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Constitutive Model for Rubberized Concrete Passively
Confined with FRP Laminates

Samar Raffodf, David Escolano-MargafitReyes GarcfaMaurizio Guadagnifj Kypros Pilakoutas

ABSTRACT

This article develops an analysis-oriented stress-strain model for irdzbeoncrete (RuC) passively
confined with fiber reinforced polymer (FRP) composites. The model wabkratali using highly
instrumented experiments on 38 cylinders with high rubber contents (60% replacentbat tofal
aggregate volume) tested under uniaxial compression. Parameters investigatéed oytinder size
(100x200mm or 150x300mrdiameterxheight), as well as amount (two, three, four or six layersypad t
of external confinement (Carbon or Aramid FRP sheets). FRP-confined rubberizedec@ffRRICRUC)
develops high confinement effectivenesgf(f up to 12 and extremely high deformability (axial strains
up to 6%). It is shown that existing stress-strain models for FRP-confined doneémoncrete do not
predict the behavior of such highly deformable FRP CRuC. Based on the rb@ifis)dy develops a new
analysis-oriented model that predicts accurately the behavior of such concistartitle contributes
towards developing advanced constitutive models for analysis/design of sustaighhlalbe FRP CRuC

components thatandevelop high deformability.
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INTRODUCTION

The deformation capacity of reinforced concreRC) elements depends heavily on the compressive
behavior of concrete and, specifically, on the capacity of concrete to developdaigeompressive strains
(Paulay and Priestley 1992). The benefits that the lateral confinement ofteaexrtons can provide in
terms of both overall strength and ductility enhancement have been demonstratededyxtearad this
concept has been applied to strengthen existing structures (e.g. confinement of coluwelsaago
develop innovative composite systems for new structural solutions (e.g. tediilee tubes). Although

steel has been historically used to provide the required lateral confinetmenteinforced polymers (FRP)
have been used extensively over the last 20 yeasssagngthening solution to enhance the ultimate
compressive strain of concrete cylinders (Mortazavi et al. 2003; Rousakis awagits 2012; Spoelstra
and Monti 1999and deformability of columns (Garcia et al. 2014). Existing studies have alsovehf

the potential of using FRP to fabricate the external shell of concrete-filled tubes antthrpbeinefits of

such a composite solution for the construction of new, high-performance stre@@umahts (Becque et al.
2003, Ozbakkaloglu 2013, Zhang et al. 2015). Despite the demonstrated advantages of the lateral
confinement of concrete, the inherent brittleness of concrete still img@ge8cant limitations on the
performance of new structural elements and special solutions or components, such a&x compl
reinforcement detailing (e.g. in coupling beams), bearings or base isolation ssyetsd to be used

whenever high deformation demand is required.

Extensive research has examined the use of recycled tire rubber to produceedutmrcrete (RuC) in
an attempt to further enhance the deformation capacity of concrete (Bomp®#&7aGanesan et al. 2013;
Li et al. 2004; Toutanji 1996). Rubber from end of life tires has high fléyiend can maintain its volume
under compressive stress. However, when rubber is used to replace natural aggregtte £ dmfnessive
strength and the stiffness of the resulting concrete are expected to redutme®on of rubber content.
While the reduction in stiffness can be easily dealt with by approjliia&nsioning of section geometry

and element size, the use of a high amount of rubber replacement (e.g. 100% sandaeplearmeduce
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the compressive strength of RuC by up to 90% (Batayneh et al. 2008), thus making Rui@llpotent
unsuitable for structural applications. To recover the strength of RuC, yetimais desirable deformation
capacity, recent studies\ainvestigated the use of different types of confinement to produce confined
rubberized concrete (CRuC). For example, Duarte et al. (2016shioat rubberized concrete-filled cold-
formed steel tubes improved the ductility of columns by up to 50% (rubberirgpl&®o of the aggregate
volume). Nevertheless, the steel confinement around RuC coluamiess effective than that around
conventional concrete columns with the same confinement. This was attributed to thexparesion in

RuC produced with such low rubber contents. Moreover, the RuC columns were more plma to
buckling. Youssf et al. (2014) examined the behavior of RuC-filled Carbon FRE()QGubes and observed

an enhancement in cylinder compressive strength by 186% when using three CFRP dayénéngnd

10% rubber replacement of aggregate volume. Similar results were reported la. (611) from RuC
(with 30% rubber replacing fine aggregate volume) cast in Glass FRP (GipRe®)lpading to an increase

in compressive strength up to 5.25 times that of the unconfined rubberized cdrRa@teWhile the above
confinement led to some improvements in RuC strength, its influence on concrete ddifiyrweblimited

when compared to conventional confined concrete (Lam and Teng 2004). This can be attrithged to t
relatively low amounts of rubber used in the aforementioned studies, which afeigsiufo produce

significant lateral dilation to activate the passive confinement pressure.

The inclusion of high volumes of recycled tire rubber in condsetssociated with various material and
technological challenges, such as poor fresh properties (Flores-Medin2@t4lGlneyisi et al. 2004;
Toutanji 1996; Medina et al. 2018). Research by the authors (Raffoul et al.H&&1shown that some of
these drawbacks can be overcome by optimizing the concrete mix parameters, leddimpte@liopment
of RuC with high rubber content (>50% total aggregate content) and good Witrkhbmogeneity and
cohesveness. More recent research (Raffoul et al. 2017) demonstrated that the exdefim@&ment of
such RuC with three layers of Aramid FRP (AFRP) can lead to higingtlr (>75 MPa) and high

deformability (axial strains >5%). This innovative FRP CRuC can be useddciusal applications where
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high concrete deformability is required, e.g. plastic hirmees or short columns. However, it is necessary
to provide constitutive models suitable for the analysis and designidy ligformable elements. Using

CRuC with high rubber contents, this article develops such a constitutive model for FRP CRuC.

This study begins with a description of the experimental program on 38 cylindéws faiowing section,

the experimental results are discussed in terms of the effect of confiaitggiahand pressure on the
cylinders’ stress-strain behavior. Based on the test results, a unified constitutlegtoqaredict the stress-
strain behavior of FRP CRuUC is proposed. Concluding remarks of this studyemeérgitie final sectian

This article contributes towards the development of analysis/design modelsFRBhGRUC can be used
for the development of highly deformable elemefitse results presented in this study are part of the 7
Framework ProgrammEU-funded Anagennisi project which aims to develop solutions to reuse all tire

components in high value innovative concrete applications (Pilakoutas et al. 2015).

EXPERIMENTAL PROGRAM

A total of 38 RuC cylinders confined with FRP jackets were subjected to@xigiression. The main
parameters investigated inckithe type of FRP material (Carbon or Aramid FRP), confinement pressure

(number of FRP layers) and cylinder size (100x200mm or 150x300mm; diameterxheight).

Materials

Concrete

All cylinders were cast with a concrete mix in which 60% of the finecaragse aggregate volumeasv
replaced with tire crumbs. Two batches were produced for this Sihelyelected mix was ‘optimized’ in

a previous study (Raffoul et al. 2016) that minimized the adverse effectg@fgaantities of rubber on
the fresh and hardened properties of RuC. The mix components ¥af RuC were: i) 340 kg of High
strength Portland Limestone Cement CHM62.5 N (10-15% Limestone) conforming to (BS EN 197-1:

2011); i) 42.5 kg of Silica Fume (SF) (MicrosilicaGrade 940) and 42.5 kg of Pulverised Fuel Ash (PFA)
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(BSEN 4561, Class N Category B LOI); iii) two commercially available admixtuiz$ liters of
Plasticiser (P) and 5.1 liters of Super Plasticiser (SP) (polycarboxylstegrsiconforming to BS EN 934-
2:2009); iv) 400.4. kg of Coarse Aggregate (CA): round river washeelgi@izes: 5-10 mm and 10-20
mm; Specific gravity: 2.65; Absorption: 1.24%), 328 kg of Fine Aggregate (FA): medium grade river
washed sand (Sizes: 0-5 mm; Specific gravity: 2.65; Absorption: 0.5%, Fineness madidysand Vi
rubber particles recycled through mechanical shredding of car and truck tires: 1dBErieggRubber (FR)
(sizes: 0-5mm) and 181.3 kg of Coarse Rubber (CR) (sizes 5-10mm and 10-Z0ramjater to binder
ratio (w/b) was set to 0.35. The rubber particles were selected to repteralraggregates of similar sizes.
The mass of the rubber replacement particles was obtained considering a delasity of 0.80. Although
the properties of the rubber were not directly examined and an inherent varialetipected, previous
studies have confirmed that this has minimal effect on the properties mfdulting concrete (Raffoul et
al. 2017). Table 1 presents average results from uniaxial compressive tests did@x2@0mm RuC

control cylinders at 28 days.

Fiber Reinforced Polymer Jacket

To enhance the compressive strength of the RuC described above, a series of 100x2i0dens were
externally confined with two, three or four layers of Carbon FRP (CBRRjamid FRP (AFRP) sheets.
The behavior of larger 150x300mm RuC cylinders confined using three or sk @F&FRP layers was
also investigated to assess possible size effect. The number of confininddatrerdarger specimens was
determined according to Equation (1) to ensure a confining pressure equivalenigigethdty two and
four layers on the 100mm diameter cylinders. Equation (1) assthat a)auniform confinement pressure
was applied across the cylinder section (circular geometry), and b) therfdheeFRPwas equal to the

force resisted by the concrete core.

Zntf

flz D f (1)



115 where fis the confinement pressure, n is the number of FRP layershé thickness of one layer of FRP

116 sheet,is the tensile strength of the FRP fibers and D is the cylinder diameter.

117 At least five small cylinders were tested for each type and number of FRP layéesyweHarge cylinders

118 were tested per parameter.

119 The FRP jackets consisted of unidirectional Aramid or Carbon fabrics embedded incamnegprax. The

120 FRP jackets were applied using the wet laytagpnique following the manufacturer’s recommendations;

121  whichledtofibervolume-fractions-of30%he sheets were oriented perpendicular to the cylinder axis and
122 overlapped by a length of 100 mm. Table 2 summarizes mean properties and ndmgsptandard

123 deviation (SD) obtained from direct tensile tests on more than 30 FRP couponantX3s mmxt),

124  prepared as per BS EN ISO 527-5: 2009. In this tabikethe dry fiber thickness; ik the tensile strength;

125 Esis the modulus of elasticity; ang is the ultimate elongation of the FRP composite.

126 Experimental Setup, Instrumentation and Load Protocol

127 Figure 1 shows the typical test setup and instrumentation used for the tespecikhens (confined or
128 unconfined) were subjected to axial compressidmgua servo controlled ESH Universal Testing Machine
129 of 1,000 kN capacity. The top and bottom of the specimens were confined using aluminunaseyd t
130 failure at the end zones of the cylinder due to stress concentrations (Kotsovos and Ml@8iharhe caps
131 were prepared as per ASTM standards (C12314). The caps were filled with gypsum, to allow cylinders
132 to be tightly fitted within the caps and to be accurately leveled to miaingirding induced effects. Vertical
133 strains were derived using vertical displacements. This was achieved by fixing alel pdwminum rings
134 (placed 100 mm apart) around the cylinders (Fig. 1b). The screws used to fintheuaiuings were fitted
135 with springs to allow lateral expansion of the cyliredeithout adding further confinement. During the
136 tests, three vertical lasers (L1 to L3 in Fig. 2) mounted on the alumingsnmeasured the shortening of
137 the specimens at the center of the cylinders. To determine horizontal skraihsrizontal expansionas

138 measured using a tensioned wire andinear variable displacement transducer (LVDT) around the
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specimensmid-height. Three horizontal (H) and two vertical (V) 10mm foil-tggages measured local

strains along the mid-height of the FRP jacket at the locations shown schematically in Fig. 2.

Two test protocols were applied: i) Monotonic loading at a displacement at & faerom/min up to
cylinder failure, and ii) consecutive sets of five unloading/reloadiag tycles at increasing stress levels
(+10 MPa/set) up to cylinder failure. A displacement rate of 0.5 mm/min wasardéé first set of cycles,
after which a rate of 2mm/min was used for all following loading and unloajicigs. At least two
nominally identical small cylinders were tested monotonically, whereas threswizeeted to cyclic load
for each thickness and type of FRP. All large cylinders were loaded monotonicallpt éewbkt two

cylinders were tested for each parameter.

The coupons were tested using a universal tensile testing machine of 300 kN cAfiapscimens were
tested in tension under a monotonic displacement rate of 0.5mm/min. A 50mm gaugeneatens/as
mounted on the center of each coupon to measure its elongation and the data wed tstog a fully

automated data acquisition system.

RESULTS AND DISCUSSION

Table 3 summarizes mean test results from the FRP CRuC specimens. The cgliadigentified
according to the number of confining layers (2, 3, 4 or 6), confining materigdKRP or C=CFRP),
loading typeg(M=monotonic or C=cyclic) and specimen numfkr2 or 3). A letter (L) after the specimen
number denotes the larger 150x300mm cylinders. For example, 3A8WHRds for specimen #1 of a large
cylinder subjeadto monotonic load and wrapped with three AFRP layers. Table 3 includes mean values
(Avg) and standard deviations (SD) of: ultimate compressive strepgttulimate axial £.c) and lateral

(gcar) straing confinement effectiveness (fcdfeo), ductility (ecdeco), critical stress (fer), as well as the axial
strain, lateral strain and Poisson’s ratio at fe (€or, €cr, @andver, respectively. Table 3 also shows the

confinement stiffness (Kprovided to each cylinder, calculated using equation (2).
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K, = —E; (2)

Figure 3a provides a schematic presentation of the aforementioned parameterdticBhesteess )
indicates the initiation of unstable crack propagation and concrete expansionagthiates the confining
jacket leading to a significant change in the gradient of the curve, which deprertde FRP-jacket
stiffness. The value of;fwas defined as the inflection/pivot point of the CRuUC secant modukssstr
relationship Esecfc) (Fig. 3b)atthe minimum of its derivative functiquEseddf;,) (Fig. 3c). This inflection
point indicates a shift in the rate of stiffness degradation, which designatgitta¢ion of confinement
pressure. Following careful examination of the resultsyds found to consistently occur whég.drops

to around 70% of the confined concrete initial stiffness, which is cotmeara the initial stiffness of
unconfined concreté., (Fig. 30. fedffco andecs/eco Were calculated as the ratio of the ultimate stress and
strain of the CRuC to the average peak stress (6.8MPa-8.2MPa) and peak strait) (f35€ unconfined
RuC cylindersrespectively. To accurately capture the initial deformations, axial strains betwAenedie
taken from the two vertical strain gauges V1 and V2 that were more rafiatigy the initial stages of
loading. This was also necessary since the resolution of the lasers Lad $hsufficient to capture
accurately the initial axial deformations. Aftar(pointA), excessive localized bulging on the FRP jacket
led to spurious strain gauge readings and therefore the axial strains-ftowefe derived from the laser
measurements. The horizontal strains were obtained from average readingye fhomizontal gauges H1-
H3 and corroborated using LVDT measurensaftthe wire. The results in Table 3 are discussed in the

following sections.

Ultimate Condition and Failure Mode

All FRP CRuC specimens failed abruptly by tensile rupture of the FRP jasket&if. 4). In all cases,
FRP rupture initiated at approximately the mid-height of the specimens. Ovexakcbrded FRP strains
at cylinder ruptureet.) were below the failure tensile strains measured in the FRP coupdsee Table

2 and Table 3). For instanc&. in AFRP-confined cylinders was around §@% of ¢, of the AFRP



185 coupons, whilec in CFRP-confined cylinders was 65-95%pfof the CFRP coupons. Premature rupture
186 s also reported in previous studies (Lam and Teng 2004; Matthys et al. 20@@nh&edattributedo local
187 effects (non-homogeneous concrete deformations) leading to stress concentratie®RP, as well as to

188 the effect of jacket curvature, overlap length and fiber misalignment.

189 Stress-Strain Behavior

190 Figures 5a-c and d-f compare the stress-strain behaflidFRP CRuC and CFRP CRuC cylinders,
191 respectively. The figures show individual stress-strain curves of monotgnicatied cylinders, the
192 envelope of cyclically loaded cylinders (determined as shown in Fig. 3), as wekragecurves for
193 cylinders with similar FRP confinement. Although an in-depth analysis of the dgtiavior of CRuC is
194 outside the scope of this paper and the individual cycles are not reporteséove clarity, the direct
195 comparison of monotonic and cyclic results provides evidence that the monotonic behavixinsips
196 well the envelope curve of the cyclically loaded specimens. This significamdinehich was previously
197 confirmed for confined conventional concrete (Buyukozturk and Tseng 1984; Chang and Mangler 1994
198 Lam et al. 2006; Osorio et al. 2013; Rousakis and Tepfers 2@01allow the development of constitutive
199 models capable of accounting for the full cyclic response of CRUC. The key paragmiterning the cyclic
200 behavior of CRuUC, including the shape of its unloading/reloading curvesgessifffegradation, plastic

201 deformation and energy dissipation, have been investigated by the aasHesse-the-subject-afin a

202 separatstudyfuture-publication

203 The results in Fig. 5a-c and d-f show that the axial and lateral stress-strain (bathesionotonic and
204 cyclic envelope) are similar, and that the curves vary within the acceptatability of the material. The
205 data in Table 3 confirm that the ultimate stress and strain of specimenseslibjectonotonic and cyclic
206 load were similar. As expected, the stress-strain curwesamainitial linear-elastic branch (controlled by
207 the unconfined concrete behavior) until the critical strgs@irfe 0-A in Fig. 3). This is followed bg
208 transition curvdA-B in Fig. 3) and then a linear bran@:C in Fig. 3) controlled by the expansion of the

209 FRP, as discussed in a previous study by the authors (Raffoul et al. (2017)). Beymmtfetecracking

9
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increaseghe cylinders’ lateral expansion, thus activating the confinement progressively. As expected,

higher confining pressure led to a steeper branch B-C.

Figures 6a-e provide a schematic presentation of the variation of the main curve paramktding
critical stress ) and strain 4;), Poisson’s ratio (v¢), and confinement stresscdfts) and strain
effectivenessetdeco), as function of confinement stiffness;\Kespectively. The results in Fig. 6a-b and
Table 3 indicate that an increase irdklays concrete cracking, which resulted in higher avegageds.

for both AFRP and CFRP confinement. For example, at a confining stiffnessiFav&LA), the average

for andeer were 10.7 MPa and 158@, respectively, while at a jacket stiffness of 1950 MPa (4LA), these
values increased to 13.9 MPa and 2(4,0espectively. The effectiveness of FRP confinement on RuC is
also confirmed by the ratios/f.o andecdeco. For RuC cylinders confined with four AFRP layekgfd=10
andecdeco=50. Comparatively, for conventional FRP-confined concrete with identical confinexsipre,

such values were onlyffe=4.2 antkcd/e.c=18.5 (Jiang and Teng 2007; Lam and Teng 2003).

Figures 6a-c also show that the increase ke to increasing jacket stiffness was accompaniecibyp
in lateral strainee; and, more notably, by lowePoisson’s ratios (o) at fo. For exampleye was
approximately 0.42 for K976 MPa (2LA) and it dropped to 0.30 forK952 MPa (4LA), indicating that
the overall expansion was better controlled in the latter cylinder. Siadecrease in Poisson’s ratio can
be used as an indicator of damage (Neville 1995), the above results indicateréaging confinement

stiffness delayed overall damage.

CFRP vs AFRP Confinement

Figure 7 compares the stress-strain behavior of AFRP and CFRP CRuC cylinders, adrhoatize
corresponding unconfined concrete strength (8.2 MPa and 6.8 MPa, respectiviedythdiibiese results
are the average of the individual curves respectively shown in Fig. 5aecfamtie data in Fig. 7 clearly
indicate that for the same number of CFRP or AFRP layers, CFRP jackets prioigidedconfinement

pressure, which in turn led to a stiffer response in both axial and lateralogiseatter 4. This is due to

10
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the much higher stiffness of a CFRP jacket when compared to an AFRP\jéttkdie same number of

layers (see Table 3).

The results in Table 3 also show that, in addition to the confining stiffttesdype of material also
influenced the stress-strain behaviorcahd at the ultimate condition of CRuC. The rate of reduction in
ver andeier @asa function of Kwas higher for AFRP CRuC cylinders than for CFRP CRuC cylinders. For
example, for 3LA (k=1464 MPa)y. was 0.31 andcr was 52fe, whilst despite having a higher jacket
stiffness, cylinders with 2LC (K1665 MPa) exhibitetligher Poisson’s ratio (v=0.42) and higher lateral
expansiondc=895.¢) prior to .. This indicates that the confining effect of AFRP activated earlierithan
CFRP, thus limiting the RuC expansion more effectively in AFRP-contipkaders Similar results were
observed for higher levels of CFRP confinement. For example, cylinders 32448 MPa) had higher

ecr andve (7451€ and 0.32, respectively) than cylinders 3LAXkK464 MPa), even when the former had

significantly higher jacket stiffness.

The effect of using different confining FRP material on concrete behavibekaspreviously discussed in
the literature. Based on tests on conventional concrete cylinders confite&BR®t Dai et al. (2011),
indicated that the efficiency factor (i.e. ratiosf to &r,) is significantly higher for AFRP (around 0)93
than for CFRP (around 0.64). A similar trend was observed by Lim and Ozbakkaloglu (@0b4),
examined a large database of experimental data to show that the value of #ffididRIey factor decreases

as the modulus of elasticity of the fibéngreased. Similar results were observed by Teng et al. (2009)
when comparing GFRP to CFRP confined conventional concrete with identical confinemesnDesgpite

the excellent performance of AFRP as confining material, existing studies on AFRRedadncrete are
very limited (Dai et al. 2011; Ozbakkaloglu and Akin 2012; Lim and Ozbakkaloglu 20t4gven fewer
studies compare the effectiveness of AFRP and CFRP confinement (Ozbakkalogluira2014% Lim

and Ozbakkaloglu 2014). Overahgtiower effectiveness of the CFRP compared to AFRP can be attributed

to various reasons related to the physical and mechanical characteristesnatenialsThese includer)

11
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different initial pre-stress during the application of the fibghse to the lower flexibility of the CFRP
sheets), which leads to the CFRP sheet being less tightly wrapped around the cylindepaeskence of
air voids ii) higher stiffness in the CFRP, which can lead to higher axial load beaingferred to the CFRP
(transversally; iii) minor misalignment of the fibers; and iv) high interlaminar stressibe &RP overlap,
which could lead to a premature failure (Zinno et al. 2010). Nonetheless, a rational explanatiprihaf w
performance of AFRP/CFRP sheets with identical stiffness differs in confineapphitations differs

remains elusive.

Size Effect

To investigate the effect of specimen size, Fig. 8a-b compare the strasshsthavior of small
(100x200mm) and large (150x300mm) cylinders with similar confining pres§beedata in Fig. 8 is
normalized to the unconfined concrete strength, i.e. 8.2 MPa for the small cylindéngaavith 2 or4
layers of AFRP, and 6.8 MPa for all remaining cylinders cast from the Isattie. The data in Fig. 8a-b
show that no significant size effechaobserved between 100x200mm and 150x300mm cylinders with
identical confining pressure. For instance, the curves of the large cylindear¢3imilar to those of the
small cylinders (2L) with identical confinement pressure for both AFRP (Figar8éhlCFRP confinement
(Fig. 8b). Although this is in line with previous results reported in thetitee (Cui and Sheikh 2010).
further investigation is required to assess the possible influence of spesimeeon the confinement

effectiveness in large cylinders or structural components.

Volumetric Behavior
To provide further insighinto the mechanical behavior of FRP CRuC, Fig. 9 compares the average axial

stress of the tested cylinders and their corresponding volumetric stransvhich was calculated as:

€vol = 2|€1at| — |€ax! (3)

12



279 whereg:andea are the absolute lateral and axial strains measured during the tests, regpbttgelation
280 (3), negativee.o values denote volumetric contractiars is determined based on average stress-strain

281 monotonic and cyclic curves of small (100x200mm) cylinders.

282  Figure 9 indicates that the CRuC cylinders experienced volumetric contracti@niaitial elastic stage.

283  Such behavior is expected and similar to that obsdénvednventional FRP-confined concrete (Jiang and
284 Teng 2007; Papastergiou 2010). However, the volume of the cylinders also continued tatréslieds of

285 applied stress exceeding. fThis behavior is considerably diffeteinom that observed in conventional
286 FRP-confined concrete, which typically expaatistress levels beyong fJiang and Teng 2007; Lam and
287 Teng 2003; Papastergiou 2010). The different behavior may be attributed t@uilday” of rubber

288 particles, which possibly filld up the voids left by crushed/pulverized concrete. It should be noted that this

289 behavior was also observed in a previous experimental study by the authors (Raffoul et al. 2017).

290 The experimental results from previous sections indicate that, compared to comaleRRP-confined
291 concrete, FRP CRuC presents unique mechanical characteristics thatonsedconsiderd for the
292 development of constitutive models. These include: i) higher stress anaatraimcement ratios (i.es/fo
293 andecdeco, respectively); i) larger cracking strain, thus incesh§,; and iii) continuous volumetric
294  contraction up to failure. The continuous volumetric contraction yields higtial stress and strain at
295 comparatively lower lateral strain than conventional concrete. As a result, mbeh &igal deformation
296 can be achieved in CRuC before the ultimate strain capacity (rupture) ofPhie FRached. The following
297 sections assess the accuracy of relevant existing models at predictitigrtte condition of FRP CRuC.
298 An active confinement model that predicts the stress-strain behavior of RuC conftinédFRP/CFRP

299 sheets is then proposed.
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300 MODELING OF FRP CRuC

301 Existing Analytical Models for FRP-Confined Concrete
302 Numerous studies have proposed design or analysis oriented models for conventional FeE-confi
303 concrete. The latter models (Fardis and Khalili 1982; MC2010; Lam and Teng 2003; Migaalcti999;
304 Mortazavi 2003; Papastergiou 2010; Saadatmanesh et al. Ji8Ag and Teng 2007; Toutanji 1999) are
305 considered as more versatile as thggan be modified to consider different confining materials, @nd
306 can serve as the basis of simpler design-oriented models (Jiang and Teng 2@9Z)udte the accuracy
307 of the above analysis-oriented models at predicting the ultimate stergysirain of FRP CRyEig. 10
308 aandb compare the experimental results (Table 3) and model predictigifis.dhfthis figure, the amount
309 of confinement is expressed as a mechanical volumetric confinementvgatemuation (4)) calculated
310 using the ultimate lateral strains in the cylinders upon FRP ruptujeds proposed by Mortazavi (2003)
311 Likewise, Fig. 11 a and b compare the experimental values to predictiags.ets function of /fco.

Ow =T 4)

312 where all the variables are as defined before.

313 The results in Fig. 10 show that the models by Fardis and Khalili \198& and Teng (2003Miyauchi

314 etal. (1999) and Toutanji (1999) tend to overestimate the strength effectieé@R8C as a function of

315 confinement ratio. This is especially evident for CFRP CRuC as can be sEan tbb.Conversely,

316 Saadatmanesh et al. (1994) model underestimatiesfobr both AFRP and CFRP CRuC at all levels of

317 confinement. It is also shown that Papastergiou (2010), Mortazavi (2003) and MC2010 (2010) models
318 predict satisfactdly the ratios d/fco only for heavy AFRP confinemeni{>4). Overall, none of the

319 aforementioned models can predict satisfactorily the values of Jégufid ec/eco for FRP CRuC.
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320 Proposed Model

321 Based on regression analyses of the experimental results, a new model for FRR gRpaGsed in the

322 following. The model is based on the active confinement model by Mander (@988) (which isa

323 modified version b Popovics (1973) equations), and on a refined version of an incremental iterative
324  procedure based on latetalaxial strain relationships proposed by Papastergiou (2010). The model by
325 Mander et al. (1988) was originally developed for steel confined concrete and conaifamilf of axial

326  stress-strain curves at different values of constant lateral confinemenirprapplied to the concrete core

327 The stress-strain curves can be determined using equations (5) to (7).

f;‘C wxr
= 5
Je r—1+x" ®)
where
SC
x = 6
gcc,a) ( )
E
r=—FF7=3°9 (7

E co Esec,w

328 where {, andec,, represent the ultimate compressive strength and corresponding strain ofuiblg act

329 confined concrete andd&, is the secant modulusdi/ecc.) for the corresponding confinement ratig..

330 The lateral strain of the FRP jacket was determined following gemenadtion (§ proposed by

331 Papastergiou (2010) :

[ = (%(ET‘S— 1) +V)EL; ®)

332 where a and b are empirically calibrated factors,yaisdhe concrete (initial) Poisson ratio.

15



333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

Based on the equations above, the accurate predictign, &£, @ and b is key in establishing a reliable
characterization of laterab-axial strain relationships (i.e. the relationship betwaemd :), which is
essential to develop a model that can accurately capture the behavior ofcGifined with different

amounts of FRP.
The following sections provide a brief description of the procedure used to detehmiabove parameters.

Axial stress and strain at peak stress

A regression analysis of the experimental results was used to capture thé stnehgfirain enhancement
ratios (i.e. &./fer andecclee) at different confining pressures. These ratios form the basis of the acti
confinement model (equations 5-7) and are varied as function of the confinemenbwtid ¢ach iteration

(see iterative procedure below).

The ultimate compressive strength.{f at each AFRP/CFRP confining ratio can be calculated using

equation(9).
fcc,w = fer(1.06Bw,,; + 1.25) 9)

The ultimate strain at peak stresg () may be predicted for AFRP and CFRP using equation (10).

cr

f 1.2
Eccw = Ecr <4.7 (% - 1.25) + 1.5) (10)

where § andec are the critical stress and strain, respectivelyfaisdan effectiveness factor, determined

as follows.

To capture the elastic behavior and the increasewitti increasing jacket stiffnesthis model usesf(as
opposed tocf as used in Jiang and Teng (20 apastergiou (2010) and Toutanji (1999)) to determine the
strength and strain enhancemeaf.(fe: andecc./ecr, respectively) at different confining levels. This is due

to the fact that, unlike conventional confined concrete, the onset of crackingi® @eurs at a relatively
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352 higher load (thus increasing the elastic region), which leads to a much bigblatif’e to the elastic stress

353 of the unconfined concretedjf as observed in previous research (Raffoul et al. (2017)).

354 Based on calibration with test data, the variationsimad a function of § and normalized confinement
355 stiffness K, was determined using equation (11), wheegawas determined as function of;, les shown

356 in equation (12).
fer = foo(—6.5x107°K}, + 5.8x1073K;y, + 0.8) (11)
Ecr = £co(—5-2x107°K}, + 5.2x107°K,, + 0.0011) (12)

357 where K, is determined as follows:

K = D F. (13)

358 wherep is an effectiveness factor (calibrated with test data) that accountsef@ffect of the type of
359 confining material on the critical and ultimate stress-strain behavior of CRuCilj@esion sectio'CFRP

360 vs. AFRP confinemeii]. Based on the experimental data, B was found to be 0.75 for CFRP and 1.0 for
361 AFRP confined cylinders, thus indicatia®?5% reduction in the effectiveness of the CFRP compared to

362 AFRP with identical confining stiffness.

363  Lateral to axial stress-strain relations

364 The value ot (equation (8)) has a significant influence on the gradient of the lingasfihe stress-strain
365 relationship (slope of line B-C in Fig. 3) and it also controls the coeneryof the model. Based on single
366 and multiple objective genetic algorithm optimization (Chipperfield arankiig 1995), the optimal
367 combination of a and b to fit the experimental data of the average plots feved§ of AFRP/CFRP
368 confinement was obtained. The optimization function criterion was to minim&error between the

369 experimental and predicted curves in terms of the area under the curves (both lateral and asimhsiress-
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curves) as well as the ultimate conditions for 2,3 and 4 layers of AFRP ari®l SDRRItaneously. Based
on the optimization analysis, a constant valuedfwas found suitable for all of the tested configurations
The resulting values of b were found to vary with confining jackdéhess. As such, equation (14) was
developed to describe the variation of b withd€d account for the effect of multiple confining layers and

different FRP material.

b =2.15+0.004K;, (14)

Iterative procedure

The proposed analytical model asssthat at a given confinement ration), concrete with either passive
or active confinement exhibits similar axial stress and strain values (Jiang an@0Dahd?apastergiou
2010). Accordingly, the axial stress)(for the FRP-confined cylinders atgiven axial strain4;) and

confining pressurex,i) can be determined using the following iterative procedure:

1. An initial value of axial straineg) is imposed (for example; = 50Qug).

2. A small initial confining ratio is assume@{=0.001). The corresponding ultimate stregs fand
ultimate strain4.,,) for the currenty, are calculated using equations (9) and,(fégspectively.

3. Atthe assumed confining pressure, the axial stgésslétermined using the base active
confinement model (equation)}5

4. The lateral straing() is calculated using equation (8) and the corresponding confinement ratio
(ow) is determined using equation (4), whexeis substituted with the lateral strain of the
corresponding iteratiorg]. If ow coincides with the initial confinement ratio.{) applied in step
2, then § ande. (determined in steps 3 and 1, respectively) correspond to a point on the predicted
stress-strain curve of the FRP-passively confined concrete. Otherwise, steps 2 to dated rep

using the updated confinement ratia4 until the two ratios converge.
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391 5. The above steps are then repeated with an incremental increase gienerate the full stress-
392 strain curve for FRP CRuC. The incremental process ends when the lateral failure.gjrain

393 the FRP confinement is reached (refer to values in Table 3).

394 Model Predictions

395 Figures 12 a and b compare the curves predicted by the proposed model and the averagntatperi
396 results for AFRP and CFRP CRuC cylinders, respectively. The results indicaie tgexeral, the model
397 predicts well the average initial stiffness, critical stress amaghstgradient of the curve and the ultimate

398 stress and strain values of the tested cylinders.

399 Figures 13 a and b compare the test results and the predictions of the main curetepar@aimate
400 conditions §J/fer andecdecr, respectively). Fig. 13a-b include data from individual cylinders asasethe
401 average data used to calibrate the predictive model equations in the previous seatiehbé noted that
402 the model overestimatesd/fe and ecder for CRUC with light AFRP confinement (2LA), while it
403 underestimates these values for heavy CFRP confinement (4LC). This slagbpdixy is attributed to
404 the difficulty of achieving a unified model with a regression that fitepdy all levels of confinement. An
405 accurate prediction of the ultimate conditions dhdecc) requires a simultaneously accurate prediction of
406 the stress and strain at peakdhdsc), whichis difficult to achieve. The high standard deviation (compared
407  to typical concrete) can be attributed to the higher variability of aggregstibution, but also to the fact
408 that the standard deviation is calculated for a ratio {e/ger), which effectively implies that any error in
409 the prediction of either value further increases the value of deviatdzhtidnal experimental datasets can
410 be useful to further calibrate values eff§ andecdecr for CRUC. Overall, however, the predictions of
411 ultimate conditions are within the expected variability of the individual test datd{gel3 and Table 3),

412  with an average standard deviation of 18% {¢i.fand 35% foecdec:.

413 It should be noted that the proposed model is only applicable for high rubber contents as those used in this

414  study (60% aggregate volume replacement). To date, research on CRuC with higltonbdras is not

19



415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

available in the literature, and therefore further research is necessatigladevthe accuracy of the model
using other experimental datasets and to extend the model to other rubber déutignetsesearch should
also extend the applicability of the proposed model to other widely aeadabfining materials (such as
Glass or Basalt FRP) as well as evaluate the use of internal reinforcement (Josklgspaced stirrups)
for confining RuC in applications where high compressive effectivenesstisequired. The lower
effectiveness observed in CFRP CRuC also requires further investigation. Exparamdratnalytical work
on the cyclic behavior of highly-deformable structural elements made with FRIE @GRs also been

conducted by the authors and will be reported in future publications.

CONCLUSIONS

This article proposes a new analysis-oriented stress-strain model forizatdbmncrete (RuC) confined
with FRP composited.he model is calibrated using test results from monotonically and cyclicallydoade
RuC cylinders confined externally with 2, 3, 4 or 6 layers of AFRP or CFRP sheatd. @athe results of

this study, the following conclusions can be drawn:

1) FRP-confined RuC (FRP CRuC) made with high rubber volumes (>60% of aggeggatement)
can develop high compressive strength (up to 100 MPa) and very high deformationsréaméal st
of 6%). This innovative concrete can be used to build strong and highly defoR@tdenponents
for structural applications.

2) The confining effect of FRP activates earlier in FRP CRuC than in coomeh#RP-confined
concrete, which in turn leads to enhanced strengths and strains in FRP CRuC (enhancesnent ratio
of 11 and 45, respectively). The better effectiveness of the confinemehe ctributed to the
large initial lateral strains in the RuC used in this study, whichateghe FRP early. Whilst the
confinement was very effective in enabling the development of high strength amnchalefity,
the initial stiffness of CRuC is similar to the stiffness of unconfined RarGufd 10 GPa).

Depending on the applications of CRuUC, serviceability issues arising from its lowsstifaavell
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as its shortening (ai.f may be resolved by design, e.g. section size or geometry, so as to maintain
adequate stiffness at serviceability limit states, yet develop enhancechakgbar capacity and
energy dissipation at ultimate limit states.

3) The test results confirm that, unlike conventional FRP-confined concrete, the voltinecFit P
CRuUC cylinders tested in this study undergoes continuous contraction. An increasgtriesthat
cracking (§) was also observed. Such behavior needs to be considered in the development of
constitutive relations of CRuC.

4) The use of CFRP confining sheets led to lower strengths and strain effectiwbeessompared
to AFRP sheets with identical confining jacket stiffness. Future research shoedtigate tb
reasons behind this behavior.

5) Existing stress-strain models for conventional FRP-confined concrete cannot girediehavior
of the tested FRP CRuC cylinders. The new analysis-oriented model proptisedtudy predict
well the stress-strain relationshigsboth AFRP and CFRP CRuC (average standard deviation for
predictions of the ultimate conditions <5%). However, future research should vdielateuracy
of this model using other experimental datasets and different types of FRP (e.g. hlasstdFRP
sheets).

6) The model proposed in this study can be used to predict the envelope curve of CRu€dstject
a series of unloading and reloading cycles and provides a first step towanitsgdégifull cyclic

constitutive stress-strain behavior.
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NOTATION

The following symbols are used in this paper:
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Eco
E
Esec
Eseco
fe

feo
fec
focw
fer

fi

fi

Eax
Ec
Ecc
Eccw

Eccl

cylinder diameter;

concrete initial modulus of elasticity;

FRP tensile modulus of elasticity;

secant modulus of elasticity of concrete at various stress and strain values;
secant modulus of actively confined concretd.{,, andec.,,) for the correspondingw;
axial compressive stsin confined/unconfined concrete;

compressive strength of unconfined concrete;

compressive strength of confined concrete;

ultimate compressive stress of actively confined concrete at corresparging
critical stress;

lateral confinement pressure;

tensile strength of the FRP coupon;

FRP jacket stiffness;

FRP jacket stiffness normalized to the unconfined concrete strength;
number of layers of FRP confinement;

thickness of one layer of FRP sheet;

FRP confinement effectiveness factor;

cylinder axial strain (in absolute value);

axial strain in confined/unconfined concrete in compression;

ultimate axial strain in FRP confined concrete in compression;

ultimate axial strain in actively confined concrete at corresponsling

ultimate hoop lateral strain in FRP confined concrete in compression;

axial strain at peak stress in the unconfined concrete;

axial strain in FRP confined concrete at critical stress;

ultimate elongation of FRP coupons (in direct tension);

lateral strain in confined concrete at different levels of stress;
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491 g = cylinder lateral strain (in absolute value);

492 g = lateral strain in FRP confined concrete at critical stress;
493 &yl = volumetric strain;

494 v = initial Poisson’s ratio;

495 vy, = Poisson’s ratio at critical stress; and

496  ow = mechanical volumetric confinement ratio;

497 REFERENCES

498 ASTM Standard C1231/C1231M-15. (2015Btandard practice for use of unbonded caps in determination of
499 compressive strength of hardened cylindrical concrete speciim®83M International, West Conshohocken
500 P.A.

501 Batayneh, M. K., Marie, 1., and Asi, 1. (2008). “Promoting the use of crumb rubber concrete in developing countries.”
502 Waste Manage., 28(11), 2172176.

503 Becque, J., Patnaik, A. K., and Rizkalla, S. H. (2008halytical models for confined concrete with FRP tubds.

504 Compos Constr, 10.1061/(ASCE)1090-0268, 7(1),-38.

505 Bompa, D. V., Elghazouli, A. Y., Xu, B., Stafford, P. J., and Riggan, A. M. (2017). “Experimental assessment
506 and constitutive modelling of rubberised concrete materials.” Constr. Build. Mater., 137, 24@60.

507 Buyukozturk, O., and Tseng, T. (1984). “Concrete in Biaxial Cyclic Compression.” J. Struct. Eng.
508 10.1061/(ASCE)0733-9445(1984)110:3(461§1-476.

509 Chang, G. a, and Mander, J. B. (1994). “Seismic Energy Based Fatigue Damage Analysis of Bridge Columns : Part 1
510 - Evaluation of Seismic Capacity by.” NCEER Technical Report No. NCEERR-0006; State University of New
511 York, Buffalo, New York.

512  Chipperfield, A. J., and Fleming, P. J. (1995). “The MATLAB genetic algorithm toolbox.” IET.
513 Cui, C, and Sheikh, S. A. (2010). “Experimental study of normal-and high-strength concrete confined with fiber-

514 reinforced polymers.” J. Compos. Consirl0.1061/(ASCE)CC.1943-5614.0000116, 5531.

515 Dai, J., Bai, Y., and Teng, J. (2011). “Behavior and modeling of concrete confined with FRP composites of large
516 deformability.” J. Compos. Constr., 10.1061/(ASCE)CC.1943-5614.00Q20974.

517  Duarte, A. P. C., Silva, B. A,, Silvestre, N., de Brito, J., Julio, E., and Castro, J. M. (2016). “Tests and design of short
518 steel tubes filled with rubberised concrete.” Eng. Struct., 112, 27286.

519 BSI (British Standards Institution)2@{11). “Cement, Composition, Specifications and Conformity Criteria for
520 Common CementsBS EN 197-1: 2011, London, England.

521  Fardis, M. N., and Khalili, H. H. (1982). “FRP-encased concrete as a structural material.” Mag. Concrete Res.
522 34(121), 191202.

523 fib Model Code (Fédération internationale du béton). (2010). Model CodEdiacrete Structures 2010. Berlin,
524  Germany.

525  Flores-Medina, D., Medina, N. F., and Hernan@g#ares, F. (2014). “Static mechanical properties of waste rests of
526 recycled rubber and high quality recycled rubber from crumbed tysed as aggregate in dry consistency
527 concretes.” Mater. Struct., 47(7), 1183193.

528  Ganesan, N., Raj, B., and Shashikala, A. P. (2013). “Behavior of Self-Consolidating Rubberized Concrete Beam-
529 Column Joints.” ACI Mater. J, 110(6), 697704.

23



530
531
532

533
534

535
536

537
538

539
540

541
542

543
544

545
546

547
548

549
550

551
552

553
554

555
556

557
558

559

560
561

562

563
564

565
566

567
568

569
570

571
572

573

Garcia, R., Jemaa, Y., Helal, Y., Guadagnini, M., and Pilakoutas0k4)2‘Seismic Strengthening of Severely
Damaged Bean@olumn RC Joints Using CFRP.” J. Compos. Consi{rl0.1061/(ASCE)CC.1943-5614.0000448,
18(2), 04013048.

Giineyisi, E., Gesoglu, M., and Ozturan, T. (2004). “Properties of rubberized concretes containing silica fume.”
Cement Concrete Res., 34(12), 23P317.

Jiang, T., and Teng, J. G. (2007). “Analysis-oriented stressstrain models for FRRonfined concrete.” Eng. Struct.,
29(11), 29682986.

Kotsovos, M. D., and Newman, J. B. (1981). “Effect of boundary conditions upon the behaviour of concrete under
concentrations of load.” Mag. Concrete Res., 33(116), 1870.

Lam, L., and Teng, J. G. (2003). “Design-oriented stressstrain model for FRRenfined concrete.” Constr. Build.
Mater., 17(6), 471489.

Lam, L., and Teng, J. G2004). “Ultimate condition of fiber reinforced polymer-confined concrete.” J. Compos.
Constr, 10.1061/(ASCE)1090-0268(2004)8:6(539), 5398.

Lam, L., Teng, J. G., Cheung, C. H., and Xiao, Y. (2006). “FRP-confined concrete under axial cyclic compression.”
Cement Concrete Comp., Elsevier, 28(10),-983.

Li, G., Pang, SS., and Ibekwe, S. 1. (2011). “FRP tube encased rubberized concrete cylinders.” Mater. Struct., 44(1),
233-243.

Li, G., Stubblefield, M. A., Garrick, G., Eggers, J., Abadie, C., and Huang, B. (2004). “Development of waste tire
modified concrete.” Cement Concrete Res., 34(12), 228339.

Lim, J.C. and Ozbakkaloglu, T. (2014 onfinement model for FRP-confined high-strength concréteCompos.
Constr, 18 (4), 10.1061/(ASCE)CC.1943-5614.0000376, 04013058.

Mander, J. B., Priestley, M. J. N., and Park, R. (1988). “Theoretical stress-strain model for confined concrete.” J.
Struct. Ehg., 114(8), 18041826.

Matthys, S., Toutanji, H., and Taerwe, L. (2006). “Stress — Strain Behavior of Large-Scale Circular Columns Confined
with FRP Composites.” J. Struct. Eng.10.1061/(ASCE)0733-9445(2006)132:1(123),1233.

Meding N.F., Garcia, R., Hajirasouliha, 1., Pilakoutas, K., Guadagnini, M., and Raffol20%8( “Composites with
recycled rubber aggregates: properties and opportunities in constru€arstr Build. Mater., 188, 884897.

Miyauchi, K., Inoue, S., Kuroda, T., and Kobayashi,(1999). “Strengthening effects with carbon fiber sheet for
concrete column.” Proc. Jpn. Concr. Inst., 21(3), 143358.

Mortazavi, A.A. (2003). Repair/stregthening of RC columns witl? FRhD Thesis, University of Sheffield.

Mortazavi, A. A., Pilakouts, K., and Son, K. S. (2003). “RC column strengthening by lateral pre-tensioning of FRP.”
Constr. Build. Mater. 17(6), 49497.

Neville, A. M. (1995). “Properties of Concrete.” Pearson Education Limited, Essex, England.

Osorio, E., Bairan, J. M., andari, A. R. (2013). “Lateral behavior of concrete under uniaxial compressive cyclic
loading.” Mater. Struct., 46(5), 76924.

Ozbakkaloglu, T. (2013)Compressive behavior of concrete-filled FRP tube columns: Assessfreeitical column
parameter$ Eng. Struct.p1, 188-199,

Ozbakkaloglu, T., and Akin, E. (2012). “Behavior of FRP-Confined Normal- and High-Strength Concrete under
Cyclic Axial Compression.” J. Compos. Consirl0.1061/(ASCE)CC.1943-5614.0000273, 4433.

Papastergiou, P. (2010). “A confinement model for concrete wrapped or pretensioned with FRP. PhD Thesis.”
University of Sheffield.

Paulay, T., and Priestley, M. J. N. (1992). Seismic Design Of Reinformect €&e And Masonry Buildings. John Wiley
& Sons, Inc.

Pilakoutas, K., RaffoulS., Papastergiou, P., Garcia, R., Guadagnini, M., and Hajirasouliha, I. (2015). “A study of the

24



574
575

576
577

578
579
580

581
582

583
584

585
586

587
588

589
590

501
592
593

594
595

596
597

598
599

600
601

602
603

604
605

606
607
608
609
610

reuse of all tyre components in concrete: The Anagennisi Pfbjattrnational conference on sustainable
structural concrete, La Plata, Argentina, Argentina.

Popovics, S. (1973)A numerical approach to the composite stress-strain curve of con@eta. and Concr. Res.,
3(5): 583-599.

Raffoul, S., Garcia, R., Escolano-Margarit, D., Guadagnini, M., Hajirasoulihandl, Pilakoutas, K. (2017).
“Behaviour of unconfined and FRBenfined rubberised concrete in axial compression.” Constr. Build. Mater.
147, 388397.

Raffoul, S., Garcia, R., Pilakoutas, K., Guadagnini, M., and Medina, N. F. (2016). “Optimisation of rubberised
concrete with high rubber content: Arperimental investigation.” Constr. Build. Mater., 124, 391-404.

Rousakis, T. C., and Athanasios, K. I. (2012). “Adequately FRP confined reinforced concrete columns under axial
compressive monotonic or cyclic loading.” Mater. Struct., 45, 95B75.

Rousaks, T., and Tepfers, R. (2001). “Experimental investigation of concrete cylinders confined by carbon FRP
sheets, under monotonic and cyclic axial compressive load.” Research Rep., 44.-87.

Saadatmanesh, H., Ehsani, M. R., and Li,WI.W. (1994). “Strength and ductility of concrete columns externally
reinforced with fiber composite straps.” ACI Struct. J., 91(4), 43447.

Spoelstra, M. R., and Monti, G. (1999). “FRP-confined concrete model.” J. Compos. Constrl090:0268/99/0003-
0143-0150/, 143150.

Teng, J. G., Huang, Y. L., Lam, ; L, Ye, L. P., Lam, L., Ye, L. P., Lam, ; L, and Ye, L. P. (2007). “Theoretical model
for fiber-reinforced polymetenfined concrete.” J. Compos Constr, 0.1061/ ASCE_1090-
0268(2007)11:2(201), 26210.

Teng, J. G., Jiang, T., Lam, L., and Luo, Y. Z. (2009). “Refinement of a design-oriented stressstrain model for FRP-
confined concrete.” J. Compos. Constr., 10.1061/(ASCE)CC.1943-5614.00D0Pa9-278.

Toutanji, H. A. (1996). “The use of rubber tire particles in concrete to replace mineral aggregates.” Cement Concrete
Comp., 18(2), 135139.

Toutanji, H. A. (1999). “Stress-strain characteristics of concrete columns externally confined with advaneed fib
compaite sheets.” ACI Mater. J., American Concrete Institute, 96(3),-3974.

Youssf, O., ElGawady, M. A., Mills, J. E., and Ma, X. (2014). “An experimental investigation of crumb rubber
concrete confined by fibre reinforced polymer tubes.” Constr. Build. Mater., 53, 52832.

Zhang, B., Yu, T., and Teng, J. G. (2018ehaviour of concrete-filled FRP tubes under cyclic axial compre3sion
J. Compos. Constr., 10.1061/(ASCE)CC.1943-5614.00Q0%%3).

Zinno, A., Lignola, G. P., Prota, A., Manfredi, G., and CoseBz&010).“Influence of free edge stress concentration
on effectiveness of FRP confinemé&rfompos. Part B: Eng., 41(7), 5532.

25



611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

List of Figures

Fig. 1. Typical test setup for compression tests on FRP CRuC cylinders

Fig. 2. Schematic view of instrumentation: a) plan view and b) elevation

Fig. 3. Schematic representation of a) the strain-stress performance of CRuC, b) ahiervafiE: as
function of stress, and c) its derivative function

Fig. 4. Typical failure modes for a) AFRP or b) CFRP CRuC

Fig. 5. Behavior of AFRP CRuC (a, b and c¢) and CFRP CRuC (d, e and f)

Fig. 6. Variation in critical stress and strain, Poisson's ratio and confinemesd atrd strain effectiveness
as function of confinement stiffness

Fig. 7. Average normalized stress-strain behavior of RuC cylinders confined witind,8layers of CFRP
or AFRP

Fig. 8. Average normalized stress-strain behavior of small and large cylindensecbwith AFRP (a) and
CFRP (b)

Fig. 9. Average volumetric strains for small cylinders confined with AFRP/CFRP

Fig. 10. Experimental results and existing model predictionsdif.ffor: a) AFRP and b) CFRP CRuC
cylinders

Fig. 11. Experimental results and existing model predictions.#d., for: a) AFRP and b) CFRP CRuC
cylinders

Fig. 12. Experimental stress-strain curves and model predictions for a) AFRP and b) CFRP CRuC
Fig. 13. Performance of proposed model in predicting strength (a) and strain (b) enhancéio®enfora

AFRP and CFRP CRuC

26



634

635

636

637

638
639

List of Tables

Table 1. Mean mechanical properties of RuC at 28-glays

Table 2. Mechanical properties of FRP composites based on direct (tensile) coup

pn tests

Table 3. Main test results from cylindgrs

27



640

641

642

Table 1. Mean mechanical properties of RuC at 28-days

Compressive strengt Strain at peak strengt Modulus of elasticity

(MPa) (He) (GPa)
Mean SD Mean SD Mean SD
7.6 1.3 1350 200 10.3 1.8
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Table 2. Mechanical properties of FRP jackets based on direct tensile coupon tests

. No. of tf f fr, ave E; Erave & EfU,AVG
Fibertype | vers (mm) (MPa) (MPa) (GPa) (MPa) (%) (%)

oL 040 2410 116 2.08

Aramid 3L 060 2705 2430 140 1220 19, 206
AL o080 2180 800 149 (69 54 (0119
oL 037 2040 242 0.84

Carbon 3L 056 2000 (28%%5 220 (igf’) 0.88 (g'g%
AL 074 2150 220 o9 @

*Standard Deviation
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Table 3. Main test results from cylinders

D K; fec Avg for Avg ec  Avg Eer Avg  &d  Avg e Avg Ver Avg  fedfeo  ecdeco

(MPa) (MPa) (SD) (MPa) (SD) (%) (Sb) (%) (sp) (%) (SD) (%) (SD) (sp) (Avg) (Avg)
2A-M1 39.9 8.1 3.78 0.102 1.42 0.040 0.39
2A-M2 44.6 8.7 4.60 0.116 1.93 0.033 0.28

0.36

40.1 10.7 3.90 1580 155 665 50 289

2A-C1 976 395 o 117 oW 416 S0 0221 080 151 05 0067 S50 032 (0.08) g ing
2A-C2 3096 12.9 3.40 0.201 1.44 0.093 0.46
2A-C3 37.0 121 3.58 0.161 1.44 ; ;
3A-M1 735 128 4.97 0.125 1.62 0.052 0.42
3A-M2 66.2 11.2 551 0.162 1.40 0.065 0.40

135

69.9 5.41 1800 157 525 031 85 401

3A-C1 1464 702 o 186 (1) 496 o 0273 ol 120 DL 0054 oo 020 oo O G
3A-C2 69.8 11.2 6.02 0.183 1.90 0.049 0.27
3A-C3 69.6 13.7 561 0.159 1.62 0.043 0.27
4A-M1 101.4 153 7.25 0.272 1.80 0.065 0.24
4A-M2 90.7 136 5.56 0.237 1.39 0.070 0.30

92.5 13.9 6.05 2010 1.63 580 030 113 44.8

4A-C1 1952 898 o L6 (g 549 070 0170 o 161 TS 0045 a0 026 o o8 o
4A-C2 90.1 13.0 6.36 0.158 171 0.041 0.26
4A-C3 90.3 16.1 5.58 0167 1.64 0.070 0.42

3A-M1-L e 361 gea 99 gg 342 oo 0196 o 146 g, 0062 o 032 oo go oo

3A-M2-L 365 O3 g5 02 354 O 5993 G0 4,49 ©O [ggq (35 (39 (005 (00) (09

GA-M1-L 1050 787 439 162 454 603 o0 0265 00 1200 gy 0073 goe 027 58 197 429

6A-M2-L 722 @D 459 @GN g5 03) o34 (2200 355 05 g5 B9 pg 001 (02) (26
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2CM1

2C-M2

2CC1

2CC2

2CLC3

3CM1

3C-M2

3CLC1

3CC2

3CLC3

4CM1

4CM2

4CC1

4CC2

4CC3

3C-M1-L

3C-M2-L

6C-M1-L

6C-M2-L

1665

2498

3330

1665

3330

33.6
29.8
34.2
36.0
31.7
46.4
51.2
49.9
49.6
28.¢
63.7
61.6
49.9
57.9
66.1
29.6
30.8
58.0

59.7

33.1
(2.4)

49.3
(2.0)

59.8
(6.3)

30.2
(0.9)

58.8
(1.2)

11.2

11.4

114

12.4

13.6

16.0

13.3

11.6

8.4

154

15.4

16.7

12.4

12.8

11.4

128

14.1

14.4

12.0
(1.0)

12.3
(3.2)

14.5
(1.9)

12.1
(1.0)

14.2
(0.2)

2.69
1.73
1.96
2.83
2.30
2.56
2.63
3.20
3.69
2.00°
4.07
3.24
3.01
3.26
4.26
1.96
2.15
3.19

3.51

2.30
(0.47)

2.82
(0.65)

3.57
(0.56)

2.05
(0.1)

3.35
(0.2)

0.160

0.181

0.159

0.316

0.259

0.292

0.193

0.270

0.145

0.275

0.214

0.235

0.206

0.222

0.261

0.213

0.281

2150
(695)

2250
(685)

2305
(270)

2470
(480)

0.74
0.62
0.79
0.90
0.73
0.75
0.85
0.88
1.09
0.58
0.85
0.81
0.55
0.61
1.02
0.48
0.68
0.87

0.70

0.76
(0.10)

0.82
(0.20)

0.77
(0.19)

0.58
0.1)

0.78
(0.1)

0.073

0.063

0.069

0.110

0.133

0.100

0.072

0.097

0.030

0.059

0.058

0.080

0.034

0.044

0.080

0.068

0.069

0.071

895
(305)

745
(320)

550
(175)

735
(88)

695
(10)

0.45

0.35

0.43

0.35

0.51

0.34

0.37

0.36

0.21

0.21

0.27

0.34

0.17

0.20

0.26

0.32

0.25

0.42
(0.07)

0.32
(0.07)

0.24
(0.07)

0.29
(0.05)

4.9
(0.4)

7.3
(0.3)

8.8
(0.9)

4.4
0.1)

8.7
(0.2)

17.1
(3.4)

22.4
(3.9)

26.4
(4.1)

15.2
(1.0)

24.8
1.7)

# Premature failure of test set-up or instrumentation
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