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IMBUNATATIREA RASPUNSULUI STRUCTURAL AL GRINZILOR DIN BETON
ARMAT PRIN CONSOLIDARE CU FASII COMPOZITE INGLOBATE iN ZONA
DIN IMEDIATA APROPIERE A FETEI INTINSE
IMPROVING THE STRUCTURAL RESPONSE OF REINFORCED CONCRETE
BEAMS STRENGTHENED WITH NEAR
SURFACE MOUNTED COMPOSITE STRIPS
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/ In aceastd lucrare se analizeaza din punct de veder
teoretic, experimental si prin modelare numerica, raspunsul

structural al unor grinzi din beton armat consolidate cu fasii
inguste din compozite polimerice armate cu fibre din carbon
(CPAFC), montate in zona din imediata apropiere a fetei
intinse (NSM). Probele consolidate au fost testate la
incovoiere sub incarcare monoton crescatoare pana la
cedare. Insertia féasiilor inguste din CPAFC a condus la o
crestere semnificativd a capacitatii portante la incovoiere,
de pana la 220% si la o reducere a deplasarilor transversale
maxime de pédna la 49%, in comparatie cu grinzile de
control, neconsolidate. Validitatea rezultatelor
experimentale a fost verificata analitic si prin modelare
numerica, utilizdnd programul pe baza de element finit

5 y

/ The behavior of reinforced concrete (RC) b%
strengthened in flexure with Near Surface Mounted (NSM)
carbon fibre reinforced polymer (CFRP) composites strips
is theoretically, experimentally and numerically investigated
in this paper. The specimens were tested in bending, under
monotonic loading up to failure. Compared to the control
specimens, the beams strengthened by NSM technique
have shown a maximum increase in bending moment
capacity of 220% and a mid-span deflection decrease up to
49%. The validity of the experimental results has been
checked analytically and by numerical modeling, using the
finite element (FE) computer software ANSYS.

. /
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1. Introducere

1.1. Utilizarea @ CPAFC Ia consolidarea
) elementelor din beton armat
In ultimele decenii, interesul folosirii

compozitelor polimerice armate cu fibre din carbon
(CPAFC) sau hibride la consolidarea elementelor
din beton armat a crescut, in principal prin prisma
faptului ca ofera avantaje semnificative in
comparatie cu solutile bazate pe materialele de
constructii traditionale. Principalele avantaje ale
produselor compozite utilizate la reabilitarea
structurala a elementelor din beton armat sunt:
rigiditate specifica ridicatd si rezistentd mare in
raport cu greutatea, rezistentd buna la coroziune,
usurintd in aplicare si disponibilitate practic
nelimitatd din punct de vedere geometric [1, 2].

In contextul consolidarii la fncovoiere a
grinzilor din beton armat, solutiile de aplicare ale
CPAFC, dezvoltate pana in prezent, se bazeaza pe
doua tehnici: tehnica lipirii la exterior (EBR) a unor
platbande compozite prefabricate si tehnica
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1. Introduction

1.1. RC elements strengthened with CFRP
composites

Over the latest decades, the interest of using
CFRP composites for strengthening RC members
has increased mainly due to the fact that they offer
significant advantages when compared to
traditional building materials. High specific stiffness
and high strength to weight ratio, good corrosion
resistance, ease of handling and practically
unlimited availability of the geometric
characteristics of composite products are the main
advantages of these materials [1, 2].

Two main solutions based on composite
reinforcement are utilized for the flexural
strengthening of reinforced concrete beams: the
externally bonded reinforcement (EBR) and the
near surface mounted (NSM) techniques. The
research work carried out until now has revealed
that the full tensile strength of the CFRP product is
almost impossible to be achieved with the EBR
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inglobarii unor fasii inguste in imediata apropiere a
fetelor intinse, (NSM). Programele de cercetare
efectuate pana in prezent au reliefat faptul ca
mobilizarea intregii rezistente la tractiune a CPAFC
nu se poate realiza prin tehnica EBR. Concentrarile
de tensiuni la interfata dintre beton si adeziv duc la
dezlipirea prematura a CPAFC, unul dintre cele
mai frecvente moduri de cedare ale grinzilor la
care se aplica aceste solutii de consolidare [3-5].
Consolidarea la incovoiere a grinzilor din
beton armat utilizand tehnica NSM presupune
montarea unor bare sau fagii inguste din CPAFC in
slituri pre—taiate Tn stratul de acoperire cu beton din
zona TIntinsd a acestor tipuri de elemente
structurale. Principalele avantaje oferite de tehnica
NSM, in comparatie cu solutiile EBR, sunt: risc mai
redus de dezlipire prematura, expunere mai mica
la acte de vandalism sau deteriorari mecanice si
aspect estetic practic neschimbat [6, 7].
Comportarea la incovoiere a grinzilor din
beton armat consolidate cu armaturi compozite a
fost analizata de numeroase echipe de cercetare,
vizand atat determinarea pe cale experimentala a
cresterilor de capacitate portanta cat si corelarea
rezultatelor obtinute pe cale analiticd sau numerica
cu cele obtinute din Tncercari experimentale.
Posibilitatea utilizarii produselor din CPAFC
la consolidarea grinzilor din beton armat a fost
investigata in cadrul unui program experimental Tn
care au fost testate la incovoiere grinzi din beton
armat consolidate utilizdnd tehnica NSM.
Rezultatele experimentale obtinute au aratat
cresteri semnificative ale momentelor
incovoietoare capabile la elementele consolidate

[8].

Un alt studiu comparativ pe trei serii de
grinzi din beton armat folosind solutii diferite de
consolidare a fost realizat in anul 2011 [9]. Prima
serie de grinzi a fost consolidata folosind tehnica
NSM, cea de-a doua serie a fost consolidata
folosind tehnica EBR iar ultima serie a fost
consolidata folosind tehnica prinderii mecanice a
platbandelor din CPAFC (MF - EBR). Rezultatele
experimentale au evidentiat o mai buna
perfomanta structurald a grinzilor din beton armat
consolidate prin MF — EBR la incercari monoton
crescatoare. In urma incercérilor ciclice, cele mai
mari cresteri de capacitate portanta au fost
obtinute la grinzile din beton armat consolidate prin
tehnica NSM [9].

La Facultatea de Constructii gi Instalatii din
lasi s-a realizat un program experimental complex
cu scopul de a evalua eficacitatea utilizarii tehnicii
NSM pentru consolidarea la incovoiere a grinzilor
din beton armat utilizand fasii inguste din CPAFC.
Obiectivul acestui program de cercetare se refera
la modul in care aceastad solutie de consolidare
conduce la sporirea capacitati portante si la
imbunatatirea rigiditatii elementelor din beton
armat solicitate la Tncovoiere.

method. The stress concentrations at the adhesive
— concrete interface lead to premature debonding,
which has been shown to be one of the most
common failure modes of this technique [3-5].

The NSM FRP strengthening technique
involves bonding of FRP bars / strips into pre — cut
grooves in the concrete cover of the structural
element to be strengthened. The main advantages
of the NSM technique are: mitigated risk of
premature debonding, lower exposure to exterior
factors or vandalism and undisturbed aesthetics
[6,7].

Various flexural strengthening solutions
based on FRP materials have been analyzed for
RC beams by numerous research teams, either
aiming to determine experimentally the increase of
the flexural capacity or to correlate the results of
the numerical and analytical models with the
experimental ones.

The possibility of using CFRP composite
products as strengthening elements has been
investigated in an extensive experimental program
in which RC beams were strengthened in flexure
with CFRP strips using the NSM technique. The
results have proven the efficiency of this
strengthening technique, as the flexural capacity
has greatly improved [8].

Another comparative study consisting of
three types of strengthened RC beams was carried
out in 2011 [9]. The RC beams of the first type
were strengthened using the NSM technique, the
second one using the EBR solution and the beams
of third type were strengthened with mechanically
fastened CFRP strips (MF - EBR). The
experimental results have proven that the MF-EBR
technique is suited for monotone increasing
loading rates while the NSM strengthened beams
have achieved the maximum increase in flexural
capacity when subjected to cyclic loading rates [9].

A complex experimental program has been
performed at the Faculty of Civil Engineering and
Building Services lasi to assess the effectiveness
of the Near Surface Mounted (NSM) carbon fibre
reinforced polymer (CFRP) strengthening
technique for the flexural strengthening of
reinforced concrete (RC) beams. The objectives of
the study were aiming at evaluating the efficiency
of this strengthening solution on the bending
moment capacity and on the overall stiffness of the
beams.

1.2. Theoretical evaluation of the flexural
capacity of RC beams strengthened with
CFRP strips
A rational design of the RC beams implies

an economical failure mechanism, where the

concrete fails in compression after the tensile
yielding of the reinforcements. In this manner, the
mechanical properties of the materials are
efficiently used.

In some circumstances of the RC beams
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1.2. Evaluarea teoretica a momentului capabil
pentru grinda consolidata cu fasii din
CPAFC

Proiectarea grinzilor din beton armat implica
luarea Tn considerare a unui mecanism de cedare
economic, in care betonul din zona comprimata
ajunge la cedare dupa intrarea in curgere a
armaturii din zona intinsa. Astfel, proprietatile
mecanice ale materialelor sunt utilizate eficient.

In anumite cazuri ale exploatrii curente,
coroziunea armaturilor reduce o parte a sectiunii
acestora iar cedarea se produce doar in zona
intinsa, betonul nefiind utilizat in mod eficient. Tn
aceste conditii, este necesara suplimentarea
armaturii din  zona intinsa, prezentul studiu
analizdnd performantele utilizérii CPAFC la
consolidarea grinzilor din beton armat [10].

Evaluarea starii de solicitare la starea limita
ultima (SLU) in elementele de beton armat
incovoiate se bazeaza pe o serie de ipoteze
simplificatoare [11], dupa cum urmeaza:

esectiunile plane si normale pe axa barei
inainte de incarcare, raman plane si normale pe
axa barei si dupa incarcare;

edeformatiile specifice liniare in beton si in
armaturi sunt proportionale cu distanta pana la axa
neutra;

econlucrarea dintre beton si armaturi este
foarte buna, fara lunecari relative;

erezistenta la intindere a betonului este
foarte mica si aportul acesteia poate fi neglijat;

e betonul din zona comprimata se considera
in stadiul Ill, in care se accepta o diagrama
dreptunghiulara a  eforturilor  unitare de
compresiune Tn beton;

edeformatia specificd maxima a betonului la
compresiune este egala cu 0,0035;

epentru armaturile din otel se accepta o
relatie liniara intre tensiuni si deformatii specifice
pana la limita de curgere;

earmaturile din CPAFC au o comportare
liniar elastica pana la rupere.

Evaluarea capacitatii portante a elementelor
din beton armat consolidate cu CPAFC implica
stabilirea eforturilor interne pe sectiune (fig. 1).
Deoarece pe sectiunea grinzii sunt utilizate atat
armaturi din otel cat si din CPAFC, trebuie stabilit
eforturile n cele doua tipuri de armaturi.

Tindndu-se cont de faptul ca toate
elementele se incarca proportional cu rigiditatea lor
iar comportarea armaturilor se considera elastica,
se poate utiliza legea lui Hooke pentru stabilirea
deformatiilor specifice in cele doua tipuri de
armaturi, dupa cum urmeaza:

o o
=TS =, (1

K CPAFC

unde: g, & — deformatiile specifice ale armaturilor

din otel, respectiv CPAFC;

service life, the steel reinforcing bars may corrode,
leading to the vyield of the tensioned steel
reinforcing bars and, consequently an inefficient
use of concrete, far from its bearing capacity.
Under these  conditions, an additional
reinforcement is required in the tensioned zone,
and this can be provided by CFRP strips. A
theoretical approach aiming to investigate the
influence of the supplementary composite
reinforcement is presented in the following [10].

Some simplifying assumptions have to be
adopted in order to evaluate of the stress and
strain states on the cross-section of the RC beams
subjected to bending, at ultimate limit state (ULS)
[11]:

ethe cross-sections of the element remain
plane and normal before and after the loading;

estrains in concrete and the reinforcing
elements are proportional to the distance from the
neutral axis;

sconcrete and reinforcements have a very
good interfacial bond with no relative slip;

othe tensile strength of concrete is very
small and can be neglected;

ethe compressed concrete is considered to
be in the 3rd working stage, where the
compression stress diagram has a rectangular
shape (constant stress);

ethe maximum compressive strain in the
concrete is assumed to be 0.0035;

elinear stress-strain variation for the steel
reinforcements up to the yield limit;

¢ CFRP reinforcement exhibits a linear
stress-strain behavior up to failure.

The calculation of the flexural capacity of
RC beams strengthened with near surface
mounted CFRP strips, implies the evaluation of the
internal forces on the beam cross-section (Fig. 1).
Since the beam has both steel and composite
reinforcement, the evaluation of the internal forces
in steel and composite strips is required.

Assuming that all components are loaded
proportionally to their rigidity and that both
reinforcing materials have a linear elastic behavior,
the Hooke’s Law can be used to determine the
stresses in the steel reinforcement and in the
CFRRP strips:

M e =25 and g, =— (1)
s ’
Es ! ECFRP

where:
g, & — the strains of the steel bars and of
the CFRP strips, respectively;
os, of — the stresses in the steel bars and
in the CFRP strips, respectively;
Es, Ecrrp — the elasticity moduli of the
steel and of the composite, respectively.
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Fig. 1 - Eforturi unitare si deformatii specifice pe sectiunea transvrersala a grinzii dupa intrarea in curgere a armaturilor din otel /
Stresses and strains on the beam cross-section after the yielding of the steel reinforcements

os, of — eforturile unitare de intindere in
armatura de otel, respectiv CPAFC;
Es, Ecparc — modulii de elasticitate ai
armaturii de otel, respectiv CPAFC.

In stadiul Ill, rezultanta eforturilor de
compresiune Tn beton (F;) si in armatura din otel
de la partea superioara (Fs;) trebuie sa fie
echilibrata de cele ale eforturilor de intindere de la
partea inferioara in armatura de otel (Fss) i cele
din armatura din CPAFC, (F):

FL+F;2:F;1+F/‘ (2)

Exprimandu-se rezultantele din figura 1 ca
produse dintre arii si tensiunile corespunzatoare si
ludnd n considerare corelatia dintre tensiunile din
armatura CPAFC si cele din otel, ecuatia (2)
devine:

h—x
Mfckb + Asz 52 Asl Yk + ACPAFCECPAFC 0-0035(7)
3)

unde:

A — coeficient definind inaltimea utila a zonei
comprimate, SR EN 1992-1-1:2004, pct. 3.1.7(3)
[12];

x — Tnaltimea zonei comprimate de beton
(pozitia axei neutre in raport cu fibra extrema
comprimata);

n — coeficient care defineste rezistenta
efectiva a betonului, SR EN 1992-1-1:2004, pct.
3.1.7(3) [12];

fo — rezistenta caracteristica la compresiune
a betonului;

b — latimea grinzii;

As; — aria sectiunii armaturilor de otel la
partea superioara a grinzii;

A1 — aria sectiunii armaturilor de otel la
partea inferioara a grinzii;

fy — rezistenta caracteristica la intindere a
armaturii de otel;

fso — efortul unitar in armatura comprimata
de otel:

Acparc — aria sectiunii armaturilor din

In the 3™ working stage, the resultant of the
compression forces in the concrete (F;) and in the
steel reinforcement (Fs;) on the compressed zone
of the cross-section must be balanced by the
resultant of the tensile forces in the steel
reinforcement (Fs;) and in the CFRP strips (Fy) on
the tensioned zone of the cross-section:

F:~+F;2:F;1+Ff (2)

Expressing the resultant forces as a
product between the cross-sectional areas and the
corresponding stresses and taking into account the
correlation between the stresses in the CFRP
strips and the ones in the steel reinforcements,
equation (2) becomes:

h —
/bcnfckb + Aszfsz =4, ke +ACPAFCECPAFC0'OO35(TX) ;
3)

where,

) — factor defining the effective height of the
compression zone, SR EN 1992-1-1:2004, pct.
3.1.7(3) [12];

x — the height of the compression zone;

n — factor defining the effective strength of
the concrete, SR EN 1992-1-1:2004, pct. 3.1.7(3)
[12];

fo — the characteristic compressive strength
of the concrete;

b — the width of the beam;

As> — the cross-sectional area of the steel
reinforcement at the upper side of the beam;

As1 — the cross-sectional area of the steel
reinforcement at the bottom side of the beam;

f,« — the characteristic tensile strength of the
steel reinforcements;

fso — the stress in the compressed steel
reinforcement;

Acparc — the cross-sectional area of the
CFRRP strips;

Ecparc — the modulus of elasticity of the
CFRRP strips;
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CPAFC;

Ecparc  — modulul de elasticitate al
armaturilor din CPAFC;

h — inaltimea sectiunii grinzii din beton armat

€3 — deformatia specifica limita la
compresiune a betonului = 0.0035.

neutre, prin extragerea radacinii pozitive a ecuatiei
de gradul 2 (vezi ecuatia 4).

Deformatia specifica liniara in armatura din
CPAFC se obtine prin asemanare, folosind ecuatia

(5).

Momentul incovoietor capabil al grinzilor din
beton armat consolidate cu CPAFC se poate
determina din ecuatia de echilibru pe sectiune
(fig.1) Vezi ecuatia 6.

h — the height of the RC beam cross-section
€3 — the limit strain of the concrete in
compression = 0.0035.

The height of the neutral axis can be
obtained from equation (3) by extracting the
positive square root of the 2 degree equation
(see equation 4).

The strain in the CFRP strips can be
obtained by applying the similar triangles theorem,
using equation (5).

The bending moment capacity of the
strengthened RC beam can obtained by writing the
bending moment equilibrium equation (Fig. 1). See
equation 6:

where,
Mg, —bending moment capacity of the

unde: strengthened RC beam
Mgs — momentul capabil al grinzii de beton d - the effective depth of the RC beam
armat consolidate cu fasii inglobate din ocparc — safety factor reducing the tensile
CPAFC strength of the CFRP strips (0.7)
d — inaltimea utila a sectiunii grinzii according to ACI 440.2R-2008, pct.
ocparc  — coeficient de reducere a 10.2.10 [13] _ _
rezistentei armaturii din CPAFC (0,7) cf. hcparc — cross-sectional height of the
ACI 440.2R-2008, pct. 10.2.10 [13] CFRP strips.
hcparc  — Tnaltimea  sectiunii  fasiilor
compozite din CPAFC.

x2/177fckb +x(A, £, — 4, wt AcparcEcparc0-0035) = Ap o Ecp e 0.0035h =0 (4)

h—x
Ecpare = 0.0035( . ) (5)
Ax (x—d,)
MRb = /,lxnf::kb(x_ 7) + Aslfyk (d_ X) + ASZEsgcu3 T-i_

h

A E

crarc Y cparc€crarcPcparc (h —X-

2. Programul experimental

2.1. Pregatirea probelor

Programul experimental a cuprins testarea a
douasprezece grinzi din beton armat cu lungimea
de 3000 mm si sectiunea transversald de 200 x
300 mm? grupate astfel [14]:

= trei grinzi din beton armat de tip A,
neconsolidate avand rolul de probe martor (fig. 2);

=trei grinzi din beton armat de tip B
consolidate cu cate trei fasii inguste din CPAFC
avand sectiunea transversala de 1,4 x 12 mm?,

CPAFC )

(6)

2. Experimental program

2.1. Specimens preparation

The experimental program consisted of
testing twelve RC beams, 3000 mm in length and
200 x 300 mm? rectangular cross-section. The
beams have been strengthened with different
quantities of CFRP, hereunder [14]:

" Type A: three unstrengthened beams,
serving as control specimens (Fig.2).
" Type B: three beams strengthened in

flexure with three CFRP strips, 1.4 x 12 mm?
cross-section, mounted at the tensioned part, in
pre-cut grooves of 5 mm thickness and 15 mm
depth (Fig. 3).

Type C: three beams strengthened in
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Fig. 2 - Caracteristicile geometrice ale grinzilor din seria A / Geometric characteristics of the beams from A series (mm).
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Fig. 3 Caracteristicile geometrice ale grinzilor din seria B / Geometric character/st/cs of the beams from B series (mm).
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Fig. 4 - Caracteristicile geometrice ale grinzilor din seria C / Geometric characteristics of the beams from C series (mm)
introduse in glituri cu latimea de 5 mm si flexure with two CFRP strips, 1.4 x18 mm® cross-

adancimea de 15 mm, in acoperirea cu beton de la section, mounted at the tensioned part, in pre-cut

partea intinsa a grinzilor din beton armat (fig. 3); grooves of 5 mm thickness and 25 mm depth (Fig.
= frei grinzi din beton armat de tip C 4).

consolidate cu cate doua fasii inguste din CPAFC " Type D: three beams strengthened in

avand sectiunea transversala de 1,4 x 18 mm?, flexure with three CFRP strips, 1.4 x 24 mm?,
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Fig. 5 - Caracteristicile geometrice ale grinzilor din seria D / Geometric characteristics of the beams from D series (mm).

montate n slituri cu latimea de 5 mm si adancimea
de 25 mm, in aceeasi zona (fig. 4).

=trei grinzi din beton armat de tip D
consolidate cu cate trei fasii inguste din CPAFC
avand sectiunea transversald de 1,4 x 24 mm?,
montate in slituri cu l&timea de 5 mm si adancimea
de 30 mm, inserate in acoperirea cu beton din
zona tensionata (fig. 5).

Reteta betonului de clasa C35/45, utilizat la
turnarea grinzilor din beton armat, a fost realizata
folosind ciment Portland de tip EN 197-1 - CEM |
52.5 R, agregat cu dimensiunea maxima de 16 mm
si apa [15]. Pentru fiecare grinda s-au realizat si
pastrat cate trei cuburi din beton cu latura de 150
mm timp de 28 zile intr-o camerad cu umiditate
relativa de 95%,in scopul determinarii rezistentei la
compresiune a betonului [16]. Valorile obtinute ale
acestei caracteristici au fost cuprinse intre 48,6
MPa si 50,4 MPa.

Armarea la partea superioara si inferioara a
grinzilor s-a realizat cu bare longitudinale din otel
PC52 avand diametrul nominal de 8 mm. Armarea
transversala s-a realizat cu etrieri OB37, avand
sectiunea circulard cu diametrul de 8 mm,
pozitionati la distanta de 100 / 150 mm, astfel ihcat
cedarea din forta taietoare sa fie evitatd. Armaturile
PC52 si OB37 sunt conforme cu normativul SR
438-1:2012, iar valoarea limitei de curgere a
acestora este de 355 MPa si respectiv 255 MPa
[17].

Acoperirea din beton este de 25 mm la
partea superioara si spre fetele laterale ale grinzilor
si respectiv de 35 mm la partea inferioara a
acestora.

Fasiile compozite unidirectionale
(Carboplate E170) folosite la consolidarea grinzilor
din beton armat au fost selectate in concordanta cu
sortimentul uzual al producatorului (tabel 1).

Materialul folosit la umplerea sliturilor
(Adesilex PG1) este un adeziv epoxidic
bicomponent, cu un raport de amestec de 3
(rasina):1 (intaritor). Grundul MapeWrap Primer1 a
fost folosit cu scopul de a se imbunatati aderenta

mounted at the same location as beams of type B
and C, in pre-cut grooves of 5 mm thickness and
30 mm height (Fig. 5).

The beams were cast of C35/45 concrete
with EN 197-1 — CEM | 52.5 R Portland cement,
normal aggregate with maximum size of 16 mm
and water [15]. For every beam, three 150 mm
sided cube specimens were sampled and stored in
95% humidity conditions for 28 days. The cubes
were tested in compression and the characteristic
strengths ranged between 48.6 MPa and 50.4
MPa [16].

The longitudinal  steel reinforcement
consisted of 8 mm PC rebars and the transverse
one consisted of 8 mm OB stirrups, mounted at
100 and 150 mm to avoid the shear failure of the
beams. PC 52 and OB37 reinforcements follow the
provisions of SR 438-1:2012 norm, their yielding
stress being 355 MPa and 255 MPa, respectivelly
[17].

For all beams, the concrete cover was 25
mm for the upper and lateral sides and 35 mm for
the bottom side.

The CFRP strips (Carboplate E170) were
selected in accordance with the suppliers’ offer
and their properties are presented in Table 1.

The groove-filling material (Adesilex PG1)
utilized in the experimental program is a two
component epoxy adhesive with a mixing ratio of
3 (resin):1(hardener) by weight. In order to
enhance the adherence between the concrete and
the FRP composites, a primer (MapeWrap
Primer1) was used. The properties of these
materials are given in Table 2.

The strengthening of the RC specimens has
been made following the technological steps that
are also documented in literature [21]. The
grooves were cut in the tensioned side of the RC
beams, after marking their precise positions in
advance, using a diamond blade -cutter.
Compressed air was used to remove the dust and
debris resulted from cutting. A thin layer of primer
was then applied in order to ensure a proper
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Tabelul 1
Proprietatile fasiilor din CPAFC / Properties of CFRP strips [18]
Caracteristici / Characteristics Tipul/Type - MAPEI Carboplate170
Grosime x latime / Thickness x width (mm) 1.4 x 100
Densitate / Density (g/cm®) 1.61 1.61
Modulul de elasticitate / Modulus of elasticity (GPa) 170 170
Rezistenta la tractiune / Tensile strength (N/mm?) 23100 23100
Alungirea la rupere / Ultimate elongation (%) 2 2
Tabelul 2

Proprietatile adezivului epoxidic si ale grundului / Properties of the epoxy adhesive and of primer [19, 20]

Caracteristici / Characteristics Adesilex PG1 MapeWrap Primer1
.. . Component A:Component B = Component A :
Raport amestec / Mixing ratio 31 Component B = 3:1
Densitate / Density (g/cm?®) 1.1
Temperatura de aplicare / Application temperature range +5° to +30°C +10° to +30°C
Timp intarire finald / Complete hardening time 7 zile /7 days 7 zile / 7 days
Aderenta dintre beton si Carboplate / ancrete-CarbopIate bond > 3 (cedarea betonului / failure iiégg;)? (;;:;3 I7a
strength (N/mm®) of concrete) days at +23°C)
Modulul de elasticitate la compresiune / Compressive modulus of
T 2 8000 -
elasticity (N/mm®)
Rezistenta la compresiune / Compressive strength (N/mm?) 70 -
Rezistenta la forfecare / Shear strength (N/mmz) 40 -

dintre beton si CPAFC (tabel 2).

Consolidarea grinzilor din beton armat cu
fasii inguste din CPAFC s-a realizat urmarind
etapele tehnologice cunoscute, atat din experienta
proprie  cat  si cercetari experimentale
asemanatoare [21].

Sliturile au fost taiate la partea intinsa a
grinzilor din beton armat, folosind un polizor
unghiular cu disc diamantat, dupa trasarea precisa
in prealabil a pozitiilor acestora. Particulele de praf
si bucatile mici de beton rezultate in urma taierii au
fost indepartate prin suflare cu aer sub presiune.
Un strat subtire de amorsa a fost apoi aplicat
pentru a se Imbunatati aderenta dintre adeziv si
substratul de beton. Fiecare sglit a fost partial
umplut cu adeziv epoxidic, dupa prepararea in

bonding between the epoxy adhesive and the
concrete substrate. Each groove has been partially
filed with epoxy adhesive, prepared in advance
according to the manufacturer’s instructions. The
carbon narrow strips were then placed into
grooves and gently pressed along their whole
length, so that the spaces between the composites
and the sides of the slits were completely filled.
The surface was then leveled and the excess of
adhesive was removed (Fig. 6).

2.2. Testing procedure

The RC beams were tested with the ZDM
300 universal hydraulic press equipment, located
at The Faculty of Civil Engineering and Building
Services, lasi. The used testing machine can be

Fig. 6 - Prepararea sliturilor / Slits preparation: a) trasarea pozitilor sliturilor / marking the grooves position; b) taierea sliturilor / saw-
cutting the slits;c) curatarea sliturilor / cleaning the grooves; d) aplicarea grundului / applying the primer; montarea fagiilor din
CPAF in slituri / inserting the CFRP strips into the cut grooves: e) aplicarea adezivului / applying the adhesive; f) montarea
fasiilor din CPAF / mounting the CFRP strips; g) inlaturarea excesului de adeziv / removing the excess epoxy adhesive.
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prealabil a acestuia conform indicatiilor date de
producator. Fasiile Tnguste din CPAFC au fost apoi
introduse in caneluri si presate usor pe toata
lungimea acestora, astfel incat volumul dintre
armatura compozitd si marginile sliturilor sa fie
umplut in totalitate. Suprafata a fost apoi nivelata
iar excesul de adeziv a fost indepartat (fig. 6).

2.2. Metodologia testarii

Grinzile din beton armat au fost testate la
masina universala de incercat ZDM 300 aflata in
dotarea Facultatii de Constructii si Instalatii din lagi
cu o capacitate de 3000 kN. Standul de incercari a
fost construit astfel incat schema statica a grinzilor
din beton armat sa fie simplu rezemata, cu
deschiderea intre reazeme de 2700 mm (fig. 7).

NEN 0w , 900

controlled manually and it can apply loads up to
3000 kN. The testing stand has been designed so
that the RC beams could be loaded as simply
supported, with the span between the supports
equal to 2700 mm (Fig. 7).

The beams were tested under four point
bending. The total load was transmitted to the
tested concrete elements through two metallic
cylindrical parts situated in one third of the span,
thus resulting one interval of pure bending, and
two intervals with bending and shear.

The applied force has been monitored using
a 200 kN load cell, connected directly to the
loading system. During the experiment, the
deflections were measured using five linear
variable differential transducers (LVDT), mounted
at 450 mm spacing (Fig. 7).

900 MR

L P2 T’-ﬂ

300

Fig. 7 - Standul experimental si
pozitionarea

== LVID1 LVID2 LVID3 LVID4
150 430 450 450 450 450

traductoarelor

LVIDS ==
The experimental set

450 1130 ,

up and the LVDT

VDT2  EVDT3=—EVDT4

Grinzile au fost solicitate la incovoiere cu
moment Tncovoietor constant pe treimea centrala.
Incércarea totala a fost transmisé la elementele din
beton armat prin intermediul a doua piese metalice
cilindrice pozitionate la limitele treimii centrale,
realizdndu-se astfel un interval de solicitare la
incovoiere pura si doud intervale de solicitare la
fncovoiere cu forfecare.

Forta aplicatd a fost monitorizata folosind o
celula de forta de 200 kN, conectata direct la
sistemul de incarcare. in timpul experimentului,
deplasarile transversale au fost masurate folosind
cinci traductoare inductive de deplasare cu fir
(LVDT), montate la distanta de 450 mm intre ele

(fig. 7).

2.3 Rezultate experimentale

Grinzile din beton armat au fost testate pana
la cedare, sub fincarcari statice monoton
crescitoare. In timpul experimentului, au fost
monitorizati urmatorii parametri: valoarea fortei
aplicate, aparitia si dezvoltarea fisurilor si
deplasarea transversala masurata in cinci puncte
stabilite anterior.

Curbele fortda — deplasare pentru toate
grupele de grinzi testate sunt reprezentate grafic in
figura 8 si reprezentdnd raspunsul structural al
elementelor incercate.

positioning (mm).

2.3 Experimental results

The RC beams have been tested up to
failure under static monotonically increased
loading. During the testing, the following
parameters have been monitored: the applied
load, the crack initiation and development, and the
transverse displacements measured in the
previously established five points. The load-
displacement curves of all groups of the tested
beams are plotted in Figure 8, illustrating the effect
of the NSM FRP strengthening system on the
behaviour of the RC beams, and the structural
response of all tested elements.

Typically, the force — displacement curve for
the tested RC specimens can be divided into three
parts as it follows: the pre — cracking zone, the
typical working zone, and the post — yielding zone
[21]. In the initial stages of loading, the structural
response of all tested RC beams was linear elastic
and the NSM FRP reinforcement had an
insignificant effect. Once cracks were initiated in
the tension sides of the RC beams and until the
yielding of the steel reinforcement, a significant
increase in stiffness of the strengthened
specimens was noticed, when compared to the
control specimen. The last stage comprised the
interval between the steel yielding and the
effective failure of the RC beams. In this stage, as
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Fig. 8 - Diagrame forta — deplasare / Load - displacement curves.

in general, curba fortd — deplasare de la
toate grupele de grinzi testate poate fi impartita in
trei sectoare, dupa cum urmeaza: zona de pre —
fisurare; zona tipica de lucru si zona de dupa
intrarea Tn curgere a armaturii [21].

in etapele initiale de incarcare, raspunsul
tuturor grinzilor a fost liniar elastic, aportul armaturii
NSM la probele consolidate fiind nesemnificativ.
Odata cu aparitia fisurilor la partea tensionata a
grinzilor si pana la intrarea in curgere a armaturii
din otel, a fost observata o crestere semnificativa a
rigiditatii la probele consolidate, in comparatie cu
grinzile de control. Ultima etapa de Tincarcare
surprinde intervalul de dupa intrarea in curgere a
armaturii din otel si cedarea efectiva a grinzilor din
beton armat. In aceasta etapa, pe masura ce forta
se mareste, rata de crestere a deplasarilor
transversale este mai mare decat cea din etapele
anterioare.

the load increased, the transverse deflections
increased at a higher rate than in the previous
stages.

The experimental results of all the tested
specimens are summarized in Table 3.

The control specimen of type A failed by
concrete crushing after the yielding of the bottom
steel reinforcement.

For beams of type B and C, strengthened
with identical areas of CFRP (50.4 mm2), an
increase of the bending moment capacity up to
168% and a decrease of the mid — span deflection
up to 24% were recorded, compared to the control
specimens.

Beams of type D, strengthened with 100.8
mm? of CFRP, increased their bending moment
moment capacity up to 220% and decreased their
mid — span deflection up to 49%.

Tabelul 3

Rezultate experimentale / Experimental results

Serie / Series | Grinzi / Beam Forta / Force ?If,\?)a re rm%iég g::z fgl{gﬁacemen F(mm) Mod cedare / Failure mode

A1 58.3 74.8 c Sturd

A 2 o
A3 60.2 76.1
B1 151 68.5

B B2 159.8 64.8
B3 144.8 57.5
C1 155.3 66.2 Desprindere acoperire beton

c c2 157 64.7 CorF;crete cover?separation
C3 153.5 66.9
D1 177.7 38.7

D D2 1915 46.6
D3 183.6 45.6
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in tabelul 3 sunt centralizate rezultatele
experimentale ale tuturor grinzilor testate.

Grinzile din beton armat neconsolidate din
seria A au cedat prin strivirea betonului dupa
intrarea Tn curgere a armaturii din otel de la partea
inferioara.

Pentru grinzile din seriile B si C, consolidate
cu o arie similara de armatura din CPAFC (50,4
mm2), s-au obtinut cresteri ale capacitatii portante
de péna la 168% si reduceri ale deplasarilor
transversale maxime de péna la 24%, in
comparatie cu grinzile de control.

Grinzile din seria D, consolidate cu o arie de
100,8 mm?® de armétura din CPAFC, au inregistrat
cresteri de capacitate portanta de pana la 220% si
reduceri ale deplasarilor transversale la mijlocul
deschiderii de pana la 49%, in comparatie cu
probele martor.

Cedarea grinzilor consolidate din beton
armat a avut loc prin desprinderea acoperirii de
beton de la partea tensionata a acestora, (fig. 9).

For all strengthened specimens, failure
occurred by concrete cover separation (CCR),
starting at the cut off section of the NSM
reinforcement, (Fig. 9).

3. Numerical modelling

3.1 Geometry of the FE models

As part of the research presented in this
paper, four 3D finite element (FE) models (Fig. 10)
were developed using the ANSYS software
package [22]. The models have the same
geometry, material properties and boundary
conditions as the RC specimens tested in the
experimental program.

Due to the longitudinal and transversal
symmetry of the geometry and of the boundary
conditions, the numerical models have included
only one quarter of the experimentally tested
beams. The symmetry was simulated by
restraining the displacement in the plane

Fig. 9 - Mod tipic de cedare pentru grinzile consolidate / Typical failure mode for the strengthened beams.

3. Modelare numerica

3.1 Modele geometrice pe baza de element finit

Studiul realizat in cadrul acestei lucrari a fost
completat cu modelari numerice; au fost generate
patru modele numerice tri — dimensionale (fig. 10)
folosind programul pe baza de element finit
ANSYS [22]. Modelele au aceeasi geometrie,
proprietati ale materialelor si conditii limitd ca si
grinzile din beton armat testate in cadrul
programului experimental.

Datorita simetriei longitudinale Si
transversale a geometriei, modelele numerice
realizate cuprind doar un sfert din volumul grinzilor
din beton armat testate experimental. Conditia de
simetrie a fost asigurata prin constrangerea tuturor
deplasarilor in planul perpendicular pe planul de
simetrie. Pentru a se evita concentrérile de tensiuni
in reazeme si in punctele de incarcare ale grinzilor
au fost adaugate placi rigide din otel cu
dimensiunea de 100 x 200 x 25 mm.

Betonul a fost simulat folosind elemente
structurale de tip SOLID 65, cu opt noduri si trei
grade de libertate in fiecare nod. Aceste elemente
sunt adecvate pentru modelarea caracterului
neliniar al betonului datoritd fisurarii acestui
material la tensiune si de strivire la compresiune.
Armatura longitudinala / transversala din otel si
fasiile inguste din CPAFC, montate in zona din
imediata apropiere a fetelor intinse, au fost

perpendicular to the plane of symmetry. To avoid
stress concentration issues, steel plates (100 x100
x 25 mm) were added, both to the supports and to
the loading points of the beams.

The concrete was simulated using the
SOLID 65 solid structural element defined by eight
nodes with three degrees of freedom at each of
them. The element is suitable for modelling the
nonlinear behaviour of the concrete, due to its
capability to accommodate cracking in tension
and crushing in compression. The longitudinal and
transversal steel reinforcement and the NSM
CFRP reinforcement were simulated using the 3D
spar element LINK 8. This element has two nodes
and three degrees of freedom at each edge node.
The contact between the concrete and the steel
reinforcement and also between the adhesive and
the composite material was considered to be
perfect. Both the steel and the NSM reinforcement
were included in the FE models as a discrete
model. The rigid steel supports and the filling
material (epoxy adhesive) were modelled using the
SOLID 45 structural element.

Figure 11 presents the element types used
in the FE models.

In this study, the nonlinear behaviour of the
concrete was defined wusing its following
mechanical properties: compressive strength (f;) of
50 MPa, tensile strength (f) of 4.3 MPa, elastic
modulus (E;) of 32655 Mpa, and Poisson ratio of
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simulate folosind elemente tri — dimensionale de tip
LINK 8, cu doua noduri si trei grade de libertate n
fiecare nod. Atat conlucrarea dintre beton si
armaturile din otel cat si cea dintre adeziv si fasiile
inguste din CPAFC au fost considerate perfecte.
Modelarea armaturilor din otel si a celor din carbon
s-a realizat folosind modul discret de reprezentare.
Placile rigide din otel si adezivul epoxidic au fost
modelate folosind elemente structurale de tip
SOLID 45.

1000 _‘;ime} _a

- -

n
T

5
100,100, 1300 %

ViewA-A symmery plane

100

0.2. The compressive uniaxial stress — strain curve
for the concrete [23] was incorporated in the FE
models with the Multi — linear Isotropic Hardening
(MISO) option (Fig. 12). The William and Warke
model [24] along with the Von Mises failure criteria
were used to define the failure of the concrete and
steel reinforcement, respectively. The response of
the steel reinforcement bars was assumed to be
linear elastic — perfectly plastic. A Poisson ratio of
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Fig. 11 - Tipuri de elemente folosite in modelele cu EF / Element types used in FE models: a) SOLID 65; b) LINK 8; ¢) SOLID 45.
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in figura 11 sunt prezentate tipurile de
elemente folosite pentru realizarea modelelor
numerice.

In acest studiu s-a considerat comportarea
neliniara a betonului utilizdnd urmatoarele
caracteristici mecanice: rezistenta la compresiune
(f.) egala cu 50 MPa, rezistenta la intindere (f;)
egala cu 4,3 MPa, modulul de elasticitate (E;) cu
valoarea 32655 MPa si coeficientul lui Poisson
egal cu 0,2. Curba de compresiune uniaxiala a
betonului [23] a fost incorporata in modelul
numeric folosind optiunea MISO a programului pe
baza de element finit (Fig.12). Modul de cedare al
betonului a fost definit folosind modelul propus de
William si Warke [24], iar pentru armaturi s-a folosit
criteriul de cedare Von Mises. Raspunsul
armaturilor din otel a fost considerat liniar - elastic
— perfect plastic. Pentru coeficientului lui Poisson
s-a adoptat valoarea 0,3, iar valorile modulului de
elasticitate si a limitei de curgere au fost
considerate 255 GPa si respectiv 355 MPa.
Armaturile din carbon, adezivul epoxidic si placile
rigide din otel s-au modelat prin materiale cu
proprietati liniar — elastice, valorile acestora fiind
prezentate anterior.
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0.3 was specified and the elastic modulus and
yield strength were 255 GPa and 355 MPa,
respectively. A linear elastic material was assigned
to the CFRP reinforcement, epoxy adhesive and
rigid steel plates. Their mechanical properties have
been previously presented.

The nonlinear analysis requires dividing the
applied monotonic load into a series of load steps
and sub — steps. At the end of each incremental
solution the stiffness matrix was adjusted using the
Newton — Raphson equilibrium iterations. The
convergence criteria used was based on force and
displacement. The convergence tolerance limits
were 0.5 % for force checking and 5% for
displacement checking. The predicted ultimate
load of each numerical model was achieved when
the 10 N load increment did not converge [25].

3.2 Numerical modelling results

In order to assess the validity of the
developed FE models, the results of numerical
simulations were compared with those obtained
experimentally. A summary of the experimental
and numerical results is presented in Table 4.
Results obtained analytically are presented in
Table 5.
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Fig. 12 - Curbe tensiuni — deformatii specifice / Stress — strain curves: a) beton / concrete; b) otel / steel.

in analiza neliniara, forta totald aplicata
modelului geometric a fost divizata intr-o serie de
trepte si sub — trepte de incarcare. La sfarsitul
fiecarei trepte de incarcare, programul a ajustat
automat matricea de rigiditate a modelului, folosind
iteratiile de echilibru Newton — Raphson utilizand
criterile de convergenta legate de forta si
deplasare. Programul utilizat are limitele de
toleranta pentru convergentda 0,5 % pentru
verificarea fortei si 5 % pentru verificarea
deplasarilor. Forta limita ultima a fiecarui model
geometric a fost atinsd cand pasul de 10 N nu a
mai indeplinit criteriile de convergenta [25].

3.2 Rezultatele modelarii numerice

Validitatea modelelor numerice create a fost
evaluata comparand rezultatele obtinute Tn urma
modelarii cu cele obtinute pe cale experimentala
(tabel 4) si a celor calculate pe cale teoretica,
(tabel 5).

A comparison between the average
experimentally recorded and numerically simulated
load-displacement diagrams for the control beams
and the strengthened ones is illustrated in Figure
13.

4. Summary and conclusions

The use of the NSM CFRP reinforcement
strengthening  technique for the flexural
strengthening of RC beams was experimentally,
numerically and analytically investigated in this
paper.

The experimental results confirmed the
efficiency of the NSM strengthening technique.
The ultimate load on the beams has been
significantly increased, as it follows: for beams of
type B and C, strengthened with 50.4 mm?® of
CFRP, the maximum increase in ultimate load was
158% while for beams of type D, strengthened with
100.8 mm? of CFRP, the maximum increase of
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in figura 13 este prezentatd o comparatie
intre diagramele fortd — deplasare cu valorile medii
obtinute in urma testarilor experimentale si a
modelarilor numerice pentru toate grupele de grinzi

load was 220%. Also, this strengthening technique

improves the rigidity of the RC beams.

For

specimens of type B and C the maximum mid-
span deflection decreased with 17.33% and for the

testate. ones of type D, with 49%.
Tabelul 4
Rezultate experimentale si numerice / Experimental and numerical results
. N Curgere armatura o s .
Seria Grinzi Prima fisura / First Crack Steel Yielding Forta ultima / Ultimate force
Series Beams Forta / Depl. / Displ. Forta / Depl. / Displ. Forta / Depl. / Displ.
Force (kN) (mm) Force (kN) (mm) Force (kN) (mm)
A1 Exp. 31.5 2.8 47.9 11.8 58.3 74.8
A A2 Exp. 32 2.9 48.3 12.3 59.7 75.5
A3 Exp. 33 3 49.5 13.2 60.2 76.1
A-NUM Num. 31.5 0.7 48.6 11.5 54.5 334
B1 Exp. 32 3 80.9 18.5 151 68.5
B B2 Exp. 31.5 2.9 82 16 159.8 64.8
B3 Exp. 31.7 1.1 81 15.5 144.8 57.5
B-NUM. Num. 31 1.1 79.5 16.1 144.2 46.2
C1 Exp. 325 2.6 59.9 7.7 155.3 66.2
c C2 Exp. 31.9 23 60.2 8.2 157 64.7
C3 Exp. 32 24 62.2 8.9 153.5 66.9
C-NUM. Num. 30 0.9 57.2 8.6 146.3 47.9
D1 Exp. 31 1.5 81 9.6 177.7 38.7
D D2 Exp. 31.5 25 82.2 10.9 191.5 46.6
D3 Exp. 30.9 1.5 80.4 9.5 183.6 45.6
D-NUM. Num. 30.2 0.8 81 9.8 174.3 33.6
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Fig. 13 - Comparatii intre diagramele forta — deplasare obtinute experimental si numeric / Comparison between experimental and

numerical load — displacement diagrams.
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din beton armat prin consolidare cu fagii compozite inglobate in zona din imediata apropiere a fetei intinse.

Tabelul 5
Fortele ultime obtinute pe cale experimentald, numerica si teoretica
Experimental, numerical and theoretical results for the ultimate force
Seria / Series Grinzi / Beams Metoda / Method Forta ultima / Ultimate force (kN)
A1 Exp. 58.3
A2 Exp. 59.7
A A3 Exp. 60.2
A-NUM Num. 54.5
A-TEOR Teor. 61.3
B1 Exp. 151
B2 Exp. 159.8
B B3 Exp. 144.8
B-NUM Num. 144.2
B-TEOR Teor. 144.8
C1 Exp. 155.3
Cc2 Exp. 157
C C3 Exp. 153.5
C-NUM Num. 146.3
C-TEOR Teor. 143.6
D1 Exp. 177.7
D2 Exp. 191.5
D D3 Exp. 183.6
D-NUM Num. 174.3
D-TEOR Teor. 190.1
4. Concluzii The failure mode for all strengthened

In lucrare a fost analizatd din punct de
vedere teoretic, experimental si prin modelare
numerica comportarea grinzilor din beton armat
consolidate cu fasii inguste din CPAFC montate in
zona din imediata apropiere a fetei intinse.

Rezultatele experimentale au evidentiat
faptul ca instalarea fasiilor din CPAFC la partea
intinsa a grinzilor din beton armat a condus la
cresterea semnificativa a fortei ultime, astfel:
pentru grinzile din seriile B si C, consolidate cu
50,4 mm® CPAFC, cresterea fortei ultime a fost de
158%, iar pentru grinzile din seria D, consolidate
cu 100,8 mm? CPAFC, forta ultimi a crescut cu
220%. De asemenea, consolidarea grinzilor cu fasii
din CPAFC conduce la cresterea rigiditatii
acestora. Pentru grinzile din serile B si C,
deplasarea maxima verticala a scazut cu 17,33%
iar pentru cele din seria D, cu 49%.

Cedarea grinzilor consolidate din beton
armat, testate la incovoiere sub incarcare monoton
crescatoare, s-a produs prin desprinderea
acoperirii de beton de la partea intinsa a acestora,
fiind initiata la un capat al armaturii din CPAFC.

Rezultatele obtinute in urma verificarilor
analitice si numerice sunt in buna concordanta cu
cele obtinute pe cale experimentala.
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