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Kopposus cranbHOM apMaTyphl — OMH U3 HauOoJee Cephe3HbIX Ne(EKTOB apMUPOBAHHOTO OeTOHA. [[Jist OUnCTKH
KeIe300€TOHHBIX KOHCTPYKITHA OT KOPPO3HH HEOOXOIMMBI OIPOMHBIC YCHIUS M OOJIBIIUEC MaTePUATbHBIC 3aTPaTHI.
Koppo3sus cTanu B xene300eTOHHBIX KOJIOHHAX MOXXET ITPUBECTH K IIOTHOMY WITH YaCTHIHOMY Pa3pPyIICHHUIO COOPYKCHUS.
Takum 06pa3oM, BOIPOC pelIeHus IPoOIEMbI KOPPO3HUHU CTATbHBIX CTEPIKHEH B KEJIe300eTOHHBIX KOIOHHAX aKTyaJICH.
B HacrosIiei crarbe MPUBOMATCA PE3YIBTATHl HCCIICIOBAHUS MOBEACHUS JKEIe300CTOHHBIX KOJMOHH, YCHIICHHBIX
CTEKJIOIUIACTHKOBBIMH CTEP)KHSAMH, B COIIOCTABJICHUH C TOBEICHUEM CTaHIAPTHBIX KOJIOHH CO CTATBHOW apMaTypoi Ipu
nedopmarin. MccnenoBanue COAEPKUT OONBIITMHCTBO KPUTEPUEB, KOTOPHIC MOTYT MOBJIHMITH HA TIOBECHUE KOJIOHH,
YCHJICHHBIX CTEKJIOIIACTUKOM, TAKUX KaK: CII0CO0 pa3MEIICHHS CTATBHBIX aHKEPOB, TehopMaIys IPOIOILHON apMaTyphl
B KOJIOHHE 1 JTe(hopMarlivst KOJIOHHBI CHapyxH. Takke BapbUPYETCs ypOBEHB BO3ICHCTBYS Ha apMaTypy. MakcuMabHas
Harpyska, IpoIoJbHOE YKOPAauWBaHUE M HANPSHKCHHE IPOMOILHOTO apMUPOBAaHUS (UKCHPOBATIUCH MPH KaXKIOM
UCTBITAaHUH. [|aHHBIE IPOaHATU3UPOBAHBI, CACIAaHBI BBIBOBI U TPUBEACHBI PEKOM CHIAITUH 110 TIPOCKTUPOBAHHIO.
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BEHAVIOR OF SHORT RC COLUMNS REINFORCED WITH FRP BARS

ABSTRACT

Corrosion of steel reinforcements is one of the most serious defects of reinforced concrete. A lot of money and
efforts are needed for repairing corrosion of RC structures. Corrosion of sted in RC columns may lead to complete or
partial failure of the building. Consequently, theissue of solving theproblem of corrosion of stedl rebarsin RC columns
isvery demanding. In this paper the behavior of RC columns reinforced by GFRP bars is studied and compared to the
behavior of thetraditional steel reinforced columns. The study includes most of the parameters those may affect the
behavior of the GFRP reinforced columns. Thisincluded replacing stedl stirrups by GFRP sheetsin two forms, warping
thelongitudinal reinforcement of the column, and warping thecolumn from the outside. Alsothe rei nforcement percentage
wastaken asavariable. Ultimateload, axial shortening, and strainsin thelongitudinal reinforcementswererecorded for
each test specimen. Datawere analyzed and conclusi ons and design recommendations were drawn.

KEYWORDS: RC short columns, FRPrebars.

Introduction

Columnsare themost important structural dementsin
RC gructures. Corrosion of traditional sted reinforcements
causescracksin columnsthosemay lead tofailurein critical
columns. This may cause partial or complete failure of
structures. Nowadays, new materials are devel oped to
enhance the performance of structural elements. Among
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these materials is the FRP reinforcing bars used in
reinforcing different gructural é ements. TheFRPmaterials
are characterized by high resistance to corrosion, high
strength-to-weight ratio, and fatigue resistance [1].
Consequently, in this paper, the behavior of RC columns
reinforced by GFRP barsis studied and compared to the
behavior of thetraditional steel reinforced columns. Also
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Fig. 1. Dimensions of test specimens
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Fg. 2. Details of specimens A, B, and C with stedl stirrups
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Fig. 3. Details of specimens D, E, and F with GFRP internal stirrups
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Fig. 4. Details of Specimens G, H, |, and K with external GFRP stirrups
(specimen K is the unreinforced column)
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Fig. 5. Details of Specimen (J) without stirrups
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most of the parameters those may affect the behavior of
the proposed columnsin thisresearch were consideredin
theexperimental program. Theparameters consideredin
thisresearch are, reinforcement percentage, the type and
formation of stirrups; theused girrupsaretraditional stedl
stirrups, GFRP sheet stirrups used in two forms; inside
the concrete cover around the longitudinal
reinforcements, outside the concrete cover at the surface
of tested columns. Theexperimental programin thispaper
a soincluded testing one column specimen reinforced with
longitudinal GFRP bars, without stirrups, and oneplain
concrete column specimen with stirrups at the column’
surface. All test column specimens were |oaded axially
until failure and the load-shortening, load-strain in
longitudinal reinforcements, and the cracking and the
ultimate loads were recorded. Analysis of test results
showed that GFRP bars are effective in reinforcing RC
columns in this research. The paper included analytical
investigation that showed that the traditional equation
used for predicting theaxial compressive strength of steel
reinforced columns warped with GFRPjackets, 3. ACI-440
2R-02[2], predictstheaxia compressive strength of the
columns in this research with reasonable accuracy, but
after introducing some modifications, regarding the
properties of the used GFRP rebars, to the equation.

Resear ch significance

In this work, the behavior of RC short columns
reinforced by GFRP barsis studied under axial loading
conditions. Thevariablesconsidered in thisresearch are,
the reinforcement percentage, the type and formation of
the stirrups. The study is expected to contribute in
predicting thevalidity of reinforcing RC columnsby GFRP
bars and thus eliminating the steel corrosion problem of
the sted reinforced columnsand consequently providing
more safety to RC structures and reducing their
mai ntenance cost.

Test program

The experimental program in this research includes
testing column specimens reinforced with stedl and GFRP
longitudinal rebarsunder axid load. Thevariablesconsidered
included the reinforcement percentage, 0.78, 1.13, and
2.01 %, these reinforcement percentages were done by
reinforcing test columnshby four longitudinal rebars 10, 12,
16 mmin diameter, respectively. Thevariablesal soincuded
thetypeand formation of the girrups. The used girrupsare
threetypes. Thefirg typeisthetraditional mild sted stirrups
of yield and tensile strength of 2400 and 3600 kg/cm?
respectively. Theused sted girrupsare8 girrupsper meter,
8mmin diameter. Theather two typesof girrupsare 5 GFRP
grip girrupsper meter, Seminwidth, ingalledinternallyin
the transverse direction around the longitudinal rebars; or
externally warping the outer surface of the tested columns.
Also test program included testing one column specimen
with GFRPlongitudinal rebars, without stirrupsand ancther
specimenwithout reinforcement (plain concrete) and warped
by external GFRP gtrip tirrups.
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Test specimens

Eleven columnsweretested in this research, specimens
arecoded A to K. All columns had the same dimensions,
Fig. 1, Table 1, and were manufactured with column head
at both endsto avoid failure by bearing stresses. Columns
reinforced with steel rebars, specimensA, B, and C, are
reference specimens, Fig. 2. Test specimens were
manufactured in awaytoincludeall variables considered
in this research. For specimens reinforced with GFRP
rebars, the used stirrups are GFRP strips, 5cm in width.
Specimens D, E, and F, Fig. 3, were manufactured with
GFRP stirrups installed around the longitudinal
reinforcements, while the GFRP stirrups were installed
around the surfaceof the columns, specimensG, H, |, and
K, Fig.4. Figure5 showsthe details of specimen Jwithout
stirrups. Table 1 presents the details and dimensions of
test specimens.

Fabricatingtest specimens

Thefibersused in manufacturing the GFRP rebarsare
E-glassfiberswith linear weight of roving 2400 g/lkm, and
theused resinis polyester E.S 1319 mixed with cobalt in
theratio 1000:1, by weight. Thisratio givesasettingtime
of about 2 hours at 160eC (320eF) which is enough for
manufacturing process. The used volumefiber fractionis
60 %. The GFRPrebars used in thisresearch werecircular
in cross-section, manufactured using the mechanical
pultrusion process. Barswerethen wrapped helically by
fiber yarnsin 1 cm pitch to roughen their surfaces to
enhance their bond strength with concrete. Specimens
were cast in anti-rust metal forms, Fig. 6. The
reinforcements were first arranged, Fig. 7, and then
installed in the forms. The inside surfaces of the forms
werepainted by thin film of hydraulic oil to easeremoving
specimensafter hardening. Theformswere manufactured
in away to provide the specimens with column head at
both ends. The column head were reinforced with 4 bars
16mm diameter, in a way to make the heads capable to
transfer load uniformly to the column' cross-section and
to prevent failure by bearing stresses. All specimenswere
cast vertically for similarity with casting conditions in
construction sites. A mechanical vibrator was used in the
compaction of the columns, Specimenswereremoved from
theforms after 3 days from casting, Fig. 8 and then they
were cured by covering the specimens with wet canvas
for complete 7 days. After 14 days age, GFRP stirrups
wereingalled at the surface of the columns. Figure 9 shows
the procedures of installing internal and external GFRP
gtirrups. All columns were capped using Gypsum paste at
both ends, Fig. 10.

Test setup and instrumentation

All column specimens were tested using rigid steel
loading frame. A compression hydraulic jack of 1000 kN
capacity and aload cell of 1000 kN capacity with digital
read out were used. For all test specimens, strains in
longitudinal reinforcing bars were measured using
electrical strain gauges, 5 mm length, electrical resistance
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Table 1
Detailsof Column Specimens
Section
Specimen dimens ons, No of bars Diameter Main Reinforcement Stirrups
cm

A 20x 20 4 10 Steel Sted

B 20x 20 4 12 Steel Sed

C 20x 20 4 16 Steel Sted

D 20% 20 4 10 GFRP GFRP Sheets

Interna ly
E 20% 20 4 12 GFRP GFRP Sheets
Interna ly

GFRP Sheets

F 20x 20 4 16 GFRP Internally
GFRP Sheets

G 20x 20 4 10 GFRP Externally
GFRP Sheets

H 20x 20 4 12 GFRP Externally
GFRP Sheets

I 20x 20 4 16 GFRP Externaly

J 20x 20 4 12 GFRP —
GFRP Sheets

K 20x 20 - - - Externally

Fig. 8. Test specimens
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of 119.8 + 0.20 ohms, and gaugefactor (2.11+1 %). A vertica
LVDT was used for measuring the linear shortening of
columnsduring loading. Test setup was manufactured in
a way to hold tested columns vertically and to prevent
columns from lateral sway. Columns were plumbed
vertically and adjusted to verify the axial loading
conditions. Test setup is presented in Fig. 11.

Test Results and Discussion

In this research column specimens were tested to
study the behavior of RC short columns reinforced with
GFRPbarsunder axia loading. The parametersincluded
are the reinforcement percentage and the type and
formation of stirrups. The effect of these parameterswas
studied on, failuremode, cracking and ultimate | oads, |oad-
axial shortening in columns, and the load-strain in
longitudinal reinforcements. This will be discussed in
detailsin thefollowing sections.

FailureMode

Failure of sted reinforced columnsisthe traditiona
splitting ductilefailure occurred at the upper or lower third
of the column, Fig. 12a. Thefailureof all GFRPreinforced
columnsissplitting brittlefailure, Fig. 12b, ¢, d. Thisis
related tothe linear brittle behavior of the GFRP stirrups
compared to the ductile behavior of the sted stirrupsused
in the reference specimens. The plain specimen (column
without reinforcement) with GFRP strip stirrupsinstalled
at the column surface, failed by crushing compression
failure, Fig 12eitisclear from Fig 12that, usng GFRP strip
gtirrupsinstalled internally or externally as described in
thisresearch, doesnot sgnificantly affect thefailuremode
of tested GFRP reinforced short columns.

Crackingand UltimateL oads

Table 2 presents the cracking and the ultimate |oads
of test specimens. It is shown in Table 2 that columns
reinforced with GFRP reinforcementsgive higher cracking
and ultimate loads than those given by steel reinforced
columns by about 60, 25 % respectevely as an average.
Thisisrelated to the effect of the confinement provided
by the GFRP stirrups and the high strength of the GFRP
rebars. Table 2 Also showsthat using GFRPstrip stirrups
installed at the surface of columns as described in this
research, increasestheir cracking and ultimate loadsthan
using the GFRP stirrupsinstalled aound the longitudinal
reinfprcementsinsidethe column, without singnificantey
affecting their failuremode. Thisisre atedtothe effect of
the extra confinement provided by the GFRP stirrups
intalled externally, asfor specimenswith internal GFRP
stirrups, the stirrups were installed perior to casting
concrete, Fig. 9b, and thustheir confinement effect islow
compared to that provided by the external stirrupsthose
wereinstalled on the surface of the hardened concrete of
tested columns. Also it is shown that specimen without
stirrups, specimen J, showed cracking and ultimateloads
lower by about 50 % than cracking and the ultimate | oads
of similar specimens but with GFRP stirrups. Columnwith
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plain concrte and external GFRP stirrups showed ultimate
load almost equal to that of specimen reinforced with 4
longitudinal 10mm-diameter bars and internal GFRP
stirrups, but theratio of the cracking to ultimate [oads of
the plain concrete specimen wasa most closeto 1. Thisis
related to the confinement effect of the GFRP stirrupsthat
increasesthe axial compressive strength of the concrete
used in manufacturing this specimen without affecting
the failure mode. Thisindicatesthe remarkable effect of
the GFRP gtrip stirrups in increasing the load carrying
capacity of the GFRP reinforced columnsin thisresearch.

L oad-Axial Shortening in Column Specimens

A vertical LVDT was used to measure the axial
shortening in tested columns. The load-shortening
relationship isdrawn for all test specimens. Figure 13
shows comparisons between the load-shortening
relationships of tested columns. It isshown in Fig. 13
that steel reinforced columns showed higher axial
stiffnessthan those for columnsreinforced with GFRP
rei nforcements by about 30, 70 and 75 % as an average
for reinforcement percentage 0.78, 1.31 and 2.01 %
respectively. Thisisdueto the higher stiffness of steel
rebars than that for GFRP rebars. It isnoticed from Fig. 13
that columnsreinforced with GFRP rebars showed axia
stiffness ranging in a narrow range corresponding to
all reinforcement percentage considered. Thisisdueto
the effect of the high confinement provided by the GFRP
stirrups that increasesthe apparent axial compressive
strength of concrete in columns thus reducing the
contribution of longitudinal reinforcements, and
consequently thefailure of columnsisbrittle mode due
to the rupture of the GFRP stirrups. In Fig. 13bit is
clear that the column specimen without stirrups showed
axial stiffness about 1/3 that of columns with GFRP
stirrups. This revealed that about 2/3 of the axial
stiffness of columns reinforced with GFRP bars and
GFRP stirrupsin thisresearch isachieved by the effect
of the used GFRP strip stirrups.

Load-Axial Strainin Longitudinal Reinfor cements

The strain in longitudinal reinforcements was
recorded using strain gages and adigital readout. The
load-strain relationshipsaredrawn in Fig. 14. Itisshown
in Fig. 14 that steel rebars showed ductile behavior
compared to the linear behavior of the GFRP rebars.
Also steel rebars showed lower strains than the GFRP
reinforcements. It is clear from Fig. 14 that the
longitudinal reinforcements in all GFRP reinforced
columnswith internal or external GFRP stirrups showed
identical load-strain behavior, but with different ultimate
loads. This approves the conclusion revealed in the
previous section in this paper that the high confinement
provided by the GFRP stirrups that increases the
apparent axial compressive strength of concrete in
columns reduced the contribution of the longitudinal
GFRP reinforcements thus the strains in rebars was
controlled by the stirrups confinement.
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Fig. 9. Column specimens with GFRP stirrups:
a) GFRP dtrip stirrups; b) GFRP stirrups installed internaly; ) roughening the surface of the column;
d) ingtalling the outside stirrups

Fig. 10. Capping test columns:
@) capping upper end; b) capping the lower
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Analytical invegtigation

The ACI-440 [2] specifiesthat the axial compressive
strength of nonslender, normal weight concrete member
confined with FRP jacket may be calculated using the
confined concrete strength, Eq. 1.

For nonprestressed memberswith existing steel spiral
reinforcement:

fP, =0.85[0.85y (fL (A, - Ag)+f,A ]l (1a)

For nonprestressed members with existing sted tie
reinforcement

fP, =0.8f[0.85y (fL (A, - Ag)+f Al (1b)
Theadditional reduction factor in thisequation, y  ,

isrecommended to betaken equal to 0.95. féc iscalculated
usngEq. 2:

| f f
fl =f/[2.25 |1+ 7.9f—', - 2f—'/- 1.25] (@

f, iscalculated using Eq. 3:
fl - karfffe (3)
2

K, iscalculated using Eq. 4:

2 2
_1. (b- 2r)? +(h- 2r) @

: 3bh(1-r )
and r . iscaculated using Eg. 5:
2nt. (b+h
=2+ (5)
bh
Where:

f éc = gpparent compressve grength of confined concrete;
y ; =additional FRP strength-reduction factor;

A ;= gross area of section;

A . =total areaof longitudinal reinforcements;

f, = specified yield strength of nonprestressed steel
reinforcements,

f, = confining pressure due to FRP jacket;

f é = gpecified compressive strength of concrete;

f = strength reduction factor;

I, = FRPreinforcement ratio;

f, = effective stressin the FRP, stress level attained
at section failure;
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k , = efficiency factor for FRP reinforcement (based

on the section geometry);
b = width of rectangular cross section;
r=05in. (13mm);
h = overall thicknessof amember;

I'y= ratio of the area of longitudinal steel

reinforcement to the cross-sectional areaof acompression
member;
n = number of pliesof FRPreinforcement;

t, = nominal thickness of one ply of the FRP
reinforcement;

C =environmental-reduction factor.

Equation 1 was used in estimating the compressive
strength of column specimenswith strip stirrupsin this
research. For this purpose, equations, 1la, and 1b were
modified by replacing theyield strength of steel rebars, f,,
by the effective stressin the GFRPrebars, f,_. Analytical
study showed that, modified equation, Eq. 1a, predicts
satisfactorily the axial compressive strength of columns
reinforced with GFRPIlongitudinal barsand internal GFRP
strip stirrups, while modified equation, Eq. 1b, predicts
satisfactorily the compressive strength of columns
ranforcedwith GFRP barsand externa gtrip girrups, Fig. 15,

given that the environmental-reduction factor [3], C.. , is

taken 0.65for exterior GFRPstirrups, 0.8 for internal GFRP
gtirrupsand GFRP rebars, and the strength reduction factor
@ istaken 0.8 for columnswith exterior GFRP stirrupsand
0.9 for columns with internal GFRP stirrups. Figure 15
shows a comparison between predicted and experimental
axial compressive strengths.

Conclusions

In this paper short column specimens were tested to
study the behavior of columns reinforced with GFRP
reinforcementsunder axial 1oading conditions. Although
Columns reinforced with GFRP reinforcements showed
higher cracking and axial compressivestrength than steel
reinforced columns, they werecharacterized by lower axial
stiffness and brittle failure mode. It is also shown that
column specimens reinforced with external GFRP strip
stirrups showed higher cracking and ultimate |oads and
dightly higher axia stiffnessthan columnsreinforced with
GFRPinternal stirrups. Analytical investigation revealed
that equation specified by theACI 440.2R-02 for calcul ating
axial compressive strength of nonslender, normal weight
concretemember confined with FRP jacket, estimatesthe
axial compressive strength of GFRP reinforced columnin
thisresearch with reasonabl e accuracy.

Recommendation for futur research

Based on the experimental work and conclusionsin
this paper it is recommended that future research would
be directed for studying the possibility of enhancing the
failure mode of GFRPreinforced columns.
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Fig. 11. Loading frame and test setup:
a) column specimen in the loading frame; b) schematic diagram for test setup and instrumentation
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d)

Fig. 12. Failure mode of test specimens:
a) sted reinforced column; b) GFRP intenal stirrups; ¢) GFRP external stirrups;
d) column without stirrups; €) plain specimens with Externa GFRP
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Fg. 13. Load-shortening relationships for tested columns:
a) reinforcement percentage 0.78 %; b) reinforcement percentage 1.13 %; c) reinforcement percentage 2.01 %

Table 2
Crackingand ultimateloads
. . Cracking
Specimen | Reinforcement | | = (Ton) | load (Ton) Poa/Puit
Steel — 10 mm
A Sed dirrups 38 0.704
Steel —12 mm
B Sed dirrups 42 0.724
Steel — 16 mm
¢ Sed dirrups 49 0.681
GFRP —-10 mm
D Internal sheets 57 0.851
GFRP -12 mm
E Internal sheets 68 0.944
GFRP —-16 mm
F Internal sheets 3 0.948
GFRP —-10 mm
G External sheets 66 0.892
GFRP -12 mm
H External sheets 1 0.922
GFRP —-16 mm
| External sheets 82 0.954
GFRP -12 mm
J No stirrups 33 0971
Plain concrete
K External sheets 64 0.985
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Fg. 14. Load-axia strain in longitudina reinforcements:
a) reinforcement percentage 0.78 %; b) reinforcement percentage 1.13 %; c) reinforcement percentage 2.01 %
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