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Abstract

This studyconsistsof three phases examining the durability of concrete bridge decks
with stayin-place GFRP structural fornteat completely replace the bottawinforcing
bars. Phase | examines the effect of aggressive fréemg (FT) cycles on strength of
smd | scale decks. The concern has been whe
jackingdo of the form. El even speci mens w
plates with Fshape ribs, spanning the gap between girders. The study simulated various
suface treatments of the form as well as unbonded and bonded lap splices. The decks
were cracked before being saturated and subjected to up to 300 FT cycles at +5°C to
18°C core temperatures. Some specimens were thawed without being submerged and one
specmen had perforated forms for drainage. Subsequent testing to failure showed no
reduction in ultimateapacityor stiffness, despite the 23% reduction in tensile strength of
GFRP coupons from the same form, because failure was governed by puncamg she

Phase Il compares the GFRP form tested in Phase | to another corrugated form,
using short one way slabs to trigger a sHeard failure. Nine slabs with different
surface treatments were fabricated and some were exposed to the same FTt eyades.
clearly shown that flatibbed forns are superior to corrugated ones, as no loss in strength
occurred after FT exposure, whereasrugated forrspecimens lost 181%. This is
attributed to the anchorage advantage provided by tséape rib embedment in
concrete.

In Phase Ill accelerated aging of the two GFRP forms is studied in 3% salt

solution at23, 40 and 5% for up to 224 days, using 170 coupons to estalésiile



strength retentions. Data were assessed using Analydisrance(ANOVA). It was
shown that the tensile strength retentionbath formswere similar andeducel from 77

to 63% as the temperature increahdom 23 to 55°C.Results also showed that the
polymer matrix is not fully degraded by the hydrolysisxasignificant changes occurred
in glass transition temperatutdhen data was fitted in the Arrhenius service life model,
it showed that after 100 years, the ribbed form will suffere deterioration thathe
corrugated one as the strength retentiores latation with annual mean temperatures of

10°C were 42 and 61%, respectively.
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Chapter 1: Introduction

1.1GENERAL

Over the passeveraldecades, deteriorati of infrastructure has been widely recognized
by scholars throughout cold climategions particularly in North Americaas a serious
and progressingroblem In theseregions especially Canada, concrete bridges are
exposed to harsh climate conditions, namely frébaes cycles along with drwet
conditions. In winter, using the deing salt on roadsacceleratg the chloride attaclof

the internal stel reinforcementAs a result, this problem has drawn more attenftiom
scholars to investigate a new material that has corrosion resistah@emajor focus was
placed onfibre reinforced polymes (FRPs). Thesematerias are produced from fibres,
which give the strengthand resin, which hokland distribute the load equallyto the
fibrs. These materials argersatile in that iareproduced in various forms, includifiRP
shapesand panels,bars, sheets, and laminate$his makeshesematerias suitable for
new construction andetrofitting existing bridges and structuresFRPs have been
commonly used in severapplications related taoncrete structures due to their
advantages that outweigh thémitations (Bakis et al 2002) High strength, light weight
and corrosion resistance are the primary advantages of FRPs compeoeddntional
reinforcementsAlso, developing a new apprda for construction in order to reduce the
labaur cost as well as the construction time would also result in reducing the overall

bridge costHence, using FRP Stag-Place(SIP) formwork system for bridge decks has

combined advantagdsased orboth FRPs Nj dur abi | it yBemetdadl const



2009. Geneslly, FRPSIPformsact as a bottom reinforcement layer instefdsing the
conventional steddars

Significant researcthasbeenc ar ri ed out at Queemlds Uni \
yearsto investigate the performance of bridge kdeteinforced by FRP SIP panels using
different panels shapes with different bond systems bettfeeconcrete and the FRP
panels(Fam and Nelsar2012 Nelson and FanR012 Nelsonet al. 2013 Richardsoret
al. 2013 Nelson and Fam2014 However, these studies focused on static and fatigue

tests at room teperatures.

1.2SCOPE
This thesis addresses the effect of laborasamyulated environmental conditions on the

durability and structural capacity of deckgh FRP SIP formslt includes three phases.
The first and second phasef this researchnvestigatethe effectof 300 freezehaw
cycles on thelecks withvarious bond mechanisms at the interface between the panel and
concrete. The first phase included 11 srsallebridge decks reinforced by ribbed PR
panels. Three decks were castl storecht room temperature, while the other specimens
were exposed to 100, 200, and J0€ezethaw cycles. The second phasevestigated
nine slabs reinforcedy eitherribbed or cormgatedFRP panelsto study the effect of
form shape on freezthaw performanceThe third phase focuses on the effect of a
saltwater solution, which representsidieg salts, on(both the ribbed and corrugated
FRP panel$ used inthe secondhase. Eightycoupons were cut from eadipe and
made intathree groups exposed to three different temperaamddhen tested in tension

at five time intervalsand compared to control samples. The samples were immersed in

2



threebathsof 3% saltwateat 23C, 40°C, and 55C. Sets of five coupons \esremoved

from the tanks after 14, 33, 97, 150, &#fldays and tested in tension. The resoftthe

aged coupontestswerecompared with the control samples to observe the effects on the

elastic modulusand ultimate tesile strengthretentionof the GFRPs. The study also

predicts the strength retention of t&-RPsover their service life by applying the

Arrhenius model to the laboratory results.

1.30BJECTI VES
The objectives of this research work are as follows:

1.

To investgate the effect of freezdaw cycles on the performance of bridge decks
with structural FRP stay in place forms.

To investigate the effect of the shape and geometric configuration of the FRP
forms on the slab performance under fretmav effects.

To asgssvarious bond mechanisms at the interface between concrete and FRP,
including adhesive coating and coarse aggregate versus no treatments at all,
before and after freezéaw cycles.

To investigate the accelerated aging effect of the GFRP panelssadirsglution

at various elevated temperatures.

To predict the tensile strength retention of the GFRP forms over their service life

using the Arrhenius model.



14ABACKGROUND
Limited research has been conducted in terms of durability and environmental @ffects

concretebridge deckswith FRP SIP forms, compared to the large volume of work on
durability of FRPs used as rebar or sheets and laminates for retrofitting putpdbes
literature review, a summary is provided of some prevgiudiesthat were carried out
on FRPmaterials andRC concrete beanstrengthened with FRRiminatesexposed to

different environmental conditions.

Baumertet al (1996 conducted tests to investigate the effect of low temperatures
on FRRplated concrete beams. They concluded that, no significant damage occurred
after FRP beams were subjected to those cycles. One of the tests that was carried out by
Greenet al (1997 on RC concrete beams strengthened with CFRP plates after being
subjected to 50 cycldsom +15 t0-18°C arrived at similar conclusions. Del Mar Lopez
et al (1999 conducted a number of tests on small scale-pR#d concrete beams after
being subjected to 300 freetmaw cycles, and found significant reduction in both

capacityandmaximumdeflection

To investigate the bongerformancebetween FRP and comte beams after
exposure tofreezethaw cycles,(Green et al2003 testedbeamsstrengthenedising
CFRP or GFRP sheets under 200 frettwav cycles Insignificant deterioration in
capacity was observed afteeezethaw cyclesGreen et al(2000 studied tle effect of
300 freezeghaw cycles on the bond between FRP gda&nd concrete using uniaxial

CFRP strig bonded to the beasralong wih single lap putoff specimensEach cycle

4



consisedof 16 hoursof freezing in air and 8 hourd thawing in waterTheyconcluded
thatthere waso reduction in load capacity and atbatthe bondwasnot significantly

damaged.

Yun and Wu (2011 conductedsingle fice shear teston CFRP bonded to
concrete specimenn order toinvestigatebond performanceTheyindicated that, bond
lengthandbond stiffnesdetween FRRoncrete reducedith an increasinghe number
of freezethaw cyclesKarbhariand Enginee(1996 also conducted freezbaw tests on
FRP sleetbonded tosmall cement mortar beanusing a wet layup technique. Nvas
determinedhat immersion in water resulted in about 10&6luctionin the slabcapacity
since the glass transition temperature of the FRP resin dropped signifidaatkga and
Buyukozturk(2011) conductedan experimental program to investigate the degradation of
thebond between FR&trips and concretasing anadhesive layer. The findings from this
study showed a significant reductionbond strengthafter exposure tevetdry cycles
Karbhari (1997 also performeda series of tests related shortterm durability of the
bond atthe compositeconcrete interface. Theesults showed thagtome deterioration
occurredin compositesas well as atconcretecomposite interface due tentrapped
moisturethat lead to signficant degradation at the fibreatrix interface.Major research
has beertarried out by Nkurunziza(2005 on concrete beamaith bonded FRP sheets,
to address the behaviour of the beams after exposure to manytfieezeyclesNeville
(2005)concluded that if an air einment is used within concrete mix, there is no effect

of freezethaw cycles on the beam capacity



During the freezing period, treoncretepore solution in concrexpand causing
internal hydraulic pressuseand therefore frost damageccurs (Cai 1999. Under
microscopic observation, the nature of micro ksdwetween the mortar and aggregate in
concretesignificantly changs (Soroushian and Elzafrane®004). In particular, freeze
thaw cause propagation and joiningf thesemicro cracks at the interface between the

aggregat@ndpaste.

The combined effect oimmersing specimens in chloride salt solutiaturing
thawing is more severdan using water onlySun et al 2002. Davaloset al (2008
performed tests to evaluate the durabilitytlué interface between the bonded sheet and
concrete. The specimens were subjected to fréeme cycles satrated in calcium
chloride that represent the-agng salt used in winteon bridges. Theyconcludedthat,
the differential movement between the concastd GFRP and crack propagation at the
interface increased with increasing number of cydteshouldbenoted that, the possible
failure modes for simply supported beam incldideupture of the FRP composite,
interfacial failure between the adhesive and composite or concrete substrate, cohesive
failure in the adhesive, alternating crack path betwkernwo interfaces, shear failure or
flexural failure as reported byuyukozturk et al (2004. However, one mode of failure
was recorded whe@olombi et al (2010 assessed the bond strength under fréeae
cycles. The pulbff debonding tests werearried outon concrete blocksvith bonded
CFRP strig for an exposure perio@®f up to 200 cycles. All specimens failed in

debonding that mainly occurred within concrete substatiot intheadhesivdayer.



To investigate the effesf freezethaw cycles on FRP materials only, research
was conductedly Dutta (1988 on glassepoxy FRR subjected to 150 freezbaw cycles
from +23 t0-40°C. The studyreported10% reduction in their tensile strength. Similarly,
several testsvere carried ot on GFRP bars after exposure to different environmental
conditiors like sea waterdry/wet cycles, alkaline solutispand ordinary tap water for 6,
12, and 18 monthgAl-Salloum et al2013. It was foundthat ®me reduction in FRP
tensile strength has been found after being subjected to those ddclesries of
durability tests on glasbre reinforced polypropylene composite laminatesre
conductedRobertet al. 2010 after immersing in salt water of 3%oncentratioror tap
water. The results showed that the salt soluteads to degration of the interface
between the fibre and matrix. In addition, the immersion in tap water had less influence
than salwater solution on the flexural properties of the samples after 168 days.
Similarly, Chen et al(2007) conducted durability tests on GFRP bars after immersion in
various solutios namely water, alkaline solution and saline solutior?@tC, 40°C and
60°C. It was determined that, the higher temperature caused more degradation to the
GFRP bar tensilstrength over a period of 240 dayss a result, it was concluded that
increasing temperature will induce mateess to the fibre and resuit decreasing the

GFRP bar strengtfVijay and GangaRad 999.

Nkurunziza(2005 performed durability testen GFRP rebato investigatetheir
shorttermdurability after exposure to alkaline solution, high temperataned sustained
loads, concurrently. The resultsf this researclshowel that a significant degradation in

the tensilestrengthoccurs andlepends on the immersion period. It shouldhbied that,

7



the composite materials absorbed moisture exgkeriencedhigh temperaturenduced
stress not only to the fibre and matrix but also to the interface. As a result, the tensile

strength gadually reducedvertime.

Extensive research was conducted on coupons of -igtagserced epoxy to
determine the degradation after exposure to various soluti@jsrncheappunngarat
al. 2002. The aged samples were expo$adup to5 months in various liquid media
separatelydistilled water, saltwater, alkaline solution, and acid solution at 23° and 60°C.
The results revealed that, thixaline and acid solutiosreducel the FRP strength byp
to 70% at room temperature. Similarly, an experimentag@am was conducted on three
FRP systems namel@FRP fabrics, CFRP fabrics, and CFRP @dte assess their
durability (Cromwell et al. 201}l The coupons were immersed in various solutions
including; water, saltwater, alkaline, dry heat, diesel fuel, weathe&ffegts and freezie
heat exposure. Aftecompletion ofthe exposure period, the samples were tested in
tension, shear, and bond accordingA®CE guidelines. The results showed that, the
glass transition temperature gfTof the material may be approached at 60°C and
therefore, the properties die material would be markedly changedsoAlthe results
showed that, the most appropeianethod to assess the extreme environmental conditions
of FRPs isthe exposure to saltwater as well as alkaline solutidiso, the absorbed
water at the interfacdetween the matrix and the fibres induced micro@dokthe
composite so the flexural and tensile strength of the fibres gradually decreased.
Moreover, the absorbed moisture would reduce the glass transition temp&gattitbe

polymers which represents the phase mofterial change from the glassy to the rubbery

8



phase(Kumar and Guptal99§. The reduction inTg resulted in physical change and
softeredthe polymerspromotng more creep deformatismupon drying. If the wetayup

process was used to fabricate the GFRP sheets at room temperature, moisture condition
would significantly reduce th&y of the polymers as the resia not fully cured. In

addition, the absorbed water can lgaghysical and chemical permanent changisin

the fibres themselves or between the fibres and maisxwvell As the volume othe

sample increase due tcater ingress, the adhesion between the fibres and matrix would
be gradually lst Microcracks at the fibresomposite interfacaffect the bondand

degrade the stiffness and strength ofdbeapositeasreported bySchutte 1994 .

In summary all the mentioned research studeescluded thathere would ben
aggressive effect dfeezethaw cycles orthe FRP materials becauskloss of adhesion
between thdibre andmatrix. Neverthelessthey are notn agreemenwith the effect of
this aggressive exposure to the bond between thedeRded sheeand the concrete

beam.

15THESI S FORMAT
This thesigs composed of five chapters, which contain the introduction, tthapters in

manuscript format, an@ conclusiors chapter Chapter 1 provides the main ideas of
research work, objective, and scope of the progecivell as a background literature
review. Chapter 2 describes the first phase of this research project, which includes an
investigation of freez¢haw effect on the performance of smsdhle bridge decksiade

using FRP SIPforms with complete detailing of connections and boundary conditions,

examning various bond mechanisms. Chapter 3 includes the second phase of this thesis,

9



which aims to investigate the effect of fre¢haw cycles on oneay slabs comparing
two types of FRP forms, namehpbed and corrugated panels, using different kinds of
bond at the interface. Chapter 4 preserdsirability studyof environmental effeadf salt
solution and elevated temperaturesloenGFRP ribbed and corrugated paneted inthe

first and seconghasesChapter 5 includes the conclusions of this research

10



Chapter 2: Durability of Bridge Deck with FRP Stay-in-Place
Structural Forms under Freeze Thaw Cycles?

21l NTRODUCTI ON
Bridge decks can benefit tremendously from the concept of FRP SIP structural forms for

two reasonsspeed of constructionecauseghe forms are permanent, and the corrosion
resistance of FRP in presence oficiag salts on the road. Recently, a swi¢he-art
article that provides a brogmkrspective othis technology, specifaily for bridge decks,
was published (Nelson et.a2013). It addresses advantages and limitations of the
system, various configurations of the SIP forms, detailing of gargirder connection,
construction procedures, cost effectiveness and reseaetts. With regard to barriers to
further adoption of this system in practice, the article identified durability under Freeze
Thaw (FT) cycles as a key research ne@édncerns have been raised with regard to
ingress of moisture and possible frgmtking ketween the FRP form and concrete.
Despite the barriers to widespread applications, several field applications have been
reported inthe literature, including the Salem Avenue Bridge in Ohio (Reising et al
2004), Route U451 Bridge in Wisconsin (Berg @l. 2005), Greene County Bridge in
Missouri (Matta et al2006), and the Black River Falls Bridge in Wisconsin (Oliva et al
2007).

Several research studies have been conducted on bridge decks with FRP SIP

forms of various configurations. This includes decks with thin plate bonded to the bottom

! This Chapter has been submitted for publication as the following journal paper:

Bol es, R. and Nel s o Byrabily of Bridge DeEkawith, FRFAStap-Placé 1 4 ) A
Structural Forms under FreeZdaw Cycles 0ASCE Journal of Composites for Ctmstion, Under

review

2 Nelson, M contributed byassising during initial design and fabrication stages
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of a layer of grid reinforcement (Ringelstetter et2006), corrugated plates with pin
and-eye interlocking joints (Fam and Nelson, 2012), and flat plates wghape ribs
(Nelson and Fam, 2013). The studieksiressed the effect of boundary conditiand the
effect of deck width when testing discrete deck segments, compared to a fudl deiclg
as well as the effect of interface bond (Nelson e2@13 and Nelson and Fam, 2014),
splices of FRP forms (Nelson et 2014)

Traditionally, the effect of FT cycles on concrete in cold regions can be mitigated
by the use of air entrainmenbut FT cycles also have a negative impact on FRP
composites as was first reported by Dutta (1988). GFRP laminate subjected to 150 FT
cycles at +23°C tc40°C showed a 10% reduction in tensile strength. For externally
bonded Carbo#RP plates used for rdbiitation of concrete, Green et.al2000)
investigated the effect of up to 300 FT cycles at +1b61#® °C on the bond. The study
showed that bond was not significantly damaged.

This chapteraims at filling an important gap with regard to the technolofyy
bridge decks with FRP SIP forms, particularly looking at their durability and the impact
of FT cycles on their strength and integrity. Factors that are thought to impact
performance under FT exposure have been considered in the study. This includes pre
cracking specimens before exposure, various surface treatments and bond conditions at
the formconcrete interface, bonded versus unbonded lap splice of the forms, non
perforated versus perforated FRP forms for drainage, and submerged versus non

submergd deck specimens during thawing by water.

12



22EXPERI MENTAL PROGRAM
The following sections provide details of the experimental program including test

speci mens, par ameters, materi al s, fabricat

test setups, andstrumentation

2.2.1Test Specimens
Background of the designNelson and Fanf014) tested a complete bridge system with

GFRP SIP forms for the concrete deck. The bridge was constructed at 1:2.75 scale with
special attention to all detailing, including connection of deck to girders, continuity of the
deck in the transverse diremti over several girders, and using end diaphragms. The
study aimed at stimulating as close as possible accurate boundary conditions found in a
full scalebridge and estimating the equivalent service load at this $eade full scale

bridge, the service load is typically considered bethe haltaxle load plus maximum
dynamic allowance, which is 122.5 kN, of the-625 design truck of CSA S@86 used in
Canada. Analysis of the experimental results of that study showed that the equivalent

service load &this particular scale is 24.3 kN.

It is not realistic, however, to always build complete bridges (i.e. with multiple
full-length girders), as that in the study mentioned above, when testing various aspects of
bridge decks such as the durability invedima reported in thischapter Therefore,
researchers typically test discrete sections of bridge decks with adequate width. Nelson
et al (2013) tested several discrete bridge deck segments spanning two girders,
representing portions of the full bridgeentioned above, with exactly the same design
and materials but with various widths. It was concluded that a width in the direction

parallel to girders (i.e. traffic direction) equal at least 1.33 times the girder spacing is
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sufficient to reach the s@ ultimate load of the full bridge and also the same punching
shear failure mode. This design is gisovides two deck overhangs on either side of the

two supporting girders to accommodate the development length of the topf&ERP

rebar for the negative moment regions above the girders. Nelson (80B) then
refined the test setup further by introducing a reusable support system that can be bolted
to the deck specimens and provide equivalent boundary conditiond tonelitions, to

allow for reusing the setup for several specimens. This setup was convenient for the
current study as the concrete decks can be cast and conditioned easily without the

elaborate and heavy support system, which is only needed when |deeltherk.

Description of test specimen3he 1220x1000x65 mm specimens in this study were also
designed and built at 1:2.75 scale, similar to the previous stulgee2-1 shows the
generallayout of a typical deck specimen, including crssstion views. The specimens
have a girder spacing of 665 mm, equivalent to 1829 mm (6 ft. nominal) at full scale (Fig.
2-1(b)). The 1000 mm width in the direction parallel to girders (and traffic) Fida)),

was selected to be 1.5 times girder spacing, wieiteeds the 1.33 minimum ratio
recommended by Nelson et £013). The deck included a 278 mm overhang from each
side beyond the center of the support girders, in order to accommodate ¢hlepoent
length of the top GFRP rebar (Fr1(b)). The scaled total deck thickness was 65 mm.
The width of the concrete component of support girder is 140 mm (scaled from AASHTO
Type Il precast girders at full scale) and includeghdpe @6@125 mm pratded steel
stirrups embedded in tldeck The GFRP SIP form was a flat plate witksfiape ribs.

The plates spanned the gap between girders such that the ribs were in the direction

14



normal to traffic (Fig.2-1(c)). As the plates have a limited width, two plates had to be
spliced and the splice was located at-width, directly under the load (Fig@-1(a)). At

the splice, the plates were overlapped 18 mm, scaled from the 50 mm at a full scale
design (Nelson ahFam 2013). At the supporting girders, the GFRP panels extended 30
mm into the supports to simulate the 75 mm at full scale. The GFRP panels completely
replaced the bottom layer of rebar. For the top reinforcement, 6.35 mm GFRP bar

orthogonal mesh with25 mm spacing was designed and used according to CHA.S6

2.2.2Test Parameters
Table2-1 provides a summary tfie test matrix. Eleven deck specimens were tested in

this study; including three control specimensS&ltested to failure without FT exposure,

and eight specimens 10 exposed to FT cycles before testing to failure. The main

parameters included in this diuare:

a) Panel surface treatmentthe bond and interface condition between the concrete and
form is a key consideration in this system. Three surface preparations were considered
for the GFRP SIP form, namely: (i) just surface cleaning, referred to ire 2eblas
ANot hi ngdo where concrete is cast directly
S6-S10), (ii) using a special adhesive coating that bonds fresistyconcrete to GFRP
form (specimens S1, S# and S4b), or (iii) applying a layer of coarse grggates
adhesively bonded to the forms to create a rough texture before concrete casting
(specimens S2 and S5).

b) Splice treatmenttwo treatments were applied at GFRP plates overlap of the splice,
namely: (i) nothing, meaning one plate simply rests endther (specimens S3 and

S6-S10, which also have no surface treatment of the panels, thereby representing the
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simplest possible construction procedure), or (i) applying both adhesive and
mechanical bond using 4.59 mm steel screws spaced at 33 mm,geeddsy Nelson

et al (2014) (specimens S1, S2, S4, S5, which also have surface treatments for the
panels). Specimens I3 can then be compared to assess surface treatment of plates
and splice without FT, while specimens S4, S5 and S8 can be compassgétdath
parameters after maximum FT exposure.

c) Number of FT cycles:three levels of FT exposure intensities were implemented,
namely 100, 200 and 300 cycles (specimensS&6to assess the progression of
damage, if any, over time, compared to unexposedigen S3. This parameter was
studied for the specimens without any surface treatment at interface, thought to
represent the worst case scenario of bond.

d) Submersion during thawing:in this study, freezing is done in air while thawing is
done by waterwhere the tank is flooded and the specimens become fully submerged.
This was considered a more severe condition compared to real life with regard to
moisture intake. To assess this effect, specimen S9, which is identical to S8, was
placed on a special sgtwithin the tank such that thawing is by water that flows over
the surface and then falls off without the specimen being submerged in the tank.

e) Drainage of entrapped moisturet is hypothesized that under FT exposure, moisture
might gettrapped atthe SIP formconcrete interface&ausingincreasein concrete
volume during freezing potential jyackangibng hatr setpar
from concrete. To examine this effect, specimen S10 was identical to S9, except that

the SIP form was perforated by drilling 5 mm diameter holes at 100 mm spacing in
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both directions before casg, to providepath forwater egress through the soffit of the

slah Similar to S9510 also was not submerged during thawing.

2.2.3Materials
GFRP SIP panels:Commercially available pultrude@FRP panels were used in this

study as SIP formwork. The 4.2 mm thick flat plate hadh@ped ribs of the same
thickness, spaced at 100 mm. Twenty coupons were cut from the plate in both directions
and tested in tension according to ASTM D3039/D303®MVITen of the coupons were
placed in the FT tank with the deck specimens, under the same conditions for the full
duration, and then tested in tension after exposure to 300 FT cycles. F@sieows

the stresstrain curves irthe longitudinal (paralleto ribs) and transverse directions.
Given that the primary direction of continudilsres is longitudinal, the response is quite
linear in this direction with tensile strength and modulus of 368 Mf82.5 GPawhile

in the transverse direction is slightly nonlinear, with tensile strength and modulus of 29.8

MPa and 8.2 GRaespectively

Figure 2-2 also shows that the 300 FT cycles had a pronounced effect on the
coupons. The average tensile strength andutos in the longitudinal and transverse
directions decreased to 278.5 MPa, 28.8 GPa, 23.2 MPa and 8.0 GPa, respectively. This

represents about 23% reduction in strength and 11% reduction in modulus.
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GFRP rebar: V-Rod #2 GFRP rebar mats of 6.35 mm diametere installed in all
specimens as top reinforcement. The tensile strength and elastic modulus provided by the
manufacturer were 784 MPa and 46.1 GPa, respectively.
Concrete Readymix concrete with 10 mm pea stone aggregate, 7% air entrainment and
200 mm slump was used. Forty 102x204 mm cylinders were cast and some were
subjected to the same freethaw cycles as the decks before being tested in compression
according to the ASTM C39 (2010) at a similar timeethe deck testing. Figur@-3
shows the variation of compressive strength with time. For the first six months, at room
temperature, the strength reached 24.8 MPa, that is when the control deck specimens
were tested. Around the same time also, the conditioning under FT cycles fetatted
remaining specimens and associated cylinders. After 200 and 300 FT cycles (i.e. after
additional 67 and 100 days, respectively, in the tank) the measured strength was 23.4 and
27.3 MPa, respectivelylwo aspect®ccurredsimultaneously
(i) Concrete curing: the longer the concrete is cured during thawing cycles, the
higher strength is gained
(i) Concrete leaching: during curing the concrete leached and thus it would loose
some of its chemical constituents such as calcium.
Consequently, it ws observed that the loss and gain in concrete strength was primarily
dominant by the two aspects mentioned above and not by the FT cycles.
Steel bars and stirrups2#10M steel bars were provided in the concrete support girders.
Tension testgavea 435 MPa yield strength.-Ehape 6 mm diameter stirrups were also
provided in the support girders, spaced at 125 mm. Tensiongtegts yield strength

and modulus of 462 MPa and 195 GPa, respectively.
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Epoxy AdhesivesTwo types of adhesivesese used. When bonding the FRP pénpel

panel lap splice and when bonding 4nm diameter silica stones to the surface of the
FRP panel, Sikadur 30 was used. It is a high modulus, high strength, and high viscosity
epoxy paste adhesive with a 20.6 MPa bstnength as reported by the manufacturer. For
bonding freshly cast concrete to the FRP panels, Sikadur -32oHlj a high modulus,

and low viscosity epoxy adhesive with manufacturer reported bond strength of 13.1 MPa

was used to coat the surface with a thyer, shortly before concrete casting.

2.2.4Fabrication of Specimens

As shown in Fig2-1(a), each specimen included two GFRP panels;ksigde. The
panels were received in a standard 518x6100 mm size. They were then cut to 585 mm
lengths in the direction parallel to the ribs. This length was equal to the 525 mm clear
span between girdegus 30 mm on either side, where the form rests on the girder. The
panel width was also trimmed to 509 mm, to achieve the 1000 mm design width of the
specimen, with the 18 mm overlap between the two panels ZHi¢p, c)). Wooden

forms were built for tB concrete beams and overhang sections. The steel cages of the
beams were placed in position and vertical PVC pipes were placed in the beams to
facilitate anchoring the deck to the test setup as will be discussed later. The GFRP SIP
forms wereplaceal on the forms of the beams with 30 mm embedment on both sides, and
the top rebar mesh was secured in position before casting. It should be noted that in
reality the girders are precast with a roughened surface of the flange and also include
protruding stirups to bond to the cast-situ deck. Nelson and Fam (2013) built
specimens using this field practice and noted that no relative displacement occurs
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between deck and girders throughout the test. As such, in the current study, the deck and
support beamsvere cast monolithically (i.e. in one cast for simplicity) with the stirrups

of the beam also being embedded in the deck as in practice.

Figure 2-4(a) shows the GFRP forms without any surface preparations or splice bond
(specimens S3, S89). For speciens S1, S2, S4 and S5, the splice overlap was first
adhesively bonded, and then 4.59 mm mechanical screws were installed at 33 mm
spacing (Figs2-4(b and c)) after adhesive cure as per the recommendation of Nelson et
al (2014). Figure2-4(b) also showshe application of a wet adhesive coating to the
horizontal surfaces of the panels just before casting concrete in specimens S1 and S4.
Figure2-4(c) shows the bonded coarse aggregates to the panels of specimens S2 and S5,
which was applied to the platelgrand not to the &hape ribs. Figurg-4(d) shows the

grid of drilled drainage holes in the panel of specimen S10.

2.2.5Specimen Cracking before Conditioning
As bridge decks are typically cracked in real life and since this aggdavatehe FT

effect by maximizing the moisture intake, it was decided to provide controlled cracking
before exposure. Each specimen was installed and connected to the setup and subjected to
three loading cycles, up to 35 kN, to insure that cracks formed aneédpen closed

twice. This load was calculated as 1.5 times the service load of 24.3 kN and ensured that
all specimens, regardless of bond conditions at splice or interface, have cracked as was
visibly evident on the top surface in the negative moment megaibove the girders.
Load-deflection data for this phase of testing were collected. After the three cycles, the
decks were released from the loading setup and were ready for environmental exposure.
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2.2.6Test Setups
Environmental chamber setup and instrumenian: A large wooden tank was built to

keep the concrete slalssibmersed in wateturing FT cycles and was placed inside an
environmental chamber (Fig-5(a)). A rubber liner was placed on the inner surface to
prevent water leakage. The tank was fittedhwa drainat the lowest point and an
overflow outlet near the top. SpecimensSBlwere stacked in two layers in the tank
(Fig. 2-5(b)) such that during the thawing period, when the tank is filled with water, they
are completely submerged. A speciabagement was made for specimens S9 and S10,
which were placed in an elevated position above the maximum water level in the tank, as
they simulate real life conditions where the deck is never submerged. Both specimens
were fitted witha 100 mm high woode wall around their perimeter to accumulate the
water supplied from above during thawing. The water then spills over the wall, down into
the tank.

The freezethaw procedure adopted was guidedtiyASTM C66697 standard.
All specimens were saturated by submersion in water for at least 24 hours first. The
target temperature range of the concrete core during FT cycles Waste-518 °C (Zero
Fahrenhejt Thermocouples were installed in the corgha specimens to monitor their
temperature continuously. A typical cycle took 8 hours, including about 6 hours freezing
in air and about 2 hours thawing in water (FAgb(c)). To achieve the desired target core
temperatures, the air temperature rangenitaced through the environmental chamber
controls had to be larger, +& to -25 °C (Fig. 2-5(c)). In fact, the measuredore
temperature durinfreezing and thawing vaeamong alspecimensvith only +2°C but

this still permissibleAfter the specimens completed the FT cycles, they were removed
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from the tank, left to dry, and then tested to failure in a special setup, which is discussed
next.

Structural loading setup and instrumentationFigures 2-1(b) and2-6 show the test
setup,which consists of two steel HSS sections tied together using 30 mm steel threaded
rods. Vertical threaded rods, 19 ntiametey were welded to the top flanges of the HSS
sections. These rods are intended to fit through the ducts in the beams of theeconcre
decks to facilitate anchorage of the specimens to this reusable part of the setup. Also, to
prevent the decks from sliding laterally, a shallow steel plate was welded to the flange of
the HSS section to constrain the concrete beam of the deck. Tlespsiarts by fitting

the vertical threaded rods through the ducts of the deck and seating the deck on a thin
layer of high strength grout placed on the top flanges of the HSS sections. Steel channel
sections, oriented parallel to the beams, are thengkoeve the deck with a thin layer

of high strength grout in between, and anchored to the vertical threaded rods using bolts
and washers to clamp the deck. The setup design was chosen to provide the proper end
constraints against rotation and lateral @ispment as recommended by Nelson et al
(2014).

A single load, representing hdlfe axle load, was applied at tieente of the deck using

a hydraulic ram anchonitored using 453 kN load cell. The load was appltedough a
181x91 mm steel plate (scaled down from the standard 510x255 mm AASHTO patch)
resting on a 12.7 mm elastomeric pad. Linear Potentiometers (LPs) were used to measure
deflection in both directions at various locations. GFRP panel strains at Viacatiens,

in two directions, and the top GFRP rebar strains over the support, were all measured

using 5 mm electric resistance strain gauges. Concrete straitop were measured
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using 100 mm PI gauges

23EXPERI MENTAL RESULTS

Table2 providesa summary othetest results of all specimens in terms of ultimate loads.
The following sections provide details of the test results and the effect of various

parameters on the ultimate strength.

2.3.1Effect of Surface Treatment of FRP Forms

Figure 2-7(a) compares the loadeflection responses of the control specimensS$1

with various bond conditions. The figure also shows the three loading and unloading
cycles before loading to failure. Specimens S1 and S2 (with adhesive bond and bonded
aggregate, respeeely, as well as bonded splices) behaved quite similarly and showed
higher stiffness after cracking than specimen S3 (without any bond at surface or splice).
S3 also showed a 21% lower capacity but higher deformability at ultimate. However, t
lower ultimate load of S3 is still 3.9 times higher than the equivalent service load of 24.3
kN at this scale.

Figure2-8 shows the deflected shape of decksS31at centerline, at various load
levels. The right side of the graph shows the deflegtidhe transverse direction (i.e.
parallel to traffic), while the left side shows the deflection in the longitudinal direction
(i.e. deck span direction). Deflected shapes are given at various load levels, namely 35,
70, 105 kN and the peak load of ea€he figure shows that deflections converge to a
very small value, almost zero, at the edge of the decks in the transverse direction. This

confirms the adequate width of 1000 mm selected to ensureadawslab action, and to

23



simulate as close as possiblgypical real deck, which is continuous in both directions.

2.3.2Effect of FreezeThaw Cycles
Figure 2-7(b) shows the loadeflection behavior of specimens-84S4b, S5 and S8

which have been exposed to 300 FT cycles. Specimeasagd S4 with adhesivéoond

are identical repetitions for confirmation of results, and varied in strength by only 5%,
giving reasonable confidence in results. Specimen S5 had bonded aggregate surface
treatment while S8 had no surface treatment. By comparing the responseseof the
specimens to their control counterparts in FA¢gi(a), it can be seen that no reduction
occurred in ultimate capacity, but to the contrary,-8%3 increase occurred. This is
likely attributed to the increased strength of concrete due to moisture cuiing the

100 days in the tank as can be seen inZRjfor concrete compressive strengths.

Figure 2-9 shows the loadeflection responses of specimens S6, S7 and S8 after 100,
200 and 300 FT cycles, compared to control specimen S3. After 100 @rcy@es, a

small reduction of about 8% occurred in ultimate load but after 300 cycles, a 3% increase
occurred as indicated earlier. Figu2el0 summarizes the deck strength overtiate
various FT cycles. Generally, the observed negative or positiveéioasian strengttare

very small and fall within the natural range of statistical variation among identical
repetitions (e.g. identical specimens-&4and S4b varied by 5%). Therefore, the
important observation here is that FT cycles had no negative impatedtRP SIP

forms for concrete decks, even for the decks without any surface treatment or bonded

splice.
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2.3.3Effect of Submersion and Form Perforation for Drainage

Figure 2-11 shows the loadeflection responses of specimens S8 (submerged during
thawing), S9 (not submerged) and S10 (perforated FRP form and also not submerged)
after 300 FT cycles. The figure shows that gpeas S9 and S10 achieved the same
strength, which was 11% lower than S8 and 8% lower than control S3. It appears then
that submersion did not have the hypothesised negative effect of aggravating FT
conditions, but rather it might have improved the outeasiightly by helpingconcrete

curing It is also clear that any weakening effect to the FRP form, from perforation, was
not to the extent that negatively impacts the overall deck strength. This is because at

failure of the deck, the stress levekime FRP forms was very small.

2.3.4Failure Mode
All deck specimens failed by concrete punching shear gig). Cracks that initiated in

the negativemoment regions above the girder during the initial cracking cycles
propagated in a curved manner as loading progressed. Radial and circumferential cracks
occurred around the loading pads. Eventually, punching failure occurred near the peak
load and the gnching cone was fully contained within the deck. At the underside of the
deck, bonded FRP forms differed from unbonded ones at the splice overlap. Zigure
shows the loadertical slip responses of specimens-S3l with various surface
treatments antond conditions at the splice. The slip was measured as the difference in
deflection based on two adjacent LPs on both sides of the splice overlap. It can be seen
that the slip is quite insignificant in specimens S1 and S2 with adhesive and mechanical

bondat splice, whereas in unbonded S3, the slip approached 2 mm at failure.
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2.3.5GFRP and Concrete Strains
Figure2-14 shows the loadtrain responses of the GFRP SIP form in both directions at

key locations shown in Fi-14(a). Generally, at ultimate, the GFRnaximum strain
occurred in the deck span direction, directly under the load and the nearby region (gauges
L1 and L3 in Fig2-14(a)). This maximum strain did not exceed 1800 mstrain, when
punching shear failure occurred. From F2eR(a) it can beseen that this strain isell
below the failure strain of the material. For this reason, the small reduction in GFRP
strength due to FT cycles (Figr2(a)) as well as the perforation of the form (RAgi(d))
did not have any negative impact thve ultimate capacity of the deck. Figure 2-14(c)
shows the GFRP strain the span direction near the support beam (gauge L2). The level
of this strain in compression reflects somewhat the degree of deck flexural fixity at
supports. For bonded specimens S2, S4 and S5, this strain generally showed the
maximum measured compression. On the other hand, the remaining unbonded specimens
generally showed a small tension, suggest:i
6fl exural 6 act iltasrworih notirtg thathe speEciBnsveresensitiveto
preclampingbut every effort was taken to be consistémthedirection parallel to traffic,
Figs.2-14(e and f) show that the maximum strains measured in the GFRP form in tension
wasless than 100@nicro-strain, which is well below the ultimate value given in Fig. 2
2(b). The measured small compression could be attributPdissonds ratio.

Figure 2-15(a) shows the loagoncrete compressive strain responses at top
surface in a direction parallel to the deck span, near the center. It can be seen that at
ultimate, when punching shear failure occurred, the maximum concrete strain ranged

from -1000 to-2100 mico-strains, which is less than thencretecrushing strain of

26



-3000 micrestrains.

Figure 2-15(b) shows the loa@FRP rebar tensile strain responses over the
support, at mid width. It can be seen that at ultimate the maximum tensile strain was
about 2500 micretrain, well below the 17000 micsirain rupture strain of the bar

reported by manufacturer.

24SUMMARY
This study examire the effect of aggressive freetgaw (FT) cyclic exposure on

strength and integrity of bridge decks built using gfs® reinforced polymer (GFRP)
stayin-place (SIP) structural forms that completely replace the bottom rebar layers. The
concernlhs been whether entrappgedkmanigdt wrfe trhee
negatively impacting deck integrity. Eleven scaled deck specimens were built, each
using two flat GFRP plates with-§hape ribs running normal to girders. Both plates
spanned the ap between girders and were spliced by overlapping, directly under the
load. The study simulated various surface treatments of the form, namely no treatment at
all, adhesive bond to freshly cast concrete, and coarse aggregates bonded to the forms.
Also, urbonded and bonded lap splices of the forms were tested. The decks were
subjected to three cracking load cycles before being saturated and subjected to up to 300
FT cycles at +3C t0-18 °C core temperatures. Freezing was in air while thawing was by
water. Some specimens were thawed without being submerged and one specimen had
perforated forms for drainage. Specimens of various splice and surface treatments
survived the 300 FT cycles. Subsequent testing showed no reduction in ultimate load or

stiffness, r&ative to control specimens, despite the 23% reduction in tensile strength and
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11% in modulus of GFRP coupons exposed to the 300 FT cycles. This is because failure
of the decks was governed by concrete punching shear. Decks with untreated forms and
unbonekd splices showed 21% lower capacity than treated and bonded ones, even
without any FT exposure, but this lower capacity was still 3.9 times higher than the

equivalent design truck service load at this scale.

Table 2-1: Summary of test matrix

Seam Panel Surface Treatment Freeze- | Concrete| Ultimate
.| Adhesive& ; .| Bonded |Drainage Thaw | Strength Load
Nothing Screw Nothing| Adhesivg Aggregate Holes Cycles (MPa) (kN)
© S1 X X 24.8 121.3
IS S2 X X 24.8 118.0
o S3 X X 24.8 94.6
S4-a X X 300 27.3 1214
Z[_sab X X 300 273 | 1276
F[_ss5 X X 300 27.3 124.6
£ 4 s6 X X 100 - 86.2
s o 57 X X 200 234 87.4
L S8 X X 300 27.3 97.5
So* X X 300 27.3 86.3
S10* X X X 300 27.3 86.9

* Thawing by water but without submesion
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Figure 2-4: Surface preparations of FRP SIP form
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Figure 2-5: Environmental exposure arrangements and protocol

Figure 2-6: Test Setup
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Figure 2-7: Load i deflection responses of specimens witind without FT exposure
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Figure 2-8: Deflected shapes of specimens S1, S2 and S3 in both directions
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Figure 2-9: Load i deflection responses of specimens without surface treatment
after various FreezeThaw cycles
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Figure 2- 10: Variation of deck strength with FreezeThaw cycles with different
configurations
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Figure 2-11: Load-deflection responses of specimens with and without dinage
holes compared to submerged specimen after 300 FT cycles
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Figure 2-12. Punching shear failure, top view
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Figure 2-13: Slip at GFRP form splice in decks with various surfacereparations
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Figure 2-14: Load- strain responses in FRP SIP forms at various locations
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a) Concrete compressive strain b) Top GFRP rebar strains at support

Figure 2-15: Load- top strains responses at different locations
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