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The deterioration of steel in aging reinforced concrete bsidge continual
problem which could benefit from improved rehabilitation techniques thied t
advantage of enhanced and more durable materials such as fiberceginbolymer
(FRP) composites. Appropriately designed hybrid mateystess benefit from the
performance and durability advantages of FRP materials ye&ime more cost
effective than comparable all-composite systems.

Development of rapid rehabilitation systems for the decksootrete box
girder bridges, which are increasingly common throughout the dJritates, is

presented. One goal of this research is to assess and vdhdatese of FRP
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composite panels for use as both stay-in-place formwork andhesbottom
longitudinal and transverse reinforcement in the deck of concretgilaer bridges.
Performance assessments for full-scale two-cell box girdggdéispecimens through
monotonic and extensive cyclic loading provided validation for the FRR pgstem
bridge deck as a viable rehabilitation solution for box girdergeridecks. The FRP
panel system performed comparably to a conventionally reinforcedetenaridge
deck in terms of serviceability, deflection profiles, and sysiewel structural
interaction and performed superior to the RC bridge deck in tedmsesidual
deflections, and structural response under cyclic loading. Assessm@rmamaged
FRP panel bridge deck system, which was repaired using a resstianjtechnique,
showed superior performance for the repaired system in termgegfity of the FRP
panel interface and cyclic response.

Rapid rehabilitation techniques for strengthening reinforced candrek
girder bridge deck overhangs using near-surface-mounted (N&vhon fiber
reinforced polymer (CFRP) were also evaluated. Analytical gtieds of load
carrying capacity and deflections provided correlation with expssrtal results, and
the developed analysis methods provide an effective design toaltéwe fresearch.
Results from the laboratory testing of a bridge deck oversaeggthened with FRP
showed significant increases in load carrying capacity #saweleformation capacity
as compared to the as-built specimen without FRP. This researeides enhanced
understanding of hybrid structures and indicates significant paitémt rehabilitation

applications to concrete box girder bridges.
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1 INTRODUCTION

1.1 BACKGROUND AND MOTIVATION FOR RESEARCH

Usually designed for a fifty year life span, the averagdderiin the United
States is now 43 years old [1]. In 2008, the American Associati®tabé Highway
and Transportation Officials (AASHTO) estimated that appraexaty $140 billion
would be necessary to repair every currently deficient bridge iodbetry [2]. The
cost to continually eliminate all bridge deficiencies that \@ootcur over the next
fifty years was estimated to be $850 billion, however annual governmergtment
in rehabilitation and replacement of bridges falls more than 40% shtre annual
investment necessary to achieve this goal [3]. This negefisancial investment
creates significant motivation for development of more effedirndge rehabilitation
techniques.

The element within a bridge system that usually requires themestenance
is the bridge deck, which typically lasts half as long asekeaf the bridge, 35 years
versus 68 years respectively [4]. Because the bridge deckerdtlgiimpacted by
traffic loading, it is most susceptible to cyclic loading irelicdamage and
environmental degradation [5]. Nearly 70% of the existing brakgks in the United
States are cast-in-place reinforced concrete [6]. Crack$otinain the concrete allow
moisture and deicing salts to penetrate into the deck and coh®deinforcing steel
rebar [7]. The corrosion of steel reinforcement is a signifipasiblem that adversely

affects the long term durability of the concrete becauseté® iebar expands as it



rusts, causing the surrounding concrete to crack and spall, dhdrfaccelerate the
deterioration of the bridge deck [8].

Deterioration in steel reinforced concrete bridge decks caretheced by
improving design practices, such as ensuring proper cover foregleainforcement,
and through the use of higher quality conventional materials. Secheitjues for
reducing the rate of deterioration include the use of epoxy coatsthiafess steel
rebar, the application of surface treatments with cathodic piateand sealants to
inhibit penetration of salts into the concrete slab, the filling of cracks uginguéor a
low viscosity resin, and the use of a wearing surface [9]. elbesstruction methods
are typically costly and offer only a temporary barrier to pnéug penetration of
salts in to the concrete slab. For bridge decks with extensigdatation, a common
technique is the removal of the old deck and construction of a newnealsice
concrete deck [10]. This costly solution does not address the inhecdiems

associated with corrosion prone steel reinforcement.

1.2 FRPREHABILITATION OF CONCRETE BRIDGE DECKS

The use of FRP composites is becoming an increasingly poputanadive
due to the many performance and potentially enhanced durabilityiteemieFRPs
such as superior resistance to damage from freeze-thaw eycledeicing chemicals
[5, 11]. FRP composites offer high specific strength and st#frershanced fatigue
life and corrosion resistance, and highly anisotropic propertieslitbat for improved
tailorability to numerous design applications [5]. While FRP nedteosts for FRP

systems are relatively expensive compared to traditional constructitemiats such as



concrete and steel, FRP systems provide opportunities for redubed adad
equipment costs as well as accelerated construction schedules [12].

FRPs have been applied to bridge deck applications in the form of all-
composite systems [13-28] or as a combination of FRPs with coomahtnaterials
such as concrete, known as a hybrid system [29-35]. Further infonman
applications of FRP composites to bridges can be found in recent reviewsguldse
Cheng and Karbhari [36], Bank [37], Baldsal [38], and Keller [39]. While all FRP
decks are an attractive option, their cost is still relativegh [40, 41]. A major
advantage of hybrid FRP-concrete systems, which include FRP[8dh&2-54], grid
reinforcement [40, 55-64], and stay-in place (SIP) structural fork®, 58, 59, 65-
73], is their efficient use of materials. By designing yatem where the high
performance FRP composites, which are best used in tension, emedutil tension
regions and the economical concrete, which is good in compressionlizedutn
compression regions, material usage can be optimized. ThiSouslimaterial
selection creates a more cost-effective system than aoraposite design, while
taking full advantage of the excellent tensile strength, &bibty and potential for
corrosion resistance provided by FRP materials [5]. Note thatrEBar generally has
a lower modulus than steel and therefore will need to be used &ithgreat volume
fraction than steel, or over shorter spans [38]. Similar conttraxist for grids,
although in both cases the potential durability advantages are intptotaniche
applications. Structural stay-in-place FRP formwork howeuwseseas an example of
an optimal hybrid — the composite is used as the formwork asséhe bottom layer

of tensile reinforcement for the bridge deck, and the concreetin compression —



both systems in their best modes of structural response. Inoadtbt potential
durability benefits, SIP structural forms can offer economic aideges by reducing
labor costs through elimination of the formwork and falsework necgeskar
construction of a cast-in-place concrete bridge deck. ThefudeP structural panels
as both the formwork and tensile reinforcement in the positive moregmns of a
reinforced concrete box girder bridge deck is a rehabilitationmayttat was assessed

and validated as part of this research.

1.3 REHABILITATION NEEDSFOR REINFORCED CONCRETE BOX GIRDER BRIDGES

The current research focuses on addressing rehabilitation foeedsforced
concrete box girder bridges. Reinforced concrete box girderdsidge commonly
used throughout the United States and comprise 45% of California’s lomickgeory,
with the majority of these bridges built using cast-in-place @edi74]. The use of
box girder bridges is increasingly common in part due to advanfagegded by
improved resistance to torsion and the capability for long sparthiengProblems
specific to the box girder bridges are that they are more uliffic maintain because
of need for access to a confined space and that deck replacerddficust due to
issues of instability in the box.

The first rehabilitation option addressed in this research invohesise of
FRP structural formwork panels in conjunction with regular stremgihcrete to
provide an effective design alternative to traditional reinforcgnsystems for a
reinforced concrete box girder bridge. This system can beasseither a method of

repair for bridge decks with severe or extensive damageedr fos new bridge deck



construction. The design of the system provides significant restemggths for the

deck panel system and constrains damage within the concretentwealocalized

region between stiffeners, thereby allowing damaged contcréte removed and new
concrete to be cast without requiring access to the inside bbtheA resin injection

repair technigue of the developed FRP panel system was alsonedaas a further
means to accommodate effective rehabilitation of box girders witkquiring access
to the inside of the box.

Another rehabilitation method examined in this research addragsexblem
associated with older box girder bridges, which lack sufficistength to
accommodate the increased dead loads due to the addition of soumarvdatraffic
barriers onto the overhangs of the bridge decks. The conventionhbdnet
increasing the capacity of the overhang region is to reriwveverhang and portions
of the adjacent bridge deck and stem wall, and then rebuild therseath adequate
reinforcement using conventional reinforced concrete. The cumeaamrch method
addresses the use of near surface mounted CFRP strips for Ifiexengthening the
overhang region of the bridge deck. This method allows the existiaghang to

remain intact and significantly reduces construction time over a partiareleaild.



1.4 RESEARCH GOALSAND OBJECTIVES

The primary goal for this research is to evaluate rapidbikfaéion methods
that employ FRP materials for use in the decks of concrete ibaer dpridges. The
major objectives for achieving this goal include:

1. Assess and validate the use of stay-in-place FRP compositevdok

panels for use in the decks of box girder bridges;

2. Characterize the system level behavior of the FRP panel bridge de
system;

3. Provide fundamental performance comparisons between the FRP panel
bridge deck system and a conventional reinforced concrete deck system;

4. Determine limit states and develop preliminary design guidefioethe
FRP panel bridge deck system;

5. Evaluate the ease and effectiveness of techniques to repaiREh@dnel
bridge deck system if damage to the bridge deck were to occur;

6. Examine additional rapid rehabilitation techniques such as the ussEapf
surface mounted (NSM) FRP reinforcement for strengthening tregiveg
moment regions of box girder bridge deck overhangs; and

7. Develop analytical performance predictions and design recommamgia

for rehabilitation of bridge decks using NSM FRP reinforcement.



1.5 ScoPE OF PROJECT

This research is organized into seven chapters. Chapter 1 introithéces
problems addressed by this research, the research goals aativebjand the scope
and outline for the research. Chapter 2 presents a literature review foajbr topics
covered in this research.

Chapter 3 presents the development, experimental testing pragrdmgsults
from an investigation of a full scale two -cell box girder brigdgch incorporates the
developed hybrid FRP-concrete bridge system, where prefabricatgubsite panels
act as both the formwork and reinforcement for the bridge deck. €h&jpiddresses
the implementation of a epoxy injection technique used to repailathage caused to
the concrete-composite interface of the post-failure FRP pagsting deck system.
The details of the repair technique and analysis of the testtgeare presented.
Chapter 5 presents the details and test results from an exp&iinmevestigation
which focuses on the structural response of the FRP panelmsystider cyclic
loading.

Chapter 6 presents the experimental and analytical investigafiothe
strengthening of a reinforced concrete bridge deck overhatly m@ar surface
mounted composite strips. Conclusions and recommendations for futureeladekl

to this research are discussed in the final chapter.



2 LITERATURE REVIEW

2.1 OVERVIEW

The first section of this literature review provides informatirelating to
formwork for construction of slab-on-girder bridge decks. Differeatemals and
designs used as formwork for concrete slab-on-girder bridge deeksresented and
the relative merits of the different systems are addresBadicular focus is given to
the progression of research relating to FRP stay-in-plaget@al formwork systems
for bridge decks in order to provide context for the current research.

An overview of typical repair methods for reinforced concrete bridgcks
given in Section 2.3 offers a background for the epoxy injection répamique
implemented to reinstate load transfer between the FRP pamtlsoacrete on a
failed test specimen, which is discussed in Chapter 5.

Next, research related to the use of near surface mounted caapfugit
strengthening concrete structures is provided in Section 2.4. Thisatigpl of near
surface mounted composites provides rapid rehabilitation for briddes @l often
allows repair where conventional mechanisms are too costlyobmpossible. A
comparison between surface mounted and near surface mounted FRP as avel
overview of the different failure modes of NSM, and available iSpations are also

presented.



2.2 FORMWORK FOR CONSTRUCTION OF SLAB-ON-GIRDER BRIDGE DECKS

The primary purpose of deck formwork is to provide a shape foraherete
deck and to support the dead load from the reinforcement and freshte@awxweell as
the live load from construction materials, workers and equipment. thfee major
objectives considered when designing formwork systems are qualfigty sand
economy [75]. Quality forms must provide sufficient stiffnessmiaintain desired
tolerances for the cast concrete and must safely supportdilashe live loads without
system collapse or safety issues. Formwork costs may feage35 to 60% of the
total cost of the concrete structure; therefore, economy ofworkn design can
provide a significant impact on the overall construction budget foojaqir[76, 77].
In addition to direct labor costs, the speed of construction is aietrolled by
formwork operations. In order for work to proceed smoothly and costie#by, it is
necessary to carefully select the bridge deck formwork mydte best meet a

construction project’s job requirements.

2.2.1 Temporary Formwork versus Stay-in-Place For mwork

Removable formwork supports bridge deck construction loads and freshly
placed concrete until the deck concrete cures sufficiently tavalemoval of the
forms. If the deck concrete has not achieved sufficient stréadully support it own
weight without excessive deflections, the deck is reshored witipaeary vertical

supports until full design strength for the deck is obtained [78].erAfte stripped
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forms are inspected and any necessary repairs have been cdnthleterms may be
reused.
Temporary formwork systems are often constructed of wood supports and

plywood sheathing, with designs similar to the layout shown in €iguk [76]. This
type of form is usually constructed in place on the job and reut®rofmaterial is
limited to the salvaging of individual boards or timbers [75]. cd&se this type of
system is very labor intensive and requires a high-quality l&dyoe, prefabricated
reusable forms which can be constructed more quickly with lesseopigiparation
have become more prevalent. Reusable forms for bridge decksoatecommonly
made of wood, steel or aluminum, or a combination of these matevhit) can be

custom fabricated for a specific project or can be part of a proprietagyrsyst

Plywood sheathing

Joist

Stringer

Shore

Figure 2.1 Conventional wooden shored formwork layout for deck (after [76])

Formwork systems can also be permanently left in place folifehef the

bridge deck. Stay-in-place (SIP) bridge deck formso(&tsown as lost or permanent
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forms) are usually used on short spans where intermediate supgortstaequired
and are made of glass fiber reinforced cement, fiber reirdquoéymers, corrugated
steel sheets, or precast concrete panels [75]. While tamgormwork systems
can reduce material costs by allowing reuse of the formsnitéenefits from the
use of stay-in-place forms include simplified construction, reéoludgh construction
time and labor costs, and enhanced safety. By eliminatingeth@ for falsework to
support the deck forms and reshoring after forms are removed, caopstiuties and
labor costs can be reduced. Safety during the construction precesdanced,
because the stripping of formwork, which is often located in diffiani confined
spaces that leave workers vulnerable to falling tools or othertshjecno longer
required [79]. The SIP forms also provide a safe working platforsn aarly stage in
the deck construction process, which is a major advantage when te isrgpanning
a river, active roadway, or other hazardous location [80]. The magubdrstay-in-
place forms provides the potential for increased standardizationtrendimple
connection details commonly associated with SIP forms can sintpéfgonstruction
process [69]. SIP forms can also act as structural elemmntief bridge deck and
help to support service loads, which can allow for reductions in the amount oecequir
steel reinforcement within the deck. However, depending orypleeotf stay-in-place
form used, disadvantages can include trapping of moisture that cafettg of the
SIP forms as well as damage and corrosion problems (e$pessbciated with steel
SIP forms) due to the trapped moisture [68]. In addition, forms wiasle smooth

surfaces prevent composite action from developing with the concrete deck.
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2.2.2 Stay-in-Place Formwork Made from Conventional Construction Materials

Use of precast concrete panel forms has been documented fortuskling
and bridge construction since before the mid 1930s [75]. Concrete famesticer be
plain, reinforced, or prestressed, and can be cast at the jair $itea factory [81].
The forms can act solely as formwork or they can also act catelyosith the cast-
in-place concrete and become part of the load bearing structarearfy example of
a typical structurally participating forms made of precastie panels is a Northern
lllinois Toll Highway bridge, built in 1956, which uses precast pessed slabs that
spanned between prestressed girders. The panels had a rougpesiedace as well
as hairpin dowels to improve the bond between the panels and the plsten-
concrete such that composite action could be ensured. The SIHqameprovided
some of the positive moment deck reinforcement and added to thetlstoénige full
deck through composite action.

Use of precast prestressed concrete SIP forms as pacboteete bridge deck
system without any internal reinforcement, has also been reported [82].ySteis $s
a continuation of the original concept that was developed by Miut, which relied
on internal arching action of a steel-free cast-in-place et@arr precast concrete
deck and used steel straps to provide transverse confinement for the deck [BBe85].
Salmon River Bridge in Nova Scotia, Canada was the first ofyretmel free bridges
to rely on arching action [86], and provisions for designing steeldlabs that rely on
arching action have been incorporated into the Canadian Highway Bbidggn
Code (CHBDC) [87]. A grid of nominal reinforcement, either madsteél of GFRP

is recommended to control unsightly, but not structurally signifiaaatks that had
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developed on the bottom of the deck slabs [88]. Use of light gagdeateelork that
takes the place of the steel straps to serve as the tensidrhelsalso been presented
and design modifications to the CHBDC code were provided by Bakt et al [89].

While the use of corrugated metal SIP forms for bridge deckwevalent,
significant concerns are associated with the difficulty in athgecomposite action
due to the smooth surface of the forms as well as corrosion proatehfseeze/thaw
damage of the SIP metal forms due to trapped moisture anddelsl¢@8]. Therefore,
thirteen US states do not allow the use of metal SIP formdadaencerns that the
presence of the metal SIP forms may accelerated damage lofidge deck and cause
higher contents of moisture and chlorides to remain within the [@8¢k In addition,
AASHTO does not permit concrete decks with metal SIP formwmitket considered
as composite slabs for design purposes [91], even though composite slabs are routinely
used in building design.

Recent developments of glass fiber reinforced cement SIP flonisridge
decks were presented by Kiet al. [92, 93] and Banlet al [94]. Banket al also
provided a model design and construction specification on fiber reinforced non-
structural SIP formwork panels, which span narrow gaps of lesd thea(89.4 in), for

use in construction of concrete highway bridge decks [66].

2.2.3 FRP Stay-in-Place Structural For mwork

In the past 20 years, research interest has lead to advanbesdigvelopment
of hybrid systems that combine FRP as stay-in-place stalctarmwork with

concrete. Use of a hybrid system, which involves cast in placeatentogether with
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stay-in-place FRP structural formwork allows for the develognoé a more cost
effective system. By appropriate design, that uses concretehwhi good in
compression and is less expensive than FRP material, in conjundtionFRP
material, which are good in tension, materials usage can beizgdinThe use of FRP
as permanent formwork can also facilitate improved constructiordsiese and has
the potential for improved bridge deck durability by reducing or ektimg the need
for corrosion-prone steel reinforcement.

In 1989, the concept of a pultruded GFRP membrane as the structural
formwork for a lightweight concrete bridge deck was propose8dieri [95]. The
GFRP membrane design shown in Figure 2.2 was selected from fererdithybrid
GFRP-concrete conceptual designs based on ease and cost of mangfaas well
as analytical calculations predicting mechanical performantethe system.
Alternative conceptual designs included light weight concretiedfifilament wound
GFRP domes, pultruded GFRP vaults, and filament wound doubly-curved membranes
as well as pultruded GFRP trusses with light weight conaetelays. Mechanical
performance of the system was analyzed based on quasi-isdaygis, however no

experimental data was available.

152 Light weight concrete Pultruded GFRP plate

Figure 2.2 Concrete filled membrane deck system (after [95])
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2.2.3.1 Composite Slabs Using FRP Panels with T-upstands

In 1990, the concept of a composite slab system constructed using mlltrude
FRP SIP formwork with concrete fill was proposed by Hillmand Murray as a
lightweight floor system for steel framed buildings [96]. The pultruded deckstedsi
of 76.2 mm (3 in) deep inverted T-beams, which provided the stiffoedise system,
that were connected together by plates located approxinZgelynm (1 in) from the
top flanges. The plates acted as the formwork for a 25.4 Inm) (concrete slab
placed on top of the flanges, as shown in Figure 2.3. When full camadion
between the FRP SIP formwork and the concrete was assumkedaiHdnd Murray
suggested that a 50-60% weight reduction as compared to the coldifeteed

decking reference slabs could be achieved.

7
s 7
S ev v e 4v g

Figure 2.3 Composite slab with structural formwork (after [96])

A feasibility study of the concept proposed by Hillman and Murras w
conducted by Hall and Mottram using commercially available pultr@fedP panels

that consisted of two T-upstands with a continuous base [73]. Twelves lteaheach
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were 120 mm (5 in) wide and had a span of 2 meters (6 ft 10ne) tested to failure
using a four point bend test. The beams used different configurafitms pultruded
FRP panels and different concrete heights, as shown in Figure 2.4.sy3ieen
behaved in linear elastic fashion within the serviceabilitgeanHowever, significant
horizontal shear slippage was observed between the concrete andPtisedtidns at
loads significantly above the serviceability range, which seyeeeluced the ultimate
capacity of the member. In order to enhance the concrete-compdsiface, the
surfaces of the pultruded panels which came into contact with tengeze coated
with an adhesive and the concrete was cast before the adhesiveréd. The beams
with adhesive treated FRP-concrete interfaces displayed fulpasite action and
showed significantly improved performance over the beams without adhesi
treatment. For the beams which did not fail due to FRP-condediending, the
observed failure mode was diagonal tension shear cracking in tloeet®n The
observed failure mode was attributed to the beam’s design, whElowver-reinforced

in flexure and to the absence of shear reinforcement within the concrete.

120
110 110 I%O T S T T
| L St

Figure 2.4 Beam specimens with FRP SIP forms (after [73])

Keller et al reported on a further development of FRP panels with T-upstands

for use as SIP structural formwork [97-99]. In order to reduceé¢leweight of the
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systems, a sandwich panel was developed that consisted oftal@dIFRP sheet with
T-upstands for the tension skin and structural formwork, a lightwehtrete (LC)
for the core, and a normal weight concrete (NC) on top for the cosnmmeskin, as
shown in Figure 2.5 (a). Eight beams, each 400 mm (16 in) wide, 200 mind@&:p
and 3.6 meters (12 ft 2 in) long, were tested in flexure usirge-{oint bending

setup with two types of LC and two types of FRP/LC interfaoe:adhesive bond

versus only mechanical interlock between the LC and T-upstands.

(a) Cross section of sandwich panel (b) Close-up of failure surface
NC = Normal weight concrete at concrete-FRP interface
LC = Light-weight concrete

Figure 2.5 Sandwich panel with a lightweight concrete core, concrete inessigor
zone, and FRP panel with T-upstands in tension zone [97, 98]

The beams that relied on mechanical interlock between the LC dng&itels
exhibited significant slippage between the core and the pasedboavn in Figure 2.5

(b), thereby reducing composite action for the section. The adhesive bond between the
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LC core and FRP panels provided sufficient interface strengththat full composite
action was observed prior to the observed failure mode of horizontal\sitle@a the
LC core. Successful serviceability performance and overallltee showed the
feasibility of the proposed hybrid deck system.

In 2006, Banket al reported on the experimental testing of commercially
available pultruded FRP planks used as formwork and reinforcementcfoncaete
member [65, 71]. The FRP planks with T-upstands were coated wighnedfftypes
of aggregate that were bonded with epoxy to the FRP planks t@secneechanical
interlock and prevent slip between the concrete and the FRP paheldeaBibility of
this system was experimentally examined using a total ohs288 mm wide (8 in)
by 178 mm (7 in) deep beams with spans of 1.1 m (3 ft 7 in) and 1.8snété)
tested in three-point bending While partial debonding betweenRRFepfank and the
concrete was observed for all the beams, no slip between the eocandetggregate
coated FRP planks was noted. In contrast, the control specimen, whgisted of
the same type of FRP plank without any surface treatment, eechifignificant slip
and failed at approximately half the failure load exhibiteccyparable beams with
aggregate coated FRP planks. The aggregate coated FRP plark sgshpared
favorable to a steel reinforced system indicating the systpotential for serving the
dual functions of formwork and tensile reinforcement.

Based on the results of this study, the examined FRP plank Sl®ddkrand
reinforcement system was used in the construction of a new bndyéisiconsin
located over Coffee Creek at Black River Falls, as shown indg-@ér This two lane

30 m span bridge was completed in 2008 consists of a reinforcemertofrerste
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deck (except for guardrail attachments) placed on precast cohatbt&ee girders in
which aggregate-coated FRP planks are utilized as SIP fokmama secondary
reinforcement for the bridge deck.

The same research group also investigated a FRP SIP strdotanavork
system consisting of a pultruded GFRP plate which is bonded to & GRdRformed
by | bars that are intersected by periodically spaced FGF#ar which have been
inserted through holes drilled into the | bars [69]. Multiple onen spad two span
slabs were tested under flexural as well as combined fleancabxial loading. ACI
440 design guidelines were found to accurately predict flexuralflardral-shear
capacities and additional capacity prediction techniques were propmsédxural

and flexural-shear under combined loading.

Figure 2.6 Use of commercially available FRP plank as SIP forwork and segondar
reinforcement in reinforcement-free deck [66]
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2.2.3.2 FRP Box Beams with Concrete in the Compression Zone

In the early 1990’s, Deskoviet al tested the short term and long term
behavior of GFRP box beams with concrete in the compression zone RRIiCEhe
tension zone [100-102]. This work built upon previous studies of GFRP box beams
from the 1980’s [103, 104], which established the following design deficiencies:

1 . failure of the GFRP box beam is usually catastrophic, becaunggosite
materials are observed to behave in a linear elastic fashidnfaihire,
without significant plastic deformation as seen in steel or omigtl
concrete;

2. the compressive flange is significantly weaker than th&léeflange, due
to local buckling phenomena and because a unidirectional of GFRP has a
compressive strength of approximately half its tensile strength; and

3. design is usually governed by stiffness, due to the relalwelystiffness
of GFRP, which results in a overly costly design due to the rehuse of
additional composite material in order to satisfy stiffness requirements.

In order to mitigate the aforementioned problems, concrete wasrchmsuse
in the compression zone of the section because of concrete’seaka@mpressive
strength and stiffness to cost ratio. The use of concrete icotin@ression zone
allowed for a reduction in the amount of composite material neededbyhgroviding
significant reductions in material costs for the system. Fonmize fabrication costs,
the upper flange of the GFRP cross section acted as forni@racksting the concrete
as shown in Figure 2.7. A thin layer of unidirectional CFRP h@sded to the

section’s tensile flange in order to enhance the section’ditigbecause CFRP
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possesses a higher stiffness than GFRP. In addition, the |tnagr-te-failure of
CFRP as compared GFRP provided a warning mechanism prior totaltolapse of

the system (pseudo-ductility).

Concret
o

7

GFRF

CFRF >

Figure 2.7 FRP box beam with concrete in compression zone (after [100])

A total of seven full sized filament wound GFRP box beams of thee giiown
in Figure 2.7 with dimensions of 180 mm (7.3 in) by 300 mm (12.2 in) and a span
length 3 meters (10 ft) were tested in three point bending, witle theams tested for
short term performance and the other four beams tested toiskstédg term
characteristics. The first beam, which had no shear conndxttween the concrete
and the GFRP beam, failed due to fracture of the CFRP followe&sRRP-concrete
interface debonding. An examination of the fractured surfaceesieggthe lower
bond strength was partially attributed to poor surface preparatiarhich silane, a
component used during the composite manufacturing process, was not properly
removed from the surface of the composite. Subsequent beams thathaaed s

connectors to increase the bond strength showed the anticipated daetildofailure
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behavior of CFRP fracture followed by concrete crushing atgaehiload [100].
Results of creep and fatigue testing also provided good agreentbnamnalytical
predictions.

Further research related to FRP box beams with a thin cornopetayer was
reported by Canningt al [105] and Hulatet al [106]. Canninget al. examined the
effectiveness of different techniques used to develop shear trémesteeen the top
layer of concrete and the FRP box beam. Experimental resaitslexural testing of
six beams with 1.5 m (5 ft) spans indicated that the use of an adhapgpiied directly
prior to concrete casting was the most practical of the techsiguitined that still
achieved a high level of composite action. Huédtial experimentally tested nine
vacuum bagged GFRP box beams with concrete in the compression zoneRdhthCF
the tension zone under both static and fatigue four-point bending. &ahes beere
stiffened with composite diaphragms adhesively bonded to the insithe dleam as

shown in Figure 2.8 in order to prevent buckling of the thin webs.

Two plies of
+/- 45° GFRP ™™

Eight plies _—7

of UD CFRP

Figure 2.8 FRP box beam with concrete compression flange (after [106])
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The beams behaved compositely throughout testing and the primary obisdiived
mode was concrete crushing. The results showed appreciablenasisissustained
and fatigue loading as well as close agreement between reepéai and theoretical
work [106].

A further development of the concept proposed by Descevial was
reported by Kitanet alin 2004 [29, 30, 107], which involves three hollow trapezoidal
GFRP tubes bonded together and patrtially filled with concretthancompression
zone, as shown in Figure 2.9. CFRP strips were also bonded to the hd#arhthe
trapezoidal tubes in order to increase the stiffness of thensys&pecimens with
spans ranging from 2.31 m (8 ft) to 4.95 m (16 ft 10 in) weredasteler multiple
loading scenarios including three-point bending, negative bending, ecqeosiiive

flexure and shear dominated loading.
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Figure 2.9 Hollow trapezoidal tubes partially filled with concrete (§ti@8])

The stable structural response of the system under differenndpadises
showed the feasibility of the system and matched closely avialytical predictions.
The researchers had proposed a 6.5 m (22 ft 1 in) long, 4.06 m (13rf} Wide

prototype bridge system which was designed as a simply suppta&tdjisder bridge
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with the examined hybrid FRP-concrete deck system. In 2008, Alnathel
reported on the structural response of a 3/4 scale version of thedfARfete deck on
steel girders specimen, which was tested under seven diffel@ading conditions
[109]. The system satisfied the AASHTO live load deflectiontémand the hybrid
deck and steel girders were observed exhibit a partially com@asite under service
loading conditions.

In 2008, Honickman experimentally and analytically examined the
performance of GFRP box sections made of trapezoidal GFRR ptataected to flat
GFRP sheets with concrete poured on top [79]. A total of eight 3.11Drft & in)
long specimens were tested in four point bending under either positivegative
flexure and the results were compared to conventional reinforced wostabs. The
three variables for the treatment of the cavity between BfeR&rapezoidal plate and
top GFRP flat sheet were partially filled with concrete siheth a void was cast in the
tension region of the concrete, completely filled with concreteobffilled with any
concrete as shown in Figure 2.10. All specimens had a thin stedelames 610 mm
thick concrete layer cast on top of the concrete upper plate dsasveloncrete

diaphragms in the end regions to allow for loading in negative bending.

GFRP form  »5¢ Steel mesh
. ¢ ¢ 250,

= - v v ¥ L3 Ll v .
Xf Hollow box
" t 3100 T

»

Figure 2.10 Corrugated GFRP SIP formwork acting as reinforcement émceete
beam (after [79])
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The all-GFRP box section with the concrete slab showed the bésthpence
with a significantly higher strength as compared to any othemspeand a reduction
in weight of 50% and 65% relative to the partially concrete filled and compféted
specimens, respectively. The flexural strength for the spasinoaded in positive
bending was 45% to 90% higher than in negative bending, depending on the cross-
sectional configuration. Different bond mechanisms were alsmiagd and the wet
adhesive bonding of fresh concrete to the GFRP plate was prefarriedms of
structural performance as well as ease and speed of fatmichtwever specimens
which incorporated headed studs in conjunction with adhesive bonding wer® able
achieve a mode of flexural failure with concrete crushing réatean the debonding

failure observed in the other specimens.

2.2.3.3 FRP Panels with Rectangular Stiffeners

In 2000, pultruded GFRP panels were installed as SIP structurakéoknfor

one and a half spans of the five span Salem Avenue bridge deck replacement project in
Dayton, Ohio [110-113]. The three lane, 207 m (704 ft) long, bridge u=med f
different FRP deck systems which were supported on steelgsdaced at 2.64 m (8

ft 8 in) on center. One of the deck systems, shown in Figure 2.11,tednsisa 216

mm (8.5 in) thick layer of concrete cast on top of a mat of GFRRrrfor the top

layer of reinforcement and pultruded planks with 76 mm (3 in) high aulstiffeners

as the formwork and lower level of reinforcement for the deck. Tier tlhree FRP

deck systems were made entirely out of GFRP and were maok With concrete. The
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performance of the deck systems was field tested over ayéa&o period using
controlled truck loads as well as modal tests and resultsagerpared to an adjacent
companion reinforced concrete bridge. Throughout the monitoring period, the
structural formwork system exhibited composite action with theiogsace concrete
deck and performed better than the other GFRP deck systems m daérmpact

factors, thermal effects and system stiffness.
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Figure 2.11 Cross section of hybrid FRP panel-concrete bridge deck syske&iRvit
formwork and tubular stiffeners used in the Salem Avenue Bridge [113]

The performance of the FRP structural formwork system used iSalem
Avenue Bridge was also experimentally evaluated by Hatrigd. using static loading
of single and double span deck slabs with different lengths and depths [114, 115]. The
single and double span panels satisfied serviceability and sti@rigtia specified by
the Ohio Department of Transportation for consideration in highway bridge
construction. A combined flexure-shear failure mode and debonding of the FRP
tubular sections from the concrete was observed for the hybridcéidPete bridge
deck panels at failure loads between 3.0 and 3.8 times the service Badstural
performance was also evaluated under fatigue loading of 10 midtahdycles per

deck at extreme temperatures of -30°C (-22°F) and 50°C by Dutta [id &Jopez-
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Anido et al [70]. The hybrid GFRP-concrete system performed favorablyatic st
and fatigue tests as compared to the all-GFRP decks, and eXhtoiteparable
performance to the reinforced concrete bridge deck that weesdtéor comparison.
The exposure of the deck systems to extreme temperatures wagedbgecause a
larger effect on performance as compared to the number of applied load cycles.
Further experimental investigations of deck systems using tiedfiRctural
formwork panels installed in the Salem Avenue Bridge were presenteiieydd al
in 2002 [59]. The deck system investigated by Dieteal, which is illustrated in
Figure 2.12, consists of 203 mm (8 in) thick concrete deck withteudatd GFRP bi-
directional grid for the top reinforcement which was developeddnkBt al in 1992
[117] as well as pultruded FRP panels with tubular stiffeners awkigbonded to the
horizontal surfaces. Eight 0.91 m (36 in) wide beams with span leragtgsg from
2.44 m (8 ft) to 2.59 m (8 ft 6 in) and three 2.74 m (9 ft) wide deadlelpawith span
lengths of 2.44 m (8 ft) and 3.51 m (11 ft 6 in) were tested in eithetiveosr

negative flexure under static and fatigue loading.

FRP bi-directional grid

3 S
| IERFOS WRTEREY BOEEn

a@m

FRP deck form

—=

FRP bi-directional Epoxied Gravel
splice grid

Figure 2.12 Hybrid system used in US-151/ Hwy 26 Bridge consisting of pultruded

FRP structural form with aggregate bonded surface and tubular stiffneri as we
FRP grid for top layer of reinforcement (after [67])
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Detailing modifications were made to later test specimdrased on
observations from testing the first three deck panels, in whichebtdinal FRP grids
were placed above the connections between panels in order to redutedloabi
cracking above the joints between panels and to improve composde betiveen
the FRP structural formwork panels and the surrounding cond&@8te [Punching
shear failure was observed in most of the deck test specimensDiabel
recommended predicting shear capacity using the ACI 318 Equation Wwiti8the
addition of a reduction coefficient,;Awhich takes into account the level of aggregate
bonded to the top surface of the FRP panel [118]. The recommended modified version

of the ACI shear capacity equation is given below:

V, = A, -4t b, -d 2.1
where
Ag = reduction coefficient accounts for level of eggate coverage on top surface
of FRP deck form

= 0.60 for partial coverage

= 1.0 for aggregate bonded to all horizontal sig$a
f = specified compressive strength of concrete ats3&,
bo = aitical perimeter section of the rectangular loadeeh,
d = distance from the extreme compression fibeetsite reinforcement,

In 2003, a new bridge on US Highway 151 in WaupWisconsin was
constructed using this bridge deck system. Thegpan bridge, with equal spans of
32.7 m (107 ft), was built using the same bridgekdgystem design examined by
Dieteret al supported on five prestressed concrete girdexsespat 2.65 m (8 ft 8 in)
on center. Load testing performed on the complbtethe indicated stress levels in

the FRP were within allowable limits [40].
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Recently, a new stay-in-place structural formworkng system using
rectangular stiffeners was developed by Cheingl.[119]. The structural formwork
consists of a bottom plate with foam filled rectalag stiffeners spaced 305 mm (12
in). All surfaces of the panels are treated wittbagh sand coating to increase the
level of mechanical interaction between the comrcaeid the FRP panel. Treatment of
the entire surface with a sand interface is in @@twith many of the other systems
discussed, whicprovided enhanced bond mechanisms only on thedmaksurfaces
of the panels [65, 69, 71, 73, 97-99, 102, 108]addition, the presence of interfacial
shear ribs between each stiffener spaced at 152(6nim) on center, as shown in
Figure 2.13, further improved the mechanical ekl between the cast-in-place
concrete and the FRP panel. Parameters such asriposite layup, the position of
the shear ribs, and the geometry and spacing ddtifieners were optimized through

experimental and analytical investigations [120].
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Figure 2.13 Steel-free hybrid FRP-concrete bridgk FRP tubular girders [119]
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The structural formwork panels were developed at qfaa steel-free hybrid

FRP-concrete bridge which consists of a polyprapyléber concrete mix which is
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cast on top of the FRP structural formwork panélfie panels shap into grooves on
top of hollow FRP tubular girders and a carbonrfimesh is place above the negative
moment regions, as shown in Figure 2.14. Satwsifpgerformance was observed for
the 12 concrete slab tests that were performetidcacterized component and system
level flexural, shear, and fatigue response [12A]simplified design procedure and

design guidelines are presented [72].

Girder
1

E-glass/Corbon
458 FRP Bottom Flange 458
2438

(D Hybrid Tubular Girder
@ Bottom Plate of Deck Panel
@ Ribs of Deck Panel Embedded in Concrete
@ Shear Stirrup
@ Fiber Reinforced Concrele Deck
Carbon fiber mesh Polypropylene fiber

(ConﬁnU”Y region Onl)’) reinforced concrete

7115

LI T
1 D O 1 1 01

Stiffened Carbon FRP plate

Figure 2.14 Steel-free hybrid FRP-concrete bridgke FRP tubular girders [119]

Bridges that have been constructed with deck syst@mntaining FRP stay-in-

place structural formwork for bridge decks are swamped in Table 2.1.



Table 2.1 Representative bridge systems construsied FRP structural SIP formwork for bridge decks

BRIDGE NAME YEAR VENUE (GENERAL DESCRIPTION

A slab-on-girder system for short span bridges with cast-in-place
Steel-Free Hybrid FRP- 2000 University of steel-free polypropvlene fiber mixed concrete slab reinforced by
Concrete Bridge [119, 120] | California, San Diego | CFRP deck pancls and FRP box girders spaced at 2.44 m (8 ft 4 in)

on center.

A three lane, five- span 207 m (704 ft) long bridge with four

different types of FRP decks nstalled on top of steel girders. One
Unlom Avente Dedos 2001 AF s TDD Aanls cabome cmnaatad ~F o miat ~f (IEDD palias fae top
AIRlwIll SRV wEilhw B i ]:)‘l‘Toll. C)]:lllo Ul uiv 1 iNd uvivin D PIVILLD VULIDIDWWU UL O illal Ul L i ivUal ivui Wi
(MOT-49) ! reinforcement and puluded FRP panels with rectangular

stiffeners that acted as both the formwork and bottom layer of

reinforcement.

A two lane bridge, with two equal spans 34.7 m (107 ft) long, that
consists of a FRP bi-directional grid, the same type of FRP SIP

US-151/ Hwy 26 2003 . L ! . :

Bridee ! ) Waupun, Wisconsin | structural formwork panels used in the Salem Avenue Bridge, and
= [59] a 203 mm (8 in) thick concrete slab. The deck system is supported

on prestressed concrete girders spaced 2.65 m (8 £t 8 m) o.c.
A two lane 30 m (102 ft) span bridge consisting of reinforcement
US Hwy 12 Bridae 2008 Black River Falls. h’ee‘ concrete  deck (except_- for guardrail a‘ttacl?ment._g). 'th
(Structure B-27-150) - Wisconsin aggregate-coated FRP panel with T-standups as SIP formwork and
[65. 60] secondary reinforcement that spans between closely spaced bulb-

Tee girders.

A3
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2.3 TYPICAL REPAIR METHODSFOR REINFORCED CONCRETE BRIDGE DECKS

Damaged reinforced concrete bridge decks are mxpausing different
methods depending a variety of factors such asyffeeof damage which occurred, the
availability, cost, structural compatibility and teipated life of different repair
materials, the environmental conditions near thpairesite and availability of
gualified contractors in the area [10, 122]. Ckaptdescribes the repair and retesting
of a test specimen in which damage consisted akuorg of the deck concrete above
the FRP panels and separation at the interfaceelketwhe concrete and composite
panels. Therefore, techniques for repairing adc&nd damaged concrete are of
primary concern.

For relatively small areas of damage which onlyeest partially through the
depth of the slab, surface patching using cemesgcamaterials or resin-based
materials can be used [123]. These materials decluement-based mortar or
concrete, non-shrink quick-setting mortar, epoxytarp cement-based or resin-based
polymer concrete, and pneumatically applied mgi@2]. The boundaries of the
removal region in the damaged concrete are typicakirked by saw cuts and the
unsound concrete is removed to an appropriate degtig either jack hammers or
water jets. After the reinforcing steel is cleanedhe bare metal and reinforcement
with significant deterioration or other forms ofrdage are replaced, the surface patch
is installed and allowed to cure prior to reopenwmigthe bridge. Patching has
advantages in terms of cost effectiveness and ipasity, however it is generally

considered a temporary repair because patching aarse surrounding steel
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reinforcement to corrode more quickly due to thiéedences in chloride ion content
between the patch installation and the adjacentreta [124].

If a concrete deck is still structurally sound bugignificant portion of the deck
surface has deteriorated from heavy in-servicdidrafreeze thaw cycles or other
exposures, the deck can be resurfaced with anayerh deck overlay provides a
uniform layer of repair material over an extensavea or the entire deck and can also
serve as a wearing agent and moisture barrier. n@ommmaterial choices for overlays
include low slump high density concrete, latex niedi concrete, polymer concrete,
and monolithic resinous toppings [125]. The owertdther rely on full composite
action with the existing bridge deck, which is kmoas a bonded overlay, or can be
separated from the existing concrete by a flexitierlayer, typically hot-mix asphalt,
to create an unbonded overlay. An unbonded ovedaymove independently from
the existing concrete thereby preventing reflectixacking, which is caused by peaks
in strains over cracks from the existing concretekd The thickness of the overlay is
25 to 75 mm (1 to 3 in) for a fully bonded overlayd at least 75 mm (3 in) for an
unbonded overly, with the thickness of the overteged in part on the structures
ability to tolerate the increased dead weight dal slevation [125].

For cracks in the concrete caused by overloadiog fan extreme event in
which no further movement is expected, such asetbbserved in the post-failure test
specimen described in Chapter 5, the cracks méijldakin order to bond together the
concrete surfaces and restore the structural ityegfrthe system. Cracks larger than
approximately 1mm (0.04 in) can be filled with cerhgrout, whereas low viscosity

liquid polymers can be used for smaller cracks dtova width of approximately 0.1
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mm [124]. Cracks filled can be filled by pondinging low viscosity polymer resin
systems under gravity, or through the more commaohrtique of applying positive or
negative pressure to assist the resin to flowtimocrack. The resin is injected into a
crack though an injection port which is drilleddrthe surface of the concrete and the

resin spreads out though the concrete [7].

24 NSM FRP SYSTEMSFOR FLEXURAL STRENGTHENING

24.1 NSM versusExternally Bonded FRP Reinforcement

The use of FRP composites for flexural strengthgeroh existing concrete
structures was developed in Europe and Japan in388s as an alternative to steel
plate bonding [126]. Externally bonded FRP systdors flexural strengthening
include but are not limited to wet layup processath installation on site, resin
impregnation of fabrics and strips, bonding of pueed FRP profiles to a structure,
resin infusion of dry fabric after installation thie FRP, and use of prepreg sheets [23,
127]. Application of externally bonded prefabrigistrips and externally bonded on
site impregnated fabric laminates for the rehatiibih of bridge deck slabs are shown
in Figure 2.15 (a) and (b) respectively [128].

FRP reinforcement can also be adhesively bondedpirgcut grooves made in
the cover region of the concrete surface, whichraterred to as “embedded
reinforcement” or “near-surface mounted reinforceth§l29] rather than bonded to
the surface. Near surface mounted FRP systenyshanke been actively researched
during the past decade, although the general udeaftrategy can be traced to the use

of steel rebar in surface cut grooves in Europhénl1950’s [130].
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a) Pultruded strips b) Wet layup fabric laminates

Figure 2.15 Rehabilitation of bridge deck slabsgexternally bonded FRP
reinforcement [128]

The use of near-surface-mounted (NSM) FRP reinfoesd for rehabilitation
has a number of advantages over the more commoarnady bonded FRP
reinforcement. These advantages include the paleotr reduced site installation
work, since the creation of grooves for the FRPrekeses the labor required for
surface preparation, the reduced likelihood of delotg failures from the concrete
surface, and improved protection from mechanicahatge provided by recess of the
NSM reinforcement into the concrete surface [1281,1132]. Also, prestressing of
FRP reinforcement in order to further utilize tfapacity of the FRP material has been
shown to be more effective in NSM applications trexternally bonded systems
[133]. The use of near surface mounted FRP rétaion techniques provide
particular advantages for flexural strengtheningtred negative moment region of
reinforced concrete slabs and decks [129]. Indlzg@plications, the top surface of the
deck may be subject to harsh environmental and amécdél conditions, which would

require the FRP reinforcement to be surrounded fptective cover. An appropriate
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bond and protection of the FRP reinforcement wdagdmore difficult to achieve
using externally bonded strips whereas the nedasirmounted reinforcement is

already embedded and therefore not exposed to itifhsences [134].

24.2 Typesof NSM Reinforcement

FRP reinforcement used for near-surface-mountedicapipns is typically
manufactured using the pultrusion processes andbeamanufactured in a wide
variety of shapes including round, oval, square @utingular bars, as well as strips
with varying aspect ratios [131].

Carbon fiber reinforced polymer composite NSM reinément is the primary
type of FRP material used to rehabilitate concegtactures because of the higher
tensile strength and tensile elastic modulus obaarover glass or aramid [135].
Also, the inertness of the carbon fibers reduceseffect of concrete based alkalinity
on the FRP itself, however the alkalinity still etfs the fiber-matrix bond and the
matrix itself. The superior tensile properties @FRP allow for a smaller cross-
sectional area NSM CFRP bar to be used over a GFRMFRP bar with the same
tensile capacity, which has additional construditgkbenefits by allowing a shallower
groove to be used, thereby reducing the risk aérfating with the internal steel
reinforcement [131].

While the initial use of NSM was with circular barthe transition to
rectangular strips was predicated on the desiractieve better bonding of the
reinforcement [131]. It has been shown that dlkeofactors being equal, near surface
mounted strips have higher average bond strengts tircular bars because the

development of a three-dimensional distributiorbofd stresses into the surrounding
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concrete [136, 137]. Further, in the case of robas used as near surface mounted
reinforcement, forces due to the radial stressadgrduce tensile forces that can force
the bar out of the groove, resulting in bond gplittor failure. Also note that since
strips have significantly larger ratios of perintete cross-sectional area than square
or circular rods, bond stresses are lower whicbhwall increased utilization of the
capacity of the NSM strips [137]. While the useN8M reinforcement for flexural
strengthening is extremely simple, the use of slmars and circular rods requires
larger and deeper grooves than flat strips place@dntally in order to achieve the

same efficiency.

2.4.3 NSM Failure Modes and Design Assumptions

The distinct failure modes observed for experimigniavestigated concrete
structures flexurally strengthened with NSM reicment are concrete crushing, FRP
rupture, cover splitting, and bond failure withiretconcrete adjacent to the adhesive
layer, at the interface between the concrete aedatthesive, within the adhesive
itself, or at the interface between the adhesivktar FRP [126, 129, 134, 138]. A
brief description and explanation of each failured® as well as relevant design

assumptions are provided below.

2.4.3.1 Concrete crushing

Crushing of the concrete in compression is ocdues the compressive strain

in the concrete reaches its crushing strain. Aesysvhich exhibits this failure mode
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during flexural loading is considered to be ovani@ced. For design purposes,

crushing of the concrete is assumed to occur e value ok, = 0. 003

2.4.3.2 FRP rupture

Rupture of the FRP reinforcement occurs then theilee forces in the FRP
reinforcement exceed the tensile strength of the.FBecause FRP materials loaded
in tension are observed exhibit linear elastic barauntil tensile failure, FRP rupture
is usually a catastrophic failure mode for the cttrcal element strengthened with
FRP. For design purposes, FRP rupture is assumasstimed to occur if the tensile

strain in the FRP reaches its design rupture straiae,,. In order for FRP rupture

to occur, the system must have the necessary bwadgt to delay debonding
failures. While tensile rupture has rarely beersared in NSMR systems which are
not prestressed [134], this failure mode is comraloly more likely to occur in systems
which use NSM strips rather than NSM bars or exiiyrbonded FRP (for systems
where all other factors are equal) because the geprof the NSM strips provides

more efficient bonding to the concrete [138].

2.4.3.3 Bond failures

Debonding occurs when loss of composite action xBibeted across an
interface. Figure 2.16 illustrates the four difflet bond failure modes that can occur.
Splitting in the concrete adjacent to the concoeteyosite interface is a result of the

high tensile stresses that are transferred intcdmerete. This failure mode is more
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common when the adhesive strength is much higlzar the concrete strength [139].
A failure at the interface between the concrete thedcomposite has been reported as
critical for pre-cast grooves due to their evenfame [140]. Failure within the
adhesive, known as cohesive failure, can be avotesligh the selection of an
appropriate adhesive system. A debond failure éetwthe adhesive and the FRP
reinforcement can be critical for reinforcementhavgmooth or lightly sand-blasted
surfaces that provide insufficient surface deforamatfor mechanical interlock

between the reinforcement and the adhesive [137].

1) Between the adhesive
and the FRP

2) In the adhesive
3) Between the concrele

and the adhesive
M‘—M In the concrete along

a weakened layer

Figure 2.16 Bond failure modes for FRP stripsefafit 34])

2.4.3.4 Cover Splitting

Splitting of the adhesive cover for the NSMR, whistoften accompanied by
spalling of the surrounding concrete, is referredas cover splitting [129]. Cover
splitting is more commonly observed for NSM bararthor strips due to the radial
distribution of bond stresses that load the coeccziver. Conversely, the stress
components for NSM strips act parallels to the cetecsurface, so splitting failure is

less likely to occur [134]. NSMR close to the eddea concrete member can cause
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edge splitting failure which can be critical, howethis failure mode can be avoided

by keeping a minimum distance from the edge memties® to the edge [136, 137].

244 Prior Use

While NSM FRP has been used successfully for flgixstrengthening of
concrete beams [46, 137, 141-144] and the flexatrahgthening concrete slabs in the
positive moment regions, there is still limitedeasch on NSM FRP applications to
increase the flexural capacity of concrete slabth&énnegative moment regions. A
summary of research on flexural strengthening wifoeced concrete slabs with FRP
is presented.

In 1998, Warren reported on the use of NSM FRP #adsstrips for increasing
the flexural capacity in negative moment regionsadiridge deck slab [145]. NSM
FRP bars were applied to both reinforced concretepaiestressed concrete slabs and
the NSM FRP bars were used in both the longitucanal transverse directions on the
slabs. In 2002, NSM FRP bars were used to strengtie negative moment regions
of a reinforced concrete parking garage in whighdgteel reinforcement had corroded
[146]. Alkhrdaji et al. reported on the structuratponse of a decommissioned three
span reinforced concrete bridge deck, in which slab was strengthened in flexure
using NSM bars [147]. The NSM strengthened slaledan FRP rupture, whereas
the other slab which was strengthened using extgrbanded strips failed by a
combination of FRP rupture and debonding of theetsheThe NSM strengthened slab
was 27% stronger than the unstrengthened contibl sbmpared to a 17% strength

increase over the control slab for the externadigyded FRP slab.
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Field studies and laboratory work have shown th&VINFRP strengthening
systems for reinforced concrete structures havafgignt advantages over externally
bonded FRP strengthening systems. These advantagdede enhanced ability to
utilize the FRP prior to debond, less surface papa required prior to
strengthening, and more efficient and effective anal usage. The application of
NSM FRP strengthening to negative moment regionsdetks has particular
advantages in terms of ease of construction anterbetrotection for the FRP
reinforcement from the external environment. Regean NSM FRP also clearly
documents the advantages of NSM FRP strips over IREM circular or rectangular
bars. The smaller grooves necessary to mounti@ [@xced horizontally reduces
concerns about damaging existing reinforcemennhdugroove cutting and accelerates
construction time. The enhanced surface area ltaneallows for better utilization
of the FRP reinforcement, which makes FRP ruptttagher loads more likely than
debonding at lower loads. The benefits from NSMPFips have been recognized
by the research community, as most recent resém<ishifted away from NSM FRP

circular and rectangular bars to examination of NSRP strips.

245 Available Specificationsfor Flexural Strengthening usng NSM FRP

The 2 edition of Concrete Society Technical Report N&. discusses a
variety of applications for strengthening with NS®Inforcement in Section 6.4 and
recommends that for aspects other than FRP cudatlmdesign of flexural
strengthening with NSM reinforcement (NSMR) shoblel done using the design

methods described for surface mounted reinforcemeitih the allowance made to
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adjust the location of the reinforcement from theface of the section to within the
section such that the strains in the FRP are ladvappropriately [139]. Approaches
for anchorage design are detailed and design stigge$or reducing the likelihood of
different common modes of failure for NSMR are aixsd.

The previous edition of the ACI 440.2R code, ACIOLR-02, made no
specific mention of strengthening using NSMR, hogrevcontained extensive
information pertaining to surface mounted reinfoneat [148]. The most recent
edition of the ACI 440.2R code, ACI 440.2R-08, hdsled sections pertaining to near
surface mounted reinforcement. The new guidelilasommend that flexural
strengthening with NSM FRP systems be designedguiie same equations as
externally bonded FRP systems, with different pdoces provided for the
determination of the strain level at which debogdmay occur (Section 10.1.1),
calculation of the required bar development ler{§tbction 13.3), and detailing of the
bond parameters between the bars and the con8etaédqn 13.3) [126].

The 2 edition of the Canadian Highway Bridge Design C¢deiBDC) for
fiber-reinforced structures includes strengthemimitn NSMR as part of its discussion
on flexural and axial rehabilitation (Section 162)1and gives resistance factors for
NSMR made from pultruded carbon, glass and ara®ett{on 16.5.3) [149]. For
structures with a concrete cover less than 20 m@9(th), NSMR is not permitted
[150]. This code determines NSMR anchorage lenfgthdlexure using the same
calculation provided for internal FRP bars (Sedidr6.11.2.4.4 and 16.8.4.1) and
provides only a general description of failure modier FRP strengthened systems,

without mention of NSMR specific modes of failure.



3 USE OF FRP PANELSASTHE STAY-IN-PLACE STRUCTURAL

FORMWORK SYSTEM FOR A BOX GIRDER BRIDGE DECK

3.1 INTRODUCTION

This chapter presents the assessment and validdteohybrid fiber reinforced
polymer (FRP)-concrete bridge system, where prefated composite panels act as
both the formwork and reinforcement for the bridigek. Experimental results from
the full-scale testing of a box girder bridge tepecimen with FRP stay-in-place
structural formwork panels integrated into the f§eddeck are discussed. The
system’s structural response as well as the inierabetween elements under static
loading is evaluated and a direct performance coisgais drawn between the hybrid
FRP panel-concrete bridge deck system and a cdomehsteel reinforced concrete
system bridge deck system. The structural asettsessed in this chapter include
overall structural response, changes in stiffnesshfe decks, deflection profiles, load
transfer between the panels, strain developmefigreinces in residual deflections,

and progression of damage within the decks.

3.2 OVERALL GEOMETRY AND CONSTRUCTION DETAILS

The overall test specimen geometry consisted @fcacell box girder bridge
segment, with a center-to-center distance of 1880(fft) between each of the stems
and a longitudinal length of 3660 mm (12 ft) aswshon Figure 3.1. The deck slab
was 178 mm (7 in) thick and included overhangs Wwhegtended 483 mm (19 in)

beyond the exterior longitudinal edge girders. bbtgom slab was 152 mm (6 in) and
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the widths of the outer and center girders were 1252 (10 in) and 305 mm (12 in)

respectively as shown in Figure 3.2.

36060

Figure 3.1 Overall representation of test specimen

There was also a continuous layer of top steelfomiament. Traditional
wooden shored formwork and steel reinforcement weesl for the remainder of the
specimen. This test setup allowed for a side-dg-gierformance comparison of the
reinforced concrete deck to the prefabricated FRRepstrengthened system. All
steel reinforcement used within the test specimas gesigned in accordance with the

AASHTO-LRFD specifications [91] and the construatigoractices employed
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mimicked field techniques. The steel reinforcemarthe deck consisted of a top and
bottom layer of 15.9 mm diameter (#5) rebar witl ttansverse rebar spaced at 203
mm (8 in) on center and variable spacing for thegimdinal rebar in order to
accommodate the location of the girder stems. tbpelayer of steel reinforcement
was continuous across the test specimen as showigumne 3.3, whereas the bottom
layer of steel reinforcement was curtailed compyeten the composite side in the
central region due to the presence of the FRP gpavigch served as the bottom layer
of reinforcement.

The remaining steel reinforcement consisted pripari 15.9 mm diameter
(#5) rebar for the bottom slab and the stem reaaimrent, with two 22.2 mm diameter
(#7) rebar at the bottom of each girder web andn®b diameter (#3) rebar used for
shrinkage and temperature reinforcement in theitodigal direction of the girder
webs. Grade 60 steel was used for all the stedbreing bars and tensile tests were
performed on samples of the rebar used for cortgiruof the test specimens. The
experimentally determined average tensile strengthes of the steel reinforcement
are summarized in Table 3.1. Steel reinforcemetailihg for the test specimen is

shown in Figure 3.3 - Figure 3.5.
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Figure 3.3 Top layer of steel reinforcement focldslab- plan view
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Figure 3.4 Steel reinforcement detailing in lowertion of box girder - front elevation view
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Figure 3.5 Steel reinforcement detailing in lowertion of box girder—side elevation view
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The specimen was constructed in two separate denpoeirs with the initial
pour for the bottom slab and the lower portionh& stems and the second pour for the
deck slab and the upper portion of the stems. d&odormwork was constructed for
the bottom slab and stems and the reinforcementdetsled such that a clear cover
of 25 mm (1 in) was maintained throughout the spea. The lower portion of the

specimen was cast with a cement-based concrete hhdt a nominal design
compressive strength of_= 34.5 MPa (5 ksi) at 28 days and an average aggreg

size of 127 mm (0.5 in). The specimen was cured svmoisture barrier on top of the

cast concrete for 7 days prior to formwork remaskhown Figure 3.6.

Table 3.1 Performance characteristics of the Gé@desinforcing steel

YTELD STRENGTH. f, ULTIMATE STRENGTH, f,
REBAR SIZE
MPa ksi MPa ksi
#3 464.92 67.43 734.00 106.46
#5 429,68 62.32 703.36 102.01
#7 507.64 73.63 662.13 96.03

The strength development plots of all concrete @odor the test specimen, as
obtained from periodic testing of cylinders madeiry construction of the specimen,

are presented in Figure 3.7 and Figure 3.8 andethdts are summarized in Table 3.2.
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Figure 3.6 Lower portion of the box girder bridagfore and after casting of concrete

Table 3.2 Performance characteristics of the @&iacr

. v STRENGTILON DAY
LOCATION OF CONCRETE | 28-DAY STRENGTH OF TEST

POUR

DESIGNATION

MPa ksi MPa ksi

I** pour-Truck# | = Lower portion of stems 328 4.75 39.7 5.76

1*t pour-Truck# 2 Bottom slab 295 4.28 35.9 5.20

Deck slab and upper o

nd y ~ -
274 pour portion of stems 32.9 4.78 34.8 5.04
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Figure 3.8 Strength development for concrete fBom pour (deck)

After the concrete reached 28 days of cure, thespecimen was placed on top

of the support blocks used as part of the testpsehd the deck was constructed in
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place as shown in Figure 3.9 and Figure 3.10. iBeata the construction of the deck

and the installation of the FRP panels are discuss8ections 3.3 and 3.4.

Figure 3.10 Pouring of deck concrete and finislahdeck surface
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3.3 FRPPANEL FEATURES

The FRP deck panels used for the test specimerespreviously characterized
by Chenget al [119, 120] and consist of a bottom plate thate®@as the stay-in-place
formwork as well as the bottom layer of reinforceméor the deck, rectangular
stiffeners that span in the direction transversgdtiic loading, and small shear ribs
attached to the bottom plate to increase the sheatock with the concrete (Figure
3.11) . The bottom plate of the FRP was constduofenybrid unidirectional carbon
fiber fabric, C, and E-glass continuous strand maatyith a lay-up of [C/E/€E/C]..
Rectangular stiffeners with non-crushing lightweéigham cores to maintain the
desired geometry were reinforced primarily with diréctional carbon fiber fabric.
The foam filler has a density of 0.961 kN/(0.00347 Ib/ifl), a compression strength
of 0.785 MPa (0.114 ksi), and Young’'s modulus impoession of 27.4 MPa (3.98

ksi) [120].

Shear Rib

Figure 3.11 FRP deck panel system [119]
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The stiffeners were bonded to the bottom plate rendorced with additional
unidirectional carbon fabric which was placed comtiusly over the panel in the
direction perpendicular to the orientation of thi&eners. The shear ribs were made
by bonding sections of sand filled epoxy spacetb@tmm (6 in) to the bottom panel.
A sand coating was applied to the top surface efglnel in order to increase the
surface roughness. Details regarding the layupgaminetry of the FRP panels are

shown in Figure 3.12 and Table 3.3.

41 IS
41 |:j _[E/Co/E/C]

Figure 3.12 Cross-section details of the stifferar the deck panel (after [120])

Table 3.3 Lamina information and nomenclature [120]

T Materiar | ToWlATeal Welght | gy | Compositon
C Carbon 305 0° 100
E E-Glass 458 Chopped strand mat 100
o Carbon 197 (°/90° 50/50

The material properties of the FRP panels wereiguely characterized by
Cheng and these results are summarized below ile Bad and Table 3.5. Table 3.4

provides the experimentally determined propertiethe bottom plate (Mark 4) that
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were obtained from coupon tests of panel samplaswhich were tested following

the methods prescribed by ASTM Standards [151].

Mark 2: All layers in the top flange and upper web.
Mark 3: All layers comprising the lower web.

Mark 4: All layers in the bottom flange of deck pan
Mark 6: One layer of the strip. Mark 4

Mark 3

Table 3.4 Experimental mechanical properties ofdmotplate (Mark 4) [119]

Direction Property Average Ste\a/?gt?g (:]
Tensile Modulusg", | Longitudinal E," 60391 [8765] 1883 [273]
MPa [ksi] TransverseE,’ 6861 [995] 1242 [180]
Flexural Modulus, | Longitudinal,E,. " 20464 [2970] 2940 [427]
E", MPa [ksi] TransverseE;" 6302 [915] 1375 [200]
Tensile Strengthg”, Longitudinal, o’ 222.5[32.3] 11.1 [1.61]
MPa [ksi] Transversegr' 81.5 [11.8] 25.5 [3.69]
Flexural Strength, | Longitudinal,o." 337.0 [48.9] 59.2 [8.59]
o, MPa [ksi] Transversegir 89.7 [13.0] 11.4 [1.65]
Interlaminar Shear | Longitudinal, 7. 27.7 [4.03] 1.52 [0.221]
Strength,7, MPa
[ksi] Transversery 16.0 [2.32] 1.61 [0.234]
Density,y, kKN/m® [Ib/in?] 1472 [91.85] Not available
Nominal Thickness, mm [in] 7.38 [0.291] 0.649 [0.0256]

The longitudinal direction for the bottom plate wiefined as parallel with the

orientation of the stiffeners as opposed to dicectf traffic, which was defined as the
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longitudinal direction for the overall structureTable 3.5 shows the mechanical

properties for the different deck panel compondrdsed off of design data.

Table 3.5 Mechanical properties of deck panel camepts [120]

Property Mark 2 Mark 3 Mark 4 Mark 6
L . | 46818 MPa | 10142 MPa | 61907 MPa | 116992 MPa
Longitudinal Modulus, £2 | ro705 v it | 11472 ksi] | [8985 ksi] | [16980 Ksi]
. Modulus. £, | 742LMPa | 7104 MPa | 7028 MPa | 7806 MPa
fansverse MOQUHS. £7 1 11077 ksi] | [1031 ksi] | [1020 ksi] | [1146 ksi]
| | 2997 MPa | 2928 MPa | 2625MPa | 3176 MPa
In-Plane Shear Modulus. Giry “ry351 v | [425ksi] | [381ksi] | [461 ksi]
In-Plane Poisson’s Ratio, 14z 0.23 0.20 0.28 029
In-Plane Poisson’s Ratio, vy 0.04 0.14 0.03 0.02
150 kN/m® | 14.7 kN/m® | 14.7 kN/m® | 15.0 kN/m?

Densitv, v

-

[0.055 Ib/in®]

[0.054 1b/in?]

[0.054 1b/in®]

[0.055 1b/in?]

Longitudinal Coetficient of
Thermal Expansion

2.27x1077 /°C
[1.26.x107 /F]

7.97x10°8 /°C
[4.43x10°S/F]

0.95x107 /°C
[5.53%x10°7 /F]

1.68x1077 /°C
[9.33x10°% /F]

Transverse Coefficient of

1.05x10- /°C

4.75%106 /°C

2.29x107 /°C

2.43x107 /°C

Thermal Expansion [5.81x10° /F]|[2.64x10°/F][[1.27x10-° /F][1.35x10" /F]
. S 241 mm 1.75 mm 6.30 mm 0.25 mm
Nominal Thickness [0.095in] | [0.069in] | [0.248in] | [0.010 in]

Mark 2 nravk 6

y

Mark 2: All layers in the top flange and upper web.
Mark 3: All layers comprising the lower web.

Mark 4: All layers in the bottom flange of deck pan
Mark 6: One layer of the strip.

Mark 3
Mark 4
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3.4 PANEL PLACEMENT AND CONNECTION DETAILING

The panels were cut to the desired length of 1880 (6 ft) and the cut ends
were sealed with resin to provide a protective toogs barrier for the composite
reinforcement. A central panel with dimensiond®20 mm (4 ft) wide, 1830 mm (6
ft) long, and 6.3 mm (0.25 in) thick was positionedhe middle of the FRP panel side
of the specimen and was bordered on both sidesatrgwer panels, each 610 mm (2
ft) wide as shown in Figure 3.12. Multiple paneisre used side by side to check the
effectiveness of load transfer between the panels.

In order to accommodate the steel reinforcemerntymting vertically from the
girders, the positions of the vertical rebar weemasured, and corresponding 25.4 mm
(2 in) holes were drilled in the FRP panels. Attez FRP panels were lowered into
place, the steel reinforcement from the girders e, as shown in Figure 3.14 (b),
so that the steel reinforcement in the deck coelgdsitioned and tied. Note in Figure
3.14 (a) that wooden shored formwork was instaitedhe entire deck except for the
region in which the FRP panels are placed. Add#idoles were drilled in the end
regions of the panels so that 12.7 mm (0.5 in) dtemthreaded rod could be used to
hold the panels in place during the deck concrete.p The as-built deck prior to the
concrete pour is shown in Figure 3.15.

The times required for each step of constructions waonitored and
construction of the FRP panel bridge deck systerm aermined to take 60% less
time than the construction of the conventional faaired concrete bridge deck system,
with approximately 25 labor hours versus 63 labaurk required for the construction

of the FRP panel system and RC bridge deck systepectively.
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Figure 3.13 Schematic of FRP panel locations
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(a) Composite side deck prior to FRP panel installation
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(b) Composite side deck after FRP panel instaltati

Figure 3.14 FRP panel installation details
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The installation and removal of the wooden formwarkl metal shoring took
approximately 24 labor hours, which was one labmirHess than the time required
for the construction of the entire FRP panel bridgek system. This is comparable to
other researchers, who reported that the construaif a stay-in-place FRP panel
structural formwork deck system was determined ® 3¥% faster than the
construction of a comparable steel reinforced degktem with conventional

formwork [67].

Figure 3.15 Plane view looking down on reinforcaetgystem in deck, as built
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The test specimen was supported on six 890 kip kROOcapacity load cells,

placed directly below the centerline of the thremrs and 305 mm (12 in) on-center
inwards from the longitudinal edges of the testgpen as shown in Figure 3.16. The
purpose of these load cells was to evaluate theeptage of loads on the structure

taken by each support and to determine the extewhich the specimen was loaded

evenly throughout the testing.

4877
4267
243
610

: o o

oo o

v o=t
7 ® o

=

Figure 3.16 Load cell placement below test specime
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Each load cell has a footprint of 254 mm (10 iy) 254 mm (10 in) and
consists of a 51 mm (2 in) thick steel plate plasedop of the load measuring device
with smooth curved surfaces on both faces such their interaction can be
considered a point contact. The height of the loets were adjusted in order to allow
the test specimen to sit as level as possible gdbstone was poured to secure the
position of the load cells so that the load cedlad approximately symmetric load
values along both the longitudinal and transveesgearlines when loaded with the self
weight of the test specimen. An illustration ofdocells used to support the test

specimen is shown in Figure 3.17.

Figure 3.17 Detail of load cell used to suppost gpecimen
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Two 980 kN (220 kip) capacity double-rod hydrawactuators were positioned
1830 mm (6ft) apart from each other and in the ereaf each span to simulate the
wheels attached to the axle of an AASHTO specit#sR0 truck, which has an
unfactored load of 73 kN (16.4 kip) per wheel. thrs investigation, all applied load
values are reported as the load applied per actuatoch is half of the total load
applied to the test specimen. A 76 mm (3in) tlstdel reinforced elastomeric bearing
pad was placed between the actuators and the spreeind was used to create the 510

mm (10in) by 250 mm (20in) HS20 wheel footprintafied by AASHTO [91].

Figure 3.18 Overall specimen setup
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3.6 INSTRUMENTATION

The primary measurements taken during the expetahetesting of a
structural test specimen are the loads measureédebgupports and actuators as well
as the deflections and the strains measured thoaighe test specimen. The overall
load distribution within the test specimen was mead using load cells which
supported the structure, deflections were measwrgdlinear potentiometers, strains
were measured using electrical resistance stragesgand rotations were determined
using inclinometers. Table 3.6 summarizes thd tpiantity of instrumentation used
for this test specimen and the approximate locationwhich each instrumentation

type was used.

Table 3.6 Summary of instrumentation used forgpstimen #1

INSTRUMENTATION | QUANTITY
APPROXIMATE LOCATIONS
TYPE USED
Load cells 6 Supporting the test specimen. in line with stems and
oad cells 4] . .
near both ends of the specimen
Linear 47 45 vertically mounted above and below the deck slab
potentiometers 2 mounted horizontally to the outer two stems
On one end of specimen, at the intersection between
Inclinometers 3 the mid-plane of deck and the centerlines of the three
stems
Throughout deck and stems- attached to steel
Strain gages 118 |reinforcement and attached to the bottom of the FRP
panels
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3.6.1 Linear Potentiometersand I nclinometers

Linear potentiometers were used to measure deflesitape of the structure
under the applied load. The linear potentiomeigese positioned in locations
designed to give an accurate representation obvkeall structural response. All of
the linear potentiometers used were attached tmiséay support fixtures mounted to
the strong wall and strong floor as shown in FigBirE8, such that the displacements
measured represented the absolute displacemetis stiructure.

Due to the positioning of the actuators at the exeot the two deck slabs, the
center deflection of each slab needed to be mehduoen linear potentiometers
mounted below the deck. For consistency, thiediins throughout the deck slabs
were also measured from linear potentiometers glacethe underside of the deck as
shown in Figure 3.19. Linear potentiometers onttipeof the deck were placed along
the centerlines of the three stems to measuredimbioed deflection of the deck and
stems. Selected linear potentiometers on theitpaf the FRP side deck were also
placed in the same position as linear potentioradtarated on the underside of the
deck in order to evaluate any separation betweerdhcrete and the FRP panels that
may occur during loading. Two linear potentiomgterere placed on the RC side
deck at the same locations as linear potentiombtdosv the deck in order to establish
the appropriate level of precision which could fferded when determining whether
any separation had occurred on the FRP side, lmastte linear potentiometer pairs.

The theoretical resolution of the linear potentiten® used in testing was
determined based on the analog to digital convevibich has a total of'2 bits,

which is equivalent to 56,536 bits. The theorétiegolution was therefore calculated
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for a given linear potentiometer as the total strok the device divided by 56,536.
The noise level within the system has been expetally determined to be
approximately 10 times the theoretical resolutiond athe calculated linear
potentiometer resolutions for the all linear poimmieters used on the test specimen is
presented in Table 3.7. Therefore, changes irckdh with magnitudes that are near
these resolution limit values were considered taviihin the noise threshold for the

test setup.

Table 3.7 Resolution attainable by linear potengters used on test specimen

Stroke of lincar Device resolution.,
potentiometer accounting for noise
mm n mm n

51 2 0.008 0.0003
102 4 0.016 0.0006
152 6 0.023 0.0009
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Figure 3.19 Layout of linear potentiometers lodate the underside of the deck
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Figure 3.20 Layout of linear potentiometers lodate the top of the deck
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A detall of the horizontal linear potentiometersldhe inclinometers is shown
in Figure 3.21 and the layout of instrumentatioshewn in Figure 3.22. Two linear
potentiometers were mounted horizontally, near tihg of the two outer stems,
approximately 76 mm (3 in) longitudinally inwardsorin the edge of the test
specimen. The three inclinometers used were a&thth the outer edge of the test
specimen, with one located at the vertical cemterbf each of the three stems and
positioned at mid-plane of the concrete deck siBibe purpose of the horizontal linear
potentiometers and the inclinometers was to meamwechanges in slope within the

deck and determine more information regarding titeeonditions of the deck slab.

= ’
. : ' ”
| Inclinometer .
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Figure 3.21 Detail of horizontally oriented lingeotentiometer and inclinometer
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Figure 3.22 Layout of inclinometers and horizdgtaiounted linear potentiometers

(Inclinometers are attached directly to front scefaf test specimen, linear potentiometers ar@biifisvards 76 mm from edge)
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3.6.2 Strain Gages

Strain gages with 5 mm (0.2 in) gage lengths wdtaclaed to the steel
reinforcement on selected rebar in the top andobotayers of the deck as well as
selected vertical rebar within the stems. Straigeg with 30 mm (1.2 in) gage lengths
were attached to the bottom side of the FRP pamkk precise layouts of the strain

gages are shown in Figure 3.23 through Figure 3.31.

) 2438 |
610
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Figure 3.23 Strain gage pattern locations for gaggched to vertical stem rebar

The strain gages attached to the vertical steafamiement in the stems are
arranged in one of two patterns, termed “A” and ,“Bhd are located at different

positions within the test specimen cross sectiodessgnated in Figure 3.23. Strain
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gage pattern A contains eight gages, with six héddo the outer stem of the FRP
side and two attached to the center stem as shoWwigure 3.24. Strain gage pattern
B contains three strain gages total, with onerstgaige attached to the outer FRP side
stem and two gages attached the center stem asishorigure 3.25. There are a

total of 27 strain gages attached to the vertiegahgebar.
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Figure 3.24 Strain gage pattern “A”
(Consists of six strain gages attached to theoadrstem rebar of the FRP side outer
stem and two strain gages attached to the vedieal rebar of the center stem)
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Figure 3.25 Strain gage pattern “B”
(Consists of one strain gage attached to the akgiem rebar of the FRP side outer
stem and two strain gages attached to the vedieal rebar of the center stem)
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The strain gages attached to the bottom side oFRf panel side deck were
oriented in the longitudinal and transverse dimwi and the positions of these strain
gages are shown in Figure 3.26 and Figure 3.27e Skrain gages attached to the
bottom of the FRP deck were spaced 305 mm (1 f@rtafjpom each other in the
transverse direction and approximately 610 mm )2aftart from each other in the
longitudinal direction. The longitudinally oriexdl strain gages were primarily
positioned in two rows along the FRP deck slabhwvahe longitudinal row at the
midspan of the slab and the other offset from tak senterline by 305 mm (12 in) in
the direction of the outer stem. These longitudinas of strain gages serve to assess

the progression of strains at different distaneesyafrom the applied load.
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Figure 3.26 Layout of longitudinal strain gageseted to bottom of FRP side deck
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Figure 3.27 Layout of transverse strain gageslaihto bottom of FRP side deck

Strain gages were located directly on either sifi¢he intersection between FRP

panels and on either side of the intersection batwibe outer FRP panel and the
adjacent concrete in order to evaluate the effentgs of stress transfer between
adjacent panels and between panels and the sumguodncrete. The transversely
oriented strain gages attached to the bottom oF R side deck consisted of one long
row of gages along the test specimen centerlinefand smaller rows, located on

either side of the intersection between two paaels on either side of the concrete

FRP panel intersection as shown in Figure 3.27er@ lwere 15 transversely oriented
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strain gages and 11 longitudinal strain gages faotal of 26 gages attached to the
bottom of the FRP side deck.

Strain gages were also attached to the top andorbotayer of steel
reinforcement in the deck slab and were attachedbdth longitudinally and
transversely oriented rebar. Two rows, consisbhdghree strain gages each were
attached to the top longitudinal rebar that werelase as possible to the centerline of
the two deck slabs. The middle strain gage in eashwas placed at the centerline of
the test specimen and the remaining two gagescim av were spaced at 610 mm (2

ft) increments along the bar as shown in Figur&.3.2

3494

1386

610

1219

ENEEEEEEn A A

Figure 3.28 Layout of strain gages attached tddogitudinal steel reinforcement



77

The longitudinal strain gages attached to the obottlayer of steel
reinforcement consisted of 12 strain gages whicteveeranged in two rows of three
strain gages each on the RC side and three rowaswat strain gages each on the FRP
panel side as shown in Figure 3.29. The rows enRE side were attached to the
steel rebar which was closest to the centerlind®RC side actuator and the directly
adjacent steel rebar. These gages were spaceg tlginsame pattern as the top
longitudinal gages, with one gage at the test spewicenterline and the other two

spaced at 610 mm (2ft) increments.
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Figure 3.29 Layout of strain gages attached ttobotongitudinal steel reinforcement
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There were 16 total strain gages attached to thdramsverse reinforcement,
which were placed in two rows of eight strain gagash. The strain gages were
positioned at 610 mm (2 ft) increments and weracagd to the transverse rebar
which ran along the centerline of the test speciasewell as the transverse rebar 813

mm (32 in) away from the specimen centerline asvsha Figure 3.30.
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Figure 3.30 Layout of strain gages attached tdramsverse steel reinforcement
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The strain gages attached to the bottom layeraoistrerse rebar consisted of
six lines of strain gages, which were positionazhglthe same 610 mm (2ft) spacing
pattern used for the top transverse layer of rel&k strain gages were used on the
rebar that was continuous across the specimenga$idve strain gages were used for
the five rows that contained discontinuous rebar tuhe presence of the FRP panels,
which took the place of the bottom longitudinal drahsverse steel reinforcement. A
total of 31 gages were attached to the bottom ¥ease rebar, bringing the total

number of strain gages used to 118.
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Figure 3.31 Layout of strain gages attached ttobotransverse steel reinforcement
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3.7 FORMWORK DEFLECTIONSDURING CASTING OF DECKk CONCRETE

Limits on the maximum allowable deflections for ysta-place formwork
caused by the dead load of the forms, reinforceraedt the freshly cast concrete,
serve to prevent excessive sagging during consgtruct In order to assess the
effectiveness of the two formwork systems, deftattvalues due to the construction
of the deck were obtained for the composite deakepand for the conventional
wooden shored formwork from linear potentiometgrstg) placed directly beneath
the center of each cell.

Concrete was placed to create a 178 mm (7 in) théck slab, which applied a
load per unit area of 4.21 kPa (88 psf). During pouring of the concrete, the
composite deck panel had peak deflections of lems half that of the wooden shored
formwork used for the reinforced concrete side, /@ (0.087 in) versus 5.5 mm

(0.217 in), respectively as shown in Figure 3.32.
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Figure 3.32 Comparison of formwork center defl@tsi under construction loading
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Three days after the completion of the concrete,gbe deflections for the composite
side’s FRP panel formwork versus reinforced corceitle’s shored formwork were
2.2 mm (0.087 in) versus 5.0 mm (0.197 in) respebti

While typical formwork deflection values were notadable, due to the
numerous variations in wooden shored formwork desighich often depend on
material availability and the preferences of thatractors, AASHTO LRFD Bridge
Design Specifications provide deflection limits fitve formwork under construction
loading. For stay-in-place formwork span lengthsees than 3.00 m (10 ft), Section
9.7.4.1 defines the elastic deformation limit undead load of the forms, plastic

concrete and reinforcement as follows [91]:

L

span

=min 180
12.7mm (0.5in)

A

max_ form

where
Ao orm = Maximum allowable deflection of stay-in-placerfovork
L = Span length of the stay-in-place formwork

span

The conventional shored formwork and the FRP ptorelwork both deflected
less than the governing deflection limit of 10.2 0w in), which is equivalent to the
span length of 1829 mm (6 ft) divided by 180. Thdsflection results indicate that
the FRP panels were able to safely act as formwaxkibiting minimal deflections

under construction loading.
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3.8 STATIC LOADING OF TEST SPECIMEN

3.8.1 Loading Protocol

The loading values used in experimental testingevibased on the HS20 truck
wheel loading described in the AASHTO Bridge Speations [91], where the
vehicle load was the only load effect consideredo ™80 kN (220 kip) capacity
double-rod hydraulic actuators were positioned 1880 (6ft) apart from each other
and in the center of each span to simulate the iwlatached to the axle of the HS20
truck, which has an unfactored load of 73 kN (1&ig) per wheel. In this
investigation, all load values are reported asldlae applied per actuator as opposed
to the total load applied to the test specimen.rolighout the testing, two equally
loaded actuators were used, therefore the totdieaplpad would simply be twice the
load applied per actuator. In order to ensure thatactuators remained in contact
with the specimen during testing, a minimum thrésHoad value of 4.5 kN (1 kip)
was applied to the test specimen for the unloatid during static loading.

For static loading, the service load was definedieyAASHTO SERVICE |
level (clause 3.4.1 and Table 3.4.1-1 of the AASH3ji&cifications) in which the
HS20 wheel load of 73 kN (16.4 kip) with an addiab AASHTO defined 33%
dynamic allowance for the static loading case, kB (22 kips) was applied [91].
Load levels were also compared with the AASHTO SWNRHEH | level, which was
computed as the SERVICE | level with an additioret live load factor and with the
CALTRANS specified Permit truck load of 180 kN (Kip), which is calculated from
a 106 kN (24 kip) wheel load with a 30% dynamiowaihnce and additional 30% live

load factor [152].
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The test specimen was loaded statically to failrdh single load/unload
cycles at increasing load levels up to the ultimaael of 890 kN (200 kips). The first
load level applied was the AASHTO service loaddtatic testing of 98 kN (22 kips)
as described above. Next, the specimen was loed@@2.4 kN (50 kips), cycled
through the minimum threshold level of 4.5 kN (p)kand then loaded in increments
of 89 kN (20 kip). Initial signs of punching sheeere observed at 823 kN (185 kips),
which dictated that the test specimen be loadec: slowly until the ultimate capacity

of 890 kN (200 kips) was reached. A summary ofdfaic loading protocol is shown

in Table 3.8 .
Table 3.8 Static loading protocol
Target Single Load- Multiples of Multiples of Multiples of
Load Unload Cycle Service I'load | Strength I load Permit Load
KN | kip (Yes/ No) 98 kN (22 kip) | 169 kN (38 kip) | 180 kN (41 kip)
98 | 22 No 1.0 0.6 0.5
222 | 50 Yes 2.3 1.3 1.2
311 | 70 No 3.2 1.8 1.7
400 | 90 Yes 4.1 2.4 2.2
489 | 110 No 5.0 2.9 2.7
578 | 130 Yes 5.9 34 32
667 | 150 No 6.8 3.9 3.7
756 | 170 Yes 7.7 4.5 4.2
845 | 190 DO‘E‘l‘;g flf; kN 8.6 5.0 47
890 | 200 | Ultimate Capacity 9.1 5.3 4.9
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3.8.2 Overall Behavior

At each load level in which a single cycle was perfed, the target load was
held briefly to allow inspection of the test speemin the loaded state prior to
unloading the specimen. This allowed for obseovatf any cracking or damage
which had occurred to the test specimen duringvarngioad level. Indications of
partial separation between sections of the FRP Ipaned the concrete were first
observed in the strain and deflection data at 8 N (110 kip) load level, which
was equivalent to 5 times the AASHTO service load & discussed in Section 3.8.8,
however no cracking or other visible damage wasalet! during an inspection of the
deck surface at this load level. At the 578 kNQ(X®) load level, it was noted that
the elastomeric bearing pad below the compositgagmt had shifted horizontally by a
approximately 5 millimeters (0.2 in) from its omgil location.

Discontinuous cracking was first observed on thesiarface of the deck at the
667 kN (150 kip) load level with the most signifintacracks located in the longitudinal
direction above the central stem, followed by londjinal cracking above the RC side
stem and only hairline longitudinal cracks abowe ¢bmposite side stem. By the 756
kN (170 kip) load level, discontinuous longitudirtahcks that ran along the length of
the specimen above each stem were observed. Sapieng was also noted near the
center of the bottom side of the RC side deck m ldngitudinal and transverse
directions at this load level.

The FRP panel reinforced slab failed in punchingashat a load of 890 kN
(200 kip), which is equivalent to 9.1 times AASHB@rvice load, with initial signs of

punching shear observed at a load of 825 kN (18® kvhich is equivalent to 8.4
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times AASHTO service load. The midspan deflectiahthe maximum applied load
were 7.09 mm (0.279 in) for the FRP panel reinfdrslab and 7.81 mm (0.307 in) for
the reinforced concrete slab. The overall loadwgmidspan displacement response
curves for the two slabs are shown in Figure 3.84.order to better compare the
structural response of the two reinforcing schentles, unloading portion of each

curve was removed and the envelope plot of loadugecenter deflections is shown in

Figure 3.33.
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Figure 3.33 Envelope plot of load versus centéliedigons

At 98 kN (22 kip), equivalent to the AASHTO HS20 eél load of 73 kN
(16.4 kip) with an additional 33% impact factore thiertical midspan deflection for
both slabs was 0.29 mm (0.011 in). The midspafed&ins of the two slabs were
within 0.1 mm (0.004 in) of each other up to a ltexkl of 338 kN, equivalent to 3.4

times the AASHTO service load.
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For the remainder of the loading, the reinforcedctete side deflected more at the
midspan than the composite side, with a maximuermdihce between the two slabs of
1.5 mm (0.59 in), equivalent to a 31.0% greaterdrieé deflection, which occurred at
a load of 762 kN (171.3 kip). The greatest pemgatdifference between the two
sides, in which the reinforced concrete side dedd6.6% greater, occurred at a load
of 497 kN and corresponded to a 2.32 mm (0.09tamposite side deflection and a

3.4 mm (0.134 in) reinforced concrete side deftacti

3.8.3 Stiffness Change Throughout the L oading Range

In order to compare the progression in deterionatdb performance of the
slabs as observed through degradation of the sibpmad-deflection response of the

slabs over the load cycles, a parameter knownea%effective” stiffness, was defined

as follows:
. . Pf - h
EffectiveStiffness=
¢ — 0, 31
where
P, = Target actuator load of a load cycle based oditgpprotocol
P = Minimum threshold actuator load of a load cycle
0 = Deflection at loadP; , at the location under consideration
0, = Deflection at loadP, at the location under consideration

Note that Equation 3.1 uses the minimum threshottlator load of

approximately 4.5 kN (1 kip) and the correspondiieglection at the start of a load
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cycle, P and o;, in the effective stiffness calculation. Convéysa standard secant

i
stiffness calculation uses either the origin or theéimum threshold load and
deflection value at the start of experimental testfor the lower value. This
modification from a standard secant stiffness datean was chosen in order to
evaluate the degradation of the slope of the |agftection curve independent of the
effects of accumulated residual deflections on $h#ness results.  The results
obtained from the chosen calculation method showrEquation 3.1 termed the
“adaptive secant stiffness method” are comparedh waisults obtained using the
standard secant method and a discussion on thesisojpund later in this section.

Also note that the effective stiffness obtainednfrahe load-deflection
response is different from the actual bending rstg6 of the slab because the
calculation does not take into account the momantature response. The effective
stiffness data calculated can be used for comparatvaluation of the relative
progression of change in structural response dweload cycles.

In order to examine changes in response, the eféestiffness ratio rather than
absolute values of effective stiffness are preskemtethis section. The effective
stiffness ratio was calculated by comparing theati¥e stiffness at a load level to the

effective stiffness at the baseline load as showiguation 3.2:

Effectivestiffnessataloadlevel
Effectivestiffnessatbaseling98kN) 3.2

EffectiveStiffnessRatio=

The load of 98 kN (22 kip), which represented a 6182ick load of 73 kN

(16.4 kip) with an additional AASHTO defined 33%n@dynic allowance and was also
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the initial load level in the static testing, wdsosen as the baseline load. Since the
response of the test specimen was in the lineatieleange at this load level, the
effective stiffness ratio at this load level iseakto be 1.0.

The effective stiffness ratios shown in Table 3n@ &able 3.10 highlight a
significant difference in the degradation trendstted load deflection slopes for the
two reinforcing systems. The degradation trendstlie two slabs are most easily

observed in Figure 3.35, which plots the effectstdfness values of both slabs for

each load level.

1.0
Composite side

0.8 +
RC side

0.6 +

0.4

Effective Stiffness Ratio

0.2 +

0.0 -
98 222 311 400 489 578 667 756 845 890

Load Level (kN)

Figure 3.35 Effective stiffness ratios of the tslabs determined from linear
potentiometer data
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Table 3.9 Effective stiffness ratios of FRP sidddrom linear potentiometer data

ACTUAL | ACTUAL MIN. DEFLECTION ]
TARGET ) ] DEFLECTION EFFECTIVE
i TARGET THRESHOLD AT MIN,
ACTUATOR ] ) AT TARGET STIFFNESS
_ ACTUATOR | ACTUATOR ) - THRESHOLD _
LoaD LOAD, O - RATIO
LOAD, Py LOAD. P; LOAD, &;
KN | kip | KN | kip | KN | kip | mm | in | mm | in -
98 22 1959 216|223 50 029 ({0.011| 0.03 |0.001 1.00
222 50 120411459 (223 50 | 0.74 {0.029] 0.03 |0.001 0.90
311 70 13161 71.1 | 334 | 7.5 | 1.33 (0,052 0.30 | 0.012 0.96
400 90 [382.5]86.0 | 334 7.5 | 1.60 |0.063| 0.30 |0.012 0.94
489 | 110 (4784 1107.6| 31.7 | 7.1 | 2.18 {0.086| 0.44 |0.017 0.90
578 | 130 |576.3 /1296|317 | 7.1 | 2.75 [0.108| 0.44 | 0.017 0.83
667 | 150 [680.9[153.1|403 | 9.1 | 3.61 |0.142] 0.73 |0.029 0.78
756 | 170 745111675403 | 9.1 | 4.01 |0.158] 0.73 |0.029 0.75
845 | 190 |828.6|186.3| 335 | 7.5 | 552 (0217 1.25 [0.049 0.65
890 | 200 89052002335 75 | 7.09 (0279 1.25 [0.049 0.51
Table 3.10 Effective stiffness ratios of RC sitllodrom linear potentiometer data
. ACTUAL | ACTUAL MIN, DEFLECTION )
TARGET ) DEFLECTION EFFECTIVE
i TARGET THRESHOLD AT MIN.
ACTUATOR ) AT TARGET STIFFNESS
_ ACTUATOR | ACTUATOR N THRESHOLD _
LoAD LOAD. ¢ N RATIO
LOAD, P LOAD, P; LOAD, &;
KN | kip | KN | kip ' KN | kip | mm | m | mm | in -
98 221991 | 223 | 7.7 1.7 1029 {0.011] 0.02 [0.001 1.00
222 50 2091|470 | 7.7 1.7 1 0.74 10.029| 0.02 0.001 0.83
311 70 131750 714 | 30.6 | 6.9 | 1.40 |0.055] 0.32 [0.013 0.79
400 90 [384.2| 864 | 306 | 69 | 1.78 10.070| 0.32 10.013 0.72
489 | 110 14893/ 110.0] 293 | 6.6 | 2.85 [0.112] 0.62 |0.025 0.62
578 | 130 [57091284| 293 | 6.6 | 3.53 |0.139] 0.62 |0.025 0.56
667 | 150 |673.5 1514 36.0 | 81 | 4.84 |0.191| 1.18 [0.047 0.52
756 | 170 |740.8 166.5| 36.0 | 8.1 | 537 |0.212| 1.18 [0.047 0.50
845 | 190 [829.5]186.5129.1 | 6.5 | 6.87 |0.271] 1.99 |0.078 0.49
890 | 200 89592014291 | 6.5 | 781 |0.308]| 1.99 |0.078 0.45
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The reinforced concrete side slab displayed a 1é&gbadiation of the effective
stiffness between the first and second load lemetsthen continued to decrease in the
slope of the load-deflection response for the feuxt load levels. These first six load
levels, which loaded the specimen up to 578 kN [|ipD (equivalent to 5.9 times the
AASHTO service load) accounted for over 85% of tital effective stiffness
degradation that occurred in the reinforced coecse&de slab during testing and only
minor changes in effective stiffness ratio occurdeding the remaining four load
levels.

The FRP panel reinforced side slab exhibited aifsigntly higher effective
stiffness ratio in comparison to the reinforced a@ete slab throughout the loading
range and maintained a relatively constant effecstffness ratio of 0.9 or greater for
the first five loading levels. At the 578 kN (1Rip) load level, which is 5.9 times the
AASHTO service load, the effective stiffness raifcthe composite side decreased by
8% to 0.83 indicating that additional damage haduoed at this load level. The
damage that occurred at this load level however ndt significantly affect the load-
deflection slope performance of the system, whiebrelased an average of 5 % per
level during the next two load levels. At the 84% (190 kip) load level, equivalent to
8.6 times the AASHTO service load, a 13% decreaghea effective stiffness ratio to
a value of 0.65 was observed. Note that initighsiof punching shear were observed
on the FRP panel side slab at this load level.

For comparison, the effective stiffness and stgferatio values were

recalculated with the secant method using thevielig equation:
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. . Pf - Po
EffectiveStiffness=

o0 —9, 3.3
where
P, = Target actuator load of a load cycle based oditgpprotocol

A = Nominal actuator load at the start of experimieteisting

o = Deflection at target actuator loaH, , at the location under consideration
o, = Deflection at nominal actuator loaB,, at the location under consideration

Note that the nominal minimum threshold actuatadlof 4.5 kN (1 kip) at the
start of experimental testing was used throughloeiteffective stiffness calculation as
opposed to the nominal load and deflection at the ef each load cycle as described
previously in Equation 3.1. By using the same lowalue for the stiffness
calculation, the effect of the residual deflectidhat occur between load cycles is
taken into account, therefore these calculatecttite stiffness values are lower than
the previously calculated values which ignoreddesi deflections. The difference
between the two calculation methods for the effecstiffness of the bridge decks is
illustrated in Figure 3.36.

A comparison between the effective stiffness ratiesermined using the two
different load-deflection slope calculation methalgiven in Table 3.11, in which the
effective stiffness results as well as the perckifitrence between the two methods
are tabulated. The first two load level of theeefive stiffness ratios are the same for
both methods because the same nominal load anectiefl value is used in both
calculation methods whereas the adaptive secdiiests method utilizes different
nominal load and deflection values for all highead levels and yields comparatively

larger effective stiffness ratios for the remainiogd levels.
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54

Load

Load

51

Detlection Deflection

(a) Secant stiffness method (Eqn 3.3) (b) Adapsiecant stiffness method (Eqn 3.1)

Figure 3.36 lllustration showing difference irffstess calculation methods

Table 3.11 Comparison of effective stiffness mfmund using two different methods
of calculating effective stiffness

TARGET EFFECTIVE STIFFNESS EFFECTIVE STIFFNESS % DIFFERENCE IN
'LO 3:[) RATIO- ADAPTIVE SECANT RATIO- SECANT EFFECTIVE STIFFNESS
LE{‘EL STIFFNESS METHOD STIFFNESS METHOD RATIOS BETWEEN

' (EQUATION 3.1) (EQUATION 3.3) METHODS

KN | kip Composﬂe RC side Composﬁe RC side (,omposne RC side

side side side

98 | 22 1.00 1.00 1.00 1.00 0.0% 0.0%

222 50 0.90 0.83 0.90 0.83 0.0% 0.0%

311 | 70 0.96 0.79 0.79 0.67 18.7% 16.9%

400 | 90 0.94 0.72 0.80 0.64 15.1% 12.5%

489 | 110 0.90 0.62 0.74 0.51 19.0% 19.5%

578 | 130 0.83 0.56 0.71 0.48 14.6% 15.0%

667 | 150 0.78 0.52 0.04 0.41 18.9% 23.3%

756 | 170 0.75 0.50 0.63 0.41 16.7% 20.6%

845 | 190 0.65 0.49 0.51 0.36 23.4% 31.1%

890 | 200 0.51 0.45 0.43 0.34 17.5% 26.6%
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In field applications of a bridge deck system, dase load-deflection slope
characteristics of the deck both with and with@sidual deflections included are very
important. Under a given traffic load, the totafldction of the bridge including the
accumulated residual deflections determines whethesystem can meet the
serviceability requirements regarding maximum liead deflections specified by
AASHTO. However, the quality of ride for motorisésid pedestrians crossing the
bridge is established from the effective stiffnesdculations which determine the
slope of the load deflection curve without incluglithe residual deflections. Figure
3.37 graphically summarizes the data from Tablel 3o illustrate the difference

between the two methods for calculating the effecstiffness.
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Figure 3.37 Effective stiffness ratios for twothmds of calculating stiffness
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Based on the effective stiffness ratios calculatsidg both the secant method
described on page 92 and the adaptive secantestsffmethod described on page 87,
the composite side slab exhibits significantly mdesirable load-deflection slope
characteristics than the reinforced concrete slde. s The effective stiffness ratios
determined using the adaptive secant stiffness adefEquation 3.1) show that for
load levels up to the 489 kN (110 kip), which isie@lent to approximately 5 times
the AASHTO service load, the slope of the load-atfon curve for the composite
side only degraded by 10% overall whereas the osefl concrete side exhibited a
38% overall decrease in the effective stiffnes®orétigure 3.35). Additionally, the
composite side maintained larger effective stiffnestio values as compared to the
reinforced concrete side for all load levels angrdded at a significantly slower rate.
The composite side also retained larger effectitrfngss ratios throughout the
loading range for the secant stiffness calculatioviich included the residual

deflections of the bridge decks.

3.8.4 Deflection Profiles

In this section, deflection profiles throughout tiest specimen for key load
levels up to ultimate capacity are presented. fifr@ary purpose for obtaining the
displacement profiles was to determine the extentvhich the two reinforcement
systems were able to distribute the wheel load avearger area in both the
longitudinal and the transverse directions, thulpihg to avoid localized punching
shear failure. Unless otherwise noted, the deflegbrofile figures in this section all

maintain the same deflection scale, which accommesdahe maximum values
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observed in the specimen at ultimate capacity, rotero provide context for each
deflection value in relation to the overall defotioa of the structure.

The deflection profiles along the length of theldabove the central and outer
stems are presented in Figure 3.38, Figure 3.39 Fagdre 3.40. These figures
indicate that the deck above each of the threesstiaflected evenly along the length
of the stems. The uniform deflections observeddok above the stems indicate that
the vertical deformations of the stems do not $icgmtly affect the overall structural

response of the test specimen.
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Figure 3.38 Deflection profile along length of Bebove central stem

The maximum deflection in the deck above the stamdtimate capacity was
1.3 mm (0.05 in), which indicates that the actuatesponding maximum deflections
at the midpoints of the slabs are approximately rh (8.04 mm) smaller than the

values given from the linear potentiometers due¢hto deflection contribution from
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that the maximum deflections abovestbms at ultimate capacity were

approximately 6.2 times smaller than the correspananidpoint deflection of the

reinforced concrete side slab.
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Figure 3.39 Deflection profile along length of Betbove composite side stem
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Figure 3.40 Deflection profile along length of Bebove RC side stem
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The deflection profiles along the centerline of thed slabs are shown in
Figure 3.41 and Figure 3.42. Both slabs maintaiceaparably shaped deflection
profiles with larger deflections observed throughthe reinforced concrete side for
loadings up to 756 kN (170 kip), equivalent to ap@mately 7.7 times the AASHTO
service load. For the remaining loading up tomdiie capacity, the reinforced
concrete side continued to deflect to a greateergxivhereas the composite side
exhibited a more localized deformation profile aede higher load levels. As
expected, the highest deflection values for bo#ihsiwere observed from the linear
potentiometers below the two hydraulic actuatorsth wprogressively smaller
deflections at distances away from these locatidBsnilarly, because the centerline
deflection profiles shown in Figure 3.41 and FigBré42 were obtained from locations
directly below the actuators, these figures conthigher deflection values as
compared to deflection profiles obtained from lemag offset from the centerlines,
shown in Figure 3.50 - Figure 3.53.

In order to more thoroughly compare the level eblzed deformations in the
slabs, the superimposed deflection profiles altwvegcenterline of the decks are shown
at different load levels. The deflection profiEsown in Figure 3.43 at the load level
of 756 kN (170 kip), equivalent to 7.7 times the $NATO service load, are
comparably shaped for the two sides, with largéledgons along the entire length of

the reinforced concrete side.
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Figure 3.41 Deflection profile along centerlinecoimposite side deck
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At the 845 kN (190 kip) load level, which is equeft to 8.6 times the
AASHTO service load and was the load level at whinttial signs of punching shear
damage were observed, the composite side exhilmted localized deflections in the
close proximity to the actuator, however still mained smaller deflections overall
than observed in the reinforced concrete side awishn Figure 3.44. At ultimate
capacity, as shown in Figure 3.45, the localizefledéons near the point of load
application were significantly more pronounced tloe composite side, however, the
deflections were still less than the correspondgigforced concrete values and the

load level was equivalent to over nine times theS& O service load.
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Figure 3.43 Comparison of deflection profiles &ad level of 756 kN
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Figure 3.44 Comparison of deflection profiles &ad level of 845 kN
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Figure 3.45 Comparison of deflection profiles imate capacity (890 kN)
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An alternative comparison of the deflection valaésng the centerline of the
two spans was performed by calculating the pergenthange in deflection between a
composite side linear potentiometer and a reinfbragoncrete side linear
potentiometer located at the same distance alangehterline of the deck slabs. The
percentage change in deflections values were eaéxliwith respect to the composite
side and were computed at different load levelge flesults for locations 305 mm (2
ft) on either side of the center deflections (FegBt47 and Figure 3.48) and 610 mm
(4 ft) away from the center deflections (Figure73.4ll show comparable trends for
the different load levels.

The percent change in deflections between the idessat these locations
increases steadily with successive load levelsoup Ibad level of 845 kN (190 kip),
which is equivalent to 8.6 times the AASHTO senimad, followed by a decrease in
values for the ultimate capacity load level of 890 (200 kip). This trend illustrates
that as the load to which the test specimen isestdyjl increases, the deflection values
on the reinforced concrete side at these locati@ee®me increasingly greater than the
composite side up until ultimate capacity is reactvbere the difference between the
deflections both sides becomes less pronouncedconitrast, comparison of central
deflections shown in Figure 3.49 illustrates a @dyeimcrease in values up to a load
level of 489 kN (110 kip) followed by relatively estant values for the subsequent
four load levels and then a decrease in valueth®B45 kN (190 kip) load level and
for the ultimate capacity load level.

The difference in the response at the center pa@atcompared to the other

locations along the centerlines of the two slabslma attributed to the more localized
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loading of the FRP panel in the longitudinal direet Note that although the
composite side displays a slightly more localizedflattion response in the
longitudinal direction, the reinforced concreteesideflects significantly more at all
locations and at all load levels examined. Fatance, at the 489 kN load level,
which is equivalent to approximately five times tAASHTO service load, the
reinforced concrete side deflected between 23%4&94d greater than the composite
side deflections for the linear potentiometers gltre longitudinal profile whereas at

the 845 kN load level, the reinforced concrete srkibited between 24% and 73%

greater deflections.
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Load Level (kN)

>
L 4

% Change in deflection values

Figure 3.46 Percent change between compositeasd®C side deflection values at
different load levels- linear potentiometers lodad 2/3 span along the centerline of
each deck
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Figure 3.47 Percent change between compositeasdl®C side deflection values at
different load levels- linear potentiometers lodaé 1/3 span along the centerline of
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Figure 3.48 Percent change between compositeasdieeinforced concrete side
deflection values at different load levels- linpatentiometers located at 1/3 span

along the midspan of each deck
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Figure 3.49 Percent change between compositeasd®C side deflection values at
different load levels- linear potentiometers lodad¢ the center of each deck

The deflection profiles along the length of theldeghich are offset from the
centerlines of the slabs by 305 mm (12 in), arevshim Figure 3.50 - Figure 3.53 and
give useful information regarding the effectivenesghe reinforcement systems to
distribute the actuator load to the surroundingarsy For load levels up to 578 kN
(130 kip), the deflection profiles in the longitadl direction near the outer stems
(Figure 3.50 and Figure 3.51) as well as the mefilear the central stem (Figure 3.52
and Figure 3.53) illustrate comparable deflection®oth slabs, with slightly larger
values observed on the reinforced concrete sid®. tHe remaining load levels until
ultimate capacity, the composite side clearly eithithe same localized deformation

in close proximity to the actuator that was notedthe centerline deflection profile in

Figure 3.41.
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Figure 3.50 Deflection profile along row 2 of larepotentiometers
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Figure 3.51 Deflection profile along row 8 of larepotentiometers
(offset from RC side centerline by 305 mm- see f@dt119)
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Figure 3.52 Deflection profile along row 4 of larepotentiometers
(offset from composite side centerline by 305 mee Bigure 3.19)
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Figure 3.53 Deflection profile along row 6 of larepotentiometers
(offset from RC side centerline by 305 mm- see f@dti19)
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The deflection profile along the transverse cemterbf the test specimen is
presented in Figure 3.54. The highest deflectialuas were observed near the
actuator locations and minimal deflection valuegenvebserved above each of the
three stems. Both sides maintained comparabledefh profiles up to the 400 kN
(89.9 kip) load level, equivalent to 4.1 times &&SHTO service load. At the higher
load levels, the reinforced concrete side exhibitgnificantly more localized
deflections in close proximity to the point of loagplication as shown in Figure 3.54,
which is opposite the trend observed for the lardiital direction deflection profile
where the composite side exhibited more localizefiedtions at higher load levels.
The significantly improved distribution of the Idz&d point load for the composite
side slab transverse deflection profile as compdcedhe longitudinal deflection
profile can be attributed to the presence of thigesers described in Section 3.3,
which are oriented in the transverse direction.

In addition to the centerline profile shown in Figu3.54, the displacement
profiles of three transverse rows of linear pomtters are presented in Figure 3.55,
Figure 3.56 and Figure 3.57, which are offset ftbe centerline by 1525 mm (60 in),
1245 mm (49 in) and 635 mm (25 in) respectivelyhe Teflections observed on the
reinforced concrete side at load levels above 40088.9 kN) are consistently higher

than the composite side deflections.



Deflection (mm)

" Max sla{b HE _
deflection L :
7 (890 kN) /9\\\ /A\ 400060000
o :
. :
890 kN —— /
A
. / A \ [/ A\
A A
823kN = a
4 X / \
756 kN —
3 vk
X
2 7 578 kN >
20O KN /G\E /@\
. / \
222 kN S — — %
— _ o T
. 98 kN M- & = &
0 610 1220 1830 2440 3050 3660 4270

Position from composite side edge of deck (mm)

Figure 3.54 Deflection profile along centerlinespiecimen

4880

50T



110

8 *_Max slab /' § o_;
7 1 deflection 0] [T
6 (890 kN) :_ ..... i
= TIRE
£ 5
€ 4
O
2 1
o 3
A 2
1 ______ T 7 ____________
D : ; 9
0 . T

0 610 1220 1830 2440 3050 3660 4270
Position from composite side edge of deck (mm)

Figure 3.55 Deflection profile along row A of liamepotentiometers
(offset from test specimen centerline by 1525 mee-Bigure 3.19 and Figure 3.20)
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Figure 3.56 Deflection profile along row B of lexepotentiometers
(offset from test specimen centerline by 1245 mee-Bigure 3.19 and Figure 3.20)
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Figure 3.57 Deflection profile along row C of largpotentiometers
(offset from test specimen centerline by 635 mne-lSgure 3.19 and Figure 3.20)

The envelope plots of load versus deflection foedir potentiometers adjacent
to the central linear potentiometer locations &@ns in Figure 3.58 and Figure 3.59.
Figure 3.58 compares the load-deflection plotshef linear potentiometers that are
located a distance of 610 mm (2 ft) away from theter of the test specimen along
the centerlines of the two slabs. The very sintlawes for linear potentiometers the
two linear potentiometers on the composite sideB(@Bd D3B) indicate a very
symmetric deflection profile for the composite sakxk in the longitudinal direction
whereas the reinforced concrete side exhibits #iginsymmetrical deflections (C7B
and D7B). For the composite side, the load-defiacturves remain approximately
linear up to the 756 kN (170 kip) load level andpifhys a more relaxed slope for the

remainder of the loading. Conversely, the reirddrconcrete side only maintains an
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approximately linear slope up to the 311 kN (70) kgmd level and then exhibits a

nonlinear response for the remainder of the loading
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Figure 3.58 Envelope plot of load versus defleditor linear potentiometers along
the centerlines of the two slabs
(located 610 mm from the test specimen centerfee-Figure 3.19)

The load versus deflection envelope plots for lin@atentiometers which lie
along the centerline of the test specimen and aséipned 610 mm (2 ft) on either
side of the middle of both deck slabs are showRigure 3.59. Note that the linear
potentiometers at three of the four locations (MHWBB and M8B) display equivalent
envelope plots while the fourth linear potentiom¢hkd2B), located on composite side
slab adjacent to the exterior stem, exhibits a dngslope and smaller deflections
throughout the loading range. The deflection valter linear potentiometer M2B
during experimental testing were an average of 20%ller than the deflections at the

other three locations with a standard deviatioA%f
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Figure 3.59 Envelope plot of load versus defleditor linear potentiometers along
the centerline of the test specimen

(located 610 mm on either side of the deck cemtesh see Figure 3.19)

The maximum deflection values measured in the déatk were located at the
midspan of the two slabs, directly below the twtuators. At the 890 kN (200 kip)
load level, equivalent to over nine times AASHTOvs= load, the composite side
displayed a 7.09 mm (0.279 in) center deflectiohilevthe reinforced concrete side
displayed a 7.81 mm (0.307 in) center deflectioA. detailed discussion of the
progression of the center deflections, as theyapetb the effective stiffness of the
slabs, is provided in Section 3.8.3, beginning aggy87 for the FRP panel reinforced
slab and for the reinforced concrete slab.

One important difference between the deflectiorfil@® in the longitudinal
direction versus the transverse direction is thentation and design of the stiffeners
and the layup of the FRP panels. Due to the temssvorientation of the stiffeners,

the transverse direction deflection profile is #igantly improved due to the
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additional stiffening added by the stiffener eletsewhile the longitudinal direction
deflection response of the composite side deck islaimt impacted considerably by
the presence of the stiffeners. In comparisonh® reinforced concrete side, the
transverse direction deflection profile for the qmsite side is significantly more
dispersed as observed in Figure 3.54 and the densige deflects much more in the
localized region surrounding the actuator, esplgciat high load levels. In the
longitudinal direction, in which the stiffeners dot play a large role in the structural
response, the two systems exhibit comparable defteprofiles, with the reinforced
concrete side deflecting more throughout and theposite side exhibiting a slightly

more localized response at high loading levels.

3.8.5 Strain Development

The strain development within the test specimen wlaserved though the
examination of strain gages applied to the staafoeement as well as to the FRP
panels within the test specimen. The precise logadif all strain gages is given in
Section 3.6.2. Note that strain values reportegegstive indicate compressive strains
whereas positive values indicate tensile strains.

As discussed in Section 3.1, the FRP structurahfoork panels take the place
of the bottom steel reinforcement. Since themidottom steel reinforcement for the
central section of the composite side deck, therstneasurements for the bottom of
the slab are obtained from strain gages attachdtieéddottom of the FRP panels.
Conversely, strain gages attached to the lowel l&vsteel reinforcement in the deck

slab are used for the remainder of the test specimEhe difference between the
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position within the depth of the deck slab for th&ain gages attached to the
composite side and reinforced concrete side deaissis approximately 41.3 mm
(1.63 in) for the bottom transverse strain gages®h2 mm (2.25 in) for the bottom
longitudinal strain gages as illustrated in FigBré0. The total thickness of the deck
slab is only 178 mm (7.0 in), therefore a differeme position of 57.2 mm (2.25 in)
accounts for over 30% of the total thickness of skab. As a result, these strain
values cannot be directly compared without furtth@ta manipulation to account for

the difference in positions.

Transverse rebarj

— Strain gage
Longitudinal rebar —\\ /
B o o x

“41,5 57.2

v

(a) RC side bottom transverse strain gage on taqotddm layer of transverse rebar

Longitudinal rebar — T~ ¢ (@)

Transverse rebar.

FRP panel Strain gage

(b) Composite side bottom transverse strain gagsottom of FRP panel

Figure 3.60 Deck slab cross-section illustratmgption of strain gages within depth
(measurements, in millimeters, show the differanadepth between strain gages
attached to FRP panel and strain gages attachmatttom steel reinforcement)
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In order to more easily compare the strains inRR® panel to the strains in
the bottom steel reinforcement, a linear straitritistion as shown in Figure 3.61 was
assumed. The modification in strain values is donadjusting the strains measured
in the bottom layer of steel reinforcement on thmforced concrete side along an
assumed linear strain distribution to the equivalggpth within the slab where the
FRP panel strain gages were attached on the FR# side deck slab. The predicted
strains are likely to display larger variations nfroactual strains for regions of
discontinuity within the specimen, however the d&inestrain distribution and
implemented calculations described below have ggkldyjood correlation with
experimental results for segments where the FREI @and bottom steel reinforcement

overlap, thereby allowing direct validation of pietdd strain values.

(@) — (@) (@) R (@)
[p
; ==&  —\-------- O = O
e -85* 1
Composite side cross-section Strainidistion RC side cross-section

Figure 3.61 lllustration of strain distributionchadjustment of RC side strains

The experimentally determined bottom layer rebeairss, ¢, were adjusted
along the linear strain distribution profile to thkame height within the deck slab as
the FRP panel strain gages, with the adjusted steeins labeled ag.. The

curvature,p, was determined using a straight line theory iniclvha linear stress
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distribution was assumed and transverse effecigeisas the top reinforcement were
ignored [153]. The strain line theory calculatimethod uses the reinforcement ratio,

p, and the modular ratiay, which are defined in Equations 3.4 and 3.5 rebgsy.

_A
p= b-d 3.4
n==e
E. 3.5
where
A = Area of tensile steel reinforcement
b = Section width
d = Distance from the extreme compression fibeetsile reinforcement
E, = Young’'s modulus of steel
E. = Young’'s modulus of concrete

The values fop and n are used to determine the effective length fafdor
compression memberg,, as calculated in Equation 3.6. This term loc#tesneutral

axis at a distanc&kd down from the extreme compression fiber of thetisecas

shown in Figure 3.62.

k=\/2p-n+(p-n)2—p-n 3.6
where

p = Reinforcement ratio for the steel reinforcement
n = Modular ratio relating the steel reinforcementtte concrete



118

Figure 3.62 Assumed linear stress distributiostiaight line theory

The curvature within the slalp,, is then calculated using Equation 3.7

gS
¢_—(d—k-d) 3.7
where
7 = Curvature in deck slab
& = Strain measured in strain gage on RC side tmottansverse rebar
d = Distance from the extreme compression fibeetsile reinforcement
k = Effective length factor for compression memb&mguation 3.6)

Next, the apparent strain on the RC sidg, is found at the same distance

along the depth of the deck slab as the strainggatiached to the bottom of the FRP

panels using the formula:

5; :5s+¢(dFRP_ds) 38
where
e, = Apparent strain in the RC side deck adjustedhto same depth as gages
attached to FRP panels
& = Strain measured in strain gage on RC side tmottansverse rebar

Q = Curvature in deck slab
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d = Distance from extreme compression fiber to tofREG side bottom steel
reinforcement

dp = Distance from extreme compression fiber todootof FRP panel

S

(@) - (@) T (@) EE (@)
d
drrp D °
I e --SS* 1
Composite side cross-section Strainidistion RC side cross-section

Figure 3.63 lllustration of strain distributionchadjustment of RC side strains

Note that Equation 3.8 is relevant for calculatapparent strains in either the
longitudinal or the transverse direction by simplsing a different gdvalue. The
apparent strain at the bottom of the RC side deuk mow be more reasonably

compared to the measured strains in the reinforoadrete side.

3.8.5.1 Comparison of Strains in FRP Panel Deck and RC Deck

The load versus strain envelope plot of the bottongitudinal strain gages
located directly below the RC side and compositie sictuators is shown in Figure
3.64. The RC side strain values have been adjusted) the method described in
Section 3.8.5 in order to determine the appareratinst at the depth within the
reinforced concrete side slab that is in line wiitl FRP panel strain gage.

As observed in Figure 3.64, the two sides maintaimparable strain values up

to a load of approximately 200 kN (45 kip), thedagt which the reinforced concrete
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side load versus strain curve degrades signifigaindm its original slope due to

cracking of the concrete. Note that the compasde strain gage maintains its initial
slope up until the 400 kN (90 kip) load level, whis over four times the AASHTO

service load. The secondary slope of the loadugessrain curve for the composite
side remains approximately linear for the remainafethe test specimen loading to
ultimate capacity and is shallower than the secgnslape for the reinforced concrete
side. The composite side strain values remaine@ridhan the reinforced concrete
side strains for loadings up to approximately 500 (812 kip) load level, which is

approximately 5.1 times the AASHTO service load;aase the FRP panel side strain
gage reaches a load of nearly double the load thikéhe RC side strain gage prior to

significant change in the initial load versus stna@sponse.

1000 DBL17-3* CM3L
9x AASHTO 900 = | | =
service load 800 -
_ 700 -
é 600 - éCI\/_I3LEDBII_17-?>*
- 500 -
s 1 i
S 400 - ;
300 - D
200 -
1x AASHTO 100 -/ e |
service load 0 . | . . |

0 500 1000 1500 2000 2500
Strain (microstrains)

Figure 3.64 Load versus strain for bottom longiatistrain gages
(Gages are located directly below the two actuat@MI3L is on the composite side
on the underside of the FRP panel; DBL17-3 is @RRK side bottom longitudinal
steel reinforcement and therefore is adjusted usmgations 3.7 and 3.8)



121

The adjusted strain in the reinforced concrete bioltom longitudinal strain
gage at the 489 kN (90 kip) load level, which ip@aximately 5.0 times the AASHTO
service load, was 859.1 microstrains, whereastthesan the corresponding strain on
the FRP panel longitudinal gage was 665.4 microstraAt the ultimate capacity load
of 890 kN (200 kip), the strains in the RC sidettwat longitudinal strain gage located
directly below the RC side actuator and in the cosite longitudinal strain gage
located on the bottom side of the FRP panel dydxtlow the composite side actuator

were 1119.9 microstrains and 1714.5 microstraiapeaetively.
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Figure 3.65 Load versus strain for bottom transeetrain gages
(Gages are located directly below the two actuatB8T10-4 is on the RC side
bottom transverse steel reinforcement; CM3T ishencdomposite side underside of
the FRP panel and therefore is adjusted using EmsaB.7 and 3.8)

The load versus strain envelope plots for the bott@nsverse strain gages are

shown in Figure 3.65, where the strain for thefoesed concrete side gage is slightly
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less than the FRP panel side gage from initialitagdip to a load of 140 kN (31 kip),
which is approximately 1.4 times the AASHTO serdicad. For higher loadings, the
RC side exhibits significantly higher strain valesscompared to the composite side.
For example, at the 489 kN (110 kip) load leveljalihis approximately 5.0 times the
AASHTO service load, the RC side gage (DBT10-4%3 ha adjusted strain of 1079.4
microstrains whereas the composite gage (CM3T)ahsisain of 578.3 microstrains,
which equates to a 60.5% difference between thegages.

The strain profile for the top transverse steeif@cement along the centerline
of the specimen is shown in Figure 3.66. As exgubddr a top rebar under the given
loading conditions, the strain gages located at nthddle of each deck display
compression strains while the gages adjacent tetdmas display tensile strains. For
each of the displayed load levels, the reinforcedcrete side strain gages exhibit
comparable or higher values as compared to theegmonding strain gages on the
composite side of the test specimen. While Figué& clearly shows the trend that
the reinforced concrete side is experiencing higitiexins, especially at higher load
levels, the individual comparisons of load verstails plots for pairs of strain gages

are useful in quantifying the difference in respohstween the two sides.
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The load versus strain responses for the top temssvstrain gages located
directly below the two actuators (Figure 3.67) sthates the higher strain values
maintained for the top transverse reinforced cdecsale strain gage throughout the
loading as compared to the composite side strage.gad he reinforced concrete side
top transverse strain gage increases nonlinearlyntip the 756 kN (170 kip) load
level and then it exhibits discontinuities in themainder of its strain profile. In
contrast, the composite side top transverse styage displays a far more linear
response prior to discontinuities observed at dnatdar load of 825 kN (187 kip),
which is approximately 8.4 times the AASHTO servicad and is the load at which

initial signs of punching shear were observed.

1000 DTT10-6 DTT10-3
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- 5004 L.l
© ; :
S 400 - TS ;
300 | !
200 | romes |
IXAASHTO 100 =  ti--e-! \
service load i — . , ,
-2000 -1500 -1000 -500 0 500

Strain (microstrains)

Figure 3.67 Load versus strain for top transvetssn gages
(Both gages are located on the top transversersieébrcement directly below the
two actuators. DTT10-6 is on the RC side and DF318€ on the composite side)
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Figure 3.68 shows the load versus strain enveldps for the top transverse strain
gages which are located 152 mm (6 in) away frofmmeeiside of the central stem and
are 610 mm (2 ft) away from the centerline of tiwe teck slabs, in the direction of
the center stem. The two strain gages showed iexdgbivalent strain values up to a
load of 655 kN (155 kip), which is 6.7 times the 8IATO service load. Beyond this
load, the reinforced concrete side increased airstralues more quickly such that the
strain in the RC side gage (DTT10-5), immediatejopto the discontinuities
observed in the load versus strain plots at a &de@P9 kN (186 kip) due to the onset
of punching shear, was 2.9 times larger than thensin the composite side strain

gage (DTT10-4).

l —
000 DTT10-4 DTT10-5
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Strain (microstrains)

Figure 3.68 Load versus strain for top transvetssn gages near central stem
(Both gages are located on the top transverse daegtly along the test specimen
centerline, each a distance of 610 mm away frormtiolspan of the decks, towards

the central stem. DTT10-5 is on the RC side andIDF4 is on the composite side)
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The load versus strain envelope plots of the tapstverse strain gages located
610 mm (2 ft) away (in the direction of the outeamss) from the centerlines of each
deck slab and 178 mm (7 in) away from the insidgeeaf the outer stems are shown
in Figure 3.69. For loading of the test specimpriauapproximately 400 kN (90 kip),
which is approximately 4.1 times the AASHTO senlizad, the two strain gages both
display negligible strain values, with the compeside slightly in compression and
the RC side slightly in tension. For loads gredtan 400 kN (90 kip), the RC side
gage increases in strain values with increasingl Isgnificantly more than the

composite side gage.
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Figure 3.69 Load versus strain for top transvets@n gages near outer stems
(Both gages are located on the top transverse daeatly along the test specimen
centerline, each a distance of 610 mm away fronmtigspan of the decks, towards
the outer stems. DTT10-7 is on the RC side andID¥Z is on the composite side)
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The FRP panel side strain gage remains slightbompression until a load of
approximately 700 kN (157 kip) and then begins xbilgt tensile strains, which
increase with load at approximately the same ratth@a RC side strain gage. At the
ultimate capacity load of 890 kN (200 kip), the qmsite side strain value is 400.9
microstrains while the RC side strain value is owetce as large at 869.0

microstrains.

3.8.5.2 Strain Profiles along the Longitudinal Direction thie Deck

It is important to determine the degree to whioh $trains due to live loading
distribute along the deck in both directions. Bhmin profiles along the longitudinal
directions for the centerlines of the compositee sadd reinforced concrete side deck
slabs are shown in Figure 3.70 and Figure 3.7leasely. Note that as discussed in
Section 3.8.5, the position of the strain gagesiwithe composite side and RC side
deck of the test specimen with respect to the depthe slab will have an effect on
the direct comparability of the absolute magnitofiéhe strains. Since the FRP side
does not have a bottom layer of rebar, the strameg for the bottom layer on the
composite side are attached the underside of the p&hels, which is located a
distance of approximately 57 mm (2.25 in) lowerhwitthe deck slab than the gages
attached to the bottom longitudinal rebar on thefoeced concrete side.

Regardless of the magnitude of the strain vallesstrain profiles of two deck
slabs can be compared in terms of profile geonaatdy/loads at which major changes

occur. Both sides maintain negligible longitudirsitain values of less than 100
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microstrains for the central strain gage up toltlael level of 222 kN (50 kips), which
is 2.3 times the AASHTO service load. At the 400 (0 kip) load level, which is
over four times the AASHTO service load, the reinéal concrete side center strain
gage exhibits a significantly greater strain whie composite side maintains a low
strain value. By the 578 kN (90 kip) load levehigh is equivalent to 5.9 times the
AASHTO service load, the composite exhibits a digantly higher strain value from
its initial strain. For further information on tleenter longitudinal strains, see page
120 of Section 3.8.5.1, which contains a moreildetaliscussion.

The composite side and reinforced concrete sid& diabs shown in Figure
3.70 and Figure 3.71 maintain very comparably sthgpefiles throughout most of the
loading range, which both display large tensilaigalin the strain gage directly below
the actuator, compressive strains in the straire ggogproximately 610 mm (2 ft) away
from the actuator and smaller compressive strainthe strain gages farthest away
from the actuator. The switch in strain valuesrfrtension to compression along the
strain profile indicates that the point of inflexti for both slabs in the longitudinal
direction is less than 610 mm (2 ft) longitudinallyvay from the centroid of the
actuators. Since the intersection between the p&tels is located 610 mm (2 ft)
longitudinally away from the centerline of the atturs which is very near the point of
inflection for both of the deck slabs it is difficuto reliably determine the
effectiveness of stress transfer between the panets the current experiment.
Therefore, it is recommended that the effectiverdssiress transfer between panels

be examined in greater detail through future expenial studies.
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Figure 3.70 Strain profile for gages attachelddtiom of FRP panel along line 3
(Line of gages is located directly along the conigoside centerline)
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Figure 3.71 Strain profile for bottom longitudimabar along line 17
(Rebar is offset from RC side centerline by 140 tomards the center stem)

The shift from compression to tension values at886 kN (200 kip) load

level for the bottom longitudinal RC side strairggahown in Figure 3.71, located
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610 mm (2 ft) away from the middle of the specimen,presumably due to a
discontinuity which was observed during the 845(&kBO kip) loading phase at which
the initial signs of punching shear were observethe FRP panel side deck slab.
The strain profile for gages attached to the tomikudinal steel reinforcement
along the centerline of the composite is shownigufe 3.72. This plot shows the
same profile geometry as the bottom longitudinalfis for both deck slabs, with
tensile strains which become appreciable at thek#D(70 kip) load level and a point
of inflection at a location prior to the strain gdgcated 610 mm (2 ft) away from the
centerline of the test specimen. Note, howevet, tiine top longitudinal strain profile
maintains the same signs as the bottom longituditnain profile such that the center
strain gage is in tension and the two farther astagin gages are in compression,

which is indicative of more localized deformatianghe region.
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Figure 3.72 Strain profile for top longitudinabas along line 8
(Rebar is offset from composite side centerlind#9 mm towards center stem)
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3.8.6 Strain Progression and Maximum Strain Levels

At the 1x AASHTO service load of 98 kN (22 kip), akrains in the test
specimen were less than 100 microstrains, withhigbest strains measured in the
strain gages directly below the two actuators. A& 489 kN (110 kip) load level,
which is equivalent to approximately five times t&SHTO service load, the highest
strain value of 1446.8 microstrains was recordechfthe bottom transverse RC side
strain gage at midspan located 203 mm (8 in) lowigially away from the centerline
of the RC side actuator. The bottom transversairnstgage directly below the
reinforced concrete side and composite side agwaerorded strain values of 762
microstrains and 578 microstrains respectivelyhat load level. The second highest
strain value of -794 microstrains was located @ansgame bottom transverse bar as the
highest recorded strain value at this load levelhensegment which extends onto the
composite side, at a distance of 152 mm (6 in) ain@y the edge of the center stem.
The bottom longitudinal strain gage readings on dtrain gages located directly
below the reinforced concrete and composite aatsaizere 545 and 665 respectively
for this load level.

At the 578 kN (130 kip) load level, equivalent teanly six times the
AASHTO service load, a few of the strain gageshimdeck measured sudden shifts in
strain values. Most notably, the bottom RC sidendverse strain gage which
displayed the maximum value during the 489 kN (ki#) load level measured a
sudden jump from 1252 microstrains to a strain @fi1919 microstrains, which was
the highest measured strain value in the test spariat this load level. The other

notable strain discontinuity was observed in thegosite side transverse strain gage
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attached to the bottom of the FRP, located aloegéehlt specimen centerline and 152
mm (6 in) from the edge of the center stem. Tlseditinuities in the strain profile
for this strain gage are displayed in Figure 3.@%age 142.

At the 756 kN (150 kip) load level, equivalent fgpeoximately 7.7 times the
AASHTO service load, strain discontinuities occdrrihroughout the reinforced
concrete side, primarily within the strain gagetaated to the bottom layer of steel
reinforcement. Conversely, the composite side didplayed sudden shifts in strain
values in the two transverse strain gages attathdéde bottom of the center FRP
panel, along the test specimen centerline, locastdmm (6 in) and 178 mm (7 in)
from the edge of the center and outer stems ragpict The maximum strain in the
deck slab was 2150 microstrains for the bottomstrarse RC side strain gage at
midspan located 203 mm (8 in) longitudinally aweynf the centerline of the RC side
actuator. The strains for the bottom transversesikRié and composite side center
gages at this load level were 1422 microstrains &b@ microstrains respectively
whereas the bottom longitudinal strains on the RIg and composite side were 860
microstrains and 1743 microstrains respectively.

At the 845 kN (190 kN) load level, equivalent td 8imes the AASHTO
service load, significant strain discontinuitiescthroughout the reinforced concrete
side deck slab. The most notable strain discoiti@suoccurred in the RC side bottom
transverse rebar strain gages located a distant®2omm (6 in) away from the edge
of the center stem, with the strain gage locatemh@lthe centerline of the test
specimen abruptly changed from -302 microstrainO#® microstrains whereas the

strain gage located 610 mm (2ft) longitudinally swieom the centerline of the
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actuators changed from 200 microstrains to 576Tasiins. Similar abrupt changes
in strain were not observed on the composite side.

At ultimate capacity, which occurred at a load 80&N (200 kip), equivalent
to approximately nine times the AASHTO service lotee highest overall strains in
the test specimen were observed in the RC siderndtansverse rebar gages located
below the RC side actuator and adjacent to thesedfi¢he center and outer stems,
which read 5796 microstrains and 2975 microstraiespectively. The bottom
transverse and longitudinal strains measured ostthe gages attached to the bottom
of the FRP panel, directly below the composite sideiator were 920 microstrains
and 2442 microstrains respectively and the cormdipg bottom transverse and
longitudinal strains measured on the strain gadgteshed to the steel reinforcement
directly below the RC side actuator were 1930 nateons and 1120 microstrains
respectively. The largest compressive strain e dbck slab of -1676 microstrains
was measured in the bottom transverse rebar loe#ted the test specimen centerline
and positioned on the composite side a distand®afmm (6 in) away from the edge

of the center stem.

3.8.7 Unloading Response

3.8.7.1 Loading versus unloading stiffness comparisons

A comparative evaluation of the degradation ofslope of the load-deflection
response of the slabs during the unloading portadrike test was obtained using the

“effective” stiffness, which was defined earlierguation 3.1 on page 87 of Section
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3.8.3. The effective stiffness ratio was then coteg@ using the same formulation
defined earlier in Equation 3.2 and the equatiaepeated here to highlight the use of

a different load level for the baseline:

Effectivestiffnessataloadlevel

EffectiveStiffnessRatio= - - :
Effectivestiffnessat baseling222kN) 3.2

Note that the baseline for the unloading portiohthe test is the 222 kN (49.9
kip) load level rather than the 98 kN load levetdidor the loading portions of the
curve because the 222 kN (50 kip) load level is fib& level at which a single
unloading cycle is performed. The effective sefg ratio values for the FRP side
slab and the reinforced concrete side slab durmgading sections of the test are
presented in Table 3.12 and Table 3.13 respectively

At each load level, the reinforced concrete sidbilets a lower effective
stiffness ratio as compared to the composite sifleis indicates that the slope from
the unloading portion of the load versus deflecptot for the reinforced concrete side
degrades more rapidly than the equivalent valueth#Bocomposite side. The effective
stiffness of the reinforced concrete side also aldes to a greater extent overall, as
observed by the 25 % lower effective stiffnessorati the reinforced concrete side
during the final unloading cycle at 756 kN (170 )kprior to reaching the ultimate

capacity of the test specimen.
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Table 3.12 Effective stiffness ratio of FRP sitddrom linear potentiometer data

Target Actual min Eftective
'u:‘:u:tor Actual target | threshold | Deflection at |[Detlection at min stiffness
. actuator load. P¢| actuator | target load, &¢ |threshold load. &;) = .7
load ratio
load, P;
kN | kip kN kip | kN | kip | mm n mm in -—-
2221 50 | 204.1 | 459 334 | 75074 10.029 | 030 | 0.012 1.00
400 90 | 3825 | 86.0 [31.7] 7.1 | 1.60 | 0.063 | 044 | 0.017 0.79
578 1130 | 576.8 | 1297 1403 9.1 | 285 | 0.112 | 0.73 | 0.029 0.66
756 | 170 | 745.1 | 1675 |33.5| 7.5 | 401 | 0.158 | 1.25 | 0.049 0.67
Table 3.13 Effective stiffness ratio of RC sidabsfrom linear potentiometer data
) Actual min e
Eta;:titl Actual target | threshold | Deflection at [Deflection at min }zttlt;:fé:f
e actuator load, Ps| actuator | target load, ¢ |threshold load., &; ™ .
load _ = ratio
load. P;
KN | kip | kN kip KN | kip | mm n mm n ---
222 50 | 209.1 | 470 [306] 69 | 074 | 0.029 | 032 | 0.013 1.00
400 90 | 3842 | 864 293|606 | 1.78 | 0.070 | 0.62 | 0.025 0.72
578 | 130 | 5486 | 123.3 | 36.0| 81 | 356 | 0.140 | 1.18 | 0.047 0.51
756 | 170 | 740.8 | 1665 1291 6.5 | 537 | 0212 | 1.99 | 0.078 0.50

A comparison of the effective stiffness ratios the loading and unloading

portions of the test, shown in Figure 3.73, indésathat the reinforced concrete side
exhibits significantly lower effective stiffnesgies as compared to the composite side
for both the loading and unloading portions of theves.
stiffness ratios for the loading portions of thstt@ere recalculated using the baseline

of 222 kN (50kip) to enable the values to be adelyacompared to the effective

stiffness ratios for the unloading portions of test.

Note that the effective
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Figure 3.73 Stiffness ratios of the center oftthe slabs found from deflection data
(loading portion data was recalculated with 222kBteéad of 98 kN as the baseline)

3.8.7.2 Residual deflections and strains

The presence of residual deflections and residmains observed in the test
specimen deck slab throughout the loading protacelan indication of irreversible
damage which has occurred. Throughout the loadiags, the residual deflection
accumulated for each load level at the midspanacheslab was calculated and the
results are displayed in Table 3.14. Note thatrédueforced concrete side exhibited
higher residual deflection values for each loacdleés compared to the composite side
values. The total residual deflection accumulatéti loading up to the 756 kN (170
kip) load level was 1.21 mm (0.048 in) for the camsipe side as compared to a 62.9%

greater total residual deflection for the reinfaro®ncrete side of 1.97 mm (0.078 in).
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Table 3.14 Residual deflections of deck slabsffo@ntral linear potentiometers)

COMPOSITE SIDE RC SmE
Individual Accumulated Individual Accumulated
LoAD LEVEL residual residual residual residual
deflections for | deflections up | detlections for | detlections up
the given load to the given the given load to the given
level load level level load level
KN kip mm n mm m mm n mm in
222 50 026 | 0010 | 026 | 0010 | 030 | 0.012 | 030 | 0.012
400 90 0.15 | 0.006 | 041 | 0016 | 030 | 0012 | 061 0.024
578 130 0.29 0.011 0.70 0.027 0.56 0.022 1.17 0.046
756 | 170 0.51 | 0.020 1.21 | 0.048 | 038l 0.032 1.97 | 0.078
ToTAL
RESIDUAL 1.21 | 0.048 -— -— 1.97 | 0.078 - -—-
DEFLECTIONS

A similar phenomenon is observed in the strain,datavhich the reinforced
concrete side exhibits significant residual strdorsthe many of its deck slab gages,
while the composite side exhibits significantly $leraand often negligible residual
strains for its deck strain gages. For illustmatipurposes, Figure 3.74 shows a
representative load versus strain plot, which idetithe unloading portions of the
curve. The reinforced concrete side strain gadebés significantly greater residual
strains than the composite side strain gage amahikastrend is observed throughout
the test specimen.

The considerably greater residual deflections aimdins observed on the
composite side are a good indication of increasathatje which has occurred
throughout the loading in the examined regions.e Bmaller residual strains and

deflections on the composite side can be partathybuted to the FRP panels, which

act mitigate the impact of damage in the deck kgray action in which the FRP
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panels act compositely with the concrete and esisack development in the

concrete.
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Figure 3.74 Representative load versus straintpliustrate difference in residual
strains between composite side and RC side stejagy
(Specific plot shown contains gages on top trarsevegbar along centerline, located

178 mm away from of the inner edge of the outenstand 610 mm away from the
centerline of the slabs)

3.8.8 Separation between FRP Panelsand Concrete

During the static loading of the test specimen,n@ration of specific strain
and deflection data was used in order to detecpthsence of a separation between
the FRP panels and the concrete. A select numbénear potentiometers were
placed above and below the composite deck in tineeslacation such that their
deflections could be compared. The difference efledtion values obtained from
pairs of these linear potentiometers was used taimmformation regarding the level

of separation that had occurred. A differentiatwsen the top and bottom pot
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readings indicates that the concrete and compasgeo longer acting together as a
connected unit and are now deflecting independeaach other.

The load versus deflection envelope plots of theand bottom pair of linear
potentiometers located along the transverse cergeof the test specimen on either
side of the actuator on the FRP panel deck are shiowigure 3.75 and Figure 3.76.
Based on the observed fluctuations in measure@atefhs for top and bottom linear
potentiometer pairs on the reinforced concrete datk, a tolerance level of 0.16 mm
(0.006 in) was established as the threshold vatmedétermining that a difference
between the top and bottom deflections was sigmfic For the pair of linear
potentiometers located near the outer stem showgure 3.75, a difference of 0.17
mm (0.007 in) between upper and lower deflectiolues was observed at a load of
673 kN (151 kip), which is approximately 6.9 tim@ASHTO service load, which
increased to 1.09 mm (0.043 in) at ultimate capacitFor the pair of linear
potentiometers located near the center stem showigure 3.76, the upper and lower
deflection values were separated by 0.17 mm (Ou@0&t a load of 489 kN (109 kip)
and the difference increased to 3.12 mm (0.123atin)timate capacity.

Another method for detection of the separation betwthe concrete and the
FRP panels compares strain gauges which are attdaohthe composite panel, the
bottom rebar which protrudes onto the compositeepan order to satisfy the
development length required by code, and the tbarréayer which is continuous
throughout the specimen. The vertical differeneéseen the strain gauge on the
bottom of the FRP plate and the strain gauge orbdteam rebar is approximately

50mm (2 in) and so similar strain values are exgkctwith the strain gage on the
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bottom of the FRP plate reading slightly higheaists than the strain gage on the

bottom rebar.
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Figure 3.75 Load versus deflection plots for deétecof FRP panel separation
(located along test specimen centerline and 610amay from the composite side
centerline, 178 mm from the inner edge of the ositem)
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Figure 3.76 Load versus deflection plots for deébecof FRP panel separation
(located along test specimen centerline and 610amay from the composite side
centerline, 152 mm from the composite side edgbetenter stem)
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As shown in Figure 3.77, the strain values for bwtom rebar and the
composite panel are very similar until a load gbrapimately 700 kN (157 kip) then
the strains diverge suddenly, whereas Figure 3hf8vs a significant difference in
strain values initiating at a load of 500kN (11p)ki The discontinuity in the strain
profile between the FRP panel and the bottom reizhcate that the FRP panel had
separated from the concrete. Note that the sitaitidtion for the debond between the
concrete and the composite was adjacent to theosugiher than in the center of the
FRP panel, due to the high shear present in thisme

Based on the two detection methods described als®ations of the center
composite panel exhibited initial signs of separatt approximately the 489 kN (110
kip) load level, which is equivalent to 5.0 timége tAASHTO service load. Note that
the damage initiation first occurred on the sid¢hef FRP panel adjacent to the center
support because the loading in this region was reevere than in the region adjacent
to the exterior support. Comparisons based oratipetentiometers and tap tests at
different locations throughout the test specimedicated that the concrete to
composite bond for the two outer panels remaind iiotact throughout the loading

levels.
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Figure 3.77 Load versus strain comparison of tknaesverse gages along test
specimen centerline at the same location and fatreift depths within the deck
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Figure 3.78 Load versus strain comparison of tknagsverse gages along test
specimen centerline at the same location and fatréift depths within the deck
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3.9 LIMIT STATES

In general, a structure must be designed suchthieatequirements for both
serviceability and strength limit states are seisf The serviceability limit states
relate to the comfort of the occupants in termslimiting excessive deflections,
cracking and vibrations. The strength limit statdate to the structural collapse of all
or part of the structure in terms of stability arckling, rupture of critical parts of the
structure, the formation of plastic mechanisms uctide members [154]. These
strength limit states are checked for differentling conditions such as flexure, shear,
bond strength and buckling. In addition to seralmbty and strength, Section 5.5 of
the AASHTO LRFD Bridge Design Manual includes psiwns for fatigue and
fracture limit states as well as an extreme everit [state [91]. Fatigue and fracture
limit states are intended to prevent the failura atructure through the progression of
cracks and other defects. The extreme event $tate is intended to resist structural
collapse due to extreme events such as vehiclésiook, floods, or earthquakes.
Certain limit states such as deflection and vibratilimitations are material
independent, whereas of other limit states areewifft depending on the specific
building materials chosen. A brief overview of iinstates for reinforced concrete
structures and hybrid concrete-FRP structurescisidied below.

For both steel reinforced concrete structures taiadid reinforced concrete-
FRP structures, limits are placed on the allowabiesses in the steel reinforcement to
avoid yielding of the steel reinforcement and is&ta deformations under service

loads as described in AASHTO, section 5.7.3.4 f@1d ACI 440, section 9.4 [148]
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respectively. At service load, the AASHTO defirttéd maximum deck deformation

due to local dishing at wheel loads using the feifg criteria:

e L/800 for decks with no pedestrian traffic
e L/1000 for decks with limited pedestrian traffic
e L/1200 for decks with significant pedestrian traffi
[ ]
where
L = Span length of the deck measured from cemt@enter of supports

To calculate the immediate deflections due to sentoads for concrete or hybrid

concrete-FRP, the effective moment of inertig, as given in ACI 318-05 Section

9.5.2.3 [155], is used:

3 3
|:{|R/|AJ |9+[1_{I\|C|UH|”S|9 3.9

in which

I
Mcr — fr _g 3.10

Yi

where

M. = Cracking moment (ksi)

M, = Maximum moment in a component at the stage fobichv deformation is

computed (Kip-in)

|, =Moment of inertia of cracked section transforn@doncrete (if)

I, = Gross moment of inertia (in

f, = Modulus of rupture of concrete (ksi)

Y, = Distance from the neutral axis to the extrennaite fiber (in)

The modulus of rupture for concretg,, is defined by AASHTO as

o f = 024\/fi' for normal weight concrete
o f = 020\/1‘7 for sand-lightweight concrete
o f = 0.17\/E for all-lightweight concrete
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where
¢

c

= Specified compressive strength of concrete ate38 (ksi)

For strength limit states, the factored resistarataes are determined through
multiplying the calculated nominal resistance valbg their corresponding resistance

factors, ¢. Some of the representative resistance factoed @igr conventionally

constructed steel reinforced concrete structuresisfollows:

e ¢$=09 forflexure and tension of reinforced concrete
e ¢$=09 forshear and torsion of normal weight concrete
e ¢$=07 forbearing on concrete

In addition to the above resistance factors, FRéhgthened sections use additional
strength reduction factors to account for the effexf different exposure conditions,
larger material variability, and potentially lowductility. For example, the design

ultimate tensile strength of the FRP reinforcemdnt, is defined by ACI 440.2R as:

ffu :CEff*u 3.11
where
C:. = Environmental reduction factor defined in ACI4ZR Table 8.1. Values are
between 0.50 and 0.95 based on fiber and resinstyp®a exposure

conditions

fe = Ultimate tensile strength of the FRP as repobtgthe manufacturer

u

A reinforced concrete section in flexure is checkadthe strength limit states
of crushing of the concrete in compression befoedding of the reinforcing steel as

well as yielding of the steel in tension followeg boncrete crushing. Additional
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failure modes considered for an FRP-strengtheneitbse as described in ACI 440.2R
Section 9.2.1 are yielding of the steel in tensioliowed by rupture of the FRP
laminate, shear/tension delamination of the corctever and debonding of the FRP

from the concrete substrate [148].

3.10 DESIGN THRESHOLDS

While experimental results indicate that the contpgsanel reinforced bridge
deck had an ultimate capacity of over nine times AASHTO service load and
deflected less than the reinforced concrete sidk dieroughout the loading, it is
necessary to determine the loads which the FRPI ggateem can be safely support
without undergoing significant irreversible damageSince the initial signs of
separation between the FRP panels and the coraretered at the 489 kN (110 kip)
load level, this load will be taken as the maximilameshold for the FRP panel system.
This serviceability limit state as well as the expentally determined strength limit
states for punching shear and ultimate capacitthefstructure are shown in Table
3.15 in terms of the code defined loads of SerVicgtrength | [91], and the Permit
Truck [152] load.

Based on the information regarding the observed Btates for the system and
the corresponding safety factors for different pedoadings, an acceptable design
load for the examined FRP panel system would bekB6(B2 kip). This would allow
for a safety factor of 2.0 for the CALTRANS perrtriick and a safety factor of 3.7

and 2.1 for the AASHTO Service | and Strength didevels respectively. Note that
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changes in dimensions could cause significant amaimgdesign threshold values.

Table 3.15 Safety factors for different limit &siin terms of permit loadings

Target Safety factor for | Safety factor for | Safety factor for
Load Level of damage Service I load | Strength I load Permit load
kN |kip 98 kN (22 kip) | 169 kN (38 kip) | 180 kN (41 kip)
100! 90 No \fljsllvle cracks or 41 24 29

observable damage
Initial signs of
489|110| separation between 5.0 2.9 2.7
FRP panel and concrete
g45|190|  Litial signs of 8.6 5.0 47
punching shear
8901200 Ultimate Load 9.1 53 4.9

3.11 CvycLIC LOADING OF TEST SPECIMEN

3.11.1 Loading Protocol

After the ultimate capacity of the test specimers weached, a cyclic phase
was implemented. Since the test specimen haddgirbaen loaded to ultimate
capacity, this loading phase was not an accurgieesentation of response under
actual cyclic loading. Instead, the limited cydbading of the test specimen provided
useful information regarding further accumulatidrdamage within the specimen. If

an unforeseen event applies loads significantlydiathan typical to a bridge structure,

it is important to determine whether the structtae still safely support normal traffic
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loads. If the system’s post failure response ticyoading is very stable, the bridge
can be left in service while preparations are nmadepair the damage caused by the
excessive unforeseen loading to the structure.

The test specimen was loaded for 1,000 cycles tt@rminimum threshold load of
4.5 kN (1 kip) to 1x AASHTO fatigue service loadhiwh is defined as 84 kN (18.9
kip), and cycled to 2x the fatigue service loaddapther 1,000 cycles as summarized
in Table 3.16. For cyclic loading, the fatigue seevioad of 84 kN (18.9 kip) was
defined by the SERVICE | level in which the HS20eghload of 73 kN (16.4 kip)
with an additional AASHTO defined 15% dynamic albmwee for the fatigue limit

state was applied.

Table 3.16 Cyclic loading protocol for test speemil

PHASE AND CORRESPONDING LOAD LEVEL e
LOADING LEVEL PER ACTUATOR : NUMBER OF CYCLES
- : o kN kip
Phase I: cyclic at P 84 18.9 1.000
Phase II: cvclic at 2P 168 37.8 1.000
Cumulative number of cycles: 2.000
Note: P=1.15 x AASHTO service load
Where AASHTO service load 1s 73 kN (16.4 kip)

Center deflections were chosen as the primary @dicby which to make
comparisons regarding stability and progressiodavhage. Note that the deflection
values were biased using the original bias values fthe start of static testing in

order to establish the cumulative deflections presethe deck. Since the stability of
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the system during the cyclic loading was the foctithis loading phase, changes in
deflection and strain values over the course ofaydic loading rather than their

absolute magnitudes are of primary concern.

3.11.2 Changesin Center Deflections during Cyclic L oading

The center deflections during the course of cyghases | and Il are shown in
Table 3.17 and Table 3.18 respectively. As obskimeboth tables, the changes in
center deflections for the FRP panel side weretless the experimentally determined
threshold of 0.17 mm (0.007 in) for establishingettter a deflection measurement
was statistically significant. Conversely, thenferced concrete side was slightly less
than the deflection threshold for cyclic phase d avas slightly over the deflection
threshold for cyclic phase Il. So, the changesthea center deflections for the
reinforced concrete side of 0.20 mm (0.008 in) dwer course of the cyclic loading
phase Il amounts to a 5.7% increase in deflectialues. While this deflection
increase is small, it is still considered statadtic significant because the values are
above the defined threshold of 0.17 mm (0.007unbike the changes in deflection for
the FRP panel side throughout both cyclic phasatsfdil well below the minimum

deflection threshold.
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Table 3.17 Center deflections during cyclic loadumngse | (84 kN target load)

FRP PANFL SIDE REINFORCED CONCRETE SIDE
CYCLE# | DEFLECTION AT CHANGE IN DEFLECTION AT CHANGE IN
TARGET LOAD DEFLECTION TARGET LOAD DEFLECTION
- mm n mm n mm n mm n
1 4.68 0.184 -— -— 273 0.108 — -—

500 4.0l 0.181 | -0.08 |-0.003| 2.76 0.108 0.02 0.001

1000 4.68 0.184 0.00 | 0.000 | 2.85 0.112 0.12 0.005

Table 3.18 Center deflections during cyclic logdathase 11 (168 kN target load)

IRP PANEL SIDE REINFORCED CONCRETE SIDE
CYCLE# | DEFLECTION AT CHANGE IN DEFLECTION AT CHANGE IN
TARGET LOAD DEFLECTION TARGET LOAD DEFLECTION
-— mm in mm n mm n mm n
1 5.35 0211 - 3.45 0.136 -— —

500 5.43 0214 | 008 | 0.003 | 3.66 | 0.144 0.21 0.008

1000 541 0.213 0.06 |0.002 | 3.04 0.143 0.20 0.008

The effective stiffness ratios for the two deckswn in Table 3.19 and Table
3.20, were calculated for both cyclic loading plsassing the adaptive secant stiffness
method described on page 87 in Section 3.8.3. eSime load acting on the system
remains constant throughout the cyclic phase, drange in the stiffness ratio is
attributed to a change in deflections.  Duringlicyphase |, the effective stiffness
ratios remained constant for both slabs as showralnte 3.19 and Table 3.20. This is
an indication that negligible structural degradatieas occurred in either slab during

cyclic loading phase | of this test specimen.
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i Actual min. e
. Actval i[dl ggt threshold Deflection at D_e ﬂesﬂon dt_ Eftective
Cyvcle #| actuator load, ) ) . |min threshold | ...~ .
: actuator load, | target load. o P stiftness ratio
Pr P. load, &;
-—- kN kip kN kip | mm n mm n -
| 845 | 190 | 49 1.1 4.68 [0.184 | 428 | 0.168 1.00
250 | 848 | 19.1 4.8 1.1 466 |0.183 | 424 | 0.167 0.96
500 | 854 | 192 5.2 1.2 | 461 [0.181 | 4.18 | 0.165 0.96
750 | 853 | 192 5.0 1.1 465 |0.183 | 423 | 0.167 0.97
1000 | 854 | 19.2 5.1 1.2 | 468 |0.184 | 426 |0.168 0.98

Table 3.20 Effective stiffness ratios for RC sitiging cyclic loading phase |

) Actual min. .
. Actual target threshold Deflection at D.e ﬂechn at Effective
Cvcle #| actuator load, ) ) . | min threshold | ... " .
- actuator load. | target load. o¢ . stiffness ratio
Ps P, load, &;
1
- KN kip KN kKip | mm n mm mn ---
| 843 | 189 | 47 1.1 | 273 0.108 | 2.26 | 0.089 1.00
250 | 839 | 189 | 5.0 1.1 | 276 | 0.109 | 2.30 | 0.090 0.99
500 | 86.0 | 193 | 44 1.0 | 276 | 0.108 | 2.27 | 0.089 0.99
750 | 851 | 19.1 | 44 1.0 | 2.82 | 0.111] 2.33 [0.092 0.99
1000 | 853 | 192 | 406 1.0 | 2.85 10112 ] 2.36 |0.093 0.97

The progression of the effective stiffness ratimstdoth sides over the course
of cyclic phase Il is shown in Figure 3.79. TaBl@1 shows the effective stiffness
ratios for the FRP panel side dropped by 12% duthegfirst 250 cycles and dropped

by another 5% during the next 750 cycles while &aBl22 shows the reinforced
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concrete side effective stiffness ratios remainedstant with only 5% change

throughout the loading phase.

Due to the relatively small loads applied to thstesn during the cyclic phases
(the loading at cyclic phase Il is less than fireets smaller than the loads at the
ultimate capacity from the static loading phase) ¢hlculations of effective stiffness
are heavily affected by minor changes in deflectialues. So, the increase in overall
deflections for the composite side of 0.26 mm (0.01) from the start to the end of
cyclic phase Il, which corresponded to a 19% desmréa the effective stiffness ratio,
was only 1.5 times the experimentally determinefledgon threshold of 0.17 mm

(0.007 in).

1.0C i

0.00 | 1
0.80 - T |
0.70 - Composite side-- RC side
0.60 -
0.50 - l i

0.40 - . _
0.30 - ., & e

0.20 7 e mmmn !
0.10 ; :
0.00 ! ' . . |

0 250 500 750 1000 1250
Cycle #

Effective Stiffness Ratio

Figure 3.79 Effective stiffness versus cycle nunibephase Il of cyclic loading
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Table 3.21 Effective stiffness ratios for FRP pgande during cyclic loading phase II

Actual target |  Actual min. Deflection at Detlection at | Effective
Cycle #| actuator load, |threshold actuator| = . | min threshold | stiffness
- target load. &¢ ) o
Ps load. P; = load, &; ratio

-— KN | kip kN kip mm in mm n -

| 169.9 | 38.2 52 1.2 535 0211 | 4206 |0.168 1.00
250 | 170.1] 382 53 1.2 536 | 0211 | 411 [0.162 0.88
300 | 170.1 | 38.2 53 1.2 543 | 0214 | 416 |0.164 0.86
750 | 170.0 ] 38.2 52 1.2 544 | 0214 | 414 |0.163 0.84

1000 | 169.9] 382 | 5.1 1.1 541 | 0213 | 410 [0.161 0.83

Table 3.22 Effective stiffness ratios for RC sitiging cyclic loading phase Il

Actual target | Actual min. Deflection at Deflection at | Effective
Cycle # | actuator load, |threshold actuator . | min threshold | stiffness

arg ad, & . .
Pr load, P; target load, o load, & ratio

- KN | kip kN Kip mm in mm n -

1 169.8 | 382 | 45 1.0 345 1 0.136 | 237 [0.093 1.00

250 1169.9| 382 | 45 1.0 3.54 1 0139 | 241 [0.095| 0.96

500 | 169.8 ] 382 | 4.0 1.0 3.66 | 0.144 | 253 |0.100 0.96

750 1 169.8 | 382 | 45 1.0 3.68 | 0.145 | 255 |0.100 0.95

1000 | 169.7 | 38.1 4.5 1.0 364 | 0.143 | 251 [0.099 0.95

3.11.3 Changesin Strainsduring Cyclic L oading

The progressions of strains during the cyclic logdbhases for strain gages
located in the deck slab directly below the acttsatve presented in Table 3.23 and

Table 3.24. Note that all gages were biased utiegriginal strain gage values from
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the start of the static testing in order to rectrd complete history of the strain
imposed on each gage due to all previous loadigo, all data shown in the tables
below were taken with the specimen at the fulléatgad for a given cyclic phase. A
number of the important strain gages, includinglibdom longitudinal gage located
directly below the RC side actuator, were permdpetdmaged when the specimen
was loaded to ultimate capacity. However, for naddhe strain gages that continued
to function properly only minor progressions iragtrvalues during the cyclic loading
phases were observed.

For the strain gages located directly below the ERIe actuator which are
shown in Table 3.23, the strain values changedeby than 15 microstrains or 7%
over the course of the first cyclic phase and chdngy less than 20 microstrains or
5% over the course of the second cyclic phase. tbphe(DTT10-6) and bottom
(DBT10-4) transverse RC side strain gages locateectty below the RC side
actuator, shown in Table 3.24, both exhibit compl@rgrogressions in strain to the
corresponding gages on the FRP panel side (DTTA®d3CM3T) over the course of
cyclic loading phase I. However, during the cydbading phase Il, the top and
bottom transverse RC side gages shifted by 50.038cil microstrains respectively,

whereas the FRP panel gages shifted by only 0.6 @whicrostrains respectively.



Table 3.23 Strain progresssion for composite gatges under target loads- located directly bel@ctmposite side actuator
(See Section 3.6.2 for detailed information on {@@tocation of each strain gage)

2 STRAIN GAGE NAME CM3T CM3L DTT10-3 DTL8-3
% 2 | Location (All on FRP panel side) Below actuator Below actuator Below actuator Below actuator
; 2 Attached to rebar or FRP FRP FRP Rebar Rebar
£ % Near top or bottom of deck Bottom Bottom Top Top
2 | Oriented longitudinal or transverse Transverse Longitudinal Transverse Longitudinal
Strain at Cycle # 1 (ue) 159.0 671.2 -313.6 311.5
2 Strain at Cycle # 250 (ue) 153.4 665.4 -308.9 312.7
2 — Strain at Cycle # 500 (ue) 153.4 663.7 -310.1 311.5
5 é Strain at Cycle # 750 (ue) 148.9 661.9 -307.7 312.7
= ~ Strain at Cycle # 1000 (pe) 148.3 657.9 -300.6 316.4
r5 Change in strains (pe) -10.7 -13.3 13.0 4.9
Change in strains (%) -6.7% -2.0% -4.1% 1.6%
Strain at Cycle # 1 (pe) 208.4 825.4 -353.9 337.0
S Strain at Cycle # 250 (pe) 205.0 830.0 -355.0 337.6
5 = Strain at Cycle # 500 (pe) 217.4 831.1 -350.3 351.6
g z Strain at Cycle # 750 (ue) 219.1 831.7 -350.9 353.4
= = Strain at Cycle # 1000 (ue) 215.7 830.6 -353.3 354.0
5 Change in strains (pe) 7.3 5.2 0.6 17.0
Change in strains (%) 3.5% 0.6% -0.2% 5.0%

3ST



Table 3.24 Strain progresssion for reinforced cetecside gages under target loads- located dirketbw the RC side actuator
(See Section 3.6.2 for detailed information on {@@tocation of each strain gage)

9 STRAIN GAGE NAME DBT10-4 DTT10-6
5 8 Location (All on FRP panel side) Below actuator Below actuator
= % Attached to rebar or FRP Rebar Rebar
£ @ Near top or bottom of deck Bottom Top
o Oriented longitudinal or transverse Transverse Transverse
Strain at Cycle # 1uk) 484.2 -853.9
9 Strain at Cycle # 25Quf) 486.5 -899.1
2 T Strain at Cycle # 50Qu¢) 487.1 -909.8
g % Strain at Cycle # 75Qu€) 488.3 -845.5
3 Strain at Cycle # 1000u£) 497.5 -839.6
O Changein strains (pe) 13.2 14.3
Changein strains (%) 2.7% -1.7%
Strain at Cycle # 1u€) 655.0 -634.14
9 Strain at Cycle # 25Quf) 665.9 -561.50
2 = Strain at Cycle # 50Qu§) 692.3 -563.89
g % Strain at Cycle # 75Q€) 698.1 -579.36
3 2 Strain at Cycle # 1000pu£) 693.5 -584.13
O Changein strains (ne) 38.5 50.0
Changein strains (%) 5.9% 7.9%

ST
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3.11.4 Progression of Separation between FRP Panel and Concrete

The FRP panel side strain gages located adjacehietbwo FRP side stems
shown in Table 3.25 are the gages used during $eaiing as indicators of separation
between the concrete and composite panels. Uniately, the strain gages attached
to the bottom transverse reinforcement at the danaions were both broken and so
a complete discussion of strain discontinuitiestredse locations is not possible.
However, because the most severe separation odcurrthese regions during the
static loading to ultimate capacity, significankyger progressions in strain over the
course of the cyclic loading are observed, as showlrable 3.25, as compared to the
strain gages directly below the actuators. Alstenthat the strains in the gages
adjacent to the center stem are significantly nstable than those located adjacent to
the outer stem.

The progression of the separation between the etmend the composite at
the same locations examined in Section 3.8.8 igvsanzed in Table 3.26. The both
pairs of linear potentiometers display relativebnstant results during the first cyclic
phase. During the second cyclic phase, the lipeéentiometers located near the
central stem continue to display very similar sepan values whereas the linear
potentiometer pair near the outer stem exhibitsl@ éhm (0.008 in) decrease in the
overall separation distance between the concreterenFRP panel.

One possible explanation for the difference ingtability levels of the gages
and separation readings for two locations is that ERP panel had fully separated
from the concrete in the region near the centen sted so exhibited a stable response

during the cyclic loading.



Table 3.25 Strain progresssion for transverse csitgside gages under target loads- located dlmngenterline, near the stems
(See Section 3.6.2 for detailed information on {@@tocation of each strain gage)

STRAIN GAGE NAME

DTT10-2

CMIT

DTT10-4

CM5T

v 1 3 1 1 1
_ % | Location (All on FRP panel side) Along centerline, | Along centerline, | Along centerline, | Along centerline,
5 = near outer stem near outer stem near center stem | near center stem
=2 Attached to rebar or FRP Rebar FRP Rebar FRP
= E Near top or bottom of deck Top Bottom Top Bottom
Oriented longitudinal or transverse Transverse Transverse Transverse Transverse
Strain at Cycle # 1 (ue) -5791.4 259.8 -33.2 309.1
S Strain at Cycle # 250 (ue) -5772.8 268.8 -41.8 314.6
2 — Strain at Cycle # 500 (pe) -5771.8 270.0 -40.7 314.1
= 4 Strain at Cycle # 750 (pe) -5801.5 273.3 -64.7 313.5
S :
g ~ Strain at Cycle # 1000 (pe) -5884.1 279.0 -78.5 316.3
5 Change in strains (uz) -92.7 19.1 -45.3 7.2
Change in strains (%) -1.6% 7.4% -136.2% 2.3%
Strain at Cycle # 1 (ue) -5878.8 301.5 -71.05 350.9
Strain at Cycle # 250 (pe) -5923.3 297.0 -75.63 364.1
— Strain at Cycle # 500 (ue) -5955.1 206.4 -76.77 366.9
z Strain at Cycle # 750 (ue) -5970.0 297.0 -77.91 366.9
i Strain at Cycle # 1000 (pe) -6011.8 2925 -72.18 369.1
Change in strains (ne) -133.0 -9.0 -1.1 18.2
Change in strains (%) -2.3% -3.0% -1.6% 5.2%

3GT



Table 3.26 Separation progresssion for linearmmmeters located along the test speciment cameerear the stems

(See Section 3.6.1 for detailed information on [g@tocation of each linear potentiometer)

LOCATION OF

AT ONG CENTERTINE NEAR NOITTER QTEN AT ONG CENTERTINE NEAR (CENTER QTER
o HINEAR | (LINEAR POTENTIOMETERS M2T ANDN2B) | (LINEAR POTENTIOMETERS MAT AND N4B)
Calculz'ltf,:d Separation Overall C‘-ha.nge mn Separation Overall c.hqugc n
(uantity separation separation
Units mm in mm n % mm n mm in %
© Cyele # 1 3.16 0.125 --- --- --- 4.04 0.159 --- --- ---
é — Cycle # 250 3.10 0.122 -0.07 | -0.003 | -2.1% 4.07 0.160 0.03 0.001 0.9%
S; 2 Cycle # 500 3.08 0.121 -0.08 | -0.003 | -2.5% 4.04 0.159 0.00 0.000 0.0%
§ = Cycle # 750 3.14 0.124 -0.02 | -0.001 | -0.8% 4.13 0.163 0.09 0.003 2.8°
C Cycle # 1000 3.21 0.126 0.05 0.002 1.5% 4.20 0.165 0.16 0.006 5.1°
O Cycle # 1 3.47 0.137 --- --- --- 4.66 0.183 --- --- ---
% — Cycle # 250 3.39 0.134 -0.08 | -0.003 | -2.6° 4.67 0.184 0.01 0.000 0.2°
5 Lg Cycle # 500 3.35 0.132 -0.12 | -0.005 | -3.9% 4.69 0.185 0.04 0.001 1.29
é = Cycle # 750 3.35 0.132 -0.13 -0.005 | -4.1° 4.70 0.185 0.04 0.002 1.4%
~ Cycle # 1000 3.29 0.129 -0.19 | -0.007 | -6.0% 4.67 0.184 0.02 0.001 0.5°

59T
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Conversely, the region of the FRP panel near ther@iem may display a less
stable response as the separation between theet®m@erd the FRP panel propagates

during the cyclic loading phases.

3.12 SUMMARY

The system level structural response of the FRRelpstnuctural formwork
system integrated within a two cell concrete boxdegi configuration was
characterized through static and limited cyclictitgg  Direct performance
comparisons between the FRP structural formworkesysand a reinforced concrete
system were addressed. Aspects of the FRP pamébromd system’s response,
including the overall response, the response beiwdee panels, the strain
development within the structure, changes in stg8) and the progression of damage
within the system were evaluated and discussed.

As a result of a direct performance comparisorhéreinforced concrete deck
slab, the FRP panel system was seen to performeretibmparable or superior in
nearly all aspects examined. The FRP panel sidernced less degradation of the
effective stiffness, lower strain values throughmdgst of the deck slab, less residual
deflections and lower center deflections throughibwet loading range, especially at
higher load levels. Due to the presence of tHéestrs on the FRP panels, the FRP
panel system had a significantly more dispersededidn distribution in the
transverse direction and a slightly more localizdeflection distribution in the
longitudinal direction as compared to the deflettdistributions for the reinforced

concrete deck slab.
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The overall response of the FRP panel system wagrebd to surpass
specified load requirements by a substantial mangith the system’s ultimate load
carrying capacity of 890 kN (200 kip) equivalentad times the AASHTO service
load and 4.9 times the CALTRANS permit truck lodd®Z]. Signs of separation
between the concrete and the FRP panels werebsstirved at the 489 kN (110 kip)
load level, which was 5.0 times the AASHTO servicad and 2.7 times the
CALTRANS permit truck load. By using the load e which initial signs of
separation between the FRP panels and the coneee¢eobserved as the critical state,
an appropriate design load was determined for Ri¢ panel system.

Initial signs of the punching shear failure mode ttee FRP panel side were
observed at a load of 825 kN (186 kip), which isieglent to 8.4 times the AASHTO
service load. Since the punching shear resporaered at a load substantially above
the specified loading requirements, it is unlikédgt this potential failure mode would
be critical at any point during the service life tble system. The punching shear
failure was non-catastrophic and the system’s feokire response to applied cyclic
loading was very stable. The stability of the resmindicates that even after partial
loss of composite action between the FRP paneldh@ndoncrete ocurred, the bridge
could remain open to traffic, albeit with slighthigher deflections during traffic
loading. The ability to allow the damaged bridgeemain open to normal vehicular
traffic is especially crucial in locations whereadoclosures can cause significant

detrimental impact on the surrounding community.



4 REPAIR OF THE FRP PANEL STRUCTURAL FORMWORK SYSTEM

4.1 |INTRODUCTION

Following the completion of the cyclic phase foe tfirst test specimen, an
epoxy injection technique, which utilized a low aasity resin, was developed and
implemented to repair the damage that was incudtethg structural testing. The
separation between the concrete and the FRP paselsell as damage due to
punching shear were addressed by this repair tggéni The repair was analogous to
resin injection techniques performed for reinforaeohcrete bridges as described in
Section 2.3. The presence of the FRP structurati@rk panels had no significant
negative impacts on the ease of the repair andadgprovided the added convenience
of eliminating the need to provide material beldw underside of the deck to catch
excess resin that had flowed through the full theds of the deck.

The goal for this phase of the research was tesashke effectiveness of repair
efforts at reinstating proper load transfer and cdodetween the concrete and the
composite panels in terms of field applicabilitydampact on structural performance.
Aspects of the response of the FRP panel reinfosystem including the overall
response, the response between the panels, chargjgiess, and the progression of
damage within the system were evaluated and disdus§he repaired specimen was
loaded statically up to 978kN (220 kip), which wa8 kN (20 kip) beyond the
ultimate capacity of the original test specimen dhd system did not reach its
ultimate capacity. The repaired specimen was thaded for 500 cycles at 2x the

AASHTO fatigue factored service load and then rédémhstatically up to the 978kN

162
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(220 kip) load level. Since the primary purposeesting the repaired specimen was
to compare the structural response of the rep&fRie panel side to the original test
results, only information relevant to the FRP pasiele deck are included in the

discussion of experimental results.

4.2 DESIGNAND IMPLEMENTATION OF REPAIR

The extent of the separation between the concretetlae composite was
established by performing a tap test on the undersi the composite side deck. The

separated region of the composite side deck is ethppred, as shown in Figure 4.1.

Figure 4.1 Region in which the FRP panels hadra¢gé from the concrete

Note that the separation between the concrete amgasite is constrained to

the region between stiffeners, such that the ngjai the center FRP panel has
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disconnected from the concrete with the separatiogsted at the stiffener walls. The
outer FRP panel shown in yellow remained fully attavhereas the outer FRP panel
shown in orange was only separated from the camaleng its length for the 127 mm
(5 in) wide section which was adjacent to the cepi@nel. This phenomenon
highlights a feature of the FRP structural paneiteayn; the debonded regions are
constrained between stiffeners thereby slowing ddha progression of damage
throughout the system.

The repair technique was implemented by drillingtiple small holes in the
top of the composite side deck concrete in a pariadangement of 19 mm (.75 in)
diameter holes for resin injection ports and 13 % in) diameter holes for vent
holes as shown in Figure 4.2 by the blue and redesi respectively. This design
allowed the resin to flow within each trough crelby the FRP panel stiffeners and
act to reinstate load transfer between the conemdethe FRP panels. Note that the
grey rectangle shown in Figure 4.2 representsdbgfint of the elastomeric bearing
pad for the FRP side actuator, which was left iacelon the specimen during the
repair. Plastic fittings were bonded into eaclehading a two part epoxy system and
a low viscosity resin system was pumped into thesasing a Masterflex peristaltic
pump and the setup shown in Figure 4.3. The nesism pumped into each injection
port until the tubing which transported the resegén to swell up with excess resin
due to built up backpressure. When this occurtteel tubing was sealed off using a
tubing clamp, the tubing was cut and the system mvaged to pump resin into the

next available injection port.
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Figure 4.3 Injection port in top of deck and setispd to inject resin into deck

The Sikadur 55 SLV resin system from Sika Corporatiused for the resin
injection has a viscosity of approximately 105 gaoise and was mixed in a 2:1 ratio
by volume of Component ‘A’ to Component ‘B’ [156]The ambient temperature at
the time of the repair was 16° C (61° F). Selectethufacturer provided properties
for the system are summarized in Table 4.1. Thim®ystem used in the repair of the

FRP panel side deck was allowed to cure for 19 dags to testing.

Table 4.1 Properties of Sikadur 55 SLV resin systEs6]

TENSILE STRENGTH. 7 DAY | FLEXURAL STRENGTH, 7 SHEAR STRENGTH, 7 DAY
(ASTM D-638) DAY (ASTM D-790) (ASTM D-732)

MPa psi MPa psi MPa psi

48.9 7.100 38.6 8.500 40.0 5.800
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INSTRUMENTATION

All instrumentation was disconnected briefly frone tsignal conditioning and
data acquisition systems so that the instrumemtaiimld be to temporarily moved to
allow for unrestricted access to the specimen dutite epoxy debond repair. The
same instrumentation used for the original test kgasnnected for use in the testing
of the repaired specimen, however a significant lImemof strain gages, including the
gages used to detect separation between the ceranet composite panels, were
broken during the repair.

In order to take into account any residual strainthe gages due to the testing
of the original specimen, the strain values from é&md of the cyclic loading of the
original test specimen taken from the unloaded ispat immediately prior to
removing the instrumentation, were used as thairstrain values which were present
at the start of testing for the repaired specim@y. biasing the strain gages in this
manner, the most accurate representation of thgalastrains present within the
system, can be maintained.

When the linear potentiometers were reconnectatidspecimen, they were
rebiased immediately prior to the static loadinghaf repaired specimen. The use of a
new bias value for the repaired deflections faaiditl comparisons of load versus
deflection data for the original and repaired tgstcimens however meant that the
values for the repaired specimen were relativeedgfins of the test specimen, rather

than absolute values.
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4.3 RESULTSFOR STATIC LOADING OF THE REPAIRED SPECIMEN

4.3.1 Loading Protocol

The test specimen was loaded statically and cyglicep evaluate the
effectiveness of the repair on performance andyiitie The static portion of testing
used the same loading levels used for the origitaic testing, however the specimen
was only cycled through the minimum threshold leatle of 4.5 kN (1 kip) at the
load levels of 222.4 kN (50 kips) and 578.3 kN (K30s) instead of at every other
load level increase as done in the original sté#isting of the test specimen.
Additionally, the load was increased by 88 kN (20) beyond the ultimate capacity
of the original test specimen to a load of 978 RRQ(kips), which was the maximum
loading capacity of the hydraulic actuators. Toeding steps for the static testing of

the repair specimen are summarized in Table 3.8.

Table 4.2 Static loading protocol for testing epaired specimen

TARGET |SINGLE LOAD-| MULTIPLE OF MULTIPLE OF MULTIPLE OF

LOAD UNLOAD SERVICE I LOAD | STRENGTHILOAD | PERMIT LOAD
i CYCLE LEVEL LEVEL LEVEL

KN L KIp | (yves/No)y | 98 KN (22 kip) | 169 KN (38 kip) | 180 kN (41 kip)

98 | 22 No 1.0 0.6 0.5

222 | 50 Yes 23 1.3 1.2

311 | 70 No 32 1.8 1.7

400 | 90 No 4.1 24 22

489 | 110 No 5.0 2.9 2.7

578 | 130 Yes 5.9 3.4 32

667 | 150 No 6.8 39 37

756 | 170 No 7.7 4.5 42

845 | 190 No 8.6 5.0 4.7

890 | 200 No 9.1 5.3 4.9

934 | 210 No 9.5 5.5 52

978 | 220 No 10.0 58 5.4
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4.3.2 Overall Behavior

At each load level, the target load was held byiédl allow inspection of the
test specimen in the loaded state. No additioraalking or other visual damage was
observed on the test specimen during the statidingaphase for the repaired
specimen. However, multiple small “popping” noiseginating from the composite
side deck slab were heard at the 210 kN (934 ki@l level, which was equivalent to
9.5 times the AASHTO service load. The repairegtspen was loaded up to 978 kN
(220 kip) per actuator and the ultimate capacitthefspecimen was not reached. This
load was an 88 kN (20 kip) increase over the ult@mzapacity of the original test
specimen of 890 kN (200 kip), which is equivalem®tl times the AASHTO service
load.

The response of the repaired FRP side under $baiiitng is compared to the
response of the original test specimen under dtaiting and also to the last cycle of
the cyclic phase for the original test specimenictvivas the last loading experienced
by the test specimen prior to the repair. Figure ghows the overall load versus
midspan displacement envelope plots for the FRIR. sith order to more easily
compare the stiffness of the deck slab before died #he repair, the load-deflection
curves for the repaired specimen and the origipetisnen at the end of cyclic loading
were shifted back to the origin by removing theideal deflections, as shown in

Figure 4.5.



1000 -

9x AASHTOO00 - -
service load
800 -
700 - 7 Repaired
Original FRE’ side
FRP side
= 600 -
X
® 500"
(@)
-
400 -
300 - .........
200 - e |
Original FRP s 4
1X AASHTOy g . — side,endof | i ___ __i i
service load cyclic loading :
O T T T T T T T T 1
0 2 4 5 6 7 8 9 10 11

Deflection (mm)

Figure 4.4 Load versus deflection envelope plbte® original and repaired test specimen for ibthFRP and RC slabs

T



1000 -

9x AASHTQOR00 - —
service load
800 -
700 - «—— Repaired
Original FRP side
— FRP side
>  600-
=
®  500-
(@)
-
400 -
300 - !.i_ ......... ?_E
200 - . e |
Original FRP SRERIEIEEES !
1x AASHTO; g side, end of i
service load cyclic loading
O T T T T T T T 1
0 1 2 3 4 5 6 7 8

Deflection (mm)

Figure 4.5 Load versus deflection envelope ploth® original and repaired test specimen for ibthFRP and RC slabs
(Residual deflections removed from data allowirdhake load-deflection plots to begin at origin)

[LT



172

As observed in Figure 4.5, the repair of the speaimestores the specimen’s
stiffness from the significantly degraded resposisewn for the original specimen at
the end of cyclic loading to a structural resparm@parable to the original
static loading of the test specimen. For the nitgjof the loading range, the slope of
the load-deflection curve for the repaired FRP swds slightly lower than the values
from the original testing of the FRP side, with tlegpaired specimen displaying a
more linear response throughout the entire loagaan

At the 98 kN (22 kip) load level, equivalent to the AASHTO HS20 service
load, the vertical midspan deflection was 0.29 911 in) for the original FRP side
slab and was 0.58 (0.022 in) for the original FRie sat the end of cyclic loading,
whereas the deflection for the repaired FRP side glas 0.39 mm (0.016 in). At an
actuator load of 169 kN (38 kip), which was the ieglent to 1x the AASHTO
Strength | level, the center FRP side deflectiarttie original specimen was 0.60 mm
(0.024 in), whereas the deflections for the oribispecimen at the end of cyclic
loading and for the repaired specimen were 1.32 (0562 in) and 0.71 mm (0.028
in) respectively. Up till the 756 kN (170 kip) kbdevel, the repaired specimen
deflected slightly more than the original specimevith deflection differences
between the two tests of less than 0.3 mm (0.01 Bgyond the 756 kN (170 kip)
load level, the original specimen exhibited greateftection values for the remainder
of the loading levels. The midspan deflection lté ERP panel side of the repaired
test specimen at the 890 kN (200 kip) load leverel@sed by 24% or 1.72 mm (0.068
in) to a deflection value of 5.37 mm (0.211 in)fréhe 7.09 mm (0.279 in) deflection

of the original specimen at the same load level.
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4.3.3 Stiffness Changefor Repaired FRP Panel Side

The damage progression of the FRP panel side slatihe original and
repaired specimen static loadings were determitedugh examination of the
effective stiffness and the effective stiffnessaiatvhich were defined previously in

Section 3.8.3 and are repeated below:

Effectivestiffness=
5, -4, 4.1
where
P, = Target actuator load of a load cycle based aditg protocol
P = Minimum threshold actuator load of a load cycle

‘ = Deflection at loadP; , at the location under consideration

o
O = Deflection at loadP, at the location under consideration

The effective stiffness ratio was calculated by panng the effective stiffness
at a load level to the effective stiffness at theddine load as shown in Equatig
Effectivestiffnessataloadlevel

Effectivestiffnessratio= _ _ - 4.2
Effectivestiffnessatbaselingd98kN) :

The load of 98 kN (22 kip), which represented a 61%2ick load of 73 kN
(16.4 kip) with an additional AASHTO defined 33%ndynic allowance and was also
the initial load level in the static testing, walsosen as the baseline load. The
effective stiffness value determined from the logdof the original FRP side up to the
98 kN (22 kip) load level was used as the baselialie in the calculation for

determining the effective stiffness ratios for tiveginal FRP specimen at the end of
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cyclic loading and for the repaired FRP side. Tdllswed any change in stiffness
between the original and repaired test to be takenaccount.

The effective stiffness ratios for the original FREe deck slab, the original
FRP side deck slab after the completion of theicyohding phases and repaired FRP
side deck slab are shown in Table 4.3, Table 4l Table 4.5 respectively. The
degradation trends for the slabs are most eassigrobd in Figure 4.6, which plots the
effective stiffness values of the slabs versus lead!.

The effective stiffness ratios for the original FRiEe deck slab at the end of
cyclic loading, shown in Table 4.4, of only 0.63tla¢ 98 kN (22kip) load level and
0.52 at the 169 kN (38 kip) load level indicate #ignificant damage which had
occurred to the system. Note that the cyclic lngghhase was performed on the post
failure specimen to show the structural stabilityhe system after exposed to extreme
event loading levels therefore the level of damatserved was expected. The
repaired specimen shows effective stiffness valaesloser to original test specimen,
which indicates the repair was effective at resporiginal capacity.

Throughout the entire loading range, the repairR® Bide effective stiffness
ratio gradually decreased following an approximatglear decay, with less than 5%
variation from a linear profile. Conversely, thegmmal FRP side effective stiffness
ratio decreased by less than 10% during the finst foading cycles and then
decreased progressively greater quantities dutiegfinal five load levels. The
repaired FRP side exhibited an effective stiffneg® which was initially 11% lower

than the corresponding value for the original FRIR.s
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Figure 4.6 Stiffness ratios of the FRP side statlifierent loading phases

Table 4.3 Effective stiffness ratios of origin® panel side slab

ACTUAL
TARGET |ACTUAL TARGET MIN. DEFLECTION AT| DEFLECTION AT [EFFECTIVE
ACTUATOR |ACTUATOR LOAD.| THRESHOLD | TARGET LOAD, |MIN. THRESHOLD | STIFFNESS
LOAD P ACTUATOR Of LOAD, &; RATIO
LOAD, P;
KN Kip| kN kip | kKN | kip | mm n mm n -
98 | 22 | 959 216 1223 50 | 029 [0.011 ] 0.03 | 0.001 1.00
2221 50 | 204.1 459 12231 5.0 | 074 10.029 ] 0.03 | 0.001 0.90
311 | 70 | 316.1 71.1 1334 75 | 1.33 10052 ] 030 | 0.012 0.96
400 | 90 | 382.5 86.0 1334 75 | 1.60 | 0.063] 030 | 0.012 0.94
489 | 110 | 4784 | 1076 |31.7| 7.1 | 2.18 | 0.08 | 044 | 0.017 0.90
578 | 130 | 576.3 | 129.6 | 31.7| 7.1 | 2.75 [ 0.108 | 044 | 0.017 0.83
667 | 150 | 680.9 | 153.1 140.3| 9.1 | 3.61 |0.142 | 0.73 | 0.029 0.78
736|170 | 745.1 | 1675 [403 ] 9.1 | 4.01 | 0.1538 | 0.73 | 0.029 0.75
8451190 | 828.6 | 186.3 [33.5] 75 | 552 0217 125 | 0.049 0.65
890|200 | 890.5 | 2002 [ 335 75 | 7.09 | 0279 125 | 0.049 0.51




Table 4.4 Effective stiffness ratios of origin®F panel side slab, end of cyclic phase
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ACTUAL
TARGET |ACTUAL TARGET MIN. DEFLECTION AT| DEFLECTION AT |EFFECTIVE
ACTUATOR|ACTUATOR LOAD, | THRESHOLD | TARGET LOAD, |MIN. THRESHOLD | STIFFNESS
LOAD Pr ACTUATOR Of LOAD, 0; RATIO
LOAD, P;
KN [kip | kN kip KN | kip | mm in mm mn -
98 | 22 99.9 225 124 28 | 051 [0.020 | 0.03 0.001 0.63
169 | 38 | 169.0 380 [ 12428 | 1.09 |0.043 | 0.03 0.001 0.52

Table 4.5 Effective stiffness ratios of repaird®F-panel side slab

ACTUAL
TARGET |ACTUAL TARGET MIN. DEFLECTIONAT| DEFLECTION AT [EFFECTIVE
ACTUATOR/ACTUATOR LOAD,| THRESHOLD | TARGET LOAD. [MIN. THRESHOLD|STIFFNESS
LOAD Ps ACTUATOR Of LOAD. 0; RATIO
LOAD. P;
KN | kip | kN kip | kN | kip | mm n mm in -—
98 | 22 | 1068 | 240 (224 | 50 | 0.39 |0.015| 0.06 | 0.002 0.89
2221 50 [ 2228 | 50.1 |224| 50 | 0.95 |0.038| 0.06 | 0.002 0.78
311 70 | 311.9 | 70.1 38109 142 [10.056 | 0.12 | 0.005 0.83
400 | 90 | 400.6 | 90.1 38091193 0076 0.12 | 0.005 0.76
489 | 110| 490.1 | 110.2 | 38 | 09 | 246 |0.097 | 0.12 | 0.005 0.73
578 1130 5770 | 1297 | 38 | 09 | 296 |0.117 | 0.12 | 0.005 0.70
667|150 667.6 | 150.1 | 3.7 | 0.8 | 3.51 |0.138 | 0.28 | 0.011 0.72
756 170 756.1 | 170.0 | 3.7 | 0.8 | 434 |0.171 | 028 | 0.011 0.65
8451190 849.1 | 1909 | 3.7 | 0.8 | 5.18 [ 0.204| 028 | 0.011 0.60
890 200 8940 | 201.0 | 3.7 | 0.8 | 542 0213 | 0.28 | 0.011 0.61
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Over the next three load levels, the differencewben the original and
repaired FRP side effective stiffness values grilglirecreased to a maximum of 19%
greater effective stiffness ratio for the origifd®P side at the 400 kN (90 kip) load
level, then decreased steadily for the remaindehefloading. At the 890 kN (200
kip) load level, the effective stiffness ratio tietrepaired FRP side was 19% larger

than the effective stiffness ratio for the origiR&P side.

4.3.4 Déeflection Profiles

In this section, deflection profiles throughout tiest specimen for key load
levels up to the 890 kN (200 kip) load level aresented. The deflection profiles for
the repaired specimen are directly compared tetbgles from the original specimen
in order to determine the any changes in structegponse between the two systems.
Unless otherwise noted, the deflection profile feguin this section all maintain the
same deflection scale, which accommodates the mamineflection values observed
in the FRP side deck slab at the ultimate capadfitthe original test specimen, in
order provide context for each deflection valuegelation to the overall deformation
of the structure.

The deflection profile of the repaired specimenngldhe length of the deck
above the central stem presented in Figure 4.7 shavwiform deflections in the
longitudinal direction at all load levels. Similaniform deflection profiles are also
observed above the two outer stems and these gesulicate that the vertical
deformations of the stems do not significantly eiffitne overall structural response of

the test specimen. The maximum deflection in #ekdibove the stems at the 890 kN
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(200 kip) load level was 0.87 mm (0.03 in), whichdicates that the actual
corresponding deflections at the midpoints of ttebs are approximately 0.9 mm
(0.03 in) smaller than the values given from theedir potentiometers due to the
deflection contribution from stems. Note that theximum deflections above the
stems at maximum loading were approximately 7.7esimsmaller than the

corresponding midpoint deflection of the reinfor@emhcrete side slab.
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Figure 4.7 Deflection profile of repaired specintenthe deck above the central stem

The deflection profiles along the centerline of tireginal and repaired FRP
slab are shown in Figure 4.8 and Figure 4.9. Ageeted, the highest deflection
values for both the original and repaired FRP sidge observed for the linear
potentiometer directly below the FRP side hydraw@ctuator, with progressively

smaller deflections at distances away from thistioo.
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Figure 4.8 Deflection profile along centerlineasiginal FRP side deck
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Figure 4.9 Deflection profile along centerlinerepaired FRP side deck
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Both tests maintain nearly symmetric deflectionfige along the length of the
specimen and differ primarily in the magnitude bk tcenter deflection values
displayed at different load levels.

In order to more thoroughly compare the level ablzed deformations in the
original FRP slab and the repaired FRP slab, thpersuposed deflection profiles
along the centerline of the decks at different Iéackls are shown in Figure 4.10,
Figure 4.11, and Figure 4.12. For loadings upht® 756 kN (170 kip) load level,
which is equivalent to 7.7 times the AASHTO servioad, the repaired FRP side
displayed a slightly more localized deflection pileohs compared to the original FRP
side, with a higher center deflection and loweletgions away from the actuator, as

shown in Figure 4.10 and Figure 4.11.
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Figure 4.10 Original and repaired FRP side daftbegbrofiles at 400 kN load level
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Figure 4.11 Original and repaired FRP side deftecprofiles at 756 kN load level
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Figure 4.12 Original and repaired FRP side daffegbrofiles at 890 kN load level
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For the load levels between 222 kN (50 kip) and ¥Bb (170 kip), the
difference in center deflections between the twsistéemained within the range of
0.21 mm (0.008 in) to 0.33 mm (0.013 in). Thisagee center deflection value for the
repaired FRP side affected the deflection profilerensignificantly at lower loading
levels such as the profiles shown in Figure 4.1GHe 400 kN (90 kip) load level and
was of negligible impact at higher loads as showfigure 4.11, which displays the
comparably shaped original and repaired FRP sifleafien profiles for the 756 kN
(170 kip) load level.

At the ultimate capacity of the original test speen, which occurred at the
890 kN (200 kip) load level (equivalent to 9.1 tmthe AASHTO service load), the
center deflections as well as the overall defledtiat locations away from the point of
load application were significantly greater for threginal FRP side as compared to the
repaired FRP side as shown in Figure 4.12. Theni deflection values for the
original FRP side were likely due to the punchirigea damage that was first
observed at the 845 kN (190 kN) load level. Thmaneed specimen showed no signs
of punching shear damage during its loading.

The FRP side deflection profiles along the transwerenterline of the test
specimen are presented for the original FRP sidergmaired FRP side in Figure 4.13
and Figure 4.14 respectively. The highest deftectialues were observed near the
actuator locations and minimal deflection valuesevebserved above either stem.
Both tests exhibited asymmetric deflection profiesich deflected more on the side

adjacent to the central stem.
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Figure 4.13 Transverse deflection profile for oraj composite side slab
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Figure 4.14 Transverse deflection profile for iegdcomposite side slab
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The superimposed transverse deflection profilesevetamined at different
loads and the profiles for the 756 kN (170 kip)ddavel and 890 kN (200 kip) load
level are shown in Figure 4.15 and Figure 4.16 eesgely. Both tests maintained
comparable transverse deflection profiles up to 766 kN (170 kip) load level,
equivalent to 7.7 times the AASHTO service loadthwihe repaired FRP side
displaying slightly more localized deflection pteg as shown in Figure 4.15. At
loads above the 756 kN (170 kip) load level, théginal FRP side deflected

significantly more than the repaired FRP side asvshin Figure 4.16.
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Figure 4.15 Original and repaired FRP side datbegbrofiles at 756 kN load level
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Figure 4.16 Original and repaired FRP side daffegbrofiles at 890 kN load level

The envelope plots of load versus deflection foedir potentiometers adjacent
to the central linear potentiometer locations &@ns in Figure 4.17 and Figure 4.18.
Figure 4.17 compares the load-deflection plotshef linear potentiometers that are
located a distance of 610 mm (2 ft) away from theter of the test specimen along
the centerline of the FRP side slab. The very lamturves for all four linear
potentiometers indicate a very symmetric deflectoofile for the composite side
deck in the longitudinal direction (comparison ECand D3B) and also indicate that
the original and repaired FRP side deck slab exhidy comparable responses at

distances away from the point of load applicatiihie longitudinal direction.
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Figure 4.17 Envelope plot for linear potentiomgtaiong the centerlines of the
original and repaired FRP slab
(Located 610 mm away in the longitudinal directioom the test specimen midspan)

The load versus deflection envelope plots for linpatentiometers which
along the centerline of the test specimen and as&ipned 610 mm (2 ft) on either
side of the center of the FRP side actuator arevshio Figure 4.18. For the repaired
specimen, the two linear potentiometers remainedpewable to within the tolerance
of the linear potentiometers until approximatelg 678 kN (130 kip) load level was
achieved. For the remainder of the repaired spatinbading, the linear
potentiometer located adjacent to the exterior stel2B, displayed an average of
13% lower deflection values, with a standard demmbf 1%, as compared to the
linear potentiometer located adjacent the centtams M4B. Conversely, the
deflection values for linear potentiometer M2B thghout the entire loading range of
the original experimental testing were an averdgk68o smaller than the deflections

of M4B during the original test, with a standard/idéon of 3%. At higher loading
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levels, the repaired specimen deflections for BdfiB and M4B were significantly
smaller than the corresponding deflections obsergedng the original testing,

indicating that the implemented repair was effextiv
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Figure 4.18 Envelope plot for linear potentiometen original and repaired FRP side
along the centerline of the test specimen
(Located 610 mm away in the transverse directiomfthe FRP side centerline)
The deflections of the original and repaired FR&bslwere compared both
near and away from the point of load applicatiod &m terms of longitudinal and
transverse deflection profiles. The maximum deitecvalues measured in the both
the original and repaired FRP deck slabs were édcat the midspan of the slabs,
directly below the FRP side actuator. For the migj@f the loading range, the center
deflection values for the repaired FRP side slabewséghtly higher than the original
FRP slab center deflections and the deflectionsyawam the point of load

application in both the longitudinal and transvedgection were comparable for both

tests. At higher loads, the repaired FRP slabedtftl less both in terms of center
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deflections as well as deflections at points awaynfthe point of load application. At
the 890 kN (200 kip) load level, equivalent to omwere times AASHTO service load,
the original FRP side displayed a 7.09 mm (0.279center deflection, while the
repaired FRP side displayed a 5.42 mm (0.213 imfecedeflection. A detailed
discussion of the progression of the center deflest for both the original and
repaired FRP slabs, as they pertain to the effedtiNfness of the slabs, is provided in
Section 3.8.3, beginning on page 87. The stabkali deflection response displayed
by the repaired FRP slab is an indication thatrépair of the FRP side deck slab was

successful.

4.3.5 Strain Development

The strain development within the test specimen wlaserved though the
examination of strain gages applied to the stedl @mposite reinforcement within
the test specimen. The precise location of allirstgages is given in Section 3.6.2.
Note that strain values reported as negative itglicempressive strains whereas
positive values indicate tensile strains. Sina structural performance of the FRP
panel side slab is the focus for testing of theairggl specimen, only strains from the
FRP panel side slab and non from the RC side arersh Performance comparisons
are made between the repaired specimen strainsvahgethe strains from the original
testing of the FRP deck slab.

As discussed previously in Section 0, the repasqgetimen strain gages were
biased using strain values from the end of theicydading of the original test

specimen. This allowed for any residual strainthim gages due to the testing of the
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original specimen to be taken into account by prisg absolute strain values rather
than relative strain values, which gives a moreueate picture of the actual strains
present within the structure. For the discussibst@in progressions, the changes in
the strain values for different load levels weregented for the repaired specimen in
terms of relative strains rather than absolutdarstravhich were biased from the start
of the repaired specimen testing, in order to aflomeasier comparisons with the data

from the original test specimen at different loaddls.

4.3.5.1 Strain Progression for Gages at Center of CompdSitie Deck

At the 1x AASHTO service load of 98 kN (22 kip)] abmposite side deck
relative strains in the original test specimen wess than 100 microstrains and were
less than 130 microstrains for the repaired spetiméh the highest strains measured
in the strain gages directly below the two actuatét the 400 kN (90 kip) load level,
which is equivalent to approximately four times tAASHTO service load, the
highest FRP deck side strain value of 516 microstravas recorded for the bottom
transverse FRP side strain gage at midspan froginafitest specimen whereas the
equivalent relative strain value for the repairest tspecimen was 577 microstrains.
The bottom longitudinal relative strain gage regdiron the strain gage located
directly below the composite actuator, was 241tler original test specimen and 531
for the repaired test specimen for this load level.

At ultimate capacity for the original test specimeich occurred at load of

890 kN (200 kip), equivalent to approximately niimaes the AASHTO service load,
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the highest overall strains in the FRP panel setkdlab of the original test specimen
and repaired test specimen were observed in therbatrain gages directly below the
composite actuator. The bottom transverse angitlaainal strains measured on the
strain gages attached to the bottom of the FRPIpdimectly below the composite
side actuator were 920 microstrains and 2442 miaios respectively for the original
test specimen and were 1193 microstrains and 156@strains respectively for the
repaired test specimen. The strains measureceitbdttom transverse rebar located
along the test specimen centerline and positiomethe composite side a distance of
152 mm (6 in) away from the edge of the center stisplayed were -1676
microstrains for the original test specimen and8liticrostrains for the repaired test
specimen.

Load versus strain envelope plots, which includgh Ibloe original and repaired
test specimen strain values, are presented fdfRfeside strain gages located directly
below the actuator. Tabulated values at eachlmaa are also shown for these strain
gages. The values for the repaired specimen gertesl in the tables both as
calculated using the biasing method described ¢ti@e0, which takes into account
the residual strains present in the specimen du¢héooriginal testing, and as
calculated using the start of the repaired specitestmg as the bias value, which does
not take into account any previous deformations #mg provides relative strain
values. The first method of biasing the repairpécsnen strains gives a more
accurate picture of the actual strains within thecgmen, whereas the second biasing

method provides the ability for more direct compans between the original and
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repaired test specimen of relative changes inrstraliues over the course of the static
loadings.

The load versus strain envelope plot of the bottongitudinal strain gage
located directly below the composite side actu@@3L) is shown in Figure 4.19 for
the original and repaired test specimen as wethasoriginal specimen at the end of
the cyclic loading phase. As observed in Figui®4and Table 4.6, which shows the
strain values at each load level, the initial slopehe load versus strain plot for the
original test specimen was approximately twice tagfs as the slope for the repaired

specimen original specimen.
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Figure 4.19 Original and repaired test specimad Mersus strain plots for the bottom
longitudinal FRP side strain gage, CM3L
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Table 4.6 Strain values for CM3L at different |dadels

) M3
Ot | omena QL B0 T pun
LOAD | Strain biased | Biased to | Strain biased | Biased to | Strain biased
LEVEL at start of include at start of include at start of
current residual current residual current
testing phase strain testing phase strain testing phase
kN | kip ne ne 1 ne JUE
0 0 0.0 543.5 0.0 543.5 0.0
98 | 22 375 649.2 105.7 611.4 67.9
169 | 38 90.5 794.2 250.6 749.0 2054
400 | 90 240.5 1074 .3 330.7
578 | 130 1149.6 1435.6 892.0
756 | 170 1743.1 1857.7 1314.1
845 | 190 2113.7 1991.6 1448.0
890 | 200 2441.2 21093 1565.8

This relationship was maintained up until a loacapproximately 400 kN (90
kip), which is over four times the AASHTO serviceat, after which the original
specimen displayed a significantly more relaxedpeslo The repaired specimen
maintained a nearly linear response for the CM3Qegaespecially for loadings
beyond the 222 kN (50 kip) load level. While trepaired specimen increased in
strain at a significantly slower rate for all loaalsove 400 kN (90 kip), the repaired
specimen maintained higher strain values untilaal lof 762 kN (171 kip) was reached
due to the residual strain of 543 microstrains gmeswithin the strain gage from
previous testing. The total change in strain valfrem initial loading to ultimate
capacity for the repaired specimen is 36% less #dranvalent value for the original
specimen at 1565.8 microstrains for the repairegtispen versus 2441.2 microstrains

for the original specimen.
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The load versus strain envelope plots for the oalgand repaired specimens’
bottom transverse strain gage attached to thercehtiee FRP panel are shown in
Figure 4.20 and tabulated in Table 4.7 which shdwvesstrain values at each load
level. The slope of the curves for both tests ramsamnilar up to the 400 kN (90 kip)
load level, which is approximately four times AASETservice load, with less than
6% difference between the strain values for thetests at this load level. For higher
loadings, the original specimen exhibits a morelinear response, which is likely
related to the onset of the separation betweefiepanels and the concrete that was
detected at approximately the 489 kN (110 kip) lmaebl, equivalent to 5.0 times the
AASHTO service load. The more linear response maskeduring the loading of the
repaired specimen is an indicator of that the FRRep repair was successful in

improving the structural response of the FRP setekdlab.
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Figure 4.20 Original and repaired test specimad Mersus strain plots for the bottom
transverse FRP side strain gage, CM3T
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Table 4.7 Strain values for CM3T at different |dadels

ORIGINAL ORIGINAL CM3T, END OF REPAIRED CM3T
CM3T CycLIC LOADING
LOAD | Strain biased | Biased to | Strain biased | Biased to | Strain biased
LEVEL at start of include at start of include at start of
current residual current residual current
testing phase strain testing phase strain testing phase
KN | kip ne ne ne ne ne
0 0 0.0 814 0.0 82.0 0.0
98 | 22 80.3 139.3 57.9 204.5 122.5
169 | 38 211.8 206.2 124.7 387.5 305.5
400 | 90 5159 659.0 577.0
378 | 130 622.2 929.0 847.0
756 | 170 719.5 1125.7 1043.7
845 |1 190 8483 1216.0 1134.0
890 | 200 920.3 1275.5 1193 .4

The loads versus strain envelope plots for theimalgand repaired test
specimens’ top longitudinal strain gage are shawhigure 4.21 and the strain values
at each load level are shown in Table 4.8. Thetipessign of the data on gage
DTL8-3 for both the original and repaired specimenndicative of more localized
deformations in the region directly below the FR& sactuator, where strain gage
DTL8-3 is located. A residual strain of 276 midrags was present on the repaired
strain gage due to the previous tests. As statedqusly, the more linear response
observed during the loading for the repaired speniras compared to the original
specimen is a positive indicator for the perforneatthe FRP panel repair.

The load versus strain responses for the two téspstransverse strain gage
located directly below the FRP panel side actugtéigure 4.22) illustrates a

significantly different strain response by the DDA strain gage for the repaired
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specimen as compared to the original specimen.|éitime strain in DTT10-3 for the

original specimen increased in compression witheiasing load levels and exhibited a

discontinuity in strain response at the 845 kN (209 load level, the repaired

specimen increases slightly in compression valpet® @pproximately the 222 kN (50

kip) load level, then gains positive, or tensileas values for the remainder of the

loading. Since the top longitudinal strain gagd,LB-3, displayed tensile values

thereby indicating the presence of localized de&droms, it is a reasonable

extrapolation that the transverse direction stragponse changes due to an increase in

the level of localized deformations in the regiarectly below the actuator.
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service load . | _ IStraln
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Figure 4.21 Original and repaired test specimand Mersus strain plots for the top
longitudinal FRP side strain gage, DTL8-3
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Table 4.8 Strain values for DTL8-3 at differeradidevels

ORIGINAL ORIGINAL DTLS8-3, END OF
DTLS8-3 CycLiCc LOADING REPAIRED DTL8-3
LoAD Strain biased Biased to Strain biased Biased to Strain biased
LEVEL at start of include at start of include at start of
current residual current residual current
testing phase strain testing phase strain testing phase
kN | kip e [TE e ne ne
0 0 0.0 2763 0.0 2763 0.0
98 | 22 3.6 287.2 10.9 299 8 235
169 | 38 395 307.9 31.6 342.6 66.4
400 | 90 265.3 404.8 128.5
578 | 130 296.9 468.7 192.4
756 | 170 342.5 546.6 270.3
845 | 190 561.8 5737 2975
890 | 200 503.5 603.3 327.0
1000
ponnliine =
800 1 DTT10.3 «— Repaired
700 - — DTT10-3
2 | [ SN P i
< 600 N
o] 500 A : i
© ; L 1
S 4004 v |
R X Original
- i i S e ]
009 10 DTT10-3
200 - P _
Original DTT10-3, N .
1x AASHTO 100 4— end of cyclic loadin |_Residual
service load . |4y~ Strain
-1500 -1000 -500 0 500 1000

Strain (microstrains)

Figure 4.22 Original and repaired test specimad Mersus strain plots for the top
transverse FRP side strain gage, DTT10-3
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Table 4.9 Strain values for DTT10-3 at differevdd levels

ent [ OmA DTS 007 e s
LoaD Strain biased | Biased to | Strain biased Biased to | Strain biased
LEVEL at start of include at start of include at start of
current residual current residual current
testing phase strain testing phase strain testing phase
kN | kip [T ne ne ne ne
0 0 0.0 -277.0 0.0 -274.6 0.0
98 | 22 -33.7 -323.7 -46.7 -314.5 -399
169 | 38 -99 .4 -379.3 -102.3 -335.6 -01.0
400 | 90 -207.1 -163.1 111.5
578 | 130 -327.8 30.0 304.6
756 | 170 -369.2 2155 490.1
845 | 190 -302.4 257.2 531.8
390 | 200 -655.5 321.2 595.8

4.3.5.2 Strain Profiles along the Longitudinal Direction thie Deck

It is important to determine the degree to whioh $trains due to live loading
distribute along the deck in both directions. Bhmin profiles along the longitudinal
directions for the centerlines of the composite sldck slab are shown for the original
and repaired tests in Figure 4.23 and Figure 4e2peactively. Both sides maintained
similarly shaped strain profiles with the pointioflection, where the strain values
change from tension to compression strains, pogtioin approximately the same
location. The primary difference between the twets stems from the degree of
spread in the strain values for gage DTL8-3, whsclocated directly below the FRP

side actuator.
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Figure 4.23 Original specimen strain profile faiggs attached to bottom of FRP
panel along line 3
(Located directly along the FRP side centerline)
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Figure 4.24 Repaired specimen strain profile foyes attached to bottom of FRP

panel along line 3
(Located directly along the FRP side centerline)
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The repaired specimen started out with approximdbD e residual strains,
however it exhibited an overall change in strainogér 35% less than the original
specimen values over the course of the static hgadilhe progression of these central
longitudinal strain gages were discussed in detaibection 4.3.5.1, which can be
referenced for further information.

The strain profiles for gages attached to the tamgitudinal steel
reinforcement along the centerline of the compoaite shown in Figure 4.25 and
Figure 4.26. The plot for the original test shawsimilar profile shape to the bottom
longitudinal profiles for the FRP side deck slalthwensile strains at the point of load
application and a point of inflection at a positimor to the strain gage located 610
mm (2 ft) away from the centerline of the test $pen. The repaired specimen has a
modified shape, with the outermost strain gageinggiégnsile values of approximately
150 to 200 microstrains rather than nearly zerarstvalues as shown for the original
test specimen. This change in profile shape is thee residual strain of 206
microstrains which was present on the strain gagen fthe start of the repaired
specimen testing. Note, however, that the topitadmal strain profile maintains the
same signs as the bottom longitudinal strain dafich that the center strain gage is
in tension and the two farther away strain gages iar compression, which is
indicative of more localized deformations in thgiom. This phenomenon will be

addressed further in the analysis sections.
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Figure 4.25 Strain profile for original specimetog longitudinal rebar along line 8
(Rebar is offset from composite side centerlind#9 mm towards center stem)
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Figure 4.26 Strain profile for repaired specimdnis longitudinal rebar along line 8
(Rebar is offset from composite side centerlind#9 mm towards center stem)
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4.3.6 Separation between FRP Panelsand Concrete

The occurrence and extent of any separation bettfeeRRP panels and the
concrete which was poured on top of the panels eesluated through the
examination deflection data from instrumentation the FRP side deck slab.
Unfortunately, the strain gages necessary for deteng the separation between the
FRP panel and concrete from strain data were brdkeng the implementation of the
repair and so the discussion of panel separatidimited to deflection information.
Differences in deflection values obtained from paif linear potentiometers located
above and below the FRP panel side deck slab, weed to obtain information
regarding the level of separation, if any that badurred. A differential between the
top and bottom pot readings indicated that the mea@nd composite were no longer
acting in unison and were now deflecting indepehdéeach other.

The load versus deflection envelope plots of theeaond bottom pair of linear
potentiometers located along the transverse cemgeof the test specimen on either
side of the actuator on the FRP panel deck are showigure 4.27 and Figure 4.28.
Based on the observed fluctuations in measuree@da&fhs for top and bottom linear
potentiometer pairs on the reinforced concrete sidek during the testing of the
original specimen, a tolerance level of 0.16 mnD@e. in) was established as the
threshold value for determining that a differencetween the top and bottom
deflections was significant.

For the pair of linear potentiometers located ntb&r outer stem shown in
Figure 4.27, a difference of 0.17 mm (0.007 inwmen upper and lower deflection

values was observed at a load of 835 kN (188 khjch is approximately 8.5 times
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the AASHTO service load. At the 890 kN (200 kimad level, which was the

ultimate capacity of the original test specimerg thfference between the linear
potentiometers shown in Figure 4.27 increased 2@ éhm (0.009 in) and at 980 kN

(220 kip), the maximum capacity of the actuatdns, difference increased to 0.42 mm
(0.017 in). This separation was significantly lgban the corresponding values
measured during the original test, which had arsgjpa at ultimate capacity of 1.09
mm (0.043 in). In addition, the first detectabkeparation was recorded for the
original test at a load of 673 kN (151 kip), whisias 162 kN (36 kip) lower than the

corresponding load for the repaired specimen.
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Figure 4.27 Load versus deflection plots for linpatentiometers on top and bottom
of repaired FRP side deck
(Located along test specimen centerline and 610amay from the composite side
centerline, 178 mm from the inner edge of the osiiem)
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Figure 4.28 Load versus deflection plots for linpatentiometers on top and bottom
of repaired FRP side deck
(Located along test specimen centerline and 610amay from the composite side
centerline, 152 mm from the FRP side edge of tikecestem)

The upper and lower deflection values for the ditinear potentiometers
located near the center stem shown in Figure 4 @@ weparated by 0.17 mm (0.007
in) at a load of 356 kN (80 kip), which is equivati¢o 3.6 times the AASHTO service
load. The difference between the upper and loweral potentiometers for the
repaired FRP test increased to 1.13 mm (0.044tiBp@ kN (200 kip) and 1.47 mm
(0.058 in) at the ultimate capacity of the actustoFor the original test specimen, the
corresponding upper and lower linear potentiometeese separated by 0.17 mm
(0.007 in) at a load of 489 kN (109 kip) and th&edence increased to 3.12 mm
(0.123 in) at ultimate capacity. While the onsétdetectable separation for the
repaired specimen occurred at a load which waskN8830 kip) lower than that for

the original specimen, the separation for the regaspecimen remained over 2.75
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times smaller than for the original specimen. Thdicates that the epoxy repair was
effective at reinstating the bond between the FRRe|s and the adjacent concrete and
perhaps creates a better bond that under origoraittons. This also indicates that

surface treatment during original construction teate a better bond between the

concrete and the FRP panels may be desirable.

44 RESULTSFORCYCLIC LOADING OF THE REPAIRED SPECIMEN

4.4.1 Loading Protocol

The cyclic testing of the repaired specimen coedistf 500 cycles at 168 kN
(37.8 kip), which is equivalent to 2x the AASHTOngee load of 73 kN (16.4 kip)
with the additional 15% fatigue with an additiodeASHTO defined 15% dynamic
allowance for the fatigue limit state [91]. Aftére cyclic loading was completed, the
specimen was loaded with a single cycle staticitmatb 978 kN (220 kips) in order

to compare system structural response from befuteatter the cyclic loading.

Table 4.10 Cyclic loading protocol for repaire@dsimen

PHASE AND CORRESPONDING LoaD LEVEL NUMBER OF CYCLES
LOADING LEVEL PER ACTUATOR KN kip
Phase I: cvclic at 2P 168 378 500
Phase I1: static up to 978 kN 978 220 |
Cumulative number of cvcles: 501
Note: P=1.15 x AASHTO service load
Where AASHTO service load 18 73 kN (16.4 kip)
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The current cyclic loading protocol was differerdrh the cyclic loading of the
original test specimen, which consisted of 1,000ley at 1x AASHTO service load
followed by 1,000 cycles at 2x AASHTO service loadhe cyclic loading of the
original specimen at 1x service load caused noceakile change in structural
response to the system and over 80% of the chang#iffness for the FRP panel side
deck occurred in the first 500 cycles of the 2xmer load phase. Therefore, it is
reasonable to directly compare the FRP panel sl gerformance during the 2x
AASHTO service cyclic loading from the repaired a@pgen with the first 500 cycles
of the 2x AASHTO service loading of the originasttepecimen.

In order to determine the overall response of thectire, the data from the
cyclic testing was biased using the original bieansfrom the start of static testing of
the repaired specimen, enabling the cumulativeedfins throughout the loading of
the repaired test specimen to be established. efdrer a comparison of stiffness
values would be more accurate than a comparisothefabsolute magnitude of

deflection values.

4.4.2 Changesin Center Deflectionsduring Cyclic Loading

The effective stiffness ratios for the original FR&nel side deck during the
first half of cyclic phase Il and the repaired FR&nel side deck during the cyclic
loading were calculated using the adaptive sedifiess method described on page
87 in Section 3.8.3 and are shown in Table 3.2l Bable 3.22 respectively. Since
the load acting on the system remains constanugmaut the cyclic phase, any

change in the stiffness ratio is attributed to ange in deflections. The progression of
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the effective stiffness ratios for both sides otee course of 500 cycles of 2x
AASHTO service load is shown in Figure 3.79.

The effective stiffness ratios for the original FRRBnel side, shown in Table 3.21,
dropped by 12% during the first 250 cycles and ldygd a total decrease in effective
stiffness of 14% during the first 500 cycles of laygphase Il for the original test
specimen. Conversely, the cyclic phase for thaired specimen had no measurable
impact on the specimen, which maintained its fifiécive stiffness throughout the

loading, with less than 2% variation throughoutltreaing phase.
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Figure 4.29 Effective stiffness versus cycle #dnginal and repaired FRP side deck
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Table 4.11 Effective stiffness ratios for FRP pange of original test specimen
during the 500 cycles of cyclic loading phase 1l (2x AASHTEngce load)

Actual target |  Actual min. Deflection at Deflection at | Effective
Cvcle #|actuator load, |threshold actuator| , © L, . | min threshold | stiffness
- target load, o¢ - e
Py load, P; load, o ratio
-—- KN | kip kN kip mm in mm n -—-

1 1699 | 38.2 5.2 1.2 5351 0.211 | 426 | 0.168 1.00
125 1170.2| 383 5.1 1.1 538 10.212 1 4.18 | 0.165 0.91
250 | 170.1| 38.2 33 1.2 536 10211 | 4.11 | 0.162 0.88
375 11699 38.2 5.1 1.2 539 1 0.212 1 4.13 | 0.163 0.86
500 |170.1| 38.2 33 1.2 543 1 0.214 | 4.16 | 0.164 0.86

Table 4.12 Effective stiffness ratios for FRP pade of repaired test specimen
during cyclic loading (2x AASHTO service load)

Actual target | Actual min. Deflection at Detlection at | Effective
Cvcle #|actuator load. |threshold actuator clicction at 1 in threshold | stiffhess
- target load, o¢ - o
Pr load. P; load. o; ratio
- kKN | kip kN kip mm in mm n -

1 1658 | 373 | 3.8 0.9 1.24 |1 0.049 | 0.52 | 0.020 1.00
125 1699|382 | 35 0.8 1.23 1 0.049 | 049 | 0.019 1.00
250 [169.7| 382 | 3.5 0.8 1.24 1 0.049 | 0.49 | 0.019 0.99
375 [169.2| 38.0 | 3.5 0.8 1.24 1 0.049 | 0.49 | 0.019 0.98
500 |169.6| 38.1 | 34 0.8 1.26 | 0.050 | 0.52 | 0.020 1.00
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443 Changesin Strainsduring Cyclic Loading

The progression of strains during the cyclic logdamases for important strain
gages in the deck slab is presented in Table 3[R8te that all gages were biased
using the original strain gage values from thetsbarthe static testing in order to
record the complete history of the strain imposadeach gage due to all previous
loading. Also, all data shown in the tables belegre taken with the specimen at the
full target load for a given cyclic phase.

Throughout the cyclic loading of the repaired spem, only minor progressions in
strain values were observed for the FRP side dealhsgages. For the strain gages
located directly below the FRP side actuator whaidhhshown in Table 3.23, the strain
values for the repaired specimen changed by |less 1B microstrains or 4% over the
course of the cyclic phase and changed by less 2Bamicrostrains or 5% for the
original specimen over the course of the first B98les of cyclic phase Il. The
consistent strain values observed for the FRP psidel during the cyclic loading
phases, both for the original specimen and fordipaired specimen, are an indication

that the FRP panel system exhibits a very stalsigargse under cyclic loading.



Table 4.13 Strain progresssion for composite gatges under target loads- located directly bel@cttmposite side actuator
(See Section 5.2.2 for detailed information on {@@tocation of each strain gage)

Strain gage name CM3T CM3L DTT10-3 DTLS-3
Location (All on FRP panel side) Below actuator Below actuator Below actuator Below actuator
Attached to rebar or FRP FRP FRP Rebar Rebar

Near top or bottom of deck Bottom Bottom Top Top

Position
designations

Oriented longitudinal or transverse Transverse Longitudinal Transverse Longitudinal

Strain at Cycle # 1 (ueg) 207.85 823.64 -354.46 336.40
Strain at Cycle # 125 (ue) 202.80 832.30 -353.87 337.01
Strain at Cycle # 250 (ue) 205.04 828.84 -354.46 337.62
Strain at Cycle # 375 (ue) 204.48 832.30 -367.47 316.96
Strain at Cycle # 500 (ue) 217.40 831.15 -350.32 351.59

Change in strains (ns) 9.6 7.5 4.1 15.2

Change in strains (%) 4.6% 0.9% -1.2% 4.5%

Original FRP panel side
cyclic loading phase IT

Strain at Cyecle # 1 (ue) 339.35 533.77 22532 326.94
Strain at Cycle # 125 (ue) 336.56 539.52 241.16 335.38
Strain at Cycle # 250 (e) 336.00 541.25 23588 335.99
Strain at Cycle # 375 (ue) 334.32 542.97 -230.60 338.40
Strain at Cyele # 500 (ue) 333.20 542.97 217.69 339.00
Change in strains (ns) -6.2 9.2 7.6 12.1
Change in strains (%) 1.8% 1.7% -3.4% 3.7%

Repaired FRP panel side
cyclic loading phase I

50¢
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4.4.4 Changesin Separation between the FRP Panel and the Concrete

The progression of the separation between the etsend the composite at
the same locations examined in Section 4.3.6 isvsanzed in Table 3.26. During the
first 500 cycles of cyclic phase Il for the origingpecimen, the pair of linear
potentiometers located near the central stem aeedinto display very similar
separation values whereas the linear potentionpeiemnear the outer stem exhibited a
minor change of 0.19 mm (0.008 in) in the overalparation distance between the
concrete and the FRP panel. Both pairs of linegergiometers for the repaired
specimen show no change in separation values beecdurse of the cyclic loading

phase.



Table 4.14 Separation progression for linear gaiereters located along the test speciment cengentiear the stems

(See Section 5.2.2 for detailed information on [m@tocation of each linear potentiometer)

LOCATION OF

ATLONG CENTERLINE, NEAR OUTER STEM

ALONG CENTERLINE, NEAR CENTER STEM

L,D‘EAR (LINEAR POTENTIOMETERS M2T AND M2B) (LINEAR POTENTIOMETERS M4T AND M4B)
POTENTIOMETERS
Calculated . Overall change in . Overall change in
. Separation . Separation .-
quantity separation separation
Units mm in mm in mim in mim in
0 ; Cycle # 1 3.47 0.137 -—- --- 4.66 0.183 -—- ---
z =
s A Cycle # 125 3.42 0.135 -0.06 -0.002 4.67 0.184 0.01 0.000
2z
o é Cycle # 250 3.39 0.134 -0.08 -0.003 4.67 0.184 0.01 0.000
é j Cycle # 375 3.31 0.130 -0.16 -0.006 4.60 0.181 -0.06 -0.002
© ’i):) Cycle # 500 3.35 0.132 -0.12 -0.005 4.69 0.185 0.04 0.001
- ; Cycle # 1 0.03 0.001 --- --- 0.28 0.011 --- ---
z =
= A Cycle # 125 0.06 0.002 0.02 0.001 0.28 0.011 0.00 0.000
2z
F E Cyele # 250 0.02 0.001 -0.01 0.000 0.27 0.010 -0.01 -0.001
% i Cycle # 375 0.06 0.002 0.02 0.001 0.28 0.011 0.00 0.000
P % Cycle # 500 0.02 0.001 -0.01 -0.001 0.27 0.010 -0.01 -0.001

[T¢
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445 Static Loading Following the Repaired Specimen Cyclic Phase

Apart from a minor increase in residual deflectitre structural response of
the repaired FRP panel side deck was equivalemtrdeind after the cyclic loading
phase, as shown in Figure 4.30. This indicatesrninamal damage was accrued due

to the cyclic loading phase of the repaired FRIE digck.

1000 -
9x AASHTO 900 - _ s
service loadgqp - Repaired FRE____, Repaired FRP
700 - side " side after cyclic
= 600 - loading
< 500 o |
§ 400 - ;_ o 4'
300 - e |
200 . =_ .......... :
1X AASHTO 1 . Lo I
service load 0 z

0 1 2 3 4 5 6 7 8
Deflection (mm)

Figure 4.30 Envelope plot of load versus defleiof repaired FRP side before and
after cyclic loading phase

45 SUMMARY

After the deck was loaded to ultimate capacity,ieddf applicable epoxy
injection repair technique was implemented to taiesload transfer between the FRP
panels and the concrete, which had displayed lirsigns of separation during the

qguasi static loading of the test specimen at a lofadpproximately five times the
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AASHTO service. The repaired specimen was retdsted statically and cyclically
and its structural response was shown to be vanpeacable to the structural response
of the original test specimen. Since only the FR&hel side was repaired,
performance comparisons between the original gstirihe FRP structural formwork
system and the repaired FRP structural formworkesysvere addressed. Aspects of
the response of the FRP panel reinforced systetadimg the overall response, the
response between the panels, changes in stiffa@ssthe progression of damage
within the system were evaluated and discussed.

The repaired specimen displayed slightly largerteredeflection values at
lower load levels, however exhibited less changesieffective stiffness as compared
to the original test specimen. The overall loadyag capacity of the specimen was
increased beyond the original specimen’s 890 kN (@) ultimate capacity and the
system still had reserve strength at the maximupliegp load of 978 kN (220 kip).
Initial signs of separation between the concretd the FRP panels were observed at
load levels similar to the original test specimdmwever significantly smaller
separation values were recorded for the repairegisien and no deterioration of
performance was observed due to the onset of lirsgé@aration. The repaired
specimen showed no change in performance durirgfter the application of cyclic
loading. The very linear response of the repaineecisnen throughout the loading
levels and the stable response during the cyclas@hndicated that the implemented
repair was performed as desired.

Since the composite panel was not damaged duradirlg, an efficient repair

system could be utilized. The efficacy of thetegsis that that the composite fails at



214

a much higher load than the damage of the condretegby allowing for a relatively

inexpensive repair of the concrete to take platikeerathan requiring a more costly
replacement of damaged reinforcement. The ovendasig-RP panel system allows
for robust design that exhibits a stable even aiftemate capacity is reached and

displays a readily observable failure mode.



5 CYCLIC RESPONSE OF THE FRP PANEL STAY-IN-PLACE

STRUCTURAL FORMWORK SYSTEM

5.1 |[INTRODUCTION

This chapter discusses the testing of a secondyibd&r bridge specimen with
the hybrid fiber reinforced polymer (FRP)-concrbtélge deck system. The testing
of this test specimen focuses on the behavior efsystem under repeated cyclic
loading. A test specimen with the same externahgry and setup of prefabricated
composite panels that act as both the formworkthadower level of reinforcement
for the bridge deck as the two cell box girder gpea described in Chapters 3 and 4
is utilized. In the same manner as the first sgstcimen, a direct performance
comparison is drawn between the FRP panel strengtheoncrete system and a

traditional steel reinforced concrete system.

5.2 OVERALL GEOMETRY AND CONSTRUCTION DETAILS

The overall geometry of the second specimen wass#éinge as the first test
specimen, which consisted of a two-cell box girdedge segment with a center-to-
center distance of 1830 mm (6 ft) between eachefttems and a longitudinal length
of 3660 mm (12 ft) as shown in Figure 3.2. FoitHar details on overall specimen
design and construction, refer to pages 43-52 ¢ti@e3.2. The differences between
the first and second test specimens, as summarnZeable 5.1, relate to the detailing

used to connect the FRP panels to the surroundidgebsystem and the manner in

215
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which the specimen is tested. The loading protéml the static and cyclic phases
are discussed in Sections 5.6.1 and 5.7.1 respéctiv

The bottom slab and lower portion of the stemstl@r first and second test
specimens were poured at the same time, therefweptoperties for the steel
reinforcement and 1 concrete pour can be found in Table 3.1 and T&bk
respectively. The concrete for the deck slab gmkuportion of the stems had a 28-
day compressive strength of 33.5 MPa (4.86 ksi) ambmpressive strength on the
day of test of 33.9MPa (4.92 ksi). The strengthettgoment of the deck concrete is

shown in Figure 5.1 below.

Table 5.1 Comparison of'and 2° test specimens

SPECIMEN #1 SPECIMEN #2
OVERALL GEOMETRY Same for both specimens
STEEL REINFORCEMENT Same for both specimens
LOCATION OF FRP PANELS Same for both specimens
CONNECTION DETAILING Revresentative of new Representative of
BETWEEN FRP PANELS P . rehabilitated deck
deck construction .
AND STEMS construction
STATIC LOADING Single cycles to ultimate Single cycles to 70% of
PROTOCOL capacity punching shear load
CYOLIC LOADING 2,000 total cycles, split 32,.000 total cycles at
PROTOCOL equally between 1x and 2x various loads up to 5x
AASHTO service load AASHTO service load
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Figure 5.1 Strength development for deck slab kadn test specimen #2

Figure 5.2 Construction of test specimen formwiork2nd pour
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5.3 PANEL PLACEMENT AND CONNECTION DETAILING

Using the same configuration as Test Specimen HeetFRP panels were
used side by side in the composite side deck of Bgecimen #2 to check the
effectiveness of load transfer between the pan€l$ie central FRP panel with
dimensions of 1220 mm (4 ft) wide, 1830 mm (6 ding, and 6.3 mm (0.25 in) thick
was positioned in the middle of the FRP strengttieside of the specimen and was
bordered on both sides by narrower panels, eachn@h0(2 ft) wide as shown in
Figure 5.3.

The connection detailing used in this second testenelosely modeled field
repair construction methods and aimed to betteoraowodate protruding stem rebar.
The presence of bent stem rebar is encounteregbairrof preexisting bridges where
only the deck surface is replaced and existing stdmar must be integrated into the
new deck to enable proper load transfer. The imeatf the protruding stem rebar
was measured and grooves with dimensions 139.75181r() long by 25.4 mm (1 in)
wide were cut into the panel to accommodate the s&bar. These grooves were
located at an average spacing of 305 mm (12 imember, which corresponds to the
spacing of the vertical stem rebar. The ends @hegroove were rounded by
terminating each groove cut with a drilled holender to reduce stress concentrations
in the FRP panel. End connection details for ihst &ind second test specimen are

shown in Figure 5.4, parts a) and b) respectively.
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Figure 5.3 Schematic of FRP panel locations (saveeall locations for both®land 29 test specimens)
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(a) End condition detail from Test Specimen #1.

(b) End condition detail from Test Specimen #2

Figure 5.4 End connection detailing of FRP panels
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Additional holes were drilled in the end regionstloé panels so that 12.7 mm
(0.5 in) diameter threaded rods could be usedd¢arsethe panels to the girders prior
to the pouring of the deck concrete. The holeshen FRP panels were used as
templates for ensuring proper alignment of the esponding holes drilled into the
stem concrete as shown in Figure 5.5. After alefavere drilled into the concrete,
any loose concrete pieces were vacuumed up andtlegedded rod was attached to
the stem concrete using a two—component 1:1 rgtmxyebased adhesive called
Simpson Epoxy-Tie Set 22. This adhesive systerdesigned for use as a high
strength, non-shrink anchor grouting material atsdproperties are summarized in
Table 5.2 [157]. The threaded rods were held ¢opidnels by wrench tightened nuts

and washers installed on both sides of the paseds@awn in part (b) of Figure 5.4.

Figure 5.5 Dirilling of stem concrete using FRPgarior alignment of holes
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Table 5.2 Properties of Simpson Epoxy-Tie adhesyatem [157]

PROPERTY TEST METHOD RESULTS
CONSISTENCY ASTM C 881 Non-Sag/Thixotropic Paste
HEAT DEFLECTION ASTM D 648 136° F (58° )

3.218 psi (2 days)
3.366 psi (14 days)
WATER ABSORPTION ASTM D 570 0.110% (24 hrs)
5,065 psi (24 hours)
12,650 psi (7 days)
COMPRESSIVE MODULUS ASTM D 695 695 439,000 psi (7 days)

BOND STRENGTH (MOIST CURE) ASTM C 882

COMPRESSIVE YIELD STRENGTH ASTM D 695

30 min - 60 gram mass

GEL TIME (75°F) ASTM C 881 60 min - thin film

Placement of the threaded rod anchors in relatothé stem concrete was
determined by maximizing the load capacity of thechors with respect to the
breakout strength of the concrete in shear, tharghdlout strength of the FRP panel
and the tensile pullout of the threaded rod froengtem concrete.

The necessary embedment depth to ensure thatréeeddd rods would yield
prior to a tensile pullout from the stem concretee do failure of the epoxy was

calculated as:

L 3 F
embed (7[' d).o-adhesive 5.1
where
Lembed = Minimum embedment depth required to yield rodmpto epoxy failure
2
F = Force required to yield rod =, ﬂ(%j
o, = Yield strength of rod

d = Diameter of rod
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o = Bond strength of adhesive

adhesive

The value for the minimum required embedment lengiiiculated from
Equation 5.1 was 57 mm (2.23 in), which was smatlen the manufacturer
recommended value of 108 mm (4.25 in) [157], theeefthe manufacturer
recommended embedment depth was used. The paositibe threaded rod anchor in
relation to the FRP panel and the concrete stalussrated in Figure 5.6 below.

As shown in Figure 5.6, the threaded rods wereeplasuch that a clear
distance of 60 mm (2.38 in) from the edge of thé’FRanel, labeled as distance “L”,
and a clear distance of 76 mm (3 in) between theatted rod and the edge of the stem
concrete, labeled as distancey”, was achieved. The distances L ang were
determined by calculating the optimal distancetlf@ anchor to be placed away from
the edge of the FRP panel in order to maximizectimerete breakout strength in shear
for a single anchor in cracked concrete and theiimmax shear force that can be

applied to the FRP panel prior to inducing a pulkailure in the FRP.

FRP Pand

e
Cal

~ Anchor

ConcreteStem

\_/_

Figure 5.6 Detail of anchor position with respctoncrete stem and FRP panel
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The concrete breakout strength in shear of a siagbdor in cracked concrete

was calculated using Equation D-24 from the ACI SBM[158]:

b:{ j Jao it (e )™ 5.2

where
V, = Concrete breakout strength (psi)

|, = Load bearing length of anchor in shear (in)
d, = Diameter of anchor (in)

f. = Concrete strength (psi)

c, = Distance to edge of concrete (in)

The maximum shear force that can be applied pdopullout failure in the

FRP panel was calculated as:

V =Ar, 5.3
where
V = Concrete breakout strength
A = Areain shearA=2iL
t = Thickness of composite
L = Distance from hole to edge of the FRP panel

7,, = Shear strength of composite

After the FRP panels were lowered into place, asvshn Figure 5.7, the steel
reinforcement in the deck was positioned and tiédgure 5.8 shows the as built deck
just prior to the concrete pour. Note that woodkared formwork was installed for

the entire deck except for the region in whichFRP panels are placed.



Figure 5.7 Composite side deck after FRP pan&liation
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Figure 5.8 Reinforcement system in deck, as built
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54 SPECIMEN SETUP AND INSTRUMENTATION

The current test specimen setup was the same asstheetup for the first test
specimen, with the specimen supported on six le#ld and tested using two actuators
spaced 1830 mm (6ft) apart from each other anttencenter of the two deck slabs.
Figure 5.9 shows the as-built test specimen witstrimentation, prior to the

installation of the actuators. Information regagiihe specimen setup can be found in

Section 3.5.

Figure 5.9 Test specimen with instrumentatiompta installation of actuators

The instrumentation used on this test specimemmgas to what was used on
the first specimen. The position of some strageg and linear potentiometers were
moved in order to better characterize the struttesponse of the system. Table 3.6
summarizes the total quantity of instrumentatioadutor this test specimen and the

approximate locations in which each instrumentatyge was used.
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Table 5.3 Summary of instrumentation used forgpstimen #1

INSTRUMENTATION | QUANTITY

APPROXIMATE LOCATIONS
TYPE USED
Supporting the test specimen, in line with stems and
Load cells 6 PP - P ; .
near both ends of the specimen
Linear 37 35 vertically mounted above and below the deck slab
potentiometers ) 2 mounted horizontally to the outer two stems
On one end of specimen, at the intersection between
Inclinometers 3 the mid-plane of deck and the centerlines of the three

stems
Throughout deck and stems- attached to steel
Strain gages 115 reinforcement and attached to either the top or the
bottom of the FRP panels

541 Linear Potentiometersand I nclinometers

Linear potentiometers were used to measure theedefhs of the test
specimen and determine the shape of the structoderuthe applied load. The
locations of the linear potentiometers placed anuhderside and top side of the deck
are shown in Figure 5.10 and Figure 5.11 respdygtiveSelected pairs of linear
potentiometers were placed in pairs with one lineatentiometer on the top side of
the deck and the other located on the undersidbeotieck in order to evaluate any
separation between the concrete and the FRP phaélsiay occur during loading.

Horizontal linear potentiometers and the inclinoengtwere used to measure
changes in slope within the deck and determine rdoemation regarding the end
conditions of the deck slab. The layout of theizantal linear potentiometers and the

inclinometers, which was the same as for test spati#l, is shown in Figure 3.22.
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Figure 5.11 Layout of linear potentiometers lodate the top of the composite deck
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5.4.2 Strain Gages

A total of 121 strain gages were attached to tbel seinforcement throughout
the test specimen as well as to the top and batideof the FRP panel. The precise
layouts of the strain gages are shown in Figur@ Bhtough Figure 5.19. A brief

summary of the distribution of strain gages thraughthe specimen is provided in

Table 5.4.
Table 5.4 Strain gages used in test specimen #2
GENERAL LOCATION ORIENTATION NO. OF STRAIN LAYOUT DETAILS
GAGES USED
Bottom side of FRP deck panels | Longitudinal 15 Figure 5.12
Bottom side of FRP deck panels | Transverse 8 Figure 5.13
Top side of FRP deck panels Longitudinal 2 Figure 5.14
Top side of FRP deck panels Transverse 8 Figure 5.15
Bottom layer of deck rebar Longitudinal 2 Same as Figure 5.16
Bottom layer of deck rebar Transverse 9 Figure 5.18
Top layer of deck rebar Longitudinal 2 Figure 5.16
Top layer of deck rebar Transverse 27 Figure 5.17
Rebar in stems Vertical 48 Figure 5.19

The positions of the strain gages attached to ¢t side of the FRP panel
side deck are shown in Figure 5.12 and Figure 5dréented in the longitudinal and

transverse directions, respectively. The straigegaattached the bottom of the FRP
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deck were spaced 305 mm (1 ft) apart from eachr athihe transverse direction and

approximately 610 mm (2 ft) apart from each otimethie longitudinal direction.

1524
1219

1194

1245

1829

Figure 5.12 Layout of longitudinal strain gageselted to bottom of FRP side deck

The longitudinally oriented strain gages shown iguFe 5.12 were positioned
in two rows along the FRP deck slab, with one larmdjnal row at the midspan of the
slab and the other offset from the slab centetip&05 mm (12 in) in the direction of
the outer stem. These longitudinal lines of stggiges serve to assess the progression
of strains at different distances away from theliagddoad. Strain gages were located
directly on either side of the intersection betw&&P panels in order to evaluate the
effectiveness of stress transfer between adjacamelp. The transversely oriented

strain gages attached to the bottom of the FRPd&dk consisted of two long rows of
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gages as shown in Figure 5.13, with one row altvegtést specimen centerline and

another row located 610 mm (2 ft) away from thecgpen centerline.
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Figure 5.13 Layout of transverse strain gageslatid to bottom of FRP side deck

In order to further investigate the structural masge of the FRP panels, strain
gages were attached in different locations throughioe top side of the central FRP
panel. The two longitudinal strain gages showfigure 5.14 were positioned along
the midspan of the FRP side deck at the same docas gages that were applied to
the bottom of the FRP panel, therefore allowingdwect comparison of strain values

between the top and bottom side of the FRP paiibk transversely oriented strain
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gages shown in Figure 5.15 were attached alongittispan of the FRP deck, both in
the middle of the flat panel sections as well asamof the FRP panel stiffeners, and

near the edges of the FRP panel.
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Figure 5.15 Layout of transverse strain gageslatiz to top of central FRP panel
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Strain gages were also attached to the top andorbotayer of steel
reinforcement in the deck slab and were attachedbdth longitudinally and
transversely oriented rebar. Two strain gages \adeched to the top longitudinal
rebar in a row that was as close as possible taéheerline of the two deck slabs.
The middle strain gage in each row was placedaténterline of the test specimen
and the second strain gage was spaced a distarfgd®ohm (2 ft) increments along
the bar as shown in Figure 5.16. The top transvstsel rebar that ran along the

specimen centerline was instrumented with ninersgages as shown in Figure 5.17.
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Figure 5.16 Layout of strain gages attached tddogitudinal steel reinforcement
(same layout of strain gages attached to the bdtiagitudinal reinforcement)
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Figure 5.17 Layout of strain gages attached tdramsverse steel reinforcement

The 27 strain gages attached to the bottom layetramisverse rebar were
primarily located on three lines of strain gage$icl each contained eight strain
gages as shown in Figure 5.18. Three additional Wwdh one strain gage each added
further instrumentation to the reinforced concigtke. The bottom longitudinal rebar

in the deck were instrumented with a total of tviaia gages, located in the same
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position as the strain gages on the top longitudgteel reinforcement, as shown in

Figure 5.16.
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Figure 5.18 Layout of strain gages attached ttobotransverse steel reinforcement

The strain gages attached to the vertical steafariement in the stems are
arranged in one of two patterns, termed “A” and ,“Bhd are located at different
positions within the test specimen cross sectioshasvn in Figure 5.19. Strain gage

pattern A contains eight gages, with six attacloethé outer stem of the FRP side and
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two attached to the center stem as shown in Fi§u28. Strain gage pattern B
contains three strain gages total, with one sgage attached to the outer FRP side
stem and two gages attached the center stem asishorigure 5.21. There are a

total of 48 strain gages attached to the vertigahgebar.
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Figure 5.19 Strain gage pattern locations for gaggached to vertical stem rebar
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Figure 5.20 Strain gage pattern “A”
(Consists of six strain gages attached to theoadrstem rebar of the FRP side outer
stem and two strain gages attached to the vedieal rebar of the center stem)

1397 typ.

Figure 5.21 Strain gage pattern “B”
(Consists of one strain gage attached to the atgiem rebar of the FRP side outer
stem and two strain gages attached to the vedieal rebar of the center stem)

5.5 DATA FROM CASTING OF DECK CONCRETE

Following the same process as the first test sp@timoncrete was cast to
create a 178 mm (7 in) thick deck slab, which agupla load per unit area of 4.21
N/mn?* (88 psf). During the pouring of the concrete, toenposite deck panel had

peak deflections of less than half that of the wasodhored formwork used for the
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reinforced concrete side, 2.2 mm (0.087 in) ve&s@smm (0.232 in), respectively as
shown in Figure 5.22. Forty-eight hours after ¢cbenpletion of the concrete pour, the
deflections for the composite side versus reinfdroencrete side were 1.4 mm (0.055
in) versus 5.1 mm (0.201 in) respectively.

The deflection of the composite formwork during stwaction was 78.4% less
than the AASHTO specified deflection limit of 10r@Bm (0.4 mm), which was
determined from the span length divided by 180esEhdeflection results indicate that
the FRP panels function well as formwork, exhilgtiminimal deflections under

construction loading.

[

Deflection (mm)

FRP Panel Formwork

4 6 8 10
Time (hours)

Figure 5.22 Comparison of formwork center defl@tsi under construction loading

Temperature and strain data were also taken ddh@gonstruction pour to

determine the temperature of the concrete durimg and the strains imposed on the
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deck due to construction loading and shrinkage. measure the temperature of the
deck, three thermocouples were used with one thewvople embedded in the center
of the composite side deck concrete, another endokeddthe center of the RC side
deck concrete and the final thermocouple placedcadi to the test specimen, to
measure ambient temperatures. Figure 5.23 shavethperatures measured by the

three thermocouples over a 72 hour period.

45 ! ! | i ‘Plan view of deck
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Figure 5.23 Temperature progression over thres ttayfreshly poured deck concrete
(Deck pour completed within first two hours fronarstof data acquisition)

Note that the sudden shifts in the ambient tempesadirectly correspond with the
operating hours of the testing facility, in whi@rde bay doors are opened and closed
at the start and close of business hours respsctivehe peak temperature in the
composite side deck slab was 37.2 degrees Celstisvas achieved approximately

11.5 hours after- the completion of the concretekg®ur, whereas the RC side deck
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slab achieved a peak temperature of 40.9 degrelssuS€approximately 13.5 hours
after completion of the concrete deck pour.

Strain values from the strain gages located througkhe specimen changed
by less than 100 microstrains during the twenty-foaurs after the deck concrete
pour. The results from temperature and strain oegasured within the deck indicate
that the change in temperature due to the exotlbengaiction from the concrete deck

pour has a negligible effect on the performancihefFRP panel system.

5.6 STATIC LOADING OF TEST SPECIMEN

5.6.1 Loading Protocol

Load was applied to the specimen using the saniegesetup as the first test
specimen, with two 890 kN (200 kip) capacity actuatspaced 1830 mm (6 ft) apart
from each other and at the center of each deck sldi® current test specimen was
subjected to quasi static up to 70% of the loadtath punching shear occurred for
the first test specimen followed by extensive aytdading. This section describes the
static portion of loading, whereas the details tesd results from cyclic loading are
described in Section 5.7.

The quasi static portion of testing was appliedsiigle cycles at 98 kN (22
kip), 169 kN (38 kip), 338 kN (76 kip), 489 kN (1kip) and 578 kN (130 kip). The
high loading levels applied to the specimen dutimg static phase were applied in

order to establish a performance comparison betwgstems and ensure the system
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exhibits a stable response even when exposeddge tarerloads. A summary of the
static loading protocol is shown in Table 5.5.

In addition to the loading described in Table %0 additional loading steps
were applied. After the 489 kN (110 kip) load levihe unloaded specimen was
loaded to 98 kN (22 kip) then unloaded prior totaaring on to the 578 kN (130 kip)
load level. An additional static loading of thettepecimen in a single cycle up to 578
kN (130 kN) was also performed after the completbthe quasi static loading phase

and immediately prior to the start of the cycliaphs.

Table 5.5 Static loading protocol for test specirg@

TARGET | SINGLELOAD- | MULTIPLEOF | MULTIPLEOF | MULTIPLE OF
LOAD | UNLOAD CYCLE | SERVICE [ LOAD |STRENGTHILOAD| PERMIT LOAD
KN | kip | (Yes/No) 98 kN (22 kip) | 169 kN (38 kip) | 180 kN (41 kip)
73 16 No 0.7 0.4 0.4
98 | 22 Yes 1.0 0.6 0.5
169 | 38 Yes 1.7 1.0 0.9
254 | 57 No 2.6 1.5 1.4
338 | 76 Yes 34 2.0 1.9
400 | 90 No 4.1 24 2.2
489 | 110 Yes 5.0 2.9 2.7
578 | 130 Yes 5.9 3.4 3.2

5.6.2 Overall Behavior
At each load level in which a single cycle was parfed, the target load was
held briefly to allow inspection of the test speemin the loaded state prior to

unloading the specimen. This allowed for easieseolmtion of any cracking or
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damage which had occurred to the test specimemglarigiven load level. The first
minor cracks due to loading were observed at trfeekd8 (110 kip) load level, which
was equivalent to 5.0 times the AASHTO service lodthese small discontinuous
cracks were less than 0.1mm (0.004 in) width ancevi@&cated on the top surface of
the deck near the center stem. Linear potentianaetg strain gage data described in
Section 5.6.8 indicate that the FRP panel and adjaconcrete remained bonded to
each other throughout the static loading phase.

The maximum midspan deflections of the deck slaitkeuthe applied load of
578 kN (130 kip) were 3.99 mm (0.157 in) for theH-Ranel reinforced slab and 3.62
mm (0.143 in) for the reinforced concrete slab. e Tdverall load versus midspan
displacement response curves for the two slabstaen in Figure 5.24. In order to
better compare the structural response of the ewdarcing schemes, the unloading
portion of each curve was removed and the envefdpe of load versus center
deflections is shown in Figure 5.25.

At the 98 kN (22 kip) load level, equivalent to tRASHTO HS20 wheel load
of 73 kN (16.4 kip) with an additional 33% impaccfor, the vertical midspan
deflection for the FRP side slab was 0.36 mm (0.004whereas the midspan
deflection for the RC side slab was 0.29 mm (0.@).1 Throughout the loading of
the test specimen, the composite side deflectgtitblimore at the midspan than the
reinforced concrete side, with a maximum differebe¢ween the two slabs of 0.36
mm (0.014 in), equivalent to a 9.9% greater contpasde deflection, which occurred

at a the maximum applied load level of 578 kN (kg9).
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Figure 5.25. Envelope plot of load versus cenédledtions

5.6.3 Stiffnesschange per increment

Progression of damage within the deck slabs asraddeéhrough degradation
of the slope of the load-deflection response is maned using effective stiffness
ratios. The effective stiffness ratio, which idided and discussed in greater detail in
Section 3.8.3, calculates an adaptive secant esiffrusing the center deflection for
each slab and normalizes this value using the agapécant stiffness calculated at a
baseline load. Use of effective stiffness ratiduga rather than center deflection
values provides a more reliable metric for perfanoea comparisons the two deck
slabs. The effective stiffness ratios shown inl&a&h6 and Table 5.7 highlight the
difference in the degradation trends of the loadledgon slopes for the two

reinforcing systems.
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Table 5.6 Effective stiffness ratio of FRP sid&bslrom linear potentiometer data

ACTUAL ACTUAL MIN. | DEFLECTION
TARGET AT MIN
f
KN | kip | KN Kip KN kip min in min in -

98 | 22 | 98.0 | 220 | 7.7 1.7 | 036 |0.014 | 0.00 | 0.000 1.00

169138 1165213711 50 | 11 | 069 |0027] 004 l00o2| o008
338 76 [ 338.1 | 76.6 5.0 il 179 (6076 6.16 [ 6.06064 0.78
400 90 | 3951 | 888 7.5 1.7 226 100891 037 10014 0.81
aea l11nl 4074 l1nag 7 £ 17 207 Iln1ial a27 lnnia n 71
TOS 4 LW 27T PRV s § e L. oF W V.11b7 AV e v i V.wviT Va.i d

1.2 | 3.99 |0.157 | 0.64 |0.025 0.67

n
2

578 1130|5759 |129.5

Table 5.7 Effective stiffness ratio of RC sidebsiieom linear potentiometer data

ACTUAL ACTUAL MIN. DEFLECTION

T | e sy pazenotan "I e
'L OAD ACTUATOR ACTUATOR ! 5 ’| THRESHOLD | RATI 0“
‘ LOAD, Ps LOAD, P, f LOAD, &;
kN kip | kN kip kN kip | mm in mm in ---

98 22 | 98.0 | 220 6.5 1.5 | 0.30 | 0.012| 0.01 |0.000 1.00

[a—y
[=n)
sl
(5]

8 [ 1652 | 371 50 1.1 | 0.58 10.023 | 0.04 |0.002 0.93
7 56.8 5.1 1.1 1.14 | 0.045 | 0.13 | 0.005 0.76

[ ]
[
I
[

338 76 |338.0 76.0 5.1 1.1 1.56 | 0.062 | 0.13 |0.005 0.72
400 90 | 405.1 | 91.1 7.3 1.6 | 2,16 | 0.085| 0.45 |0.018 0.72

1.6 | 2.68 | 0.105| 0.45 |0.018 0.67

(9]

489 110 | 4874 | 109.6 7.

1.1 | 3.63 | 0.143 | 0.82 |0.032 0.63

=

578 130 | 5759 | 1295 5.
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The degradation trends for the two slabs are masilyeobserved in Figure
5.26, which plots the effective stiffness valuedoth slabs for each load level. The
reinforced concrete side slab displayed the moghifssant effective stiffness
degradation at the 254 kN (57 kip) load level, vehiire effective stiffness ratio for the
reinforced concrete side had decreased by 24% s#necstart of the current loading
phase as compared to FRP panel side, which onlgriexged a 9% decrease in its

effective stiffness ratio.
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Figure 5.26 Effective stiffness ratios of the tslabs

The FRP panel side slab maintained higher effetiftness ratios than the
reinforced concrete side slab. Both sides showewmdecreases in the effective

stiffness ratio, with a decrease of 33% for the FR@e slab and 37% for the
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reinforced concrete slab effective stiffness raiahe 578 kN (130 kip) load level,

which is 5.9 times the AASHTO factored service load

5.6.4 Deflection Profiles

In this section, deflection profiles throughout tiest specimen for key load
levels up to maximum applied load are presentdae @rimary purposes for obtaining
the displacement profiles was to determine thengxtewhich the two reinforcement
systems were able to distribute the wheel load avearger area in both the
longitudinal and the transverse directions, thulpihg to avoid localized punching
shear failure. Unless otherwise noted, the deflegbrofile figures in this section all
maintain the same deflection scale, which accommesdéhe maximum values
observed in the specimen at the maximum load apjpliging this loading phase of
578 kN (130 kip) in order provide context for eatdflection value in relation to the
overall deformation of the structure.

The deflection profile along the length of the dediove the central stems is
presented in Figure 5.27. This figure indicatest tihe deck above the center stem
deflected evenly along its length. Comparable il@®fare also observed for the
deflections above the two outer stems. The smallumiform deflections observed in
the deck above the stems indicate that the steidgtuloaded evenly and that the
vertical deformations of the stems do not signifiba affect the overall structural
response of the test specimen. The maximum deffegt the deck above the stems

at the 578 kN (130 kip) load level was 0.64 mm %@.#&1), which was approximately
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6.2 times smaller than the corresponding midpoietledtion of the reinforced

concrete side slab.

4.5

Max slab . g
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3577 (578kN) TR
= M I
3 3.0 —_—
= 2.5
2T e
= 338 K|
510 16%‘“\\
98 KNS\, 5
0.5 % : &‘Q é. ......
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Figure 5.27 Deflection profile along length of Bebove central stem
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The deflection profiles along the centerline of time slabs are shown in

Figure 5.28 and Figure 5.29. Both slabs maintaic@mparably shaped deflection

profiles throughout the loading range. As expectld highest deflection values for

both slabs were observed for the linear potentiersebelow the two hydraulic

actuators, with progressively smaller deflectiorts déstances away from these

locations. Similarly, because the centerline dditbe profiles shown in Figure 5.28

and Figure 5.29 were directly below the actuattrese deflection profiles contain

higher deflection values as compared to deflegbiafiles offset from the centerlines,

shown in Figure 5.31 and Figure 5.32.



Deflection (mm)

4.t

Max slab N ;.
4.0 = geflection 78 K I IO S
35+ (578 kN) / 0" | = RS
3.0 489 kN / > \ R
2.5
400 kN F»/\ \
2.0 1 338 KN—jeszcczoo oo
254kN .
1.5 1 169 kN \4% fs\\e
1.0 1-—38KND>L > Z\/‘@\ \):K\ >
. i ®
N oIS =
. . 9 > .
0.0 i i g’:m
1830  -1220  -610 0 610 1220

Position from center of actuator (v

250

1830

Figure 5.28 Deflection profile along centerlinetioé composite side deck

Deflection (mm)

4.t

: ! : )
Max slab i sk e
4.0 1 deflection |
35 - (G78KN) VAN o=
3.0 ! - I._ _______ 1
25 1 s8N \// A\
2.0 - 489 KN /\
L5 | 400kN S Db
1.0 4+ 338 k'N ---_/ o P -
0.5 1
0.0
-1830 -1220 -610 0 610 1220

Position from center of actuator (nr

1830

Figure 5.29 Deflection profile along centerlinetioé RC side deck
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In order to more thoroughly compare the level ablzed deformations in the
slabs, the superimposed deflection profiles altwvegcenterline of the decks are shown
at different load levels. The deflection profisown in Figure 5.30 at the load level
of 578 kN (130 kip), equivalent to 5.9 times the SATO service load, are
comparably shaped for the two sides, with eacthefdeflection values for the two

sides similar to within 0.5 mm (0.02 in) of eachet

TR oy
_357 (578kN) Y, N |
E 3.0 \ ______ e
c 25 _ / \

.% 20 4 RC sld§—>9/ \h

S ] Corsrilggsne—m( N

310 N
0.5
0.0

-1830 -1220 -610 0 610 1220 1830

Position from center of actuator (mm)

Figure 5.30 Comparison of deflection profiles &bad level of 578 kN

The deflection profiles along the length of theldeghich are offset from the
centerlines of the slabs by 305 mm (12 in) towatds outer stems, are shown in
Figure 5.31 and Figure 5.32. These figures givermation regarding the
effectiveness of the reinforcement systems to iige the actuator load to the

surrounding regions.
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Figure 5.32 Deflection profile along row 8 of larepotentiometers
(offset from the RC side centerline by 305 mm)
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Throughout the loading range, the deflection pesfilin the longitudinal
direction near the outer stems shown in Figure 5a8#l Figure 5.32 illustrate
comparable deflections in both slabs, with sliglgisger values observed on the FRP
panel side.

The deflection profile along the transverse cemterbf the test specimen is
presented in Figure 5.33. As expected, the higtlefiection values were observed
near the actuator locations and the lowest deflectalues were observed above each
of the three stems. At the 578 kN (130 kip) loadel, equivalent to nearly six times
AASHTO service load, the composite side displaye8.¥ mm (0.157 in) center
deflection, while the reinforced concrete side diged a 3.63 mm (0.143 in) center
deflection. A detailed discussion of the progressf the center deflections, as they
pertain to the effective stiffness of the slabgrisvided in Section 5.6.3, for the FRP
panel reinforced slab and for the reinforced caecsdab. Both sides maintained

deflection profiles that were to each other thraughthe loading range.
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5.6.5 Strain Development

The strain development within the test specimen wlaserved though the
examination of measurements from strain gageseppii the steel reinforcement and
FRP panels within the test specimen. The precisatiln of all strain gages is given
in Section 5.4.2. Note that strain values repodecdhegative indicate compressive

strains whereas positive values indicate tensiéenst.

5.6.5.1 Comparison of Strains in FRP Panel Deck and RC Deck

The load versus strain envelope plot of the bottongitudinal strain gages
located directly below the RC side and compositie sictuators is shown in Figure
5.34. The RC side strain values have been adjusted) the method described in
Section 3.8.5, which assumes a linear strain digion within the section, in order to
determine the apparent strains at the depth witt@rreinforced concrete side slab that
are in line with the FRP panel strain gage as shavigure 3.63.

As observed in Figure 5.34, the reinforced concsete displays higher strain
values than the strains on the FRP panel side ghout the loading range. The
adjusted strain in the reinforced concrete sideobotlongitudinal strain gage at the
maximum applied load of 578 kN (130 kip) was 1505u8rostrains, which was 960
microstrains greater than the corresponding staithe FRP panel longitudinal gage
of 545.8 microstrains.

The load versus strain envelope plots for the botteansverse strain gages

indicate that the strain for the reinforced corerside gage initially increases at a
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slower rate than the strain for the FRP panel galge, as shown in Figure 5.35. For
loading above approximately 250kN (56 kip), the st@in values from the two sides

increase at comparable rates.

6x AASHTO600 -
service load CM3L
500 - +«—DBL17-2*
= 400 - CM3L:DBL17-2*
= 300 - l
o i i
S A ;
1x AASHTO 1 - L~ i
service load J A
0 - ; ; — ,
0 500 1000 1500 2000

Strain (microstrains)
Figure 5.34 Load versus strain for bottom longiatistrain gages
(Gages are located directly below the two actuat@MI3L is on the composite side
on the underside of the FRP panel; DBL17-2 is @RRK side bottom longitudinal

steel reinforcement and therefore is adjusted usomgations 3.7 and 3.8)

The strain profile for the top transverse steeif@cement along the centerline
of the specimen is shown in Figure 5.36. As exgubddr a top rebar under the given
loading conditions, the strain gages located atntiddle of each deck display the
highest compression strains while the gage at ¢néec of the two stems displays the
highest levels of tensile strain. For each of displayed load levels, the reinforced

concrete side strain gages exhibit comparable gieni values as compared to the

corresponding strain gages on the composite sitleedkest specimen.
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Figure 5.35 Load versus strain for bottom transeetrain gages
(Gages are located directly below the two actuatB8T10-6 is on the RC side
bottom transverse steel reinforcement; CM3T ishendomposite side underside of

the FRP panel and therefore is adjusted using kEmsaB.7 and 3.8)

In order to better quantify the difference inpesse between the two sides
individual comparisons of load versus strain plotspairs of strain gages examined.
The load versus strain responses for the top temssvstrain gages located directly
below the two actuators, shown in Figure 5.37stHate equivalent strain values for
the two sides during initial loading. For loadsoe#® 230 kN (52 kip) until the

maximum applied load, the RC side strain gage détshditirain values that are between

19% and 21% larger than the FRP panel side strains.
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Figure 5.37 Load versus strain for top transvetssn gages
(Both gages are located on the top transverserstieébrcement directly below the
two actuators. DTT10-7 is on the RC side and DF31€ on the composite side)
The load versus strain envelope plots for the tapstverse strain gages located

152 mm (6 in) away from either side of the censtalm and 610 mm (2 ft) away from
the centerline of the two deck slabs are showniguré 5.38. The two strain gages
showed equivalent strain values up to a load of@pmately 338 kN (76 kip)), which
is 3.4 times the AASHTO service load. For the neder of the loading phase, the
reinforced concrete side strain gage increasedramnsvalues more quickly than the
FPP panels side gage such that the maximum straimei RC side gage during this
loading phase was 150 microstrains or 42.2% grehter the equivalent strain from
the FRP panel side strain gage. The envelope fdot®ad versus strain of the top
transverse strain gages located directly abovetuker stems, as shown in Figure 5.39,
maintain comparable strain values throughout tlelilg range, with less than 50

microstrains separating the two sides at any leadl|
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Figure 5.38 Load versus strain for top transvetssn gages near central stem
(Both gages are located on the top transverse daegtly along the test specimen
centerline, each a distance of 610 mm away frormtiolspan of the decks, towards

the central stem. DTT10-6 is on the RC side andIDF4 is on the composite side)
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Figure 5.39 Load versus strain for top transvets@n gages above outer stems
(Both gages are located on the top transverse daegtly along the test specimen
centerline. DTT10-9 is on the RC side and DTT16-@n the composite side)
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5.6.5.2 Strain Profiles along the Longitudinal Direction thie Decks

The strain profiles along the longitudinal direasofor the centerlines of the
composite side and reinforced concrete side deksshre shown in Figure 5.40 and
Figure 5.41 respectively. These strain profiles ba used to determine the level of
stress distribution within the bridge deck due iiee lloading applied to the deck
surface. Note that as discussed in Section 3l8&5osition of the strain gages within
the composite side and RC side deck of the testirgpa with respect to the depth of
the slab will have an effect on the direct compaitglof the absolute magnitude of
the strains. Since the FRP side does not havétanbdayer of rebar, the strain gages
for the bottom layer on the composite side arech#d the underside of the FRP
panels, which is located a distance of approximd@& mm (2.25 in) lower within the
deck slab than the gages attached to the bottogitloiinal rebar on the reinforced
concrete side.

Regardless of the magnitude of the strain vallesstrain profiles of two deck
slabs can be compared in terms of profile geonaatdy/loads at which major changes
occur. As described previously in Section 5.6.5vhich examines the load versus
strain plots for the center strain gages, the R@e stenter strain values are
significantly higher than the FRP panel side cestein values throughout all loading
levels. The composite side and reinforced concsiete deck slabs shown in Figure
5.40 and Figure 5.41 both maintain large tensdkies in the strain gage directly
below the actuator and compressive strains inttlansgages located greater than 610

mm (2 ft) away from the actuator.
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Figure 5.40 Strain profile for gages attachelddtiom of FRP panel along line 3
(Line of gages is located directly along the conieoside centerline)
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Figure 5.41 Strain profile for bottom longitudimabar along line 17
(Rebar is offset from RC side centerline by 140 tomards the center stem)
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The switch in strain values from tension to comgi@s along the RC side
strain profile indicates that the point of inflesti for the RC side slab in the
longitudinal direction is less than 610 mm (2 &hgitudinally away from the centroid
of the actuators. The FRP panel side strains Bviiiten tension to compression at the
intersection between the FRP panels. Since thet mdiinflection for both decks
occurs approximately 610 mm (2 ft) away from thato@d of the actuators and this
location is near the intersection between panelshenFRP panel side deck, further
experimental work is needed that specifically adsles the transfer of stresses

between panels.

5.6.6 Strain Progression and Maximum Strain Levels

At the 1x AASHTO service load level of 98 kN (22pkiper actuator, all
strains in the test specimen were less than 10fbstrains, with the exception of the
FRP panel side transverse gages on the top amahbsttle of the center FRP panel,
directly below the actuator, which displayed valu#s106 microstrains and 110
microstrains respectively. The strain profilesna&farly all strain gages within the
specimen exhibited linear increases under incrgasiad up until the 489 kN (110
kip) load level. The specimen is unloaded theoagéd at this load level and the
strain values before and after the unloading ekhibinor strain discontinuities
throughout the specimen. While this was the l@a@llat which initial damage to the
concrete composite interface was observed on thet fpecimen, a thorough
examination of the data indicated that full comfsiction between the FRP panels

and the concrete was maintained for the currentis® at this load level and
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throughout the entire static loading phase. Deteabarding detection of separation
between the FRP panel and the concrete are dedanil$zction 5.6.8.

Prior to unloading the test specimen at the 489K kip) load level, which
is equivalent to approximately five times the AASBiEervice load, the highest strain
value of 1549 microstrains was recorded from th& BRle longitudinal strain gage on
top of the center panel, directly below the FRRe fadtuator. The strains in the FRP
side transverse strain gage, directly below the BRIR actuator, on the top and
bottom of the center panel, were 864 microstrams @24 microstrains respectively.
The highest strain values observed on the RC sdk dt this load level were located
adjacent to the RC side actuator in the bottomrlajeransverse and longitudinal
rebar read values of 812 microstrains and 805 rsiams respectively.

At the maximum applied load of 578 kN (130 kip)ua@lent to nearly six
times the AASHTO service load, the maximum strainthe deck slab was 2104
microstrains for the FRP side longitudinal strasgeg on top of the center panel,
directly below the FRP side actuator. The higlséstin observed for the RC side was
1145 microstrains for the bottom transverse RC sida@in gage at midspan located
203 mm (8 in) longitudinally away from the centediof the RC side actuator. The
strains for the bottom transverse RC side and cagitgeide center gages at this load
level were 559 microstrains and 1054 microstragepectively whereas the bottom
longitudinal strains on the RC side and composde sere 950 microstrains and 546
microstrains respectively.  The strains measumethe vertical stem rebar ranged
from -243 microstrains to 262 microstrains, witle fargest strain values measured in

gages located closer to the actuators and at fseotfcthe stem rebar.
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5.6.7 Residual Deflections and Strains

The presence of residual deflections and residwains observed in the test
specimen deck slab throughout the loading protammbn indication of damage which
has occurred. Throughout the loading steps, thielual deflection accumulated for
each load level at the midspan of each slab wasrmdeted and the results are
displayed in Table 5.8. Note that the reinforcedarete side exhibited slightly higher
residual deflection values for each load level @mgared the composite side values.
The total residual deflection accumulated with lagdup to the 578 kN (130 kip) load
level was 1.15 mm (0.045 in) for the composite sidecompared to 1.45 mm (0.057

in) for the reinforced concrete side.

Table 5.8 Residual deflections of deck slabs (foemtral linear potentiometers)

COMPOSITE SIDE RC SIDE
Individual Accumulated Individual Accumulated
LOAD LEVEL residual residual residual residual
deflections for | deflectionsup | deflections for | deflections up
the given load to the given the given load to the given
level load level level load level
kN | kip mm in mm in mm in mm in
169 38 0.04 | 0.002 | 0.04 | 0.002 | 0.04 | 0.002 | 0.04 | 0.002
254 57 0.10 | 0.004 | 0.14 | 0.006 | 0.13 | 0.005 | 0.18 | 0.007
400 90 037 | 0.014 | 051 | 0.020 | 045 | 0.018 | 0.63 | 0.025
578 | 130 | 064 | 0025 [ 1.15 | 0.045 | 082 | 0.032 | 145 | 0.057
TOTAL
RESIDUAL 1.15 | 0.045 -—- --- 145 | 0.057 --- -
DEFLECTIONS
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5.6.8 Separation between FRP Panelsand Concrete

During the static loading of the test specimen,n@ration of specific strain
and deflection data was used in order to detecpthsence of a separation between
the FRP panels and the concrete. A select numbénear potentiometers were
placed above and below the composite deck in tinee siacation such that their
deflections could be compared. The difference efledtion values obtained from
pairs of these linear potentiometers was used tairmformation regarding the level
of separation that had occurred. A differentiatween the top and bottom pot
readings indicates that the concrete and compas#tero longer acting together as a
connected unit and are now deflecting independieaach other.

The load versus deflection envelope plots from ia @fdinear potentiometers
located on the FRP panel side deck along the temss\centerline of the test specimen
on the side of the actuator closest to the cemi@in are shown in Figure 5.42.
Throughout the static loading phase, the largef$érdnce between the deflections
measured from the top and bottom side of the FRielpside deck was 0.09 mm
(0.004 in). This difference in deflection valueasv4% below the threshold value
established in Section 3.8.8 for measuring a séparbetween the FRP panel and the
concrete.

The values from strain gauges which were attachehklet composite panel, the
bottom rebar which protrudes onto the compositeepam order to satisfy the
development length required by code, and the ttyarréayer which is continuous
throughout the specimen were also examined as asndaletection of the separation

between the concrete and the FRP panels.
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Figure 5.42 Load versus deflection plots for linpatentiometers on top and bottom
of deck- located along test specimen centerlineédfidmm away from the composite
side centerline, 178 mm from the composite sideaddhe center stem

The vertical difference between the strain gaugehenbottom of the FRP
plate and the strain gauge on the bottom rebgopsoaimately 50mm and so similar
strain values are expected, with the strain gagéemottom of the FRP plate reading
slightly higher strains than the strain gage ontibdom rebar. Note that regions
observed are outside the point of contraflexurettierFRP panel side deck slab in the
transverse direction, therefore compressive straieexpected for the gages attached
to the FRP panel, whereas tensile strains are segbémr the gages attached to the top
transverse rebar. The lack of significant disaanties within the strain profiles
shown in Figure 5.43 and Figure 5.44 indicate il system maintains strain
compatibility throughout the section depth. Theosth load verses strain profiles

with the top rebar in tension, the FRP panel in pa@ssion and the bottom rebar with
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negligible strain values also indicate that thetrawaxis for the deck slab is located

adjacent to the bottom rebar.

6x AASHTO 60C - :
service load Plan view
— . FRP panet»
5 400 L P «—L Bottom
= 300 - _ rebar
2 Cross section of deck «—Top rebar
- 200 - Top rebar — -
Ix AASHTO 100 -i g ottom rebat > |
service load
0 FRP panei%gl_ .
-1500 -1000 -500 0 500

Strain (microstrain:

Figure 5.43 Load versus strain comparison of tknagsverse gages along test
specimen centerline at the same location and fatréift depths within the deck
(located 610 mm (2 ft) away from the FRP side @otu@wards the outer stem)
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Figure 5.44 Load versus strain comparison of tknagsverse gages along test
specimen centerline at the same location and fatréift depths within the deck
(located 610 mm (2 ft) away from the FRP side aotu@wards the central stem)
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Based on the two detection methods described alibeebond between the FRP
panels and the concrete was determined to rem#iniftiact throughout the static

loading phase.

5.7 CycLIC LOADING OF TEST SPECIMEN

5.7.1 Loading Protocol

After the static loading phase was completed, cyolading was performed at
increasing load levels up to 5x service load fauenulative total of 32,000 cycles.
During each cycle, the test specimen was loadeitiéodesignated load level, then
unloaded to a nominal zero load of 4 kN (0.9 kiphe purpose of the cyclic loading
phases was to examine the extent to which the drigk system exhibited a stable
structural response under repeated overloads. difleeent loading levels applied per
actuator for the cyclic phases are multiples of ARSHTO HS20 wheel load of 73
kN (16.4 kip) with an additional fatigue factor ©5% per wheel for the fatigue limit
state [91]. The loading protocol used is shownTable 5.9 with a graphical
representation of the loading sequence shown inr€i§.45.

In addition to the loading described in Table @Single static load-unload
cycle up to a load of 168 kN (37.8 kip) was perfedhat the start of each 5,000 cycles
such that the test specimen could be checked &mksrin the loaded and unloaded
state. At each load level in which a single cywkes performed, the target load was
held briefly to allow inspection of the test speemin the loaded state prior to

unloading the specimen.



Table 5.9 Cyclic loading protocol for test speamr#

270

LOAD LEVEL CUMULATIVE
PHASE AND CORRESPONDING PER ACTUATOR NUMBER OF NUMBER OF
LOADING LEVEL PER ACTUATOR " CYCLES
&N) | (kip) CYCLES
Phase I: Static loading
(single cycles up to 568kN) 368 130 4 4
PhaseIl:  Cyclic at 2P 168 37.8 10,000 10,000
PhaseIIl:  Cyeclic at 2.5P 210 47 .4 7.000 17,000
PhaseIV: Cyclic at 3P 252 56.7 5,000 22,000
Phase V:  Cyclic at 5P 420 | 948 | 10,000 32,000
Note: P=1.15 x AASHTO unfactored service load,
where AASHTO unfactored service load is 73kN (16.4 kip)

568 ~Phase |- Quasi-static
Phase V- 5P

420
=z
=
g 20 Phase IV- 3P
S Phase I1I- 2.5P 7

210 Phase II- 2P .

168 ase Il-

0 10,000 1700022,000 32,000

Cumulative number of cycles

Figure 5.45 Loading phases for test specimen #2
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5.7.2 Crack Patterns

Prior to the start of the cyclic loading, the tesgtecimen was carefully
inspected and any cracks from concrete shrinkagdram the static loading phase of
testing were marked on the specimen. The discontis hairline cracks observed on
the top surface of the deck prior to the cyclicdiog phase had crack widths less than
0.1 mm (0.004 in) and ran primarily in the longitual direction near the center stem.

At the end of 10,000 cycles at 168 kN (37.8 kiphjak is twice the AASHTO
service load, approximately ten 51 mm (2 in) lomgcks located above the center
stem, running in the longitudinal direction, wereserved to have crack widths of
approximately 0.4 mm (0.016 in). The remaindercrdcks within the specimen
varied in width from 0.1 mm (0.004 in) to 0.3 mmQ®D2 in) and length from 51 mm
(2 in) to 127 mm (5 in). Throughout the remaindéthe cyclic phases, only minor
discontinuous crack progression was observed, théHargest crack at the end of all

cyclic phases only 0.7 mm (0.028 in) wide.

5.7.3 Progression of Center Deflections

Center deflections were chosen as the primary atoidoy which to compare
the two deck slabs in terms of structural respamse progression of damage. Since
the stability of the system during the cyclic laagliwas the focus of this loading
phase, changes in deflection and strain values thvercourse of the cyclic loading
rather than their absolute magnitudes are of pgroancern. The plots of load versus

center deflections during the course of the cyldéding phases are shown for the
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FRP panel side and RC side in Figure 5.47 and Tatl@ respectively. As observed
in both figures, the slopes of the load deflectarves remain relatively constant
throughout the loading phases, whereas the resthilgctions gradually increase for
both sides.

Changes in the slope of the load-deflection respoas measured using
effective stiffness ratios are shown in Table Sabd illustrated in Figure 5.48. The
effective stiffness ratio, which is defined andcdissed in detail in Section 3.8.3
calculates an adaptive secant stiffness using ¢én¢ec deflection for each slab and
normalizes this value using the adaptive secaffihasis calculated at a baseline load.
Use of effective stiffness ratio values rather tisanter deflection values provides a

more reliable metric for performance comparisontheftwo decks.

Table 5.10 Effective stiffness ratios of the tvabs throughout cyclic loading

EFFECTIVE STIFFNESS
| s | S T

FRP SIDE | RC SIDE
PhaseII: Cyeclic at 2P 1 1 1.00 1.00
Phase II: Cyclic at 2P 5,000 5,000 0.98 0.99
Phase II: Cyclic at 2P 10,000 10,000 0.99 0.89
Phase III: Cyclic at 2.5P 1 10,001 1.00 0.93
Phase III: Cyclic at 2.5P 5,000 15,000 0.95 0.90
PhaseIII: Cyclic at 2.5P 7,000 17,000 0.97 0.89
PhaseIV: Cyclic at 3P 1 17,001 0.98 0.89
Phase IV: Cyclic at 3P 2,500 19,500 1.00 0.90
Phase IV: Cyclic at 3P 5,000 22,000 1.00 0.88
Phase V: Cyclic at 5P 1 22,001 1.00 0.89
Phase V: Cyclic at 5P 5,000 27,000 0.94 0.83
Phase V: Cyclic at 5P 10,000 32,000 0.87 0.79
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During the first 22,000 cycles in which the test@men was loaded up to 252
kN (56.7 kip) per actuator, equivalent to 3 timbe AASHTO fatigue service load,
Table 5.10 shows the FRP panel side exhibited gibtg¢i degradation in stiffness
whereas the RC side decreased in stiffness by spmaitely 10%. The decrease in
stiffness for the RC side occurred primarily durthg first cyclic loading phase of
10,000 cycles at twice the AASHTO fatigue servigad, with a minimal change in
stiffness during the next 12,000 cycles. Throughbe course of the final cyclic
phase in which the test specimen was loaded upkB2(®4.8 kip), equivalent to 5
times the AASHTO fatigue service load, the FRP paitke decreased in stiffness by
13% whereas the RC side decreased by 11%. Aftayelic loading phases were
completed, the final effective stiffness ratio tbe FRP panel side was 0.87, which

was 10% higher than the final RC side effectivratss ratio value of 0.79.

Composite side
RC side

=
o
1

Effective Stiffness Ratio
o = o
AN (e)] [00]

o
N
]

o
o

1 Cycle- 2P 10,000 Cycle4-7,000 Cycles22,000 Cycles32,000 Cycles-
2.5P 3P 5P 5P

Figure 5.48 Effective stiffness ratios of the tsfabs throughout cyclic loading
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Figure 5.48 illustrates the trend of the effectstd#fness ratios for the two slabs in
which the FRP panel side maintains higher effectirtness ratios throughout the
course of the cyclic loading phases.

The center deflections of the two slabs under 1xSHAO fatigue service
load, or 84 kN (18.9 kip), are shown in Figure 5.49Vhile both deck slabs meet the
AASHTO defined serviceability limitation for the flection-to-span ratio of a deck
under service loads, defined as L/800 2.29 mm Di0P[91], the reinforced concrete

side deck deflected over 20% greater than the FRiglside deck.
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Figure 5.49 Center deflections at 1x service libmdughout cyclic loading

At the start of the cyclic loading phases, the FfRRel side deflects 1.38 mm
(0.054 in) as compared to 1.18 mm (0.047 in) fer ERP panel side. By the end of

the cyclic loading phases, the difference betwdenRC side and the FRP panel side
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deflections increased from 0.20 mm (0.054 in) &@lOnm (0.087 in), with deflections
of 2.22 mm (0.87 in) for the RC side versus 1.807Q in) for the FRP panel side.
Differences in the residual deformations betwees tiho systems are also
significant because residual deflections accoumbed30% to 40% of the observed
service load deflections. For the current expenitnieesidual deflection is defined as
the center deflection of the slabs measured whietést specimen was unloaded to
the nominal zero load of 4 kN (0.9 kip). The prxgions of residual deflections for

both decks throughout the static and cyclic loagihgses are shown in Figure 5.50.
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Figure 5.50 Residual deflection comparisons thinoug cyclic loading

At the start of cyclic loading, the reinforced coete side exhibited 32% larger
residual deflections than the FRP panel side, 8% (0.037 in) versus 0.72 mm

(0.028 in) for the RC side and FRP panel side gpy. This disparity in residual
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deflections increased to 45% after 17,000 cyclés.the end of the cyclic loading

phases, the RC side exhibited a residual deflectidn66 mm (0.065 in) as compared
to 1.21 mm (0.048 in). The higher residual deftewt for the reinforced concrete side
provide an explanation for the larger overall deftens observed on the reinforced
concrete side at peak loads as compared to the asitmpside, even though the

reinforced concrete side exhibits a slightly higbigifness.

5.7.4 Deflection Profiles

The deflection distributions for the deck slab tigbout the cyclic loading
phases are shown in Figure 5.51 - Figure 5.52. sdHmgures are shown with an
applied load of twice the AASHTO fatigue serviceadoand contain compiled data
from each of the different important loading phase#s observed in Figure 5.51, the
center deflection for the composite side at 2xiserload is initially greater than the
deflection for the reinforced concrete side. Hogrewver the course of the cyclic
loading phases the midspan deflection of the redefi concrete side increases beyond
the FRP panel side deflection.

Unlike the response during the static phase, the istribution along the
transverse direction during the cyclic loading @sass more localized for the
reinforced concrete side as compared to the FREI@aae. Throughout the cyclic
phases, the composite side maintains the samersksheeflection profile as observed
in Figure 5.28 when low level static loads wereligp It should be noted that the
composite side only exhibited the more localizebaeation during the static loading

levels greater than 4x factored service load.
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However, the reinforced concrete side deflectimpoase changes during the loading
phases from a dispersed profile at the start of static phase to a localized
deformation at the end of the cyclic phase as seéigure 5.51. This difference in
the deflection profiles serves as an additionailcetdr showing the superior structural
integrity of the composite system in response ticyoading.

The vertical deflection response along the longjitalddirection exhibits a very
similar profile for both the FRP panel side and biforced concrete side as shown
in Figure 5.52 and Figure 5.53 respectively. Sitheetwo sides responded with very
comparable profiles, a sectional analysis was macg$o get a more quantitative side
by side comparison of the change in deflection eslior a given linear potentiometer.
Four different sets of linear potentiometers plaaethe midpoint between stems were
used to compare the deflection profiles in the tagnal direction for the composite
and reinforced concrete sides. Figure 5.58 (avsha schematic of the linear
potentiometers used for sectioned deflection corspas, which are shown in Figure
5.58 (b)-(e). Section M is located directly beltve actuator centerline and sections
C, B, and A were located 610 mm (2 ft), 1220 mnft(dand 1525 mm (5 ft) away
from the actuator centerline respectively.

From Figure 5.55 to Figure 5.58, a similar loadrtstion phenomenon is
observed as described for the transverse deflegirofile. The more dispersed
deflection profile observed for the composite sideder low applied loads is

maintained throughout the cyclic loading phases.
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The reinforced concrete side begins with a sindiapersed deflection profile
but as the cyclic loading progresses, the deflestion the reinforced concrete side
become more localized. This is indicative of geeatmore localized damage

experienced by the reinforced concrete side as amddo the FRP formwork system.

w
o

NN
o (6]
1 1

1.5

o IN iN N

Static 1 Cycle- 2P 10,000 22,000 32,000
Loading Cycles- 2.5P Cycles-5P Cycles- 5P

Figure 5.55 Composite side and RC side deflectdmifferent cyclic loading stages
( Section A-A: 1525 mm from actuator centerline)

Deflection (mm)

©c o B~
o o o
1




283

3.0
254 L0

2.0 11

1.5

1.0

fFew e s In

OO L T T
Static 1 Cycle- 2P 10,000 22,000 32,000
Loading Cycles- 2.5P Cycles-5P Cycles- 5P
Figure 5.56 Composite side and RC side deflectdmifferent cyclic loading stages
(Section B-B: 1220 mm from actuator centerline)

Deflection (mm)

3.0

2.5 . o

204 i

15

O S e [ e

Deflection (mm)

0.5 e R Lo
0.0 '_._ T T T T

Static 1 Cycle- 2P 10,000 22,000 32,000
Loadinc Cycle«- 25P Cycle-5P Cycles«- 5P

Figure 5.57 Composite side and RC side deflectabmifferent cyclic loading stages
(Section C-C: 610 mm away from actuator centerline)



284

3.0

.........

254 b

204 T L L

1.5 ———— N |

1.0 g L

05 I -------------------------------------
OO ' T T T

Static 1 Cycle- 2P 10,000 22,000 32,000
Loading Cycles- 2.5P Cycles-5P Cycles- 5P

Deflection (mm)
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(Section M-M: Directly below actuator actuators)

5.7.5 Summary

During the static loading phase, two deck slabswslo comparable
performance with linear responses and negligibléeraeation due to loading.
Examination of the additional single cycle to 578 €30 kip) immediately prior to
the start of cyclic loading also corroborated thatgnificant damage had accumulated
during the static loading phase. The bond betwbenFRP panels and the adjacent
concrete remained intact such that full compositeon for the slab was maintained
throughout the static loading phase. The FRP psidel exhibited slightly higher
center deflections, however maintained a highezctiffe stiffness ratio at each load
level and displayed smaller residual deflectioneughout the static loading. Strain
profiles in the longitudinal direction indicatedatithe point of inflection for both deck

slabs occurred approximately 610 mm (2 ft) awaynftbe center of the actuators.
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Results from the cyclic loading phases indicatet tARRP panel system
exhibited better structural response to sustaingiiccloading as compared to the
reinforced concrete deck system. The FRP panel dgtk showed smaller residual
deflections, maintained higher effective stiffneasos, and deflected 19% less than
the RC side deck under 1x service loads. Ovdtal,FRP panel system exhibited a

more stable structural response under cyclic l@adin



6 USE OF NEAR SURFACE MOUNTED FRP REINFORCEMENT ASA

MEANS OF RAPID BRIDGE DECK REHABILITATION

6.1 PRrRoJECT SPECIFIC NEED FOR FRP REHABILITATION

CALTRANS is installing sound barriers along freewaio minimize the
impact of freeway noise on local residents. Thresend barriers are installed on the
barrier rail located on the edge of the bridge daskshown in Figure 6.1. These
sound barrier walls are typically of masonry comstion and their addition to bridge
deck overhangs can sometimes increase the deadidhéd bridge in excess of the
original design loads. Currently the entire edggiae of the box girder is removed
and rebuilt using additional reinforcement. Thiegess is labor intensive and can

significantly impact traffic.

<+—— Masonry soundwall

2 2 A A S

L ]

] el e e

R

K-rail Box girder bridge deck

Figure 6.1 Sound wall placed onto the overhang lodx girder bridge deck
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An alternative to partial replacement of the briddeck is the rapid
rehabilitation of the overhang using fiber reinfdcpolymers (FRPs). The use of
near-surface-mounted (NSM) FRP reinforcement foabditation has a number of
advantages over the more common externally bondel einforcement, including
the potential for reduced surface preparation, Wwhit turn reduces the impact to
traffic. This reduces the likelihood of debondirgdres from the concrete surface due
to significantly improved anchoring ability and ingped protection from mechanical
damage provided by recessing the NSM reinforcenrgntthe concrete surface. A
discussion of different types of near surface medntcomposites, previous
applications, and observed failure modes can bedau Section 2.4.

The goal of the current investigation is to provpfeliminary validation of the
use of near surface mounted composites for incrgakie load carrying capacity of
the overhang region for historic concrete box gifoiédges. In order to achieve this
goal, the following research tasks were accomptishe

1. evaluate the load carrying capacity and structrggponse for an as-built
reinforced concrete bridge deck overhang withoutP F&rengthening
through analytical predictions and experimentadiists;

2. examine different near surface mounted rehabtitaichemes that would
provide additional strength to the bridge deck baeg so that the
overhang can to safely accommodate the increasad kad from the
addition of the sound walls;

3. implement the selected NSM strengthening desigmanl.68 m (5ft 6in)

long section of reinforced concrete bridge deckrloaeg and provide
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analytical predictions of performance as well adiscussion of results
from experimental testing;

4. compare the rehabilitated specimen’s experimerdalilts to theoretical
predictions and to the experimental results from tisting of the as-built
reinforced concrete specimen without FRP; and

5. provide conclusions for design and use.

6.2 SPECIMEN GEOMETRY AND CONSTRUCTION

The overall test configuration used for this expemtal work consists of a
reinforced concrete two-cell box girder, with a tegrio-center span of 1830 mm (6 ft)
between each of the girders and a length of 3660(f#ft) as shown in Figure 3.1
and Figure 3.2. The specimen deck is 178 mm (Thick and the distance from the
stem wall to the edge of the overhang is 483 mmir{L9 Information relating to the
detailing and construction of the test specimenkmafound in Section 3.2.

Following construction of the test specimen, thecgpen was used for a
separate test series described in Chapter 4 aftepletion of which two 203 mm (8
in) deep cuts located 305 mm (12 in) apart fromheaiher were created that ran
longitudinally along the entire width of the speeim(Figure 6.2). It is noted that
previous testing was restricted to loading appéiethe central section of each cell and
did not involve any load application or distresghe overhang regions. The two edge
segments of the deck bounded by the longitudinil were also removed as shown in
Figure 6.2. The purpose of the cuts was to allownfiultiple independent tests on

sections of edge slab 1.68 m (5ft 6in) long.
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305

a) Original specimen b) Sewtid specimen, as tested

Figure 6.2 Overall dimensions of specimen

6.3 LOADING SETUP

Vertical loads were applied to the edge regionha& tleck slab using two
hydraulic jacks spaced 1.83 m (6 feet) apart andnteal below the strong floor of the
testing facility. The load was transferred througlo 44.5 mm (1 % in) diameter
threaded rods to a steel loading beam positionedmg3 in) on-center back from the
end of the overhang section of the deck. A 51 rAnm] thick and 152 mm (6 in)
wide elastomeric bearing pad was placed betweestéd®t beam and the deck slab in
order to reduce stress concentrations and providee mven loading of the test

specimen as shown in Figure 6.3. The overallgetstp is shown in Figure 6.4.
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/_ Loading beam

Bearing pad
Concrete deck

le 1829

A J

Figure 6.3 Plan view of test fixture used to lcagrhang

Figure 6.4 Overall test setup

6.4 ASBUILTTEST

In order to establish a baseline for the effectas=nof the FRP repair, the test
specimen used was isolated into separate sect®uescribed in Section 6.2 and a

portion of the concrete box girder specimen wadetesas-built, without FRP
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rehabilitation. The following section discusses ttalculations, experimental setup,
loading, test observations and results from théingsof this section of as-built

reinforced concrete bridge deck.

6.4.1 Demand Calculations

The combined dead weight of a typical sound watl txaffic barrier used for
bridges in California was calculated from the CALARS’ concrete masonry sound
wall design on bridges as shown in Figure 6.5 [1599king this design with normal
weight grout and concrete, the gravity load pert lemgth for the sound wall and
traffic barrier were determined to be 13.5 KN/m9@kip/ft) and 8.1 kN/m (0.56
Kip/ft) respectively, for a combined weight per tuleingth of 21.6 kKN/m (1.5 kip/ft).
The tested section of overhang was 1600 mm (5iff) Gong therefore the total load
applied to the specimen from the sound wall anfficraarrier is 36.2 kN (8.1 kip).
The load was applied to the structure by two hylitgacks such that each jack
applied half the total loading to the overhang.edquation form, this can be expressed

as

: weight,,
Welght/vall_per_ jack — thN” 6.1

where
weight,,, = The total load applied to the overhang due éodbmbined weight of the

sound wall and the traffic barrier.



292

This yields a load per hydraulic jack of approxietgtl8 kN (4 kip) to represent the
equivalent sound wall load, which is corresponds tistributed load of 10.7 kKN/m

(0.74 Kip/ft).
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Figure 6.5 Standard CALTRANS masonry sound wadigie[159]
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6.4.2 Capacity Calculations

The testing method of the deck slab overhang thrautpading beam across
the entire slab width can be assumed to apply iy distributed load across the
width of the deck slab. This loading conditionoaled the system to be treated as a
one-way slab rather than a two way slab, thereloyvalg the analysis for the problem
to be simplified from a three dimensional systentwio dimensional system with the
properties of the deck slab cross-section assigméue 2D structural element. In this
section, the shear capacity of the deck slab ongrisacalculated using code provided
equations, whereas the moment capacity of for #ek dlab overhang is calculated
using code provided equations and a moment cuevaiualysis.

The shear capacity of the slab was computed acaptdiACI 318-08 Section
11.3 using both the general and the more detagdécliations [118]. Note that the
California Bridge Design Specifications for reinfed concrete structures used by
CALTRANS were patterned after and are in conformitth ACI Standard 318 [152].
The general calculation for shear capacity of tlab svas given by the ACI 318-08

Equation 11-3 as

V, =2\/th,d 60

where
f. = Concrete compressive strength (psi)
b, = Width of the concrete slab (in)

d = Distance from the extreme compression fiberht® ¢entroid of the tensile
reinforcement (in)
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This equation yields a total shear capacity of RB6(53 kip) for the slab, which
translates to an applied force of 118 kN (26.5 lppy hydraulic jack. The more

detailed shear capacity equation is given by A@-8& equation 11-5 as

. v,d
V, = (1.9\/176 +2500p, " wad 63
where
f. = Concrete compressive strength (psi)
Pu = Steel reinforcement ratio of the slab in thediion perpendicular to traffic
Vv, = Factored shear in the slab at the edge of ttex eartical stem

M, = Factored moment in the slab at the edge of tier wertical stem
b, = Width of the concrete slab (in)
d = Distance from the extreme compression fioethe centroid of the tensile

reinforcement (in)
Equation6.3 yields a slightly more conservative total shegracaty of 233 kN (52.4
kip) for the slab, which translates to an appliedcé of 116 kN (26.2 kip) per
hydraulic jack.

The moment capacity of the slab was calculated as

M. = Assfy(d —Ej 6.4
2
where
A = Area of steel reinforcement in the directiongeerdicular to traffic flow
f, = Yield stress of the slab steel
d = Distance from the compression fiber to the aedtof the tensile

reinforcement
a = Depth of the equivalent rectangular compresstoess block
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Using Equatioré.4, the total moment capacity was calculated to h& BX-m
(71.6 kip-ft). The equivalent force applied thrboupe loading beam can be obtained
by dividing the moment by the distance betweenaghgied load and the edge of the
stem, also known as the moment arm. The equivalgpited force per hydraulic jack
was 101 kN (23 kip). Since this capacity valué¢his lower than the computed shear
capacity, it is predicted that flexural damage Wi govern the performance of the
slab.

The moment capacity of the specimen was also fdumeh the moment-
curvature response obtained by a computer progsmt conventionally for structural
analysis (RESPONSE 2000) to be 117.2 kKN-m (85.€tkifl60]. This corresponds
to a maximum load per hydraulic jack of 122 kN &Kip). The moment curvature

response of the as-built reinforced concrete diatkis shown in Figure 6.6 below.

e T ST rTTTTT T :
120 +-----mmmmes Toooooooooon oo s Tmmmmmmooes !
100 -~ e ——— e —— e
€ 80 f-fre- beemonenass e e e i
Z ! ! ! ! !
=60 oo A A e
S S . S RSN s
= ! ! ! ! :
S 20 [ jremes e o e jrer e i
0 : : : | :

o
al
o
[ —
o
o

150 200 250
Curvature (10-3 rad/m)

Figure 6.6 Moment-curvature response for as-spifcimen
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6.4.3 Analytical Predictions

The vertical deflections of the deck slab overhaveye predicted using a
piecewise linear structural analysis that employ@wywmg sectional properties
throughout the system. The analytical method dgpesl for deflection predictions

relies on the fundamental equation that relatesrtbments and the curvatures within

a section:
M
= 6.5

“TE
where
7 = Curvature of a section
M = Moment applied a section
E = Young’'s modulus of a section
I

= Moment of inertia of a section

The moment of inertia for a reinforced concretdisaaeduces significantly as
the concrete cracks under applied loads. The tdjusoment of inertia for a section
at any point along a moment-curvature profile can dbtained by rearranging

Equation 6.5 as shown in Equation 6.6.

=M 6.6
E-p
where
) = Curvature of a section
M = Moment applied a section
E = Young’'s modulus of a section
I

= Moment of inertia of a section

Moment-curvature data from Response 2000, whichaiscomputer program

conventionally used for structural analysis, isduseorder to obtain values for M and
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¢ as shown in Figure 6.7. The moment of inertiaugalwere calculated for each

point along the moment-curvature profile.

(EI )n (EI),J'H']

Moment (kN-m)

0 50 100 150 200 250

Curvature (10-3 rad/m)

Figure 6.7 Adjustment of moment of inertia alangment curvature profile

Next, the moment profile for the deck slab was wheteed by using another
computer program conventionally used for structawralysis, RISA-2D [161]. The
deck slab was modeled as a beam which was placéud e pinned supports located
at the center of each vertical stem. The deck wsiab sectioned into multiple pieces
that maintain continuity throughout the member iideo to allow different properties
to be assigned to each piece. Moment values farelift points along the deck slab
were determined from the moment profile due to wrdeard vertical load applied to

the end of the overhang region of the deck slakhas/n in Figure 6.8.
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Figure 6.8 Moment profile on deck due to a poieid at the edge of the overhang

The average moment acting within each section weaterchined and the
moment of inertia value for each section was chdrggesed on the moment of inertia
values from Equation 6.6 that were obtained frommmot-curvature data. The
moment of inertia value that corresponds to theesamoment applied to a given
section was used as the input property for thaimec After the moment of inertia
properties were adjusted for each section, theedi#dins of the deck slab overhang
were calculated. This procedure was repeatedffereht loading levels up to loads
which correspond to the ultimate moment capacitythef system. Note that this
procedure assumes zero vertical deflection for \tbdical stems, therefore this
deflection prediction method provides deflectionuea for the overhang relative to
the adjacent vertical stem. A discussion of thigedgon predictions and comparisons

with experimental results is included in Sectioh. B.

6.4.4 |Instrumentation

The total instrumentation for this experiment cetesi of 16 linear

potentiometers and 2 load cells. One central rod/tavo outer rows, each with four
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linear potentiometers were used to measure thécakdeflection of the deck slab.
The four linear potentiometers within each row weositioned at the midspan of the
adjacent cell, above the adjacent stem, in betweestem and the loading beam, and
directly below the loading beam, as shown in Figud® (a) and (b). The deflection
of the elastomeric bearing pad was measured usinglinear potentiometers, with

one linear potentiometer at each corner of theitmpdeam as shown in Figure 6.9.

~ Elastomeric Bearing Pad

o
N
~
w
©
B

‘1_52 o Linear Potentiometers

(a) Instrumentation detailing for bearing pdx) Representative linear potentiometer

Figure 6.9 Instrumentation locations used for meag compression of bearing pad
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6.4.5 Loading Protocol

In addition to the test setup described in Se@idna 64 mm (2% in) diameter
hole was drilled through the deck of the specimiea distance 76 mm (3 in) by 76
mm (3 in) on center away from the corner of thekdes shown in Figure 6.11 in order

to accommodate the spacing constraints imposeldedtesting setup.

Threaded rods —
[ Loading beam M

Bearing pad +f
Concrete deck |4

;—bf. 1829 ;-‘. P>
220 1600 76

Figure 6.11 Specific test setup schematic foruak-pecimen

The overhang of the deck slab was tested by inan&lte increasing the

hydraulic pressure supplied to the two hydraulickga which loaded the overhang

through the test setup shown in Figure 6.11. Adefjdiime was taken between

loading levels to ensure that the hydraulic pres$ad stabilized and the pressure had
equalized as much as possible between the two.jatke load applied to the deck
slab was monotonically increased following the lngdsequence shown in Table 6.1.

The load was held briefly at each load level st ttheservations could be made at each

stage.
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Table 6.1 Loading protocol for as-built test spsem

EQUIVALENT
LoAD PER
UNIFORM
. HYDRAULIC
LoADING DISTRIBUTED
JACK LOAD LEVEL NoOTES
STEP LOAD

(kN) | (kip) | (KN/m) | (kip/f)

1 24 5 30.0 2.1 Initial load

2 36 8 45.0 3.1 2x wall load

3 48 11 60.0 4.1

4 60 13 75.0 5.1

5 72 16 90.0 6.2 4x wall load

6 24 19 105.0 79 1st set of cracks

observed

7 90 20 112.5 7.7 5x wall load

8 96 22 120.0 8.2

0 102 73 126.3 3.7 Calculated moment 2nd set of cracks
capacity observed

10 114 | 26 142.5 9.8 6.33x wall load | Ultimate Capacity

6.4.6 Experimental Results

The ultimate capacity of the slab was reached apgtied load of 114 kN (26
kips) per hydraulic jack, equivalent to a uniforimstdbuted load of 142.5 kN/m (9.8
kip/ft), which is 6.33x the nominal wall load. Mothat the additional load carrying
capacity of the deck slab overhang beyond the ttsstl of a single sound barrier is

necessary to resist lateral loading. As the lcadih the edge of the slab was
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increased, the top layer of transverse reinforcérabave the outer edge of the stem
yielded, followed by loss of aggregate interlockuléing in failure. The deflection of
the middle of the slab directly under the loadimguim when the system was loaded to
ultimate capacity was 6.36 mm (0.25 in).

As a baseline, Figure 6.12 shows the specimen fwitesting. The markings
on the top of the deck in this figure show preemgsthairline cracks in the deck.
Cracking was first observed on the top side ofdéek at the 84 kN (19 kip) load per
jack and were marked on the specimen in dark ke The thin cracking on the top
of the deck surface was discontinuous and apprdgimndollowed the two top
longitudinal steel reinforcement bars adjacenhwéddge of the stem wall as shown in
Figure 6.13. Minor diagonal cracks along bothaéetral and the exterior edge of the
deck slab were also observed at this load levekas in Figure 6.14. Small diagonal

cracks initiating on the top surface of the deckestsed at each end of the specimen

are shown in Figure 6.14 (a) and (b).

Figure 6.12 Deck slab prior to experimental testin
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(a) Detail of central edge of slab (b) Detail of exterior edge of slab

Figure 6.14 Initial cracking of deck slab at 849 kip) per jack - side view of deck

Additional opening of small cracks was observethatload level of 102 kN
(23 kip) per jack and these cracks were marked wthink as shown in Figure 6.15.
The cracks that followed the two top longitudinard opened further and became
continuous over the majority of the specimen. &saariented across the width of the
specimen also formed on the top of the slab atdlaid level, as seen in Figure 6.15.

When the load level of 114 kN (26 kip) per jack weaached, a large diagonal
crack opened and quickly propagated, which waglglesible on the central edge of

the slab as shown in Figure 6.16 (a). This loadllevas determined to be the ultimate
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capacity of the overhang for resisting verticaldea The cracking progressed rapidly
along the top surface of the deck as shown in Eigut7 and the concrete adjacent to
the loading beam settled several millimeters as ge€igure 6.18. After the loading
of the specimen was completed, all testing equipraad instrumentation was fully
removed and the observed cracks were marked irgerank. The orange diagonal
cracks on the top surface of the deck face towaechble in the deck as shown in the

upper left-hand corner of Figure 6.19.

Figure 6.15 Crack marking of deck slab at 102 RBIKip) per jack- top view of deck

(a) Central side of slab (b) Exterior side of slab

Figure 6.16 Cracking observed at ultimate capasitye view of deck
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Figure 6.17 Cracking observed at ultimate capatiy view of deck

Figure 6.18 Detail of cracking at ultimate capaaitcentral section of deck near
loading beam

Figure 6.19 Cracks observed on top of slab tastedtimate capacity

The loose concrete was then removed in order teerbebserve the failure
surfaces as shown in Figure 6.20 and Figure 6l8&reased damage was present on

the central side of the deck as compared to theriextside. In Figure 6.21 (b), the



307

slight deformation in the rebar due to the yieldofghe steel is observed. It is also

noted that the concrete remained firmly attachgaibé the longitudinal rebar.

Figure 6.20 Deck slab tested to ultimate capaadiigr removal of loose concrete

(a) Edge of deck prior to loose concrete rerhova (b) After removal

Figure 6.21 Detail of most severely damaged sectio

The primary variables in defining the overall stiual response of the bridge
deck slab are the load per hydraulic jack at wrsamificant damage or failure
occurred and the corresponding center deflectiorthef slab, directly below the
actuator. Additional instrumentation serves to addplementary data regarding the

deformation of the specimen during testing. Aseobsd in Figure 6.22, the
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deflection of the three linear potentiometers dlyebelow the loading beam indicate
comparable deflections for lower loading levels argher deflections with increasing

load at the central edge of the overhang, whictliasos linear potentiometer B4.

140 1C 1 ,
— A4 M4 B4 9 - i 5 A4
2120 - |
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£ 40 o3
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-‘3 20 1
- 0 : 0
2 4 6 8 10 24 36 48 60 72 84 96 102114
Deflection (mm) Load Level (kN/hydraulic jack)
(a) Load versus deflection profiles b) Comparison of linear potentiometers

below loading beam

Figure 6.22 Comparisons of deflections at the eddbe deck slab overhang

At the load level of 84 kN (19 kips) per hydraujlack where cracking in the
deck was first observed, equivalent to a uniforstributed dead load of 105 kN/m
(7.2 kip/ft) or approximately 5x the nominal watiad, linear potentiometers A4 and
M4 deflected similarly while the linear potentiormeB4 exhibited a 1.3 mm (0.051
in) or 37% greater deflection value. At the loaddl of 102 kN (23 kip) per hydraulic
jack where the ™ set of crack marking took place, equivalent todiaum distributed
dead load of 126 kN/m (8.7 kip/ft) or nearly 6x t@minal wall load, the deflection at

B4 was 2.0 mm (0.078 in) or 39% greater than tlmerotwo linear potentiometers.
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The profiles along the center of the specimen (f@dgu24) and at both edges (Figure
6.23 and Figure 6.25) shown below exhibit similefi@ction profiles and indicate that
negligible vertical deformations occur in the ddéekyond the adjacent stem wall due

to edge loading of the deck slab overhang.
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Figure 6.23 Deflection profile along the outer ead specimen (Line A)
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Figure 6.24 Deflection profile along center of gpgen (Line M)
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Figure 6.25 Deflection profile along the centrdfje of specimen (Line B)

The deflection profile shown in Figure 6.26 showsngparable deflections

along the overhang at a distance midway to thecadjastem wall.
illustrates comparable deflections directly beldve point of load application along

the overhang for lower load levels with less syminedeformations observed for

Figure 6.27

higher load levels after cracking was observedutjnout the specimen.
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Figure 6.27 Deflections directly below loading ire@.ine 4)

Through a comparison of these figures, the resmitscate a symmetric
structural response for load levels prior to thiéiahobservation of cracking in the

specimen and greater deflections on one side hehigading levels.

6.4.7 Comparison with Theory

The max moment found via moment curvature analysisl7.2 kN-m (85.6
kip-ft) was within 6.5 % of the actual moment applito the structure at the max
loading of 114 kN (26 kip) per hydraulic jack, whicorresponds to an applied
moment of 110.0 KN-m (81.0 kip-ft). The moment &apy estimate of 97.0 kN-m
(71.6 kip-ft), determined using the ACI 318-08 mrésed equation, was off from the
experimentally determined moment capacity by 11.8%.

Figure 6.28 compares the experimentally determiniedlection of the
overhang with predicted deflection values, whichrevadjusted to accommodate for

the deflection of the adjacent vertical stem. THEmalytical prediction of deflection



312

values offers close correlation with experimengasults throughout the loading range.

At 114 kN (26 kip) per jack, the experimentally elebined ultimate capacity of the

deck slab, the predicted deflection was 5.3 % tleas the experimentally determined

deflection, with predicted and experimental deftatd of 6.03 mm (0.237 in) and

6.36 mm (0.250 in) respectively.
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Figure 6.28 Deflection values from experimentalits with analytical predictions

6.5 REHABILITATED TEST

The following section presents NSM FRP strengthgrdesign options for

achieving the desired capacity increase and descthe implementation, testing and

analysis of the chosen rehabilitation design.
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6.5.1 Calculationsfor Potential CFRP NSM Strengthening Schemes

The increased moment demand on the test specimdenls slab due to the
addition of the sound wall is calculated and th&édue is used as the basis for
determining the desired capacity increase. Theesponding total area of NSM
CFRP needed to achieve the desired moment capacitgase is calculated and
design options for five different available CFRhfercement products are presented.

The dead weight of a typical sound wall used faddes in California was
calculated from the CALTRANS’ concrete masonry sbwmall design on bridges
[159]. Using this design with normal weight corteteghe gravity load per unit length
for the sound wall was determined to be 13.5 kNJ@Z kip/ft). Note that the weight
of the traffic barrier is not included as part dfetincreased moment demand
calculation because it is assumed that the weighhe traffic barrier was already
accounted for in the original design of the de@bsbverhang. The tested section of
overhang was 1600 mm (5 ft 6 in) long thereforetthal load applied to the specimen
from the sound wall is 22.6 kN (5.08 kip). The ma@lent moment applied to the
structure due to this dead load can be obtainenudtiplying the total load applied by
the distance between the applied load and the efiglge stem, also known as the
moment arm. The equivalent additional moment dehtdhre to the sound wall was
found to be 10.91 kN-m (8.05 kip-ft).

A successful repair would strengthen the overhamgadcommodate this
increased moment demand with a reasonable safetgimaFor initial calculation

purposes, a safety margin of 3 was deemed apptepria
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M

demand increase — M s -3 6.7
where
Mwar = Moment demand due to the addition of a sound el the overhang

This translates to an increase in moment demar@2af kN-m (24.1 kip-ft).
Therefore, the NSM flexural strengthening will kesdned to increase the capacity of
the overhang by at least this value. The experialigndetermined moment capacity
of the as-built reinforced concrete deck slab oaeghwithout FRP was found to be
110 kKN-m (81 kip-ft). Therefore, the new momemaxty after strengthening should
be at least 142.7 kN-m (105.1 kip-ft), which cop@sds to a minimum required
moment capacity increase of 29.7 percent over dpaaty of the as-built specimen

without FRP.

6.5.2 Analytical Strength

The increased moment capacity due to FRP strenigthén equal to the sum
of the contribution from the tension steel (compras steel is ignored for this

calculation) and the contribution from the FRP f@icement:

a a
Mn_strengthead = A%fy[d _Ej‘i‘V/f . /A\f ffe [df _Ej 6.8

where

As = Total area of tension steel in slab overhangsigscimen

fy = Experimentally determined yield strengtlstgel reinforcement

d = Distance from extreme compression fibdetwsile reinforcement
a = Depth of concrete compression block, assung@ogngular stress

distribution
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Y, = Additional reduction factor from ACI 440.06R ($ien 9.6.1) [148]
ok = Distance from the compression fiber to theticed of the FRP

fre = B¢ Effective stress in the FRP assuming elasti@abien

E = Experimentally determined modulus of /elastiof FRP

Efe = Effective strain in FRP reinforcement

By rearranging Equatiof.8, an expression for the area of FRP reinforcement

required in order to achieve a specified momenaciypincreased can be obtained:

a
M n_strengtheed — A‘s fy(d — 2)

Af_required = a 6.9
Vi ffe'[df _j

2

The required area of FRP obtained from this expyassan be used to evaluate
the feasibility of different FRP strengthening ops. Note that the area of FRP
required is the total area needed for the specimerhang and thus must be

distributed along the width of the slab overhang.

6.5.3 Optionsfor Rehabilitation

The seven product options evaluated for this rditaion design were
different sizes of SIKA’s pultruded carbon fiberr8aDur rods and strips as well as
Hughes Brothers’ pultruded carbon fiber Aslan 58&tangular bars [162-164]. The
physical properties of each option are providedable 6.2 for reference.

The number of strips required to attain the @elsinoment capacity increase
was calculated for each of the seven potentiaboptusing calculations described in

the previous section (Equatia@9) and the results are shown in Figure 6.29. For
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calculation of the effective stress in the FRE,d strain of & =0.65% was assumed
based on design recommendations for FRP post-$tiemgg of reinforced concrete
slabs [165, 166]. The tensile modulus for eachhef different FRP reinforcement
options was obtained from manufacturer reported.d&ince the FRP reinforcement
type had not been selected yet, the distance fnencampression fiber to the centroid
of the FRP, g was assumed to be the full depth of the slabte W@t this assumption
will slightly overestimate the moment capacity ednition from the FRP because for
NSMR applications, the reinforcement is locateddly below the surface of the
structure. Assuming that the centroid of the FBRforcement is below the surface of
the structure by a distance of between 2 mm (0iay@and 10 mm (0.393 in) the
calculations would have overestimated the momepaaty increase due to the FRP
reinforcement by between 1% and 6%.

Spacing requirements were also considered in tloeileions performed for
each FRP strengthening option. The maximum spaelc@nmendations provided by
the manufacturer state that on center spacing dhmeillimited to no more than the

lesser of 0.2 times the span length (L) or fiveetgnthe slab thickness (h):

Smax = min(O.2L, 5h) 6.10

Note that the span for cantilever is taken as tuheedistance to the support.
This spacing limit yields a maximum recommendeccsgpof 203 mm (8 in). Table
6.3 below shows the number of units needed as aslthe theoretical moment
capacity increase for each type of CFRP reinforcemeAs observed in Table 6.3,

spacing limitations govern rather than actual gitlemequirement limitations. Since
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all seven of the design options are able to achiesencreased capacity requirements,
other aspects such as cost and constructabilityname used to select the FRP
reinforcement system.

One notable difference between the installatiol€BRP strips as opposed to
rods is the required depth of grooves cut intodeek. The 6.4 mm (1/4 in) diameter
rods require 12.7 mm (1/2 in) deep slots and thartn (3/8 in) rods require 15.9 mm
(5/8 in) deep rods, while the strips only requitam (0.16 in) deep groove. From a
construction viewpoint, strips as opposed to rawsfar easier to implement due to

required groove depth.



Table 6.2 Physical properties of pultruded CFRE&ngfthening product options [162-164]

ProDUCT ProbDuUCT DIAMETER THICKNESS WIiDTH AREA TENSILE
SOURCE ] i MODULUS
TYPE DESIGNATION
mm in mm in mm in mm? in? GPa Msi
Rod SIKA V4 in. dia. 6.35 0.250 1.27 0.050 155 22.5
Rod SIKA ¥ 1n. dia. 9.53 0.375 2.79 0.110 155 22.5
Strip SIKA S512 1.2 0.047 50 1.97 60 0.093 165 23.9
Strip SIKA S 812 1.2 0.047 80 3.15 96 0.149 165 23.9
Strip SIKA S1012 1.2 0.047 100 3.94 120 0.186 165 239
Bar Hughes ) 2 10079 16 | 063 | 312 | 0049 | 124 18
Brothers
Hughes R
Bar #3 4.5 0.177 16 0.63 71.3 0.110 124 18
Brothers

3T€
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The lower modulus of the CFRP tape of 124 GPa (M&() versus that of the
CFRP strips, 165 GPa (23.9 Msi), resulted in apab®¢ greater material usage for
comparable strengthening schemes. As a comparigen$512 CFRP strip has an
estimated moment capacity increase of 81%, whdrea#3 size CFRP tape has an
estimated moment capacity increase of only 71 %raqdires an additional 19% of
material above that used for the strip to achibieihcrease.

Based on guidelines, material cost consideratiand,the insight that in field
determination of concrete cover would be a concbatause nondestructive
determination of cover depth over large areas msicered time consuming [167], the
CarboDur strips were chosen. Because the smaliest strip far exceeded the
required moment capacity, the CarboDur S512 stipe selected, which have a 50
mm (2 in) width. The spacing was set at 203 mnm)&®n center for the width of the
test specimen such that nine total CFRP strips wsed as shown in Figure 6.29. The
bars were extended past the point of inflectiora¢bieve a necessary development

length of 300 mm (11.8 in).



Previously tested as-built
<«—specimen without FRP

Current specimen to be strengthened using
<+“—NSM CFRP strig

CFRP strips spaced at 2

“~———mm@8in)o.c.

I~

Lq Point of inflection

Figure 6.29 Plan view of deck illustrating cho$&#fRP strengthening scheme

e



Table 6.3 Different NSM FRP strengthening options

revooncae | S oros| 0| O |Aua| Tom [T Mo Nonwa
TYPE NEEDED SPACING A A A '
AREA USED UNITS | FRP USED CAPACITY INCREASE| EFFICIENCY
congézrmg considering (Relative to
o | in? rounded spacing spacing rounded mm?| in? | KN-m | Kip-ft % desu‘e;d
up limits limits up capacity
: : imcrease)
mm | in | mm | (in)
Rod: . |Doesn’t meet
e 32 10.050 7 254 | 10 | 203 | 8 0 [22610.45/140.7 103.7| 28% :
1/4" diameter requirements
,,R‘?d: 71 l0.110 4 432 | 17 | 203 | 8 9 1639(0.99/191.8 141.5| 74% 1.00
3/8" diameter
Strip: S512- 1 o0 10003 4 432 | 17 | 203 | s o |540|0.84]182.4 1345| 66% 1.18
50mm width
Strip: S812- | o0 16 140] 3 550 | 22 | 203 | 8 o |865(1.34[2332 172.0| 112% 0.74
80mm width
To R 2.
Strip: S1012- |15 15 186 2 838 | 33 | 203 | 8 9 |1080[1.67|256.6 189.2| 133% 0.59
100mm width
Bar: £2 31 [0.049 9 203 8 |[203] 8 o |281]0.44|131.5 969 | 200, [PO°SHTmeEet
reqlurements
Bar: #3 71 [0.110 4 432 | 17 | 203 | 8 0 |64210.99/173.1 127.6| 57% 1.00

[ce
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6.5.4 Rehabilitation Construction

The following section details the implementationtioé NSMR strengthening
scheme chosen in Section 5.2. Nine (9) rectangutares spaced at 203 mm (8 in)
0.c. were cut in the top deck of the test specimiéh dimensional tolerances of 70
mm - 76 mm (2 % in - 3 in) for the width and 6 mm3-mm (Y4 in to % in) for depth.
The grooves were each 2.74 m (8 ft) long and thegmoves are shown in Figure
6.30. After the grooves were cut to the properatigions, the surface was roughened
to achieve the minimum required concrete surfaoéiler(CSP) of 3 as defined by the

ICRI surface profile guidelines [168].

Figure 6.30 Grooves cut in deck for NSM strengiihgn

The CarboDur S 512 carbon fiber laminate stripseveert to length and the top
and bottom surfaces were wiped clean using methyl &etone (MEK) to remove all
residual carbon dust from the surface prior toitiséallation of strain gages on the top
surface of the strips. An additional cleaning WMikEK was performed immediately

prior to installation of the strips into the tegiesimen to remove any remaining
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contaminates and surface oxidization. A high-mosgulhigh-strength, structural
epoxy paste known as SikaDur 30 was used for bgnthe CFRP strips to the
concrete. The structural properties of the Carlsd®612 strips and SikaDur 30 resin
system were experimentally determined through nateharacterizations performed
at the University of California, San Diego withimetauthors’ research group and these

properties are shown in Table 6.4 and Table 6.9][16

Table 6.4 Tensile properties of SikaDur 30 regstesm [169]

SIKADUR 30 TENSILE PROPERTIES (ASTM D-638)

Mean Standard Deviation

7 DAY TENSILE STRENGTH 25.29 MPa (3.671 ksi) 2.54 MPa (0.369 ksi)

MoDULUS OF ELASTICITY 6.93 GPa (1.006 Msi) 0.48 GPa (0.0697 Msi)

Table 6.5 Tensile properties of SIKA CarboDur SEERP strips [169]

CARBODUR S 512 TENSILE PROPERTIES (ASTM D-3039)

Mean Standard Deviation

U TEN i '
LTIMATE 1ENSILE 2,505 MPa (363.6 ksi) | 82.85 MPa (12.0 ksi)

STRENGTH
ULTIMATE TENSILE 138.1 GPa (20.05 Msi) 5.22 GPa (0.76 Msi)
MODULUS
ULTIMATE TENSILE STRAIN 1.580 % 0.084 %

After the SikaDur 30 resin system was thoroughlyedi the neat resin was

applied to each groove as a primer using a spatularm a uniform thickness of 1.6
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mm (1/16 in) as shown in Figure 6.31. A speciaiapplicator was also used to apply
a precisely controlled thickness of resin onto eacthe carbon fiber strips and the

strips were carefully placed in the grooves.

Figure 6.31 Application of resin system used iooges to bond CFRP strips to
concrete

A rubber roller was then used to properly seat estcip, using adequate
pressure to force SikaDur 30 gel out on both sideke laminate so that the bond line
between the concrete and FRP strip does not ex@esah (1/8 in) [170]. Excess gel
was carefully removed and the installed strips slrewn in Figure 6.32. After the
resin system had cured for 24 hours, a low visgastin system, which was used for
the wear surface applied to the top of the FRPstwas poured over the top of the
strips up to the level of the original concreteldedhe top layer of resin was mixed

with sand to allow for improved thermal compattyilwith the surrounding concrete
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and to provide a non-skid wear surface for thedtfofne deck. After the installation of
the NSM CFRP strengthening scheme was completesl,irtstrumentation was
installed and the specimen was ready for testindetermine the effectiveness of the

repair.

Figure 6.32 CFRP strips installed

In order to monitor the curing of the CarboDur 88in system used to attach
the CFRP strips to the deck slab, small test sasnpére made using resin mixed for
installation of the strips and the samples weaegd adjacent to the test specimen to
ensure comparable curing conditions. These remmpkes were tested daily for a
period of seven days using both dynamic mechatiemal analysis (DMTA) and
differential scanning calorimetry (DSC) techniqueBhe results obtained from these
experiments regarding the glass transition temperafl;, of the resin system are
shown in Table 6.6 as well as Figure 6.33 and Eigu84. The trends from the glass
transition temperature data over time shown belmticate that the SikaDur 30 resin

system achieved nearly full cure after approxinyadeb days.
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Table 6.6 T progression of CarboDur 30 resin used in NSMRaitetion

. DMTA T, results | DSC T, results
Time
"C °C
Day 1 57.1 37.5
Day 2 59.2 38.5
Day 4 64.4 41.5
Day 5 62.3 423
Day 6 64.3 43.0
Day 7 63.6 43.0
66 -
O 64 -
S
L 62
=
S 60 -
g
£ 58 -
[
"~ 56 -
54 T T T T T T 1
0 1 2 3 4 5 6 7

Time after NSM strip installation (da

Figure 6.33 Progression of determined from DMTA tests

Temperature (°C)

/-—
i
T
o 1 2 3 4 5 & 7

Time after NSM strip installation (days)

Figure 6.34 Progression of determined from DSC tests
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6.5.5 Capacity Calculations

Following the implementation of the chosen NSM CFRfp rehabilitation
scheme, theoretical predictions for capacity werecalculated using the
experimentally determined material properties givenTable 6.5 along with an
assumed CFRP strip embedment depth of 3 mm (1/&nd) reduced FRP strain
capacity of 0.65% as described in Section 6.5.3e ihcreased moment capacity
calculation due to FRP strengthening described anti@ 5.1 yields a theoretical
moment capacity of 167.3 kN-m (123.4 kip-ft), whicbrresponds to a 52% increase
in moment capacity over the experimentally deteedinvalue for the as-built
specimen.  The moment curvature analysis perforoedhe FRP rehabilitated
specimen yielded a moment capacity of 185.5 kN-864 kip-ft), which corresponds
to a 69 % increase in load carrying capacity okieras-built specimen.

Predictions of deflection at the end of the deelb sbverhang were performed
using the analytical method described in Sectioh36. The results from these

analytical predictions are discussed in Sectior96.5

6.5.6 Instrumentation

The total instrumentation for this experiment cetesi of 16 linear
potentiometers, 47 strain gages and 2 load c€lise central row and two outer rows,
each with four linear potentiometers were used &asuare the vertical deflection of
the deck slab. The four linear potentiometers iwittach row were positioned at the
midspan of the adjacent cell, above the adjaceam,sin between the stem and the

loading beam, and directly below measuring comprasef bearing pad. The
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deflection of the elastomeric bearing pad was nreasuusing four linear
potentiometers, with one linear potentiometer ahezrner of the loading beam using
the same layout as the as-built specimen showiguré6.9.

All 47 strain gages were applied to the top sidehef nine pultruded CFRP
strips, parallel to the direction of the fiberssbwn in Figure 6.32. The two strain
gage layout patterns used on this specimen, iitestrin Figure 6.36, were applied to

alternating CFRP strips throughout the width ofghecimen as shown in Figure 6.37.
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Elastomeric Bearing Pad ! ; 152¢

® Linear Potentiomete ! T o7¢ T
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(a) Plan view of specimen (bron of deck slab with linear potentiometer dstai

Figure 6.35 Position of linear potentiometersrf@asuring deflections of deck slab
(Note: not to scale)
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Pattern #1
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Figure 6.36 Strain gage patterns and designations
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Figure 6.37 Position of strain gages attached”RBE strips
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Figure 6.38 Completed installation of CFRP stuipth full instrumentation setup

Figure 6.39 Side view of completed installatiorC#RP strips with full
instrumentation setup
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6.5.7 Loading Protocol

The overhang of the deck slab was loaded usingettesetup shown in Figure
6.3 and described in Section 3.1 by incrementaltreéasing the hydraulic pressure
supplied to the two hydraulic jacks. Adequate tiwvaes taken between loading levels
to ensure that the hydraulic pressure had stabilel the pressure had equalized as
much as possible between the two jacks. The |qguliesl to the deck slab was
monotonically increased following the loading samreeshown in Table 6.7. The load

was held briefly at each load level so that obgerua could be made.



Table 6.7 Loading protocol used for FRP rehaldddsspecimen

LoAD PER EQUIVALENT UNIFORM
LOADING |1y prAULIC JACK| DISTRIBUTED LOAD LOAD LEVEL NOTES
SIEP Ny | (kip) | (kN/m) | (kip/fi)
1 24 5 30.0 2.1 --- Initial load
2 36 8 45.0 3.1 2x wall load ---
3 48 11 60.0 4.1 --- ---
4 60 13 75.0 5.1 --- ---
5 72 16 90.0 6.2 4x wall load ---
6 84 19 105.0 7.2 15t set of cracks observed for as-built specimen ---
7 90 20 112.5 7.7 5x wall load -
9 101 23 126.3 8.7 Calc'd moment capacity as-built specimen ---
10 114 26 142.5 9.8 Ultimate capacity as-built specimen ---
11 116 26 145.0 9.9 Calc'd shear capacity as-built specimen 1st set of cracks observed
12 130 29 162.5 11.1 ---
13 136 31 170.0 11.6 --- 2nd set of cracks observed
14 142 32 177.5 12.2 ~8x wall load ---
15 148 33 185.0 12.7 --- ---
16 160 36 200.0 13.7 ~9x wall load 3rd set of cracks observed
17 166 37 207.5 14.2 --- ---
18 172 39 215.0 14.7 --- ---
19 178 40 222.5 15.2 ~10x wall load ---
20 184 41 230.0 15.8 --- 4th set of cracks observed
21 190 43 237.5 16.3 --- ---
22 196 44 245.0 16.8 ~11x wall load Ultimate Capacity

=€€
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6.5.8 Experimental Results

The ultimate capacity of the FRP rehabilitated dslgdb was reached at an
applied load of 196 kN (44 kips) per hydraulic jaequivalent to a uniform
distributed load of 245 kN/m (16.8 kip/ft), whick 11 x the nominal sound wall load.
At this load level, the deflection of the middletbE slab under the loading beam was
8.73 mm (0.34 in). The maximum strain value achkiem the CFRP strips at ultimate
capacity was 3846 microstrains. At the ultimatpagdty of the specimen, debonding
of the FRP from the concrete occurred due to aileefalure of the concrete cover
layer located between the FRP and the top layeelmdr. This loss of compatibility
within the section was quickly followed by the openand propagation of a large
diagonal crack along the compression strut formik the adjacent stem wall.

Cracking was observed and marked on the specimiére dour load levels of
116 kN (26 kip), 136 kN (31 kip), 160 kN (36 kippca184 kN (41 kip) per hydraulic
jack. The extent of visible cracking on the topl asides of the deck of the FRP
rehabilitated specimen shown in Figure 6.40 andiféi¢.41 occurred at the load level
of 184 kN (41 kip) per hydraulic jack, which waseovtwice the load at which
comparable cracking was observed on the as-bweltisign. The comparable initial
cracking observed on the as-built specimen occuatedload level of 84 kN (19 kip)
per hydraulic jack and is shown in Figure 6.13 &iglre 6.14. The thin cracking on
the top of the deck surface that occurred in the Féhabilitated specimen observed at
the load level of 184 kN (41 kip) per hydraulic kaevas discontinuous and
approximately followed the top longitudinal steelnforcement bars adjacent to the

edge of the stem wall as shown in Figure 6.40. dvigiagonal cracks along both the
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edges of the slab, which initiated from the todae of the deck, are shown in Figure

6.41.

Figure 6.40 Cracking of deck slab at 184 kN (4d) kier jack- top view of deck

(a) Detail of central edge of slab (b) Detail of exterior edge of slab

Figure 6.41 Cracking of deck slab at 184 kN (4)kigr jack - side view of deck

When the load level of 196 kN (44 kips) per hydm@ajhck was reached, the
ultimate tensile strength of the top concrete cdager was exceeded and the bond
between the FRP and the concrete was lost. Thnsige was quickly followed by the

opening and propagation of a large diagonal crémkgathe compression strut formed
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with the adjacent stem wall shown in Figure 6.4Phis load level was determined to

be the ultimate capacity of the overhang for rexjstertical loads.

(a) Central side of slab (b) Exterior side of slab

Figure 6.42 Cracking observed at ultimate capasitye view of deck

The top surface of the deck slab after failurehef $pecimen can be observed
in Figure 6.43 and the cracking due to the intéafaf@ilure between the FRP strips

and the concrete can be observed in the in therdefiéhand corner of Figure 6.43,

adjacent to the loading beam.

Y] - S L R

Figure 6.43 Cracking of deck slab at ultimate c@gatop view of deck
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After the loading of the specimen was completetiesting equipment and
instrumentation was fully removed to allow for esmsobservation of the damage
present on the specimen. Figure 6.66 shows thevieyp of the deck at ultimate
capacity. Any loose concrete was removed in otdebetter observe the failure
surfaces, however unlike the as-built specimenhicivsignificant loose concrete was
removed after it was tested, nearly all of the cetecremained attached to the tested
FRP rehabilitated specimen, despite the interfdeifdre that occurred between the
FRP and the concrete. Note that the debondinigeo€CFRP strips from the concrete
occurred adjacent to where the tensile stressdbeotop of the deck are maximum

while the CFRP strips remained attached for theoritgjof the of the slab overhang.

Figure 6.44 Side view of tested FRP rehabilitajeelcimen after removal of loose
concrete



338

As observed in Figure 6.45, the three linear patergters directly below the
loading beam maintained comparable deflectionautfitout the loading range applied
to the test specimen. At the failure load for #pecimen, the deflections of these
three linear potentiometers were within 10% of eattter which corresponds to less

than 1 mm (0.04 in) difference in deflection values

A ———
9 __________________
A8 I
7 L4 o Ma®m
£ 7
=6 a8
25
(&]
Q4 HEBA
8 3 ] e
2
1 _________
0 H
24 60 84 116 160 184 196
Deflection (mm) Load per hydralulic jack (kN)
(a) Load versus deflection profiles (b) Camgon of linear potentiometers

below loading beam

Figure 6.45 Comparisons of deflections at the eddbe deck slab overhang

The profiles along the center of the specimen (feigu47) and at both edges
(Figure 6.46 and Figure 6.48) shown below exhibihilar deflection profiles

throughout the loading range.
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Figure 6.46 Deflection profile along the centrdfje of specimen (Line B)
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Figure 6.47 Deflection profile along center of gpgen (Line M)
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Figure 6.48 Deflection profile along the outer ead specimen (Line A)
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The deflection profiles shown in Figure 6.49 andufe 6.50 also indicate
comparable deflections along the overhang at amtist midway to the adjacent stem

wall and directly below the point of load applicatirespectively.
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Figure 6.49 Deflections midway along overhang €LR)
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Figure 6.50 Deflections directly below loading ire@.ine 4)
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The strains in the FRP strips are also examineaugiout the NSM CFRP
rehabilitated specimen. The strain profiles alding edges and the middle of the
specimen are shown in Figure 6.51, Figure 6.53,Fagdre 6.52 respectively. These
strain profiles indicate that the maximum straintiie CFRP strips occurs directly
above the edge of the stem wall adjacent to th& diab overhang, referred to with
the designation, “line B”. At ultimate capacitjrpet maximum strain in the specimen
of 3846 microstrains occurs in strain gage 4B, Whi located in line B near the
middle of the specimen overhang.

The strains drop off sharply for distances furtheray from the end of the
overhang, with the majority of the strain gagesttma opposite side of the stem wall

(line C) exhibiting less than a third of the straalues shown in line B.

Location of strain gages 4000 -
(See Figure 6.37 for detailed schematic)

(2]
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0 ¥

(Note: Vertical gridlines in figure are

itioned ing of 304.8 mm () -500 -
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Linear Potentiometer Designations

Figure 6.51 Strain profile along the central edfispecimen (Line 9)
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Figure 6.52 Strain profile along the middle of gp®en (Line 5)
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Figure 6.53 Strain profile along the outer edgspmcimen (Line 1)

The sharp drop in strain values at distances aveay the adjacent stem wall and the
insignificant strains within these regions indicttat the significantly shorter lengths
of CFRP strips could be used to optimize matersalge and improve constructability

without affecting load transfer and the overallteys response. The strains along line
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B, the location where the maximum strains occutha specimen is shown in Figure
6.54. This figure indicates that the distributmfrstrains was even along the specimen
until the load level of 116 kN (26 kip) per jack sveeached. At this level, cracking
was first observed on the specimen and higher hgaldivels showed comparable but
slightly less uniform strains along the specimeme &verage strain along line B in the
specimen at ultimate capacity was 3423 microstramisereas the minimum and
maximum strains along line B were 2943 microstraared 3846 microstrains

respectively.

: . 4000 ~
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(See Figure 6.37 for detailed schematig3500 -
= + S—
© 3000 - ; 196kN
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(Note: Vertical gridlines in figure are 1B 3B 4B 5B 6B 7B 8B 9B

positioned at a spacing of 304.8 mm (1 ft)) Strain Gage Designation

Figure 6.54 Strains along the edge of the stemcad} to the deck overhang (Line B)

Using the strain data throughout the specimen afidwing a procedure

described by Sieret al [166], the shear stress between the concreteten@€FRP

strips were calculated using the following equation
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- |(‘9n+1_‘9n)'EL'tL|

Tnnil =
' ‘ (Xn+l - Xn) ‘ 6.11
where
(x,,—X,) = Distance between two strain gages
E = Tensile elastic modulus of the CFRP strip
tL = Thickness of the CFRP strips

_ _ Distance from west edge (m)
Location of strain gages

(See Figure 6.37 for detailed schematic) 2.72.42.11.81.51.20.90.60.30.0
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Figure 6.55 Shear stress distribution within adteealong the middle of specimen
(Line 5)

The calculated shear stress values within the adhese simply the mean value
between two strain gages, which ignore localizegsstpeaks and gradients.

After the testing of the NSM CFRP rehabilitatedagpen was completed, the
overhang of the specimen was cut off and carefallgoved from the rest of the test
specimen as shown in Figure 6.56 to allow for fartexamination of this critical
region. One point of interest to examine on thmaeed overhang was the actual
location of the CFRP strip reinforcement within gection. Figure 6.57 shows that

the actual embedment depth of the near surface t@du@FRP strips was
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approximately 6 mm (0.25 in) and the actual thidenef the SikaDur 30 resin layer
used to bond the CFRP strips to the concrete wsxs gpproximately 6 mm (0.25
mm). An embedment depth of 6 mm (0.25 in) is reabte for NSM applications
because it allows enough space for an adequatsutbgce of resin, which will serve
as environmental protection and the wear surfaceht® deck. However, the 6 mm
(0.25 mm) thickness of the SikaDur 30 bottom résyer was exceeded the maximum

manufacturer recommended value of 3 mm (1/8 inch).

432 mm (17 in)

3
v

Figure 6.57 Detail showing actual location of femement
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While the current system performed very well, tise of an overly thick resin
layer could have had a negative effect on the divaractural response of the system.
Figure 6.58 shows the failure surface of an FRip,stvhich has been detached from
the top surface of the deck. The center portiothefstrip with the firmly attached
concrete was the region in which the interfacidufa in the concrete occurred, while
the outer sections of the strip were neatly detadh@m the resin system, due to the

method of removal of the strip.

Figure 6.58 Detail of failure surface of FRP strip

6.5.9 Comparison with Theory

The NSM CFRP rehabilitated specimen reached uléntapacity under an
applied load of 196 kN (44 kip) per hydraulic jaskich is equivalent to an applied
moment of 189.2 kN-m (139.2 kip-ft). This improvpdrformance corresponds to a

72% increase in ultimate capacity over the as-lmgécimen, which failed under an
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applied load of 114 kN (26 kip) corresponding toagaplied moment of 110.0 kKN-m
(81.0 kip-ft). The ACI 440-02 calculation for ertally bonded FRP reinforcement
predicted a maximum moment capacity of 166.0 kN-b22(4 kip-ft), which
corresponds to a 51% increase in load carrying aigpaver the experimentally
determined capacity of the as-built specimen. Thement curvature analysis
predicted a maximum moment capacity of 185.5 kN-b36(4 kip-ft), which
corresponds to a 69% increase in load carryingagpaver the as-built specimen.
The theoretical predictions and experimental reswitre within 12% using the ACI
440 approach and were in close agreement with ar?§o error using the moment
curvature analysis. The larger disagreement wifreemental data found from the
ACI 440 moment capacity increase equation likeligtsxbecause this calculation is a
more simplified approach that does not take intmant the over strength of the steel
reinforcement.

The predicted deflections for the overhang proygded correlation up until a
load of approximately 160 kN/jack and under predieflections for higher loads.
This under-prediction is likely caused by the atiely model assumption that full
composite action is maintained for the sectionughout the loading range, because

failure in the concrete directly adjacent to theREFstrips was observed.
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Figure 6.59 Experimental and analytical load verdeflection plots for FRP
strengthened deck overhang

6.6 COMPARISON OF FRP STRENGTHENED AND AS-BUILT OVERHANGS

The ultimate capacity of the near surface mour@&@RP strip rehabilitated
slab was reached at an applied load of 196 kN (g4)kequivalent to a uniform
distributed load of 245 kN/m (16.8 kip/ft), whick 11 x the nominal sound wall load.
This ultimate capacity is 78% greater than thataimletd by the as-built specimen,
which occurred at 114 kN (26 kips) per hydraulickjaequivalent to a uniform
distributed load of 142.5 kN/m (9.8 kip/ft), which6.33x the nominal wall load. The
center deflections under the loading beam for kaghcimens over the complete

loading ranges applied are compared in Figure &m0DFigure 6.61.
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At the failure load level of the as-built speciméme as-built specimen had a

center deflection under the loading beam of 6.36 (A@5 in) whereas the FRP

rehabilitated specimen deflected approximately badt of the as-built specimen, or

3.33 mm (0.13 in). At ultimate capacity of the FRRabilitated specimen, the center

deflection under the loading beam was 8.73 mm (084 which indicates the

rehabilitated specimen exhibited a 31.8% increaskeformation capacity over the as-

built specimen.

Load per hydraulic jack (kN)

22t As-built prediction
200 | — As-built experimental N
s+ FRPstrengthened prediction ,
180 1 FRP strenthened experimental
160 - 2 |
140 - < FRP strengthened test
120 - s L a
100 - e "
80 - “a 1
60 7] \
40 - As-built test I |
20 .‘
0 T T T T 1
0 2 4 6 8 10

Vertical Deflection of Overhang (mm)

Figure 6.60 Comparison of load versus deflectiafiles for deck overhang

(Deflections are measured from the location belosvdenter of the loading beam)
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Figure 6.61 Comparisons of deflections of the deekrhang at different load levels

(Deflections are measured from the location belogvdenter of the loading beam)

In addition to increasing the overall load and defation capacity of the
system, the near surface mounted CFRP strips autrease the stiffness and improve
the stability of the system. The load versus a#fi@ profile shown in Figure 6.60
shows the significantly increased stiffness and emtimear profile for the FRP
rehabilitated specimen over the as-built specimen.

The deflection profile comparison at the 114 kN K6) per jack load level
along the middle of the two slabs is shown in Fegbr62. This figure illustrates that
for the same load level, the deflections within #RP rehabilitated specimen are
lower than the deflections of the as-built specintteoughout the deck slab and not
just at the point of load application. The first seacking observed on the as-built
specimen occurred at the load level of 84 kN (19,kivhereas the first set cracking

observed on the FRP rehabilitated specimen occaredl6 kN (26 kip), which is
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corresponds to a 38% greater load. A comparisdheotieflection profiles along the
center of the specimens at these loading levels/isho Figure 6.63 reveals nearly

identical deformations for the two specimens.

Location of linear potentiometers
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@ £ FRP R
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Figure 6.62 Comparison of center deflection pesfilLine M) at a load level of 114
kN (26 kip) per jack
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Figure 6.63 Comparison of center deflection pesfiLine M) at 1 observed
cracking loads
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The second set of cracking observed on the as4p#itimen occurred at the
load level of 101 kN (23 kip), whereas the secogtdo$ cracking observed on the FRP
rehabilitated specimen occurred at 136 kN (31 kiyhich is corresponds to a 35%
greater load. The deflection profile comparisothatload levels where the second set
of cracking was observed in Figure 6.67 also exhibearly identical deformations for
the two specimens. This indicates that while tR® Feinforcement acts to stiffen the
system and increase the load carrying capacitgebverhang region, the shape of the
deflection response profile of the system is notdified significantly with the

addition of the CFRP strips.

Location of linear potentiometers 0
Distance from edge (mm)
, |As-buil
| g (101kN)  FRP rehabilited
! £ . (136 kN)
I -
i M2 M3M4 &
M': ________ MJ‘ _______ .‘--.'-?M %
i 2 6
i @)
: o
) 8 1
27
« 152¢ 10 -
M1 M2 M3 M4

Linear Potentiometer Designation

Figure 6.64 Comparison of center deflection pesfiat 2 observed cracking loads
(Line M)

Figure 6.67 shows the side by side top decks ofwilbespecimens after testing
has been completed and all loose concrete on theldok removed. Details of the

critical region of the as-built and FRP rehabigthtop deck are shown in Figure 6.65
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and Figure 6.66 respectively. For the as-buikcgpen, extensive damage and
spalling of the concrete on the top of the dech sfas seen. Yielding in the transverse
steel reinforcement followed by loss of aggregaterlock, resulting in failure was

observed. For the FRP rehabilitated specimenigiglg spalled concrete and loose

concrete rubble was detected. A concrete sgitaure mode was observed in the

FRP rehabilitated specimen.

Figure 6.65 Detail of cracking observed at ultienedpacity- top view of as-built deck

Figure 6.66 Detail of cracking observed at ultienedpacity- top view of FRP
rehabilitated deck
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Figure 6.67 Top view of deck slab tested to ulter@apacity after removal of loose
concrete
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6.7 SUMMARY OF RESULTS

Experimental results from the testing of the reliabéd specimen indicate
that the NSMR strengthening scheme was successfathaeving the desired load
carrying capacity increase. The ultimate load ytag capacity of the FRP
rehabilitated specimen was 196 kN (44 kips) perréwiic jack, which was 78%
higher that the ultimate load of the as-built spem of 114 kN (26 kips) per hydraulic
jack. This value well exceeded the desired logmhciy increase of 29.7% above the
experimentally determined capacity of the as-bgpecimen, exhibited a very stable
structural response and increased the deformatapaocity of the system. The
theoretical moment capacity predictions for theba#t specimen were within 11%
and 6.5% of the experimentally determined valuengisAClI 318 and moment
curvature analysis respectively. The theoreticaim®ant capacity predictions for the
FRP rehabilitated specimen were within 12% of tkpeeimental value using the
modified ACI 440-02 approach and were within 2 %gsnoment curvature analysis.

The NSM FRP rehabilitated specimen exhibits a warief structural
performance improvements over the as-built specimeluding increased ultimate
load carrying capacity, enhanced deformation c#&paand more stable overall
structural performance. Design options for the rnearface mounted CFRP
strengthening schemes allow for great flexibilitp iterms of tailoring the
reinforcement parameters for specific applicatioéth consideration of the minimal
disruption to traffic flow and ease of installatjaimis system is a viable and very

attractive rehabilitation option for bridge decklsloverhangs.



7 CONCLUSIONSAND RECOMMENDATIONS FOR FUTURE WORK

7.1 SUMMARY AND CONCLUSIONS

As the nation’s inventory of concrete box girdeidbges deteriorate over time
and more bridges are in need of repair or replangntiee development of improved
rehabilitation techniques becomes increasingly irgmt. Rapid rehabilitation
techniques that use FRP materials can provide feignt advantages over use of
conventional materials in terms of potential forhanced durability, increased
construction schedules and optimized material usage

The current research has focused primarily on tspeets related to the use of
FRP composites for rapid rehabilitation of reinfaconcrete box girder bridges. The
development, assessment and validation of a FRRirsfslace combined formwork
and reinforcement system as part of a structurstesy for the deck of a reinforced
concrete box girder bridge were addressed in #ssarch. The examination of rapid
rehabilitation technique of minimally invasive fimal strengthening of box girder
bridge overhangs using NSM FRP reinforcement plaoea shallow groves on the
top of the bridge deck, was also addressed. Timeapy findings of these research

endeavors as well as recommendations for futuesarel are presented in this section.

7.1.1 FRP Pane SIP Structural Formwork System for Box Girder Bridges

The developed hybrid FRP-concrete bridge deck systovides an
alternative rehabilitation and replacement option deteriorated bridge decks. The

stiffened FRP structural formwork panels serve @stiye moment reinforcement in

356
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place of corrosion prone steel as well as staylacepformwork for the bridge deck of
a concrete box girder bridge. By combining thealtation of formwork and the

lower level of reinforcement into a single constime step, this system improves
construction efficiency and speed, resulting innsgigant labor savings and
accelerated construction schedules.

The experimental investigation of two full scaleoteell box girder bridge
specimens provided the current research with emthmelevance for addressing
rehabilitation needs facing current the nation’sngdoox girder bridges. Data from
the casting of the concrete deck showed that tlamgd in temperature due to the
casting of the concrete had minimal impact on teégomance of the system and the
deflection of the FRP panels was within allowalmeits. The FRP panel bridge deck
system has significant reserve strengths, with exgatally determined safety limit
state for the system occurring at approximately nimes AASHTO factored service
load. The observed failure mode of the system wrashing of the concrete in
compression, which is the preferred failure modetic type of hybrid FRP-concrete
system, rather than the catastrophic failure theb@panies FRP rupture. The system
exhibited a stable post-failure structural respomséer cyclic loading of over twice
the AASHTO factored service load.

Fundamental comparisons between a conventional sggdorced concrete
system and the composite SIP structural formworlepaystem, showed comparable
performance in terms of numerous metrics includidgflection distributions,
distribution widths and strain profiles. The FREBnel system exhibited superior

performance in comparison with the RC system imserof reduced damage
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accumulation throughout the application of 32,008@les at loads up to 5x the
AASHTO cyclic load. Table 7.1 provides a briefnrsunary of the relative
performance of the FRP panel bridge deck systentlandeinforced concrete bridge

deck system.

Table 7.1 Performance comparison between FRP pgstm and RC system

DECK SYSTEM WITH
) SUPERIOR PERFORMANCE
PERFORMANCE CHARACTERISTIC ASSESSED :
FRP panel | Conventional
system RC system
Labor required for construction of deck system v
Deflection of formwork during casting of deck concrete v
Cracks observed on top of bridge deck v
Center deflection at 1x the AASHTO service load Comparable performance
Center deflection at maximum applied load v
Secant stiffness changes throughout loading range v
Deflection profiles Comparable performance
Residual deflections v
Strain profiles Comparable performance
Structural response under extensive cyclic loading v

The resin injection repair technique, utilized be post-failure test specimen
to reinstate load transfer between the concretetlaadomposite, was successful at
improving the structural response of the system thedrepaired system was able to
perform comparably to the undamaged test specimih, superior integrity of the

concrete-FRP panel and response to cyclic loading.
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7.1.2 Rehabilitation of Bridge Decks Using Near Surface Mounted FRP

Near surface mounted FRP composites have signifiealvantages over
surface mounted composites for numerous reasorading improved structural
efficiency, reduction in necessary surface preparatetter protection for the FRP
reinforcement from the surrounding environment, ametcreased likelihood of
exhibiting debonding failure modes as discussethénliterature review conducted,
which is summarized in Section 2.4. RectangulaP FRips were also shown to be
superior as compared to square or round FRP batsrims of improved material
efficiency, smaller groove dimension needed, bdtisre-dimensional distribution of
bond stresses, and larger perimeter to cross-sattoea ratios.

Different NSM FRP designs were evaluated as optidos flexural
strengthening of a reinforced concrete bridge deekrhang. The strengthening
scheme which most efficiently satisfied necessamngth requirements and design
guidelines while taking construction consideratiomso account was used to
strengthen a 1.68 m (5 ft 6 in) long section otigei deck overhang. summarizes the
different FRP reinforcement systems evaluated &snpial strengthening options and
illustrates that the chosen system, 50 mm (2 inlevgitrips, easily satisfies the desired
capacity increase requirement of 29% greater mowwegudcity as compared to the as-
built overhang. The chosen strengthening schemse lahs 18% greater structural
efficiency than comparable strengthening schemeshadse bars or rods.

A full cure of the resin system used to attach ERP reinforcement was
determined through monitoring the progression ef rissin system’s glass transition

temp temperature to be achieved after approximdt&ydays. Results from the NSM
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FRP strengthened overhang showed a 78% increagenmate load carrying capacity

as well as a 32% increase in deformation capadtyc@npared to the as-built

specimen without FRP.

7.2 CONCLUSIONS

7.2.1 FRP Pand SIP Structural Formwork System for Box Girder Bridges

Based on this research, the following primary cosicins are summarized:

1)

2)

3)

4)

The assessed FRP panel bridge deck system valittegfficacy of

hybridization with optimized material usage;

The modular prefabricated panels and their rolstag-in-place structural
formwork enable rapid placement and significantotabavings, with a
straightforward construction process similar tooawentional reinforced
concrete bridge deck;

The FRP panel system has applicability for repaieplacement of bridge
decks between girders, either for small sectiona bfidge deck or for the
entire bridge. The FRP panel system also indicptaential for new

construction of decks for box girder bridges orentblab-on-girder bridge
systems;

Concrete shear damage in the bridge deck systerbecamtigated by the
presence of the FRP panels such that the punciiear dailure mode,
which normally results in a catastrophic failurer fa conventional

reinforced concrete deck, is avoided;



7.2.2

361

5) The service load the distribution width of the FRBnel system is
comparable to the reinforced concrete bridge dgstem;

6) The resin injection system employed was shown lsngple and very
effective repair method for reinstating load tramdfetween the FRP panel
and the concrete; and

7) The results from this research indicate that theeldped FRP structural
formwork system is a viable alternative to a coriaral steel reinforced

concrete bridge deck;

Rehabilitation of Bridge Decks Using Near Surface Mounted FRP

Based on this research, the following primary cosicins are summarized:

1) The use of near surface mounted FRP reinforcenféarsan effective
and minimally invasive rapid rehabilitation techuégfor strengthening
the negative moment regions of a bridge deck;

2) The addition of NSM strengthening can significantigrease both the
load carrying capacity and the deformation capaoitya concrete
bridge deck overhang;

3) The developed analytical methods provided an eWecineans for
predicting load carrying capacity of the NSM strgremed overhang
region as well as the deflections and strains ensystem at different
loading levels. The analytical methods can be usedart of the

design process for future NSM strengthening prsject
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4) Strengthening of a bridge deck overhang using NS$iipsscan be
feasibly achieved with partial closure of the badgr only a few days,
as compared to a bridge closure for well over atmadmat would be
necessary for a partial rebuild of the deck usioigventional reinforced
concrete construction.

5) Strains in the FRP strips are significantly reduicecegions beyond the
girder stems, which indicate that further curtamineof the FRP
reinforcement is possible in order to improve tbhstceffectiveness of

the system; and

7.3 RECOMMENDATIONSFOR FUTURE RESEARCH

7.3.1 FRP Pand SIP Structural Formwork System for Box Girder Bridges

There are several topics which should be addregsgder through future
research. Based on the observations regardings l@adwhich changes to the
composite action between the FRP panels and thereten occurred, further
examination of the interface between the concretel éhe FRP panels is
recommended. This would provide useful informatamndesign modifications that
would ensure composite action is maintained betwleemwo materials. Although the
analysis of the structural response of the systerteims of load transfer between
panels and from panels to surrounding concrete dedkstems was addressed in a
very preliminary form in this research, further ermental and analytical

investigations which apply loading at different piosis in relation to the FRP deck
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panels would be extremely useful. The developnoérdetailed design guidelines
which address aspects specifically relevant todisign of this type of bridge deck

structure is also recommended.

7.3.2 Rehabilitation of Bridge Decks Using Near Surface Mounted FRP

Since the field of near surface mounted FRP redeiment is still relatively
new, with the most significant research activitycweing during the past ten years,
there are a variety of aspects which can beneifih flurther research. There has been
significant experimental work on bond tests, howewerk is still needed to provide
improved correlations between bond testing experimperformance of flexural tests
of NSM FRP systems. Since the efficacy of NSM Féngthening is intrinsically
related to the ability of the adhesive to not ohtynd to the reinforcement to the
concrete substrate but also to enable efficiemssttransfer, study also needs to be
conducted on adhesive rheology, performance clarstits, durability, and cure.
Also, since it is likely that the NSM will be cowst by asphalt, the effect of heat due
to asphalt on the adhesive and bond should beestudi

The optimization of groove dimensions and spacarg\SM use through both
analytical and experimental study is recommend&dtudy of adhesive rheology and
bond quality as well as durability would also pawiuseful information for further
progression of this research. The examinatiomefminimum required development
length and the effect of the girder stems on theesgary development length are also
recommended. Itis emphasized that the studiesmeended should be conducted on

specimens of sufficient size since small scalestesiuld likely provide erroneous
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results due to effects of scale and configuratiéimally, the development of design
guidelines and development of examples comparing/NSe to surface bonding

would provide significant benefit to this reseafietd.
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