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Datum znaéajni za ocjen

kandidata

Sjednica Senata na kolo] je data saglasnost na ocjenu teme 1 | 23.06.2016. godine

Odluka br. 03-1634/2

saglasanost mentora

Dostavljanje doktorske djsertacijc organizacionoj jeditlici 1

03.12.2018. godine

Sjednica Vijeca organizacione jedinice na kojoj je dat
prijedlog za imenovanje komisije za ptegled 1 ocjenu | 07.12.2018. godine

doktorske disertacije

U skladu sa clanom 38 pravila doktorskih studija kandidat je dio sopstvenih istrazivanja vezanih
za doktorsku disertaciju publikovao u ¢asopisu sa SCI/SCIE liste kao prvi autor.
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Spisak radova doktoranda iz oblasti doktorskih studija koje je publikovao u ¢asopisima
sa SCI/SCIE liste:

BaSa Nikola, Ulicevi¢ Mladen, Zejak Radomir: Fxperimental Research of Continuous
Concrete Beams with GFRP Reinforcement, Advances in Civil Engineering, Article ID 6532723,
2018., 16 pages. ISSN: 1687-8086 (Print), ISSN: 1687-8094 (Online),
dot.org/10.1155/2018/6532723

Link ka radu: http://downloads.hindawi.com/journals/ace/2018/6532723.pdf

Konferencijski radovi koji sadrze djelove disertacije: .

BaSa Nikola, Uli¢evi¢ Mladen, Zejak Radomir: Preraspodjela uticaja u kontinualnim
gredama armiranim FRP armaturom, Simpozijum drustva gradevinskih konstruktera Srbije,
Zlatibor, 15-17. septembar 2016.god, str. 328-335.

BaSa Nikola, Uli¢evic Mladen, Zejak Radomir: The Response Analysis of Contnuous
Beams with FRP Reinforcement, Proceedings of the 1" Internatdonal Conference on
Construction Materials for Sustainable Future, Zadar, Croatia, 19-21 April 2017, pp. 768-776.

ObrazloZenje mentora o koriS¢enju doktorske disertacije u publikovanim radovima

Mr Nikola Basa je, kao prvi autor, dio rezultata sopstventh istrazivanja vezanih za doktorsku
disertaciju objavio kroz jedan rad koji je publikovan u casopisu sa SCI/SCIE liste i kroz dva rada
publikovana na medunarodnim/regionalnim konferencijama. U nastavku je dat osvrt na rad
objavljen u casopisu Advances in Civil Engineering, sa dijelom rezultata sopstvenih eksperimentalnih
istrazivanja na kontinualnim gredama armiranim GFRP armaturom, sprovedenih u okviru izrade
dokrorske disertacije.

Naslov objavljenog rada je "Experimental Research of Continuous Concrete Beams with GFRP
Reinforcement". Koautori u radu su prof. dr Mladen Ulicevic i prof. dr Radomir Zejak. U radu je
prikazan eksperimentalni program, u okviru kog su navedeni osnovni parametri koji su
razmatrant: koriscena vrsta GFRP armature 1 razliéiti odnosi GFRP armatura u kriticnim
presjecima. Detaljno je opisano ponasanje razmatranih greda koje su ispitivane do loma, a koje je
definisno razlicitim stanjima: granicnom nosivoséu pri savijanju, modalitetom loma, nad¢inom
prostiranja i velicinom Sirina prslina, velicinama ugiba u sredinama raspona, dilatacijama u
zategnuto) GFRP armaturi 1 pritisnutom betonu 1 preraspodjelom momenata savijanja u kriticnim
zonama. Detaljan opis eksperimentalnog programa je prikazan u okviru poglavlja 3 doktorske
disertactje, a rezultati, koji su dijelom objavljeni u radu, detaljno su prikazani u poglavlju 4
doktorske disertacije.

U radu je ukazano na sposobnost kontinualnih greda sa GFRP armaturom, da bez gubitka
nosivosti vrse preraspodjelu uticaja izmedu kriticnih presjeka, koja se prvenstveno bazira na
elasticnoj preraspodjeli. Takode, pokazano je da sirina prslina uveliko zavisi od vrste GIFRP
armature koja se primjenjuje, odnosno od uslova prianjanja izmedu GFRP armature 1 betona.
Rezultati eksperimentalnih istrazivanja su uporedeni sa aktuelnim propisima iz predmetne oblasti.
Pokazano je da americki standard ACI 440 1R-15 veoma dobro predvida optereéenje pri lomu
kontinualnih greda sa GFRP armaturom. Takode, pokazano je da svi aktuelni propisi potcjenjuju
ugibe kontinualnih greda, posebno za vise nivoe opterecenja. Iz tog razloga, kao rezultat
eksperimentalnih istrazivanja, u radu je od strane autora predlozen modifikovani izraz za
proracun ugiba kontinualnih greda sa GFRP armaturom, koji je pokazao veoma dobra
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poklapanja sa eksperimentalnim rezultatima. Analize koje se ticu popédenja eksperimentalnih

v

rezultata sa modelima proracuna aktuelnih propisa, prikazani su u ta

kama 5.2 1 5.3 poglavlja 5
doktorske disertacije. i

Datum i ovjera (pedat i potpis odgovon:
U Podgorici,
10.12.2018. god.

Prilog dokumenta sadrZi:

Potvrdu o predaji doktorske disertacije organizacionoj jedinict

Odluku o imenovanju komisije za pregled 1 ocjenu doktorske disertacije
Kopiju rada publikovanog u casopisu sa odgovarajuce liste

Biografiju i bibliograftju kandidata

Ln: s B B3 52

Biografiju i bibliografiju clanova komisije za pregled i ocjenu doktorske disertacije sa
potvrdom o izboru u odgovarajuce akademsko zvanje i potvrdom da barem jedan clan

komisije nije u radnom odnosu na Univerzitetu Crne Gore
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Na osnovu ¢lana 64. Statuta Univerziteta Crne Gore i ¢lana 41. Pravila doktorskih
studija Univerziteta Crne Gore, Vije¢e Gradevinskog fakulteta u Podgorici na sjednici
odizenoj 07.12.2018.godine, utvrdilo je

PREDLOG

redlaze se Senatu Univerziteta Crne Gore da imenuje Komisiju za ocjenu doktorske
disertacije mr Nikole BaSe,dipl.inz.grad., pod naslovom . .Efekti preraspodjele uticaja na
2ranic¢na stanja kontinualnih greda armiranih FRP armaturom®, u sastavu:

1. Prof. dr Mladen Uli¢evi¢.dipl.inz.grad., redovni profesor Gradevinskog fakulteta
Univerziteta Crne Gore.

2. Prof. dr Radomir Zejak,dinl.inz.grad., redovni profesor Gradevinskog fakulteta
Univerziteta Crne Gore.

3. Prof. dr Snezana Marinkovi¢.dipl.inz.grad., redovni profesor Gradevinskog
fakulteta Univerziteta u Beogradu.

Kornisija je duzna da Vijecu Gradevinskog fakulteta i Senatu
podoese izvjeStaj koji sadrzi ocjenu doktorske disertacije, u
menovanja Komisije.

/4 niverziteta Crne Gore,
u od 45 dana od dana
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VIJECU GRADPEVINSKOG FAKULTETA
UNIVERZITETA CRNE GORE
PODGORICA

PREDMET: Zahtjev za ocjenu doktorske disertacije mr Nikole Base, dipl. inZ grad.

Postovani,

U skladu sa pravilima studiranja na doktorskim studijama Univerziteta Crne Gore podnosim
zahtjev za ocjenu doktorske disertacije pod nazivom:

Efekti preraspodjele uticaja na grani¢na stanja kontinualnih greda armiranih FRP
armaturom

Zavrietkom doktorske disertacije i objavom rada u ¢asopisu sa SCI/SCIE liste koji sadrzi
rezultate dijela sopstvenih istrazivanja sprovedenih u toku izrade doktorske disertacije,
ispunio sam uslove za njenu predaju. Ovim putem se obracam se Komisiji za doktorske
studije Gradevinskog fakulteta da inicira predlog Komisije za ocjenu doktorske disertacije.

Uiz zahtjev prilazem:

- pismenu saglasnost mentora da rad zadovoljava kriterijume doktorske disrtacije;
- stampani primjerak doktorske disertacije:

- fotokopije objavljenih radova tematski vezanih za doktorsku disertaciju;

- CD sa cjelokupnim sadrzajem doktorske disertacije u PDF formatu;

- potpisanu Izjavu o autorstvu (prilog 1 iz Uputstva o oblikovanju doktorske disertacije).
S postovanjem,
U Podgorici, PODNOSILAC

03. 12. 2018. godine Gawar Hy 0
mr Nikola Basa, dipl.inz.grad.




UNIVERZITET CRNE GORE
GRADEVINSKI FAKULTET
PODGORICA

Na osnovu ¢lana 37. Pravila doktorskih studija Univerziteta Crne Gore dajem sljede¢u
SAGLASNOST

Rad pod nazivom: "Efekti preraspodjele uticaja na grani¢na stanja kontinualnih greda
armiranih FRP armaturom", autora mr Nikole Base, dipl.inZ.grad., stru¢nog saradnika
Gradevinskog fakuleta Univerziteta Crne Gore, zadovoljava kriterijume doktorske disertacije,
propisane Statutom Univerziteta Crne Gore i Pravilima doktorskih studija.

U Podgorici, MENTO

29. 11.2018. godine /’
Prof.dr Rddo i? ejak, dipl.inz.grad.
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Spisak radova koji sadrze rezultate i djelove doktorske disertacije:
- radovima objavljeni u ¢asopisima sa SCI/SCIE liste
|. Basa N., Uli¢evi¢ M., Zejak R.: Experimental Research of Continuous

Concrete Beams with GFRP Reinforcement, Advances in Civil Engineering,

Article ID 6532723, 2018., 16 pages.

- radovima objavljeni na medunarodnim/regionalnim konferencijama

o]

Basa N., Uliéevi¢ M., Zejak R.: Preraspodjela uticaja u kontinualnim gredama
armiranim FRP armaturom, Simpozijum drustva gradevinskih konstruktera

Srbije, Zlatibor, 15-17. septembar 2016., str. 328-335.

(8]

Basa N., Uliéevié M., Zejak R.: The Response Analysis of Continuous Beams
with FRP Reinforcement. Proceedings of the 1% International Conference on
Construction Materials for Sustainable Future, Zadar, Croatia, 19-21 April

2017.. pp. 768-776.

U Podgorici, MENTOR
03.12.2018. godine




Izjava o autorstvu

Potpisani: Mr Nikola Basa, dipl. inz. grad.

Broj indeksa/upisa:  1/10

Izjavljujem

da je doktorska disertacija pod naslovom:

EFEKTI PRERASPODJELE UTICAJA NA GRANICNA STANJA KONTINUALNIH
GREDA ARMIRANIH FRP ARMATUROM

* rezultat sopstvenog istrazivackog rada,

* da predlozena disertacija ni u cjelini ni u djelovima nije bila predlozena za dobijanje
bilo koje diplome prema studijskim programima drugih ustanova visokog
obrazovanja,

* da su rezultati korektno navedeni, i

* da nijesam povrijedio autorska i druga prava intelektualne svojine koja pripadaju
tre¢im licima.

U Podgorici Potpis doktoranda
03. 12. 2018. godine Lot HV(C@'/\CV
05 L. Loll.
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CENTAR ZA STUDIJE 1 KONTROLU KVALITETA
ODBOR ZA DOKTORSKE STUDIJE

Predmet: [zvjestaj o rezultatima provjere softverom za prevenciju plagijata

Komisija za doktorske studije Gradevinskog fakulteta je. korid¢enjem softvera za prevenciju
plagijata Plagiarism Checker X Originality Report, izvrsila provjeru doktorske disertacije pod
nazivom “Efekti preraspodjele uticaja na granicna stanja kontinualnih greda armiranih FRP
armaturom”, kandidata mr Nikole Base dipl.inZ.grad. i utvrdila je da rad nema elemenata koji bi se

mogli tumaciti kao plagijat. shodno Odluci o koriséenju softvera za utvrdivanje plagijata na
Univerzitetu Crne Gore.
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2. Prof. dr Goran Sekuli¢, ¢lan f/u/(/{;f{: Z;
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UNIVERZITET CRNE GORE GRADEVINSKI FAKULTET Nikola M. Ba$a EFEKTI
PRERASPCD.ELE UTICAJA NA GRANICNA STANJA KONTINUALNIH GREDA ARMIRANIH
FRP ARMATUROM Doktorska disertacija _ Podgorica, decembar 2018. godine
UNIVERSITY OF MONTENEGRO FACULTY OF CIVIL ENGINEERING Nikola M.

Basa EFFECT: OF REDISTRIBUTION OF INTERNAL FORCES ON LIMIT STATES OF
CONTINUOUS BzAMS REINFORCED WITH FRP REINFORCEMENT Doctoral dissertation
Podgorica, December 2018. godine Doktorand: Ime i prezime: Mr Nikola Basa,
diplinz.grad. Datum i mjesto rodenja: 30.10.1980, Trstenik, Srbija Postdiplomske studije:
Gradevinski fakultet, Univerzitet Crne Gore, konstruktivni smjer, godina zavrsetka: 2009.
godine Mentcr: Prof.

dr Radomir Zejak, dipl. inz. grad, redovni profesor na Gradevinskom fakultetu
Univerziteta Crne Gore Komisija za ocjenu nodobnosti doktorske teze i kandidata: Prof.
dr Mladen Uli¢evi¢, diplinz.grad, redovni profesor na Gradevinskom fakultetu
Univerziteta Zrne Gore Prof. dr Radomir Zejak, dipl.inz.grad, redovni profesor na
Gradevinskem fekultetu Univerziteta Crne Gore Prof. dr Snezana Marinkavic,
diplinz.gred, redovni profesor na Gradevinskom fakultetu Univerziteta u Beogradu
Komisija za ccjenu doktorske disertacije: Komisija za odbranu doktorske disertacije:
Lektor: Milera Bajceta Datum odbrane: Datum promocije: ZAHVALNOST Ova doktorska
disertacija radena je pod rukovodstvom dr Radomira Zejaka i dr Mladena Ulicevica,
redovnih profesora Gradevinskog fakulteta Univerziteta Crne Gore. Na korisnim
savjetima | sugestiiama prilikom izrade disertacije najsrdacnije im zahvaljujem.

Posebno zahvaljujem profesoru Mladenu Uliceviéu na dugogodisnjoj nastavnoj, naucnoj
i strucnoj saradnji, tckom koje je autor stekao znacajna iskustva koja su uticala na
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License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Continuous beams are often used within RC structures, which are exposed to aggressive environmental impact. The use of
the fiber-reinforced polymer (FRP) reinforcement in these objects and environments has a big significance, taking into
account tendency of steel reinforcement to corrode. The main aim of these research studies is to estimate ability of
continuous beams with glass FRP (GFRP) reinforcement to redistribute internal forces, as a certain way of ductility and
desirable behaviour of RC structures. This paper gives the results of experimental research of seven continuous beams, over
two spans of 1850 mm length, cross-section of 150 x 250 mm, that are imposed to concentrated forces in the middle of spans
until failure. Six beams were reinforced with different longitudinal GFRP and same transverse GFRP reinforcements, and
one steel-reinforced beam was adopted as a control beam. The main varied parameters represent the type of GFRP re-
inforcement and ratio of longitudinal reinforcement at the midspan and at the middle support, i.e., design moment re-
distribution. The results of the research have shown that moment redistribution in continuous beams of GERP
reinforcement is possible, without decreasing the load-carrying capacity, compared to elastic analysis. The test results have
also been compared to current code provisions, and they have shown that the American Concrete Institute (ACI) 440.1R-15
well predicted the failure load for continuous beams with GFRP reinforcement. On the contrary, current design codes
underestimate deflection of continuous beams with GFRP reinforcement, especially for higher load levels. Consequently,
a modified model for calculation of deflection is proposed.

1. Introduction facilities with magnetic scanning equipment, laboratories,

airport towers, and MRI rooms in hospitals and other fa-

For RC structures, elements reinforced with steel re-
inforcement are still used nowadays. As preventing of steel
reinforcement to corrode in RC structures could be ex-
pensive and very often without significant effects, FRP in-
ternal reinforcement is lately used as a replacement of steel
reinforcement in RC structures, especially in aggressive
environments. Nowadays, there is a significant number of
structures such as garages, bridges, retaining walls, reser-
voirs, and marine objects, within which FRP reinforcement
is successfully applied at RC structural elements. Continuous
concrete beams are commonly used in some of these
structures, especially in bridges, overpasses, marine struc-
tures, and parking garages. Additionally, continuous beams
with FRP reinforcement can also find their application in

cilities with equipment requiring electrical and magnetic
neutrality, where the presence of steel reinforcement can
have an adverse effect on the usability of devices in these
facilities.

Due to different mechanical and deformation charac-
teristics of FRP reinforcement, as high tensile strength and
low modulus of elasticity, the behavior of RC elements is
considerably different compared to RC elements with steel
reinforcement. Concerning the fact that FRP reinforce-
ment demonstrates linear elastic behavior up to failure,
meaning demonstrating lack of material nonlinearity,
there is a question of ability of this material, in conjunction
with concrete, to realize load redistribution in statically
indeterminate structures [1]. Regarding the significant



contribution of the elastic redistribution in continuous RC
beams with steel reinforcement [2], it is expected that
continuous beams with FRP reinforcement give certain
ability to redistribute the internal force. Redistribution of
internal forces is expected as the result of cracks develop-
ment and adopted reinforcement within them [1, 3]. In other
words, one of the basic characteristics of ductility is con-
sidered, i.e., variation of stiffness without loss of capacity of
the section [4].

2. Background

So far, thorough theoretical and experimental research
studies have been carried out on simple supported beams
with FRP reinforcement in order to evaluate behavior
regarding failure modes, load-carrying capacity, de-
flection, and cracks [5-13]. Therefore, provisions of certain
codes are based on conclusions given on simple supported
beams. A great number of formulas and equations are
suggested to determine response of elements with FRP
reinforcement at service load conditions, especially when
deflection is concerned (Toutanji and Saafi [7], Yost et al.
[8], Bischoff and Gross [9], Mousavi and Esfahani [10], and
Ju et al. [11]).

Certain experimental and theoretical research studies
were also carried out on continuous beams with FRP re-
inforcement [1, 3, 4, 14-22], but not as much as they were
carried out on simple beams. Mostofinejad [4] carried out
research studies on two continuous beams with steel re-
inforcement and eight underreinforced and overreinforced
continuous beams with CFRP reinforcement. These research
studies showed that moment redistribution in continuous
beams with FRP reinforcement is possible, although in lower
degree than in steel-reinforced beams. Overreinforced
beams with FRP reinforcement fulfill requirements of ser-
viceability, while underreinforced beams, designed to ex-
perience failure by FRP bars, usually do not fulfill these
conditions. Moreover, overreinforced continuous beams
show significant deformations before failure, which was
determined as a distinctive way of ductility. Grace et al. [14]
researched behavior and ductility of continuous beams, T
cross-section, reinforced by different types of longitudinal
and transverse FRP reinforcements (GFRP and CFRP). It
was indicated on different failure modes and beam ductility
with FRP reinforcement, in relation to beams with steel
reinforcement. It was also concluded that the use of GFRP
stirrups increases shear deformations. As a result of that,
total deformations increase in the midspan of continuous
beams. El-Mogy et al. [1] conducted the research on four
continuous beams of rectangular cross-section with GFRP,
CFRP, and steel reinforcement by varying the ratio of
longitudinal reinforcement in the midspan and at the middle
support. It was concluded that continuous beams with FRP
reinforcement are capable of redistributing the moments
from middle support towards the midspan of 23% in relation
to elastic analysis, similar to the fact that they do not cause
adversely effects concerning the beam characteristics, nei-
ther at service loads, nor at failure loads. Moreover, it was
concluded that the increase of reinforcement in the midspan
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of continuous beams in relation to section at the middle
support has positive effects on the increase of load capac-
ity of beams, decrease of deflections, and postponing of
propagation of cracks in the beams’ midspan. Habeeb and
Ashour [15] noticed signs of moment redistribution within
overreinforced beams in the bottom zone in the midspan,
during the experimental research studies on three contin-
uous beams with different combinations of GFRP longitu-
dinal reinforcement in the midspan and at the middle
support. As a key factor of increasing the load capacity and
limitation of deflection and propagation of cracks, the in-
crease of the reinforcement in the bottom zone of the
midspan was noticed. In the scope of same experimental
research studies, Ashour and Habeeb [16] conducted the
research on three continuous beams with CFRP re-
inforcement, designed with different configurations of re-
inforcement along the beam, so as to experience the failure
by CFRP bars. Intolerant wide cracks at the middle support
were noticed in all beams as a result of debonding of CFRP
bars from concrete. It was concluded that the basic pa-
rameter of increasing the load capacity of continuous beams
was the amount of CFRP reinforcement in the bottom zone
in the midspan. Other recent research studies on continuous
beams (3, 17, 18, 20] also pointed out to the importance of
increasing the reinforcement in the bottom zone of the beam
midspan, as a result of redistribution of moment over the
middle support.

The approach that in continuous beams reinforced with
FRP reinforcement, moment redistribution in critical sec-
tions is not allowed could be conservative [21]. Therefore, it
needs additional research studies. For this purpose, it is
necessary to define more clearly and precisely the influence
of ratio of longitudinal reinforcement at the midspan and at
the middle support on behavior of continuous beams with
FRP reinforcement. The main aim of these research studies is
consideration of behavior of continuous beams reinforced
with GFRP reinforcement during loading until failure, with
different configurations of reinforcement along the beam.
Thus, in these experimental research studies for the same
design failure load, for every type of GFRP reinforcement,
three models with different configurations of reinforcement
along the beam were used. Experimental results are dis-
cussed and evaluated based on failure modes, cracking,
deflection, moment redistribution, and strains in concrete
and reinforcement and compared to code predictions re-
garding the load-carrying capacity and deflection. Based on
experimental results, a modified model for better prediction
of deflection of continuous beams with GFRP reinforcement
is proposed.

After aliterature review, it is concluded that, in very few
number of experimental research studies on continuous
beams with longitudinal FRP reinforcement, FRP re-
inforcement for stirrups was used [3, 14, 22]. In the re-
search studies carried out on the beams with FRP
reinforcement, steel reinforcement for stirrups was mainly
used. In that case, a problem with corrosion of reinforced
concrete elements is still present, especially in aggressive
environments. The problem increases when it is known that
the effects of FRP stirrups and steel stirrups on behavior of
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the beams are different [14]. Regarding the previously
mentioned, in these experimental research studies, besides
the longitudinal GFRP reinforcement, it was also used for
stirrups.

3. Experimental Program

The experimental program consisted of six continuous
beams of total length of 3940 mm, at two equal spans of
1850mm length, with a rectangular cross-section of
150 %250 mm and with longitudinal and transverse GFRP
reinforcement. In addition, a single beam with steel re-
inforcement was adopted as a control beam. All beams were
examined up to failure, loaded by concentrated forces in the
middle of both spans. The beams were divided into two
series, with different GFRP longitudinal bars, and all were
designed for a similar failure load. Dimensions and ge-
ometry of continuous beams and load disposition are given
in Figure 1.

Considering beams of Series 1, longitudinal re-
inforcement of beam G1-0 was designed for the elastic
bending moments along the beam, while reinforcement of
beams G1-15 and G1-25 was obtained for assumed moment
redistribution at the middle support of 15% and 25%, re-
spectively. For the beams G1-15 and G1-25, this meant
smaller amount of reinforcement at the middle support and
higher amount of reinforcement at the midspan compared
to beam G1-0. In this way, for designed failure load, models
with 0% (G1-0), 15% (G1-15), and 25% (G1-25) of designed
moment redistribution from the middle support to the
midspan were obtained. The reinforcement ratio of the beam
G1-0 at the middle support has been chosen so as to be
approximately 3 times higher than the balanced re-
inforcement ratio, which corresponds to recommendations
of codes that beams with FRP reinforcement should be
designed to experience concrete compression failure. In this
way, it was provided, after the moment redistribution was
made, that all cross-sections, in all beams of Series 1, were
designed to have reinforcement ratio above the balanced
reinforcement ratio. The control beam with steel re-
inforcement (S1-15) was designed to achieve the moment
redistribution of 15% from the middle support to the
midspan. The beams of Series 2 were designed in the same
way as the beams of Series 1, only with different types of
longitudinal GFRP reinforcement. Models with 0% (G2-0),
15% (G2-15), and 25% (G2-25) of designed moment re-
distribution from the middle support to the beam midspan
were also adopted.

All beams were designed in accordance with ACI 440.1R-
15 [23], while CSA S806-12 [24], CNR-DT-203 [25], and
EC2-04 [26] were used as control. For shear reinforcement,
GFRP stirrups were adopted for beams with GFRP longi-
tudinal reinforcement, similar to steel stirrups for the beam
S1-15 with longitudinal steel reinforcement. Stirrups with
a diameter of 8 mm were adopted at the space of 60 mm for
interior shear span and at the space of 120 mm for exterior
shear span for all beams, in order to prevent beams to
experience failure due to shear. Details of reinforcing for
experimental models are given in Table 1.

3.1. Materials

3.L.L Reinforcement. In these experimental research studies,
two types of GERP reinforcement were used: wrapped GFRP
bars with 70% of longitudinal glass fibers (E-glass) in total
volume, impregnated in the unsaturated polyester matrix for
Series 1 (marked G1), and GFRP reinforcement with 75% of
longitudinal glass fibers (E-glass), impregnated in an epoxy
matrix for Series 2 (marked G2). GFRP reinforcement with
polyester was wrapped in glass fibers, while GFRP re-
inforcement with epoxy resin was with rebars (Figure 2). In
all beams, GFRP stirrups with polyester were used.
According to the prospect of the manufacturer, GFRP re-
inforcement with the polyester matrix has a nominal tensile
strength of f=700MPa and a modulus of elasticity of
E=40000 MPa, while GFRP reinforcement with the epoxy
matrix has a nominal tensile strength of f= 1100 MPa and
a modulus of elasticity of E=50000 MPa. In order to define
design moment redistribution more precisely and to provide
identical failure load for beams of the same series, different
diameters of GFRP and steel reinforcements were used along
the beam. For each diameter of GFRP reinforcement, real
cross-sectional areas of the bar, similar to the equivalent
diameter, on at least five samples of 200 mm length were
determined. Also, for each diameter of the bars, five samples
were examined to tension until failure in order to define
mechanical and deformation characteristics of GFRP re-
inforcement, all in accordance with ACI 440.3R-12 [27].
Average values of the test results are given in Table 2.

3.1.2. Concrete. Two designed classes of concrete of 40 MPa
and 45 MPa were used in experimental research studies, for
the beams of Series 1 and Series 2, respectively, in order to
provide a similar failure load for all beams. For each series of
beams, concrete compressive strength after 28 days was
obtained according to the investigation of 8 cubes of 150 mm
edge, 8 cubes of 200mm edge, and 17 cylinders of
150/300 mm dimension. Average values of test results of
concrete compressive strength on cylinders 150/300 mm are
given in Table 1.

3.2, Test Setup and Instrumentation. Continuous beams
consisted of two equal spans placed on three supports over
steel bearings. End supports were designed as horizontally
movable, while the middle support was designed to prevent
horizontal movement. Experimental models were examined
in a closed frame which consisted of a unique system of
horizontal beams and vertical ties. The load was placed over
two hydraulic presses, capacity of 200kN, in the middle of
both spans.

Twelve electrical strain gauges were placed on longitu-
dinal tension reinforcement in both bottom and upper zones
of each beam. Also, three strain gauges were placed on
compression reinforcement according to the scheme shown
in Figure 3. Two strain gauges were placed on the com-
pression zone of continuous beams in critical sections at
1 cm from the bottom one (at the middle support), similar to
that at the upper edge of concrete (in the midspan), so as
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FIGURE 1: Geometry and reinforcement details for tested beams (all dimensions are in mm).
TasLe 1: Reinforcement details and compressive strength of concrete for tested beams.
Middle support-top reinforcement Midspan-bottom reinforcement
Dav of Reinforcement Reinforcement Concrete
Beam tesring Longitudinal ~ EA ratio (ACI) Longitudinal EA ratio (ACI) compressive
reinforcement  (kN)  p. po y reinforcement kN) o pp strength f. (MPa)
(%) (%) PrPe %) (%)
S1-15 28 2010+1@12 49526 0.82 1.26 0.65 2012+ 1010 54763 092 1.31 0.71 42.2
G1-0 29 3014 20318 1.40 046 3.01 2012+ 1010 13558 1.00 0.57 1.75 42.2
lel— 30 2010+ 1014 12604 0.86 0.53 1.63 2012+ 1014 17415 119 046 2.58 42,2
;;51- 30 2010+1012 11153 0.74 051 1.44 2014+ 1012 18867 1.25 0.45 2.80 42.2
G2-0 28 4012 17654 1.11 033 3.35 2010+ 209 10734 0.65 0.29 2.27 50.2
?52_ 29 3010+1012 12482 0.79 033 237 2012+ 209 14182 0.86 0.32 2.69 50.2
;;52' 30 3909 8033 048 0.29 170 3012+1010 15930 1.10 0.37 3.02 50.2

Figure 2: Samples of GFRP longitudinal and transverse
reinforcement.

strains could be measured in compression concrete. De-
flections of continuous beams along the span were registered
by LVDT transducers 1/100 mm and 1/50 mm of accuracy,
which were placed at the level of the bottom edge of the
beam. Three LVDT transducers were attached on every span,

in the middle, in the quarter, and three quarters of the beam
span. For each increment, i.e., load level, appearance and
development of vertical and possibly shear cracks along the
beam were registered. Maximal width of a few cracks was
measured in critical sections, in the span and at the middle
support by a microscopic magnifier (Zeiss) with 0.025 mm of
accuracy. Load cells were placed below the end supports,
capacity of 100kN, due to measurement of end reactions.
The scheme of the measuring equipment of continuous
beams is given in Figures 3 and 4.

3.3. Test Procedure. The load was applied to the beams as
monotonically static growing load in increments from zero
up to the failure. At the beginning of the tests, load was
applied in increments of approximately 2-3kN and after
development of first cracks in increments of 5kN. When
approximately 80% of the estimated failure load was
reached, again the load was applied in increments of 2-3kN.
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TaBLE 2: Mechanical and deformation characteristics of GERP reinforcement.

Real area of bar

Diameter A (mm?) Tensile strength £, (MPa) Yield strength f, (MPa) Modulus of elasticity E (MPa) Ultimate strain &, (%o)
GFRP-1-@8 39.9 714.8 — 42640 16.8
GFRP-1-
Q)]{[‘}P ! 70.6 703.1 — 41300 17.0
GFRP-1-
o12 116.1 865.9 — 45832 189
gffp'l' 152.8 813.5 2 s 44324 18.4
GFRP-2-09 53.3 1170.4 - 50235 23.3
gfgp = 61.5 1059.3 - 43734 24.2
gfg‘p o 91.6 1060.4 — 48182 22.0
Steel-@10 78.5 639.5 509.6 188064 2.7
Steel-@12 113.1 622.5 452.7 176835 2.6
“gy =yield strain of steel reinforcement.
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FiGure 3: Experimental setup and instrumentation for tested beams (all dimensions are in mm).

Ficure 4: Equipped continuous beam before testing.



Speed of load exposure of each increment was approximately
5kN/min. All electronic data were collected in the computer
using the data logger.

4, Test Results

4.1. Modes of Failure. All beams of Series 1 and Series 2 were
designed to experience concrete compression failure. Beam
S1-15 demonstrated typical ductile flexural behavior, with
high values of strains and deflections before failure. At the
middle support, existing cracks experienced significant
widths at failure. First, the tensile reinforcement yielded at
the middle support, and after that, tensile reinforcement in
the beam midspan. The failure of the beam G1-0 was ini-
tiated by concrete compression failure in the midspan in
combination with shear, when one crack in the span di-
agonally propagated toward the load location. This leads to
rupture of GFRP bars in the compressed zone by the dowel
effect and one GFRP stirrup at the location of its bending.
Within the beam G1-15, concrete compression failure took
place at the middle support, when one crack near the support
diagonally propagated toward the support. The failure of the
beam G1-25 appeared at the same time, at the middle
support, where concrete crushing was followed by the shear,
and at the midspan, where concrete crushing was manifested
by spalling of the cover in the extension of the diagonal crack
that occurred in the exterior shear span.

The failure mode of the beams G2-0 and G2-25 was
similar, initiated by concrete compression failure in the
midspan in combination with shear, when one crack in the
interior shear span diagonally propagated toward the load
location. The failure at the midspan was followed by concrete
crushing in the compression zone at the middle support
within both beams. Also, in beam G2-25 at the same time,
concrete crushing was manifested by spalling of the cover in
the midspan in the extension of the diagonal crack that
occurred in the exterior shear span. Within the beam G2-15,
concrete compression failure took place at the middle
support in combination with shear, with the characteristic
bang. All longitudinal compressed and tensioned GFRP bars
and stirrups ruptured at that section by the dowel effect. The
failure modes of all beams are given in Figure 5. It can be
concluded that all continuous beams with GFRP re-
inforcement experienced concrete compression failure
combined with shear, while beam with steel reinforcement
experienced ductile flexural tension failure.

4.2. Crack Patterns. In Table 3, failure loads are given,
similar to the first crack loads in the midspan and at the
middle support for all beams. It is evident that the first crack
load was significantly higher in the beam S$1-15, than in the
beams with GFRP reinforcement, without exception. This
could be attributed to high modulus of elasticity of steel
reinforcement compared to GFRP reinforcement (3.8-4.5
times higher), which leads to conclusion that the cracking
moment does not only depend on the concrete tension
strength but also on the modulus of elasticity of re-
inforcement. Concerning all beams with GFRP
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reinforcement, the first cracks at the midspan and at the
middle support were vertical, and they appeared almost
simultaneously, at very similar loads. Moreover, especially
for the beams of Series 1, right after the appearance, cracks
significantly propagated along the height and entered the last
quarter of section height, which additionally affected the
decrease of stiffness of this section.

Appearance of new cracks and propagation of existing
cracks in the beams of Series 1 with GFRP reinforcement
stabilized at load that corresponded to approximately 60% of
the failure load. The space between cracks, in average, was
120 to 180 mm, and it did not match the space between
stirrups. It is evident that, in beams with GFRP re-
inforcement, a smaller number of cracks occurred than in
the beam S1-15 with steel reinforcement, where the space
between cracks was from 60 to 100 mm in the interior span,
which basically matched the space between stirrups. This
indicated poor bond strength between GFRP reinforcement
and surrounding concrete, which caused great wideness on
already developed cracks in critical sections. This phe-
nomenon was also recorded by a few researchers who ex-
amined beams with FRP reinforcement [16]. Concerning the
beams G1-15 and G1-25, it was a visible appearance of long
horizontal cracks in the tension zone at loads near failure,
which implies, due to large deflections, slipping of re-
inforcement from concrete in that part of the beam
(Figure 5).

Concerning beams of Series 2, with GFRP reinforcement
with rebars, the number of cracks was greater with less
widths, compared to the beams of Series 1. Cracks appeared
in the sagging and in the hogging moment region until
failure, regarding the fact that an utmost number of them
formed until the load that corresponded to approximately
60% of failure load. The development of the cracks with
increasing load corresponded fully to the adopted re-
inforcement in critical sections; i.e., the higher amount of
reinforcement corresponded to a higher number of formed
cracks in the section. The largest number of cracks at the
middle support formed in the beam G2-0, with an extremely
wide hogging zone where cracks appeared, due to the largest
axial stiffness of the reinforcement compared to the beams
G2-15 and G2-25. In the midspan, the most number of
cracks, with the widest sagging zone, appeared in the beam
G2-25, with the largest amount of reinforcement in the
midspan. The development of the cracks in the beams of
Series 2 was similar to that in the beam S1-15 and corre-
sponded to the space between stirrups, indicating the good
bond strength between GFRP reinforcement and sur-
rounding concrete. The more pronounced diagonal cracks at
higher load levels for the beams of Series 2, especially in the
interior shear span, compared to the beam S1-15, indicated
an increase of the shear stresses in the beams with GFRP
reinforcement, which can be directly attributed to the use of
GFRP stirrups, instead of steel stirrups. This was particularly
pronounced in the beam G2-0, in which, due to the higher
axial stiffness of reinforcement at the middle support and
achieved “opposite” redistribution of internal forces (Section
4.5), higher shear stresses in the interior shear span
appeared, compared to the beams G2-15 and G2-25, causing
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Figure 5: Failure modes of tested beams. (a) S1-15. (b) G1-0. (c) G1-15. (d) G1-25. (e) G2-0. (f) G2-15. (g) G2-25.
TanLE 3: First crack loads and failure loads.

Load at first crack P_. (kN P_/P

Beam , t first crack Py (KN) Failure load P, (kN) /Py
Left midspan Right midspan Middle support Midspan Middle support

S1-15 32 32 25 134.3 0.238 0.186
G1-0 15 13 13 115.6 0.112 0.112
G1-15 11 13 13 115.2 0.095 0.113
G1-25 13 13 13 119.6 0.109 0.109
G2-0 20 20 17 125.2 0.160 0.136
G2-15 17 17 17 1249 0.136 0.136
G2-25 17 17 15 137.8 0.123 0.109

a large number of shear cracks at the hogging moment
region (Figure 5).

4.3. Crack Width. In Figures 6 and 7, developments of
maximal flexural crack widths depending on loads are given

for all beams, in the midspan and at the middle support,
respectively. It can be seen that beams of Series 1 had larger
maximum flexural crack widths than the beams of Series 2.
This is not only the consequence of a bit lower modulus of
elasticity of the GFRP reinforcement used in beams of Series
1 but also the consequence of poor bond strength of this
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GEFRP reinforcement with concrete. Also, beam S1-15 had
the smallest crack width in relation to the beams with GFRP
reinforcement because of the significantly larger modulus of
elasticity of the steel reinforcement compared to the GFRP
reinforcement. However, at higher load levels, when the steel
reinforcement yielded, the maximum crack widths were
greater in the beam $1-15 than in the beams with GFRP
reinforcement.

Within the midspan of the beams of Series 1 with GFRP
reinforcement, the development of the maximum crack
width was much equalized, until loads that corresponded to
40% of the failure load, regardless of the fact that re-
inforcement in the beam GI1-0 had less stiffness
(EA = 13558 kN) in relation to reinforcement of the beams
G1-15 (EA =17415kN) and G1-25 (EA = 18867 kN). At the
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failure, the smallest maximum crack width in the midspan
was in the beam G1-25 with the highest amount of re-
inforcement in the midspan. At the support, the influence of
stiffness of reinforcement was evident, meaning that less
axial stiffness of reinforcement at the middle support gen-
erated larger crack widths in the beams. Therefore, for the
most of different load levels, the largest crack width was in
the beam G1-25 (EA = 11153 kN) and the smallest was in the
beam G1-0 (EA = 20318 kN).

Within the beams of Series 2, the axial stiffness of the
GFRP reinforcement was clearly expressed on the maxi-
mum cracks width, both in the midspan and at the middle
support. For initial load levels, the maximum crack width
in the midspan was almost uniform for all beams of Series
2. For higher load levels, the beam G2-25 exhibited the
smallest maximum crack width with the largest re-
inforcement axial stiffness in the midspan (EA = 15930 kN),
and the beam G2-0 exhibited the largest maximum crack
width, with the smallest reinforcement axial stiffness in the
midspan (EA=10734kN). At the middle support, beam
G2-25 exhibited the largest maximum crack width with
the smallest reinforcement axial stiffness at the support
(EA=8033kN), compared to the beams G2-0 (EA=
12482 kN) and G2-15 (EA =17654kN).

4.4. Deflection Response. In Figure 8, the diagrams of load-
average deflection for both spans are given for all beams. It is
distinctive for all beams that they showed linear behavior of
load-deflection before cracking. Right after the first crack
appeared in the beams with GFRP reinforcement, a signifi-
cant decrease of section stiffness occurred, which is the result
of low modulus of elasticity of GFRP reinforcement, and it
was manifested by a sudden change in the rate of load-
deflection curves. The beams of Series 1 recorded a higher
increase of deflection right before the appearance of cracks,
compared to the beams of Series 2.

Within the beams of Series 1, for the same load level, as
expected, deflections in beams with GFRP reinforcement
were much higher than in the beam S1-15 with steel re-
inforcement. This is a result of larger crack widths in the
beams with GFRP reinforcement, i.e., lower stiffness of the
section. At higher load levels, the largest deflection exhibited
the beam G1-0, with the smallest stiffness of the re-
inforcement in the midspan. The beams G1-15 and G1-25
practically had the same average values of deflection during
the loading, which is expected due to a small difference in the
stiffness of GFRP reinforcement in the beam midspan.

For the beams of Series 2, it could be seen that deflections
were fairly uniform during loading, regardless of the dif-
ferent values of the axial stiffness of reinforcement in the
critical sections. At higher load levels, the largest deflec-
tion was exhibited by beam G2-15 (EA =14182kN) and
the smallest deflection was exhibited by beam G2-25
(EA =15390kN). Nonetheless, the beam G2-0 had signifi-
cantly lower stiffness in the midspan (EA =10734kN),
compared to beam G2-15, and also had a lower deflection.
This is a consequence of a significant “opposite” moment
redistribution from the midspan to the middle support
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FiGure 8: Load-deflection relationship at the midspan for tested beams.

(Section 4.5), i.e., significantly lower moment in the midspan
of the beam G2-0. It can therefore be concluded that the axial
stiffness of the reinforcement in the midspan is of crucial
importance not only for the deflection of the beam but also
for the axial stiffness ratio of the tensile reinforcement at the
middle support and in the midspan.

4.5. Moment Redistribution. Measuring of reactions served
for determining internal forces, ie., bending moments,
along the continuous beam, based on which the process of
moment redistribution was analyzed. Moment re-
distribution was obtained by comparing actual bending
moments and those obtained by elastic analysis. In Table 4,
bending moments at failure and bending moments obtained
by elastic analysis are given, similar to the percentage of
achieved moment redistribution at failure for all beams.

Development of bending moments and moment re-
distribution at the middle support for all beams depending
on the applied load are given in Figures 9 and 10, re-
spectively. Upturns, i.e., changes in trends, are evident in
diagrams of moments and moment redistribution at lower
load levels, especially for the beams of Series 1 at appearance
of first cracks in the midspan and at the middle support. This
could be explained by a sudden change in stiffness of critical
sections—from uncracked into cracked section (significant
width and height of the cracks). After stabilization of the
crack pattern, at higher levels of loads, upturns in diagrams
of moment redistribution are less expressed.

Within the beam G1-0, that was designed based on
elastic analysis, “opposite” moment redistribution is noticed
with a highest value of 23% after appearance of first cracks.
At failure, this value is significantly decreased, and it was
0.5%, which totally corresponded to designed values.
“Opposite” redistribution caused the ratio between axial
stiffness of tensile GFRP reinforcement between the middle
support and midspan that was numbered 1.5. The beam G1-
15 was designed to achieve redistribution of 15%, and it had
the relation of axial stiffness of tensile reinforcement in the

midspan and at the middle support of 1.38. At failure,
moment redistribution at the middle support was signifi-
cantly increased, and it was numbered 27%. Within the
beam G1-25, designed to achieve moment redistribution of
25%, a failure moment redistribution of 18.5% was achieved,
even though the relation between axial stiffness of re-
inforcement in critical sections was numbered 1.69. For the
most levels during loading, the beam G1-25 had moment
redistribution higher than 20% (Figure 10).

Within the beam S1-15 with steel reinforcement, mo-
ment redistribution was expected after yielding of re-
inforcement at the support. Nevertheless, in the diagram of
Figure 9, it could be seen that after appearance of cracks,
growth of moment at the support was higher than the
growth of moment in the midspan. The reason for this fact is
that, after yielding of reinforcement at the support, yielding
of reinforcement in the midspan also appeared. Then, much
higher strains at the middle support than those in the
midspan probably lead to the strengthening of re-
inforcement at the support, which provided acceptance of
additional moment. Because of that, moment redistribution
was achieved by only 3%. In the diagram of Figure 10, it
could be noticed that moment redistribution in the beam S1-
15 was almost always lower than that in the beam G1-15. The
reason for this behaviour of the beam S1-15, compared to the
beam G1-15, was the relation between stiffness of critical
sections. Moreover, a much lower modulus of elasticity of
GFRP reinforcement compared to steel provides much
wider cracks in beams with GFRP reinforcement, similar to
a more dominant influence of reinforcement on the stiffness
of section along the continuous beam. Therefore, the ratio
between stiffness of critical sections mainly depends on axial
stiffness of reinforcement, which provides the large ratio
between stiffness of critical sections. In this way, easily could
be seen the emphasis of elastic redistribution of internal
forces in the beams with GFRP reinforcement in relation to
the beams with steel reinforcement.

Within the beam G2-0, designed based on the internal
forces obtained by the elastic analysis, at initial load levels,
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TABLE 4: Moments at failure, moments based on elastic analysis, and achieved percentage of moment redistribution.

Moments at failure (kNm)

Moments based on elastic

Béiii analysis (kNm) Achie}ved. percentage f’f moment
Middle support Left midspan  Right midspan  Middle support  Midspan edlptulbation af fetlee 06)

§1-15 45.1 39.2 39.9 46.6 38.8 3.1
G1-0 40.3 32.7 339 40.1 334 -0.5
Gl-15 29.2 38.8 38.5 40.0 333 26.9
G1-25 33.8 38.2 38.7 41.5 34.6 18.5
G2-0 50.6 31.2 34.0 434 36.2 -16.4
G2-15 353 41.9 383 43.3 36.1 18.5
G2-25 35.0 46.8 45.7 47.8 39.8 26.7

140 - growth was kept to the failure of the beam. Therefore,
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FIGURE 9: Load-moment relationship at the middle support for
tested beams.
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FiGure 10: Load-percentage of moment redistribution relationship
at the middle support for tested beams.

the increase of moment in the midspan was noticed, in
relation to the moment at the middle support. After the
appearance of the first cracks along the beam, a trend of
moment redistribution was changed, i.e., a significant in-
crease of the hogging moment in relation to the moment
obtained by the elastic analysis. This trend of moment

an increase in the moment redistribution at failure was
observed, probably as a result of the development of full
nonlinearity of the compressed concrete.

4.6. The Strains in Reinforcement and Concrete. In Figures 11
and 12, developments of the strains in tensile reinforcement
and compressed concrete in the midspan and at the middle
support against the applied load for tested beams are given,
respectively. It is an evident characteristic upturn in values of
the strains in tensile reinforcement after appearance of first
cracks in every critical section, which is especially noticed in
beams of Series 1.

For the beams of Series 1, at load levels after appearance
of first cracks, the strains in reinforcement in the midspan
and at the support were higher in beams with GFRP re-
inforcement than in beam S1-15 with steel reinforcement.
However, at higher load levels, after yielding of steel re-
inforcement, strain in the beam S$1-15 significantly increased
and overcame values of strains in beams with GFRP re-
inforcement. Comparing strains in reinforcement of the
beams with strains in GFRP reinforcement, it is evident that,
in the midspan, strains were highest in the beam G1-0 as
a result of lowest stiffness of this reinforcement, while at the
support, strains were highest in the beam G1-25, especially at
higher load levels.

Within the beams of Series 2, quite uniform develop-
ment of strains in the tensile reinforcement in the midspan,
regardless of the significant differences in amount, i.e., the
axial stiffness of adopted reinforcement of beams, could be
noticed. At higher load levels, before failure, strains in the
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FIGURE 12: Load-strain relationship at the middle support for tested
beams.

midspan of the beam G2-0 were about 10% higher than those
in the beam G2-15 and in an average 5% higher compared to
the beam G2-25. At the failure, strains in the beams G2-
0 and G2-15 were practically identical, while the largest
strains were in the beam G2-25, which reached the highest
load-carrying capacity. As it has been already mentioned,
this could be explained by achieved moment redistribution,
which contributed that stiffness of reinforcement corre-
sponded to higher bending moments. Because of that, lower
strains did not correspond to higher amount of re-
inforcement, and vice versa. Comparing the strains in the
tensile reinforcement at the middle support, the difference in
strain values was significantly more pronounced than at the
midspan. The higher strains were within the beam G2-25,
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and the smallest strains were within the beam G2-0, which
fully corresponded to the adopted reinforcement at the
middle support. The maximum tensile strains did not reach
neither the ultimate values nor a single beam of Series 1 and
Series 2, which responded to the fact that beams were
designed to experience concrete compression failure. The
largest measured strains at the middle support were in the
beam G2-25 and amounted to 23%o, which was very close to
the ultimate value of 23.3%o shown in Table 2.

From Figures 11 and 12, it is noticed that in certain
critical sections at the midspan, strain values in the com-
pressed concrete of 3%o, which are defined as ultimate by
ACI 440.1R-15 [23], have been reached and exceeded, both
in the beams of Series 1 and in the beams of Series 2. For
some beams, at the middle support, it is also noticed that
slightly lower strain values were measured in compressed
concrete because at higher load levels, higher than 70% of
failure loads, strains start to decrease, which can be
explained by appearance of diagonal cracks near the location
of strain gauge.

5. Comparison of Experimental Results with
Code-Predicted Results

5.1. Load Capacity. All beams were designed in accordance
with the ACI 440.1R-15 [23], while CSA S806-12 [24] and
EC2-04 [26] were used as control. In designing, data from
the manufacturer for GFRP reinforcement were used, so as
designed concrete compression strength. Regarding the
difference in actual and designed characteristics of materials,
different experimental values of failure load were obtained.
Calculated failure load was obtained as load at which one of
the critical sections reached flexural capacity, i.e., as the
lower value of load capacity in the midspan and at the
middle support. In determining the calculated failure load,
designed moment redistribution from the middle support
into the midspan was taken into consideration. In Table 5,
experimental failure loads are given in comparison to cal-
culated failure loads, in accordance with the current codes
for elements with FRP reinforcement ACI 440.1R-15 [23],
CSA $806-12 [24], and EC2-04 [26] for all experimental
models.

From Table 5, it is clear that ACI 440.1R-15 [23] provides
a very good prediction of failure load for continuous beams
with GFRP reinforcement. CSA S806-12 [24] and EC2-04
[26] predict higher values of failure loads than those ob-
tained by experimental tests. This happens because the ACI
440.1R-15 [23] suggests an ultimate strain of 3.0%o, and the
CSA S$806-12 [24] and EC2-04 [26] suggest an ultimate
strain of 3.5%o. Measured values of strains in concrete, near
failure, are closer to values of 3%, which is the reason that
obtained experimental failure loads are in agreement with
calculated values in accordance with ACI 440.1R-15 [23].
Every beam, in accordance with ACI 440.1R-15 [23], reached
calculated load capacity, where for beams of Series 1 relation
P,p/P; is 1.0-1.03 and for beams of Series 2 it is 1.07-1.24.

Although the beams of Series 1 and Series 2 with GFRP
reinforcement were designed to achieve similar failure loads,
some higher values of failure loads were obtained for beams
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TasLE 5: Experimental and calculated failure loads for tested beams.

— Failure load-load-carrying capacity (kN) Pep/Pey

Experiment ACI CSA EC2 Exp./ACI Exp./CSA Exp./EC2
S1-15 134.3 90.1 88.8 90.1 1.49 1.51 1.49
G1-0 115.6 1154 126.3 141.3 1.00 0.92 0.82
G1-15 115.2 111.8 123.0 137.0 1.03 0.94 0.84
G1-25 119.6 117.4 128.6 143.8 1.02 0.93 0.83
G2-0 125.2 113.6 128.0 145.2 1.10 0.98 0.86
G2-15 1249 117.2 131.7 149.8 1.07 0.95 0.83
G2-25 137.8 110.8 125.2 141.7 1.24 1.10 0.97
of Series 2. The reason for this phenomenon could be the M
sliding of GFRP reinforcement and surrounding concrete in y=3-2- ( Mn)- (4)

a

the beams of Series 1. Reducing the amount of GFRP re-
inforcement at the middle support and increase in the
midspan of continuous beams, as a result of designed
moment redistribution, did not have influence on decrease
of load capacity of continuous beams. Moreover, the beams
G1-25 and G2-25, with the designed moment redistribution
of 25%, achieved higher load capacity, compared to the
beams with a designed moment redistribution of 0% and
15%, for 5% and 10%, respectively.

5.2. Load-Deflection Response. In the background of this
paper, it is stated that, until now, as a result of a number of
research studies on investigation of behavior of simple
beams with FRP reinforcement, a number of expressions for
determining deflection-load response is suggested. For
calculation of deflection of continuous beams, loaded by
concentrated forces at the middle of the span, the following
equation obtained by elastic analysis is used:

_ 7 PL? "
" 768 E.I.

where stiffness E_I, is used and I, represents the effective
moment of inertia of the considered section. Effective
moment of inertia I, is calculated at both critical sections as
follows:

I, = 0.85I,, +0.15I,,, (2

where I, and I are the effective moment of inertia at the
midspan and at the middle support, respectively.

ACI 440.1R-15 [23] suggests an equation for de-
termining effective moment of inertia based on research
studies made by Bischoff and Gross [9] with a remark that it
could also be used, with a great degree of reliability, for
elements with steel reinforcement and for elements with FRP
reinforcement, without empirical parameters:

Ier

I.= - 3)
¢ L=y (Mcr"{Ma)z'(l_Icr”g)

where y is the integration factor that influences stiffness
variation along elements, and for the beams loaded by
concentrated forces, it is calculated from the following
expression:

Calculation of deflection, in accordance with CSA $806-
12 [24], is based on relation to the moment-curvature along
the span. For calculation of deflection of continuous beams
on two spans loaded by concentrated forces in the middle of
the spans, the following expression can be used:

PL* {5 i5f I\ (LY
Ap =——— | =—-=[1-2).[=2]) ).
e 435c1c,(16 3( Ig) (L) ) (5)
Habeeb and Ashour [15] investigated behavior of con-
tinuous beams with GFRP reinforcement, and they sug-
gested modification of expression for calculation of

deflection of continuous beams, i.e., effective moment of
inertia that is given in ACI 440.1R-06 [28]:

M.\’ M.\’
r=(5) 51(1(7) )-Ja-mslg, ©

where the factor B, reduces tension stiffening for elements
with FRP reinforcement, and it is given as follows:
sk Phieag 7
Ba Bps, 8 (7)
and where yg = 0.6 is a reduction factor, and it is introduced
into calculation for the condition after the appearance of
cracks because it is concluded that modified Branson’s
equation underestimates deflections for higher load levels.
Kara and Ashour [19] concluded, based on previous
research studies on continuous beams with FRP re-
inforcement [1, 15, 16], that current codes underestimate
deflections of continuous beams due to appearance of wide
cracks above the middle support, that influence a significant
decrease of effective stiffness of the section. Modified stiff-
ness of the section in the midspan of continuous beams
through effective moment of inertia is suggested:
a

I“:I“'I—U-S-(l—a}-(MUJ’Mm]’ {3)

where « is the reduction factor for beams with GFRP and
AFRP reinforcement given by the following expression:

E
a=0.65- (0.7 +0.36- 1. ﬂ) <0.65. )
Es Ptb
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Ju et al. [11] proposed a semiempirical model for de-
termining the effective moment of inertia, which is based on
the modification of the Branson’s equation, following the
approach of Toutanji and Saffi [7]. A nonlinear parameter K
is introduced which reduces the effective moment of inertia
at higher load levels. The equations are proposed as follows:

M m M m
()t (1) )ty

E
m=6—l3-pffr. (10)

11\ M,

Load-deflection diagrams obtained by calculation
according to expression (1), using effective moment of
inertia according to ACI 440.1R-15 [23], CSA $806-12
[24], Juetal. [11], Habeeb and Ashour [15], and Kara and
Ashour [19], are compared to experimental results in
Figure 13 for all beams. Since the cracking moment M_, is
key to the accuracy of the deflection calculation, the ex-
perimental values were used for all models in order to
eliminate its influence on the characteristics of the curve.
In accordance with ACI 440.1R-15 [23], CSA $806-12
[24], and Ju et al. [11], for the beams of Series 1, al-
ready at initial load levels, deflections obtained by the
experiment are higher than calculated deflections, and for
the beams of Series 2, there is a matching for experimental
and calculated diagrams only for the loads that corre-
spond to 35-40% of the failure load. For higher load levels,
the values obtained by the experiment are higher than
calculated. The suggested model for deflection calculation
according to Habeeb and Ashour [15] shows better
agreement with experimental results. At loads near fail-
ure, exceptions occur, primarily due to additional fall of
the deflection-load curve obtained by the experiment,
when it comes to full development of nonlinearity of
concrete. Kara and Ashour’s model for deflection calcu-
lation [19] for continuous beams with GFRP re-
inforcement overestimates deflections especially for lower
load levels for all beams.

In order to overcome stated shortcomings of the pre-
vious models, a modified model for calculation of deflection
is proposed. The model is based on Branson’s equation used
in ACI 440.1R-06 [28] introducing a coefficient with a value
of 0.7, which reduces the effective moment of inertia after the
appearance of cracks, in analogy with Habeeb and Ashour’s
model [15], and a nonlinear parameter K, proposed by Ju
et al, [11], which additionally reduces the effective moment
of inertia at higher load levels:

3 3
M.\ M,
IE:(Ma) .ﬁd.13+(l—(E) --K)-Icr-UJSIS.

(11)

The very good match of the proposed model and ex-
perimental results was shown, both at lower and at higher
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load levels. The exception occurs in the beams G1-15 and
G1-25 at loads immediately after cracking where a large
increase in deflection happened, which indicates poor bond
strength between GFRP bars and concrete in these beams. In
particular, it is noted that the proposed model, using the
coefficient K defined by Ju et al. [11], describes good de-
velopment of deflection for higher load levels close to failure,
when it comes to full development of nonlinearity of con-
crete and an additional drop in the slope of the deflection-
load curve. Further experimental testing would be required
to verify the proposed model.

6. Conclusions

The subject of the experimental research shown in this
paper is consideration of six continuous beams reinforced
with GFRP reinforcement loaded by concentrated forces in
the middle of the span, until failure, for different ar-
rangements of reinforcement along the beam. Results of
experimental research studies are compared to provisions
of current regulations and codes by means of load capacity
and load-deflection response. Based on these research
results, following conclusions could be made:

(i) Continuous beams with GFRP reinforcement have
the ability of moment redistribution in relation to
moments obtained by linear elastic analysis, after
appearance of first cracks in concrete. Values of
moment redistribution dominantly depend on
stiffness of critical sections at the support and in the
midspan, which, primarily, due to wide and deep
cracks, come to relation of axial stiffness of GFRP
reinforcement in critical sections. Elastic re-
distribution of internal forces is based on this.

(ii) Continuous beams with GFRP reinforcement show
significant warnings before failure, in terms of large
deflections and wide and deep cracks. It is specially
defined additional curving of the deflection diagram
at loads close to failure, as a result of the devel-
opment of full nonlinearity of the compressed
concrete.

(iii) Reducing the amount of GFRP reinforcement at the
middle support and increase of amount of GFRP
reinforcement in the midspan of continuous beams,
as a result of designed moment redistribution, in
relation to the moments obtained by elastic analysis,
do not have negative influence on load capacity of
continuous beams and mainly influence the de-
crease of deflection. By increasing the designed
moment redistribution to 25%, the load-carrying
capacity increases by 5% to 10% in the beams with
GFRP reinforcement.

(iv) Wide and deep cracks that are formed in critical
sections of continuous beams with wrapped GFRP
bars with the unsaturated polyester matrix, in
a smaller number compared to beams reinforced by
steel reinforcement or GFRP bars with rebars and
epoxy matrix, point out at poor bond strength
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FiGure 13: Experimental and predicted deflection for tested beams. (a) G1-0. (b) G2-0. (c) G1-15. (d) G2-15. (e) G1-25. (f) G2-25.
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between GFRP reinforcement and surrounding
concrete. On the contrary, beams with GFRP re-
inforcement with rebars and epoxy matrix, based
on development of the cracks of the beams, indi-
cate very good bond strength between GFRP re-
inforcement and concrete.

(v) ACI 440.1R-15 [23] reasonably predicts failure
load for continuous beams with GFRP re-
inforcement, for overreinforced sections. CSA
5806-12 [24] and EC2-04 [26] predict quite higher
values of failure loads than those obtained by the
experiment.

(vi) Current codes ACI 440.1R-15 [23] and CSA S806-
12 [24] underestimate deflection of continuous
beams with GFRP reinforcement for higher load
levels. Habeeb and Ashour’s suggested model [15]
shows better agreement to experimental results.
The proposed model for calculation of deflection of
continuous beams with GFRP reinforcement
shows very good prediction to experimental re-
sults, during the entire loading process.

Nomenclature

P: Applied load at the midpoint of each span (kN)

P,: Load at failure (kN)

P_: Load at the first crack (kN)

P.p: Experimental failure load (kN)

P_,: Calculated failure load (kN)

L: Beam span (mm)

L Uncracked length at half of the beam (mm)

I:  Moment of inertia of the gross section (mm*)

I,: Cracked moment of inertia (mm?)

I.:  Effective moment of inertia (mm®)

M,: Cracking moment (kNm)

M,: Applied moment (kNm)

Ap: Cross-sectional area of tensile GFRP reinforcement
(mm?)

E;: Modulus of elasticity of GFRP reinforcement (MPa)

E;: Modulus of elasticity of steel reinforcement (MPa)

E: Modulus of elasticity of concrete (MPa)

fr Tensile strength of GFRP reinforcement (MPa)

Sy Yield strength of steel reinforcement (MPa)

fe Concrete compressive strength of cylinder (MPa)

&:  Ultimate strain of GFRP reinforcement

€,:  Yield strain of steel reinforcement

Ultimate strain of concrete

pr: GFRP reinforcement ratio

ps: Balanced GFRP reinforcement ratio

Yc: Proposed reduction factor used in the calculation of
the effective moment of inertia for the continuous
beam with GFRP reinforcement

a:  Proposed reduction factor used in the calculation of
the effective moment of inertia for the continuous
beam with FRP reinforcement

Ba:  Reduction factor used in the calculation of the
effective moment of inertia

A:  Deflection at the midspan of the beam (mm).
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PRERASPODJELA UTICAJA U KONTINUALNIM GREDAMA
ARMIRANIM FRP ARMATUROM

Rezime:

U radu je prikazana osnovna problematika vezana za preraspodjelu uticaja
kontinualnih greda sa opisom glavnih karakteristika FRP armature. Navedene su i
osnovne razlike u ponasanju AB greda sa FRP armatrom u odnosu na grede sa
celicnom armaturom. Ukratko su prikazani rezultati dosadasnjih istrazivanja u vezi
preraspodjele uticaja u kontinualnim gredama sa FRP armaturom sa naznakom na
parametre od kojih fenomen zavisi. Definisani su naucni ciljevi i pravei planiranih
cksperimentalnih i numerickih istrazivanja koji ¢e biti sprovedeni u okviru
doktorske disertacije.
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REDISTRIBUTION OF INTERNAL FORCES IN
CONTINUOUS  BEAMS  REINFORCED WITH FRP
REINFORCEMENT

Summary:

The paper presents the basic issues related to the redistribution of internal forces in
continuous beams with a description of the main characteristics of FRP
reinforcement. The basic differences in the behavior of FRP concrete beams in
relation to the beams with steel reinforcement are quoted. The results of previous
research regarding the redistribution ot internal forces in FRP continuous beams
with a note on the parameters of which depends the phenomenon are briefly
presented. Scientific objectives and directions of the planned experimental and
numerical studies that will be conducted within the doctoral dissertation are defined.

Kev words: redistribution of internal forces, FRP reinforcement, research objectives
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1 UVODNA PROBLEMATIKA O PRERASPODJELI UTICAJA

Uobicajena praksa je da se momenti savijanja i transverzalne sile u klasi¢no armiranim
betonskim  konstrukcijama. za najnepovoljniju kombinaciju opterecenja, dobijaju linearno
clastitnom analizom. Linearno elasticno ponasanje klasi¢no armiranih betonskih konstrukcija
realizuje se samo pri veoma niskim nivoima spoljasnjih opterecenja. Nakon pojave prslina u
AB clementima. dolazi do promjene njihove krutosti i razlike izmedu stvarnih presjecnih sila i
onih dobijenih lincarno elasticnom teorijom (stanje bez prslina), koja se posebno manifestuje
razvojem plasti¢nih deformacija. Ova pojava je poznata kao preraspodjela statickih uticaja, i za
AB staticki neodredene konstrukeije armirane celikom moZe se podijeliti u dvije faze. Prva
faza je uzrokovana razlikom uniformne fleksione krutosti duZ elementa, koja je pretpostavljena
clasticnom analizom. i stvarne krutosti koja se javlja varijacijom armature duz elementa i
pojavom prslina u betonu. Preraspodjela uticaja koja je izvriena na ovaj nacin se &esto u
literaturi naziva elasticna preraspodjela. Druga faza je posljedica plasticnih deformacija u
¢elicnoj armaturi, j. pocinje nakon dostizanja granice razvlagenja u Celiku, i manifestuje se
daljom promjenom vrijednosti fleksione krutosti. Ova preraspodijela se ¢esto naziva plasticna
preraspodjela. Dakle. presjeci koji trpe plasticne deformacije ¢e rotirati bez znacajnijeg
poveanja uticaja u njima. $to omogucava presjecima sa nizim nivoima uticaja da prihvate
dodatne uticaje. Treba napomenuti da uticaj elasticne preraspodjele moZe imati zna¢ajan udio u
ukupnoj preraspodjeli uticaja duz elementa. Moze se, dakle, zakljuciti da teorija elasti¢ne
analize ne opisuje stvarno ponasanje ni za eksploatacioni nivo optereéenja, pa ¢e se i znacajna
preraspodjela uticaja dogoditi veé pri ovom nivou optereéenja.

Preraspodjela momenata je itekako korisna za svakodnevnu inZenjersku praksu jer
omogucava razlicite aranzmane armature u AB elementima konstrukcije. Koristi se kada je iz
zona u kojima se ofekuje veca kolicina armature (veze greda i stubova), poZeljno izmjestiti
momenat u zone u kojima se moZe smjestiti vise armature (polje greda). Preraspodjelom
momenata se obezbjeduje unificiranje armature u serijama montaznih greda u kojima se
Javljaju manje razlike u momentima savijanja, i na taj nacin izbjegava razli¢ito armiranje svake
grede posebno. Zatim, racionalnost, odnosno ekonomicnost, se moze posti¢i kada se
preraspodjela momenata primjenjuje za razlicite kombinacije opterecenja, sto rezultuje manjim
vrijednostima u anvelopi momenata savijanja zadovoljavajuéi uslove ravnoteze. Takode,
preraspodjelom momenata se vrlo Cesto obezbjeduje poZeljno duktilno ponaSanje, sa jasno
najavljenim upozorenjima prije loma. Ovo se prije svega pripisuje sposobnosti &elicne
armature da teCe pri visim nivoima opterecenja. Preraspodjela momenata prije tecenja armature
se¢ pripisuje razli¢itim krutostima u poprecnim presjecima duz grede, $to kod kontinualnih
greda konstantnog poprecnog presjeka uglavnom zavisi od procenta armiranja kriti¢nih zona.

2 FRP ARMATURA

Za izgradnju gradevinskih konstrukceija se danas jo§ uvijek pretezno koristi beton armiran
celicnom armaturom. U agresivnim sredinama koje su izloZene dejstvu vlage, temperature,
hlorida. dolazi do redukcije alkalnosti betona, koja obi¢no rezultuje korozijom &eli¢ne
armature. Korozivni proces izaziva o$te¢enja betona i ugrozava funkcionalnost i upotrebljivost
AB konstrukcija. Spriecavanje korozije Celitne armature u AB konstrukcijama mozZe biti
skupo. a vrlo ¢esto i bez znacajnijeg efekta. 1z ovog razloga se posljednjih 20 godina sve vise
radi na istrazivanju materijala koji bi mogli zamijeniti ¢elik u AB konstrukcijama. posebno u
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agresivnim sredinama. Tako. posljednjih godina u gradevinskim konstrukcijama sve Siru
primjenu nalaze polimeri ojacani vlaknima (Fiber Reinforced Polymer - FRP), kao unutrasnja i
spoljasnja armatura u AB elementima.

Visoka ¢vrstoca na zatezanje predstavlja jednu od osnovnih prednosti FRP armature u
odnosu na celik. Nisu podlozni koroziji, a takode pokazuju i potpunu elektri¢nu i magnetnu
neutralnost. Laksi su od celika, ¢ime se moze pojednostaviti njihov transport i dobiti na brzini
izgradnje konstrukcije.

Pored navedenih prednosti, FRP armatura ima i odredene nedostatke u odnosu na celi¢nu
armaturu. FRP kompoziti pokazuju linearno elastiéno ponaSanje pri zatezanju sve do loma.
Uporedujuci ih sa duktilnim karakteristikama ¢elika, oni su krti, sa visokom ¢vrstocom na
zatezanje i uglavno nizim modulom elasti¢nosti (slika 1). Cvrstoéa na pritisak i na smicanje su
znatno nizi nego ¢vrstoca na zatezanje. Tokom eksperimentalnih istraZivanja, evidentirani su i
odredeni problemi povezani sa prijanjanjem izmedu FRP armature i okolnog betona.

b Todarty

NN T [ER{N1
Slika | — Radni dijagrami FRP i ¢elicne armature

Kao glavni nedostatak FRP armature zapaza se njihov nizak modul elasti¢nosti u odnosu na
celik. Ovo podrazumijeva vece dilatacije armature u FRP AB elementima uporedujuéi ih sa AB
clementima armiranim ¢elikom. Kao posljedica niskog modula elasti¢nosti u AB elementima
se javljaju Sire i dublje prsline, kao i vece deformacije. Dakle, u suprotnosti sa ¢elitnim AB
elementima, grani¢no stanje upotrebljivosti je vrlo Cesto mjerodavno za dimenzionisanje
elemenata sa FRP armaturom. Kod elemenata sa FRP armaturom mogu se tolerisati vece Sirine
prslina zbog odsustva moguce korozije u AB elementu. dok se deformacije ogranicavaju kao
kod AB elemenata sa ¢elicnom armaturom.

FRP kompoziti. kao unutrasnja armatura u AB clementima. svoju primjenu nalaze u AB
konstrukcijama koje su izloZene agresivnom dejstvu sredine, kao $to su: marinske konstrukceije,
mostovi, nadvoZnjaci. garaze, rezervoari. propusti. potporni zidovi, temelji i dr. U objektima sa
opremom za magnetno skeniranje, bazama za velike motore, laboratorijama, aerodromskim
tornjevima, MRI sobama u bolnicama, i ostalim objektima sa opremom koja zahtijeva elektro i
magnetnu neutralnost. FRP armatura takode nalazi svoju primjenu. Tokom posljednjih 20
godina postoje primjeri uspjesne i prakti¢ne primjene FRP armature Sirom svijeta. Razlog 3to
FRP armatura nije nasla jos Siri primjenu, treba traZiti u jos uvijek nepotpunom poznavanju
ponasanja AB ¢lemenata sa FRP armaturom.
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3 PONASANJE AB GREDA ARMIRANIH FRP ARMATUROM

Ponasanje AB elemenata sa FRP armaturom je razli¢ito u odnosu na elemente armirane
klasicnom ¢eli¢nom armaturom, $to je posljedica. prije svega, razlicitih mehanickih
karakteristika dvije vrste armature. Tri tipa loma na savijanje se mogu javiti u AB elementima
sa FRP armaturom: simultani (balans) lom po FRP armaturi i pritisnutom betonu, lom FRP
armature i lom po betonu u pritisnutoj zoni. Usljed neduktilnog ponasanja FRP armature, svi
tipovi loma su krti i iznenadni, pa je iz tog razloga potrebno definisati vece koeficijente
sigurnosti materijala prilikom dimenzionisanja popre¢nih presjeka, nego Sto je to slu¢aj kod
AB presjeka sa celikom.

Simultani (balans) lom se u praksi veoma tedko ostvaruje, jer ustvari predstavlja granicu
izmedu loma po armaturi i loma po betonu. Uslov balans loma je dostizanje granic¢ne dilatacije
u pritisnutom betonu zajedno sa kidanjem FRP armature na zatezanje. Ukoliko je procenat
armiranja AB presjeka FRP armaturom manji od procenta armiranja koji odgovara balans
lomu. dolazi do loma po FRP armaturi. Lom koji nastaje usljed kidanja FRP armature je krt i
iznenadan. jer ne dolazi do dostizanja grani¢ne dilatacije u betonu, pa samim tim ni do
kompletnog razvoja nelinearnog ponasanja betona. Medutim. ipak postoje odredena ogranicena
upozorenja pri lomu u vidu prslina i deformacija kao posljedica znacajnih izduzenja FRP
armature prije loma. Sa druge strane, u slucaju veceg procenta armiranja u odnosu na procenat
pri balans lomu, dolazi do dostizanja grani¢ne dilatacije u pritisnutom betonu i loma po betonu,
koji moze bili vise pozeljan, prije svega. zahvaljujuci punom razvoju nelinearnog ponadanja
(duktilnosti) betona. Kao takav lom po betonu moze biti najavljen u vidu znagajnih deformacija
(ugiba) i prslina. Veéina vazecih propisa i smjernica zahtijeva da betonski presjeci sa FRP
armaturom budu projektovani da doZive upravo lom po pritisnutom betonu, $to, dakle, rezultira
da oni budu prearmirani.

Evidentno je da su prearmirani presjeci sa FRP armaturom vide poZeljni u odnosu na
podarmirane, zbog znacajnih neelasticnih deformacija i formiranja prslina prije loma, usljed
neelasticnih deformacija pritisnutog betona. Na ovaj nadin dolazi do poZeljnih upozorenja prije
loma, tj. do izvjesnog pseudo-duktilnog ponasanja. Pored toga, prearmirani presjeci vode ka
znacajnom smanjenju dimenzija presjeka, Sto je posebno vaZno sa arhitektonske i ekonomske
tacke gledista. Treba imati u vidu da je zadovoljenje zahtjeva upotrebljivosti u pogledu
deformacija jako vazno kod prearmiranih presjeka sa FRP armaturom.

4 PRERASPODJELA MOMENATA U KONTINUALNIM AB
GREDAMA ARMIRANIM FRP ARMATUROM

U ovom dijelu rada je prikazana osnovna razlika u ponasanju kontinualnih AB greda sa
FRP i ¢elicnom armaturom u uslovima preraspodjele momenata izmedu kriticnih presjeka.

Preraspodjela momenata kod kontinualnih greda sa FRP armaturom zasniva se na elasti¢noj
preraspodijeli, s obzirom na odsustvo nelinearnosti (plastifikacije) FRP armature do loma.
Razvoi momenata savijanja i odnos stvarnih momenata iznad oslonca i u polju na kontinualnim
AB gredama sa odnosom armatura u polju i iznad oslonca od 1.5, u zavisnosti od apliciranog
opterecenja za razlicite tipove opterecenja, prikazan je na slici 2, [2]. Na istoj slici je prikazan i
odnos momenata iznad oslonca i u polju dobijen na osnovu elastiéne analize. radi poredenja
rezultata. Za pocetna opterecenja momenti rastu linearno sa apliciranim optere¢enjem i jednaki
su elasticnim momentima. §to ukazuje da ne dolazi do preraspodjele uticaja u ovoj fazi. Sa
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pojavom prve prsline iznad oslonca dolazi do preraspodjele momenata od oslonca ka polju, §to
zbog razlike u krutosti izmedu kriti¢nih presjeka, rezultira brzem rastu momenta u polju i
sporijem rastu momenta iznad oslonca. Ovo je posljedica usvojene vece koli¢ine armature za
presick u polju. nego za presjek iznad oslonca za sve grede, kao i razlititog stepena razvoja
prslina u kriticnim presjecima. Stabilizacijom propagacije prslina u oba presjeka, odnos
momenata se takode stabilizuje. Za grede sa FRP armaturom, ovaj fenomen ostaje gotovo
konstantan sve do loma (slike 2a - GFRP-staklena armatura i 2b - CFRP-karbonska armatura),
dok za grede sa Celicnom armaturom tetenje armature iznad oslonca uzrokuje naglo
izmjestanje momenta iznad oslonca u polje grede. odnosno naglo smanjenje odnosa momenta
iznad oslonca i u polju. Sa slike 2 je evidentno da ve¢ i pri eksploatacionim opterecenjima
dolazi do znatnog odstupanja vrijednosti momenata (preraspodjele momenata) duz kontinualne
grede u odnosu na momente dobijene elasticnom analizom.
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Slika 2 — Razvoj momenata savijanja i odnosa momenata iznad oslonca i u polju sa
apliciranim optere¢enjem za razlicite tipove armature @) GFRP; b) CFRP; ¢j celik; [2]

a

Na slici 3 je prikazana varijacija stepena preraspodjele momenata sa apliciranim
opterecenjem do loma za kontinualne grede sa razlicitim tipovima armature. Za kontinualne
grede sa FRP armaturom, stepen preraspodjele momenata se sastoji iz tri razlicite faze, sa dvije
skretne latke koje odgovaraju pojavi prslina i stabilizaciji propagacije prslina. U prvoj fazi.
prije pojave prslina, nema preraspodjele momenata u odnosu na elasticnu analizu. Nakon



pojave prslina, stepen preraspodjele naglo raste u drugoj fazi, gotovo linearno sa apliciranim
opterecenjem. U trec¢oj fazi stepen preraspodjele momenata se stabilizuje sa gotovo
konstantnom  vrijedno$éu, §to odgovara stabilizaciji propagacije prslina. Kod kontinualnih
greda sa celicnom armaturom javlja se i Cetvrta faza, kada usljed tecenja armature dolazi do
naglog povecanja stepena preraspodjele za aplicirano opterecenje. Primjetno je da je za
opterecenja niza od loma, stepen preraspodjele kod greda armiranih GFRP armaturom veci
nego kod greda armiranih Celikom, i to veé¢ nakon pojave prve prsline. Ovakav trend razvoja
stepena preraspodjele momenata se nastavlja sve do teCenja armature kod greda sa Celitnom
armaturom. Sa slike 3 se jasno primjecuje da se preraspodjela uticaja kod kontinualnih greda sa
GFRP armaturom. ve¢ i u fazi eksploatacije javlja u znatajnom stepenu, [2].
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Slika 3 — Ruzvoj stepena preraspodjele momenata sa apliciranim oplerecenjem za razlicite

tipove armature, [2]

5 REZULTATI DOSADASNJIH ISTRAZIVANJA

Na osnovu skromnog broja dosadadnjih eksperimentalnih i numerickih istraZivanja doslo
se do odredenih zakljucaka koja predstavljaju osnovnu hipotezu za planirana dalja istraZivanja:

kontinualne AB grede sa FRP armaturom pokazuju znacajna upozorenja, u vidu velikih
deformacija i dirokih i dubokih prslina, prije loma:

povecanje armature u donjoj zoni u polju (prearmirani presjeci) u odnosu na presjek
iznad oslonca. ima pozitivne efekte na povecanje kapaciteta nosivosti greda, smanjenje
deformacija i odlaganje propagacije prslina u poljima greda;

povecanje armature u gornjoj zoni iznad oslonca, nema znacajniji doprinos na
povecanje kapaciteta nosivosti greda ili na smanjenje deformacija;

kontinualne grede sa FRP armaturom imaju sposobnost preraspodjele momenata, u
odnosu na momente dobijene linearno elasti¢nom analizom, nakon pojave prslina u
betonu:

nakon dostizanja kapaciteta nosivosti, u polju ili iznad oslonca kontinualnih greda,
nema znakova preraspodjele momenata u kriticnim presjecima;
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- obezbjedenje preraspodjele momenata iz oslonca u polje, ima pozitivan efekat na

smanjenje deformacija i povecanje kapaciteta nosivosti greda;

- odnos armature u polju (donja zona) i iznad oslonca (gornja zona) ima glavni uticaj na

raspolozivu preraspodjelu momenata:

- procenat armiranja kriticnih presjeka moZe znaajno uticati na vrijednosti

preraspodjele momenata:

- dodatno utezanje betona. poveéanjem poprecne armature iznad oslonca, bez povecanja

poduzne zategnute armature. povecava kapacitet nosivosti greda;

- znaGajan procenat preraspodjele momenata ostvaruje se ve¢ i pri eksploatacionim

opterecenjima:

- preraspodjela momenata moze omoguéiti dostizanje veceg kapaciteta nosivosti na

smicanje kontinualnih greda sa FRP armaturom.

Treba napomenuti da su pojedini zakljucci izvedeni na osnovu samo jednog
eksperimentalnog istrazivanja. te stoga treba provjeriti njihovu opravdanost. Moze se zakljuéiti
da je wenutno vrlo malo pouzdanih podataka koji opisuju ponasanje kontinualnih greda
armiranih  FRP  armaturom. pa je stoga potrebno nastaviti istrazivacki rad, kako
eksperimentalni. tako i numericki. Ponadanje AB elemenata sa FRP armaturom u pogledu
preraspodjele momenata jo$ uvijek nije dovoljno istrazeno, prije svega jer zavisi od velikog
broja parametara. Dosadasnja istrazivanja su pokazala da pristup da se kod kontinualnih greda
armiranih FRP armaturom ne dozvoljava preraspodjela momenata u kriti¢nim presjecima,
moze smatrati konzervativnim, pa je isti potrebno preispitati.

0 N@L‘C‘NI CILJEVI, PRAVCI DALJIH ISTRAZIVANJA 1
OCEKIVANI REZULTATI

Glavni cilj daljih istrazivanja je razmatranje ponasanja kontinualnih greda armiranih FRP
armaturom pri optereéenju do loma, u uslovima preraspodjele momenata izmedu kriti¢nih
presjeka. Takode. istrazivanjem se Zele postici sljedeci nauéni ciljevi:

- dati doprinos u sveukupnom razumjevanju ponasanja kontinualnih greda sa FRP

armaturom. kao i doprinos u projektovanju ovih konstrukeija;

- definisati uticaj velikog broja parametara koji uticu na preraspodjelu uticaja u
kontinualnim gredama sa FRP armaturom kao 5to su: tip loma. odnos koli¢ine armature
u polju i iznad oslonca, procenat armiranja poduznom armaturom, kolitina popretne
armature u kritiénim presjecima, ¢vrstoca betona;

- pokazati da se pravilnim izborom armature u polju i iznad oslonca kontinualnih greda,
obezbjeduje odgovarajuéa preraspodjela uticaja koja moze dovesti do poboljsanog
ponasanja kontinualne grede sa FRP armaturom, u smislu povecanja kapaciteta
nosivosti i zadovoljenja zahtjeva deformacija i prslina:

- prosiriti bazu podataka novim eksperimentalnim istrazivanjima iz ove oblasti u cilju
veritikacije taénosti i unaprjedenja  zakljucaka dosadagnjih  eksperimentalnih
istrazivanja:

- definisati stepen dozvoljene preraspodjele. koja aktuelnim propisima za kontinualne
grede armirane FRP armaturom nije dozvoljena:

- dati doprinos na unaprjedenju smjernica i odredbi standarda i propisa, koji se
primjenjuju pri projektovanju u svakodnevnoj inZenjerskoj praksi, u oblasti staticki
neodredenih AB konstrukcija armiranih FRP armaturom.
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Definisanjem ciljeva istrazivanja. postavljanjem osnovnih hipoteza i definisanjem osnovnih
parametara od kojih zavisi preraspodjela uticaja kontinualnih greda armiranih FRP armaturom,
odredice se reprezentativni modeli (uzorei) na kojima ¢e biti sprovedeno eksperimentalno
ispitivanje. Eksperimentalno istrazivanje ¢e biti koncipirano i osmisljeno na na¢in da dobijeni
rezultati budu upotrebljivi i uporedivi sa rezultatima sprovedenih dosadasnjih istraZivanja iz
predmetne problematike Sirom svijeta. Cjelokupno istrazivanje obuhvatice:

- Definisanje parametara Koji uti¢u na ponaanje kontinualnih AB greda armiranih FRP
armaturom, sa posebnim akcentom na one parametre od kojih direktno zavisi stepen
preraspodjele momenata.

- Eksperimentalnu analizu ponaSanja kontinualnih greda armiranih FRP armaturom.
Eksperimetalno istrazivanje ¢e biti sprovedeno u cilju definisanja mogucnosti i stepena
preraspodjele uticaja, kao i uticaja ve¢ navedenih parametara na stepen preraspodjele
uticaja i efekat preraspodiele na granicna stanja nosivosti i upotrebljivosti.

- Numericko modeliranje eksperimentalnih uzoraka primjenom metode konacnih
elemenata radi simulacije ponasanja kontinualnih greda sa FRP armaturom. Modeli
treba da verifikuju pojedine uticaje parametara koji su dobijeni eksperimentalnim
putem,

- Analizu predloZenih metoda proracuna kontinualnih greda armiranih FRP armaturom
na savijanje i smicanje i analizu uticaja pojedinih parametara na stepen preraspodjele
momenata.

- Parametarsku analizu eksperimentalnih i numerickih rezultata i uticaj preraspodjele na
grani¢na stanja nosivosti i upotrebljivosti.

- lzradu proracunskog modela za odredivanje dozvoljene preraspodjele uticaja u
kontinualnim gredama sa FRP armaturom u cilju dorade aktuelnih propisa iz ove
oblasti.

Planiranim istrazivanjem trebalo bi da se pokaZe da je preraspodjela uticaja kod staticki
ncodredenih konstrukcija sa FRP armaturom moguca, bez obzira na linearno elastitno
ponasanje FRP armature sve do loma, a posebno ako se armatura duZ grede izabere
odgovarajuce. Takode. ukazace se na veli znataj preraspodjele uticaja kod greda sa FRP
armaturom, nego $to je to slu¢aj kod kontinualnih greda armiranih ¢eli¢nom armaturom, koji se
posebno odnosi na kvalitetniji odgovor konstrukcije pri dejstvu spoljadnjeg opterecenja.
Rezultati bi webalo da pokazu na neophodnost uvodenja novih parametara, u odnosu na
trenutno definisane propisima. u cilju $to tacénijeg odredivanja stepena preraspodjele.
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SUMMARY: Continuous beams are often used in reinforced concrete structures which are exposed to aggressive
effects of the environment, such as marine structures, bridges, overpasses, garages, reservoirs, culverts, retaining
walls, foundations and others. In aggresive environments there is a reduction of alkalinity of concrete, which often
results in corrosion of the steel reinforcement, and causes further damage to the concrete, which endangers the
functionality and serviceability of the RC structures. Having in mind the aforementioned, in recent years FRP
composites find its wider application in building construction around the world, as internal reinforcement in RC
elements. Although there is currently little reliable information that describes the behaviour of continuous beams
reinforced with FRP reinforcement, the necessity of research work is emphasized, especially experimental, in regard
to the small database that is currently available. Since FRP reinforcement shows a linear elastic behaviour up to
failure, there is a question of the ability of material, that in conjunction with concrete, redistribute internal forces in
statically indeterminate structures. In this paper, the main issue associated with the redistribution of the internal
forces of continuous beams with a description of the main characteristics of FRP materials and the reinforcement is
stressed, and the basic characteristics of the behaviour of RC elements with the FRP reinforcement are listed. This
paper piesents a short review of expenimental research planned on the 12 RC continuous beams with two equal
span length of 1.9 m, the cross-sectional dimensions 15/25 cm, with longitudinal and transverse GFRP
reinforcement, In order to determine the possibilities of the redistribution of internal forces, and the behavior of RC
elements in terms of the redistribution of the internal forces, the parameters of which it depends are varied:
longitudinal reinforcement ratio at the midspan and at the middle support, the percentage of the longitudinal
tensioned reinforcement and concrete compressive strength. It is expected that the results of the experiment show
that is, the redistribution of the internal forces at statically indeterminate structures with FRP reinforcement
possible, regardless of the linear elastic behaviour of FRP reinforcement up to failure, and that has a positive effect
on the load-carrying capacity and fulfill the requirements of serviceability.

ODZIV KONTINUIRANIH GREDA ARMIRANIH POLIMERNIM VLAKNIMA

SAZETAK: Kontinuirane grede cesto se upotrebljavaju u armiranobetonskim kanstrukcijama izloZenim agresivnim
djelovanjima okolisa kao 5to su konstrukcije na moru, mostovi, nadvoinjaci, garaie, spremnici, odvadni kanali,
potpornt zidovi, temelji 1+ drugi. U agresivnom okolifu dolazi do smanjenja alkalnosti betona ito ¢esto rezultira
korozijom Eelicne armature | uzrokuje daljnja ostecenja betona ¢ime se ugroZavaju funkcionalnost 1 uporabljivost
armiranobetonskih konstrukcya. Imajuci U vidu navedeno, posljednjih godina kompoziti od polimera armiranih
vlaknima kao unutarnja armatura armiranobetonskih elemenata imaju sve 3iru primjenu u gradnji u svijetu. Kako
danas ima malo pouzdanih podataka, a baza dostupnih podataka koji opisuju ponadanje kontinuiranih greda
armiranth polimerima armiranim viakrima je mala, naglasena je nuZnost eksperimentalnih istraZivanja. Kako je
ponafanje armature od polimera armiranih viaknima linearno-elastiéno sve do sloma upitna je sposobnost tog
materyala kojl u spoju s betonom raspodjeluje unutarnje sile u stati¢ki neoderednim konstrukcijama. U radu je
stavljen naglasak na preraspodjelu unutarn)ih sila kontinuiranih greda s opisom glavnih znagajki polimera armiranih
vlaknima | armature, a popisane su i temeljne znafajke ponaSanja armiranobetonskih elemenata armiranih
polimerom armiranim vlaknima. Dan je kratak pregled eksperimentalnih ispitivanja planiranih za dvanaest
kontinuiranih greda s dva Jednaka raspona od 1,9 m, dimenzija popretnog presjeka 15/25 cm 1 s uzduinom i
poprecnom armaturom od polimera armiranog staklenim vlaknima. Varirani su parametri o kojima ovise mogucnosti
preraspodjele unutarnjih sila | ponasanje armiranobetonskih elemenata: omjer uzduine armature u sredini raspona
I na srednjem osloncu, postotak uzduine vlaéne armature | tlaéne Cwrstoce betona. Ocekuje se da ce rezultati
eksperimenata pokazati da je moguca preraspodjela unutarnjih sila staticki neodredenih konstrukcija armiranih
polimerima armiranim vlaknima neovisno o linearno-elastiénom ponadanju polimera armiranog viaknima do sloma i
da ona ima pozitivan ucinak na nosivost | 1spunjenje zahtjeva uporabljivosti.

1. INTRODUCTION

loday, concrete reinforced with steel reinforcement s still predominantly used for the construction of the civil
engineering structures, which is in aggressive environments exposed to moisture, temperature, chloride, that leads
to corrosion of steel reinforcement. Corrosive process causes damages to the concrete and endangers the
functionality and serviceability of reinforced concrete structures. In recent years, there are more and more
researches of materials that could replace steel in reinforced concrete structures, particularly in aggressive
environments. Thus, FRP composite materials (Fiber Reinforced Polymer) find their application in civil engineering
structures as well as internal and external reinforcement in RC elements, Since the FRP materials are not subjected
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ta corrosion, their use in the structure can represent significant savings in maintenance, recovery and strengthening
of structures, in particular when they are in the course of its exploitation life exposed to various corrosive and
destructive influences, which certainly leads to economic benefits. Today we have a significant number of structures
such as bridges, retaining walls, marine structures and others, on which FRP reinforcement in structural elements is
succsessfully applied. Due to different mechanical and deformation characteristics of ERP reinforcement, the
behaviour of RC elements greatly vary in relation to the elements of the steel reinforcement. The behaviour of
reinforced concrete structures with steel reinforcement under load is well established and parameters that relate
to behavior are clearly defined. This is primarily due to the significant and extensive research conducted in recent
decades on the elements with steel reinforcement. In case of structures with FRP reinforcement, which is relatively
new material, despite a significant increase in research work, it is evident that a limited number of experimental
results, which are certainly reflected in the lack of appropriate regulations and standards for engineering
applications. The regulations and standards for the structure with the FRP reinforcement, which currently exist in
the world, are largely based on the proposed models and equations that are used for structures with steel
reinforcement, with the variations of the parameters and the coefficients on which depend the characteristics of
the FRP reinforcements and their interaction with the concrete. All this leads to that, the civil engineers are neither
familiar with the properties and characteristics of FRP reinforcement, nor with its application in reinforced concrete

structures

Research work that is currently being conducted, represents an attempt to contribute to further clarification of the
behaviour of beams with FRP reinforcement. Most researchers have focused on examining the behaviour of simple
supported beams with FRP reinforcement till now, whereas a very small number of tests were carried out on
continuous beams. For this reason, the authors of the paper opted to study continucus beams with FRP
reinforcement, taking into account the possibly significant breakthrough in the closer determination of answer of
these structures to the action of the load up to failure. As a part of research an experimental program is currently
being conducted, in order to provide a more reliable testing of the effect of the critical parameters on the behaviour

of the continuous beams with FRP reinforcement.

As it 15 already mentioned, researches of FRP reinforcement have been mostly conducted on simple supported
beams, so that are the provisions of certain regulations based on the conclusions reached at these elements.
Although poor, database of experimental results on continuous beams with FRP reinforcement will be in any case
enriched with the conducted experimental researches, that will greatly assist in the verification of accuracy and
improving the results of existing experimental researches. Also, engineers and future researchers will have better
nsight into use and application of FRP reinforcement, a relatively new material, as internal reinforcement in
elements of RC structures. In this way, contribution is given to the improvement of the guideliness and provisions of
regulations and standards, applicable to designing of everyday engineering practice, especially in the area of

statically indeterminate RC structures reinforced with FRP reinforcement.

2. FRP REINFORCEMENT

Development of FRP materials is intensive over the last 50 years, especially in the aero and electro industries. A
major use in the building construction FRP materials have as systems for strengthening of existing RC structures with
steel reinforcement, in the form of strips, and as well as an internal reinforcement in reinforced concrete structures.
such materials. as composites, may significantly vary, and their characteristics greatly depend on the constituent

materials of which are composed.

FRP material is 3 composite material consisting a fine continuous fibers, bonded with the polymeric resins - a matrix.
FRP composites are anisotropic, with mechanical characteristics and properties which are the best in the direction
of the fibers, i.e. in the direction of the applied load. The polymer matrix is the material of low elastic modulus and
low strength, which carries and distributes the load on the fibers which have a high modulus of elasticity and high
strength. In this way, the result is a composite material of high tensile strength and a relatively high modulus of

elasticity (Figure 1).
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FRP reinforcement, as well as a steel reinforcement, may be produced in different profiles and different shapes
[straight, curved, circular, spiral, etc.). Bond stresses between reinforcement and concrete depend on the
workability of the surface of the bars which may be smooth, ribbed, spiral, and sand coated bars (see Figure 2). As
an internal reinforcement in reinforced concrete structures, three types are mostly used: carbon (CFRP), glass
(GFRP|. and aranmid (AFRP), and in recent years there 1s also basalt (BFRP) reinforcement. Mechanical and physical
properties of the composite can vary depending on the type of the fiber that 1s used. So far the glass FRP
reinforcement (GFRP) has the widest application as the cheapest, with a minimum tensile strength and the lowest

modulus of elasticity in comparison to other FRP reinforcement. The most frequently used mechanical
characteristics of the FRP reinforcement are shown in Table 1.

Sohd Hollow Sohd Hallow

E

=5 Glass

£5 Carbon #8 Glass,

The main advantage of FRP reinforcement is a high tensile strength in comparison to steel reinforcement. They are
not subjected to corrosion, that makes them very highly recommended in aggresive environments, but they also
show the complete electrical and magnetic neutrality. They are lighter than steel, which can simplify their transport
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and speed building construction, In case of very reinforced sections, lower bulk density of FRP reinforcement can

reduce the overall weight of the building, including static and dynamic internal forces that can negatively influence
the structure itself,

Modulus of | Ultimate
: Tensile strength e :
Type of reinforcement (MPa) elasticity strain
(GPa) (%)
GFRP 450-1600 35-60 1.2-3.7
CFRP 600-3500 100-580 0.5-1.7
AFRP 1000-2500 40-125 1.9-4.4

FRP reinforcement has certain disadvantages in comparison to steel reinforcement. FRP composites show a linear
elastic behaviour in tension up to failure, and they are brittle. They are characterized by a relatively low modulus of
elasticity, especially for GFRP reinforcement, which implies greater strains of reinforcement in RC elements, in
comparison to RC elements with steel reinforcement. Larger strains cause wider cracks and larger deformations
[deflections). However, due to the absence of possible corrosion in the RC elements with FRP reinforcement, larger
width of cracks 1s tolerated, while the deformations are limited as in RC steel elements. Compressive strength and
shear strength are significantly lower than the tensile strength.

3. MOMENT REDISTRIBUTION IN CONTINUOUS BEAMS WITH FRP REINFORCEMENT

Redistribution of internal forces in RC statically indeterminate structures throughout the literature is defined as the
difference between the actual cross section forces and those resulted from the linear elastic theory for the state
without cracks. Usually, this phenomenon manifests itself in two phases. The first stage is caused by the difference
of uniform bending stiffness along the element, which i1s assumed by elastic analysis, and the actual stiffness that
occurs by variation of the reinforcement along the element and the occurrence of cracks in the concrete.
Redistribution of internal forces made in this way is often in literature known as an elastic redistribution (Figure 3).
The second stage is the result of plastic deformations in steel reinforcement, i.e. starts after reaching the yield point
of the steel, and is manifested further by changing the value of bending stiffness. This redistribution is often called
plastic redistribution. Previous researches bring to the conclusion that elastic redistribution can have a significant
share in the total redistribution of internal forces along the element.

| 'l

‘bending moments - elastic analysis
uniform stiffness

Lt actual bending moments ERIFLS
after cracking

Since FRP reinforcement shows a linear elastic behaviour up to the failure, and shows a lack of material nonlinearity,
there is a question of the ability of such material that in conjunction with concrete, redistribute the load in statically
indeterminate structures. Taking into account the significant contribution of elastic redistribution in the total
redistribution of moments in RC beams with steel reinforcement, it is expected that the continuous beam with FRP
reinforcement demonstrates a certain ability to redistribution of moments, regardless of the lack of ductility at FRP
reinforcement up to the fallure. The redistribution of the internal forces is expected as a consequence of the
difference of stiffness between the critical cross-sections, which 1s directly dependent on the relationship of the
degree of development of cracks, and adopted reinforcement therein. In other words, one of the basic features of
ductility is counted on, and that is the change of stiffness without the loss of capacity of section.
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Previous research works on the continuous beams with FRP reinforcement [2], on a modest number of samples,
show that the redistribution of the internal forces between the critical cross-sections is possible, especially if the
reinforcement along the corresponding element is determined properly. RC continuous beam with FRP
reinforcement showed significant warnings, regarding the large deformation and wide and deep cracks before
failure. Increasing the bottom reinforcement at the midspan of continuous beam reinforced with reinforcement
related to the cross-section at the middle support, had a positive effect on increasing the loading capacity of the
beam, reducing deformation and delaying propagation of cracks in the areas of the beams, while the increase of top
reinforcement over the middie support is not found as a significant contribution to increasing the load capacity and
reducing deformation. This statement may be a good basis for the introduction to redistribution of moments
{primarily from the middle support to the midspan of the continuous beam), to provide improved behaviour of
continuous beams with FRP reinforcement for the serviceability limit state as well as for the ultimate limit state. The
justification of this thinking lies in the fact, that in relation to the elastic analysis, a significant portion of bending
moments from middle support displaces at the midspan, already for service load. A width of cracks that occur at
the middle support of continuous beams should be controlled, and the same can be significantly increased due to
the relocation of moments. However, the fact that, due to the absence of corrosion in the FRP reinforcement, with
the current regulations that allow greater width of cracks in concrete beams with FRP reinforcement (even upto 0.7
mm| than it is the case with beams with steel reinforcement, encourages with a view to implementing the moment
redistribution with a continuous beam with FRP reinforcement, and that current regulations are still not allowed.
The ratio of bottom remnforcement at the midspan and top reinforcement at the middle support of the continuous
beam with FRP reinforcement, has a major effect on the redistribution of the available moments. Percentage of
longitudinal tensioned reinforcement represents also one of the important factors which directly affects the degree
of redistribution moments. When it comes to over-reinforced sections with FRP reinforcement, due to inelastic
deformation of the compressive concrete, there are significant deformations and wider cracks before failure, as a
form of pseudo-ductile behaviour, and is expected to come to a significant redistribution of internal forces between
the critical sections of the element. For this reason, most of the regulations for structures with FRP reinforcement,
recommend that the sections should be over-reinforced, i.e. with the percentage of reinforcement higher than

balance reinforcement ratio.

4. DESCRIPTION OF EXPERIMENTAL MODELS AND MEASURING TECHNICS

Experimental researches are being conducted currently at the Faculty of Civil Engineering University of Montenegro,
within PhD theses comprising behaviour of continuous beams, primarily to bending, in the conditions of
redistribution of internal forces. Experimental research comprises 12 continuous beams in total, on 2 spans of length
of 1.5 m, of cross-section being 15/25 cm, with longitudinal and transverse GFRP reinforcement and one control
beam with steel reinforcement. All the beams are to be examined up to failure, being loaded by concentrated forces
at the middle of both spans. Dimensions and geometry of continuous beams and load disposition have been
presented in figure 4. All the beams are dimensioned in line with American standard ACI 440.1R-15 which is being
used for design of elements with FRP reinforcement, while the other regulations {CSA 5806-02, CSA S806-12, CNR-

0T-203) have been used as control.

102 190 _ 102

394 - 13

Representative models should have enabled realisation of stated aims, therefore the following parameters have
been combined: longitudinal reinforcement ratio at the midspan and at the middle support, the percentage of the
longitudinal tensioned reinforcement and concrete compressive strength. All the details related to selected
models with beam mark, designed failure load, designed moment redistribution from the middle support to the
midspan of the beam, chosen ratio of longitudinal reinforcement ratio and balance reinforcement ratio and designed
class of concrete compressive strength have been presented in table 2. Continuous beams are reinforced by GFRP

reinfarcement, that having tension strength of f=1100 MPa and modulus of elasticity of E=55000 MPa.
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Design Design moment Reinforcement  ratio [/  balance
Beam failure load | redistribution reinforcement ratio Carcrete strength

(kN) (%) : (MPa)

middle support midspan

G-A-0-N 100 0 49 3.0 28
G-A-15-N 100 15 342 3.86 28
G-A-30-N 100 30 24 4.9 28
G-B-0-N B0 0 28 1.76 28
G-B-15-N 80 15 1.51 2.25 28
G-B-30-N 80 30 1.46 2.8 28
G-C-0-N &0 0 1.0 0.75 28
G-C-15-N 60 15 0.75 1.0 28
G-A-15-H 130 15 2.36 2.66 50
G-A-30-H 130 30 1.45 3.38 50
G-B-15-H 110 15 1.32 1.55 50
G-B-30-H 110 30 1.01 1.93 50

For the first series of beams, having A and N marks, identical failure load has been designed, hence one beam has
been dimensioned to the internal forces similar to elastic analysis, while for 2 beams moment reduction above the
middle support has been conducted, by 15% and 30%, and adequate moment increase at the midspan. Therefore,
for the designed fixed failure load, models with 0%, 15% and 30% of designed moment redistribution from the
middle support to the midspan have been obtained. Percentage of beam reinforcement at the middle support with
mark 0 has been selected of cca 4.9 times higher than balance reinforcement ratio, which is in line with references
of the regulations that beams with FRP reinforcement should be designed to have concrete compression failure.
Even after conducted redistribution, all the cross-sections have been designed to have reinforcement ratio being
higher than balance reinforcement ratio, Different profiles of FRP reinforcement in the cross-section have been
selected, inorder to define as precisely as possible designed moment redistribution and enable identical failure load
for the heams of the same series. Mark N is adequate for the designed concrete compressive strength upon cylinder
of 28 MPa. All the beams from the same series are to be constructed in the same day, in order to reduce influence
of concrete strength

For the other series of beams, having B and N marks, lower percentage of reinforcement has been selected, which
above the middle support for the beam with mark 015 adequate to the value of cca 2.5 times higher than the balance
reinforcement ratio, which still results in concrete compression failure. Models with 0%, 15% and 30% of moment
redistribution from the middle support to the midspan have been also adopted. Concrete compressive strength has
been adopted as for the beams in the first series.

For the third series of beams, having C and N marks, reinforcement ratio have been adopted that beams have failure
by reinforcing bars, and with designed moment redistribution of 0% and 15%. As failure by reinforcing bars with FRP
reinforcement presents brittle failure, it was considered as unrealistic that continuous beam achieves redistribution
of 30% over the middle support without reduction of failure force, hence such a beam was not even taken into
consideration

In order to examine the concrete strength onto beam behaviour, for the beams with which we have designed
moment redistribution from the middle support to the midspan of 15% and 30%, with their marks being A and 8, for
which it was planned to have concrete compression failure, new models have been made with designed concrete
strength upon cylinder of 50 MPa (beams with mark H). It is evident that the beams with adopted higher concrete
compressive strength will enable achievement of significantly higher failure load, i.e. ultimate load-carrying capacity.
Namely, in the case concrete compression failure, upon increase of concrete strength, it comes to increase in strains
in GFRP reinforcement, which enables higher tension stresses in GFRP reinforcement, and higher load-carrying
capacity of cross-section, and higher failure force accordingly.

For shear reinforcement, GFRP stirrups have been adopted, of the diameter of 8 mm and at the distance of 8 cm for
all the beams, In order to enable flexural failure, 1.e. to avoid shear failure. In order to fulfil the requirements, the
beams have been designed in line with regulations (AC! 440.1R-15, CSA S806-02, CSA 5806-12, CNR-DT-203) which
show significant differences in amount of GFRP stirrups, depending on the regulation it is use. For the beams having
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mark N, assurance from shear failure has been enabled in line with all the regulations. For the beams having mark
H, by increase in concrete strength and therefore increase in designed failure load, dimensioned onto bending, there
s & possibility of shear failure. Having in mind unreliability of obtained results of dimensioning onto shear capacity
upon different regulations, which significantly vary, it has been decided that these beams are not to be insured
additionally to the shear capacity, but identical quantity of shear reinforcement has been adopted. Possibility that
beams have shear failure has been left in this manner, and therefore the effect of redistribution of internal forces
onto ultimate shear capacity to be examined.
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Upon selection of representative models, recommendations and references of actual regulations have been taken
into consideration that both cross-sections at the midspan and at the middle support are to be over-reinforced, i.e.
o achieve concrete compression failure, as semi-ductile, therefore more desirable in comparison to failure by
reinforcing bars. Two beams have been designed to have failure by reinforcing bars in order to examine behaviour
of continuous beams in the conditions of redistribution of internal forces and upon lower reinforcement
percentages. While, on one hand, upon designing of beams with FRP reinforcement the quality of the same should
be taken into consideration, which concrete compression failure certainly enables, on the other hand, economic
aspect should be taken into account, meaning the best use of characteristics of FRP reinforcement. Namely, for
reinforcement percentages being much higher than balance reinforcement ratio, strains in FRP reinforcement are
low hence forces in the reinforcement remain unused (linear elastic behaviour up to failure). Therefore, such a
design of FRP elements enables quality aption, but is quite expensive. Failure by reinforcing bars is considered as
highly undesirable, but it enables full use of tension stresses in the reinforcement, hence such a design of FRP
elements 1s much cheaper. Therefore, reinforcement percentages for the models have been carefully selected, in
order 1o enable their proper and quality response, but also stresses in the reinforcement not to be with low values.
Such a problem is not present with the beams with steel reinforcement due to low strain at which reinforcement is
yielding (higher modulus of elasticity) hence stresses in the reinforcement are used to its maximum.

The load is applied as a monotonically increasing static load in increments of zero state up to failure. At each loading
level the following variables are measured: the intensity of the load, strain in the longitudinal tensioned GFRP
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reinforcement, strain in the concrete, deflection along the beam, the width of the cracks, and the reactions of the
end supports. Measure of the reactions at the end supports are used for determining the internal forces along the
beam and monitor the process of moment redistribution in which purpose two load cells are used. Transducers for
deflection measuring and strain gauges for measuring the strains in the GFRP reinforcement and concrete are shown

in Figure 5. For each increment photographing beam conditions is performed.

5. AIMS AND RESEARCH SIGNIFICANCE AND EXPECTED RESULTS

Main aim of this research is reviewing in behaviour of continuous beams reinforced with FRP reinforcement, loading
up to failure, in the conditions of moment redistribution between critical cross-sections. Closer determination of
behaviour of continuous reinforced concrete beams with FRP reinforcement is to be defined with different states as
it follows: ultimate load-carrying capacity upon bending, ultimate load-carrying capacity upon shear, mode failure,
state of cracks, deflection state, strains in the FRP reinforcement and compressive concrete, possibility of moment

redistribution in the critical sections, Therefore, research aims have been set accordingly:

Own experimental program with the aim of examination of effect of critical parameters onto behaviour of reinforced
concrete beams with FRP reinforcement, and moment redistribution alongside the beam and significant

contribution in the database of experimental results.

Analysis of effect of certain parameters onto behaviour of reinforced concrete beams with FRP reinforcement, with
the accent being on the effect of redistribution of internal forces onto limit state of continuous beams with FRP

reinfarcement.

Comparison of results of experimental researches in terms of load-carrying capacity, deflection and crack states with
provisions of actual regulations for continuous beams with FRP reinforcement, and verification of correctness and

reliability of certain provisions.

Research significance is especially seen in reviewing of the facts being stated below. Namely, upon literature
overview it nas been concluded that in the very few experiments on the beams with longitudinal FRP reinforcement,
FRP reinforcement has been used for the stirrups. In the researches conducted on the beams with FRP
reinforcement. steel reinforcement has been mostly used for the stirrups. Through the literature, as it was stated,
corrosion was used as the main reason for implementation of FRP reinforcement instead of steel reinforcement in
the RC elements, since RC elements with steel reinforcement are exposed to the same. It is therefore logical to ask
the question of the purpose of use of FRP reinforcement for longitudinal reinforcement, and then use a steel one
for the stirrups. Therefore, in the mentioned case, RC elements would still have the issue of corrosion, especially in
the aggressive environments and bearing in mind width of cracks, being significantly wider when longitudinal FRP
reinforcement 1s used in the beams, The problem increases with the fact that efficiency of FRP and steel stirrups is
completely different, especially when the beam reaches ultimate shear load-carrying capacity. However, even when
examinations with excluded reaching of ultimate shear load-carrying capacity are being done, the question still
remaimns if the use of FRP reinforcement for the stirrups instead of steel reinforcement, would give the same effect
onto behaviour of the beams where ultimate flexural load-carrying capacity i1s being reached. Having
aforementioned in mind, it was decided that even in the experimental researches, FRP reinforcement is to be used

for the stirrups, besides longitudinal FRP reinforcement.

Planned research should have shown that even statically indeterminate structures with FRP reinforcement are able
to redistribute of internal forces and therefore have contributed to more guality structure response onto the action
of load. It is expected that increase in ultimate load-carrying capacity is achieved by designed redistribution of
internal forces in the continuous beams with FRP reinforcement, and even more important, that use conditions are

achieved, 1.e. reduction in deflection and cracks, which is regularly significant and relevant with these structures.
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