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Abstract

Uniaxial cyclic and monotonic compression testseagarried out on partially and fully wrapped conere
cylinders with Carbon Fibre Reinforced Polymer (EfjRvet lay-up sheets. The influence of the concrete
compressive strength, CFRP stiffness, geometridirmament arrangement and loading type on the
compressive behaviour of reinforced concrete coletements of circular cross section up to thelufai
was assessed. A uniaxial stress-strain constitutivdel is proposed, and the results obtained fiwen t
experimental tests were used to calibrate sombeeoparameters of this model, and to appraise tteemo
performance. This model allows the simulation ahferced concrete members by using Timoshenko
one-dimensional elements, in the context of thigefialement method (fibre model). Good agreemeist wa
obtained between numerical simulations and expetiaheesults for both monotonic and cyclic loading

tests.
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model
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1. Introduction

In the last decade the use of Carbon Fibre Reiatbreolymer (CFRP) materials has significantly
increased, being the confinement of concrete cotunmme of the most promising applications of this
composite. In fact, wet lay-up CFRP sheets, arrdnigeorder to constitute partial or full wrapping
confinement systems, can be used to significamttyeiase the load carrying and energy dissipation
capacities of circular concrete columns. The magieitof these structural improvements depends on
several parameters, such as: concrete strengthPQieRcentage; geometric confinement arrangement;
column aspect ratio; arrangement and percentagexisting steel reinforcement. The remarkable
properties of CFRP sheets, like the low weighthhstrength and easy installation, make them highly
suitable for the confinement of reinforced conci@®€) columns. However, the elastic behaviour up to
the abrupt rupture of these materials should bertakto account, due to the brittle failure modd &sa
consequence in terms of the ductility performarfc€®RP confined columns.

Several experimental studies [1-6] have been achoig to understand the role of CFRP sheets as
a confining material, and to derive enough data tiam be used for the development and appraisal of
constitutive models. Most of the studies have Hawited to the monotonic compressive loading, excep
few ones [7-9] that have investigated the influeotthe cyclic loading on the behaviour of FRP doed
concrete elements. The CFRP confinement effectseio@ plain concrete cylinder specimens of small
dimensions was investigated by Stehal. [8] and Lamet al. [9], while Ferreira [10] explored the CFRP
confinement effectiveness on larger column elemefitsoncrete strength range representative of the
concrete structures requiring strengthening intairee.

In past, some researchers ([1] and [11]) modifieel aniaxial stress-strain model proposed by
Manderet al. [12] for concrete columns confined with steel heaj take into account the assumption of
constant confining pressure exerted by the stegb$iowhich can not be assumed for FRP materials due
to the linear elastic behaviour of these composifeso their brittle failure. In the present woeknew
model is proposed to simulate the behaviour of CRRIP and partially confined RC columns subject to
cyclic loading. The considered monotonic stresahstrelationship (envelope of the cyclic curve, as
proved in a previous work — Ferreira [10]) is suped on the principles proposed by Harajlal. [13],
while the hysteretic stress-strain cycles wereveeriusing an approach similar to the analytical ehad
Chang and Mander [14], and evaluating relevant maters of this model from the available

experimental data.
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With the purpose of developing a constitutive mddelCFRP confined circular concrete columns
subject to monotonic and cyclic loadings, the pneseork starts with the presentation of the relévan
results of the experimental program carried othatUniversity of Minho. The constitutive modelien
described and the values of crucial parametersletermined from the experimental results. Findthg
performance of the developed constitutive modelclvivas implemented into a FEM-based software for

the material nonlinear analysis of concrete stmestuwas appraised using the experimental results.

2. Experimental research
2.1 Specimen nomenclature and properties
The experimental program deals with monotonic ayddic axial compression tests on concrete cylinders

of 200 mm diameter (D) and 600 mm height (H), déddin the G1, G2 and G3 groups, whose

and & are the

characteristics are indicated in Tables 1 to 3peetvely. In these table$ UG

co,UPC
concrete compressive strength of unconfined plaincete (UPC here after) specimens and its
corresponding axial strain, respectively. A totdl 38 RC specimens were tested to evaluate the
effectiveness of full and distinct partial confinemt CFRP arrangements. The experimental program was
planned to assess the influence of the followingapeters on the concrete confinement effectiveness:
concrete strength class; stiffness and percentddeF&P; concrete free space between CFRP strips;
number of CFRP layers per each strip. The influen€ethe longitudinal and transversal steel
reinforcement arrangements in terms of compresgtrength, energy dissipation and ultimate
deformability was analyzed in a previous publicatif6], and, as expected, their relatively low
contribution was in the range indicated by avadatgisearch on this topic.

Each specimen is designated\@sSjLkFI_c/m, whereWi represents the strip width in mi§j is the
number of strips along the height of the cylindgtrepresents the number of CFRP layers per eagh stri
andFI represents the diameter of the longitudinal dtee$, in mm. To distinguish cyclic from monotonic

tests, thec character was attributed to the cyclic tests, avttiem letter was used to designate monotonic
tests. Fig. 1 represents the characteristics ofyfiieal specimens, wherg, is the spacing between steel
hoops ands, is the clear spacing between consecutive CFRP stfgesfyfll wrapping s, = 0). The

diameter of the steel hoopsly, see Fig. 1) is 160 mm, with a concrete cover @frin, while the

diameter of its cross-section is 6 mm. All the spemns were reinforced with four longitudinal ba4$8
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in some series and®™L0 in the other series, see Fig. 1) equally spaxea distance of 80 mm from

longitudinal axis of specimen.

In Tables 1 to 3f , and &, (see Fig. 4) are the ultimate concrete compressiemgth of CFRP
confined concrete specimen and its correspondinia akain, respectivelyt, is the thickness of the
CFRP sheet, ang, is the CFRP volumetric ratio given by:

_ WiLst, .
P=4— 4 1)

where the values d#, L andS can be derived from the specimen designationgeasribed above. CFRP
confined and UPC cylinders of each series weregrezbfrom the same concrete batch. Two cylinders
were tested for each confinement arrangement, sasvéor UPC. More details about the preparatibn o

the specimens can be found elsewhere [10].

2.2 Material properties

Two types of CFRP sheets were used in the expetahprogram, one with the trade name of CF120
(200 g/nt of fibres) and the other designated as CF130 ¢#00 of fibres). The mechanical properties of
the sheets were determined by experimental tesfv@rsamples for each type of sheet. The teste wer
conducted according to ISO recommendations [15¢ TR130 sheets had a thicknegsaf 0.176 mm,

an elasticity modulusk ), an ultimate straing() and a tensile strengthj in the fibre direction of
230 GPa, 1.33 % and 3070 MPa, respectively. Indabts with CF120 sheets the following values were

obtained: t; = 0.113 mm; E; = 232 GPa;eq, = 1.52 %; fr, = 3535 MPa. The values of the mechanical

properties of longitudinal and transversal stees la@e included in Table 4. In this tabfg,, fg, and f_,
represent the tensile yield stress, hardeningssaad tensile strength, respectivedy, and &, are the

steel strains corresponding g, and f_ , and E;and E,, are the elasticity modulus and the tangent

modulus at the initial of the hardening phase, @etpely.

2.3 Test procedure
Three Linear Variable Displacement Transducers (I¥Dwere placed at 120° from each other around
the cylindrical specimen to measure the axial dispients. The specimens subject to cyclic compeessi

loading were tested under force control at a I@a€e of 15 kN/s. The cyclic loading started at alltzvel
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of 1000 kN and ended at 2000 kN, with increment2%0 kN. Each load level was composed by three
repeated cycles with the same amplitude. The uelbdanches were reversed to reloading at a load
level of 30 kN. After the last cycle, the test veamducted in displacement control, at a displacemsa

of 5um/s, up to the rupture of the specimen. The monottasts were performed under displacement

control at a displacement rate ofuf/s.

2.3 Experimental results

Figs 2(a) and (b) illustrate the typical correlasdetweent andp , and betweeg, /¢ and

cu / fou,UPC co,UPC

po , respectively. Tables 1 to 3 and Fig. 2(a) reubat the load carrying capacity of the specimens
increased withp;, regardless the type of confinement arrangemeimiceSfor the sameg, partial
confinement arrangements require smaller area pn€rete treatment for the application of the CFRP
material than in the case of full confinement, exait benefits can result from the option for thenfer

to increase witho. However, when

confinement strategies. Fig. 2(b) also shows aeeeylof ¢, /¢,

compared to the trend observed in the/f .. -& , a high dispersion was registered. Due to the

accumulation of the concrete compressive plastarstmainly in between CFRP strips, Fig. 2(b) show

that, for similarg, partial confinement arrangements presented lagggs, .. ratio than full-wrapping

configurations.

Typical stress-strain curves of monotonic tests eyulic tests are compared in Fig. 3 (see alsodahl
The stress-strain curves of all tested specimensvaailable in Ferreira [10]. From the analysis-if. 3

it is observed that a good fit exist between theetope of the cyclic stress-strain curve and thesst
strain curve of the corresponding monotonic tesie €nvelope curve can be idealized as composed by
three branches. The first one, of an almost lirezrd with a slope that depends basically on the RC
properties, is followed by a transition branch afrqpunced non-linearity, which ends in another afmo
linear branch of a slope that depends, mainly,len@FRP confinement properties. This slope has a
tendency to increase wih. In each series of load cycles, the concrete axiain increased from the first

to the third cycle. This increase can be justifigdthe concrete dilation, mainly at the zones itwleen
CFRP strips. Due to the increase of tensile striaitise CFRP in subsequent load cycles of eacksefi
load cycles, an increase of confinement pressuirgrisduced into concrete by the CFRP system, hence

the reloading branch of the last cycle of eacheseof load cycles (the returning to the monototiase)
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has exceeded the load carrying capacity of the hmgnaos monotonic specimen. As expected, this
behaviour was more pronounced in the full-wrapppecsnens. It is also verified that the unloading
branch is eminently nonlinear, while the reloadimgnch is composed by nonlinear segments of reduced
amplitude at its extremities, connected by a lineat.

Considering the shape of the unloading and relgatliranches, it is not possible to adopt a
polynomial equation for their simulation. Thereforteansition type equations (described later) are
adopted to provide the required curvature to thainear parts of the unloading and reloading brasch
Another prominent feature, which is visible in Fgj.is the asymptotic nature of the reloading binainc
the vicinity of the envelope curve. Assuming thad.F represents the fundamental features of CFRP
confined concrete and, comparing Fig. 3 with Figit & observed that the non-linearity of the ealing
branch is more pronounced near the envelope chareih the starting part of this branch (at poininN
Fig. 4). In consequence, two transition type equmstiare required to model a reloading branch uheo
envelope curve.

The unloading secant stiffnesk

cgem

), see Fig. 4, is neither equal to the initial Ygisnmodulus

(E;) nor to the reloading secant stiffneds (). The E

cseal

is always greater than the corresponding
E..., - This implies that in a full unloading-reloadingcte, the reloading strains(,,, point M in Fig. 4)
on the envelope is always greater than the unlgestiin on the envelope(,, point L in Fig. 4).

The plastic straing,, , is one of the most crucial features of the cyttists. Shaet al. [8]

considered that during an hysteretic phase, theiplatrain is kept constant, regardless of beiffiglar
a partial unloading. However, Fig. 2 does not supiiis assumption.

In the successive series of load cycles, a tendécthe decrease in stiffness of unloading and
reloading branches was observed in all tested ses. The decrease in the stiffness of these beanch
diminished with the increase of the specimen adeflormation. The stiffness of the unloading and
reloading branches seems to approach a constam Vedsidual stiffness) with the increase of the

specimen axial deformation.

3. Constitutive model for CFRP confined concr ete elements
3.1 Compression envelope curve
The monotonic compression stress-strain envelopeecis composed of a linear branch (indicated as

zone | in Fig. 4), followed by a transition nonlarebranch (zone 1l) and ends with another nonlinear
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branch (zone Ill). In zone | (branC)_P) the CFRP has marginal influence, while zonebfhﬁch@) is
significantly influenced by the effective laterakpsure provided by the CRFP confinement arrangesmen
Zone Il (branchP_Q) is clearly nonlinear, connecting the branches ¢iraulate the zones | and Ill. This

nonlinearity is a result of the concrete nonlinkahaviour due to its crack initiation (near poinnHAFig.
4) and propagation up to a strain level correspuntbh the initiation of the UPC softening phaseirfp®

in Fig. 4). According to this approach, the zorflot 0< £, < £,,) is simulated using the following egs.:

fc (SC) = Eci & (23)
E.(¢,)=E; (2b)
ECP = ﬂgco,UPC (2b)

where E; is the concrete initial Young’s modulus calculatetording to the recommendations of CEB-
FIB Model Code [16] for UPC, or evaluated experitadly. The parametef3 represents the percentage
of £,ec UP to which UPC has linear and elastic behavidlne available experimental research [10]
shows that3 has a tendency to increase with the concrete assjwe strength. For the concrete used in
the present work, & = 0.4 was assumed. The transition curve that siesilhe zone Il, starts from an
already well-known pointe,,, f.,) (a subscript is used to designate starting point) with corresiiag
slope (E_,) , and ends at a target poif,, f,) (a subscripb is used to designate ending point) with a
slope (E,) . In Fig. 4 the start and target points of zoneokrespond to points P and Q, respectively. The

transition curve (fore, < €, < £,) is simulated using the following egs.:

fo(6) = Tt (6~ €a)[Eu + Ale, — 6] ] (3a)
E.(6,) =E. + AR+Dg, —&,[" (3b)
R= Eca - Ecsec and A= Ecsec_ Ecg (3C)
Ecsec_ Ecb Ep ~ gca|
— f(:b - f(:a\
csec Ecb _gca (3d)

In Table 5E, and f, represent the tangential modulus and the stressilated ats, from Eq. 2
(zone ), andE, and f, represent the tangential modulus and the stresslated ate,, on zone I,

according to the procedures to be described insteps. In the present approach it is adopted that:
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o = Veourc 4)
From the available research [10] it seems reasentblassume that the lateral confining pressure
provided by CFRP systems becomes significant (aimmax tensile strain in the CFRP of about 2%o) at

an axial compressive strain arouhde¢,, .. , resulting a value of 1.5 for the parameter.
If £, represents the ultimate axial compressive straidFRP confined concrete, considering the
high dispersion for thee /&, values, an upper bound for thg, /&, . -pr relationship was

considered, resulting:

&, =(800p; + 6, e fOr 0.0025< p, < 0.017: (5)

The stress-strain relationship for zone Ul {< ¢, < ¢,,) is defined from the following egs. (Haragtial.

[13]):
fc = foo,UPC + kl fI (6a)
£, = Emure {u kz[ - 1]} (6b)
fi=f, +f, % (6¢)

where f, is the effective lateral confinement pressigeandk; are confinement effectiveness coefficients
derived from the experimental results, is the area of concrete core confined by steel oo@asured
from the centre line of the steel hoop, @pds the area of the specimen cross section. Ir(@&. f, and

f, represent the effective lateral confining pressxerted by CFRP and steel hoops, respectively, and

they can be determined from the following eqs.:

_afeafvpf Ef <

fa = 2 f (72)

fS| = e azw Ps fwt

(7b)
where g, is the lateral strain in CFRP confinement stripg,is the volumetric ratio of steel hoops

(Manderet al. [12]), f,, is the yield stress of steel hoops, anda,, are the coefficients that account for

the effectiveness of the FRP systems in confinhig doncrete along the plane of the specimen cross

section, and the concrete between FRP strips, etisply [12]. The coefficientsr_ and o, account for

the effectiveness of the steel hoops in confining toncrete along the plane of the specimen cross



Varma, R.K., Barros, J.A.O., Sena-Cruz, J.M. (209@inerical model for CFRP confined concrete elemenbject to monotonic
and cyclic loadings, Composites Part B, 40(8): 786-

section, and the concrete between steel hoopseatdsgly [12]. The confinement is considered to be

most effective in case of circular columns, where=a_ =1, while for the remaining cases these

coefficients are evaluated from:

s 2
-2)
@, = (8a)
1—7
A
=)
a, =27::~ (8b)
1—7
A

where A, is the cross section area of the longitudinalldiees. The relationship between the obtained

experimental values ok =(f,—f,..c)/ f and f /f is plotted in Fig. 6 in order to derive an

oo UP co,UPC

analytical relationship fok, . This relationship can be divided in two partsfdot, Fig. 6 shows that for
all specimeng, has a tendency to increase sharply up to a pdak @ad then decreases exponentially.

To represent the influence of the on thek - f / f relationship, markers of a size that increase with

co,UPC
the increase op, were used to distinguish the curves of Fig. 6. @armg Figs. 6(a) and 6(b) it can be
observed that, for the same, k, is as high as larger is the concrete compressigagth. However, for

same concrete strength clagsdecreases with the increase mf. Based on the results of Fig. 6, the

following equations fork, were obtained:

K =mf/ fupe OF £/ fy pe (0.12-0.0025,, . ) (9a)
k= (4.4- 0.05 00 )(f) Mg ) fOF £/ £, 0 > (0.12-0.0025,,,.c ) (9b)
| A
9 2.4-0.05 o (9c)
C= 7 P e ) s Au L A, =(0.92f,,,. + 096
log(0.12-0.0025,,,. ) (0.12-0.0025,, 5 ) ' 16

The variation of k, with g, , derived from the experimental results using Eh).6
K, = (&, /Ewurc ~D/(f,/ foopee 1), is represented in Fig. 7. This figure shows thahas an exponential
increase with the increase ef. A tendency for an increase Rf with the decrease of the concrete

compressive strength is also apparent. Adoptingttaegy of attributing markers of a size promoal
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to p, , this figure shows that, regardless the concreémgth classk, is as high as low ig, . Based on

the obtained results, the following equations watained:

k, =D, (&)™ (10a)

_ (7.2- 0.05, 0 )

D,, Top, . E,, =(0.49- 0.0028,, .. ) o;** (10b)

The concrete tangential modulug, (&,) , is derived from the chain derivative rule:

o€
E ()= O %8 tor £o <& <&, (zonelll) (11)
g, 0¢,

[

3.2 Cyclic hysteretic branches

The proposed compressive hysteretic scheme is shmwig. 5: (i) complete unloadingX — B); (ii)
complete reloadingB — C - D ); (iii) partial unloading with complete reloaditgh - B' - C' — D");
(iv) complete unloading with partial reloading A- B - E' ) and; (v) random loading
(A-B - E"- F" - E" - J). Complete unloading here refers to unloading ftbenenvelope curve
until zero stress; similarly, complete reloadinfers to reloading up to the envelope curve andtiglar
unloading/reloading refers to all the other posgsibhloading/reloading cycles that do not fall inbe

above categories. If,, is the unloading strain and,,, its corresponding unloading stress on the

envelope curve (Fig. 4), then unloading from thiénp (&, ), with reversal slope&_, (= E

ci !

un fcun pOint

A in Fig. 5), will target the point B4, , 0 ), with target slopee,, (point B in Fig. 5), where, is the

plastic strain ancE, is the tangential modulus of unloading curvesgtthat can be determined from
Chang and Mander [14]:

&,
E.n=0.1E; ex —% 2 (12)
gco,UPC

In the CFRP confined specimens, the degradatiothefstiffness of the unloading branches (),

during the axial deformation of the specimen, was so pronounced than in UPC specimens, since
CFRP confinement arrangements avoid concrete sgadind the buckling of the longitudinal bars.

Normalized unloading secank(,./E, ) versus normalized unloading straig,(/&,, ) is plotted in Fig.

10
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8 using the obtained experimental data. The folhgwequation forg,

csecu

was determined, considering the
lower bound of the analyzed data:

E...=E; for 0<¢,,, <0.03Z,

csecu

c -0.28 (13)
Ecsecuzo‘Sazci [ﬁ] for gcun > 0032'(:“
£EU
and the plastic strain is determined from (see #)g.
fcun
gcpl = T (14)

The equations of the transition curve (Eq. 3(aad§) used to join the initial poi#t and the target poiri
(see Table 5)

One of the most commonly observed behaviour ofinedfconcrete under a complete cycle is the ghift i
the strain and stress, represented in Fig. Asasand A, respectively. Due to the difference in unloading
and reloading stiffness, the reloading branch asyains the envelope curve at higher strain contptoe
the unloading strain on the envelope curve, givisg to a strain shiftAs, . A linear dependency between
As, and g, with a regression coefficient of 0.96, was oledin

As =019¢,, (15)
Unlike to what happens in unconfined RC column @ets subject to cyclic loading, where the shift in
stress,Af,, depends on the unloading strain of the envelapeec Fig. 9 shows that in CFRP confined
concrete Af, depends on the latest unloading straip,. It should be noted that this unloading strain can
lie on the envelope curve (the strain at point Atfee BCE' reloading branch, in Fig. 5) or on a cyclic
reloading branch (the strain at poit for the F'E'J reloading branch, in Fig. 5). If,  represents a
general unloading stress on either the envelopeec{oorresponding to point A in Fig. 5) or on palrti
reloading branch (corresponding to poit in Fig. 5), andg,, its corresponding strain on the

respective branch, Fig. 9 represents the relatipristtween the normalized stress shﬁL/(fmg) and the

normalized axial unloading straiz,( /&, ), which can be simulated by the following eq.:

] | (16)

Eang

a

A, =0. 14fmg(

11
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The complete reloading curve is defined by threiats@nd two connecting transition curves: thaahB,

intermediateC and targeD points (see Fig. 5). The first transition curvegects poinB (¢, , 0), with a

starting slopeg, , to an intermediate poird ( ¢

cun !

foe) With slopeE__, (see Table 5), wheré_,, and

E..., are the stress on the reloading branch and ietdial Young's modulus, respectively, determined

from:
foow=Ton O, 17)
f
EcnaN = R (18)
gcun - Ecpl

Similarly, the second transition curve connectgrimediate poinC (¢

cun?

few ) With @ slopeE__ , to

cnew ’

the return poinD (¢

cre?

f.. ), with a target slope, (see Table 5), where  andE,_ are the stress

re

corresponding to the returning straig, () and its tangential Young’s modulus calculatedl@nenvelope

curve, respectively. The parameters required ferctmplete reloading are calculated from:

E.=E (&) (20)
fo =, (&) 21)

After a partial unloading A - B') a partial or a complete reloading can occur.sfyeetive of being a

*

partial or a complete reloading, a modified intediaée pointC'(¢,,, f

n? " cnew

)y and a returning point
D'(e... f..) is calculated, based on the history of partiabading. The modified reloading straig() is

assumed to exist between the envelope unloadiam g

cun

) and the envelope reloading straig () for
the complete unloadingA — B) and complete reloadingB — D) branches. Similarly, a modified
intermediate stress {(,,) is assumed to exist between the envelope unlgasiress €, ) and the
intermediate stressf(_, ) for complete unloading and complete reloadinghbin@s. Linear interpolation

is used for the determination of tlg, and f__:

« &En—&

fcrs/v = fo,n _Nc = (22)
& —é’qj
. fo - f
E = cnew Ccro 23
e gcun - £CI'O ( )

12
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£.=E,, Iz, z‘:—:iz: (24)
E.=E (&) (25)
fr =t (€] (26)

where (g, f,,) refers to the reversal poif8' (see Fig. 5) located on the unloading curve, ahdand

E.. are calculated on the envelope curve. The tramsiturves are used to joB to C', andC' to

D' (see Table 5). In case of the loading p#h- B - E' - F', a partial reloading B - E') is

followed by an unloading E' — F') branch. It should be noted that the plastic st

) and its

corresponding plastic modulu€y, ) are dependent only on the unloading strain ofetireelope curve

(Egs. 12-14). From the experimental investigattowas found that for partial reloadin@®(- C - E'),
the unloading branclE’ - F' does not target the previous plastic strain (stedipointB). Hence, an

imaginary unloading strain is assumed to exist betwthe previous envelope unloading strady, (

corresponding to point A) and the envelope relogditrain (€

ae’?

corresponding to point D). A new

unloading straing,, is defined on the envelope curve (see pointgd, 5) adopting a linear interpolation,

which becomes the representative of the unloadiragns(on envelope curve) for future responses,iand

determined from:

£ =&, +[%J(sﬁ ~&.0) (27)

where ¢, is the strain corresponding & on the reloading branchB(— E'). The newly calculated
unloading strain on the envelope cung, ( corresponding to point I) is used to calculate iew plastic
strain 5;), (point F") and the new plastic modulllégpI using Eqgs. 12-14. The transition curve is used to
connect the point&’ and F' (see Table 5), wheré, is the stress corresponding4g on the reloading
branch B - E'). Once the unloading brandd’ — F' is initiated, the previous unloading strai),() on

the envelope curve is replaced by the newly caledlanloading strain on the envelope curgg ).

m

For a general loading path, illustrated By B' - E" - F" - E" - J, once first reloading starts, the

modified envelope reloading straing(, , corresponding to poinD') is calculated for the branch

B' -~ E" (same path a8’ - D') using Eq. (24). The calculated reloading straip,§ on the envelope

13
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curve is used to decide the subsequent unloaditis {&" — F" or E" - F), until a new reloading
branch (F" — E") is initiated. For the branclt” — F", an unloading strain is calculated on the
envelope curve using Eq. (27). In this Eq. the joesly calculated modified reloading strain is usad
transition curve similar t&€' —» F' is used to simulate the branch that connects digtpE"" and F" .
For the reloading branck™ - E" , it should be noted that the intermediate pdifit is calculated using
Eqg. (16), and the considered unloading stress taaith €orrespond to poirE" . The branchF"” - E" is
similar to branciB’ — C', except the calculation of the intermediate poWihen the reloading branch

F" - E" is extended up to the returning point J on enweloprve, point J is calculated using

previously calculated (modified) unloading stramthe envelope curve (from Eq. (27)).

4. Numerical Simulation

4.1 Introduction

A fibre model with the cyclic constitutive laws f@FRP confined concrete described in the previous
section was implemented into FEMIX computer prograrhich is based on the finite element method
(FEM). The constitutive model developed by Chand &ander [14] for the simulation of the cyclic
behaviour of steel bars was also implemented iMIX. The fibore model is capable of analyzing the
cyclic behaviour of three-dimensional RC frameacsithe beams and columns are simulated with 3D
Timoshenko finite elements. Each finite elemerdiseretized in fibres along its longitudinal direct A
constitutive law is applied to every fibre at mékltevel, according to the material charactersstnd, a
response is generated from each fibre. The colleasponse of the fibres produces the response at

structural level.

4.2 Model appraisal

4.2.1 Monotonic loading tests

The cylindrical RC column elements tested by Baewd Ferreira [6] were numerically simulated using
the values of the material properties included @bl€s 1 and 2 (see also Fig. 1). The constitutisdah

of the steel bars was defined using the valuesuded in Table 4. Along its longitudinal directioa,
column is discretized with three FE of three nodash, and two Gauss integration points per element

were considered for the evaluation of the stiffn@sdrix and internal forces. In its longitudinatetition

14
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the three FE were discretized in 48 concrete filanaes 4 steel fibres. The cross section of a fibas w
represented by eight nodded quadrilateral finiamgint. A 2x2 Gauss integration scheme was used for
the calculation of the stiffness and internal fereg the level of fibre cross section. The stees veere
assumed to be perfectly bonded and embedded iatodifined concrete. Fig. 10(a) and (b) shows that
the implemented model was able to simulate, witthraccuracy, the RC column elements subject to

monotonic loading. The simulations terminated wtienultimate strain was reached.

4.2.2 Cyclic loading tests

The values of the model parameters used for thelatian of W60S6L3F8 ¢ column are included in
Tables 3, 4 and 5. This column was discretized xactty the same manner as in the case of the
simulations for the monotonic loading tests. Fig(c) shows that the model used for the predictioth®
hysteretic behaviour of CFRP confined RC columrnsajzable to simulate satisfactorily the deformatlon
behaviour experimentally recorded. The simulatienminated after having been executed the pre-

established number of cycles.

4.2.3 Simulation of cyclic loading tests carried out by other researchers

An independent monotonic series [14] and two cysBdies [9] were considered to appraise the model
performance. Lgt. al.[14] considered circular specimen of 300 mm higt 460 mm diameter. The data
corresponding to the specimen is illustrated inl@#&b The cylindrical specimen was discretizedhire¢
100 mm length of three nodded finite elements, emwh was divided in 48 fibres in its longitudinal
direction. For the calculation of the stiffness antkrnal forces, a 2x2 Gauss integration schemg wa
used for each fibre cross section, and 2 Gaussgaiere used for the finite element in its longitiad
direction. The compressive cyclic loading testdqrened by Lamet al. [9] were also simulated by the
developed constitutive model. The data availablthéwork of Lamet al. [9], included in Table 6, was
used in the performed numerical simulations. Theer@tization and the integration scheme used ia cas
of monotonic simulations were also adopted forgpecimens subject to cyclic loading. The simulation
were carried out up to the end of the measuredrampatal strain. The numerical and experimental
stress-strain curves for monotonic and cyclic asialare compared in Fig. 11, from which it can be

concluded that the model is able to predict thparse with a very good agreement.
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5. Conclusions

In the present work a constitutive model to simaléte monotonic and the cyclic behaviour of CFRP
confined RC columns was developed. The concretenuad can be totally or partially wrapped with wet
lay-up CFRP sheets. The carried out tests showatdtlie stress-strain curves of the monotonic Iaadin
tests can be regarded as the envelope of the -strass curves of the homologous cyclic loadingges
The monotonic stress-strain curve was composedhi@et branches. The first one having a linear
relationship between strain and stress is govebyetthe characteristics of the concrete and conveati
reinforcement. The third branch, with a smooth ir@drity of the stress-strain relationship, is goeel

by the characteristics of the CFRP confinementngieenent. Finally, the second branch, which assares
continuous connection between the former and ttex lranches, has a pronounced nonlinearity and is
affected by the properties of the concrete, corieeat reinforcement and CFRP confinement
arrangement. The model herein proposed is capalpeetlict the stress-strain response of any arbitra
loading path. In fact, the deterioration in ternfslaad carrying capacity and stiffness caused kg th
unloading/reloading cycles was simulated adequataking into account relevant data derived from th
experimental tests. A stress-strain nonlinear imiahip was used to simulate both the unloading and
reloading branches, in agreement to the resultsrebd in the experimental tests. The model was table

simulate, with high accuracy, the tests carriedbyutlistinct researchers.
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NOTATION

A = | specimen longitudinal cross section
A = | cross section area of the confinement system
Ag = | area of specimen gross cross section
Ay = | cross section area of the longitudinal bars
CFRP = | carbon fibre reinforced polymers
D = | diameter of the column cross section
dy = | diameter of the steel hoop
E. = | Young modulus of Confined concrete
Eg = | initial Young modulus of UPC
Ecnen = | tangent modulus at the new stress point
Ecl = | tangent modulus when the stress is released
Ege = | tangent modulus at the returning poit(f..e)
E = | tangent modulus for concrete on compression epeel
= = | CFRP elasticity modulus
E. = | elasticity modulus of the steel bars
Eq = | tangent modulus at hardening strain for steel bars
f. = | concrete compressive stress
fep = | concrete compressive stress at point A
Tenew = | new value of stress corresponding to the unloastirain (&)
foo, UPC = | compressive strength of UPC
fep = | concrete compressive stress at end point of kone
fep = | concrete compressive stress at starting poinboé Il
fore = | stress on returning straig,f)
feu = | compressive strength of confined concrete
faung = | stress on FRP confined concrete at unloading $&air)
fq = | effective lateral confining pressure exerted IRRE
fi = | effective lateral confining pressure
s = | Steel stress at hardening
f _ | effective lateral confining pressure exerted byirady steel
s ~ | hoops

| fs = | Steel tensile strength

| for = | Yield stress of steel hoop bar
fo = | Steel tensile stress
F = | diameter of steel hoops bar
H = | height of the specimen
ki, ko = | confinement effectiveness coefficients
Ly = | number of CFRP layers per each strip
S = | clear spacing between consecutive FRP strips
S = | number of strips along the specimen
G = | Strain Gauge
S = | clear spacing between steel hoops
te = | thickness of the wet lay-up CFRP sheet
UPC = | unconfined plain concrete
W, = | strip width
o _ | coefficients that account for the effectivenesthefFRP

fe M systems in confining the concrete
e a _ | coefficients that account for the effectivenesthefsteel
e s hoops in confining the concrete
5 _ | percent OE,, pc UP to which UPC stress strain relation can be
assumed to be linear

y = | percent ok .. after to represent start of zone IlI
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& = | axial compressive strain

. _ | axial strain at compressive strength of unconfipletch
co,UPC concrete fo.upc)

Ep = | concrete axial compressive strain at end poiabok |

Expl = | concrete plastic strain

&0 = | concrete axial compressive strain at startingtpafi zone ||

c _ | strain on the FRP confined concrete envelope qooreting to
cre the return point

Eeu = | concrete axial compressive strairf gt

Eoung = | strain on FRP confined concrete at unloadingeiread) point

CFRP strain in the fibre direction

&t

Ehmax = | maximum tensile strain in the CFRP fibre’s direct
Eiu = | CFRP ultimate strain
& = | Steel hardening strain

. Steel ultimate strain
Jo = | CFRP volumetric ratio
O« = | volumetric ratio of steel hoops
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TABLE CAPTIONS

Table 1 - G1 group of testsf( .. =13.87 MPag,, . =0.27%)
Table 2 - G2 group of testsf( .. =30.31 MPag,, . =0.31%)

Table 3 - G3 group of testsf( .. =26.47 MPag_, . =0.30%)

,UPC
Table 4 - Data used in the numerical analysisrtaukite the behaviour of the steel bars, obtaineah fr
the experimental characterization.

Table 5 - Parameters for the transition curves

Table 6 - Experimental data used in the numericalistion
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Table 1 - G1 group of testsf( .. =13.87 MPag . =0.27%)
Specimen name ¢ fmm] D EqfEope | T/ Foure
WA45S6L3F8_m 0.113 0.003 5.82 1.99
WA45S6L5F8_m 0.113 0.0051 9.09 2.56
W60S6L3F8_m 0.113 0.0041 6.36 2.48
W60S6L5F8_m 0.113 0.0068 10.30 3.14
W600S1L3F8_m 0.113 0.0068 9.39 3.45
W60051L5F8_r?’| 0.113 0.0113 12.12 4.47
WA45S6L3F8_m 0.176 0.0048 10.00 2.60
WA45S6L5F8 m 0.176 0.0079 13.94 3.30
W60S6L3F8_m 0.176 0.00638 11.18 3.33
W60S6L5F8 m 0.176 0.0106 17.58 4.68
W600S1L3F8 m 0.176 0.0106 10.00 3.76
W600S1L5F8 m 0.176 0.0176 14.85 5.42
WA45S5L3F10_m 0.113 0.0025 6.09 1.95
W45S5L5F10_th 0.113 0.0042 9.60 2.37
W60S5L3F10_m 0.113 0.0034 7.91 2.37
W60S5L5F10_m 0.113 0.0057 12.27 3.16
W600S1L3F10_m 0.113 0.0068 8.98 3.38
W600S1L5F10_m 0.113 0.0113 10.41 4.06
WA45S5L3F10_m 0.176 0.0040 8.60 2.23
WA45S5L5F10_m 0.176 0.0066 12.12 2.76
W60S5L3F10_m 0.176 0.0053 9.78 2.66
W60S5L5F10_m 0.176 0.0088 12.22 3.34
W600S1L3F10_m 0.176 0.0106 12.87 4.52
W600S1L5F10_m 0.176 0.0176 14.55 5.42

P Used for numerical simulation
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Table 2 - G2 group of testsf( .. =30.31 MPag . =0.31%)
Specimen name ¢ fm] Pt Eu/Eoure | Tou/ Toure
W45S6L3F8_m 0.113| 0.0031L 3.07 1.48
W45S6L5F8_m 0.113| 0.0051 4.63 1.83

W60S6L3F8_ M | 0.113 | 0.0041 4.57 1.79
W60S6L5F8_m 0.113| 0.0068 5.97 2.21
W600S1L3F8_rh 0.113 | 0.0068 6.03 2.35
W600S1L5F8_m 0.113] 0.0118 4.67 2.36
WA45S6L3F8_m 0.176| 0.0048 4.40 1.74
WA45S6L5F8_m 0.176| 0.0079 6.17 2.00
W60S6L3F8_m 0.176| 0.006B8 6.17 2.10
W60S6L5F8_m 0.176| 0.0106 7.50 2.57
W600S1L3F8 m 0.176 0.0106 5.60 3.09
W600S1L5F8 m 0.176 0.0176 4.03 3.83
WA45S5L3F10_m 0.113 0.0025 2.28 1.43
WA45S5L5F10_m 0.113 0.004p 2.81 1.62
W60S5L3F10_m 0.113 0.0034 2.68 1.58
W60S5L5F10_m 0.113 0.0057 3.50 1.69
W600S1L3F10_m 0.113| 0.0068 4.17 2.36
W600S1L5F10_m 0.113| 0.0113 2.66 3.31
WA45S5L3F10_m 0.176 0.0040 3.18 1.52
WA45S5L5F10_m 0.176 0.0066 4.13 1.79
W60S5L3F10_m 0.176/ 0.00583 3.50 1.85
W60S5L5F10_m 0.176/ 0.0088 5.03 2.12
W600S1L3F10_m 0.176] 0.0106 291 3.17
W600S1L5F10_m 0.176] 0.0176 3.05 3.67

PUsed for numerical simulation
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Table 3 - G3 group of testsf(_ .. =26.47 MPag, . =0.30%)
Specimen name | { fmm] D Eu/Eoure | Tou/ Toure
W45S6L3F8 i | 0.113 0.0031 6.00 1.49
WA45S6L5F8_m 0.113 0.0051 8.00 1.97
W60S6L3F8_m 0.113 0.0041 6.33 1.89
W60S6L5F8 i | 0.113 0.0068 6.67 2.42
W600S1L3F8 _m 0.113 0.0068 8.33 211
W45S6L3F8_ ¢ 0.113 0.0031 5.00 1.62
W45S6L5F8 ¢ 0.113 0.0051 8.33 1.85
W60S6L3F8 ¢ 0.113 0.0041 6.33 1.78
W60S6L5F8 & 0.113 0.0068 9.33 2.03
W600S1L3F8 ¢ 0.113 0.0068 4.67 2.69

#Used in Fig. 2 for representation
Used for numerical simulation
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Table 4 - Data used in the numerical analysisrtaukite the behaviour of the steel bars, obtaineah fr

the experimental characterization.

Diameter Es fy & fon . fo Eq,
[mm] IN/mm? | [N/mm? | [mm/mm] | [N/mm?] | [mm/mm] | [N/mm? | [N/mm?]
6 212200.0 468.3 - 468.3 0.08 616.2 -
8 199800.0 517.2 0.0075 517.0 0.11 607.9 6400.0
10 200000.0 421.2 0.0075 421.2 0.14 539.8 6400.0
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Table 5 - Parameters for the transition curves

Zone I
Parameters P 0 A-B B-C C-D B - C cC' -D E' - F
£, Ep Eon £ Eon Eo Eon £y
fea fo fon 0 fonew foo foo fo
E. Ee = = Eqen (= = (=
£, £ £ Eon £, Eon £ Eu
fo fo 0 T onew foe fo fo. 0
E, Eq Es E ran Eve Een Eve E
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Table 6 - Experimental data used in the numericalition

_ W L S t; D H E feo,upc €co, UPC
Specimen name Pt
[mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [GPa] [MPa] | [mm/mm]
Li et al 300 1 1 0.138 150 300 232 0.00y3 17)2 0.002p0
Lam et al (A) 305 1 1 0.165 152 305 250 0.0043 41)1 0.00256
Lam et al (B) 305 2 1 0.165 152 305 250 0.0087  38)9 0.002p0
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FIGURE CAPTIONS

Fig. 1 - Confinement arrangements of the testedispns and corresponding cross-section. Note: all

dimensions are in millimetres.

Fig. 2 - (@) f,,/ fouee VS-Pr and (D)e, /e,0c VS-Pr for the specimens with longitudinal reinforcement

of 8 mm diameter (Table 1).
Fig. 3 - Cyclic and monotonic stress-strain curf@s(a) W45S6L3F8_m/c and, (b) W60S6L5F8_m/c
specimens.

Fig. 4 - Schematic illustration of the FRP-confirmxhcrete envelope curve.

Fig. 5 - Schematic illustration of the FRP-confiremhcrete hysteretic model

Fig. 6 - Variation of kwith f / f

for a) G1 (f = 13.87 MPa) and b) G2f(

0,UPC

= 30.31 MPa)

co,UPC co,UPC

group of tests. Note: all the square points arainbtl from the experimental results.

Fig. 7 - Variation of kwith ¢ for a) G1 (f =13.87 MPa) and b) G2f(_ .. =30.31 MPa) group

co,UPC
of tests. Note: all the square points are obtafread the experimental results.
Fig. 8 - Variation of normalized secant with noripadl axial strain

Fig. 9 - Variation ofaf_/ f,,, , with ¢ /¢

cun,g cun,g cu
Fig. 10 - Numerical and experimental results far@mens from groups: (a) G1, (b) G2 and (c) G3.

Fig. 11 - Numerical and experimental results forL{eet. al., (b) Lam et. al. (A), and (c) Lam &t @).
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Fig. 1 - Confinement arrangements of the testedispmns and corresponding cross-section. Noteimkdsions are in millimetres.
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Fig. 2- (@) f,,/f,uec VS-Pr @nd (b)e,, /€,c VS-pr for the specimens with longitudinal reinforcemeh8 mm diameter
(Table 1).
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