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COMPORTAREA GRINZILOR DIN BETON ARMAT
CONSOLIDATE CU FASII COMPOZITE ARMATE CU FIBRE DE CARBON
STRUCTURAL BEHAVIOUR OF REINFORCED CONCRETE BEAMS
STRENGTHENED BY CFRP PLATE BONDING
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Universitatea Tehnica “Gh. Asachi” lasi, Bdul. Mangeron nr. 43.,700050, lasi, Roménia

Compozitele polimerice armate cu fibre (CPAF)
se utilizeaza cu succes la consolidarea grinzilor din beton
armat imbunatatindu-le raspunsul structural la solicitarile
uzuale. Solutiile cele mai frecvente se bazeaza pe utilizarea
platbandelor prefabricate din CPAF lipite cu adezivi pe fata
inferioara a grinzii sau pe aplicarea directa a unor fasii din
tesaturi cvasi-unidirectionale realizate din fibre de carbon
sau sticla, impregnate cu rasini polimerice.

In cadrul unui program experimental desfisurat la
Facultatea de Constructii si Instalatii din lagi au fost testate
mai multe grinzi din beton armat consolidate, evidentiindu-
se modul de lucru, tipurile de cedare si eficienta structurala
a sistemelor propuse. Raspunsul structural a fost evaluat
prin solicitarea grinzilor la moment incovoietor constant,
identificandu-se  diferentele in raport cu grinzile
neconsolidate atat in privinta capacitatii portante cat si a
rigiditatii. Rezultatele au fost comparate cu cele obtinute
prin modelare numerica.

Fibre reinforced polymer (FRP) composites are
currently successfully implemented to strengthening of
reinforced concrete (RC) beams improving their structural
response to frequent loading conditions. The most utilized
techniques are based on prefabricated composite plates
bonded to the tension side with adhesives or by bonding
quasi-unidirectional fabrics made of carbon fibre reinforced
polymer (CFRP) composites or glass fibres fabrics
impregnated with polymeric resins.

An experimental program has been carried out at
The Faculty of Civil Engineering and Building Services lagi,
to verify a number of strengthening solutions and reveal
the working conditions, failure types and the structural
efficiency of the proposed systems. The structural
response has been evaluated through testing the RC
beams under four points loading scheme. The difference in
structural behaviour of unstrengthened and strengthened
beams has been revealed on both loading bearing capacity
and stiffness. The experimental results have been
compared to those obtained by numerical modeling.
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1. Introducere

in ultimii ani, in dezvoltarea sectorului de
constructii au aparut tendinte si preocupari noi
vizdnd reabilitarea functionald si structuralda a
obiectivelor realizate cu circa jumatate de secol in
urma.

Aceste preocupari au aparut datorita faptului
ca un volum important al lucrarilor de infrastructura
a fost realizat la mijlocul secolului trecut si are acum
0 vechime de peste 60 de ani. Multe structuri din
beton armat proiectate si construite dupa cel de-al
doilea razboi mondial nu au luat in considerare
problema durabilitatii materialelor gi structurilor de
aceea prezintd deficiente structurale care solicitéd o
reabilitare imediata pentru a le permite utilizarea Tn
continuare.

In ultima parte a secolului trecut, numai in
Europa, circa 84.000 de poduri din beton armat si
precomprimat au necesitat reparatii $i consolidari,
lucrari care au atins costuri foarte ridicate [1]. Tn
ultimele decade repararea si consolidarea
structurilor din beton armat utilizdnd compozite
polimerice armate cu fibre a devenit o solutie
alternativa eficientd si viabila la solutile bazate pe
elemente din otel.
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1. Introduction

New tendencies have been developed in civil
engineering, nowadays, namely those related to
functional and structural rehabilitation of the
infrastructure objectives constructed about half a
century ago.

These objectives have arisen because an
important amount of infrastructure work was built in
the previous mid-century and now is about sixty
years old.

Numerous reinforced concrete structures
designed and built after the Second World War did
not take into account the durability of materials and
structures, therefore they have structural
deficiencies that require immediate rehabilitation
works to enable the extension of life span and
continued use.

In the second half of the 20" century in
Europe alone, about 84,000 concrete and
prestressed concrete bridges requiring repair and
consolidation works that have required very high
financial resources [1]. In recent decades repairing
and strengthening concrete structures using fibre
reinforced polymer composites has become an
effective and viable alternative to traditional
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Totusi, exista  anumite  dezavantaje
referitoare in special la reducerea ductilitatii
elementelor consolidate cu soluti compozite.
Aceasta reducere a ductilitdtii a condus in unele
situatii la evitarea aplicarii solutiilor compozite sau
la introducerea unor conditii severe de proiectare
mai ales pentru a evita moduri de rupere mai putin
previzibile decat in cazul elementelor clasice din
beton armat. Principalii factori care impun
consolidarea elementelor portante din beton armat
sunt: coroziunea (in particular in cazurile in care
elementele sunt supuse unui mediu agresiv);
oboseala materialului (cauzata de efectul cumulativ
al incarcarilor alternante, vandalism, incendii sau
explozii); erori de proiectare sau de executie
(proiectare necorespunzatoare, executie deficitara,
materiale inferioare, calificare necorespunzatoare a
lucratorilor); schimbarea schemelor de incarcare si
a valorilor acestora (impuse de modificari in
procesul tehnologic din unitati de productie,
schimbarea destinatiei, iar in cazul podurilor
cresterea incarcarilor pe osie); modificarea
cerintelor codurilor de proiectare [2-5].

Tehnicile de consolidare utilizate sunt fie
clasice sau combinate, bazate pe materiale
traditionale dar puse in opera prin torcretare cu
mijloace speciale noi [6], prin evazarea sectiunilor,
prin placarea cu profile metalice, prin pretensionare
exterioara sau utilizdnd solutii bazate pe compozite
polimerice armate cu fibre [7, 8]. Grupul de
cercetare pentru aplicarea compozitelor in
constructi de la Facultatea de Constructii si
Instalatii din lagi, a initiat un program complex de
cercetare  dezvoltare privind introducerea
compozitelor polimerice in ingineria civila. Echipa
de cercetare s-a concentrat pe studii analitice,
cercetari experimentale si demonstratii practice
referitoare la potentialul remarcabil al aplicarii
CPAF, inclusiv la reabilitarea structurald a
elementelor portante din materiale de constructii
traditionale [9, 10].

2. Reabilitarea structurala a elementelor
incovoiate din beton armat cu solutii din
compozite polimerice armate cu fibre

Consolidarea elementelor din beton armat la
solicitarea de incovoiere urmareste suplimentarea
armaturii interioare din otel existent in faza initiala,
prin atasarea la fata inferioara, intinsa sau in slituri
practicate in apropierea acesteia, a unor armaturi
compozite sub forma de platbande cu armare
cvasiunidirectionald, lipirea unei membrane
compozite obtinute prin impregnarea tesaturilor
echilibrate sau cvasiunidirectionale, respectiv fasii
inguste sau bare inglobate langa extremitatea
zonei Intinse.

Una din cele mai utilizate metode de
consolidare a grinzilor din beton armat se aplica
prin pozitionarea platbandelor din compozite
polimerice armate cu fibre de carbon (CPAFC) la

CFRP plate bonding

solutions, especially those based on steel
elements.

However, there are certain disadvantages
relating in particular to a reduced ductility of the
strengthened elements based on composite
solutions.

This reduction in ductility has led, in some
cases, to avoidance of composite solutions in
structural rehabilitation or to introduction of very
severe design provisions, in particular to avoid
failure modes less predictable than in case of
reinforced concrete elements.

The main factors that require strengthening
of reinforced concrete structural members are:
corrosion (in particular where the elements are
working in an aggressive environment), fatigue of
material (caused by the cumulative effect of
alternating loads, vandalism, fire or explosions),
design or execution errors (poor design, poor
execution, use of inferior materials, unskilled
workers) and changes of the loading schemes as
well as the loading values (imposed by changes in
the technological process of production units, the
modification of loads position on bridges, and the
increased axle loads) ; changing the provisions of
the modern design codes [2-5].

The strengthening techniques utilized are
either conventional or based on traditional
materials applied by shotcreting with new special
means [6], by section enlargement, by attaching
metallic profiles by external prestressing or using
solutions based on fiber reinforced polymer
composites [7, 8].

The composite in construction research
group from The Faculty of Civil Engineering lasi
initiated a comprehensive program of research and
development on the introduction of polymer
composites in civil engineering. The research team
focused on analytical studies, experimental
research and practical demonstrations relating to
the remarkable potential for application CFRP,
including rehabilitation of the bearing structural
members made of traditional building materials
[9, 10].

2. Rehabilitation of bent structural elements
made of reinforced concrete with fiber
reinforced polymer composites solutions

Strengthening of the reinforced concrete
members subjected to bending aims to
supplementing the  existing initial steel
reinforcement. This purpose is achieved by
attaching CFRP plates to the tensioned side, or by
embedding near surface narrow mounted
composite strips. The attached composite products
are prefabricated quasi-unidirectional reinforced
plates, composite membranes obtained by
impregnating balanced or quasi-unidirectional
fabrics, or near surface composite bars or narrow
strips.
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partea Tintinsa folosind un adeziv epoxidic.
Recomandarea utilizarii CPAFC se bazeaza pe
rezistentd la intindere si rigiditate ridicate,
rezistentd la coroziune, densitate scazutd si o
tehnologie ugoara de montaj.

incercarile experimentale, calculul analitic si
simularile numerice au aratat ca placarea grinzilor
cu platbande din CPAFC mareste rezistenta la
incovoiere si rigiditatea acestora. Solicitarea la
incovoiere a grinzilor placate cu platbande din
CPAFC, a condus la aparitia si identificarea unor
moduri specifice de cedare [2]: cedarea la
compresiune a betonului Tnainte de intrarea in
curgere a armaturii din otel, cedarea Ila
compresiune a betonului dupa curgerea armaturii
din otel, ruperea platbandei din CPAFC, cedarea
din forfecare, desprinderea platbandei din CPAFC
de pe suprafata grinzii, destratificarea CPAFC,
cedarea in zona acoperirii cu beton.

Obiectivul acestui articol il reprezinta studiul
raspunsului structural al grinzilor din beton armat
placate cu platbande compozite din fibre de carbon
si matrice epoxidica, armate cvasiunidirectional.
Raspunsul este evaluat prin relatile Tncarcare-
deformatie si prin analiza comportérii grinzii n
zona de moment maxim constant, atéat
experimental cét si prin modelare numerica,
utilizand programul de elemente finite LUSAS.

3. Programul experimental

3.1. Materiale utilizate

Betonul a fost preparat folosind ciment
portland EN 197-1 — CEM | 32,5 N [11], pietris,
nisip si apa, diametrul maxim al agregatelor fiind
de 8 mm. Probele pentru determinarea
proprietatilor betonului au fost turnate in tipare
cilindrice, compactate prin vibrare si pastrate timp
de 28 zile intr-o camera cu umiditate relativa de
95% [12].

Dupa 28 de zile a fost determinata rezistenta
la compresiune a betonului pe 5 cuburi de beton cu
latura de 100 mm. Armarea grinzilor s-a realizat cu
bare longitudinale din otel beton PC 52, cu
diametrul nominal egal cu 10 mm.

Elevatia si sectiunea grinzilor din beton
armat din cadrul programului experimental se
prezinta in figura 1.

In tabelul 1 se prezinta proprietatile
materialelor componente, beton si armatura, din
care este confectionata grinda, iar in tabelele 2 si 3
sunt prezentate caracteristicile produselor utilizate
la placarea grinzilor din beton armat.

One of the most utilised strengthening
methods of the reinforced concrete beams is
applied by placing the plates of CFRP composites
to the tensioned side using an epoxy adhesive.
Recommendation of the use of CFRP composites
is based on their high tensile strength and high
stiffness, corrosion resistance, low density and
easy installation.

Experimental tests, analytical calculation
and numerical simulations have shown that beams
plated with CFRP strips have an increased load
capacity to bending and an improved stiffness.
However, the bending of the reinforced concrete
beams plated with CFRP strips, has led to the
identification of some specific modes of failure [2]:
concrete compressive failure before the yield of
steel reinforcement, concrete compressive failure
after the yield of steel reinforcing bars, fracture of
the CFRP plate, shear failure, debonding of the
CFRP plate, delamination of the composite plate
and failure within concrete cover layer.

The objective of this work is to evaluate the
structural response of the reinforced concrete
beams plated with carbon fibre reinforced epoxy
composite strips  with a quasi-unidirectional
reinforcement. The response is evaluated through
load-deformation relationships and the analysis of
behavior the RC beam in the maximum constant
bending moment portion. The evaluation has been
carried out both experimentally and by numerical
modeling using finite element software LUSAS.

3. Experimental program

3.1. Materials

The concrete has been prepared using
Portland cement EN 197-1 - CEM | 32.5 N [11],
gravel, sand and water, the maximum diameter of
the aggregates being 8 mm. The test specimens
for determination of concrete properties have been
casted into cylindric molds, compacted by vibration
and kept for 28 days in a room with relative
humidity of 95% [12].

The compressive strength of concrete has
been determined after 28 days on five concrete
cylindrical samples with diameter of 150 mm and
height equal to 300 mm. The beams have been
reinforced with deformed steel bars PC 52, with a
nominal diameter equal to 10 mm.

The elevation and the cross section of a
typical reinforced concrete beam utilised in the
experimental program is presented in Figure 1.
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Fig. 1 - Caracteristicile geometrice ale grinzii din beton armat analizate / The geometrical characteristics of the analysed
reinforced concrete (RC) beam.
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Tabelul 1

Proprietatile betonului si otelului folosite la grinda din beton armat / Material properties for concrete and steel utilized for the RC beam

Proprietati / Properties Beton / Concrete Otel / Steel
Rezistenta caracteristica pe cilindri / Characteristic cylinder strength [MPa] 22.56 -
Rezistenta la tractiune / Tensile strength [MPa] - 355
Modulul de elasticitate / Elastic Modulus [GPa] 29.36 210
Deformatia specifica ultima / Ultimate strain [%] 0.35 -
Tabelul 2
Proprietatile fasiilor din CPAFC utilizate la placare / Properties of CFRP strips for plate bonding
Tipul fibrei/Fibre type Fibre de carbon/Carbon fibres
Orientarea fibrelor / Fibres orientation 0°c (unidirectional / unidirectional)
Aria / Area, [mm” ] 60
Grosimea / Thickness, [mm] 1.2
Rezistenta la tractiune a fibrelor / Tensile strength of fibres, [MPa] 2800
Modulul de elasticitate la tractiune / Tensile modulus, [GPa] 160
Deformatia specifica ultima / Ultimate fibre strain, [%] 0.85
Tabelul 3
Proprietatile adezivului epoxidic / Properties of the epoxy adhesive
Proprietati / Properties Adeziv epoxidic / Epoxy adhesive
Densitatea / Density [g/cm’] 1.30
Rezistenta la tractiune / Tensile strength [MPa] 24.8
Rezistenta la forfecare / Shear strength [MPa] 24.8
Modulul de elasticitate la tractiune / Tensile modulus [MPa] 4482
Alungirea la rupere / Fracture elongation [%] 3

Platbanda din compozite polimerice armate
cu fibre de carbon este obtinutd prin pultrudere,
[13] iar adezivul epoxidic utilizat la lipirea acesteia
la intradosul grinzii din beton este de tipul
bicomponent [14].

3.2. Consolidarea grinzilor cu platbande din
CPAFC

Unul din cele mai importante aspecte ale
montarii platbandelor compozite la suprafetele din
beton armat il reprezinta pregatirea suprafetei de
aplicare. S-a constatat ca cele mai bune sanse de
reusita Tn cazul Tmbinarilor adezive dintre beton si
produsele compozite rezulta prin folosirea
adezivilor bicomponenti bazati pe rasini epoxidice
[15].

Suprafata de beton s-a pregatit astfel incéat
s-au eliminat impuritatile daunatoare realizarii unei
bune aderente si asigurarii durabilitatii acesteia.
Betonul a fost slefuit mecanic si aspirat pentru a
inlatura praful rezultat in urma prelucrarii.
Platbandele compozite au fost degresate cu un
solvent de curatare livrat de catre furnizorul de
materiale si produse compozite [13, 14]. Adezivul a
fost aplicat intr-un strat subtire de 2 mm si
uniformizat cu ajutorul unui dreptar (figura 2a) dupa
care s-a aplicat platbanda pe suprafata pregatita si
s-a presat pentru a favoriza aderenta la interfata
(figura 2b).

Grinzile astfel consolidate au fost pastrate in
conditii de laborator, timp de 14 zile, la temperaturi
cuprinse intre 20-23 °C.

Table 1 gives the properties of concrete and
steel reinforcement used to make the reinforced
concrete beam. In Tables 2 and 3 the
characteristics of products used for plate bonding
of concrete beams are presented. The CFRP
polymeric strips were obtained by pultrusion, [13];
the epoxy adhesive used for bonding the plate to
the bottom side of the concrete beam was a two
component type [14].

3.2. Strengthening of the RC beams with CFRP
plates

One of the most important aspects of the
attaching the composite plates to the concrete
surfaces is the adequate surface preparation. It
has been found that the best chance of a
successful attachment is achieved if the adhesive
joints between concrete and composite products
are performed with bi-component adhesives based
on epoxy resins [15].

The concrete surface was prepared so that
harmful impurities were removed for good
adhesion and ensure the durability of the adhesive
layer. The concrete surface was mechanically
polished and vacuumed to remove dust from
processing. The composite strips were degreased
with a cleaning solvent delivered by the supplier of
materials and composites [13, 14]. The adhesive
was applied in a thin layer of 2 mm and levelled
using a straight edge, Figure 2a; after that the tape
was applied to the prepared surface and pressed
to favorize a good adhesion at the interface
(Figure 2b)
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a - b
Fig. 2 - Placarea grinzii din beton armat: (a) - aplicarea stratului de adeziv pe fasia compozita; (b) - presarea fasiei din CPAFC pe

suprafata de beton a grinzii / The plate bonding on the reinforced concrete beam: (a) - application of the adhesive layer on the
composite strip; (b) - pressing the CFRP strip on the beam concrete surface.
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Fig. 3 - Schema de incarcare pentru incercare a grinzilor la incovoiere: (a) - grinda din beton armat; (b) - grinda consolidata cu
platbanda compozita (dimensiuni in cm) / The loading scheme for the bending test of beams: (a) — the reinforced concrete beam;
(b) — the plate bonded strengthened RC beam (dimensions in cm).

3.3. Incercarea grinzilor consolidate cu
platbande CPAF

In cadrul programului experimental au fost
testate cinci grinzi din beton armat (figura 3a) si
cinci grinzi consolidate cu platbande din CPAFC
atasate la fata inferioara intinsa a acestora, (figura
3b).

Grinzile au fost incercate conform schemei
din figura 3 cu moment constant intre fortele
concentrate. Fiecare grinda a fost instrumentata cu
6 traductori de deplasare (LVDT) avand
urmatoarele functiuni: un traductor de forta, un
traductor pentru masurarea deplasarii la mijlocul
deschiderii grinzii si patru traductori montati
longitudinal la partea supericara si la partea
inferioara a grinzii, pe portiunea centrala a acesteia
(figura 4).

Inainte de testarea grinzilor, masina de
incercat de tip BD 300 a fost calibrata, iar
echipamentul de achizitie si prelucrare a datelor
pregéatit pentru operationalizare. in Figura 5 este
ilustratd o imagine completd a montajului
experimental.

The strengthened beams have been kept in
laboratory conditions for 14 days at temperatures
between 20-23 °C.

3.3. Testing of the plate bonding strengthened

CFRP beams

Five unstrengthened reinforced concrete
beams, Figure 3a, and five RC beams
strengthened with attached CFRP plates, Figure
3b, have been tested in bending.

All beams have been tested as illustrated in
Figure 3 with a constant moment between the two
concentrated forces. Each beam has been
instrumented with six linear voltage displacement
transducers (LVDTs) with the following destination:
a force transducer, a transducer for measuring
beam displacement in the middle span, and four
transducers mounted longitudinally on the top and
the bottom of the beam in the central portion,
Figure 4.

The testing machine type BD 300 was
calibrated, before loading the beams, while data
acquisition and processing equipment has been
prepared for operation. A complete picture of the
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Fig. 4 - Instrumentarea grinzilor cu traductori pentru masurarea deplasarilor (a) — dispozitive auxiliare pentru fixarea traductorilor;
(b) — instalarea traductorului vertical pentru masurarea deplasarii transversale; (c) — traductori si rulouri de incarcare / The
instrumentation of the beams with liniar voltage displacement transducers (LVDTs): (a) — auxiliary devices for transducers fixing;
(b) — installing the vertical transducer for transverse deflection; (c) — transducers and loading cylinders.
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Fig. 5 - Instrumentarea completd pentru achizitia si prelucrarea datelor experimentale / The complete instrumentation for the

experimental data acquisition and processing.

Instalatia de masurare tensometricd cu 16
canale, utilizata la incercare a asigurat achizitia si
prelucrarea datelor in mai multe puncte conform
instrumentarii prezentate anterior. Aparatura este
prevazuta cu sisteme de echilibrare in modul si in
faza, in trepte si in modul continuu.

Probele au fost supuse la Tincovoiere
folosind masina universala de incercat, BD 300 cu
o capacitate maxima de 3000 kN. Treptele de
incarcare au fost stabilite la 10 kN iar testarea s-a
efectuat Tn conditii de temperatura (20-22 °C) si
umiditate (60%) specifice laboratoarelor de
incercare.

Pentru procesarea datelor experimentale
obtinute in timp real a fost utilizat un modul de
canale de semnal, cu o interfatda de
comanda/control dezvoltata pe platforma
programului "Test Point”. Toate incercarile au fost
efectuate cu control pe forta, cu o rata de crestere
a tensiunilor de 0,5 MPa/s.

4. Rezultate experimentale si discutii

Raspunsul structural al grinzii din beton
armat ilustreazd existenta unor importante stadii
ale comportarii: Tn primul stadiu grinda se comporta
cvasielastic, rigiditatea acesteia fiind relativ

experimental installation is presented in Figure 5.

The 16 channels installation for strain
gauge measurements, utilised in the experimental
program has been utilised to acquired and process
the experimental data The apparatus has been
fitted with balancing and phase mode.

The test specimens were subjected to
bending using universal test machine, BD 300 with
a maximum capacity of 3000 kN. The loading
steps were set at 10 kN and the testing was
performed in the laboratory conditions of
temperature (20-22 0C) and humidity (60%).

The experimental data have been
obtained in real time using a signal channel mode
with an interface/control platform developed on the
"Test Point". All tests have been performed in the
force-control mode, with a stressing rate of 0.5
MPa.

4. Experimental results and discussions

The structural response of the reinforced
concrete beam shows the existence of the
following important stages of behaviour: in the first
stage the beam behaves quasi-elastically and its
rigidity is relatively high; in the second stage the
concrete cracks occur on the tension side then the
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ridicata; in stadiul al doilea se produc fisuri ale
betonului la partea intinsa, apoi fisurile din
incovoiere si fortad taietoare se dezvoltd pana la
cedare.

Comportarea grinzilor din beton armat este
relativ fragila, datorita armarii deficitare la forta
taietoare, situatie care nu a asigurat curgerea
armaturii din zona intinsa; curba forta-deplasare
atinge un varf de fortd egal cu 26 kN,
corespunzator sagetii de 1,87 mm (figura 6, curba
a). Curbele incarcare-sageata din aceasta figura
sunt construite cu media valorilor celor cinci grinzi
similare din beton armat.
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Fig. 6 - Raspunsul structural al grinzilor testate la incovoiere:
(a) — grinda din beton armat; (b) — grinda consolidata cu
platbanda compozita / Structural response of the
beams tested in bending: (a) — RC beam; (b) — CFRP
strengthened beam.

in cazul grinzilor consolidate cu platbande
compozite acest ,genunchi” nu apare pe curba
(fig.6b), In acest caz se observa, insa, o scadere a
ductilitatii. Atasarea platbandei compozite modifica
si modul de producere al fisurarii. Primele fisuri din
incovoiere apar la mijlocul deschiderii grinzii, dar
cele mai periculoase fisuri sunt cele inclinate,
amorsate la capetele platbandei compozite (figura
7), datorita vulnerabilitatii la forta taietoare.

Incercarea a fost intreruptd inaintea cedarii
definitive pentru a proteja traductorii de deplasare.

5. Analiza cu elemente finite

5.1. Modelarea numerica a grinzii din beton

armat

Analiza cu elemente finite (AEF) a fost utilizata
pentru verificarea rezultatelor  experimentale,
referitoare la relatia incarcare-sageata, folosind
pachetul de programe LUSAS 14 [16]. Modelul
studiat are aceleasi dimensiuni ca si grinzile
incercate, comparatiile fiind efectuate la valorile
incarcare-deplasare la mijlocul grinzii. S-au studiat de
asemenea starile de tensiuni si deformatiile specifice
din Tntindere si compresiune ale betonului.

bending and shear cracks grow until failure.

The behavior of the RC beams is relatively
brittle due to the inadequate shear reinforcing; this
reinforcement was not provided, therefore the yield
of the longitudinal steel reinforcement on the
tension side has not occurred. The force-
displacement curve has reached a peak force
equal to 26 kN, corresponding to 1.87 mm
transverse deflection, Figure 6, curve a. The load-
deflection curves in this figure are constructed with
the average values of the five tested similar
concrete beam samples.

In case of beams strengthened with
composite strips this "knee" does not appear on
the curve, Figure 6b; in this case a decrease in
ductility has been observed. The attachment of the
composite strips has also modified the pattern of
crack appearance. The first cracks occurred in the
middle of the bent beam, but the most dangerous
cracks were those inclined and originating at the
ends of the composite strips, Figure 7, due to
vulnerability to shear.

Fig. 7 - Fisura din forfecare la grinda consolidata cu platbanda
din CPAFC / Shear crack of the CFRP strengthened
beam.

The testing has been interrupted just before the
final failure to protect the displacement
transducers.

5. Finite element analysis

5.1. Numerical modeling of the RC beam

Finite Element Analysis (FEA) has been
used to verify the experimental results relating to
load-deflection, utilising the LUSAS software
package 14 [16]. The model has the same
dimensions as the tested beams, comparisons
being made to load-displacement values at the
midspan of the beam. In addition the stress and
strain states from tension and compression of the
concrete.

The modeling has been performed in the
following sequence: selection of the solid type
finite element, definition and defining
characteristics of materials, meshing the beam,
introducing the boundary conditions, application of
the load steps, running the program. This
procedure has been followed by a critical analysis
of results, selecting specific stress and strain maps
and drawing diagrams coresponding to the loading
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Modelarea s-a efectuat in urmatoarea
succesiune: selectarea elementului finit de tip solid;
definirea materialelor si precizarea caracteristicilor
acestora; discretizarea  grinzii; introducerea
conditiilor de contur; aplicarea in trepte a incarcarii;
rularea programului si analiza critica a rezultatelor;
selectarea hartilor de tensiuni si deformatii
specifice si trasarea diagramelor cu rezultatele
obtinute pe treptele de incarcare. In figura 8 sunt
introduse hartile de tensiuni corelate cu deplasarile
transversale obtinute pe grinda din beton armat, la
mijlocul deschiderii acesteia, in conditiile limit&rii
deformatiei specifice la compresiune din beton la
valoarea 0,3 %.
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CFRP plate bonding

steps. Figure 8 illustrates the stress maps obtained
for a half RC beam and the transverse
displacements at the midspan of the RC beams;
the results correspond to a limitation of the
compressive concrete strain at 0.3%.
5.2. Numerical modeling of the CFRP

strengthened RC beam

The mesh used for reinforced concrete
beam, strengthened with carbon fiber reinforced
composite strips and epoxy adhesive is illustrated
in Figure 9. The model is more complex than in the
previous case, due to the introduction of the new
components, namely the CFRP plate and the

LOADCAZE = 1

Losncicaes
REALTEFILE= 1
DEPLACEMENT

Fig. 8 - Tensiuni si deplasari obtinute prin modelare numerica pe grinda din beton armat: (a) - tensiuni principale; (b) — deplasarile
transversale la mijlocul deschiderii / Stresses and transverse displacements through numerical modeling-RC beam: (a) —

principal stresses; (b) — midspan transverse displacements.

5.2. Modelarea numerica a grinzii din beton
armat consolidate cu CPAFC

in figura 9 se prezintd discretizarea
utilizatd in cazul grinzii din beton armat,
consolidatd cu platbanda compozita din fibre de
carbon si adeziv epoxidic. Modelul este mai
complex decat in cazul precedent datorita
introducerii noilor componente: platbanda din
CPAFC si adezivul epoxidic la interfata beton-
compozit. Se evidentiaza sistemul de axe ales,
platbanda compozita, conditile de rezemare si
pozitiile fortelor concentrate la reazem si la treimea
deschiderii. Utilizadnd caracteristicile programului
s-au determinat, in primul rand, tensiunile
principale la solicitarea de incovoiere conform
schemei de incarcare adoptate. in figura 10 este
intocmita harta tensiunilor principale cu indicarea
zonelor dupa nivelul de solicitare.

Folosind modelul bidimensional, pe baza
facilitatile programului LUSAS, s-a efectuat analiza
neliniara a modelului hibrid rezultat prin
consolidarea cu platbanda compozita in vederea
stabilirii  releveului fisurilor  (figura 11). Se
evidentiaza, in particular, fisurile dezvoltate in
portiunea centrald a grinzii consolidate, zond cu
tensiuni maxime de intindere.

e
LA
=

Fig. 9 - Discretizarea grinzii din beton armat consolidatd cu
platbanda din CPAFC / Meshing of the CFRP strip
strengthened RC beam.

epoxy adhesive at the concrete-composite
interface. The chosen axes system, the composite
plate, as well as the boundary conditions and the
positions of the concentrated loads are indicated.
Using the program characteristics the main
stresses from bending have been firstly
determined, according to the adopted loading
scheme. The map of the principal stresses
determined from the 3D numerical modeling is
given in Figure 10.
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Fig. 10 - Tensiuni principale obtinute prin modelare numerica pe
modelul tridimensional / Principal stresses resulted
from 3D numerical modelling.
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Based on the features of LUSAS and using
the 2D modeling, the nonlinear analysis has been
performed; the cracks surveying resulted on the
hybrid model by strengthening the beam with the
composite strip is shown in Figure 11. In particular,
it highlights the cracks developed in the central
part of the beam, the portion with maximum tensile
stresses.

6. Comparative analysis of the experimental
and numerical modeling results

The 3D model consists of three-
dimensional finite elements (solid type elements
for concrete and bar 3D for steel reinforcement),
an orthotropic model for the composite plate and a
solid type element for the adhesive layer. The
load-displacement diagrams have been traced to
compare the results obtained experimentally and
by numerical modeling, Figure 12.
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Fig. 11 - Rezultatele modelarii numerice bidimensionale: (a) — dispunerea fisurilor la mijlocul grinzii; (b) — harta tensiunilor si deformatia
grinzii consolidate cu CPAFC / 2D numerical modeling results on cracks surveying: (a) — cracks at midspan; (b) — stress

mapping and deformation of the CFRP strengthened beam.

6. Analiza comparativa a rezultatelor obtinute
pe cale experimentald si prin modelare
numerica

Modelul tridimensional este alcatuit din
elemente finite tridimensionale (elemente de tip
solid pentru beton si bar 3D pentru armatura din
otel), respectiv ortotropic pentru platbanda
compozita si element de tip solid pentru adeziv.
Pentru compararea rezultatelor obtinute pe cale
experimentala si prin modelare numerica s-au
trasat diagramele incarcare-deplasare transversala
din figura 12.

Grinzile din beton armat testate |la
incovoiere, cu deficiente evidente in ce privegte
armarea cu bare metalice au prezentat o
vulnerabilitate sporita, cauzatd de o ancorare
inadecvata la capetele elementelor si de lipsa
etrierilor; aceasta faza a programului experimental
pe o grinda cu deficiente de proiectare urmeaza sa

45
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Fig. 12 - Curbe comparative cu datele experimentale si
rezultatele obtinute prin modelare numerica: (a) — grinda din
beton armat, experiment; (b) — grinda din beton armat,
modelare numerica; (c) — grinda consolidata cu platbanda
din CPAFC, experiment; (d) — grinda consolidatda cu
platbanda din CPAFC, modelare numerica / Comparative
curves of experimental data and numerical modeling results:
(a) — RC beam, experimental;, (b) — RC beam, numerical
modeling; (c) — CFRP strengthened beam, experimental;
(d) — CFRP strengthened beam, numerical modeling.
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fie continuata cu dispunerea unor fasii compozite
pe peretii grinzii, care sa suplineasca absenta
etrierilor.

Din acest motiv grinzile din beton armat au
cedat relativ repede, mai ales din forta taietoare,
fisurile inclinate dezvoltandu-se la valori reduse ale
incarcérilor concentrate transversale.

Lipsa armaturii transversale, in cazul grinzii
din beton armat neconsolidate a cauzat fragilitatea
accentuata a grinzii si o sensibilitate sporita la
depasirea rezistentei la intindere.

Modurile de cedare identificate la
consolidarea grinzilor cu platbande din fibre de
carbon dupa incercarea experimentala s-au
caracterizat prin aparitia relativ rapida a fisurilor
inclinate datoritd lipsei etrierilor si ancorarii
insuficiente a armaturilor longitudinale din otel. Din
aceasta cauza nu s-a dezvoltat mecanismul clasic
al cedarii grinzilor din beton armat, caracterizat prin
curgerea armaturii longitudinale din zona intinsa,
cedarea la compresiune a betonului din zona
comprimata.

Prin consolidarea grinzilor cu platbande
compozite din CPAFC s-a imbunatatit capacitatea
de rezistentd a acestora si a crescut rigiditatea la
incovoiere, dar a scazut ductilitatea.

Mecanismele de cedare observate impun
imbunatatirea fixarii platbandelor compozite la
capete prin solutii care s& prevind desprinderea
prematurd a acestora, initierea si propagarea
fisurilor inclinate.

Consolidarea la incovoiere prin placare cu
fasii compozite in zona intinsa are un efect
favorabil pronuntat daca este insotita de solutii de
consolidare la forfecare prin fasii compozite
transversale atasate laturilor verticale ale grinzilor.

De aceea autorii considera necesara
completarea programului experimental pentru
perfectionarea  solutilor de consolidare cu
platbande si fasii compozite a grinzilor din beton
armat prin tratarea adecvata a zonelor marginale.

In comparatie cu analiza bidimensionala
(2D), rezolvarea problemei tridimensionale (3D)
ofera mai multe informatii legate de deformatiile
specifice si tensiunile Tn orice nod sau sectiune a
grinzii din beton armat consolidate cu CPAF.

Evitarea cedarii grinzii din beton armat
placate cu platbanda din fibre de carbon prin
desprinderea acesteia la extremitdti se poate
realiza prin folosirea la capetele fasiilor compozite
a unor ancoraje sau profile tip L lipite la intrados si
pe fetele laterale ale grinzii din beton.

Modelarea numerica este un instrument util
pentru stabilirea unor marimi si caracteristici
necesare studiului comportarii grinzilor din beton
armat si a celor consolidate.

In acest fel se pot stabili hartile de tensiuni
si deformatii specifice tipului de solicitare a
elementelor incovoiate, identificandu-se releveele
de fisuri si deformatele grinzilor incovoiate.

Valorile obtinute prin simulare numerica sunt

CFRP plate bonding

The reinforced concrete beams tested in
bending with obvious deficiencies in the reinforcing
solutions have shown increased vulnerability
caused by improper anchoring at the ends of the
elements and missing of the stirrups. Therefore,
the experimental program on a beam with design
deficiencies is going to be continued after disposal
of the composite strips on the vertical sides of the
beam aiming to compensate the absence of the
stirrups.

For this reason the concrete beams have
failed relatively quickly, especially from shear with
inclined cracks developing at low values of the
concentrated transverse loads.

The missing transverse reinforcement in
case of the unstrengthened RC beam has caused
an increased beam fragility and also a significant
sensitivity to exceeding the concrete tensile
strength.

The failure modes of the CFRP
strengthened beams through experimental tests
have been characterized by a relatively quick
appearance of inclined cracks, due to the lack of
stirrups and insufficient anchoring of the
longitudinal steel bars. Therefore, the classical
failure mechanism of reinforced concrete beams,
characterized by yielding of steel longitudinal
reinforcement and the compressive failure of the
concrete in the compressed area has not occurred.

An improved load capacity has been
obtained by strengthening the beams with CFRP
strips, their bending stiffness has increased, but
the ductility has decreased.

The observed failure mechanisms require
the improvement of the plate ends fixing to prevent
a premature separation, initiation and propagation
of the inclined cracks.

The CFRP strengthening in bending by
attaching composite strips on the tension side has
a pronounced favourable effect if it is accompanied
by improving the shear reinforcing solutions using
composite strips attached to the vertical sides of
the beams.

Therefore, the authors consider necessary
to complete the experimental program to improve
the strengthening solutions with composite plates
and strips attached to the reinforced concrete
beams, by an adequate detailing of the marginal
areas.

The 3D analysis offers more detailed
information about strains and stresses in any node
or cross section of the CFRP strengthened RC
beam compared two-dimensional (2D) analysis.

Avoiding the failure of the CFRP
strengthened beams through debonding of the
composite plates at their ends can be achieved by
using anchors at the strips ends, or by bonding L-
type composite profiles at soffit, glued to the lateral
sides of the concrete beam.

The numerical modeling represents a
useful tool to initially determine the factors and the
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superioare celor masurate experimental datorita
diferentelor dintre caracteristicile ideale utilizate la
modelare si valorile reale afectate de anumite
imperfectiuni.

7. Concluzii

Consolidarea grinzilor din beton armat prin
placare cu platbande compozite din CPAFC
reprezintd o solutie eficienta si rationala pentru
cresterea capacitatii portante a elementelor
structurale.

Atasarea prin lipire a platbandelor compozite
necesitd respectarea unei tehnologii adecvate
referitoare la pregatirea suprafetelor fiecarui
component, aplicarea adezivului si a conditiilor de
intarire.

Armatura exterioara compozita supli-
menteaza efectul armaturii interioare metalice
conducand la cresterea momentului capabil.

Placarea zonei intinse folosind platbande din
CPFAC reduce ductilitatea generala a grinzii dar
imbunatateste comportarea acesteia in domeniul
elastic, prin sporirea rigiditatii.

La grinzile consolidate este posibila aparitia
unor mecanisme de cedare diferite in raport cu
grinzile din beton armat, de aceea sunt necesare
masuri suplimentare de prevenire a unor fenomene
de cedare diferite, mai ales la capetele
platbandelor compozite.

Valorificarea potentialului placarii grinzilor cu
produse compozite pentru sporirea momentului
capabil este conditionata de armarea
corespunzatoare la forta tdietoare eventual prin
aplicarea unor fasii compozite atasate lateral pe
fetele grinzii din beton armat.

Modelarea numerica prin elemente finite
pentru evaluarea raspunsului structural al grinzilor
consolidate cu platbande compozite reprezinta o
etapa extrem de utila care ar trebui sa preceada
programul experimental pentru a evita volumul
excesiv de munca si pentru a sprijini proiectarea si
realizarea unor modele experimentale adecvate.
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