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NEAR SURFACE MOUNTED CFRP STRIPS FOR THE FLEXURAL STRENGTHENING OF

RC COLUMNS: EXPERIMENTAL AND NUMERICAL RESEARCH

By Joaquim A. OBarros, Rajendra K. VarnfaJosé M. Sena-Créizand Alvaro F. M. Azevedo

ABSTRACT

In the present work, a strengthening techniquedaseear surface mounted (NSM) carbon fibre
laminate strips bonded into slits opened on theiea cover is used to improve the flexural capadit
columns subjected to bending and compression.t&bimique avoids the occurrence of the peeling
phenomenon, is able to mobilize the full strengihgmrapacity of the strips, and provides higher
protection against fire and vandalism acts. Theqmepaper describes the adopted strengthening
technigue and reports the experimental characterizaf the materials involved in the strengthening
process. The results obtained in two series ofoased concrete columns, subjected to axial congpras
and lateral cyclic loading, show that a significertrease on the load carrying capacity can besaehi
by using the NSM technique. Cyclic material consitie laws were implemented in a finite element
program and the tests with reinforced concretemaokistrengthened with the NSM technique were
numerically simulated under cyclic loading. Thesenerical simulations reproduce the experimental

load-displacement diagrams satisfactorily.

Keywords: Near Surface Mounted Reinforcement, Reinforcedc@ta Columns, Strengthening,

Carbon Fiber Reinforced Polymer Strips, Bendinduraj Epoxy Adhesive

1. INTRODUCTION
Until the last quarter of the twentieth centuryssaic loading was not generally taken into account
in the design of reinforced concrete buildingsvaien considered, the resulting reinforcement datail

might not be satisfactory regarding the currentcitiral codes. For this reason, significant dantage
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occur in old buildings, even with the occurrencenafderate seismic loads. In most cases, columns
represent the most vulnerable elements sinceftikire leads to the collapse of the structure.

Since the beginning of the nineties conventionaienias used to strengthen reinforced concrete
(RC) columns are being replaced with carbon angsgiiare reinforced polymers (CFRP or GFRP). The
advantages of these composite materials are thegshvweight and stiffness/weight high ratios, & w
as the high resistance to environmental actiogbtriess, durability and ease of application [1-4].

In the present work a strengthening technique,dasdhe installation of strips of carbon fibre
reinforced polymer (CFRP) laminates into slits ogméon the concrete cover of the elements to
strengthen, is used to increase the flexural @@sist of RC columns failing in bending. These sthigge
a cross section of 9@.5 mnf and are bonded to concrete by means of an epdesae. This
technique is termed near surface mounted (NSMjtaraffectiveness in the flexural and shear
strengthening of RC beams has been already asg&s$6H

In recent years a significant amount of researchbde®n undertaken with the aim of accurately
modelling the cyclic behaviour of RC columns. Anensive review of available constitutive models and
appropriate FEM-based numerical strategies is phbtl elsewhere [11]. The most common approaches
regarding the modelling of RC columns with finiteraents involve a discretization with 3D solid
elements or with Timoshenko beam elements. Whea®@id elements are used, some elements represent
concrete and others simulate the reinforcementtieocase of Timoshenko beam elements each cross
section is discretized into fibers, correspondiogns to the concrete and the remaining to the
reinforcement [12]. Models based on 3D solid eletmi@ne more suitable to reproduce the behaviour of
RC columns subjected to any type of loading sucigrsficant shear forces or torsion. Timoshenko
beam based models are less demanding in termsmdutational resources but are more appropriate to
the simulation of columns mainly subjected to aziadl flexural forces.

In the present work, the effectiveness of the N8Sbhhique in the flexural strengthening of RC
columns was appraised by means of two series t3f t@ith different steel reinforcement ratios, sdbgd
to cyclic loading and constant axial compressialldrhese tests were numerically simulated with the
materially nonlinear algorithms of the FEMIX comeutode [13]. In the context of this work, additbn

cyclic constitutive material models were developed implemented in the code. The RC columns are
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discretized with 3D Timoshenko beam elements ach eeoss section is treated as a set of quadalater
sub domains (fibrous model, [12]).
In the following sections the experimental and nrioa research are described and the main

results are presented and discussed.

2. EXPERIMENTAL PROGRAM

The experimental program carried out in the condéthe current work is composed of eight
specimens and twelve tests as shown in Table 1.sBnies of columns reinforced with longitudinaledte
bars of 10 and 12 mm diametes;,, were used. The following denominations are adh@¥N series for
non-strengthened columns; PRE series for concodtennis strengthened with CFRP strips; POS series
for columns of the NON series which were strengéiteand then retested. The generic denomination of a
series i<Cnm_s, wheren represents the diameter of the longitudinal barsym, (10 or 12)mis equal to
a orb (aandb are two tests in similar conditions for statistiparposes), andis equal to NON, PRE or

POS.

3. TEST SETUP AND TESTING PROCEDURES

The test setup is shown in Fig. 1. Each specimenngosed of a column monolithically
connected to a footing, which is fixed to a founatablock by four steel bars. The cyclic horizortad
was applied by means of an actuator having a lapdgcity of 100 kN. The force was measured using a
tension/compression load cell that can reach ammamxi load of 250 kN with 0.05% accuracy. This load
cell was attached to the piston of the actuatdt Gkin Fig. 1). To avoid eccentric forces on #wduator,
a 3D hinge was placed between the column and #tkdell that measures the horizontal force. A watti
load of approximately 150 kN was applied to theuomh, which corresponds to an axial load ratio
of 0.22. The vertical load was kept practically stamt during the test by means of a 250 kN actuator
This actuator was supported by two bolted steed,hanich were fixed to the foundation block. Théahx
vertical force was measured with a 500 kN load wéh 0.5% accuracy (cell C2 in Fig. 1). Linear
variable displacement transducers (LVDT) were use@cord the horizontal displacements of the
column, as well as an eventual vertical movemetheffooting (see Fig. 2). The measuring stroke for
each LVDT is indicated in parenthesedZ2.5 or+25 mm). The location of the strain-gauges (SG) tvhic

were glued to the CFRP strips is also indicatefign 2.
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The tests were carried out with closed-loop sewotolled equipment. A displacement history
was imposed to LVDT1, with a full range of 50 mmdah05% accuracy, located at the level of the
horizontal actuator, see Fig. 1 and Fig. 2. Froenahalytical and numerical simulations it was vedf
that the steel yield initiation occurred for a fatedeflection of about 5 mm at the level of theibontal
actuator. Therefore, an increment of 2.5 mm wascsed in the present experimental program. This
increment was the same for all the specimens,dardo allow for the comparison of stiffness and
strength degradation for the same lateral deflasti@he displacement history included eight full

loading-unloading cycles2.5 mm, 5.0 mm,£7.5 mm,+10.0 mm+12.5 mm+15.0 mm+17.5 mm

and+20.0 mm, with a displacement rate of 150/s.

4. MATERIAL CHARACTERIZATION
4.1 Concrete

A low strength concrete was used for all testgriter to reproduce the type of concrete used in
the sixties and seventies. The concrete was cordprfs250 kg/m of normal Portland cement,
1196.5 kg/m of gravel 5-15 mm, 797.5 kgAof sand 0-5 mm, and 151.5 ffof water.

The uniaxial compressive behaviour of the concpéteach column series was assessed by
performing compression tests with two cylinderd 50 mm diameter and 300 mm height. These tests
were performed at 28 days and at the time the amduere tested. For each series of columns, two
beams with dimensions of 86D00x100 mni were also cast for assessing the tensile stréngténding
and the fracture energy of the concrete [14]. Hselts obtained in the compression tests indicated
average compressive strength, at 28 days, of 1€, Mith a standard deviation of 3.31 MPa. An
average tensile strength of 2.62 MPa, with a stahdaviation of 0.48 MPa, and an average fracture
energy of 0.08 N-mm/mhwere registered from the three-point notched beanding tests, at 28 days.
Table 2 and Table 3 include the values of the @trarompressive strength at the age of the column

tests.

4.2 Steel reinforcement
In the RC structures built in the sixties and sélesrsmooth surface steel bars were commonly
used. For this reason, this type of bars was aded in the reinforcement of the tested columnsagsess

the behaviour of the steel bars, uniaxial tensiftst were carried out in a servo-controlled testing
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machine, according to the recommendations of thefgan standard EN 10002 [15]. The yield stress
(fs), the ultimate stressy(), and the elasticity modulugd) of @6 bars are (as an average of the tests with
three specimensj,, = 352.4 MPafy, = 352.8 MPa, anfl; = 203700 MPa. The reinforcement details for

@10 andgl2 bars are presented later (see Table 6).

4.3 Epoxy mortar

An epoxy mortar was used to fix the CFRP lamin&debe column footing (see Fig. 3). The
epoxy mortar was composed of one part of epoxytlares parts of fine sand previously washed and
dried (parts measured in weight). The uniaxial caregive strength and the flexural tensile strenfith
the epoxy mortar were evaluated from tests in spess with 16840x40 mn7, at 48 hours and at 28
days, following the European standard [16]. At 481s, a compressive strength of 43.75 MPa, with a
standard deviation of 2.14 MPa, and a flexuralitersérength of 33.93 MPa with a standard deviatibn
0.57 MPa, were obtained. At 28 days, a compressreagth of 51.71 MPa, with a standard deviation of
0.47 MPa, and a flexural tensile strength of 3%#®a, with a standard deviation of 1.70 MPa, were
obtained.

In order to evaluate the adhesive properties oépiexy mortar relatively to a concrete surface, the
following procedure was undertaken: reutilizatidriree remains of previous bending tests with
850x100x100 mni beams, which were used to evaluate the propatitse concrete used in the
columns; utilization of the epoxy mortar to gluealbpieces together; test of the resulting specioveter
flexure load. In these tests it could be observat the fracture neither propagated across theyepox
mortar, nor across its interface with the conc(s¢e Fig. 4). Therefore, these tests indicatedtiieat

properties of the bonding between the developedyepwrtar and concrete are very good.

4.4 CFRP laminate strips

The CFRP strips, which were provided in rolls, hatliickness of 1.4%.005 mm and a width of
9.5%t0.09 mm (average values of 15 measures). To eedlnattensile strength and the elasticity
modulus of the applied strips, uniaxial tensileédegere carried out in a servo-controlled test rireech
(Instron, series 4208), according to the recommiamugof ISO 527-5 [17]. Strains were registered by
means of a clip-gauge with a measuring stroke ahff) whereas forces were obtained from a 100 kN

load cell with an accuracy less than 0.1%. Thesstetrain relationships obtained were linear up to
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failure, which indicates a brittle behaviour. Aagticity modulus of 159000 MPa and a tensile stiten

1741 MPa resulted from the tests.

4.5 Epoxy adhesive

The adhesive that was used to bond the CFRP $trigencrete was composed of two parts of
epoxy and one part of a hardening component (paetssured in weight). In order to assess the tensile
behaviour of the epoxy adhesive, five specimengwested with the same equipment and measurement
devices that were used in the uniaxial tensilestebthe CFRP strips (see the previous Sectior.tébts
were carried out according to the recommendatiéhS® 527-2 [18] and a load cell with 5 kN load
capacity was used. Fig. 5 shows the uniaxial stsain curves obtained in the tests. All the specis
exhibited similar uniaxial stress-strain relatiopshwith the exception of the fourth. However, siigant
differences are observed in terms of tensile sttepgobably due to spurious voids detected in the
fracture surfaces of the tested specimens. Inifatie fracture surface of specimen 4 the impédas
were all micro-voids, while in the other specim&oiis of a considerably larger size were observed.
According to the recommendations of ISO 527-2 [88] elasticity modulus of 502690 MPa was

obtained.

5. ADOPTED STRENGTHENING TECHNIQUE

Fig. 3 presents the strengthening technique addptate column elements. In a region 100 to
150 mm high at the bottom of the column (hereirigtested as “nonlinear hinged region”) the concrete
cover was removed. Afterwards, 5 mm wide and 15deap slits were cut in the concrete cover, in the
faces that will be subjected to the highest terstilesses. In order to anchor the CFRP stripseto th
footing, 100 mm deep perforations were made inespondence with each slit. Before the installatibn
the strips, all the slits and holes were cleanéagusteel brushes and compressed air. The CFRI2 stri
were cleaned with a solvent. The slits were thisedfiwith the epoxy adhesive and the strips were
installed into the slits. Finally, the nonlineangéd region and the holes in the footing weredilidth

the epoxy mortar. A detailed description of thisgthening technique can be found in [19].



Barros, J.A.O., Varma, R.K., Sena-Cruz, J.M., AzleyeA.F.M., (2008) Near surface mounted CFRP stfgysthe flexural
strengthening of RC columns - experimental and nigaleresearch, Engineering Structures Journall 30@412-3425

6. EXPERIMENTAL RESULTS
6.1 Load carrying capacity

The test series was carried out with the procediessribed in Section 3. Table 2 and Table 3
contain the extreme values obtained in the testth@ohorizontal force considering as positiveghtito
left force in Fig. 1 (the age of the columns atitestime is in parentheses). The observed maxirfaroe
differs significantly, even between specimens efdame series. This discrepancy is mainly dueto th
variability of the concrete properties and to saxeent lack of precision in the location of theeste
reinforcement. A significant increase of the maximioad of the columns of the PRE series
(strengthened before testing) and POS series (gtremned after testing) was observed, relativethéo
results obtained in the columns of the NON sedasexpected, the strength increase provided by the
CFRP was higher in the columns with lower longithadisteel reinforcement ratios (C10 series). The
increase of the load carrying capacity providedhgyNSM strengthening technique was similar in the

PRE series and in previously tested columns (P@&s3e

6.2 Force-displacement relationships

Fig. 6 shows two typical relationships betweenhbgzontal force and the deflection at LVDT1.
The envelopes of the relationships between fordedafiection at LVDT1 for all the tested columns ar
shown in Fig. 7 to Fig. 9. It can be observed timatolumns reinforced witlpl0 andgl2 bars, the
increase of the load carrying capacity occurredgeéind after yielding of the steel longitudinal
reinforcement, respectively. Up to a deflectiort #ygproximately corresponds to the yield initiatahn
the steel longitudinal reinforcement, the stiffnesthe columns of the POS series was, in genlenagr
than the stiffness of the columns of PRE and NOfésgesince, when tested, the columns of the POS
series were already significantly damaged. Thisatfis more evident in the columns possessing more
longitudinal reinforcement, since, due to the highmaximum load applied to these columns, the cdacre
was significantly more damaged. In general, a pponed pinching effect occurred (narrowing of the
hysteretic diagrams), indicating that these colutras reduced capacity to dissipate energy. Thévela
high concrete compressive axial stress (3.75 MR@}le low concrete compressive strength class
applied in the tested columns have contributethitoliehaviour. In the strengthened columns this
pinching effect was even more pronounced sincetaltige increase of the flexural carrying capacity

provided by the CFRP strips, the concrete axialpr@ssive stresses have increased. From the halzont
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forcevs. deflection at LVDT1 relationships recorded in tyelic tests, the following diagrams can be
obtained: dissipated energg. accumulated horizontal displacement, and maxirhanzontal force in
each series of load cycles horizontal displacement. Typical graphs for thedationships are depicted
in Fig. 10 and Fig. 11, which correspond to the IC2OS column. Due to the fact that this strengtigeni
technique does not provide significant concretdinement, the increase on the dissipated energy was

marginal. Table 4 includes the values of the datsip energy obtained in the cyclic tests.

6.3 Force-strain relationships

In the majority of the strengthened columns somBEEtrips have reached tensile strain values
close to their ultimate straifil %). As an example, Fig. 12 illustrates, for the catuC10a_POS, the
relationship between the horizontal force appl@the column and the strain measured in&6é
strain-gauge (see also Fig. 2). Due to the corttahwof the surrounding concrete, the maximum
compressive strain in the CFRP was about half #heevrecorded in tension. Relationships similar to

those depicted in Fig. 12 were obtained for theaiaing columns.

6.4 Crack patterns and failure modes

In all the tested columns a flexural failure modewtred. Fig. 13 shows the crack patterns that
could be observed in the four lateral faces tharnaks C10a_NON and C10a_POS, according to the
labels indicated in Fig. 2. These crack patteresepresentative of the NON and POS series of adum
The crack patterns of the PRE and POS series ofitd are similar (see also [19]). Fig. 13 showsitha
the NON columns the flexural failure crack formedre column-footing interface, while in the PRElan
POS columns a more diffuse crack pattern occutrethese cases the flexural failure crack is lotate
above the repaired zone, i.e., approximately 150abhave the column bottom surface. This new location
of the failure surface contributed to the increafsthe flexural load carrying capacity of the sgtrened

columns.

7. NUMERICAL SIMULATION
7.1 Introduction
A fibrous model with cyclic constitutive laws foorcrete and steel bars was implemented in the

FEMIX computer program [20], which is based onfih#ge element method. The fibrous model was
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incorporated in the three-dimensional Timoshenkanbénite element [12]. With this finite elementdan
the FEMIX framework, three-dimensional reinforcemhcrete frames with cyclic loading and nonlinear
material behaviour can be analysed. This modelusasd in the numerical simulation of the behavidur o
RC columns strengthened with the NSM techniquesartnitted to axial and cyclic lateral loads (see th
previous Sections). The simulated columns wereelized with isoparametric Timoshenko beam
elements with three nodes each. The cross sedtieach element is discretized with 4-noded
quadrilateral elements representing each a lonigalifibre (see Fig. 14). The geometry of the cross
section of each fibre can vary along the beam adenide material model may vary from fibre to fibre
thus allowing for the consideration of non constaoricrete properties in the cross section (e.g.,
unconfined and confined concrete). AR22Gauss-Legendre rule is adopted to evaluate thgrads

related to each 4-noded finite element used indtberetization of the cross section. In the intégythat

are required to evaluate the stiffness matrix &ednternal forces of the Timoshenko beam element a
Gauss-Legendre rule with two points is used. Adirgress-strain relationship was assumed for the
CFRP strips, in agreement with the results obtaingde experimental tests. The formulation thas wa
adopted for the simulation of the cyclic behaviofithe concrete and steel materials is briefly dbed

in the following sections. A more detailed desdoptcan be found elsewhere [21, 22].

7.2 Constitutive laws
7.2.1 Concrete cyclic model

Chang and Mander [21] developed a cyclic modelfaronfined and confined concrete based on
the expression that was originally proposed by T22{ito simulate the monotonic concrete compressiv
behaviour. Chang and Mander assumed that conarefecsed to a monotonic tensile stress can also be
simulated with the Tsai equation by selecting appate values for the parameters.

In the present work the aforementioned models dopted, with minor adjustments, to simulate
the concrete behaviour under monotonic and cyslding. These adjustments essentially involve the
calculation procedure of parametean Eq. (3) (see Appendix I). The new procedureased on

experimental results that suggest the calculatfadheparameter r with Eq. (4).

7.2.2 Seel cyclic model
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The original formulation of the Menegotto and Pintodel is adopted in the present work [24]. A
brief description of this model is included in Apypiix 11. Some adjustments are necessary, being the

main modification restricted to Eq. (22).

8. Model appraisal

The tested RC columns were numerically simulatet thie FEMIX computer code [20]. All the
tested columns were discretized with six isoparam&imoshenko beam elements with three nodes
each. According to the developed approach, atritgscsection level each fibre is discretized with a
quadrilateral finite element. These fibres aree@spnted by 4-noded finite elements withxa 2
Gauss-Legendre integration rule, thus simulatiegcitncrete core, concrete cover, steel bars andPCFR
strips. The concrete part of the cross sectiondissetized with sixteen quadrilateral elementchEa
longitudinal bar and each CFRP strip was simulati¢éd an additional quadrilateral element. A linear
stress-strain relationship was assumed for the C5tRR#3, in agreement with the results obtainetthén
experimental tests [19]. Table 5 and Table 6 ingltige values that were adopted for the parametats t
define the concrete and steel constitutive modks definition of the parameters included in thieddes
can be found in Appendices | and Il). These valuee obtained from tests that were carried out with
concrete and steel specimens, as described iro8ekti

Fig. 15 shows the comparison between the experahant numerical envelope curves for the
NON and PRE tested columns wiphO steel bars. It can be concluded that the impié@tenumerical
model reproduces the main phenomena observed exflerimental tests.

The POS columns require a two-phase structuraysisawithout and with strengthening. Since
the computer code cannot simulate a structure mélhe than one phase, the POS columns were not
numerically analyzed.

Fig. 16 includes, for the C12b_PRE column, the migakand experimental horizontal
force-deflection relationships. Regardless of adtyepredicting the envelope response, in the nicakr
model larger energy dissipation occurred when coatbaith the experimental test. This is due to the
fact that, in the present version of the programiais assumed that concrete behaves linear-elastita
shear, which is an inaccurate approach, and thastnebuckling of the steel bars was not integtate
the steel cyclic constitutive model. The incap&pitif the numerical model to simulate the pronowghce

pinching effect observed in the experimental testgles on the fact that the model, in the present

10
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version, can not model the debonding between reiafoent and surrounding concrete, which resulés in
reduction of the energy dissipation capacity of Rt column. To accurately simulate this effectpad

slip model needs to be implemented to model thel l@haviour between reinforcement and concrete.

9. CONCLUSIONS

A strengthening technique based on bonding CFRh&mstrips into slits opened on the
concrete cover was applied to RC columns subjdctedial compression and lateral cyclic loading.
Since the amount of CFRP strengthening was the $amadl columns, those with a smaller conventional
steel reinforcement @.0) had a larger load carrying capacity increa8Rthan those with@l2,
which had only a capacity increase of 34%. Withgheposed strengthening technique premature
debonding could be avoided, which allowed for thegibility of a full exploitation of the CFRP
resistance as was indicated by the attainmentgtf $tirain values. This fact lead to the failuresafe
CFRP strips in the base of the columns.

The obtained experimental results indicate thaptioposed strengthening technique is very
promising for increasing the load carrying capaoitgoncrete columns failing in bending. Howevex, a
was expected, the energy absorption capacity aested RC columns was not improved by this
technique, since it does not provide significantarete confinement.

With the aim of simulating the behaviour of reirded concrete columns strengthened with the
technique proposed in this work, a fibrous modéhwiyclic constitutive laws for concrete and stemis
was implemented in a computational code basednite flement techniques. This computational model
can simulate the cyclic behaviour in compressiahiartension of unconfined and confined concrete.
The numerical model has reproduced, with good ageeé the behaviour observed in the experiments,

being a useful tool for the analysis of this typatouctures.

11
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APPENDIX | - Chang and Mander Model

Fig. 17 represents the envelope curves and cydks iof the model. The superscript + or —
indicates that the parameter corresponds to deemscompressive state, respectively. The
non-dimensional stress-strain relationship of tinestope curve for the case of the compressive hehav

can be written in the following manner:

for 0<x. <X,

fo = fe ¥(X) (1a)
E.=E z(x)

for X <X <X

fo = o [Y(Xe) +1c 20%;) (¢ =% )] (1b)
B =B 2(Xs)

for X, >Xg,

(1c)

f,=E, =0

where f is the concrete compressive strength (for confemtrete f = f__; for unconfined concrete

f_=1f), E is the concrete initial Young’s Modulus (CEB-FIB9B, [26]),

- X
y(x) = D) )

2-(x) | .

%) = o00r

f . .
r=—<-1.9, withf, in MPa 4
25 « )

- r ()
+n - "
D(x,)=1 [nc r—ljxc + 1 forr#1

(%)
=1+[n, ~1+In(x)]x for r =1
In the above equations; , X, and n; are defined by
- _i T = SCCI' n’ —_ ECSCC 6
XC (‘:CC 1 XCCI' SCC 1 C fcc ( )
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In (6) £, is the strain that corresponds to the concretepcessive strength (for confined
concretee,, = ¢, ; for unconfined concrete, = ¢, whereeg,, and &, are the strains that correspond to

f. andf_, respectively). The parameter, represents the critical compressive strain, aftdch a

linear stress-strain relationship is assumed ferctncrete in compression (see Fig. 17).

The non-dimensional spalling strair, , determined according to Eq. (7), correspondiearaximum

compressive strain, after which, due to concreddling, it is assumed that the concrete residuahsgith

is exhausted.

- V%)
T T ) )

Egs. 1a and 1b define the rule 1, while Eq. 1ondsfihe rule 5. As already mentioned, the shapeeof
tension envelope curve is the same as that ofdhgession envelope curve [21], hence similar Egs.
be used to define the rule 2 (Egs. 8a and 8b) aedr(Eqg. 8c) of the concrete tension envelopeeLas

follows:

for x; <X,

fo" = T y(X) (8a)
Ei =E 2(X)

for X, <X <X,

fo = o [y + 10 206,) (¢ = %)] (8b)

E(:CI’ = EC Z(XK;ZI')

for X, > x,,
(8c)
fr=E =0
where
+_£c_£co +_Ec£d — vt y(xt;:r)
X = » N = andxclu_xccr_# 9
gcl ‘ fd nc Z(chr) ( )

with fy being the concrete tensile strength agds corresponding strain. All other rules corresiag to

unloading and reloading branches are representadiaysition curve, which starts from an already
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known starting point (a subscrigtis used to designate this poigg; f..) and slopeK,) that needs to be
evaluated, and ends at a target point (a subdrifptised to designate this poigg; fon), whose
coordinates, as well as the slope at this p&ig) freed to be calculated. The transition curve is

represented by

fc=fca+(‘gc_‘Eca)(Eca-'-'%|‘gc_‘gcar%) (10)
where

— Ecb - Ecsec and — Ecsec - Eca
R: Ecsec_ Eca At |£cb - ca|Rc (11)

The rules are summarized in Table 7. The paramasad in this table are calculated using the

expressions included in Table 8. In Table,7 and f, are the strain and the stress components of the

last reversal point. The paramefgy, (&;) in Table 7 represents the tangent Young’s Modatigraine;

for thek™ rule ( represents tha or b point). In Table 8f.* (&,) and EX (&) represent the stress and the

tangent elasticity modulus at strajy) evaluated with the equations that define the lepeecurves.

If, during the unloading process modelled with 18Je& reversal occurs (see Fig. 17), the values
that define the target point of the function thstablishes the rule 7 are obtained from linear
interpolation, using values calculated with theresgions of Table 8 corresponding to rule 7, as
described elsewhere [21].

Similarly, when a reversal in rule 4 takes placknear interpolation is used to obtain the values
of the parameters that define the rule 8. A revénsaule 9 is modelled with rule 11, while a resatin
rule 10 is simulated with rule 12 (see Fig. 17)otder to define the rules 11 and 12, the parasdb
are assumed to be located in the branches corréispgoto rule 9 and 10, respectively (in case of 12,

a is now the target point). The following equatisrused to obtain the strain at the target point

e (12)
EnmE En—El

A reversal in rule 13 is simulated with rule 14 igfhhas thé target point lying on the abscissa, whose

strain value,&

cl

,» can be calculated from the following equation

f
& =&, = (13)
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The shift in the tension envelope curve, whosenitédn is based on the strain parametgi(see Fig. 17),
is calculated as described in the following steps:

a) Calculate the compressive and tensile non-dimeakstrain ductility parameters

- Sr;un — “:(:un —500
Xy =0 andxg, =|=se—=
cc ct (14)
(Note: in the first iterations,= 0; in the first reversak,, = 0)
b) If X, <x, then
x;ﬁ = x;ﬁ 1 EEO = ()’ E}Ln = x;héli (155)

and the corresponding stresfs,,, is obtained from the tensile envelope curvegt. The shift is finally
calculated from

2 fc:n
E + B

csec

£ = Eq T DEL — X6, Where, Ag, = (16)

The utilization of the cyclic concrete model thaisadescribed above only requires the following

AN -3

cer ! cer *®

parametersk, fe, fu, &,

c !

Eqs
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APPENDIX Il — Menegotto and Pinto Model
Ten rules define the cyclic model assumed for diaed, being five associated with the
compressive state and the remaining with the tessdte. The tensile and compressive envelope surve

depend on the monotonic stress-straip- £, ) relations defined by rules 1 and 2, respectiyege
Fig. 18 and Fig. 19). The strain parametgr (Fig. 18), which is dependent on the experiendesitic

excursion into the envelope curve, can be relocateldscaled in order to simulate strength
degradation [21].

The stress and the tangent elasticity moduluseoétivelope curve are calculated with the
expressions defined by Egs. 17a and 17b. In theWolg equations the tensile envelope curve (rjilis 1
described by considering the (+) version of theapaaters, while the compressive envelope curve Rule

by considering the (-) version.

. + Pt
= E.g - sgn(Assl)+1(f; - £2) 1- siu gf
[ £ ] ? fu " (172)
1+ S iS
f%’
Pl
£, = SN Mg ez T
[ E55$J ufy (17b)
1+ =3
fW
where
+ + + gi _gi
£.=E,-¢,; pPeE, 2= (18)
fo—fy
As =&, €, De, =€, — &, for the case of the tensile envelope (19a)
Aey =g, — & DAg, = &4 — &, for the case of the compressive envelope (19b)

All the rules simulating the unloading and reloa@diomanches (see Fig. 19) are based on the model

proposed by Menegotto and Pinto [24]. The followatgiations define these branches

f,=1_+E (& —£$)[Q+%gj (20a)
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57 EM_QEB'& 20b
e 878 (20b)

fch - fsa

whereey, andfy, are the strain and stress components oétindial point, Eg, is the tangent elasticity

modulus at this point, and

1
e F R
A=l=|14]g fT8
c fo— fo
Essec_c
E (1)
Q===
for = fsa"'ELCi(gsb ~ &)
@-c®)"

An iterative procedure is required to obtain thaistand stress components that define the unigaatid

reloading branches. The parameters that define thiss are summarized in Table 9, whegeandfy

are the strain and the stress components of theelasrsal point, and,, and &,;, are the maximum

'smin
excursions into the tensile envelope branch araitire compressive envelope branch, respectively.
Table 10 shows how to calculate the parametersrezhby the rules indicated in Table 9.

In a cracked reinforced concrete element the sinetbge steel reinforcement attains a higher value
in the vicinity of the cracks than in the intaches. Therefore, when a steel constitutive modehsed
on the average stress, this stress is smallertiigaone that in reality occurs in the cracked z&we.this
reason, steel yield initiation at cracked zonewiscorrectly simulated if average stress values ar
adopted to characterize the stress field in a si@einvolved by cracked concrete. To overcome this
deficiency an improvement has been implementebdrptesent constitutive model by means of a

technique proposed by Stevens [25], which is baseal reduction of the tensile envelope curve (see

Fig. 18), according to the following recommendation

Af, =%5 f, C,, with f in MPa

S

1 for steel bars of high adherence (22)

G=91
5f,

in the remaining cases, with =13.5M

whereg is the bar diameter in millimetres.
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The utilization of the cyclic steel model that wiescribed above only requires the following paramset

Es fs, &g fan Esn &, andfy,.
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NOTATION

The following symbols were used in the paper.
Subscript s and ¢ denote steel and concrete résglgct
C/T = Compression /Tension

E

c/s

= initial Young modulus of concrete/steel

E.., = tangent modulus at the new stress point

E:/~ =initial Young’s modulus at reversal C/T branch
E, = tangent modulus when the stress is released
E.'" = tangent modulus at the returning poait( , f./*)
E, = tangent modulus of steel

E./* = tangent modulus at strain hardenimg/ ()

E, = tangent modulus of steel

E-"* = tangent modulus for concrete on C/T envelope
f.,. = concrete/steel stress

f, = peak concrete tension strength

f. = peak confined concrete strength

f~'* = concrete stress on the C/T envelope

f-* = new stress at the unloading strain for C/T

f-/* = stress at the returning straig;(*)

f* = ultimate (maximum) stress during C/T in steel

f-'* = unloading stress from C/T concrete envelopeeurv
f_'* = vyield stress during C/T in steel

n_'" = n value for the C/T envelope curve

R/~ = Menegotto—Pinto Eq. parameter

X = non-dimensional spalling strain
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Sy

X

non-dimensional strain on the C/T envelope

~/+

X

non-dimensional critical strain on C/T envelapeve.
£, = concrete strain

£, = concrete strain at peak confined stress

I+

&, = point of origin of the C/T envelope curve

&y = plastic strain
£, = strain at the returning point to the C/T envelopeve

£ = hardening strain during C/T in steel

I+

£* = strain at ultimate stres<{*)

su

& = strain at peak tension stress

I+

&,» = unloading strain from C/T concrete envelope eurv
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Fig. 1— Test set-up (dimensions in mm).
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Fig. 4 — Notched beam bending tests for the chariaetion of the concrete-epoxy mortar bond

performance: (a) test setup; (b) crack propagation.
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Fig. 7 — Force-displacement envelopes for all logdes of series C10_NON and C10_POS.
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Fig. 8 — Force-displacement envelopes for all logaes of series C12_NON and C12_POS.
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Fig. 11 — Variation of the peak load in the loadleg for C12b_POS column.
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Fig. 13 — Crack pattern on column C10a_NON (a)@hfa_POS (b). Note: thick line means higher

crack opening; shaded zone represents concretiatnaged.
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Fig. 15— Numerical and experimental results of the (a) CNIDN and (b) C10b_PRE columns.
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Fig. 16 — Numerical and experimental results of@i2b_PRE column.
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Fig. 17 — Schematic representation of the conangtlc constitutive model.
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Fig. 18 — Schematic representation of the paramévertthe steel cyclic constitutive model.
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Fig. 19 —Schematic representation of the cyclic steel carte model.
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Table 1. Denominations for the specimens.

Longitudinal Series
reinforcement NON®™ PRE? POg?
@) 2) 3) 4
4¢10 C10a_NON Cl10a_PRE Cl10a_POS
C10b_NON C10b_PRE C10b_POS
4¢12 C12a_NON Cl2a_PRE Cl2a_POS
C12b_NON Cl12b_PRE C12b_POS

@ Non-strengthened Strengthened before testing;

@ Columns of NON series after have been tested medgthened.
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Table 2. Maximum forces obtained in the columnBRBE series (strengthened before testing).

Series PRE
Cl0a_PRE C10b_PRE Cl2a PRE Cl12b PRE
Age’ (days) 111 113 110 115
Average compressive streng(iViPa) 17.49 14.99 23.55 17.93
Tensile (kN) 37.14 40.63 44.13 39.81
Compressive (kN) -38.54 -37.96 -43.66 -36.64

Note:values at the age of the columns at testing.
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Table 3. Maximum forces obtained on the columnsesfes NON (non-strengthened) and POS

(strengthened after preliminary testing).

Column Cl0a_ C10b_ Cl2a_ Cl2b |
Diameter of longitudinal bars (mm) 10 10 12 12
Average compressive streng(MPa) 15.21 13.21 17.23 19.95
Tensile NON (kN) 16.67 21.78 26.35 29.31
(86Y (85 (857 (85)
POS (kN) 37.96 41.38 34.11 45.54
(146Y (130Y (150Y (154Y
Increase (%) 127.7 89.99 29.45 55.37
NON (kN) -19.76 -24.07 -30.52 -32.27
Compressive (86Y (857 (857 (85
POS (kN) -34.11 -43.1 -37.03 -41.58
(146Y (130Y (150Y (154Y
Increase (%) 72.62 79.06 21.33 28.85

Note:'values at the age of the columns at testing oééies NON?Values inside round parentheses represent thefage o

columns at testing, in days.
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Table 4. Dissipated energy.

Column Reference | accumulated horizontal displacement Dissipated energy
(mm) (kN-mm)
Cl1l0a_NON 1139 2013
Cl0a_POS 1081 3457 (72%)
Cl0a_PRE 1081 3732
C10b_NON 1083 2627
Cl10b_POS 1090 3786 (44%)
C10b_PRE 1082 3436
Cl1l2a_NON 1078 2552
Cl2a POS 1089 3216 (26%)
Cl2a_PRE 1082 3436
C12b_NON 1077 3344
C12b_POS 1094 3777 (13%)
C12b_PRE 1090 3560

Note: Values inside parentheses represent thegdissi energy increment.
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Table 5. Data used in the numerical analysis taikita the concrete behaviour.

f_ ] E’ ] fy’
Column i & Xy (NImn) Ey X (NJmi)
C10b_NON 13.21 2.50e-3 2 20052 1.20e4 2 1.20
C10b_PRE 14.79 2.50e-3 2 20821 1.40et4 2 1.3p
C12b_NON 19.95 2.50e-3 2 23000 2.50e{4 2 1.57
Cl2b_PRE 17.93 2.50e-3 2 22001 1.89¢et4 2 1.4p

Notes:*Young’s Modulus?uniaxial tensile strength, according to CEB-FIP Mio@ode [26]
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Table 6. Data used in the numerical analysis taikita the behaviour of the steel bars.

ES f%’ Esh fsh Esu fsu ESh
Column
(N/mn?) | (N/mmd) (N/mn7) (N/mn?) | (N/mn7)
C10 216900 323.3| 0.0075 344 0.03 456.5% 6400,
C12 229700 364.8| 0.0035 384.( 0.03 518.2T 6400,
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Table 7. Controlling parameters used in transitiorves for the concrete cyclic constitutive model.

Rule number

Parameters
3 4 7 8 9 10 11 12 13 14 15
- + - + = +
&a & Enl & &En Ecd Ecd & & & | & &
fa fn frl foar | foar | O 0 f, f, 0 | f f,

Eg £y Ea | o | o | En | & & Ca | ban |G| fa
fo 0 0| foo| foo | fom|fom| fo | To |fo| O] fa

Es Bo | Bo| Be| B | Boov | Bome| Beo(&) | Buaol&) | By | O | Bussl&)
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Table 8. Parameters used in transition curveshiicbncrete cyclic constitutive model.

Paramete ) (+) Parameter ) (+)
LCU” +0.57 LCU“ +0.67
+ Ecgcc ECgCt =S +
Eeee | E| 72 " A 0.2%"
Ean| 40,57 fan "8w) 40 67
E.. &y
- E
11
- 0. exp— 220 — Nf* 0.15 "
Es E X‘{ % b 4 : an
gd
- F i £ ¢ g Jan | o fan
aew - C - c (o2 = O-n__
Bsec S
+ fc;e/v fc;eN * - = +
EC_I']BN - - + + ‘E;e g(m +A€C g +&;3
gcun - gcpl gcun - gcpl
: & J1E—E £ & -
fc:e fc ae fc ae [e0] E;’:e E _ae| ae (o8]
gm Ed Ea: ECt
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Table 9. Controlling parameters used in MenegoititoRmodel [24].

Rule number

Paramete
3 4 5 6 7 8 9 10
gsai gsr gsr gsr gsr gsr gsr gsr gsr
fsai fsr fsr fs fs fsr fsr fs fs
Ey E E E E E E E E
gsn'ax + E; gsnin + g;n
+E,5—¢, +e_, ¢,
gﬂji gsm'n + 5;) gsrrax + 5; $3+ - 534_ = ‘9335 gsaG €$7 gsas
_ f%’ _ fi'*y
1.2E 1.E
fsbi fs (gd)B) fs (EQ:)4) fs (gd)s) fs (gd)ﬁ) fsaS fsaG fsa7 fSB
Eqi E(f) | Blf) | Elbs) E(6s) | Easléas) | Enelbas) | Barl&ar) | Easléad)
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Table 10. Parameters required for Menegotto Pirddeh[24].

Parametef (+) ) Parameter +) )
+ +1,- + - - + -1+ + + + f+ - - .
53'0 gsakrev +£sb(1_ krev) gsa(l_ krev)+€sbkrev 5; gsn +€sh — gsn +€sh -
& CRL Gt | K, | e - -—'gs""’!
=S 5000€;, f 5000€;, f
1 1
f,p f,p
E (1-Ac, )E 1-Ae )E R 2{%] (- 20, | 16(%] (-1Qs,

sal

Egi — €y
Note: Ag, = |[—2—=
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