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ABSTRACT

Strengthening concrete structures with fiber reitdéd polymers (FRP) is
becoming increasingly common in construction pcactThe currently available design
guideline for FRP confined concrete is the ACI 28808 model for predicting the
maximum confined compressive strength. These famate based on a modest test
dataset of carbon fiber reinforced polymers (CF&R) a small test dataset of glass fiber
reinforced polymers (GFRP) wrapped specimens. ifkisstigation reviewed a meta-
analysis of published testing data from CFRP anB&Rrapped plain concrete
specimens to evaluate the performance of the desigielines. The results from 694
compression tests are compared to the predictedmaaxconfined compressive strength
following the ACI 440.2R-08 design formulas. Theastigation showed that for CFRP-
wrapped plain concrete specimens the design foswataik reasonably well, 82% of the
values are conservative. However for the GFRP-wedgpecimens, it was found that
one third of the tested specimens had capacitesatére less than the design guidelines’
prediction. Therefore the current design formularnsonservative for the design of
GFRP-wrapped specimens. In order to suggest a m@tse design formula, a variation
of the existing formula for calculating the confineompressive strength of a GFRP-
wrapped specimen is presented. Also, a variaticymade for CFRP-confined concrete
specimens to make the formula more conservativditidaally, an investigation of the

transfer of strain between FRP layers in FRP cedficoncrete specimens was

completed. Glass fibers were applied to plain cetecspecimens, with the number of

Xiii



layers ranging from one to three layers. Strairegagere placed on every layer to
perform an analysis of the hoop strains under |o&é.results showed that the different
layers of a GFRP wrap on a specimen do not re¢eeveame amount of strain for the
same axial compressive load on the cylinder. Tieguality could be a possible
explanation for why FRP jackets do not achievestimae tensile strength as the results

from tensile coupon tests.
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CHAPTER 1

INTRODUCTION

1.1 Background

Since their introduction in the 1970s, fiber rentfed polymers (FRP) composites
have become an important part of civil engineestmgctures either to repair/retrofit old
structures or as part of a new building (Hollaw210). Throughout the following forty
years, a great amount of investigation was conduatethe behavior of FRP-wrapped
concrete columns, and it has been proven numetoes that FRP is an effective
strengthening material for concrete members (N&Bradford, 1995; Xiao & Wu,
2000; Berthet, Ferrier, & Hamelin, 2005).

ACI 440.2R-08 serves as the current guideline &sighing externally bonded
FRP systems for strengthening concrete structiteesiodel for determining the
maximum confined concrete compressive strengtiaset on the model developed by
Lam and Teng (2003) with the inclusion of a reduttiactor (ACI, 2014). When Lam
and Tend2003) developed this model the database availhlee time was small.
Seventy-six total specimens were considered androné of them were glass fiber
reinforced polymers (GFRP) confined specimens \&essuty-seven carbon fiber
reinforced polymers (CFRP) confined specimenshAttime, the authors suggested that
more tests of GFRP specimens should be addedity trexr model (Lam & Teng, 2003).
A few years later Teng et #2009) refined their model by focusing on the hoapsile
strain reached at failure of the FRP system wihslagia different database than in 2003.
This database included forty-eight total specimeitis eighteen of those being GFRP-

confined specimens and the balance CFRP-confinedrepns (Teng, Jiang, Lam, &



Luo, 2009)This 2009 database, however, was still small coegpsr all the currently
existing data.

In 2011, Realfonzo and Napoli (2011) created aglaigtabase of FRP-wrapped
concrete cylinders to evaluate the FRP strainiefiwy factor and to estimate the
confined compressive strength. As well, Ozbakkal@gld Lim(2013) presented an
extensive database in 2013 that covered the majarihe studies that have been
published to date: 832 test results from 99 expemial studies. Of these test results, 167
were for GFRP-confined specimens and 476 for CF&®hted specimens. These
databases, along with the addition of other tesilte provided 204 GFRP and 490
CFRP-confined test specimens used by the autressess the current FRP design
guidelines for both GFRP and CFRP confined plaimcoete (Karbhari & Gao, 1997;
Karbhari & Howie, 1997; Harries, Kestner, Pesst#ause, & Ricles, 1998; Toutanji &
Balaguru, 1998; Arduini, Di Tommaso, Manfroni, Farr & Romagnolo, 1999; Toutaniji,
1999; Karbhari, Rivera, & Dutta, 2000; Karbharip2QHarries & Kharel, 2003; Faella,
Realfonzo,& Salerno, 2004; Lin & Liao, 2004; Modé&rélicelli, & Manni, 2005; Li,
2006; Wu, Wu, Lu, & Ando, 2006; Sadeguian, Shelk&aiousavi, 2008;
Ramezanianpour & Gharachorlou, 2009; Chastre &SRB010; Gharachorlou &
Ramezanianpour, 2010; Bouchelaghem, Bezazi & Scafdd ; Ozbakkaloglu & Akin,
2012; Micelli & Modarelli, 2013).

The ultimate strain is an important part of the A@D.2R-08 design formula to
predict the ultimate compressive strength of FRiffined concrete. As mentioned
earlier, while some investigation has been condlitevaluate the strain efficiency

factor, there is still more research needed inahes. Therefore, this thesis also includes



a preliminary evaluation of how the FRP wrap shasteain among its different number
of layers. Further, there is currently no resednet evaluates how strain is shared
between FRP layers, which could beneficially cdmtie to the understanding of the FRP

confined concrete system and lead to a better nésigwla.

1.2 Research Motivations

The currently design guidelines were originallydzhen a small group of GFRP-
and CFRP-confined concrete test results. An evialuatf the existing design guidelines
for determining the maximum confined concrete caapive strength has never been
attempted with a large database. Therefore, bygusiarge database of test results to
evaluate the current design guidelines this themngributes to enhanced design safety.

There is considerable variation in the test regbls evaluate the strain efficiency
factor, which has been attributed to the diffeqgaicedures used to test the specimens or
to placement of the strain gauges of the FRP’slapping zone. This research project
also investigated the interaction of strain betwERR® layers to increase the
understanding of the FRP confined concrete systrdgpotentially identify the source
of some test result variation.

In summary, an assessment of the performance aiutiient design guidelines for
determining the maximum confined concrete compvessirength with a large and
comprehensive database was needed in order ty Wegilsafety and conservativeness of
the current design guidelines for this type of sgstit was also an important contribution
to the field of knowledge to evaluate the hoopistbetween layers in FRP-confined

concrete systems in order to better understandiseaaf variation in specimen



performance. This understanding may lead to a mocarate strain efficiency factor and
help future researchers in developing an improwesigsh model for FRP-confined

concrete.

1.3 Objectives and Scope

The objectives of this research are as follows:

1. Evaluate the safety of the current ACI 440.2R-0Sigie guidelines for predicting
the maximum confined concrete compressive strelmgtomparing the
guidelines’ predictions to an extensive databas&#RP- and CFRP-confined
concrete cylinder specimens test results and suggfaseements as needed.

2. Understand a cause of variation in FRP-confinedtiea test results by looking

at how the layers of FRP share or transfer ho@nstr

1.4 Limitations

For the ACI 440.2R-08 design evaluation the datalosy included specimens
that had diameters ranging from 1.85 in to 16 img# to 406.4mm) and unconfined
concrete strengths ranging from 0.90 ksi to 25&< Mpa to 169.79 Mpa). Only plain
concrete cylinders that had a minimum confinematib rof 0.08 and aspect ratios from
two to five were used. Additionally, only specimemih glass or carbon fibers wrapped
in the hoop direction were considered; the numib&FRP layers ranged from one to
fifteen layers and for CFRP it ranged from onewelve layers.

For the hoop strain share between FRP layers,@RRP-confined concrete

specimens were considered. The design unconfinectet® strength was of 4000 psi.



Only two types of GFRP were used: bidirectionaiuitidirectional. The study focused
on the share of strain between GFRP layers, thamalysis of the strain efficiency
factor was not provided. The number of GFRP layanged from one to three layers and
for each type of GFRP arrangement only three spawsnwvere tested. Additionally, only

three strain gages were provided for each GFRR.laye

1.5 Organization

Chapter 2 discusses the literature review of batheoit ACI 440.2R-08 design
guidelines and previous studies of hoop strainRPfeonfined concrete. Chapter 3
describes the procedure for evaluating the safiettysocurrent ACI 440.2R-08 design
guidelines and Chapter 4 covers the experimentgrpm procedure carried out on
GFRP-confined concrete cylinders to evaluate thaplstrain. An analysis and discussion
of the design guideline investigation and FRP-aguetdicylinders test results are given in
Chapter 5 and Chapter 6, respectively. Finally,g@#va7 provides a summary of this

study, including major conclusions and recommewdatfor future study.



CHAPTER 2

LITERATURE REVIEW

2.1 Confined Concrete

Fiber reinforced polymer (FRP) composites are gdlyemade of carbon, glass or
aramid fibers embedded in a resin matrix made okgppolyester or vinylester resins. In
1999, the construction sector was the world’s lsrgensumer of polymer composites
representing 35% of the global market (Weaver, 19R8cently, FRPs have been
increasingly used for structural load bearing aggtions especially for rehabilitation and
retrofit of existing civil structures and, to ades extent, in new civil structures e.g. as a
replacement for steel in reinforced concrete (AX00.4).

In the area of rehabilitation and retrofit of ekigtcivil structures, the traditionally
used methods included concrete jackets or extsteal sheets designed to improve
structural properties such as strength and dycfiitlio, Branco, & Silva, 2003;
Moghaddam & Samadi, 2009). In the last decade, j[aBets have been successfully
used for retrofitting concrete columns (Saadatmiangéksani, & Li, 1994). In the case of
FRP-confined concrete, the FRP is bonded extert@llye structure in the form of
laminates or sheets (ACI, 2014).

FRP jackets on concrete columns provide passivénament. Therefore, the
system activates only when the lateral expansidhetoncrete is resisted by the
confining FRP jacket. The confining pressure predithy the FRP jacket depends highly
on the relationship between the axial stress agpptighe composite system and the
subsequently induced lateral strain in the FRPghdks the hoop strain increases under

load, the passive confining stress also keepsasarg with the expansion of concrete



due to the linear elastic properties of the FRPst®wvn in Figure 2.1, while the
composite system is acting in the linear elastygor of the stress-strain curve, the
confining effect is small since the lateral expangs small. However, once the system is
in the plastic portion of the stress-strain curviggre 2.1), the stress-strain response is
dominated by the behavior of the confining jackeit tresists the lateral expansion
establishing a multi-axial state of stress in theeconcrete. The FRP jacket behaves
linearly elastic up to the final failure and exeatgrowing confining pressure on the
concrete core. Lam and Teng (2003) believed tleab#st way to describe the bilinear
stress-strain curve of FRP-confined concrete waséoa modified parabola for the

elastic behavior and a straight line for the ptasghavior.

f A

J e

sf(max' --------------------------------
Plastic behavior : | E:

- .fco.r:-__

\\ FRP-confined concrete

Unconfined concrete

Elastic behavior

- >
£ £

¢max <

Figure 2.1 Axial stress-strain curve for FRP-confied concrete

(Lam and Teng, 2003)

The passive confinement of the FRP jacket resulésdonsiderably increased
strength and ductility of concrete when loaded laxi®uctility is very important in the

design of concrete structures, as defined by Guraes, Tuakta and Buyukozturk (2013)



is “the ability to undergo inelastic deformatiorfdre failure” (p. 916). An increase in
ductility reduces the dynamic load demand and makssssible to design safe economic
structures for seismic areas. This increase inildyaf FRP-confined concrete is
obtained due to the large deformations that the jaRlket can undertake, resulting in
high hoop strain values corresponding to the reptiithe FRP jacket and to the
maximum confined concrete stress (Cui and Sheil®@hQP This phenomenon is
illustrated on Figure 2.2 corresponding to the iitictactor expression:

B, = €l €1 Equati®.1
where
g, = hoop strain corresponding to rupture of FRPgack
&, = hoop strain corresponding to the maximum cadfinoncrete stress on the initial

tangentE,

£ fe---- N
J cmax n

0.80 f x| =™~ o e

max

v

& €. €30

cu

Figure 2.2 Definition of ductility factor
(Cui, 2009)

The qualitative difference between steel, GFRP@RRP confinement is
illustrated in Figure 2.3. This illustration is sifess-strain curves for the same
confinement ratio using these three materials.l-8@#ined concrete normally

experiences a constant lateral confining pressefi@® it reaches a maximum stress,



after which, it follows the yielding of steel andjeadual post-peak descending branch.
To contrast, CFRP- and GFRP-confined concretealysp distinct bilinear response
with a sharp softening and a transition zone atdbel of its unconfined concrete
strength. The confining pressure always increaststiae lateral strain of concrete
because FRP does not yield as steel does. Ther#ferstiffness of FRP confined
specimens stabilize at a constant value until iegdhe ultimate strength. This plastic
stiffness is significantly affected by the concratel FRP properties due to the passive
nature of FRP-confined concrete system. By incregisie number of FRP layers or the
FRP’s modulus of elasticity, the system’s plastitfreess increases which is graphically

represented by a steeper slope on the stress-stnaie.

N CFRP

GFRP

Steel

Unconfined

Normalized axial stress

Normalized axial strain

Figure 2.3 Normalized axial stress-strain behavioof confined concrete

(Spoelstra and Monti, 1999)

2.2 ACI 440.2R-08 Design Guidelines
The American Concrete Institute (ACI) is a techhgmziety that is the

internationally recognized authority on concretehteology. The ACI's most widely



known publication is ACI 318-11: Building Code Regments for Structural Concrete,
a widely adopted model code for concrete designl (RCL3).

ACI 440.2R-08 is ACI’s current guideline for desiigg externally bonded FRP
systems for strengthening concrete structures (2Q13). Its model for determining the
maximum confined concrete compressive strenfth, is based on the design-oriented
stress-strain model for FRP-confined concrete dges by Lam and Teng (2003) with
the inclusion of a reduction factor. When Lam aresd developed this model the
available database was small and only seventyetak $pecimens of GFRP- and CFRP-
confined specimens were considered. Of those sggenspecimens, only nine GFRP-
confined specimens were used and the balance W@ €onfined specimens. Lam and
Teng (2003) suggested that more test data of GpRE&lrmeens should be added to verify
the design guidelines.

The formulas for the maximum confined concrete casgive strengthy,’.., and the
maximum confinement pressurfg, defined by the ACI 440.2R-08 (2013) are:

flee = f'c + W33k fi Equation 2.2

fi = % Equatiol 2
where:
Y, = reduction factor of 0.95
K, = efficiency factor depending on the geometryhef $ection: for circular sectiorg
is 1.0
E; = tensile modulus of elasticity of FRP, MPa (psi)

n = number of plies of FRP reinforcement

t; = nominal thickness of one ply of FRP reinforcemem (in.)
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D = diameter of concrete cylinder, mm (in.)
In Eq. (2) the effective strain level in the FRRaalure ¢, is defined as
Ere = Ke&fy Equatiod 2
wherek; is the strain efficiency factor due to the premafiailure of the FRP jacket and
&r,, the design rupture strain of the FRP reinforcemant/mm (in./in.). As directed by

the ACI 440.2R-082008) design guidelines, tlge was taken as 0.55.

2.3 Previous Research on FRP-Confined Concrete

As Lam and Teng’s paper that established the degigtelines explicitly called for
more research to evaluate the accuracy of the fasnthe author sought out the existing
literature examining FRP-confined compressive gfifedesign formulas, ultimate axial
strain, hoop strain and stress-strain models. Theexjuent papers in this section looked
at various aspects of FRP behavior, even someeai ffroposed new predictive models
for FRP-confined concrete or re-calibrated thetenxgsmodels but did not evaluate the
safety of the current ACI 440.2R-08 design guidedinEach paper that published useable

FRP-confined specimen test results is discussed.

2.3.1 Lamand Teng 2003

In 2003, Lam and Teng develop a design-orientexssistrain model that is now used
in the current ACI 440.2R-08. The FRP-confined eetecylinders that were used for
developing this model had the FRP fibers wrap ngamthe hoop direction. As stated
by Lam and Teng, the model captured all the importharacteristics of FRP-confined

concrete including the hoop strains, the ultimaialastrain, and the amount of FRP

11



needed for compressive strength increase. Premogels assumed that the hoop
rupture strain occurred when the FRP jacket reatetensile strength from coupon
tests. However that is not what happens, as failsually occurs at a lower value.
Therefore this model was corrected based on theblobop rupture strain. They also
indicated that the confinement ratiAf’.) of FRP-confined concrete needs to be at
least 0.07 to be sufficiently confined. If not, thRP-confined concrete did not achieve
compressive strengths considerably above the umsmh€oncrete strength. Lam and
Teng suggested that their model could be usedthiiecdesign. They also suggested
that there was room for improvement using a ladggabase. This model only used
normal strength concrete cylinders and it may moajpropriate for high strength
concrete (Lam & Teng, 2003). As such, this stuakém at Lam and Teng’s design

formula with a large database.

2.3.2 Lam and Teng 2009

In 2009, Teng et al. (2009) refined their first rmbdrhile focusing on the hoop
tensile strain reached at failure of the FRP sys#nthat time, the researchers used a
different database than the one they used in 2008 tas still small; with only forty-
eight specimens. They presented two modified vessad their original model. The first
updated the ultimate axial strain and compresdiemgth Equations, and the second one
focused on the stress-strain curves with a descogrmanch. The first refinement had a
design-oriented approach and the second one aysa@atiented approach. They made
an important observation regarding measurements sivain specifically that hoop

strain readings in the overlapping zone are lowanthose measure somewhere else in

12



the specimen and should be excluded. They alsdwaed that their 2003 model
overestimated the ultimate strain of concrete cmdfiwith a large amount of FRP and
the compressive strength of concrete confined aiimall amount of FRP (not

sufficiently confined, below the 0.07 confinemeatio).

2.3.3 Realfonzo and Napoli 2011

In 2011, Realfonzo assembled a large databasesofFR@-wrapped concrete
cylinders to evaluate the FRP strain efficiencydaand to estimate the confined
compressive strength. They focused on data thahhaohconfined concrete strength
equal or below 5800 psi (40 MPa). Additionally,yhEroposed a new design strength
model for FRP-confined concrete but still tryingtodel the average behavior. They did
not evaluate the efficacy of the current desigrglimes, their new model fit the average

behavior of FRP confined specimens but it did metjzt a lower bound to the data.

2.3.4 Ozbakkaloglu and Lim 2013

Ozbakkaloglu and Lim (2013) presented an exterdatabase that covers the
majority of the studies that have been publishetiégpresent: 3042 test results from 253
experimental studies. They developed a new degigmted model that has a better fit
with the test results from the database comparedisting models. They observed that
there was a variation in the average FRP efficidactor depending on the type of fiber,
therefore suggesting that a differeptvalue needs to be set for GFRP and CFRP. Also
they observed that the variability in the instrutagion arrangement of the test

contributes to scatter in the database.
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2.3.5 Hoop Strain in FRP Confined Concrete

The ultimate strength and ultimate strain of FRRficed concrete depends greatly
on the confining pressure that is provided by tR® Facket. In the past it was assumed
that the confining pressure of the FRP jacket vepamkto the tensile strength obtained by
the FRP tensile coupon tests (Toutanji and Baladi898; Saafi, Toutanji, & Li, 1999).
But as mentioned before, later research suggdssedhte tensile strength of FRP cannot
be reached in FRP-confined concrete because thedtmns readings of FRP jackets
from compression tests were considerably smalkar the ones obtained in the coupon
tests (Xiao & Wu, 2000; Shahawy, Mirmiran, & Beiteln, 2000).

Li et. al showed in their research that the distidtn of FRP hoop strains varied
around the circumference of the FRP-confined cdaaginder (2012). In the
overlapping zone, which is the zone where the FBrlends and an extension of the
FRP fabric overlaps itself to secure the wrap hibep strains are lower than the strains
measured in all other zone (Li et al., 2012).

Numerous studies on the strain efficiency faatgr,hypothesized that the premature
failure of the FRP system (Pessiki et al., 200prahably due to the multiaxial state of
stress to which the FRP system is subjected comparine pure axial tension to which
the FRP is subjected when tested in coupon te€i$ (2013).

Throughout the studies &f there has been a wide range of variation betwesin t
results. This variation could be caused by theedtffit procedures used to test the
specimens or by placing the strain gauges on tedapping (Karbhari & Howie, 1997,

Pessiki et al., 2001; Campione & Miraglia, 2003y1ts & Carey, 2003).
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Thek, is key to developing an accurate design formuldfP-confined concrete
systems because the FRP ultimate tensile stresgi$uially not reached at the failure of
the confined concrete system. Therefore, analyiaghare or transfer of hoop strain
between different numbers of FRP layers will adidi@ile knowledge to what is
currently known about and will represent a stegvéod in creating a better design

formula.

2.4 Summary

The experimental research of confined concrete RRF wraps was relatively
limited during the development of current desigrdglines and an evaluation of these
existing design guidelines for determining the maxn confined concrete compressive
strength has never been attempted with a largdasea Therefore, using a robust
database for evaluating the design guidelines t&gts results is of great importance for
the maintenance of public safety. Further, analyfive behavior of the hoop strain
between FRP layers of confined concrete has neagr bttempted and this information
will be an excellent source for better understaththe behavior of FRP confined

concrete, which could lead to the refinements efimtive design models.
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CHAPTER 3

METHODOLOGY OF ACI 440.2R-08 DESIGN GUIDELINE EVALU ATION

3.1 Introduction
The author compiled an extensive database of GRREC&RP wrapped specimens
to evaluate the effectiveness of the current AGigreguideline formula. The test results

in the database were then compared with the pred&ctmade by these guidelines.

3.2 Database Development

This study’s final database included test resutisifa wide variety of specimens.
The database from Ozbakkaloglu and I(2613) was incorporated, although the results
from specimens confined by concrete-filled GFRP @R&RP tubes were excluded
because their behavior from GFRP- and CFRP-wrappedimens differ (Saafi,
Toutanji, & Li, 1999). Additionally, published tes¢sults that were not reported in
Ozbakkaloglu and Lim were added to the databaseb{tea & Gao, 1997; Karbhari &
Howie, 1997; Harries, Kestner, Pessiki, Sause, &dRj 1998; Toutanji & Balaguru,
1998; Arduini, Di Tommaso, Manfroni, Ferrari, & Ragnolo, 1999; Toutanji, 1999;
Karbhari, Rivera, & Dutta, 2000; Karbhari, 2002;rkes & Kharel, 2003; Faella,
Realfonzo,& Salerno, 2004; Lin & Liao, 2004; ModéréMicelli, & Manni, 2005; Li,
2006; Wu, Wu, Lu, & Ando, 2006; Sadeguian, Shelk&aiousavi, 2008;
Ramezanianpour & Gharachorlou, 2009; Chastre &SRB010; Gharachorlou &
Ramezanianpour, 2010; Bouchelaghem, Bezazi & Scafdd ; Ozbakkaloglu & Akin,

2012; Micelli & Modarelli, 2013).
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The new database had a total of 204 test resulGF&®RP-confined concrete
cylinders from 47 different publications and 496tteesults for CFRP-confined concrete
cylinders from 58 different publications. The dats® used for this investigation has a
total of 694 test results from 105 different stgdies assembled from an extensive
literature review. These specimens have diamed@ging from 1.85 in to 16 in (47mm
to 406.4mm) and unconfined concrete strengths ngnigom 0.90 ksi to 25 ksi (6.2 Mpa
to 169.79 Mpa). ACI 440.2R-08 states that the degigdelines can be used only with
nonslender, normal weight concrete members (AC1420 herefore, only specimens
with aspect ratios from two to five were used. Tinenber of GFRP layers ranged from
one to fifteen layers and for CFRP it ranged frame t twelve layers. Only specimens
with glass or carbon fibers wrapped in the hoopdalion were considered. Since the
purpose of the study was to evaluate the effici@fdipe design guidelines in safely
predicting the capacity of concrete confined withRF and CFRP wraps, only plain
concrete cylinders that had a minimum confinematid were considered. The minimum
confinement ratio, which is defined as the ratidh&f maximum confining pressure due
to the FRP jacket to the unconfined concrete sthe(fg/ f'.), was 0.08 as required by

the ACI 440.2R-08 design guidelines (ACI, 2014).

3.3 Design Guidelines

In order to compare the confined compressive sthefnigm the test results of the
database with the predicted confined compressieagth given by the ACI design
guidelines, the formulas for the maximum confinedarete compressive strengffy,.,

and the maximum confinement pressifie,defined by the ACI 440.2R-08 (ACI 2014)
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were used to predigt .. for all of the test results. These design formuase discussed
in Chapter 2 and, for the reader’s reference, tieyepeated here:

flee = f'c +¥r33Kaf; Equation 3.1

fi =L Eqoati3.2

where:
Y, = reduction factor of 0.95
k, = efficiency factor depending on the geometryhaf $ection: for circular sectiorg
is1.0
E; = tensile modulus of elasticity of FRP, MPa (psi)
n = number of plies of FRP reinforcement
t; = nominal thickness of one ply of FRP reinforcemem (in.)
D = diameter of concrete cylinder, mm (in.)

In Eq. (2) the effective strain level in the FRRalure ¢, is defined as

Ere = Ke&fy EquatiaB 3
wherek, is the strain efficiency factor due to the premafiailure of the FRP

jacket ances,, the design rupture strain of the FRP reinforceprenin. (mm/mm). As

directed by the ACI 440.2R-@fsign guidelines, the. was taken as 0.55 (ACI, 2014).

3.4 Comparison of Test Results to Design Guideline Preztions

3.4.1 Maximum confined Concrete Compressive Strength, f' .

To evaluate the effectiveness of the model, thesorea confined concrete strengths,
f' cc measured, Of the database were compared with the predmiafined concrete

strengthsf’ .. predictear Calculated by the current ACI 440.2R-08 guidedidescribed in
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the preceding section. For tffie. comparison, thé¢’ .. ,,easurea Was plotted against the
f'cc preaictea @S Shown in Figure 3.1. In this figure, only GF&ined specimens are
plotted to show the procedure. A one-to-one ratelilee was added in order to make an
evaluation. The values that fell below the line @venconservative for the design as they

represented test results with capacities overesgtiiriay current the design guidelines.
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predicted f'. (ksi)

Figure 3.1 Measuredf’.. versus predictedf’., for GFRP-confined specimens

using current design guidelines

3.4.2 Maximum Confinement Pressure, f;

As one of the most important factors in accurapebdictingf’ ... is the predicted
maximum confinement pressui ,cqictea » aN assessment of Equation 3.2 was also
conducted. This assessment was completed by camghgf; ,cqiccea from Equation

3.2 with thef; easured- Thefi measurea WaS calculated by isolating the confinement

contribution of Equation3.1, which was accomplisbgdubtracting the unconfined
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concrete strengthf, . easurea, from the measured confined concrete strength,

! .
f cc measured-

! ! H
fl measured = f cc measured ~— f ¢ measured Equatlon 3.4

Is very important to note that Equation 3.1 odgresents the contribution of the

FRP confinement to the overall confined concretespen, it also has a reduction factor
Y, of 0.95, an efficiency factor, of 1 for circular sections, and 3.3 factor tha guthor
did not isolate and are being lumped into Equasidgn

For thef; comparison, th§ ;,.qsurea Was plotted against the ,cqicteq- Figure
3.2 shows an example of this comparison using GE&t#ned specimens. For the
evaluation off; , a one-to-one line was added to perceive whicheslvere
unconservative. The values below the line wereestanated by the design formula and

thus were unconservative.
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Figure 3.2 Measuredf; versus predictedf; for GFRP-confined specimens

using current design guidelines
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Additionally the author isolated the reduction taap, of 0.95, the efficiency

factork, of 1 for circular sections, and the 3.3 factorfawment contribution of
Equation 3.1 from Equation 3.4 to observe onlydbwetribution of the FRP confinement

to the confined concrete specimen without factdhe Equation for this procedure was:

_ f'cc measured—f'c measured .
fi measurea unfactorized = 0.95+173.3 Equation 3.5

For thef; unfactorized comparison, thfgmeasured unfactorizea Was plotted against
the f; predictea- Figure 3.3 shows an example of this comparisamuSFRP-confined
specimens. For the evaluationfpf a one-to-one line was added to perceive which
values were unconservative. The values below tieeviiere overestimated by the design

formula and thus were unconservative.
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Figure 3.3 Measuredf, unfactorized versus predictedf; for GFRP-confined specimens

using current design guidelines
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3.5 Recommendation Development

A 1-t0-3.3 line was added to Figure 3.4 to obsénmw& many data points remained
conservative when the 3.3 factor of Equation 3.1added. After this comparison was
made, a variation of the existing formula was @ddb suggest a more conservative
design guideline for GFRP-wrapped specimens. uismmendation was developed by
iterating values for the 3.3 factor of Equation Gritil a more conservative relationship
was identified. The reduction factor of 0.95 ane éfficiency factor of 1.0 remained
unchanged. The same procedure was used for CFRip&dapecimens.
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Figure 3.4 Measuredf,; versus predictedf; for GFRP-confined specimens

using current design guidelines
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CHAPTER 4

EXPERIMENTAL PROGRAM OF FRP-CONFINED CONCRETE CYLIN DERS

4.1 Introduction

This chapter describes the experimental methodsemtidg procedures followed to
explore how the different layers of a multi-laydRFFrepair share or transfer hoop strain.
Section 4.2 describes the material properties nfi@e and FRP composites, section 4.3
describes the FRP wrapping schemes, section 4téshepecimens, section 4.5 the
procedure for wrapping GFRP-confined concrete dgis, and section 4.6 the FRP-

confined concrete cylinder test.

4.2 Material Properties of Concrete and FRP Composites
This section describes the material mechanicaleitmgs of concrete and FRP
composites used in this study. SectOion 4.2.1 de=cthe concrete properties, and

section 4.2.2 the FRP composites.

421 Concrete

The concrete cylinders were cast at the Constrnuetnal Concrete Laboratory at
Texas State University. The cylinders were madedsying plain concrete in cylindrical
plastic molds that were 6 in. in diameter by 1%2aih The standard ASTM C192 was
followed in the fabrication. Two batches with aigescompressive strength of 4000 psi
were made in December 2013, and twelve 6x12 imdglis were cast from each batch.

These cylinders were cured for at least 28 days poithe application of the FRP jacket.
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Three cylinders per batch were tested on tHed28 after casting, using ASTM C39 to

determine the compressive strength.

4.2.2 FRP Composites

Two glass fiber-reinforced polymer (GFRP) compositstems were used, in
combination with an epoxy resin matrix. Both GFRifnposite systems were donated by
the Composites and Plastic Laboratory at Texa® &taiversity. The first GFRP
material was bidirectional material, as picturedrigure 4.1(a), and the second GFRP

material was multidirectional, as pictured in Figdr.1(b).

b)
Figure 4.1 Glass fibers. (a) Bidirectional. (b) Muidirectional.

The results from the coupon tests for the bidicew! fiber are shown in Table

4.1and the results from the coupon tests for thkicimectional fiber are shown in Table

4.2.
Table 4.1 Properties of bidirectional fiber
BIDIRECTIONAL FIBER
1 2 3 4 5 AVERAGE
Ultimate Tensile Strength 213.90 | 226.47 | 227.14 | 220.32 | 224.58 222.48
Modulus (Gpa) 15.292 | 16.028 | 40.973 | 17.882 | 14.302 20.90
%E 1.75% | 1.87% | 1.43% | 1.78% | 1.94% 1.75%
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Table 4.2 Properties of multidirectional fiber

MULTIDIRECTIONAL FIBER
1 2 3 4 5 AVERAGE
Ultimate Tensile Strength 305.57 | 284.84 | 297.28 | 287.51 | 300.30 295.10
Modulus (Gpa) 19.654 | 22.871 | 18.62 | 20.45 | 27.737 21.87
%E 2.06% | 2.01% | 2.14% | 1.72% | 1.90% 1.97%

The 635 Thin Epoxy Resin system with a 3:1 ratiamme hardener from US

Composites was used, the mechanical propertidseeafgoxy resin are shown in Table

4.3.

Table 4.3 Epoxy-Resin Mechanical Properties (635 it Epoxy Resin)*

Heat Deflection Temperature (°F) 135-145
Tensile Strength (psi) 9,000-10,000
Flexural Modulus (psi x 1¢) 4.7-5.2
Elongation at break (%) 2-3
Viscosity (cps) 600

*Supplied by the manufacturer

4.3 FRP Wrapping Schemes

In order to examine the effects of strain in théPHsased upon the number of layers,
each cylinder was wrapped with a different numiddayers: one, two, or three layers.
For each number of layers and type of GFRP useckel$pecimens were made. Thus,
there were 6 specimens types constructed.

FRP-confined concrete cylinders with an epoxy-resairix were made by wrapping
each layer with an overlap of about 6 in. Additibyan every layer three strain gages

were applied. Figure 4.2 shows the different wraggchemes.
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Figure 4.2 Typical GFRP-confined concrete cylindeschemes

4.4 Test Specimens
A total of 24 specimens were used for the expertadgmmogram. Table 4.4 Details of

Test Specimens gives the details of the specinTéresletter B stands for the batch
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(either one or two), letter C for the cylinder keit one, two or three) and L for the
number of layers (one, two or three layers). Cyisdhat do not contain a letter L are

the control cylinders.

Table 4.4 Details of Test Specimens

Spec. Treatment
B1C1 Control
B1C2 Control
B1C3 Control
B2C1 Control
B2C2 Control
B2C3 Control

B1C1L1B 1 layer GFRP bidirectional
B1C2L1B 1 layer GFRP bidirectional
B1C3L1B 1 layer GFRP bidirectional
B2C1L1M 1 layer GFRP multidirectional
B2C2L1M 1 layer GFRP multidirectional
B2C3L1M 1 layer GFRP multidirectional
B1C1L2B 2 layers GFRP bidirectional
B1C2L2B 2 layers GFRP bidirectional
B1C3L2B 2 layers GFRP bidirectional
B2C1L2M 2 layers GFRP multidirectional
B2C2L2M 2 layers GFRP multidirectional
B2C3L2M 2 layers GFRP multidirectional
B1C1L3B 3 layers GFRP bidirectional
B1C2L3B 3 layers GFRP bidirectional
B1C3L3B 3 layers GFRP bidirectional
B2C1L3M 3 layers GFRP multidirectional
B2C2L3M 3 layers GFRP multidirectional
B1C3L3M 3 layers GFRP multidirectional

4.5 Procedure for Wrapping GFRP-Confined Concrete Cylirders
The GFRP-confined concrete specimens were stremgheith bidirectional or
multidirectional GFRP wraps according to the foliogvprocedure. First the 635 Thin

Epoxy Resin System was prepared according to thmifaeturer’s directions. Figure 4.3
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Preparation of epoxy resin (a) shows the two partee epoxy system and (b) the mixed

epoxy resin.

—

\

a)
Figure 4.3 Preparation of epoxy resin.

(a) two parts of the epoxy system. (b) mixed epoxgsin.
Each GFRP sheet was saturated in the epoxy prioeitg wrapped around the

cylinder as shown in Figure 4.4. Figure 4.4 a) shidve preparation of the GFRP sheet

and b) the saturation of the GFRP sheet.

Figure 4.4 Saturation of GFRP sheet with the epoxsesin. (a) Preparation of GFRP sheet. (b)

Saturation of GFRP sheet.
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The composite was then wrapped around the cyliwitarthe majority of the fiber
orientation in the circumferential direction with averlap length of 6 in. Figure 4.5 (a)
show the process for wrapping the cylinder with @#RP layer and (b) shows the finish

GFRP-confined concrete cylinder with one layer.

Figure 4.5 Wrapping cylinder with one GFRP layer. &) Wrapping the cylinder. (b) Cylinder

wrapped with one GFRP layer.

For cylinders that only had one layer, the epoxg alfowed to cure and then the
strain gages FLA-6-11 from Tokyo Sokki Kenkyujo wepplied according to the
scheme shown in section 4.3. Figure 4.6 is a padfia specimen with one layer of FRP

and strain gages applied.
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Figure 4.6 Cylinder with one GFRP layer and straingages

For cylinders that had two or three layers, addalgrecautions were taken to protect
the strain gages on lower layers of FRP. The $estof strain gages were applied
according to the scheme shown in section 4.3 &mstriated in Figure 4.2 after placing
the first GFRP layer. These strain gages were eoMey a layer of petroleum jelly and a
small sheet of wax paper to avoid boning to therddlyat was going to be placed on top.

Figure 4.7 shows a protected strain gage.
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Figure 4.7 Application of strain gage with petrolem jelly and wax paper

Next, the second GFRP sheet was prepared as pséyvidescribed and applied to
the cylinder. This layer had to be applied cargfath that the cables from the strain gages
of the previous layer could pass through the FRIAdaFigure 4.8 shows a concrete

cylinder confined with two GFRP layers and straages on the first layer.
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Figure 4.8 Cylinder with two GFRP layers and straingages on the first layer

For cylinders that had two layers, the epoxy wsnadd to cure and then the strain
gages from the second layer were applied accotditite scheme in section 4.3. The
gages for the second layer were applied in theimtsshown in section 4.3, similar to
the ones in layer one, but in a different vertloghtion so that they would not be over
each other.

Similarly for cylinders that had three layers, gtiein gages on the second GFRP
sheet were applied according to Figure 4.2. Thieasnsyages were placed and protected
following the same procedure described above agnl tifie third GFRP sheet was applied
while passing all of the strain gages cables thnabhg GFRP fabric. The epoxy was

allowed to cure and then the strain gages fortid tayer were applied according to the
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scheme in section 4.3. Figure 4.9 shows a confuoedrete cylinder with three GFRP

layers and respective strain gages.

Gauges in the same
location on different

layers of FRP

Figure 4.9 Cylinder with three GFRP layers and respctive strain gages

According to the supplier, approximately 90% of &poxy strength is gained in the
first twenty-four hours. The epoxy was allowed twecfor at least 5 days to gain full

strength before testing.

4.6 FRP-Confined Concrete Cylinder Test

ASTM C39 was adopted to determine the confined cesgive strength and hoop
strain of the GFRP-confined concrete cylinders bseao testing specification specific
to FRP confined specimens has been establishedsFRé&-confined concrete cylinders
were tested in compression using a Test Mark CM34@fies as shown in Figure 4.10.
To record the strain data, the strain gages waraexied to a NI cDAQ-9174 with two

modules (NI 9219 and NI 9235) as shown in Figuid 4The compressive load was
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acquired using WinCom. Both data acquisition systarare synchronized to record data

every 0.5 seconds.

Figure 4.10 Typical GFRP-confined concrete cylindetest setup
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Figure 4.11 NI cDAQ-9174 with two modules (NI 9218nd NI 9235)
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CHAPTER 5
DISCUSSION OF RESULTS ACI 440.2R-08 DESIGN

GUIDELINE EVALUATION

5.1 Introduction

As previously mentioned in Chapter 3, the procedorevaluating the ACI 440.2R-
08 design guidelines for GFRP- and CFRP-confinettiie was the same. But in this
chapter the discussion of the results was sepafat€sFRP- and CFRP-confined
concrete because the analyses of the design queddéad to different results depending

on the type of FRP.

5.2 GFRP-Confined Concrete

5.2.1 Evaluation of Current Design Recommendations for f',.

When thef’cc predictea Was compared to th€.. measurea, 71 SPeECimens out of
204 were found to be unconservative. As shownguifé 5.1, the test results that fell
below the 1:1 line are unconservative becausefthe,,caictea Was greater than the
f' ce measurea- This situation means that for 35% of the totahtase, the design
guidelines overestimated the capacity of the speeifdvhile the current design
guidelines may provide an acceptable average appaton of GFRP-confined concrete
behavior for the purpose of modeling average bemagimore conservative design
formula is in the interest of public safety in stiwral design. Structural designers need a

conservative design formula in order to determireesafest, most efficient, and
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appropriate solution when strengthening or repgiarconcrete structure. If the design
formula is overestimating the measured result$) the structural design is going to be

overestimated which may lead to safety issues egal problems.
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Figure 5.1 Measuredf’.. versus predictedf’.. for GFRP-confined specimens

using current design guidelines

5.2.2 Evaluation of the Maximum Confinement Pressure

To better understand why the ACI 440.2R-08 desigdajines were so
frequently unconservative for GFRP-confined speasn¢he predicted and measuygd
fi predictea ANAf; measurea r€SPECtively, were plotted against each othergnreé 5.2.

The termf; easurea r€Presents the confinement contribution to thepusite strength

of Equation 3.1.
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Figure 5.2 Measuredf,; versus predictedf, for GFRP-confined specimens

using current design guidelines

In this figure, all values that are above the anette line are conservative. This

figure shows that the confinement pressure prediicyeEquation 3.2 for a GFRP-

confined specimen; preaictea, IS @ fairly conservative estimate of the confiegin

contribution tof’.. when considering a one-to-one relationship, as 6##e unfactored

f1 predictions are conservative.

Although the unfactored, as predicted by Equation 3.2,was shown to be a

conservative estimate of the confinement contrdsuto /' ... for this dataset, Equation

3.1modifiesf; with several factors: a reduction factgy, of 0.95; a geometry-dependent

efficiency factorx,, which was 1.0 for a circular section; and a faofd3.3. It can be

observed in Figure 5.3 that there is no signifidifference between the 1 to 1 line and

the 1 to 0.95 line, which takes into consideratioareduction factor and the efficiency
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factor, as the same percentage of specimens remdhre conservative side of either
line. However, when considering the impact of ttifactor in Equation 3.1 a large
number of the cases moved to the unconservatieg agdshown by the 1:3.3 line in
Figure 5.3. Even when considering the reductiotofagand the efficiency factor, as seen
on the 1 to 0.95*3.3 line, a large number of specisremain unconservative. From this
unconservative shift, it was concluded that Eque8d’s overestimation of’ .. for
GFRP-confined concrete resulted from the 3.3 factor
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Figure 5.3 Measuredf,; versus predictedf,; for GFRP-confined specimens

using current design guidelines

Additionally, the author isolated the measufetb remove all the factors
affecting the result and compared it with the peestif;. This comparison can be
observed in Figure 5.4. It can be observed that éube all the factors are removed, the

formula is still unconservative.
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Figure 5.4 Measuredf, unfactorized versus predictedf; for GFRP-confined specimens

using current design guidelines

5.2.3 Development of Revised Equation

In order to make Equation 3.1 more conservativeifar in structural design, the 3.3

factor was modified. As discussed in the previaddion, the 3.3 factor was targeted

because it has the greatest influence in generatingnservative results jii... When a

value of 1.0 was considered in lieu of 3.3, moghefspecimen results fell in the

conservative side. The suggested new Equatiorofdired concrete compressive

strength is:

f’cc = f,c +¢f’€afl
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5.2.4 Verification of Revised Equation

In Figure 5.5 ¢ measurea 1S Plotted Versug’ . ,reqicted new from Equation 5.1.
In addition, a one-to-one line is added to evaltifa¢econservativeness of the new
formula. As with the other figures, values abowelthe are conservative and values
below the line were overestimated by the new Equaths 94% of the values using
f'cc preaicted new WETE CONSErvative, it can be observed that Equétib is a more
appropriate model for predicting the design strerftGFRP confined concrete cylinders

than the current design guideline, Equation 3.1.
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Figure 5.5 Measuredf’.. versus new predicted’.. for GFRP-confined specimens

using revised Equation
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With Equation 5.1, most of the data points falthe conservative side and only
6% of the test specimens were overestimated verglighe original Equation, Equation
3.1, when 35% of the results were overestimatedil&ily, the percent error of the
unconservative results greatly reduced with théseeVEquation. The unconservative
percent error ranged from 20% to 210% with EquaBdnand with the revised Equation,
Equation 5.1, the unconservative percent erroradrigpm 0.34% to 38%. Thus, the new
Equation both reduces the number of unconservatitees and the magnitude of
unconservativeness versus the current design gnedel

The remaining discrepancies could be due to melfgttors. For the three data
points that are on the top right of Figure 5.5ftivenula may be overestimating the
confined compression strength for high strengticoete. Alimusallam (2009) observed
that normal strength concrete has a greater pexgemicrease in confined compressive
strength than high strength concrete. As suchfeoinrsula may not be appropriate for
high strength concrete. According to the ACI, hagtength concrete has unconfined
compressive strength values over 6000 psi (ACI14201the high strength concrete
specimens are ignored, the unconservative percemtranged from 20% to 84% with
Equation 3.1 and from 0.34% to 15% for the reviBgdation, Equation 5.1.

While the lay-up procedure, in situ effects, quatdibntrol and/or placing the strain
gauges at the overlap region of the GFRP jadkaitanji, 1999; Li, 2006; Micelli &
Modarelli, 2013) have been cited as common sowttsst data variation, a reduction
factor of 0.34 in lieu of the current 0.95, woudgsult in a conservative prediction of all
the remaining 6% test specimens that are on thensecvative side of Figure 5.5. Such a

reduction factor, however, seems excessive for awgrhall percentage of unconservative

42



values. The design professional must make theasdlh their comfort level with a 4%
chance of overestimating the capacity of GFRP-o@uaficoncrete if high strength
concretes are excluded pending further researclbbssrved in Figure 5.5, the revised
Equation 5.1, is more conservative for the desigBERP-confined concrete than the
current design guidelines.

Table 5.1 shows different factors and their respegiercentage of conservative
values. This table was added so that the desigmes@lect the conservativeness that the
designe professional wants to achieve. The autblgves a factor of 1 is the safest

design.

Table 5.1 New factors and percent conservative vats

Factor % conservative values
33 65
3 72
2.5 78
2 82
1.75 85
1.5 89
1.25 92
1 94

Also the author gives another option for designlhthe design professional does
not want to modify the Equation from the ACI desmgmdeline, the designer can add a
modified reduction factor for the entire Equatidiable 5.2 shows the different modified

reduction factors and % of conservative values.
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Table 5.2 Modified reduction factors and percent coservative values

Modifed Reduction Factor % conservative values
0.85 86
0.8 90
0.75 94
0.7 96
0.6 97
0.5 98
0.4 99
0.3 100

The author feels comfortable with a modified reducfactor of 0.75 because that
gives around the same percentage of conservatiges/aas in Equation 5.1. The
proposed Equation with the modified reduction factio0.75 is:

flec = 0.75(f ¢ + 3.3YKqf) Equation 5.2

5.3 CFRP-Confined Concrete
5.3.1 Evaluation of Current Design Recommendations for f',.

When thef’ . predictea Was compared to th€.. meqsurea, 87 SPecimens out of
490 were found to be unconservative. Figure 5.6vstltbe measurefl .. plotted against
the predicted” ... As before, the test results that fell below thklihe in Figure 5.6are
unconservative because tfle. preaicteq IS greater than th€ .. meqsurea- This situation
means that for 18% of the total database, the degiglelines overestimated the capacity

of the specimen.

44



predicted f'..(MPa)
0.00 50.00 100.00 150.00 200.00 250.00 300.00

X

300.00
40 —1:1line X
35 New database 5000
30 - x
7 2003 database 200.00 E
"{3 o X % X s
w25 X =
3 conservative * S
5 150.00 g
2 20 5
v (72}
£ x X S
X
15 £
% 100.00
X
X
10 =
50.00
5
0 0.00
0 5 10 15 20 25 30 35 40

predicted f'.. (ksi)

Figure 5.6 Measuredf’,, versus predictedf’,. for CFRP-confined specimens

using current design guidelines

As mentioned in section 5.2 for GFRP-confined ceterthe current design
guidelines may provide an acceptable average appaton of CFRP-confined concrete
behavior for the purpose of modeling average benduit in structural design a more

conservative design formula is in the interestudiliz safety.
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5.3.2 Evaluation of the Maximum Confinement Pressure

To better understand why the ACI 440.2R-08 desigdajines were
unconservative for more than one-in-six CFRP-cadiapecimens, the predicted and
measureqy, fi predictea aNAf; measurea r€SpPeCtively, were plotted against each other in
Figure 5.7. The; jeasurea 1S Showing the confinement contribution to the posite

strength of Equation 3.1 as defined in Equation 3.4
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Figure 5.7 Measuredf, versus predictedf, for CFRP-confined specimens

using current design guidelines

In Figure 5.7, all values that are above the orer® line are conservative. This
figure shows that the confinement pressure predlicyeEquation 3.2 for a CFRP-
confined specimen; preaictea, IS @ fairly conservative estimate of the confiegin
contribution tof’.. when considering a one-to-one relationship, as 68fe unfactored

f1 predictions are conservative. This correlation giaslar to the same comparison with
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GFRP specimens, which h#d,,cqicceqa CONservatively for 94% of the specimens.
Therefore, Equation 3.2 fgf appears to be a good predictor of the confinerperiton
of f'.. for both CFRP and GFRP.

As mentioned before in Chapter 3 and sectior25Equation 3.1 takes into
account several factors: a reduction facfgr, of 0.95; a geometry-dependent efficiency
factor, x,, which was 1.0 for a circular section; and a facfd3.3. It can be observed in
Figure 5.8 that there is no significant differehetween the 1 to 1 line and the 1 to 0.95
line, which takes into consideration the reductaxctor and the efficiency factor. When
considering the impact of the 3.3 factor in EquaBiol, a large number of the results
moved to the unconservative side as shown in Figi@éy the 1:3.3 line. Even when
considering the reduction factor and the efficiefamtor, as seen on the 1 to 0.95*3.3
line, a large number of specimens remain unconseevdrom this unconservative shift,
it was concluded that Equation 3.1's overestimatibrf’.. for CFRP-confined concrete

resulted from including the 3.3 factor.
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Figure 5.8 Measuredf,; versus predictedf, for CFRP-confined specimens

using current design guidelines

5.3.3 Development of Revised Equation
In order to make Equation 3.1 more conservativeifar in structural design, the 3.3
factor was modified. As discussed in the previagion, the 3.3 factor was targeted
because it had the greatest influence in generatiagnservative results jii... When a
value of 1.75 was considered in lieu of 3.3, mdshe results fell in the conservative
side. The suggested new Equation for confined ed@@ompressive strength is:
flee = e +¥1.75k,f; Equation 5.3
Additionally, the author has added Table 5.3 wiffedent factors and their

respective percentage of conservative values saltbaesign professional can use a
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factor that meets his needs and comfort level. Wikkwvel of 1, almost 100% of the
specimens have a conservative prediction but thig lne excessive.

Table 5.3 New factors and percemt conservative vats

Factor % conservative values
33 82
3 86
2.5 91
2 92
1.75 93
1.5 95
1.25 97
1 98

Also, as in the section for GFRP, the author adiidgle 5.4 Modified reduction
factors and percent conservative values to githdalesign professional the option of
not modifying the formula and just add a modifieduction factor. The author believes a
modified reduction factor of 0.80 is enough to m#ie ACI design formula

conservative.

Table 5.4 Modified reduction factors and percent coservative values

Modified reduction % )
factor 6 conservative values
0.85 93
0.8 94
0.75 94
0.7 95
0.6 97
0.5 98
04 99
0.3 100

The proposed Equation with the modified reductactdr of 0.80 is:

f'ec = 0.80(fc +3.3Yrk, f7) Equation 5.4
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5.34 Verification of Revised Equation

In Figure 5.9 ¢ measurea 1S Plotted Versug’ . ,reqicted new from Equation 5.3. In
addition, a one-to-one line was added to evalleseonservativeness of the new
formula. As with the other figures, values abowelthe were conservative and values

below the line were overestimated by the new Equaths 93% of the values using
f'cc preaicted new WETE CONSErvative, it can be observed that Equ&tid is a more

appropriate model for predicting the design strertCFRP-confined concrete cylinders

than the current design guideline, Equation 3.1.
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Figure 5.9 Measuredf’,. versus new predictedf’.. for CFRP-confined specimens

using revised Equation
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With Equation 5.3 most of the data points felthe conservative side and only
7% of the test specimens were overestimated vénsusriginal Equation, Equation 3.1
, when 18% of the results were overestimated. Snhgilthe percent error ranged from
14% to 199% with Equation 3.1 and with the revikgdation, Equation 5.3, the
unconservative percent error ranged from 1% to 8I8@s, the new Equation both
reduces the number of unconservative values anchigmitude of unconservativeness
versus the current design guidelines.

Additionally, the author isolated the measufetb remove all the factors affecting
the result and compared it with the predicfedThis comparison can be observed in
Figure 5.10. It can be observed that even if ththalfactors are removed, the formula is
still unconservative.
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Figure 5.10 Measuredf; unfactorized versus predictedf, for CFRP-confined specimens

using current design guidelines
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5.4 Summary of Results

In this chapter an evaluation of the ACI 440.2Rd@8ign guidelines was made.
Thef'cc predictea WaS compared to th€.. ;,eqsurea @nd it was found that 71 out of 204
or 35% of GFRP-confined specimens were unconseevatid 87 out of 490 or 18% of
CFRP-confined specimens were unconservative.

Additionally, f; predictea @aNAf; measurea Were plotted against each other to better
understand why the ACI 440.2R-08 design guidelimere so frequently unconservative.
From this analysis it was found th@t,,.q;cceq IS @ fairly conservative estimate of the
confinement contribution tf'.. . For GFRP-confined specimens 94% of the unfactored
f1 predictions are conservative and 98% for CFRP+inedfspecimens.

From the later it was concluded that the unconsememess of Equation 3.1, for both
GFRP- and CFRP-confined specimens, relies on h&stor. New confined
compressive strength Equations were made for GRR®CFRP-confined specimens to

make the design of FRP confined concrete specisefies.
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CHAPTER 6

DISCUSSION OF RESULTS FRP-CONFINED CONCRETE CYLINDERS

6.1 Introduction

The GFRP-confined specimens were tested in axiapeession to obtain FRP
strain values during confinement. This chapterusises the results from the evaluation
of how strain is shared between GFRP layers in GE&tfined concrete cylinders. The
measured 28 day compressive strengths of unconéimiectete for batch 1 and batch 2
were 3950 psi and 4170 psi, respectively. Tablesbdlws the compressive test results for
the control specimens and the confined specimesdidd 6.2 describes the GFRP-
confined concrete cylinders with one layer, sulming them in GFRP bidirectional and
GFRP multidirectional (Section 6.2.1 and Sectidh®respectively). Section 6.3
describes the GFRP-confined concrete cylinders tmithlayers, subdividing them in
GFRP bidirectional and GFRP multidirectional (Sect6.3.1 and Section 6.3.2
respectively). Finally, Section 6.4 describes tiRB-confined concrete cylinders with
three layers, subdividing them in GFRP bidirectlarad GFRP multidirectional (Section

6.4.1 and Section 6.4.2 respectively).
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Table 6.1 Compressive test results

f'c measured f'..measured

Spec. Treatment (psi) (psi)
B1C1 Control 389(
B1C2 Control 395(
B1C3 Control 401(
B2C1 Control 430(
B2C2 Control 412(
B2C3 Control 409(
B1C1L1B 1 layer GFRP bidirectional 395( 437¢
B1C2L1B 1 layer GFRP bidirectional 395( 478(
B1C3L1B 1 layer GFRP bidirectional 395( 432:
B2C1L1IM 1 layer GFRP multidirectional 417( 525¢
B2C2L1IM 1 layer GFRP multidirectional 417(¢ 520¢
B2C3L1M 1 layer GFRP multidirectional 417( 524(
B1C1L2B 2 layers GFRP bidirectional 395(C 435¢
B1C2L2B 2 layers GFRP bidirectional 395( 417¢
B1C3L2B 2 layers GFRP bidirectional 395( 458¢
B2C1L2M 2 layers GFRP multidirectional 417( 4751
B2C2L2M 2 layers GFRP multidirectional 417(¢ 490z
B2C3L2M 2 layers GFRP multidirectional 417(¢ 5157
B1C1L3B 3 layers GFRP bidirectional 395( 502t
B1C2L3B 3 layers GFRP bidirectional 395( 535z
B1C3L3B 3 layers GFRP bidirectional 395( 5401
B2C1L3M 3 layers GFRP multidirectional 417( 637¢
B2C2L3M 3 layers GFRP multidirectional 417( 653(
B2C3L3M 3 layers GFRP multidirectional 417(C 5861

6.2 GFRP-Confined Concrete Cylinders with One Layer
The specimens in this section were not needed&study of how different layers
of GFRP share strain but they were used to delbri®#ta Acquisition (DAQ) system.
6.2.1 Onelayer GFRP Bidirectional
As explained earlier, the results from the specsrtested in this group where

discarded because the author was calibrating th@ Bystem. The maximum loads
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reached at failure for BLC1L1B, B1C2L1B and B1C3LuBre 4375 psi, 4780 psi, and

4322 psi respectively.

6.2.2 Onelayer GFRP Multidirectional

The maximum load values for B2C1L1M and B2C2L1M /6259 and 5208
respectively, these cylinders were also used togléie DAQ system. Figure 6.1 shows
the axial stress versus the hoop strain for specB#3L1M, where the sign convention
used is that compressive stress and hoop strajpoargve. It can be observed from
Figure 6.1 that the specimen initially behaveddinglastically as expected for a confined
cylinder. Then, as the hoop strain increased, rorexking of the concrete core or
damage accumulated turned into a nonlinear eleetmonse. Finally, the plastic linear
hoop stress-strain response was controlled byatieedl restraint of the GFRP jacket and

failure occurred when the ultimate radial strairhef GFRP-confined concrete was

reached.
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Figure 6.1 Axial Stress versus hoop strain for spéoen B2C3L1M

55



Figure 6.2 shows the GFRP failure of B2C3L1M. Igu¥e 6.2 also shows that
the gage “strain 2” was located in the failure afidas proximity to the failure explains
why in Figure 6.1 the values of the measured sRatop at around 0.005 of the hoop
strain. Also around 0.003 of the strain, straindpped sharing strain equally compared
to the other two strains and took a small amouratdafitional stain to take it to failure.
The measured strain 0 and strain 1 showed a sireg@onse, sharing strain almost

equally.

Figure 6.2 B2C3L1M failure mode

6.2.3 Summary of GFRP-Confined Concrete Cylinder with One Layer

Specimens confined with one layer helped to calbtfae DAQ system.
Additionally specimen B2C3L1M showed that the spemis were appropriately
confined because the stress-strain curve showegfloal stress-strain curve for FRP-

confined specimens.
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6.3 GFRP-Confined Concrete Cylinders with Two Layers
Three cylinders of each type of GFRP (bidirecticavad multidirectional) were
tested while monitoring hoop strain and axial IoBge results from specimen B1C1L2B

were discarded due calibration of the DAQ system.

6.3.1 Two layer GFRP Bidirectional
6.3.1.1 B1C2L2B

Specimen B1C2L2B axial stress versus hoop strashasvn in Figure 6.3. It can
be observed that all the strains, except for sttaemt. 180°, show a similar behavior up
to the unconfined concrete strength, then the sbatlee curves change indicating that
the FRP layers were not sharing the strain unifgprniien the confinement was

activated.
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Figure 6.3 Axial Stress versus hoop strain for spgoen B1C2L2B
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Figure 6.4 shows the values of hoop stress verso strain separated by
location. In Figure 6.4(a) the axial stress vetbashoop strain measured by the gages
located on the left side of the GFRP lap are shdwe.strain values have similar values
and shape until the unconfined compressive streoigtie concrete is achieved. After
that, the gage located in the exterior (outer lpgegasured less strain compared to the
gage located in the interior (inner layer). A sanphenomenon occurred in strain gages
0 and 1 as shown in Figure 6.4(b), the exterioedagceived less strain than the interior
layer. It is also important to note that straingdghad negative strain values, suggesting
that it received compressive strain. As strain gagas located near one of the failures
of the GFRP confined system its proximity to thiéufe location could account for this
unexpected reading.

In Figure 6.4(c) the trend is repeated where botins showed similar behavior
until the concrete’s unconfined strength was redchad then the exterior strain gage

(strain 3) measured less strain than on the int&n@r (strain 5).
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Figure 6.4 Axial Stress versus hoop strain for spéoen B1C2L2B separated by location.

(a) left 90°. (b) middle 180°. (c) right 90°.

59



‘ —strain‘ 3 ext. 90°

| ==strain/5int. 90°

3000

2500

2000—

Axial Stress (psi)

1500—

1000—

0.001 0.003 0.005
Hoop strain

-0.005 -0.003 -0.001

(©

Figure 6.4 Continued

Figure 6.5 shows the failure mode of B1C2L2B frdma tight 90° side (near
strain gage 5 and strain gage 3). Strain gagesd),3l and 5 were all located near or
over the failure, the FRP jacket broke all aroumelgpecimen in a hoop shape. Strain
gage 4 was the only strain that was not near aréadnd hence the one that exhibit
greater strain values. Even though strain gagddtated in the same area as strain gage

4 they are at different heights, exhibiting diffier@oop strain values.
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Figure 6.5 B1C2L2B failure mode

6.3.1.2 B1C3L2B

Results from specimen B1C3L2B are shown in FiguBe Strain gage 2 (ext.
90°) was damaged during testing and therefore gdhoen that gauge are not shown
here. As observed for the preceding specimen,tthm values are similar until the
unconfined compressive strength of the specimachgved. Again, these differences in
strains while the confinement is engaged showttteaGFRP is not sharing strain

uniformly around the wrap.
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Figure 6.6 Axial Stress versus hoop strain for spégoen B1C3L2B

Figure 6.7 shows the values of axial stress vereop strain separated by
location. In Figure 6.7(a) the axial stress vetbgshoop strain of the strains located in
the left side are shown. Strain 2 was omitted dugaimage. Figure 6.7(b) shows the
strain values opposite from the overlap regiomaiStgages 0 and 1 exhibited similar
behavior as the one mentioned in Figure 6.4(a) Alse exterior strain gage (strain 1)
recorded lower strain values than the interionstgage (strain 0), suggesting again that
the interior layer is subjected to more strain tti@nexterior layer. But in Figure 6.7(c)
the trend is flipped showing the exterior straig@éstrain 3) receiving more strain than
the interior layer (strain 5). However, this strgage (strain 5) does not have the typical
stress-strain curve. This exception to the treng beadue to the fact that strain gage 5

was located near the failure of the composite speci
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Figure 6.7 Axial Stress versus hoop strain for spéoen B1C3L2B separated by location.

(a) left 90°. (b) middle 180°. (c) right 90°.
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Figure 6.7 Continued

6.3.2 Two layer GFRP Multidirectional

6.3.2.1 B2ClL2M

Specimen B2C1L2M axial stress versus hoop strashasvn in Figure 6.8. It can
be observed that all the strains gages, excetifain 3 ext. 90°, recorded a similar
behavior up to the unconfined concrete strengtlte@ne confinement activated, the
curves’ shapes changed because these strain gag@®hs measured lower or greater
strain values relative to each other because ggaiat shared uniformly around the FRP
jacket. The negative behavior of strain gage 3ctviwas the exception to the typical
behavior, may be attributed to the fact that it weathe failure area. Figure 6.9 shows the
failure location of this specimen. Note that strgage 3 is not pictured because it was in

the ruptured surface and thus popped out of theirmea at the end of the test. Gages 2,
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4, and 5 engaged at around 3300 psi and gagesfd B at around 3700 psi. Gage 5

(interior) engaged before gage 3 (exterior) sugggshat the interior layer receives more

strain at the beginning of the test.
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Figure 6.8 Axial Stress versus hoop strain for spgoen B2C1L2M
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Figure 6.9 B2C1L2M failure mode

Figure 6.10 shows the values of axial stress vdreop strain separated by
location. Figure 6.10(a) shows the axial stressugethe hoop strain of the strains located
in the left side of the overlap region. The stnedtues have similar values and shape until
the unconfined compressive strength of the concsedehieved. After that, the strain
located in the interior (layer 1) was subjectetes strain compared to the strain
measured in the exterior (layer 2). A similar pbraenon occurred at strain gages 0 and
1 as shown in Figure 6.10 (b). At this location agife to the overlap region, the interior
layer received less strain than the exterior laykis behavior is opposite from the one
observed in section 6.3.1 with the bidirectionaRE¥ In Figure 6.10 (c) the gages
showed opposite behavior; the exterior gage (sBpmeasured negative strain values
before the GFRP jacket activated, suggesting tmateived compressive strain. This
situation may be due to the fact that strain géigas located on the failure surface of

the GFRP confined system or as explained in seéti®ri.1, due to volume expansion.
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Once the GFRP confined system engaged, both gsimas (3 and 5) measured the same
rate of strain. Also is important to note that iferior gage (strain 3) engaged before the

exterior one (strain5).
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Figure 6.10 Axial Stress versus hoop strain for spémen B2C1L2M separated by location.

(a) left 90°. (b) middle 180°. (c) right 90°.
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Figure 6.10 Continued

6.3.2.2 B2C2L2M

Specimen B2C2L2M axial stress versus hoop strashasvn in Figure 6.11. It
can be observed that strain gages 0, 1, 4, andveéesha similar behavior up to the
unconfined strength and then the shapes of theeswivanged because strain was not
shared uniformly throughout the GFRP wrap. Gagkls@ showed a similar behavior to
the gages mentioned before with the only differgheg it had an initial bump at the
beginning of the test. The loss of strain obsemateaiound 3750 psi for gage 1 can be
attributed to the fact that it was on the failureaa Figure 6.12 shows the failure mode,

strain gage 1 became a little detached from theisyg® during testing.
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Figure 6.11 Axial Stress versus hoop strain for spgémen B2C2L2M
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Figure 6.12 B2C2L2M failure mode

Figure 6.13 shows the values of axial stress vdreop strain separated by

location. Figure 6.13 (a) shows the axial stressusethe hoop strain measured by the
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strain gages located on the left side of the opemgion. The strain gages had the same
strain up to about the 250 psi mark, then thereasstsift and the exterior strain gage
gained more strain. This may be because strain 2ages near the failure of the GFRP
jacket and the system activated earlier than ieratbnes. Except for the gap developed
when the shift occurred, the strain values werelairm values and shape until the axial
stress reached around 3100 psi. At this pointf-iR jacket became engaged in the area
were the strain gage 2 (exterior) was placed agdré&o exhibit linear behavior
dominated by the stiffness of the FRP-confined oetec After that, at around 3600 psi,
strain gage 4 (interior) began to exhibit this éinbehavior. The interior gage (layer 1) is
subjected to less strain compared to the gageddcatthe exterior (layer 2).

In Figure 6.13(b), it was observed that duringlthear elastic period the interior
wrap was taking more strain than the exterior amteals the wraps were just beginning to
engage, the exterior gage was starting to takastaa much higher rate until it reached
around 3750 psi and gage 1 lost some strain bedawas located near where the wrap
was yielding. In Figure 6.13(c) the exterior lagained very little strain and slightly lost
strain prior to reaching’.. After that, when the GFRP jacket was activatied exterior
layer began to take tensile hoop strains but ienesached the same levels as the interior

wrap.
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Figure 6.13 Axial Stress versus hoop strain for spemen B2C2L2M separated by location.

(a) left 90°. (b) middle 180°. (c) right 90°.
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Figure 6.13 Continued

6.3.2.3 B2C3L2M

Specimen B2C3L2M axial stress versus hoop strashasvn in Figure 6.14. It
can be observed that all the strain gages recaig@ged a similar strain behavior up to
the unconfined concrete strength. At this point mtiee GFRP engaged, the shapes of the
curves changed because the GFRP does not shaneustifarmly throughout the wrap.
As well, the shape of the stress-strain curverairsgage O deviates from typical when
this gage appears to fail at around 4900 psi. Eigut5 shows the failure mode of the

specimen, strain gage 5 broke at the end of thdéeause it was on the failure area.
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Figure 6.14 Axial Stress versus hoop strain for sppgmen B2C3L2M

Figure 6.15 B2C3L2M failure mode

Figure 6.16 shows the values of axial stress vdreop strain separated by
location. In Figure 6.16(a) the axial stress vetheshoop strain of the strains located in

the left side are shown. The strain values are sienyjlar, it can be assumed that both

strain shared almost the same strain and shapetekeg after the GFRP jacket engaged,
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the interior layer consistently gained more sttham the exterior layer. Is important to
note that this was the only part of the specimearelthe interior layer carried more

strain that the exterior layer. In Figure 6.16@t)ain gage 1 showed a similar behavior as
strain gages 2 and 4 but strain gage 0 failed vitheached 4900 psi. The exterior layer
was gaining strain more rapidly than the interayer until the interior gage (strain 0)
failed. In Figure 6.16(c) both strains showed samblehavior until the unconfined
strength was reached, strain gage 5 receivedtiess because it was located in the

failure zone.
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Figure 6.16 Axial Stress versus hoop strain for spémen B2C3L2M separated by location.

(a) left 90°. (b) middle 180°. (c) right 90°.
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Figure 6.16 Continued
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6.3.3 Summary of GFRP-Confined Concrete Cylinderswith Two Layers

Section 6.3 discussed the results for GFRP-conftoedrete cylinders with two
layers. Specimens with bidirectional GFRP wrapshatéd a consistent trend where the
exterior layer measured less strain than the ontéaiyer and thus exhibited a greater
stiffness versus the interior layer. This phenonmemay be because the interior layer
was attached directly to the concrete and thustieagirst to confine the deformations of
the concrete receiving the axial stress.

Specimens with multidirectional GFRP wraps, howgeghibited the opposite
trend versus the bidirectional wraps. The intelager measured less strain than the
exterior layer and thus exhibited the greaterrssk. This difference in behavior between
different GFRP wraps may be due to the directiotheffabric. For specimens with
multidirectional GFRP wraps, this trend was notsstent, with one out of the three sets
of gages (interior and exterior gage on three iffelocations) for each specimen
exhibiting the same behavior as bidirectional GFWRE&ps where the exterior gage
measured less strain than the interior gage. Téugston from the multidirectional strain
sharing trend may be because those gages weredaoaar a failure or because at some

point in the test it received a negative volumedtiain.

6.4 GFRP-Confined Concrete Cylinders with Three Layers

Three cylinders of each type of GFRP (three lagétsdirectional or three layers
of multidirectional) were tested while monitoringdp strain and axial load. The results
from specimen B1C2L3B were discarded due calibmadiothe DAQ system, this

specimen reached a confined concrete strengthG# gsi.
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6.4.1 Threelayer GFRP Bidirectional

6.4.1.1 B1CI1L3B

Specimen B1C1L3B axial stress versus axial steaghown in Figure 6.17. It can
be observed that all the strains gages, exceji gfage 2, showed a similar behavior up
to the unconfined concrete strength, whereupostiless-strain curves separated because
the strain gages did not share the same amoufraaf.dt also can be observed that
strain gage 0 (int. 90°) had greater strain vatbas the rest of the strain gages. This
higher strain level may be because strain gagesOaway from the rupture of the jacket

and was able to achieve higher strain values.
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Figure 6.17 Axial Stress versus hoop strain for spgémen B1C1L3B
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Figure 6.18 shows the values of hoop stress vérso strain separated by
location. In Figure 6.18(a) the axial stress vethashoop strain measured by the gages
located on the left side of the GFRP lap are shdwe.strain values have similar values
and shape until the unconfined compressive streoigtie concrete is achieved. After
that, gage 1 and 7 gained less tensile strain cadga the gage located in the interior
(gage 0). This difference may be because theiomtieryer of FRP is the first to confine
the concrete and thus might receive greater haamsiThe middle layer received the
least strain and while the outer layer had a litttere strain, none of them were close to
the failure of the GFRP jacket. Figure 6.18(b) shdmat in this location there was very
little strain recorded. Strain gage 2 had negattvain values when it reaches around
3600 psi, suggesting that it received compressiagns As strain gage 2 was located near
the failure of the GFRP confined system its proiyno the failure location could
account for this unexpected reading. As mentioreddrb, a negative strain could also be
due to the volume expansion called negative voltumstrain. Strain gage 3 almost did
not receive any strain. It practically has a strtigertical line, suggesting that either the
strain gage was placed incorrectly or this layet lacation was relatively unaffected
during the test. Strain gage 4 achieved the gresiiesn of this location, although still
only a modest tensile strain value for the tegjgesting again that gages in the interior
layer received more strain. In Figure 6.18(c) tinais gages had similar shape and
behavior but the interior layer attracted the grelstrain values and the exterior layer
had the smallest strain values. In all of the lioret (Figure 6.18a, b and c) the interior

layer exhibited the highest strain values.
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Figure 6.18 Axial Stress versus hoop strain for spgmen B1C1L3B separated by location.

(a) left 90°. (b) middle 180°. (c) right 90°.
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Figure 6.18 Continued

6.4.1.2 B1C3L3B

Results from specimen B1C3L3B are shown in Figut®.6At around 2200 psi,
strain gage 4 measured a lost in tensile strairttzamd gained tensile strain again until
about 4800 psi. At the 4800 psi point all of thgemshowed a change in the stress-strain
curves probably because the cylinder was goingitd@it the FRP jacket stopped the
failure. The rest of the gages had a similar stséssn curve shape until it reached the
unconfined compressive strength of the concreteatnd 3400 psi. At this point the
jacket activated and the strain readings changeedch gage. Strain gage 8 experienced
the greatest strain, and this high strain readiag be because this gage was not near the

failure of the jacket.
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Figure 6.19 Axial Stress versus hoop strain for spgémen B1C3L3B

Figure 6.20 shows the values of axial stress vdreop strain separated by
location. In Figure 6.20(a) the axial stress vethashoop strain of the strains located in
the left side are shown. Strain gage 0 was locag¢ed the failure and measured less
strain compared to the other two gages. The extgage received the most strain at this
location. In comparison with the last specimenséhgages showed the opposite behavior
because the exterior layer had more strain thamtbgor one. Figure 6.20(b) shows the
strain values opposite from the overlap regionsBat of gages behaved the same way as
the set on the left side: the interior layer meaddess strain than the exterior one. It is
also important to note that gage 4 did not haveypieal strain-stress curve. Instead, it
had more of a vertical straight line. The trendeapd again in Figure 6.20(c), with the
middle layer gage measuring the least total tessilen and the exterior gage measuring

the greatest tensile strain.
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Figure 6.20 Axial Stress versus hoop strain for spgmen B1C3L3B separated by location.

(b)

(a) left 90°. (b) middle 180°. (c) right 90°.
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Figure 6.20 Continued

6.4.2 Threelayer GFRP Multidirectional

6.4.2.1 B2C1L3M

Specimen B2C1L3M axial stress versus axial stsaghbwn in Figure 6.21.
Strain gages 4 and 6 measured a change in the-strag behavior that signaled the
FRP wrap was engaged at those locations earliartbi@aother gages at around 2300 psi.
Strain gage 6 also measured the greatest maximmsitetstrain value. Gages 0, 2, and 8
indicated the FRP wrap had engaged at their lazaoound 2800 psi and the rest of the

gages indicated FRP wrap engagement at 3400 psi.
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Figure 6.21 Axial Stress versus hoop strain for spgémen B2C1L3M

Figure 6.22 shows the values of axial stress vdreop strain separated by
location. In Figure 6.22(a) is shown that intetayrer of the FRP wrap monitored by
strain gage 0 engaged earlier than at the othegages. The exterior gage measured the
greatest final strain and the middle layer gagendsd the lowest strain. This set of
gages exhibit the same trend as specimen B1C3LigBrd-6.22(b) shows the strain
values opposite from the overlap region. The stshering trend from Figure 6.22(a) was
repeated here. The exterior gage measured thestigiinain final strain although the
interior layer of the FRP wrap engaged earlier. ifiddle and interior layers’ gages
measured almost the same final strain. In Figu22(6) the trend shown was the opposite
of figures a and b and therefore exhibited the steral as specimen B1C1L3B. The
interior layer measured the highest strain whitedRkterior and middle layers had the

lowest final tensile strain. At the beginning, theerior layer measured more strain than
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the middle layer but at around 5500 psi they leyend ended with the same strain

values.
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Figure 6.22 Axial Stress versus hoop strain for spemen B2C1L3M separated by location.

(a) left 90°. (b) middle 180°. (c) right 90°.
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Figure 6.22 Continued

6.4.2.2 B2C2L3M

Results from specimen B1C3L3B are shown in Figu?8.6Gages 0, 3 and 4
showed a different stress-strain curve than thieofabe gages. Gage 3 measured the
lowest strain, this may because this gage is lddatéhe middle and as shown in
previous specimens, the middle layer is receivitegléss amount of strain. Gages 1, 3, 5
and 7 engaged around the same time (3000 psi).sGadgeand 8 engaged at around 2100
psi and gages 0 and 4 had a lower stiffness imttal linear region and the FRP wrap at

these locations on the interior layer engagedatrat 5000 psi.
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Figure 6.23 Axial Stress versus hoop strain for spémen B2C2L3M

Figure 6.24 shows the values of axial stress vdreop strain separated by
location. Figure 6.24(a) shows the axial stressugthe hoop strain of the strains located
on the left side. The middle and exterior gagesvelalbalmost the same stress-strain
curve although the middle gage recorded higheat fansile strain values. Strain gage 0
showed a very different stress-strain curve evengh it wasn't located near the failure
zone, in the first part is receiving more straiarthhe other gages and the line is steeper
than the lines for the other two gages; then, vitherGFRP jacket engaged, it showed a
softer shift . Figure 6.24(b) shows very differghtipes for each of the gages. The
exterior layer exhibited the highest final straalues. The middle gage (strain 3)
measured the lowest strain values and as obseefetths becoming a trend. Is clearly
observed that neither of these gages shared stragual proportion, strain 2 (exterior)

exhibited the typical stress-strain curve and stBaand 4 exhibited a similar stress-strain
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curve but not at the same level of strain. In FeghL24(c) the gages showed a similar
behavior up until the GFRP jacket engages at ar@000 psi for the exterior gage. The
interior gage measured the highest strain valudseagnd but the other two gages were

close to each other. Again the middle layer meaktive lowest strain.
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Figure 6.24 Axial Stress versus hoop strain for spémen B2C2L3M separated by location.

(a) left 90°. (b) middle 180°. (c) right 90°.
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Figure 6.24 Continued
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6.4.2.3 B2C3L3M

Results from specimen B2C3L3M are shown in Figue®6Gages 2 and 4 are
not shown because they didn’t recorded adequatmstiAll the gages except for gage 6,
exhibited the same behavior until the unconfinekccete strength was reached at around
4000 psi. The highest recorded strain value was fyage 8. Gages 0 and 1 lost some
tensile strain. The FRP wrap at gage 1 lost saesand 5100 psi but then it recovered

the lost strain and gage 0 measured a strain tdbe &éime of failure.

6000

5000
strain O int. 90¢

= 4000 strain T mid. 90°
=

a strain 3 mid. 180°
2 3000 I |

& J .

= == strain 5 mid. 90°
=

<

2
o

strain 6int. 90°

strain 7 ext. 90°

strain 8 ext. 90°

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

Axial strain

Figure 6.25 Axial Stress versus hoop strain for spgemen B1C3L2B

Figure 6.26 shows the values of axial stress vedreop strain separated by location. In
Figure 6.26(a) it can be observed that the strigagiurves were almost the same until
around 5100 psi, whereupon strain gage 1 lost stram. The exterior gage measured
the highest final tensile strain. Figure 6.26(l)wsk strain gage 3, as mentioned earlier

strain gages 2 and 4 are not shown. Compared forévéous set of gages, the GFRP
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jacket engaged earlier at around 3900 psi. Theltrepeated again in Figure 6.26(c), the
exterior layer measured greater strain than therato gages. Strain gage 5 and 8
behaved similarly but gage 6 had a different stetssn curve. At the beginning of the

test gage 6 had a low stiffness and therefore medgreater strain values in the first

part of the curve.
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Figure 6.26 Axial Stress versus hoop strain for sppémen B1C3L2B separated by location.

(a) left 90°. (b) middle 180°. (c) right 90°.
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6.4.3 Summary of GFRP-Confined Concrete Cylinderswith Three Layers

Section 6.4 discussed the test results for GFRRArmxzhconcrete cylinders with
three layers. Specimens with bidirectional GFRPpanaith three layers exhibited a
similar trend where most of the specimens showectxterior layer gaining greater
tensile strains and thus had a lower stiffnesstlansl had a lower stiffness versus the
interior and middle layers. The interior and mididigers typically measured similar
strain values which indicated these layers hadhdasi stiffness. For most of the gages,
the middle layers had the lowest tensile strainesl The exterior layer behaved more
independently, suggesting that similar strain erseti between the closest layers to the
concrete. This hypothesis needs to be verified mitine three layer specimens and as
well as with specimens that have more than thrgerdato support the theory. One of the
sets (three gages with a location in the interraddle, and exterior) showed the opposite
behavior where the interior layer had greater stvaiues than the other two layers
indicating the interior layer had the lowest st#s, which was similar to what was
observed for the bidirectional GFRP-confined cotecoylinders with two layers.

The three-layer specimens with multidirectional BRRraps exhibited the same
trend as the bidirectional wraps. The exterior tageasured higher total tensile strain
values than the interior and middle layers, whratigates that the exterior layer had the
lowest stiffness. This trend suggests that foredé#ht types of GFRP fibers wrapped with
three layers the fabric wraps behavior differertigs to fabric may be mitigated and thus
the specimens exhibited similar behavior and sts&ssn curves. Additionally, as what

happened in the bidirectional fabric, a couplehef gage sets measured the interior or
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middle layer with higher total tensile strain vadummpared to the exterior layer, which

indicate the exterior had the greatest stiffnesbesde locations.

6.5 Summary of FRP-Confined Concrete Cylinder Results

In this chapter a discussion of the test result$hfe share of strain of GFRP-
confined concrete cylinders was made. Results frmlinectional and multidirectional
GFRP wraps with one, two and three layers werertep@nd discussed.

Section 6.3 discussed the results for GFRP-confoedrete cylinders with two
layers. Specimens with bidirectional GFRP wrapshatéd a consistent trend where the
exterior layer exhibited a greater stiffness assuead by accumulating less total tensile
strain than the interior layer. Specimens with ndirkctional GFRP wraps, however,
exhibited the opposite trend versus the bidirectiovraps. The interior layer exhibited a
higher stiffness as indicated by measuring lesd tetsile strain than the exterior layer.
This difference in behavior between different GRR&ps appears to be a result of the
direction of the fabric.

Section 6.4 discussed the test results for GFRRrmzhconcrete cylinders with
three layers. Specimens with bidirectional and iduéctional GFRP wraps with three
layers exhibited a similar trend regardless ofitafiber weave, where most of the
specimens showed the exterior layer exhibitingalaeest stiffness as it measured greater
strains versus the interior and middle layers. ifkerior and middle layers exhibited
similar stiffness as these layers measured sitatat tensile strain values. For most of
the gage sets, however, the middle layer had twedbtotal tensile strain indicating

some difference in interlayer stiffness. This cetesit trend suggests that, differing from
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what was observed for GFRP specimens with two $ayer different types of GFRP
fibers once the specimen has been wrapped witk thyers the fabric wraps exhibited

similar behavior and stress-strain curves.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Summary of Research

For this thesis, an assessment of the current AGI2R-08 design guidelines and an
evaluation of hoop strain in GFRP-confined concretee studied. An extensive database
of GFRP and CFRP-confined concrete cylinders waspded to evaluate the
effectiveness of the ACI 440.2R-08 design guidditeepredict the confined concrete
compressive strength in plain concrete cylindeengthened by GFRP and CFRP wraps.
In addition, GFRP-confined concrete cylinders cogspion tests were carried out to
evaluate the share of hoop strain between diffeée&RP layers. GFRP-confined
concrete cylinders were wrapped with one, two oced¢hayers and two different kinds of
GFRP were used: bidirectional and multidirectiofidlis chapter presents the

conclusions reached in this study, and recommemuafor further research.

7.1.1 Evaluation of ACI Design Guidelines

The confined concrete compressive strenfith, preaicteq, from Equation 2.2
was compared to the measured confined concreteg#ttg’ .. neasured, from the
database. For GFRP confined specimens it was sttatthe current guideline Equation
is unconservative over one third of the time ahdréfore, it is not safe to use this
Equation for designing GFRP-confined concrete cigiis. Additionally, the predicted
confinement pressur, ,,cqicteq, from Equation 2.3 was compared to the measured

contribution of the GFRP jacket confinemefit,,cqsureq, iN Order to develop a better
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design formula. With this comparison it was shohat tEquation 2.3 fairly accurately
predicts the additional capacity from GFRP jacketfimement. Therefore, for GFRP-
confined concrete, the unconservativeness of Emuat2 appeared to be due to the
factor of 3.3 in the design formula.

Equation 2.2 was then modified to replace the faot®.3 by a factor of 1.0 to
develop a safer formula for design use in predicfi.. This change resulted in the
revised formula, Equation 5.1. The author urgegtenpt integration of this
modification into the current ACI design guidelirggecifically for GFRP confined
concrete so that design engineers following thesdetjnes produce safe and
conservative structures.

The same procedure was used to evaluate the datfraSFRP-confined
concrete specimens. The confined concrete compeesBengthf’ .. preaictea » from
Equation 2.2 was compared to the measured confioedrete strengtlf, .. measureds
from the database. For CFRP confined specimenastshown that the current guideline
Equation is conservative for 82% of the specimartsigher percentage than for GFRP
confined specimens. Also, as done with the GFRMroeeh specimens, the predicted
confinement pressur, ,,cqicteq, from Equation 2.3 was compared to the measured
contribution of the GFRP jacket confinemefit,,.qsureq, IN Order to develop a better
design formula. It was shown again that Equati@ifa&irly accurately predicts the

additional capacity from GFRP jacket confinemerite Tinconservativeness fopf=

2Egntrefe

- Equati®@guation 2.3 again appeared to be due to the

factor of 3.3 in the design formula. Table 5.2 shdlifferent factors and their percentage

of conservative values. The author leaves it tadsagn professional to make the best
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judgment and use the factor that best suits foptbgct. The author believes that using a
0.75 factor gives a good percentage of conservaties (93%) which is around the
same percentage that GFRP confined specimens htwtheir 1.0 factor (94%) in Table
5.1. It is important to note that carbon and gfdsers should be treated separately and
the design professional should use a differenbfa¢pending on the type of fiber.
Additionally, Table 5.4 was presented for differemdified reduction factors without
changing the formula currently used as the ACI glings. For CFRP-confined
specimens a modified reduction factor of 0.85 gihessame percentage of conservative
values as Equation 5.3. These factors are jushanoption that design professionals can

use if they do not feel comfortable using the neappsed formulas.

7.1.2 Evaluation of FRP-Confined Concrete Cylinders

For evaluating the share of hoop strain betweefereit number of GFRP layers
the results for each set GFRP-confined concretmdsfis were discussed. Specimens
with bidirectional GFRP wraps with two layers exted a consistent trend where the
exterior layer exhibited a greater stiffness assuead by accumulating less total tensile
strain than the interior layer. Specimens with mdirkéctional GFRP wraps with two
layers, however, exhibited the opposite trend \e&ethie bidirectional wraps. For this
fabric type the interior layer exhibited a high#ffsess as indicated by measuring less
total tensile strain than the exterior layer. Tdierence in behavior between different
GFRP wraps appears to be a result of the direatibthe fabric. Specimens with
bidirectional and multidirectional GFRP wraps wikinee layers exhibited a similar trend

regardless of fabric fiber weave, where most ofgbecimens showed the exterior layer
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exhibiting the lowest stiffness as it measured tgreatrains versus the interior and
middle layers. The interior and middle layers exkib similar stiffness as these layers
measured similar total tensile strain values. Fastrof the gage sets, however, the
middle layer had the lowest total tensile straidicating some difference in interlayer

stiffness. This consistent trend suggests thderitily from what was observed for GFRP
specimens with two layers, for different types d¥R3 fibers once the specimen has
been wrapped with three layers the fabric wrapsbéed similar behavior and stress-
strain curves. Future research needs to verifyasiefinding with additional three layer

GFRP confined specimens with different fiber dir@ct

7.2 Conclusions
The key findings from this research are:

» The Equation from the ACI design guidelines fordacéng the FRP-confined
compressive strength is unconservative for both BF&d CFRP-confined
specimens. This formula’s unconservativeness iefulin the 3.3 factor. The
safety of the ACI design guidelines formula forgioting the maximum confined
compressive strength was improved by suggestingvemo Equations, one for
GFRP-confined specimens and another one for CFReal specimens. The
conservativeness of the design formula was impreeed94% for the GFRP-
confined specimens and to a 93% for the CFRP-cedfgpecimens.

» Strain was not equally distributed between differmmmbers of GFRP layers in a
single wrap. The strain amongst the GFRP layerssivased fairly equally only at

the beginning of the compression test, when thereba strength was dominating
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specimen performance. When the GFRP jackets aetlvat the specimens
reached the unconfined concrete strength, thenstedues separated and
exhibited different final strain measurements. Tumequal distribution of strain
may be one of the reasons why FRP jackets do ha\sethe same tensile
strengths before failure as are predicted by re$udtn coupon tests.

» Strain was shared differently between GFRP-confowttrete cylinders with
two layers versus how the strain was shared inisges with three layers. For
the bidirectional GFRP-confined cylinders with tlagers, the exterior layers
exhibited greater stiffness than the interior layeAs such, they consistently had
the lowest total tensile strain measurements. Tiédirectional fiber showed
the opposite behavior, with the interior layersihguhe greater stiffness so they
had the lowest strain measurements. The specimiémshnee layers exhibited a
different trend than the ones with two layers beedor both bidirectional and
multidirectional fibers, the exterior layer had tbever stiffness and hence
measured the highest strains. These varying trehstsain sharing based on the
number of layers or type of fabric may also beasoms why FRP jackets do not
achieve the same tensile strengths before faikigee@predicted by results from

coupon tests.

7.3 Recommendations for Future Work
The author recommends further testing to developodel appropriate for the
design of GFRP-confined high strength concreteoAdsstandardized testing technique

for confined concrete needs to be developed inrai@erevent errors in hoop strain
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readings as cited by Teng et. al 2009 as sourcesesif result variation. This
standardization should lead to the developmentrabee reliable database that should be
examined to further revise the design guidelindsis Tstandardized testing will also
produce more reliable hoop strains readings. Hasreating a better understanding of the
strain behavior in FRP confined specimens and hgptlh the development of better

maximum tensile strength predictions of the FRPmwfblaced in the confined system.
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