI=B e ber{+ 8y t<«»+fi vl| [Equation 1-1]

- qi=31tF+sm=<>Fh vl| [Equation 12
This method proved to yield theoretical results within 20% of those found in the experiments of
thisreport The other equation the author formulated involves shear and flexure deflection

equations:

J
GA = T i T [Equation 1-3]

i [Equation 1-4]

El . .
#dj  #dj

These equations were extremely close toettpgerimental values.

1.2.7 Plunkett

Plunkett (Plunkett, 1997liscusses the characteristics of FRP, provides some insight to
FRP design, and provides some testing analysis in his report to the Transportation Research
Board in 1997. The report providesome insight into the concept of fabricating an FRP bridge
system that would include all the necessary components to build a bridge. (i.e. supports, bridge
deck, overlay, etc..) These components would be fabricatecduyas Structural Composites
inc. (KSCl)and ideally be able to all fit on one truck for transpastati They are planned to be
deployable to a location in proximity of 500 miles within 24 hours and could be constructed
within 24 hours, 4 to 8 hours if the panels need to be installed on existing bridge beams/girders.
The paper 6s di sctuisosni onn OFfR Pe xppaenreilnse ndtiascussed
along with the installation of the No Name Creek Bridge in Russell, KS using panels fabricated
from KSCI. The panels were not loadedf&ilure; however, by using ASTM equations, the
shear modulusnodulus of rigidity, and the stiffness of the panel could be determined. The

experimental results were found to come close to the calculated ré3n#sgiscrepancy was
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found whenhe experimera shear stiffness was found much higher than calculatbd.to The

experimental data led to the conclusions that the two decks behaved very similardtheach

1.2.8 Schreiner

(Schreiner, 2005%chreineicompleted experimental testsmparinghe lateral load
distribution for a bridge in Crawford County, Ksasfirst while it had a concrete deck then after
an FRP deck had been replaced. The bridge decks in both cases were ¢yypbttsteel
girders spaced a&ual distances. Instrumentation consistestrain gauges mounted at mid
span foreachbeami.n or der to come up wi ishsedtdhicempdte st r i b u
the stress in each beamnaid-span when various wheel loads were placed on the beams. The
distribution for a single beam would then be determined by dividing the stress inrtizatga
beam by the sum of the stresses in all the beams. The results showed that the concrete and FRP

decls behaved very similarljNo other analysis was completed with the data.
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CHAPTER 2 - Material Properties, Testing Program, and Data

Analysis

This section preides a description of thgropertiesof the panels used in testirthe set
up of the laboratory where the panels were tested, the procedure followed during laboratory tests

andinsight into how the data wasalyzed.

2.1 Material Properties

Thisrepat includes data from tweeparatéesting periods. The first period occurred
throughout the year of 2007 while the second occurred from Septe2Odé€rto January, 2011
Two panelswere used during these testing periods winiehe composed of identicalaterial
properties andimensions. The onlyaterialdifferencein the panels wasn theexterior
longitudinal sidesThe panel testeih 2007 contained a tongue and groove edge on opposite
sides, whereas the panel tested in 2010/2011 contained a tongue edge and a flat edge instead of
the groove edgd&.he images inFigure 21 illustrate examples of a tongue and groove edge
from two staadpoints. One picture (left) demonstraties interlocking of two panels, and the
ot her (right) shows fulHeagthp The leftlpidtsre is flom @ presious d g e
test that had the tongue edge from one panel locked into the groovef edgeher panel. The
picture on the right details what thél length of the tongue edge looks like.was assumed that
these differences in tlede of thepanelstested in the two studidsd no effect on the

performance of the panel.
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Figure 2-1 Tongue and Groove Connection (Left) & Tongue Edge (Right)
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2.1.1 FRP Panel

The FRP panels tested were fabricated by Kansas Structural Composites Incorporated
(KSCI). The design consisted of a honeycaroke sandwiched together by two outenilaates.
The panel Ownere@ftix &%ftn The wvoa outer laminates were eaclmh thick which
sandwichan inner honeycomb core that wasichesthick. Each ¥nchthick face is made up
of different layes as shown ifrigure 22. The top and bottom layers of the laminate are
composed of CM32Q&astitched fabric materialontaining equadjuantitiesof fibers running
longitudinally down the face as well as transversely, or orthogonally to the longitudinal
direction. Thenineinnermost layers are composed of a unidirectional layer of fibers, meaning
all the fibers are laid longitudinally down the facghe insideouter layer of the laminate
(between the laminate and the sandwich cgr€éhop SM,composed ofibers randomy
oriented throughout the laydKalny, 2003)

Exterior Surface

or Face )
N CM3205 (bi—ply
e i 090" + Cont. SM)
Frrrr i i e e P e e 7 7] ]
I IS I TP IS TSI ST TTITS |
Frriririir i s i i i i i i i e 7 a7 o]
Frriair i i i ir i ririsrzrrzr= | 8 = UMIE0
i r T i i ir i r i irrr7rzrrz] | lunidiractional
i i i e i i i rririzrresz] | 07 + Cantsk)
I I F ST I III TSI ST TIITS
Frriririir i s i i i e 77T
I I rs b
2 CM3205 (bl—ply

0/90° + Cont. SM)
ChopSkd {bonding layer)

| | ChopSM [bonding laysr)

Interior Surface
or Face

Figure 2-2 Face Lay-up Schedule

As shown inFigure2-3, the honeycomb core consists of two main components which are
called flats and flutes. The flats run longitudinally along the panel and are each rougltig
long and 0.11%nchesthick. The flutes are arranged in a sinusoidal pattern running
longitudinally inrbetween the flats and are also roughlgcheslong by 0.115nchesthick.
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These components were fabricated out of ChopSM, which, as stated previously, is composed of

randomly oriented fibers.

In order to construct these panels, the tog laottom faces are formed by stacking the

resinsoaked plies per Figure2 The honeycomb geometry is th@lacedon top of the bottom

face while the plies are still wet with resin. Dead load is then applied on top of this honeycomb

structure for the wration of the curing time. After everything has cured, the top laminate is

placed on top of the bare honeycomb section. As shown in Figgjrtn@ ChopSM layer on the

bottom (or top if a bottom laminate is in question) is applied between the cotergracd the

laminate to act as a bonding surface. The total thickness of the panel, afterieyevgthput

together, was Biches (Two 0.5inchesthick laminate faces and arich honeycomb core)

:
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:
:
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:
:
:

sinusoidal Flutes

Flats

—

Fanel Core Composed of
Flats and Flutes

Figure 2-3 Plan of SandwichPanel Core

2.1.2 Steel Beams and Rigid Frame
The steel beams weHP 10 x 42 shapegade A572 with gield strength of 50 ksi. The

steel beams also have aéh by 0.5inchthick plate welded on top of the top flange. This was
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placed to more closeiimulate a roller support rather than allowing the panel to bear on the
entirewidth of the top flange. Thenoment of inertia of the builip shape including the ste
beam and the plate on top284.84inche$, with its centroid ag distance of 5.58ichesfrom

the bottom of the beam. It was assumed the steel beam behaved-testibthroughout the

experimental procedures.

2.2 Testing Configuration
Two different testing configuratioreediscussedn thisreport The first configuration
descibesthe test setip from 2007 when a continuous panel was tested with 4 steel beams
supporting it. The second configuration discussdbm theSeptember 201January 2011 test

where a simple span was set up with a cantilever on one side.

2.2.1 Continwus Panel

The first round of tests, conducted throughout 2007, collected data for a contirftaus 6
8.5ft x 6inchthick FRP panel Foursteel beams (HP 10 x 42) were used to support the
paneforming threedifferent spans. The twexternalspans were 2.fi in lengtheach whilehe
internalspan was 3.% in length as showm Figure 24. The steel beams supporting the panel
were set up on a simple span,fiLih length. As shown in thEigure 24, there is a Inchx 1
inch steel rod mced on the rigid frame in order to better simulate the steel beams being simply
supported rather than having the beams bearing on the entire width of thg IRmgdhes of
the rigid steel frame. The beams were designated Beam 1 through Beam 4ram$hgure 2-
4.
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Figure 2-3 Continuous Panel Test Configuration

The panel wa connected to each beam udimgaded roslalong wth steel plates as
shown in Figure 5. This configuration acted as a clamp around the flange of the beam which
wasthen clamped to the panel through tightening the nuts on the threaded rod. The connection
locations were 1.% from each longitudinal panel edge. They were on the inner most side of the
beam, for example for Beams 1 and 2, the connections were on the side of the beam closest to
Beams 2 and 3 respectively; while for Beams 3 and 4, the connections were on tfi¢h&de
beam closest to Beams 2 andespectively. Loads were placed on the pamél different
locations using a hydraulactuator, which was connected to the rigid fraasghown inFigure
2-6(a). These load locations were directly over Beam 1dL,oaDe si gnati on ACL BM1
(Load Designation ACL BM20) , Beam -shan( Load Des
betweenBeams 1 and 2 ( L o-2adgndDmrhe migspantbetween BéaMS2 1
and 3 (Load Designatioh MS-3 8) as s h os.nThdactuatériwaswseed witl2 a foot
connected to the eraf the piston rod, as shown in Figuré&@). The foot was a rigid steel plate
measuring 2@nchesin length by 8nchesin width with the 20inchside perpendicular to Beams
1 through 4 This reresented the standard contact area for an AASHTO daligeled tire.
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Since Beam 1 was supporting the edge of the panel, not enough room existed to load the panel
with 20inchby 8inchfoot in that location. Teoesolve this situatigra smaller fogtl0inches

by 6inches was used in this location, Iiichesx 6 incheswith the 10inch side runningoarallel

to the beamsDuring loading, a stiff rubber rectangle, matching the dimessof the foot, was
placedbetween the foot and the panel to prewdarhage to the panel. This rubber pad had slots

in it to provide room for strain gauge wires to run under the foot during teSthmgactuator

was powered by an MTS hydraulic pump and sefaloes as seen in FiguretZc).

1" Diametsr Thraadad —Rod
with Bolt=

1 - 0.5" Plate Bearing
Ln Panel

& x 8' &" FRP Panel

I /fﬂ 3 — .5" Plate= Clamping
[ Fanel 1o Flangs

4" w 08" Steal Plate

HPE 10 « 4%

Vs 17 = 17 Steal Rod
r

Figure 2-4 Panel Connection Detail

28



Figure 2-5 (a) Actuator Used to Load Panelb) Foot with Rubber Pad
(c) Oil Pump used for Actuator

2.2.1.1Continuous Panel Instrumentation
The panel was instrumented with strain gauges and lineablediferential
transformergLVDT). The panel had 3 rows of strain gauges oriented longitudinalllyeon t
panel. These strain gauges were spaced evieghésstarting roughly 3nchesfrom the6 ft
long edge of the panelin each of these rows, there were also $ivain gaugemounted
transverselyoneat ¥ theB.5 ftlength of the panel antie other a¥ the8.5 ftlength. At the
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middle of the panel, there was an entire row of transverse strain gauges from one outer row of
strain gauges to the opposite outer row of strain gaugsshematic of the panel stragauge
locations can be se@mFigure A8 in AppendixA. The purpose of these gauges wagrtwvide
dataaboutthe behavior of the panel when subjected to loadsnigispan of each steel beam, an
LVDT was attached to the bottom flange witkleortpiece ofa steel channgshown n Figure

2-7(a). A picture of the LVDT can be seen in Figurg@®). At these same locations, 2 strain
gauges, located on each side of bottom flange, appately linchoutside the center of the
beam, were mounted to measure the longitudinal straiveisteel beam. A load cell with a 50

kip capacity was attached between the actuator and the foot in order to obtain load.re€tings
strain gauges used wearanufactured byishay Precision Group. The data acquisition used
was aOptim-Megadac200. All strain gauges, the LVDTs, along with the load cell were plugged
into this system througits variouschannels, as shown kigure2-7(c).

Figure 2-6 Picture of (a) Metal C Shape(b) LVDT (c) Optim Megadac 200
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Figure 29 shows the locations of loadings along with LVDT and strain gauge row
locations.

i . 1 ] Leod Locotion

> LVDT Lecation
Strain Gauge
Spaced @ &°
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CL BM3 = = & E»/— b= 1-2
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Beam 3
adm

Beaam 1

I‘\:l-r
)
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FEF Fansl

—

Figure 2-7 Continuous Panel Instrumentation

2.2.2 Simple/Cantilever Panel
Data was collected for the simple/cantilever pdoeglinning September, 2010 through
early January 02011. The 8.5t x 6 ft x 6inch panel was set up on two stdbeams, Beam 1
and Beam 2. Both the beams were HP 10 x 42 shapes just as they were in the previous tests.
The beams had a Oifich x 4 inch steel plate welded to the top flange as well. Once again the
steel beams were supported byiach x 1 inch steel rod placed on the rigid frame in order to
reducebeams upport bearing area. ftinlanptrewitpaeasedé 6s si mp

having an ovehanging cantilever of.33ft with the entire length of the panel equal to 8.5 ft.
The cantilevers on the Bam 1 side as shown in Figurel®.
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Figure 2-8 Simple Span/Cantilever Test Configuration

Since the 6t simple span dimension only takes account for the distances between
centerlines of thbeams, an extraigchesof bearing length exists on Beam 2. The sum of this 2
inches the 6ft simple span, along with the 2.83cantilever is 8.5t which is the entire length of
the panel as previously stated. Pasem connection locations weoeéted in the same
position as they were in the continuous panel test plus two additional connecfidingirilthe
panel edges on Beam 2. These were placed on the beam to add additional anchorage for the
negative reaction produced by the cantilever tésiads were placed at 4 different locations for
the simple span tesind one location for the cantilever tes$ shown in Figure-20. For the
simple span test, | oad was placed directly ov
BM1o0) ,(ftoff2%5 he centerline of Beam 1 on283d&he sim
OCo0), in the centdtofof cemeesi mpl Beamand ¢t oad
and over the opposite be ahereyydsonabadgidedontgen at i on

edge of the cantilever (|l oad designation ACNT
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Figure 2-9 Simple Span/Cantilever Instrumentation

In order to apply the load, an actuator was used with a foot connected to .thghend
foot was a rigid steel plate measuringi2€hesin length by 8nchesin width. Unlike the
continuous panel where a smaller foot was used for loads adjacent to the panel edge, the same 20
inchx 8inchfoot was usedor the OPP BM tesghown inFigure2-11. For the cantilevered
test, the foot waplaced on theuter edge of the cantileveagtated 90 degrees so that the
centroid of the loagvas at the maximurpossibledistance away from Beam firoviding the
largest antileveraction The locations ofttestrain gaugeand LVDTs canalsobe seen in
Figure 210.

2.2.2.1 Simple Span/Cantilever Panel Instrumentation
A panel, that had been previously instrumented, was useddaethoftests. The strain
gauges were positioned in tleame locations, howev only 2 rows were mounted, one row on
the edge of the panel and one in the centexas determined frorthe previous testshat the
panel behaved symmetrically, therefore, only two rows of strain gauges were neretisary
new tests, one along theenter of the panel and the other along one of the eddesexact
locations of strain gauges can be viewedppendixA. Beforethe beginning of testing, the

only strain gauges athe supportindgpeans were the two located at misbanof each beanjust
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as discussed iSection 2.2.1.1 It was later determined thadlditionalstrain gages would be

added to Beam 1 in order to obtain more data about the beam belEwse strain gauges

were placedin pairs every 1.% along Beam 1The exact locatios of these gauges are detailed

in Figure A6 in AppendixA. This addition was done to determine the moment along the beam
which will be discussed further in Chapter 3. All strain gauges usedmarefactured by

Vishay Precision Group. LVDTs were alsonnected at the center span of each steel beam. The
same LVDTFconnection was used asthe continuous panel configuration. The data acquisition
used was ®ptim-Megada200. All strain gauges, the LVDTSs, along with the load cell were

plugged into thisystem through channels.
2.3 Testing Procedure

2.3.1 Simple Span/Cantilever

The testing procedute=garnwith the set up and positioning of the actuator. The actuator
was hung on a steebleam from which it could be slid transversely along the panettiNor
South). Once the actuator was slid into the desired loading location, the load cell and foot were
attached to it. Since the foot was rigid steel, a dense rubbevasatlaced irbetweerthe foot
and the panel to prevent damalatthe foot mightcause totie panel. The dense rubber mat
contained grooves which allowed for strain gauges and wires to be located underneath the foot.
Load was themgraduallyapplied to the panel kthe hydraulicactuator. The load would be
slowly increased to the@esired level then held static for approximately 1.5 minutes. It was
necessary to wait this time at each load sinc®fptam Megadac 208ystem took roughly 11
seconds to scan all the channels. Over a minute and & halfjld be possibléo collect
roughly 9 data points. Load was then completely removed from the panel and the same
procedure was completed again to provide another set of data points to ensure the precision of
the data. It was noticed early on in testing that the panel behavedrdiffeneder various load
magnitudes. After this realization, it was decided to hold loads static at increments of 5 kips up

to a total of 20 kips. These four load levedpresentethe datapointsused for analysis

2.3.2 Continuous Panel
The continuoupanel test procedure was relatively the same as the Simple

Span/Cantilevettp the extent thate foot/actuator assembly would be placed then load would
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be increased in increments and held static for a few minutes. When analyzing the data from
2007, itwas apparent that the loads were increased and held static in smaller increments. For
example, the load would be increased to 2.5 kips and held static for a minute or two, then
increased another 2.5 kips. In order to analyze this data and comparddtatbbserved from

the simple spanAntilever tests, data points at 5, 10, 15 and 20 kips were thdaiagnalyzed.

For the continuous panel, the load was increaséledsabove 20 kips in some cases. Most
tests reach 25 kips and soment up to 30, howevesuch data wasot used in the analysis for

thisreport

2.4 Data Analysis

After the data was collectdtbm the computer connected to ®gtim Megadac 200it
was converted to a Microsoft Excel file to be analyzed. All strain gauge along with LVDT
readings were zeroed out using the first data point reading when no load was on the panel. This
took care of subtracting the panel dead weight when finding the itezamions from the load
induced by the actuator. A dummy gauge was also placed on an additional H10 x 42 steel beam
that was not loaded. This strain, althoutglthanges were small during testing, was subtracted
from every other strain value analyzedorder to account for temperature changes during that
particular test period. When analyzing a strain data pointsdpedcificlocation at a particular
load, the valuewerechecked against each other for precision then, once any floating values

weredisregardedthe datavasaveraged for a final strain value.
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CHAPTER 3 - Load Distribution on Steel Beams

When analyzing the continuous panel test data, the question was raised of how to
effectively analyze the data collected from testing. It was unknown hoaldolate the load
each beam was resisting when given a strain value from the center span of a steel beam
supporting the panelConsequently, vas decided to analyze the behavior each beam when
subject to different loads at various locations. In otdelo this, using the simple
span/cantilever test sap, moment curves were produceddorinstrumented bearBeam 1
when subject to various loading conditioriis chapter presentise procedure used to
determine these moment curves along with eugision of the results and conclusion from these

tests.

3.1 Determining Moments

The beamrmmomentanalysis was done using the simple span/cantilever test configuration.
As discussed in Chapter 2, two strain gauges were mounted evéralbrig Beam 1 fothe
entire 12 ft span, as shown igure A6 in Appendix A Since two strain readings were taken
atevery location, errors could be identified when the 2 strains were dissimilar. Theoretically, the
strain in the beam should be symmetrical almogtspan of the beam which allowsr even
further comparison of the strain readings. With four straiesich location, faulty gauge
readings were identified artiisregardedwhich left the remaining readings to be averaged for a
final strain valudor that @articular location othe beam. For the most part, the strains were
within 10> “to 20> “ of each other. Using these strain values, a moment was determined using

the following equations:
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N . 4
P

=E = [Equation 3-1(a)]

Solving for M:

M=EE " [Equation 3-1(b)]

ar
Where' sfress E is equal to the modulus ofasticity,” is equal to thetgain, M is equal to the

moment c is equal to thelistance frormeutralaxis, andl is equal to thenoment ofinertia

The values for #l dnchadedd5.B6mchesiesectvely?as 4. 84 . 56
discussed in Section 2.1.2 moment curve was then produced through plottivege moments,
which wee determined at 1/ increments alon§eam lresulting in 5 locations from beam end
through midspan For all 5 loading locations, moment curves were produced for 4 different
loading magnitudes. For example, the moments wedupseal for the load of 5 kips in the
loading location of CL BM1 and a curve was produced. Next a moment curve was produced for
a load of 10 kips at the loading location of CL BM1. This procedure was repeated for the other
threelocations along the simpl@an of the paneRAfter brief analysis of the moment curves for
5 kips, it wasobserved thaie panel did not have a uniform behawdich produced erratic
curves. It was then decided to ignore such cuiMeis coincides with the unpredictable panel
behavior at low loads as discussed earlier in the Section 2.3.1. A moment curve was also

produced for the cantilever test at a magnitude of 15 kips.

3.2 Analyzing Moments

Three line graphs were ustx the moment analysat three different load levels (10, 15,
and 20 kips) For exampleFigure 31 showsthe moment graph for a 15 kip load, placed in

various positions along the pamenterline
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Moment Curves 15 kips
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Figure 3-1 Beam 1 Moment Curve at Load Magnitude ofL5 kips

After producing the moment curvasing strain gauge readindbe next step was to
derivea loading scenario that would prodsteehshapes of these momentdsing Table 23
of the AISC Manual Figure 32), the graph representing a uniform load partially distributed over
a beamwould correspondb the experimental resul{8lSC, 2008) For a uniform partially
distributed load on a beam, the moment curve is linear up to the point where the load begins,
then is parabolic just like any moment curve for a uniform load would be. Looking back to
Figure 31, for the most part, all 5 moment curves are somewhat linear for a period of length,
depending on the load location, and then appear to have a patgpekhape in the middle.
After this realization, straight lines were drawn on the curves to determine a point where the load
from the panel effectively started acting on the beams. This procedure is sHegure33

below.
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4. SIMPLE BEAM — UNIFORM LOAD PARTIALLY DISTRIBUTED
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Figure 3-2 Shear, Moment, Deflection Diagram for Uniform Load Partially Distributed
(AISC, 2009
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Figure 3-3 Beam 1 Analyzed Moment Curves at Load Magnitude o015 kips

(Figure B-1 containsmoments curves at different load magnitudes)
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From Figure 33, panel load distribution lengtliise. the lengths of the assumed
uniformly distributed loadyvere selectedl hepoint where the line appearsdeviate from the
straight Ine was identified ashe point at which the load started to act on the beam. For
example, for CL BM1, the moment curve seems to differ from the straight line drawn at roughly
4 ft into the curve. Since the curve is symmetrical, the curve would differ & straight line
drawn on the other side aftdinto the curve as well. Since there are two linear sectiongtpit4
can be concluded that the panel is not acting on the beanftforf8 t h el2ltlengtmo s
Therefore the remaining length of #, in the center section of the beaseceiving the
distributive load from the panel.

Table 3-1 Panel Distribution Length on Steel Beams

10 kips 15 kips 20 kips
Load Load Load
Location (ft) | Length (ft)| Location (ft) | Length (ft)| Location (ft) | Length (ft)
0 4 0 4 0 3
1.25 4.4 1.25 4 1.25 3
3 6 3 6 3 6
6 6 6 6 6 6

As seen in Table-3, the distribution length for a 15 kip lo@dt away from the beam is
4 ft as explained in the previous paragraph The dift6tlaec &u $ epofitidreis | oadi |
CL BM1 which is directly over the instrumented beam, Beam 1. Likewise, a load location of
ng |l ocatifon 1.

corresponds to the loading location Center of SS. The pessedure was followed in finding

1.25ftinTable3lcorresponds to | oadi 250
all of the distribution lengths that are shown in Table 3The moment curves for other load
magnitudesre located in Appendix-B. It can be argued that each moment cumetainsa

certain degree of curvatuesen inthe locations that were stated as being linear in Figie I8

reality, this is trueasthe panel is not acting on the beam as a perfect uniform load starting at a
specified location and ending at another. There is likely some change in the maghihede

distributive load thastarts smalht the edge of the panel with a peak magnitude at the center.

Since it would be quite difficult to compute a load from sagohrregular loading pattern, the

procedure of finding a uniform partially distributilead is much more manageable. Similar

engineering procedures are used commonly such as assuming the effective compressive force in
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a flexural concrete member to be 85% of the actual compression depth, using the Whitney Stress
Block. With these distributn lengths determined, it was possible to calculate the load each

beam was resisting in the corresponding testing scenario.

3.3 Determining Beam Loads

Using the distribution length from the moment curves determined for Beam 1, the actual
loadthateachbe m was resisting in a given test could
gauges at 1.8 increments onhe othebeans for each test, the moments had to be determined
based on the strain gaugesilableat themid-span of the bean({These are Beam 2 for the
simple/cantilevered test configuration, and Beam 2 through Beam 4 for the continuous panel test
configuration.) Using these strains, the stress at that location could be calculated just by
multiplying by the modulus of elastigit29,000 ksi. With the knowledge that the stress is also
related to the moment, a momenutd be calculated as shown iguation 31. After this
moment iscomputed determining thenagnitude of the uniform load, v relatively simple as
shownin Figure 34. Equation 2 shows the final equation used to determine the load resisted
by beams in all the tests. When considering a particular test, besides the varying strain from
di fferent | oadKécifracumst avoawé g1, btelamgddffomdbeamy v ar i
tobeam.The v aHKoue soft afk e nl. The totahload arbthhe dbea® iKw

l w M= W(l/2)*6 —w(l/2)(t/4)

M=3w? - w({*/8)
6]

Figure 3-4 Moment Calculation
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wa —= [Equation 3-2]
Using Equation® t o substitute for AM, 0 the | oad r

L
wE ﬁ [Equation 3-3]
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CHAPTER 4 - Simple Span/Cantilever Testing

This chapter will analyze the results from the tests conducted in the fall/winter of 2010
into early January, 2011The test set ups, as discussed in Chapter 1 consisted of a spapl
panel with &.33ft cantilever on one sidélthoughthis data was collected rougttlyreeyears
after the previous tests were done in 2007, it is important to anafyae in order to establish a
conservativebase distribution factor that che compared witthe continuous panel analysis.
Load resisted by the two steel beams was determined for 4 different loading scem@&insn
Figure 211. (CL BM 1, 1.2506 OC, CentlepandivasSS, and (
modeled somewhat aconinuouspanel. Using this model, wheel loads were modeled and a
load distribution ratio was determined from the analysis. aftadysis of theantileverdoad
scenaricserved as a validation to suppthint dataThe proedures sedto complete thge steps

are discussed in the following sections.

4.1 Distribution Lengths and Determining Loads

The second part of Equatior23wvas used to calculate the load resisted by each beam.
This procedure is illustrated as followsr example, Wwena load of 15 kps was directly ver
Beam 1, or | oothd-average sirgris at Bi¢faedspan of Beam 1 and Beam 2
were291> “and 22> “respectively(Data CD) Using Table 3L, the distribution lengths for
Beam 1 and Beam 2 with a 15 kip load weffead 6ft respectively. The # distribution
lengthwas usedecausehe load was acting fd away from(i.e. directly on top ofBeam 1 and
the 6ft was usedjiven thatthe load was acting 6 away from Beam 2Substitutingthese
values into Equation-3, a load that each beam was resisting is found. This same procedure was
used to calculate the beam loads for the rest of the loading cases in thisupst et
cantilever wasnoét wused f,theresultswikbe distcusdin cul ar an
Section 4.4.

The results from this procedure @igenin Table 41 below. Initial assessment of the
results revealmaccuracies between the stakeads for each tesindthe total load that was
applied on the pandkor instance, whetine 15 kp load was applied over Beam 1, the sum of the
loads on théwo supporbeansis equal to 13.4 kips. This difference is attributed to

experimental eor as well as panel behavioFhe procedure for finding the beam reactions uses
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the distribution lengthiund in Chapter 3. As discussed previously in Chapter 3, using a

uniform load with a particular length is an approximate metbdiehd the beam reactions and

does contain some experimerdald modelingrrors.
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4.2 Simple Spar_oad Distribution

Thel oad resisted by each bwesedetermmedforafoume d A b ¢
simple spatoadscenarios that weretesttdCL BM1, 1. 256 OC BM1l, Cent e
BM), which were then used to produce a load distribution factor that could be compared with
other bridge deck materials ihe AASHTO code. In order to produce these ratios, line graphs
were made for each lodevel analyzed (10, 15, and 20 kips) comparing bad ratios These
are shown in theentersection ofTable 41, and the distance from Beawherethe load was
applied. Beam 1 was modeled asfilesign beam o This means tf@at the |
will be shown latemn Figure 41) are basedmhow farthe load is acting from Beam 1-@xis
value). Thegrgphs modehow much load would be transferredBeam 1when a single loai
placed on the panata certain locatiork-or example, Wwena 15 kip loads placed5.33ft away
from Beam 1, the the load atio would be 0.15 Another way to look at this is thas% of that
15 kip load placedn the paneb.33t away was resisted by Beam likewise, if a 15 kip load
was placed 1.2 away on the panel, then the utsg load ratio would be 82. Thex-values
of thefour data point®n the graph consist off) 1.25ft, 3ft, and 5.33t which are the
locations awayrbm the deign beanwhere the load is applie(Note that he load distance
corresponding to the OPP BM loading position Wa3ft away from the design beam rather
than being the entiref6é span since the centroid of the loading foot was not directly over the
center line of Beam 2 as shownHigure2-9.) In order to estimate the load ratio associated with
any distancéetweerthesefour data pointsa2™-degreepolynomial was generated as a best fit
curve through these point#. is important to note that these equations are only vafi
distances from @ to 6ft. Theoretically, the ratio in the center of the simple span should be
0.500 (each beam takes half the load) however the highest collected ratio was taken. This was
done to keep a consistent procedure for analydatg. It was also observetthatif the data point
was reducedtb 0.55, it would produce a less conservative line of bestifite
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In order to get a load distribution ratio from the data shown in Figlredéfferent
loading scenarios would have to be analyzedthadnostritical case wouldbe séected. The
critical caseaefers tothe maximum ratio of the amount of load the design beam is taking to the
amount of loading being applied dretpanel. As discussed earliethis report the standard
AASHTO truck has a wheel spacing oft@&nd tru& spacing of 4t. Therefore to get the most
realistic value, two loads would have to be analyzerdscenario. Sindbe plotted ratios on the
line graphs irFigure 41 are notall in perfect 6t increments, the equations for the polynomial
lines of bet fit will be used. For example, to analyze the scenario where one wheel (20 kips)
was placed at CL BM1, orfd away from the design beam, then the ratio would be equal to the
sums of plugging 0 and 6 into the equation shown in Figur(e}y=-0.010%’1 0.0931x +
0.98371 Tfibe vind usedimivhe equati on to model the othe
of 6 ft away. The schematic for the standard AASHTO trugh@wn in Figure A20in
Appendix A3. In order to analyze a case where a 20 kip wheel load \ftasniay from the
design beam, t heweveausedighs eqoation shitwn indrigude24 i Beo
values of 1 and 5 were used to simulate the wheel Idadviay on one side of the & and
another wheel load 6 away on the opposite side of the beam making a total distaedé of
between thevheelloads. Althoughit is conservative to model the data from the simple span as a
continuous span, it was necesstaryisea conservativealueinitially that could be later
compared tdhe continuous testdata. Jasthe val ues of fA10 and A50 we
|l oading scenario, so were the values of fA20 a
calculations are showin Table 42.
The AASHTO code has different design factors for two different types of bridges, one for
bridges wih single lanes of traffic and the otHer bridges with multiple lanes of traffic. For
the casef a bridge bearing multiple lanes of tiaff it was necessary to appxtra wheel loads
to the distribution factor. These wheel loads would theoretically be placed at distanées of 4
from the outside wheel load to model another trudke to the size of the panel and the testing
facilities, the results of thiseportare applicable for design factors considering one traffic lane

only.
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Table 4-1 Simple Span Load Distribution

Design Case for Interior Beam Spacing = 6'
10kips 20 kips

Equation for Magnitude of Load Equation for Magnitude of Load with
with Relevance to Distance from[ Relevance to Distance from Design Beal

Design Beantagnitude= Magnitude= -0..0107% -
-0.0148x - 0..0604x+0.9088 0..0931x+0..9371
Wheel Load Load Wheel Load
Locations (ft) Magnitude Locations (ft) Load Magnitude
0 0.92 0 0.93
1 1.07 1 1.04
2 1.16 2 1.10
3 1.19 3 1.12
Critical Design 1.19 Critical Design 1.12
Design Equation: € 5.05 Design Equation: € 5.34
15kips

: : ritical Design Value for Interior Bean
Equation for Magnitude of Load Critical Design Value for Interior Bea

with Relevance to Distance from (6" Spacing)
Design Beanmviagnitude=
-0.0119x - 0..0829x+0.9268
Wheel Load Load
Locations (ft) Magnitude
0 0.93
1 1.05 S/ 5.05
2 1.12
3 1.14
Critical Design 1.14

Design Equation: € 5.25

From Table 42, themostcritical load distribution ratio was found to bes®50r S/5.
This was formulated from the scenario whieve 10kip loads were modeled to bdt3n either
side of the beam producing a ratio df4. This means that thaeesign beamwhich had the two
10 kip loads on either side, would be designed fb®10 kips for a total ofL1.9k i p s . The 0!
ratiomay be derivedrom the load ratio of 19 since the beam spacing i$t6S5.05is found by

setting 6/x = 119 and solving for x.

4.3 Cantilever Analysis
It was originally thought that the cantilever analysis would provide data for a design ratio
to be used when considering an exterior beam. Upon further research and discussion with

practicing engineers, it was found that simple stai@dsulationsare ugd to determine the
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design load for an exterior beam with a cantilev&nce the data collected from the cantilever

would not be used to produce a load distribution ratio, it waspréedrily to validate test

results The reaction of the two beams we based on the measusdhinsat mid-span of each

beam- when a load was placed on the cantilever. These reactions were then compahgesto
derivedfrom static calculatios. The beam reactionkag with ratios are showin Table 43.

Since thesum of the beam reactions does not add up to the total load put on the beam, these
normalized load ratios provide an estimate of the portion of the load one beam is taking

compared to the other beamhe beam distribution length used for Beam 1, on théleser
sideisbased on the moment curve | abel ed3d MMENTLVRO

procedurdollowed is the same as the athet wasused to produce the grapbisFigure 41.

Table 4-2 Cantilever Ratios

Reactions (kips) Ratios of Load Taken By Each Member
Load Beam 1 Beam 2 Sum Load Beam 1 Beam 2 Sum
0.0 0.00 0.00 0.00 0.0 0.00 0.00 0.00
1.1 0.83 -0.40 0.43 1.1 1.94 -0.94 1.00
2.1 1.45 -0.54 0.91 2.1 1.59 -0.59 1.00
3.1 2.48 -0.67 1.81 3.1 1.37 -0.37 1.00
4.1 3.43 -0.94 2.49 4.1 1.38 -0.38 1.00
5.3 4.55 -1.34 3.21 5.3 1.42 -0.42 1.00
6.2 5.47 -1.81 3.66 6.2 1.49 -0.49 1.00
7.2 6.47 -2.34 4.13 7.2 1.57 -0.57 1.00
8.3 7.62 -2.75 4.88 8.3 1.56 -0.56 1.00
9.3 8.81 -3.08 5.72 9.3 1.54 -0.54 1.00
10.3 9.99 -3.75 6.24 10.3 1.60 -0.60 1.00
11.4 11.17 -3.82 7.35 114 1.52 -0.52 1.00
12.4 12.26 -4.35 7.91 12.4 1.55 -0.55 1.00
134 13.50 -4.89 8.61 134 1.57 -0.57 1.00
14.4 14.69 -5.22 9.46 14.4 1.55 -0.55 1.00

Max: 1.60 -0.60

Min: 1.37 -0.37

From Table 43, the Load Ratios are listed faload ranging from 1 to 14.5 kipSrom a
simple static calculation, the loaatio for Beam 1 should be 1 B3vhile the loadatio for Beam
2 should be0.33. From thélable it can be concluded that geratios are consistentlyithin

49



the range 0f1.37to 1.60) upwardfor Beam land(-0.37to -0.60) downward for Beam 2
respectively. Although these ratids notmatch exactlythey are close enough for testing
purpo®s.Errors can be associated with the approximate method of determining the beam

reactions.

4.4 LVDT Resultsi Simple Span/Cantilever

LVDT readings were used to validate the beam reactibhe AISC tables used to
determine the beam reactions were alsed to determine theoredi deflections for the beams.
Since no equation is given in the AISC manual to determine the deflection of a beam with a
partialkuniform-distributedload in the center of the beam, an equation had tebeedto
determine theleflections Deflectionequatons argabulatedor a partialuniform-distributed
load at the end of the beaandit was decided that the combination of this equation and the
equation of a uniforrrdistributedload across the entire length of a beam wautvide the
desired deflections. Using the difference of the distribution lengths developed in Chapter 3 and
the entire length of the ap, the lengths of the partidistribuedloads oneach enaf the beam
werefound. Using these lengths, the defleatifor each partialiniform-distributed-load at the
end of the beawasfound. By subtracting this deflection from the deflection of a uniferm
distribuied-load across the entire beam, the deflection of a pamiérm-distribuied-load in the
center of the beanmvasfound. The following equationkelp better describe the process of

determining the theoretical beam deflections.

For uniformdistribuied-load across entire beathe midspan deflection is:

/= — [Equation 4-1]

where L = length of entire span amd = magnitude of distributive load

For partially-uniform-distributed-load at end of beam,

(Twd w7 ®) [Equation 4-2(a)]
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where a = length of distributive load, x = location of desired deflection
Substitutingh x =L/ 206 to find-spahe defl ection at mid

b= —m [Equation 4-2(b)]

By superpositionthe total theoretical deflecticat midspan

®rheoretical = 182880 [Equation 4-2]

The value of ALO isfiado bal takZXgequalépdZitei 6h 4
T the distributive lengtlidetermined in Chapter)3ince there is a load ondamaside of the beam.
The val ue f or bdthhEguaiong1 anth Equatoa-& éor thepurpose of
subtracting out the dlection due to load on the sides of thebeinE 6 was t aken as 2
and Al 0 was ircledThese thesretizabdéfle@iahs were then gramtgainsthe
experimental deflections ®valuatehe alequacyof the methof determiningbeam eactions
developedn Chapter JseeFigure 42 andTable 44).
Table4-3showtheresultsof he 1. 2506 OC. Asdtead berseen,the enar i o
experimental and theoretical deflections for CL BM1 wasey similar.The Beam 1 deflections
do start to stray awayom each other after a load of 10 kips is reachBus may bedue to the
change irloaddistribution lengths Even thouglthe percenerror is around 30% for the higher
loads,the differerce in deflectiorat a load magnitude of 20 kips,asly 0.079inches. The
deflection graphs and tables for the rest of the loading scenarios can be féypemnaix C For
the most partwhen reviewing the deflection results from the other loading scentmqeercent
error does not go above 30% and usually stays under 20%. When éxdees30%, it is high,
around 80%, which is due to the miniscule amount of deflection, such asficB@8Even such
relatively small values may produce high % error readingith this in mind, the high percent

errors in these circumstandssacceptable
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Figure 4-2 Experimental vs. Theoretical Deflections CL BM1 i Simple Span

Table 4-3 Experimental vs. Theoretical Deflectiond CL BM1 i Simple Span

Deflections- Theoretical vs. Experimental
Theoretical Experimental % Error
Load | Beam 1 Beam 2 Beam 1 Beam 2 Beam 1 Beam 2
5.3 0.055 0.006 0.052 0.002 5.38%
10.3 0.110 0.010 0.093 0.002 15.38%
15.6 0.183 0.011 0.135 0.002 25.93%
20.8 0.257 0.014 0.178 0.002 30.81%
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CHAPTER 5 - Continuous Panel Testing

This chapter will outline the procedure ugeddata analysis, as well as the
corresponding results tiie 2007 continuous panel tests.

Load resisted by thur steel beams was determined for 5 different loading scenarios.
(CL BM1, MS 12, CL BM2, MS 23, and CL BM3 Just as was done @hapter 4the panel
load ratios were determingithendifferent loading scenarios were produced. From these loading
scenarios, load distribution factors were found. The prafedstermininghese factors will be

discussed in this chapter.

5.1 Load Distribution on Beams
Beam reactions were determined tioe data collected from the continuous panel testing
usingthe same distribution lengtlisatwere determined in Chapter &ven though these
distribution lengths were obtained through testing on a simple span rather than a continuous
panel, it was decidkthatthey would be adequate for this analyslsst as in the simple span
analysis, the strain reading used to determine the beam reactions was collecteddastiaa of
the beam. The same equations were also used to determine the beam reabhgarmnitnuous

analysis as were used in the simple span analysis.

5.2 Continuous Panel Analysis
A similar method was used to determthe load distribution ratios fadhe continuous

panel aghe methodised for the simple spahe main difference bewen the continuous
analysis and the simple span analysis istti@polynomial line of best fit equatismwerenot
usedto determine the load ratio§ince loads were placed at the rsjzhns of everyman along
with on top of every am along the panet,proved to provide enough data points to combine
for load ratios. For this reason, interpolation using the best fit curves was not necéssary.
analyzedoading scenarios used onbads adistances thatadbeen testedndhadresulting

correspondinglata Figure5- analyzes different loading scenarios for Beam 1.

53



0.676 0.479 0.297 0.146 0.000 0.000 0.009

0' From Beam = 0.676 + 0.000 =0.676
1.25' From Beam = 0.479 + 0.000 = 0.479
2.5' From Beam=  0.297 + 0.009 = 0.306
4,25' From Beam =  0.146

Beam 1

Figure 5-1 Loading Scenarios Beam 1i Load Magnitude: 20 kips
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Figure 5-2 Load Ratio for (a)Beam 1 and (b)Beam 4 for Load Magnitude o020 kips
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The first line graphn Figure5-2 represergthe load ratio®btainedfor Beam 1 when the
load is placed along the paralariouslocations. This curvecompareshe loadresisted by
Beaml to the total load placed on thanel. For example, for the first graph which is plotted for
Beam 1, when the load daced Ot away,they-coordinate ofine graph is at 0.676 which
means Beam 1 is taking 67.6% of the load at this locadmowvn aove inFigure 51, the
differentloading scenarios are analyzed for Beam 1. These scenarios immdde&ed wheel
loads that are 1, 1.25ft, 2.5ft and 4.25t away from the design beam, or in this case, Beam 1.

The second line graph in Figure5epresents load ratios for Beamatresponding to
various loading locations along the panel. This line graph is the same as the first line graph
except for the range of theaxisvalues Since Beam 4 is locatedb8t from Beam 1 (Beam 1 is
treata as the starting point of theaxis),all the x values are negativ€or example, the
coordinate point on the graph representing the load ratio when a jgladesl over Beam 3 is
(-2.5, 0321) since Beam 3 is located 2.5 ft from Beam 4 and the load ratio is 0.321. This means
that Beam 4s taking 32.1% of the total load when a load is placed over Bedrnk&wise, a
coordinate point on this graph withatvxa | ue850f wdoul d correspond to a
Beam 4 when the load is directly over Beam 1. This same coordinate systetneid fp line
graphs representing load ratios for Beam 2 and Beam 3 in Appendix C.

In order to model a truck on the pareelyheel loads 0 ftaway, or directly oveBeam 1,
and a load & away areaddediogether{modeling the 6t truck wheel spacing)Since there
were no loagcenarios for loath the midspan of Beams 3 and 4 or directly over Beam 4, the
beam reactions from Beam 4 werged forthe ratios. For example,h&n considering the
design ofBeam 1 it would be necessary to analyze thieets ofthe combination oé load 2.5
ftaway along with 8.5 (modelingthe truck axle with 6 ft spacing In this case, the loadtios
from Beam 4 would have to be taken into acco@ihce there were not tests with load 8.5
away from Beam Jthereaction of Beam 4 when a load was directly over Beam 1 would be
taken into accountThis is easier to visualize when looking at Fight® The ratiofor Beam 1
when the load is directly over Beam 4 is 0.068®ferencing this value of 0.009 backhe chart
in Figure 52t i t 2 @& dk ifip sthe Bad radios including the effect of the second wheel of

the truck axle become:

0.306
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Table 51 showshe Distribution Summarfor Beam 1. This includes the load ratios for

all loading scenarios along \withe corregonding S ratio. fie average critical design value

was S/4.6 for Beam 1.

Table 5-1 Load Distribution Summary for Beam 1

Simulated Wheel Load 10 kips 15 kips 20 kips
Location of First Wheel Along | Load S Load S Load S
Panel (ft) Ratio | Ratio | Ratio | Ratio | Ratio | Ratio
0 0.63 S/I4.7 0.66 S/4.5 0.68 Sl4.4
1.25 0.48 S/6.3 0.48 S/6.2 0.48 S/6.3
2.5 0.33 S/9.1 0.31 S/9.6 0.31 S/9.8
4.25 0.19 S/16.1 0.16 S/18.6 0.15 S/20.5
Critical Design Value: | 0.63 SI4.7 0.66 S/4.5 0.68 S/4.4
Controlling Critical Design Value: S/4.4 Average Critical Design Value: S/4.6

It is possibleto see unequal valuésr beamspacingon some bridges. This is not
uncommonn some older bridges. After inquiring with local engineers, the researchers at KSU
determinedising the averagef the beans p a ¢ i n g lie adequataifor this analysis.

Therefore, when computing the S ratio, the spacing value usedfiv@s/8rage o2.5ft and 3.5

ft). The same procedure was used for the analysis of Beam 2 which can be seen inFigure 5
through Figure 5 seen below. The line graphsHigure 52 startat-2.5ft on the horizontal

axis and go up to 3. Referring to Figure-8, the axis starts negative because anything on the
Beam 1 side of Beam 2 is considered to be negative, therefore the paibifiais when the

load is locéed over Beam 1lust as data from the load ratios for Beam 4 was used in the analysis
of Beam 1data from Beam 3 must be used for the analysis of Beam 2. When modeling a wheel
load directly over Beam 2, the load ratio for a load directly over Beam 2 must be added to a load
ratio for a load 6 ft away (modeling the other wheel on the axle). $iaoewas no load placed

6 ft away from Beam 2, a load ratio for Beam 3 from a load placed over Beam 1 wa$ased.
Figure 51 and Figure 8, the ratio for the load directly in the center of the panel # 26

Figure 51 and 1.75t for Figure 53) contains only one load rati@herewas no data that could

be modeled as a loadtéaway and subsequently it was deddleat load would stand alone.
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0.288 0.479  0.532 0.403 0.173 0.074  0.027

-2.5' From Beam = 0.288 +0..173 = 0.461
-1.25' From Beam = 0.479 + 0.074 = 0.553
0' From Beam = 0.532 +0.027 =0.559
1.75' From Beam =  0.403

Beam 2

Figure 5-3 Loading Scenario§ Load Magnitude: 20 kips
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Figure 5-4 Load Ratios for (a) Beam 2 and (b) Beam 3 for Load Magnitude of 20 kips
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Table 5-2 Load Distribution Summary for Beam 2

Simulated Wheel Load 10 kips 15 kips 20 kips
Location of First Wheel Load S Load S Load S
Along Panel (ft) Ratio | Ratio | Ratio | Ratio | Ratio | Ratio
-2.5 0.49 S/6.2 0.47 S/6.4 0.46 S/6.5
-1.25 0.55 S/5.5 0.55 S/5.5 0.55 S/5.4
0 0.45 S/6.6 0.56 S/5.4 0.56 S/5.4
1.75 0.35 S/8.6 0.38 S/7.8 0.40 SI7.4
Critical Design Value: | 0.55 S/5.5 0.56 S/5.4 0.56 S/5.4
Controlling Critical Design Value: S/5.4 Average Critical Design Value: S/5.4

5.3 LVDT Resultsi Continuous Panel

The same approach and equations were used to determine the deflections for the
continuouspanel tests as were used for the simple spaidletailed in Section 4.4. Just as was
done in the simple span analysis, the theoretical deflections were graphed and tabulated against
the experimental deflections. An example of this can be sdégune5-3 ard Table 53 for the
loading scenario, CL BM1The theoretical and experimental deflections are not as close as they
werefor the simple span, reachid§% error (0.154ncheg in some circumstances seen
below for Beam 1 at a load of 20 kips. The deflection tables and charts for other loading
scenarios are located Appendix C Thepercentage ofrrors generally stagunder 40% and
droppedas low as 20% and less for the M8 Bbading scenarioFor the deflections of beams
that had load directly over them, the % enamged fron85-40%. For the beams adjacent to the
beams with load directly over them, thercenterror was usually around 20%ilowever, if the
adjacent bearwas greater thanfB away, the percemrrorincreasedo around 40%.The
maximum percengrrorwhere the deflection values are small, in such casBea® 3 and Beam
4 below,can be ignoredError can also be attributed to the beam reactions not being exact as

wellas®me error in the LVDTO6s reading the defl
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Deflections (in)

]15

Load (kips)

Beam 1 Theao
—=0—Beam 1 Exp

Beam 2 Theao
==j=Beam 2 Exp
=¢=Beam 3 Theo
== Beam 3 Exp
=—@—Beam 4 Theo

=>=Beam 4 Exp

Figure 5-5 Deflections- CL BM1 - Cont. Test

Table 5-3 Experimental vs. Theoretical Deflections CL BM1 - Cont. Test

Deflections- Theoretical vs. Experimental

Theoretical Experimental
Load Beam 1 Beam 2 Load Beam 1 Beam 2
5.0 0.071 0.035 5.0 0.044 0.028
10.1 0.154 0.062 10.1 0.093 0.051
15.1 0.244 0.090 15.1 0.143 0.072
20.0 0.346 0.120 20.0 0.192 0.092
Load Beam 3 Beam 4 Load Beam 3 Beam 4
5.0 0.006 0.004 5.0 0.000 -0.005
10.1 0.008 0.004 10.1 0.000 -0.009
15.1 0.010 0.003 15.1 0.000 -0.012
20.0 0.010 0.003 20.0 -0.002 -0.017

% Error

Load Beam 1 Beam 2
5.0 37.19% 20.31%
10.1 39.71% 17.61%
15.1 41.43% 20.37%
20.0 44.63% 23.48%
Load Beam 3 Beam 4
5.0
10.1
15.1
20.0
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CHAPTER 6 - Panel Strain Analysis

Due to time constrictions and the fact that panel strains were not pertinent to the
objectivesof thisreport the panel strain was not analyzed in depth and needs further analysis.
Thetwo panelstrain graphs that are includedtims reportweregeneratdfrom tests conducted
in 2007. In these two tests, the load was placed on the tongue edge of the panel. Besides the
location of the load, tntest set up wabkesame as detailed ippendix Afor the continuous
panel test.Each graph title containete | oad | ocati on. Hamel Stranx a mp | e
I Tongue Edgé Centerof Beam20 si gni fi es the | odieofBaasn pl ace
2 longitudinally and was placed on the tongdee of the panel transversely. Positive strains
recaded signify tension while negative strains signify compressBuoith strain graphs are for
the top surface strain of the panel. Panel strain data existbtfoe tests completed in 2007
and is available for each test on tfi2ata CD) The two repesentativegraphs providelata for

thetwo different loading locationspecified

6.1 Tongue Edgé Center of Beam 2

{—Mid Panel 0-200
] m-200-0
. L_| W 400200
7 TongueEdge |

H-500—-400

B 8005600

Microstrain (uE)
&
=

m-1000-800

A0 -t S Iy / VA W-1200-1000

Gage Placement

Figure 6-1 Panel Strain for Load at Tongue Edge above BM 2 at a Load Magnitude of 22
Kips
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When the loadvasplaced directly over 8am 2 on the tongue edge, themsa
significant amount of strain present in the panel, even thowgisgupported by a beam at that
location(Figure 61). The strairreacheda maximum compression value of approximately 1000
>~ at the point of loading. The stradiecreasedlmost to zero traveling longitudinally along the
tongue edge towards Beam 1. The strain in the opposite direction, towards Beam 3, also
graduallyreachedzero at the Beam 3 support. From these observations, it is ethdéthie
panelhadcompressie strain on the top surface until it reaches an adjacent supftertwhich it
changedo tension Consequentlythe effective span lengtlasconfirmed tobe thedistance
between Beam supports since #ii@in readindgiadan inflection point at those locationdt is
important to note that the strain gauges were plagedn@son center in each Igitudinal row,
therefore, it idikely that the inflectiorpointwasnot directly at the beam suppdstut waswithin
6 incheson either side of the beanThe longitudinal strainseemedo somewhat converge to
zero traveling transversely across ffamel toward the groove edg€omparison ofhe strains
providedin this graph in both directionsdicates thathey appear to vary in a linear fashion,
however some outlying data points are present making it impossible to confirm this with the

strain gauges provided.
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6.2 Tongue Edge MS 2-3

Groowe Edge

= 400-800
N 200-400
m0-200
m-200-
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W -300-—-500
m-1000-800
m-1200-1000
W -1400-1200
m-1500-1400
m-1800-1800

Gage Placement

Figure 6-2 Panel Strain for Load at Tongue Edge of MS B at a Load Magnitude of 22 kips

Panel strain data was collected for the second graph considering a loaespamalong
the panel in betweeBeam 2 and Beam (Figure 62). The maximum compresa strain
occurred at the point of loading with a magnitude of approximately 2700 his higher strain
reading can be attributed tloelack of support under tHead therefore allowing a greater
deflection atthat point Similar tothe previous graph, the strain general varies linearly until
it reaches zero at the adjacent supports. Osresilde of the supports, tenssligain is present
from the negative moment induced due to the panel having a continuous support condition.
These results confirm thdte effective spatengthis the distance between adjacent supports as
was found in the previous test. This is becdbseanel appears to be directly resisting the load
throughout the whole span since it is in compression in this area and switches toitetigon
adjacent span. The change occutthatbeam supports. The strain slowly converges to zero
transverselyacross the panel as well.
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CHAPTER 7 - Conclusions

Two FRP panels were tested using two diffesemiportconfigurations. The continuous
panel test was completed throughout the year of 2007 while the simple span and cantilever tests
were completetNovember, 2010 tlough January, 2011.oadincrements of 5 kips from 0 to 20
kips were analyzed in threport Fromstrainresults, load ratios for beams were developed and
a distrbution ratio for each tests sptwas determined. Additional testing was completed en th
simple span in order to determine the moment curve for a beam with different loading scenarios.
These moment curvegsovidedthe researchemsith insight that would determine an effective
load distributionlength ofthe panel bearing on tiseipportingoeam. The following sections

will discuss the conclusions drawn from the experimental research completed feptnts

1 The experimerst conductedo determine the moment curveisthe exterior beam
for the varioudoading scenario provetiat theeffedive load distribution length
is shorter than the panel bearing length fig@vhen the position of the load is
near or on top athebeam andthat it increaseantil it reacheghe entire length of

the panel (8t) at a loading distance offBor moreaway fromthe beam

1 The load distribution lengths determined from the manoarves weraised to
determine the beam reactions using the strain reading at the center line of the
beam. In order to valate these beam reactions, LVDiiereused to measure
deflection at midspan of each beam supporting the FRP panel. These deflections
were compared against At heoretical def/l
substituting thddeam reactions into beam deflection equations as described in
Section 4.4. For theimple span/cantilever analysis, fercenage oferror for
the deflectionsvasgenerallyunder 30% At times wherthetwo values differed
the theoretical deflectiofiequently hada largervaluethanthe experimental
deflection at loads of 10 kips ahdyher. This can be attributed to the load
distribution lengths values being too large for these loads and creating a higher
beam reaction which in turn would create a larger theoretical deflection.
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1 The load distributioiactordetermined inthesipl e span anal ysi s w
where S is the longitudinal beam spaciddthough ths ratio may be too
conservative, this value was established for the purpgs®waiding a benchmark
for comparing the results from the continuous pahee AASHTO Specification
load distributions range from S/4 to S/6 for a timber daoki S/6 to S/8 for a
concrete declkdependhg on the support materials and conditions. Based on the
simple span anays described in this chapténe FRP deckerformedmorelike
atimber deckratherthana concretedeck

1 Although thecantilever tests validated the results tedaindegreethereactions
do notentirelyconcurwith expected resultssing a simple statics calculation.
While the loadatios forthe beam on the stdof thecantilever shouldhave been
1.33, they averaged around 1.45 in the experiment. The ratitteefoeam on the
opposite side of the cantileyeheoretically, should have beéh33, however
they averagedround-0.45. Although these rais are & by around 0.12, theglo
showthat the variations dhe experimental beam reactions emasistent and in

therangewherethey should be.

1 The deflections of the continuous panel test were very similar to the simple span
deflections. Theercenterrors for the continuous testere, in general, 40% and
lower. The theoretical deflections were usually largantthe experimental
deflectionsjust asit was observed in the simple span analybisboth caseghis
can be attributed to large loddstribution lengths. The higher percent error is
due to the load distribution lengths being determined for a simple span test and
not for a continuous panel tedt.is important to recognize that the theoretical
deflections are consistently above tlxperimental beams for all the beams in all
the loading scenariosConsequentlythe load ratios determined for the analysis
should be valid. Even though the beam reactions s@rewhatarge, they were
consistently larger than they should have beealfdhe beams analyzed based

on the deflection analysis.
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9 For the continuous panel load distribution factor determination, the final
controlling values for the exterior and interior beaans S/4.6 and S/5.4
respectively. As expected, the panel behavethsgtrically;wheelload
distribution factors fobpposite exterior beasand opposite interior beam
closely resembled each othddnlike the results from the simple span testing, the
critical wheelload distribution occurred, for the most part, whenldiael was
directly over the design beam rather than when the load was in the center of the
spans. This is due to the close spacing of supporting beams and might not be the
case if the beams were spaced at larger intervals greater thaf Wiec@!
spacig. These results confirm the previously stated values of S/5 when modeling

a simple span as continuous in Chapter 4.

1 The brief analysis of the panel strain shdhatthe spans, ibetween supports,
resigedthe loadfor the entirdengthof the span. fiis conclusion was made since
when a load is applied in the middle of a span, dpepanel surface has
compressivestrain for the entire lenlgtof thespan and tensilstrainin the
adjacenspan. This validates the method of using the entire spanaistaithe
effectivebeam spacing when determining the load distribution fact®irsce the
strain gauges were spaced @¢heson centerthe location of the strain
inflection points were only accurate to withinn@hesand the exact location
remains nknown Further research should be done in this area using strain

gauges placed at closer intervals.
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Appendix A - Test SetUp
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A- 1 Continuous Panel
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Figure A-1 Continuous Panel Test SetUp
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Figure A-2 Cross Section of Continuous Panel TestView Toward East
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A-2 Simple Span/Cantilever SetJp
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Figure A-3 Simple Span/Cantilever Test SetUp
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A-3 Cross Sections and Details
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Figure A-5Typ. Cross Section View Toward North
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Figure A-6 Cross Section Simple Span/Cantilever Test View Toward North
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Figure A-7 Connection Detail- FRP Deck to Steel Beam Connection
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Figure A-8 Strain Gauge Locations
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TABLE 3.23.1 Distribution of Wheel Loads in

Longitudinal Beams
Bridge Designed for
Bridge Designed for Two or More
Kind of Floor One Traffic Lane Traffic Lanes
Timber:*
Plank® 5/4.0 S13.75
Nail laminated®
4" thick or multiple
layer? floors over 5
thick 5/4.5 §/4.0
Nail laminated®
6" or more thick $/5.0 Si4.25
If S exceeds 57 If § exceeds 6.5
. use footnote f. use footnote f.
Glued Laminated®
Panels on Glued
Laminated Stringers
4" thick §/4.5 5/4.0
6" or more thick §/6.0 §/5.0
If S exceeds 6’ If S exceeds 7.5'
use footnote f. use footnote f.
On Steel Stringers i
4" thick 8/4.5 5/4.0
6" or more thick §/5.25 S/14.5
If § exceeds 5.5' If S exceeds 7'
use footnote £ use footnote £
Concrete:
On Steel I-Beam
Stringers® and
Prestressed Concrete
Girders 5.0 §/5.5
If 8 exceeds 10/ If § exceeds 14
use footnote L. use footnote f.

Figure A-9 Example of Current AASHTO Load Distribution Factors
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Figure A-10 AASHTO Truck Wheel Dimensions
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Appendix B - Moment Curves/Distribution Lengths
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B-1 Moments

Table B-1 Moment Curve Data (kip*ft)

10 kips CLBM1| 1.250C| SS | OPP BM
0.0 0.0 0.0 0.0 0.0
1.5 7.8 5.8 3.8 1.6
3.0 15.1 11.7 7.3 2.8
4.5 20.0 15.6 8.5 3.3
6.0 20.0 15.9 9.5 3.5
7.5 20.0 15.6 8.5 3.3
9.0 15.1 11.7 7.3 2.8
10.5 7.8 5.8 3.6 1.6
12.0 0.0 0.0 0.0 0.0
15 kips CLBM1] 1'0OC | SS | OPP BM| CNTLVR
0 0.0 0.0 0.0 0.0 0.0
1.5 11.4 8.6 5.5 2.3 16.7
3 22.8 17.7 | 11.3 4.3 30.0
4.5 30.6 253 |13.1 5.0 41.3
6 32.3 26.8 | 14.3 5.1 43.3
7.5 30.6 253 |13.1 5.0 41.3
9 22.8 17.7 |11.3 4.3 30.0
10.5 11.8 8.6 5.3 2.3 16.7
12 0.0 0.0 0.0 0.0 0.0
20 kips CLBM1 1'0C | SS| OPPBM
0.0 0.0 0.0 0.0 0.0
1.5 14.1 12.0 7.5 2.8
3.0 30.0 235 |14.8 5.5
4.5 41.3 339 | 179 6.1
6.0 45.2 39.6 |19.1 6.2
7.5 41.3 339 | 179 6.1
9.0 30.0 235 | 148 5.5
10.5 14.1 11.2 7.5 2.8
12.0 0.0 0.0 0.0 0.0
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Moment Curves - 10 kips
25
g “a ™
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Position Along Beam (ft)
()
Moment Curves - 15 kips
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(b)

(same as Figure-3)

(©)
Figure B-1IMoment Curves for Load Magnitudes of (a) 10 kips, (b) 15 kips, and (c) 20 kips

75



























































































































