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Abstract. An experimental study has been carried out on square plain concrete (PC) and reinforced
concrete (RC) columns strengthened with carbon fiber-reinforced polymer (CFRP) sheets. A total of 78
specimens were loaded to failure in axial compression and investigated in both axial and transverse
directions. Slenderness of the columns, number of wrap layers and concrete strength were the test
parameters. Compressive stress, axial and hoop strains were recorded to evaluate the stress-strain
relationship, ultimate strength and ductility of the specimens. Results clearly demonstrate that composite
wrapping can enhance the structural performance of square columns in terms of both maximum strength and
ductility. On the basis of the effective lateral confining pressure of composite jacket and the effective FRP
strain coefficient, new peak stress equations were proposed to predict the axial strength and corresponding
strain of FRP-confined square concrete columns. This model incorporates the effect of the effective
circumferential FRP failure strain and the effect of the effective lateral confining pressure. The results show
that the predictions of the model agree well with the test data.

Keywords: CFRP; square column; confinement; strength; ductility; slenderness

1. Introduction

During the last decade, the use of FRP composites has been successfully promoted for external
confinement of reinforced concrete (RC) columns all over the world. Several studies on the
performance of FRP wrapped columns have been conducted, using both experimental and
analytical approaches.

Experimental testing was first performed on concrete cylinders wrapped with composites and
subjected to uni-axial compression. Saadatmanesh et al. (1994) used the stress-strain model
proposed by Mander et al. (1988) to analyze the behavior of concrete columns externally wrapped
with FRP composite straps. The model was used to assess gain in strength and ductility of concrete
column confined by FRP materials. Mirmiran et al. (1998) discussed how FRP materials
significantly enhance the strength, ductility and durability of concrete columns. The longitudinal
fibers serve as flexural reinforcement, while hoop fibers provided confinement and shear strength.
Samaan et al. (1998) developed a confinement model for FRP-confined concrete applicable to
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circular sections only. The model predicts the entire stress—strain curve of FRP-confined concrete
in both, the axial and lateral directions. Rochette and Labossiére (2000) studied the behaviors of
prisms confined with carbon and aramid fiber sheets tested under uni-axial compression. Their
tests quantified the influence of some parameters including confinement stiffness and corner radius
on the stress-strain response of FRP-confined concrete prisms. Shehata et a/. (2002) proposed
empirical equations to calculate the confinement concrete strength and the ultimate confined
concrete strain as a function of the confining lateral stress for circular, square and rectangular
columns. Campione and Miraglia (2003) proposed an analytical model to evaluate the confining
pressure in ultimate conditions considering the effective confined cross-section and also allow one
to determine the ultimate strain corresponding to FRP failure through a simplified energetic
approach. Wu et al. (2006) developed a confinement models applicable to circular sections only, a
boundary value is given to differentiate between strain softening and strain hardening responses of
FRP-confined concrete. Besides, for the case of FRP-confined concrete cylinders with a strain-
softening response, equations for predicting the maximum strength, peak strain, ultimate strength
and ultimate strain are proposed. Almusallam (2007) showed experimentally that the compressive
strength and ductility of the concrete cylinders increases with number of composite layers and
effect of confinement is substantial for normal strength concrete and marginal for high-strength
concrete. A semi-empirical theoretical model is also proposed in order to predict stress-strain
relationship of GFRP confined concrete cylinders. Benzaid et al. (2010) proposed a simple model
to predict the compressive strength and axial strain of circular FRP-confined columns. This model
incorporates the effect of the effective circumferential FRP failure strain.

Most of the available studies on the behavior of FRP confined concrete columns have
concentrated on circular shaped columns with normal strength. However, the vast majority of all
columns in buildings are square or rectangular columns. The data available for columns of square
or rectangular cross sections have increased over recent years but are still limited. Also the
validation of these results and their applicability to large-scale RC columns is of great practical
interest. This field remains in its developmental stages and more research investigation is needed
on this subject to study the effect of slenderness and that of concrete strength.

Shapes of cross-sections of columns can directly affect the confinement effectiveness of
externally bonded FRP jackets. Benefit of strength is higher for circular than for square or
rectangular sections. Poor confinement may be due to concentration of stresses at the corner of the
specimens and consequently to the lower confining pressure and smaller effective concrete core
area. Yang et al. (2001) studied effect of corner radius on the performance of externally bonded
FRP reinforcement. They observed that as the corner radius decreases efficiency of FRP wrapping
also decreases. Cole and Belarbi (2001) investigated the effectiveness of FRP confinement on
rectangular RC columns. They studied experimentally effects of: - fibers type; thickness of FRP
jacket; - the aspect ratio of the rectangular cross section and the radius of the corners; on the axial
strength and axial strain of rectangular RC column subjected to uni-axial compression. They
observed that an increase in the sharpness of the corners of the cross section results in a lower
ultimate strength and an increase in the aspect ratio of the cross section results in a lower ultimate
strength. Benzaid et al. (2008, 2009) showed experimentally that for FRP wrapped concrete
columns the strength and ductility gains increase with the radius of the columns corner. They
observed that: - the efficiency of the confinement was very sensitive to the specimen cross section
geometry and the confining stress expressed in the number of the FRP sheet layers applied; - the
best performance was that of the circular specimens followed by the square specimens having
corners radius of 16 mm, 8 mm, than 0 mm corners radius, respectively. This is attributed to the
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fact that a jacket delivers a uniform confining stress around the circular concrete core and to the
intensification of stresses at the corners of square specimens.

This study deals with a series of tests on square plain concrete (PC) and reinforced concrete
(RC) columns strengthened with CFRP sheets. A total of 78 concrete specimens were tested under
axial compression. The data recorded included the compressive loads, axial strains, and radial
strains. The parameters considered are the number of composite layers (1 and 3), the compressive
strength of the unconfined concrete (26, 50 and 62 MPa) and the columns’ slenderness ratio L/a
(2; 4 and 7.14). To comply with existing RC members in practice, where reduced cover is often
present, the corners for all prismatic specimens were almost kept sharp for CFRP application.

2. Research significance

In existing models for FRP-confined concrete, it is commonly assumed that the FRP ruptures
when the hoop stress in the FRP jacket reaches its tensile strength from either flat coupon tests
which is herein referred to as the FRP material tensile strength. This assumption is the basis for
calculating the maximum confining pressure f; (the confining pressure reached when the FRP
ruptures) given by Eqg. (1). However, according to the obtained test results, specimen failure occurs
before the FRP reached their ultimate strain capacities. So the failure occurs prematurely and the
circumferential failure strain was lower than the ultimate strain obtained from standard tensile
testing of the FRP composite. This phenomenon considerably affects the accuracy of the existing
models for FRP-confined concrete. This reduction in the strain of the FRP composites can be
attributed to several causes as reported in related literature (Matthys et al. 2005, Benzaid et al.
2009):

- The curved shape of the composite wrap or misalignment of fibers may reduce the FRP axial

strength;

- Near failure the concrete is internally cracked resulting in non-homogeneous deformations.

Due to this non-homogeneous deformations and high loads applied on the cracked concrete,

local stress concentrations may occur in the FRP reinforcement.

- Concentration of stresses at the corner of the square or rectangular specimens

This article is directed towards this endeavor. A simple model is proposed in order to predict
the axial strength and corresponding strain of FRP-confined square concrete columns. This model
incorporates the effect of the effective circumferential FRP failure strain and the effect of the
effective lateral confining pressure.

3. FRP confinement of concrete

The confinement of concrete with FRP is based on a well-understood mechanism. The
confinement action exerted by the FRP on the concrete core is of the passive type, that is, it arises
as a result of the lateral expansion of concrete under axial load. When the concrete is subjected to
axial compression, it expands laterally. This expansion is resisted by the FRP jacket which
provides a confining pressure to the concrete. Concrete in a circular jacket is uniformly confined,
while concrete in a jacket of any other sectional shape is non-uniformly confined.
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3.1 FRP-confined concrete in square columns

A square column confined with FRP composite is shown in Fig. 1. To improve the
effectiveness of FRP confinement, corner rounding is generally recommended. Existing researches
on steel confined concrete (Park and Paulay 1975, Mander et al. 1988, Cusson and Paultre 1995)
have led to the simple proposition that the concrete in a square section is confined by the
transverse reinforcement through arching actions, and only the concrete contained by the four
second-degree parabolas as shown in Fig. 1(a) is fully confined while the confinement to the rest is
negligible. While there are differences between steel and FRP in providing confinement, the
observation that only part of the section is well confined is obviously also valid in the case of FRP
confinement (Lam and Teng 2003). Youssef ez al. (2007) showed that confining square concrete
members with FRP materials tends to produce confining stress concentrated around the corners of
such members, as shown in Fig. 1(b). The reduced effectiveness of an FRP jacket for a square
section than for a circular section has been confirmed by experimental results (Mirmiran et al.
1998, Rochette and Labossiére 2000). Despite this reduced effectiveness, an FRP-confined square
concrete column generally also fails by FRP rupture (Rochette and Labossiére 2000, Benzaid et al.
2008).

Effective FRP Effective

confinement area / \ confinement area

A
\ 4

A
\ 4

(a) Effectively confined concrete in a square column (b) Dilated square column confined with
carbon/epoxy iacket (Youssef et al. 2007)

Fig. 1 Confinement action of FRP composite in square sections

For circular columns, the concrete is subject to uniform confinement, and the maximum
confining pressure provided by FRP composite is related to the amount and strength of FRP and
the diameter of the confined concrete core. The maximum value of the confinement pressure that
the FRP can exert is attained when the circumferential strain in the FRP reaches its ultimate strain.
This confining pressure is given by Lam and Teng (2003), Al-Salloum (2007), Benzaid et al.
(2010)
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Where f; is the lateral confining pressure, £, is the elastic modulus of the FRP composite, ¢ is
the ultimate FRP tensile strain, f;, is the ultimate tensile strength of the FRP composite, ¢, is the
total thickness of the FRP, d is the diameter of the concrete column, and pg, is the FRP volumetric
ratio.

In Eq. (1), d is replaced by the diagonal length of the square section. For a square section with
rounded corners, d can be written as Al-Salloum (2007)

d=~2b-2Rc(+2-1) )

It should be noted that due to the non-uniformity of confinement in a square section, for a given
axial strain, the stress sustained by the concrete varies over the section. The commonly accepted
approach is to define the stress as the average axial stress.

4. Experimental program
4.1 Materials properties

Three kind of concrete mix have been realized to investigate the influence of concrete strength
as indicated in Table 1. The three categories represent normal strength concrete (NSC, /7., = 26
MPa), medium strength concrete (MSC, f’., = 50 MPa) and high strength concrete (HSC, ., = 62
MPa).

The carbon-fiber sheets used in this study were the SikaWrap-230C/45 product, a
unidirectional wrap. The resin system that was used to bond the carbon fabrics over the specimens
in this work was the epoxy resin made of two-parts, resin and hardener. The mixing ratio of the
two components by weight was 4:1. SikaWrap-230C/45 was field laminated using Sikadur-330
epoxy to form a carbon fiber reinforced polymer wrap (CFRP) used to strengthen the concrete
specimens.

Table 1 Concrete mixture proportions

Mixture no. | I 1

Compressive cylinder strength, 1°., (MPa) 25.93 49.46 61.81
Cement (kg/m®) 280° 400° 450°
Water (kg/m°) 180 183.86 170
Crushed gravel (kg/m®)

@ 4/6 122.90 115.70 115.60

@ 6/12 258.20 243.00 242.80

@ 12/20 769.50 724.20 723.50
Sand @ 0/4 (kg/m?) 729.10 686.30 685.60
Sika Viscocrete-Tempo12 (// m®), - 0.85 1.55
Air content (%) 2.3 25 2.7
wi/C 0.64 0.46 0.37

®Portland cement: CPA CEM Il R 32.5 MPa.
®Portland cement: CPA CEM I R 42.5 MPa.
‘Portland cement: CPA CEM I R 52.5 MPa.
“Sika Viscocrete-Tempo 12: High-range water reducing and super-plasticizing admixture.
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The mechanical properties, including the modulus and the tensile strength of the CFRP
composite, were obtained through tensile testing of flat coupons. The relevant test method is
described in NF EN ISO 527-(1, 2 and 5). The tensile specimen configuration is represented in
Fig. 2. Main mechanical properties obtained from the average values of the tested coupons are
summarized in Table 2. Note that the tensile strength was defined based on the cross-
sectional area of the coupons, while the elastic modulus was calculated from the stress-
strain response.

This research work was carried out in the Department of Civil Engineering laboratory (1.U.T
University of Rennes 1- France). Nine series of experiments were performed to investigate the
behavior of plain- and reinforced concrete square columns confined by CFRP composite. Table 3
summarizes the specimens involved in the experimental program. For all reinforced concrete
specimens the diameter of longitudinal and transverse reinforcing steel bars were respectively 12
mm and 8 mm. The longitudinal steel ratio was constant for all specimens and equal to 2.30 %.The
yield strength of the longitudinal and transversal reinforcement was 500 MPa and 235 MPa;
respectively.

Strain gage One CFRP layer

- = T 1=

50 150 L 50
T T

250

Aluminum plate

Fig. 2 Dimensions of CFRP flat coupons

Table 2 Properties of the CFRP composite

Thickness (per ply) 1 mm
Modulus Ej;, 34 GPa
Tensile strength f;, 450 MPa
Ultimate strain &, 14 %o

Table 3 Details of test specimens

Specimen Concrete Nominal dimensions Number of Number of Unconfined concrete
designation mixture  (diameter x height) [mm] CFRP layers specimens strength [MPa]

SPCI.x.0L 0 2
SPCl.x.1L 1 1
SPCI.x.3L | 140x140x280 3 1 26
SRCI.x.0L 0 2
SRCI.x.1L 1 2
SRCI.x.3L 3 2
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Table 3 Continued

SPCl.y.0L
SPCLy.1L

SPClLy.3L 140x140x560
SRCLy.0L
SRCLy.1L
SRCLy.3L
SRCI.z.0L
SRCl.z.1L 140x140x100
SRCI.z.3L
SPCII.X.0L
SPCIILx.1L
SPCI1.x.3L 140x140x280
SRCII.x.0L
SRCII.x.1L
SRCII.x.3L
SPCILy.OL
SPCILy.1L
SPCILy.3L 140x140x560
SRCIl.y.0L
SRCILy.1L
SRCIl.y.3L
SRCII.z.0L
SRCIl.z.1L 140x140x100
SRCII.z.3L
SPCII.X.0L
SPCIIIX.1L
SPCIII.x.3L 140x140x280
SRCIII.x.0L
SRCIII.x.1L
SRCIII.x.3L
SPCIILy.0L
SPCIILy.1L
SPCIILy.3L 140x140x560
SRCIILy.0L
SRCIILy.1L
SRCIILy.3L
SPCIII.z.0L
SPCIII.z.1L 140x140x100
SPCIII.z.3L

26

50

62

Wk O WPRPrk O WwWEREFkOWwWERFROWERPROWwWwREr OoOoOWwPREPrOWwWwPRPrROWwWPRErROoOWwWwWRrRr o wErowEr o wekro
N DN NN NP EFRPNMNDNDNDMDNNDEPERPDODNDNDNDNODDNDMDNDNNNERPRPNDNDNDPNODNNERERPDNDMDMNDDNDNDNDMNDDNDDNDE RPN

The specimen notations are as follows. The first letter refers to section shape: S for square, the
next two letters refer to the type of concrete: PC for plain concrete and RC for reinforced concrete,
followed by the concrete mixture: | for normal strength (26 MPa), Il for medium strength (50
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MPa) and 111 for high strength (62 MPa). The next letter indicates the slenderness ratio: x for L/a =
2,y for L/a=4 and z for L/a = 7.14. The last letters specifies the number of CFRP layers (OL, 1L
and 3L), followed by the number of specimen.

4.2 Specimen preparation

After concrete columns were fully cured, FRP wrapping procedure was performed according to
the procedure specified by the manufacturer. The CFRP jackets were applied to the specimens by
manual wet lay-up process. The concrete specimens were cleaned and completely dried before the
resin was applied. The epoxy resin was directly applied onto the substrate. The fabric was
carefully placed into the resin with gloved hands and smooth out any irregularities or air pockets
using a plastic laminating roller. The roller was continuously used until the resin was reflected on
the surface of the fabric, an indication of fully wetting. A second layer of resin was applied to
allow the impregnation of the CFRP. The following layer is applied in the same way. Finally, a
layer of resin was applied to complete the operation. The last CFRP layer was wrapped around the
specimen with an overlap of 1/4 of the perimeter to avoid sliding or deboning of fibers during
tests. The wrapped specimens were left at room temperature for 1 week before testing. Fig. 3
shows samples of the wrapped specimens.

4.3 Test procedure

Specimens were loaded under a monotonic uni-axial compression load up to failure. The load
was applied at a rate corresponding to 0.24 MPa/s and was recorded with an automatic data
acquisition system. Axial and lateral strains were measured using appreciable extensometer. The
instrumentation included one lateral linear variable differential transducer (LVDT) placed in the
form of a square frame at the mid-height of the specimens. Measurement devices also included
three vertical LVDTs to measure the average axial strains. Prior to testing, all CFRP-wrapped
specimens were capped with sulfur mortar at both ends. The test setup for the various specimens is
shown in Fig. 4.

Fig. 3 Samples of specimens after curing and wrapping
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5. Test results and discussion

Compression behavior of the CFRP wrapped specimens was mostly similar in each series in
terms of stress-strain curves and failure modes of the specimens. All confined concrete columns
failed by fracture of the composite wrap at one of the corners, because of the high stress
concentration at these locations, as shown in Fig. 5. The collapse occurred in a sudden and
explosive way, though some popping noises were heard during various stages of loading and were
attributed to micro-cracking of the concrete. The strain values observed for the jacket tensile
failure were quite lower than the FRP failure strain.

For short specimens (L/a = 2), the fiber rupture starts mainly in their central zone, then
propagates towards both ends. Regarding slender specimens (L/a = 4 or 7.14), the collapse was
mostly concentrated in their end regions, indicating that the greater the slender ratio, the smaller
the area of CFRP ruptured (Fig. 5). For these columns at ultimate load, when confinement action
was no longer provided due to FRP fracture, the internal steel started buckling and the crushed
concrete fell down between the fractured FRP. Hence, this indicates that the concrete core is
significantly damaged (but yet confined) even before reaching ultimate load. For all confined
specimens, delamination was not observed at the overlap location of the CFRP jacket, which
confirmed the adequate stress transfer over the splice.

The average experimental results are reported in Tables 4, 5 and 6, with the increase in terms of
compressive strength (.. /f*.,) and ductility (e../z.,), intended as ultimate axial displacement.

(140x140x560) mm

(140x140x280)

(140x140x1000)

Fig. 4 Test setup
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Fig. 5 Typical failure modes for the tested CFRP-confined columns
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Table 4 Experimental results of CFRP-wrapped specimens (140x140x280 mm)

121

Specimen Flee J e e 6 Eec i Ehrup
Code [MPa] (average)  fec/f"co [%] (average) e éco [%Oj’ (average)  &nup/ €no
[MPa] [%o] [%o]

SPCIL.x0L; 2457 24,77 1,00 1,69 2,17 1,00 342 3,62 1,00
SPCI.x.0L, 24,98 2,66 3,82

SPCI.x.1L, 27,66 27,66 1,11 558 5,58 257 1223 1223 3,37
SPCIx.3L; 32,03 32,03 1,29 6,05 6,05 2,78 1323 13,23 3,65
SRCI.x0L; 3339 3359 1,00 4,22 4,29 1,00 874 9,38 1,00
SRCI.x.0L, 33,80 4,36 10,03

SRCIx.1L; 40,48 41,02 1,20 5,36 6,08 124 1028 1158 1,09
SRCI.x.1L, 41,56 1,23 6,80 158 12,88 1,37
SRCI.x.3L; 4882 4912 1,45 8,98 8.40 209 1347 1438 1,43
SRCI.x.3L, 49,42 1,47 7,83 1,82 15,30 1,63
SPCII.x.0L; 47,65 4853 1,00 3,53 3,38 1,00 3,90 3,83 1,00
SPCII.x.0L, 49,41 3,24 3,77

SPCIl.x.1L,; 52,52 52,52 1,08 4,03 4,03 1,19 7,34 7,34 1,91
SPCII.x.3L; 58,25 58,25 1,20 6,72 6,72 1,98 9,88 9,88 2,57
SRCII.X0L; 5224 5282 1,00 319 4,07 1,00 6,02 7,50 1,00
SRCII.x.0L, 53,40 4,96 8,98

SRCI.x.1L; 63,43 62,04 1,20 434 541 1,06 7,60 8,56 1,01
SRCIl.x.1L, 60,66 1,14 6,49 159 9,53 1,27
SRCH.x.3L; 67,37 69,09 1,27 1,77 6,89 1,90 1156 1083 1,54
SRCII.x.3L, 70,81 1,34 6,01 1,47 10,11 1,34
SPCIHI.x.0L; 60,24 5953 1,00 3,66 3,56 1,00 4,06 3,89 1,00
SPCIIl.x.0L, 58,82 3,46 3,73
SPCIll.x.1L; 61,30 61,30 1,02 3,69 3,69 1,03 3,97 3,97 1,02
SPCIII.x.3L; 70,35 70,35 1,18 4,94 4,94 1,38 6,69 6,69 1,71
SRCHIx.0L; 63,82 6379 1,00 3,82 3,75 1,00 6,08 5,71 1,00
SRCIIl.x.0L, 63,76 3,68 5,34
SRCHIx.1L; 72,86 7484 1,14 3,85 3,87 1,02 578 5,74 1,01
SRCIII.x.1L, 76,82 1,20 3,89 1,03 571 1,00
SRCHIx.3L; 7958 7959 1,24 5,02 514 1,33 7,16 7.96 1,25
SRCIIl.x.3L, 79,60 1,24 5,26 1,40 8,76 1,53
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Table 5 Experimental results of CFRP-wrapped specimens (140x140x560 mm)

]

; ) ce Ece En,ru
Spéf)'drzen [,{Zga] (average) f"co/f o [f/jf)] (average) & éco *E”/”‘j’ (avgfage) Ehrup / Eho
[MPa] [%] [%o]

SPCLy.OL; 24,95 2437 1,00 125 1,12 1,00 127 1,23 1,00
SPCLy.OL, 23,80 1,00 1,20

SPClLy.lL; 2880 2880 1,18 1,89 189 168 256 2,56 2,08
SPClLy.3L; 31,92 31,92 131 289 289 2,58 516 5,16 4,19
SRCLy.OL, 30,65 30,49 100 171 177 1,00 2,06 2,44 1,00
SRCLy.OL, 30,33 1,84 2,82

SRCLy.1L; 3572 3673 117 250 277 141 439 4,42 1,79
SRCLy.1L, 37,74 1,23 3,04 171 445 1,82
SRClLy.3L; 41,39 41,85 1,35 4,32 4,40 2,44 9,43 9,95 3,86
SRCLy.3L, 42,32 1,38 448 2,53 10,47 4,29
SPCIly.OL, 44,58 46,66 1,00 149 143 1,00 024 0,25 1,00
SPCILy.OL, 48,74 1,38 0,26

SPClly.lL, 50,74 50,74 108 208 208 145 050 0,50 2,00
SPCIlLy.3L; 54,12 54,12 1,16 276 276 1,93 098 0,98 3,92
SRCILy.OL, 52,83 5267 1,00 207 211 1,00 043 0,43 1,00
SRCILy.OL, 52,52 2,16 0,43

SRCILy.1L; 61,84 61,61 117 289 292 136 078 0,73 1,81
SRCILy.1L, 61,39 1,16 2,96 140 068 1,58
SRCILy.3L; 67,14 6591 127 323 326 153 131 1,37 3,04
SRCILy.3L, 64,68 1,22 330 156 1,43 3,32
SPCIlLy.OL; 59,72 5860 1,00 2,26 1,98 1,00 057 0,59 1,00
SPCIILy.OL, 57,48 1,70 0,62

SPCHlLy.1L; 62,34 62,34 106 270 270 1,36 082 0,82 1,38
SPCILy.3L; 64,66 64,66 1,10 288 288 145 1,30 1,30 2,20
SRClLy.OL, 6301 63,62 1,00 216 2,08 1,00 039 0,35 1,00
SRCIIL.y.OL, 64,23 2,00 0,32

SRCIILy.1L; 72,03 72,78 113 282 282 135 040 0,45 1,14
SRCIIlLy.1L, 7354 1,15 282 1,35 050 1,42
SRCHILy3L; 77,39 7794 121 292 2094 1,40 080 0,76 2,28
SRCIIl.y.3L, 78,49 123 2,97 142 072 2,05
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Table 6 Experimental results of CFRP-wrapped specimens (140x140x1000 mm)

Specimen fec " o e Eee Ehra Enrup
Code [MPa] (average)  fe/f o [%o] (average)  &c/éco [%oj’ (average)  enrup/ Eno
[MPg] [%o0] [%o0]

SRCIl.z0L; 24,94 24,69 1,00 1,09 0,96 1,00 - -

SRCL.zOL, 24,45 0,84 - )
SRCl.z.1L; 33,16 33,92 1,34 1,81 2,05 1,88 - - -
SRCl.z.1L, 34,69 1,40 2,30 2,39 - -
SRCl.z.3L; 39,82 39,17 1,61 4,27 3,64 4,44 - - -
SRCl.z.3L, 38,52 1,56 3,02 3,14 - -
SRCIl.z.0OL; 53,23 48,26 1,00 1,57 1,38 1,00 0,28 0,30 100
SRCIl.z.0L, 43,29 1,20 0,32 ’
SRCIl.z.1L; 60,17 60,16 1,24 1,86 1,88 1,34 061 0,66 2,03
SRCIl.z.1L, 60,15 1,24 1,90 1,37 0,72 2,40
SRCIl.z.3L; 65,60 65,71 1,35 3,16 2,86 2,28 0,88 0,86 2,93
SRCIl.z.3L, 65,82 1,36 2,56 1,85 084 2,80
SRCIIl.z.OL; 61,83 60,98 1,00 2,09 2,08 1,00 0,55 0,49 100
SRCIIl.z.0L, 60,14 2,08 0,43 ’
SRCIIl.z.1L; 65,76 66,77 1,07 1,90 2,13 091 0,64 0,82 1,30
SRCIIl.z.1L, 67,78 1,11 2,37 1,13 1,00 2,04
SRCIIl.z.3L; 72,52 72,51 1,18 3,87 4,10 1,86 1,31 1,36 2,67
SRCII.z.3L, 72,50 1,18 4,34 2,08 1,42 2,89

5.1 Stress-strain response

Representative stress-strain curves for each series of tested CFRP-wrapped specimens are
reported in Figs. 6 (a-c) for NSC, Figs. 7 (a-c) for MSC and in Figs. 8 (a-c) for HSC. These figures
give the axial stress versus the axial and lateral strains for specimens with 0, 1 and 3 layers of
CFRP wrap considering various slenderness ratio L/a (2, 4 and 7.14).

For NSC, all CFRP strengthened specimens showed a typical bilinear trend with a transition
zone. Three zones can be observed for the stress-strain curves of the CFRP-confined specimens.
The first zone is essentially a linear response governed by the stiffness of the unconfined concrete,
which indicates that no confinement is activated in the CFRP wraps since the lateral strains in the
concrete are very small. The unconfined concrete specimens show a sudden drop in stiffness and
strength after reaching the maximum load point. In the second zone, a nonlinear transition occurs
as the concrete expands, thus producing larger lateral strains. The CFRP wrap reacts accordingly
and a confining action is created on the concrete core. During this stage a loss of stiffness occurs
due to the rapidly growing network of cracks in the concrete. Finally, in the third zone, the
concrete is fully cracked and the CFRP confinement is activated to provide additional load
carrying capacity by keeping the concrete core intact. The stress-strain curve here increases up to
failure. However, no distinct post behavior is observed for specimens with higher slenderness ratio.
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Fig. 7 Stress strain curves of MSC CFRP-confined specimens

As for the previous case of NSC, the first slope of the curve, regarding specimens with MSC
and HSC, is also not substantially altered by the presence of CFRP. In this initial elastic zone, the
confined and the unconfined specimens behave in the same manner, irrespective of the number of
layers. The strengthening effect of the CFRP layers begins only after the concrete has reached the
peak strength of the unconfined concrete: transversal strains in the concrete activate the CFRP
jacket. The stress-strain curve features a post-peak descending branch and the compressive
strength is reached before FRP rupture. This decreasing type of stress-strain curves can be further
differentiated in terms of the stress in concrete at the ultimate strain f”.,. If the stress-strain curve
terminates at a concrete stress 1., above the compressive strength of unconfined concrete f°.,, the



Strength model for square concrete columns confined by external CFRP sheets 125

FRP confinement is still sufficient to lead to strength enhancement. Such concrete is also referred
to as sufficiently confined concrete. However, if the stress-strain curve terminates at a stress /7., <
f e the specimen is said to be insufficiently confined, where little strength enhancement can be
expected. Such insufficiently-confined concrete should not be allowed in design.

5.2 Effect of the numbers of CFRP layers

In all cases the increase of the numbers of CFRP layers generated an increase of compressive
strength as well as axial deformation capacity (Figs. 6, 7 and 8). The level of increase is important
for NSC specimens. Considering the cases of RC specimens confined with 1 and 3 CFRP layers,
from results displayed in Tables 4, 5 and 6 it can be evaluated that the increase in the axial strength
varies on average roughly from 20 % to 58 % as compared to the relative unconfined specimens,
while the axial strain at peak stress increase on average from 41 % to 279 %. From these findings,
it is possible to assert that the increase in the number of CFRP sheets has a significant influence
even though the increase in terms of strength is not as important as that of axial strain which
increase almost proportionally to the FRP volumetric ratio.

The effect of the number of CFRP layers on MSC specimens is relatively moderate compared
to NSC specimens. The enhancement in the axial strength is reduced and varies roughly from 16%
to 35%, whereas the axial strain at peak stress displaying an increase on average from 32% to
106%.

Regarding HSC specimens, the effect of the number of CFRP layers is relatively low compared
to previously. In this situation, the confinement pressure is activated at higher load (around 80% of
the ultimate value). Consequently, the enhancement in the axial strength is reduced and varies
from 9% to 24%, whereas the axial strain at peak stress undergoes a significant reduction
displaying an increase on average from 2% to 97%, as illustrated in Tables 4, 5 and 6.

It should be emphasized that the presence of quite sharp corners in all tested CFRP jacketed
columns produced a cutting effect on confining sheets and hence affected the rate of enhancement
in their axial strength and ductility.
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Fig. 8 Stress strain curves of HSC CFRP-confined specimens
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5.3 Effect of unconfined concrete strength

To investigate the effects of concrete quality, different concrete strengths (26, 50 and 62 MPa)
have been used. Fig. 9 shows the increase in compressive strength versus the unconfined concrete
strength f”., for plain and RC specimens confined with one and three CFRP layers. It is evident
that as the unconfined concrete strength increases, the confinement effectiveness decreases. The
FRP-wrapped specimens with the least /°., (26 MPa) show the maximum increases in confined
strength f”... Fig. 10 shows the effect of /°., on the peak strain ¢.. of the confined concrete. Test
results clearly showed that the confinement effectiveness reduces with an increase in the
unconfined concrete strength. These Figures also show that strength and strain enhancement was
more significant for NSC specimens than for MSC and HSC ones.

This clearly indicates that the effect on the strength and ductility capacities decreases with
increasing concrete strength. Mechanical effects of different concrete qualities are also evident in
the first branch of the curves, where stronger concrete shows higher stiffness with respect to
concrete with lower strength.

5.4 Effect of slenderness ratio

The comparison of results recorded for the slenderness ratio varying from 2 to 7.14 shows for
NSC wrapped RC specimens a moderate decrease in the axial strength and an important reduction
in the axial deformation (Figs. 11 and 12). Each point on the graph represents the average value of
two specimens tested under compression. However, in the case of MSC and HSC jacketed
specimens, the strength was almost not affected whereas the ductility undergoes a moderate
decrease (except for specimen SRI11.z.3L where an increase was observed in ¢.).

This moderate decrease of ductility may be explained by the late activation of the confinement
pressure which occurred at higher load (around 80% of the ultimate value). The measurement of
deformations at the mid-height of the columns can also explain this reduction, because the stress
distribution along the slender specimens is not the same. The mode of failure of these slender
specimens confirms the stress concentration at the ends.

On overall, the efficiency of the confinement provided by composite wraps was greatly affected
by the premature damage of the CFRP fabric at the sharp column corner.

Increaseinaxial strengthMee (%)

SRCOlyer SPClayer SPCJlayers SRC-llayer SRCSlayers
EMixture | (26MPa) OMixture Il (50 Mpa) BMixture lil (62 Mpa)
Square prismatic spacimens (140140280 mm)

J
Fig. 9 Effect of unconfined strength of concrete on peak stresses
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Inerease inaxial strengthMee (%)
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Fig. 9 Continued

Increase in axial strain Soc (%)
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o
Fig. 10 Effect of unconfined strength of concrete on peak strains
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Fig. 12 Effect of slenderness ratio on peak strains

6. Proposed model of FRP-confined square columns

The average hoop strain in FRP at rupture in FRP wrapped concrete can be much lower than
the FRP material ultimate tensile strain from flat coupon tests, indicating the assumption that FRP
ruptures when the FRP material tensile strength reached is not valid in the case of concrete
confined by wrapped FRP. Based on this observation, a new peak stress formula for FRP-confined
square concrete columns must be based on the actual hoop rupture strain of FRP rather than the
ultimate material tensile strain.

6.1 Compressive strength

6.1.1 The effective lateral confining pressure

The effective lateral confining pressure f°;can be defined as a function of the shape (Lam and
Teng 2003, Campione and Miraglia 2003, among others) through the use of a confinement
effectiveness coefficient k&, as

f}l :keﬁ (3)

were f;is the lateral confining pressure provided by an FRP jacket and can be evaluated using Eq.
(1), with the columns diameter d replaced by the diagonal length of the square section. f; now
becomes an equivalent confining pressure provided by the FRP jacket to an equivalent circular
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columns. On the other hand, the effective FRP strain coefficient " is defined as the ratio of the
FRP tensile hoop strain at rupture in the square column tests (g,,.,) to the ultimate tensile strain
from FRP tensile coupon tests (g5)

g ru,
n'= L (4)
€4

The effective FRP strain coefficient represents the degree of participation of the FRP jacket,
and the friction between concrete and FRP laminate. Type bond, geometry, FRP jacket thickness,
and type of resin affect the effective FRP strain coefficient. From representative experimental
results ’ was 68 % on average for square bonded jackets.

Based on these observations, the effective equivalent lateral confining pressure f; for square
section is given by

2t, E,. &, 2t E. ne,
For square section f = f"’\/zf!b hrup fP\/Efpb” /i 5)
2t Ep & B 21, E, n'e,

For square section with round corners f, =

V2 b-2Re V2-1) V2 b-2Rc (V2-1 ©

6.1.2 Confinement effectiveness coefficient “k."

For the determination of the effectiveness factor 4, it can be assumed that, in the case of a
circular cross-section, the entire concrete core is effectively confined, while, for the square section
there is a reduction in the effectively confined core that can be assumed, analogously with the case
of concrete core confined by transverse steel stirrups (Mander et al. 1988), in the form of a second-
degree parabola with an initial tangent slope of 45°. For a square section wrapped with FRP (Fig.
1(a)) and with corners rounded with a radius Rc, the parabolic arching action is again assumed for
the concrete core where the confining pressure is fully developed. Unlike a circular section, for
which the concrete core is fully confined, a large part of the cross-section remains unconfined
(Lam and Teng 2003, Campione and Miraglia 2003). Based on this observation, it is possible to
obtain the area of unconfined concrete 4,, as follows

b? ’
A =4 (E] = T (for square section) @)

12 12
A, =4 [%) = 3 (for square section with round corners) (8)

The confinement effectiveness coefficient k. is given by the ratio of the effective confinement
area A, to the total area of concrete enclosed by the FRP jacket, 4., as follows

ke :Ae :(AC_A”):]_— Au =1— Au (9)
4 4 (4, —4,) A, A-p,.)

c c

Where 4, is the gross area of column section, and p,. is the cross-sectional area ratio of
longitudinal steel.
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By substituting the expression (5) or (6) into (7), the confinement effectiveness coefficient k. is
therefore given by

k,=1 2" (i tion) (10)
, =1—————— (for square section
3Ag (1_psc)
2 b|2
k, =1—————— (for square section with round corners) (11

‘ 34, 1-p,.)

6.1.3 Proposed equation

Base on the linear equation proposed by Richart et al. (1929) for uniformly confined concrete,
the proposed model employs similar approach with some modifications accounting for the effect
of the shape (by introducing a confinement effectiveness coefficient k,) , effective FRP strain and
effective confinement (by introducing the effective FRP strain coefficient #°). The compressive
strength of a square FRP-confined concrete column is proposed to be a simple modification of the
Benzaid ef al. (2010) model by the introduction of a confinement effectiveness coefficient denoted
k.. Thus

f'CC f‘l
=1+kk 12
f'CO 1 ‘ f'CO ( )

Where (k. f11f.,) is the effective confinement ratio. The coefficient k; was taken as 1.60, which
was suggested for uniformly confined concrete (Compione and Miraglia 2003). Considering the
known values of the product of the parameters k; and k, as found from expression (12) for the
tested specimens of this work, the values of k. were deduced, and were on average equal to 0.36.
Finally, the equation proposed for the confined concrete strength is

S o= 10t 038 f, (13)

6.2 Axial strain at peak stress

Similarly to the compressive strength, the axial strain at peak stress is proposed to be given by
the following equation in which a different confinement effectiveness coefficient, k.., is introduced

Cec = 2 + kzkez [%j (14)

&

co co

In Eqg. (14), f; is the confining pressure in an equivalent circular column given by Eq. (15) for
square section, while &, = 5.55 and k., = 0,72. The equation proposed for the axial strain is

/i
= 0 2 4 f 15
Eee =0 { + ( - H (15)
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6.3 Comparison between proposed model and existing test data

Tables 7 and 8 show comparisons between the predictions of the proposed model and the
experimental results collected from other studies (Demer and Neale 1994, Lam and Teng 2003,
Rochette 1996, Benzaid 2010) for the compressive strength and the axial strain at peak stress of
FRP-confined concrete in square sections. Clearly, the present model is more accurate in
predicting the compressive strength but less accurate in predicting the axial strain. Accurate
predictions of the axial strain are an issue that will require a great deal of further research.

Table 7 Performance of proposed model: compressive strength
Efr 8 i b Re d ﬁ fcc i i
(GPI;) (%0) (mm) (mm) (mm) (MP(I) (MPa) fcc.theo fm theo/fcc.exp

Specimen code FRP type f'.,(MPa) (rZ”/”l )
Demers and Neale (1994)

- CFRP 32.3 09 25 152 152 5 21081 2.20 34.1 33.57 0.98
- CFRP 42.2 09 25 152 152 5 21081 220 45.99 43.47 0.94
- CFRP 42.2 09 25 152 152 5 21081 220 45.7 43.47 0.95
Lam and Teng (2003)
S1Rs CFRP 33.7 0.165 257 17.58 150 15 199.70 5.07 35 36.64 1.04
S2R;5 CFRP 33.7 0.33 257 17.58 150 15 199.70 10.15 50.4 39.58 0.78
Rochette (1996)
2B CFRP 42 09 827 15 152 5 21081 7.20 394 46.17 1.17
2D1 CFRP 42 0.9 827 15 152 25 19424 781 42.1 46.53 1.10
2D2 CFRP 42 0.9 827 15 152 25 19424 781 44.1 46.53 1.05
2G1 CFRP 42 0.9 827 15 152 38 18348 8.27 47.3 46.79 0.98
2G2 CFRP 42 0.9 827 15 152 38 18348 8.27 50.4 46.79 0.92
2C CFRP 43.9 15 827 15 152 5 21081 12.00 44.1 50.86 1.15
2E CFRP 43.9 12 827 15 152 25 19424 10.42 50.8 49.94 0.98
6A AFRP 43 126 136 169 152 5 21081 1.86 50.8 44.08 0.86
6D AFRP 43 504 136 169 152 5 210.81 7.47 54.3 47.33 0.87
6E AFRP 43 1.26 13.6 16.9 152 25 194.24 2.02 51.2 44,17 0.86
6F AFRP 43 252 136 169 152 25 19424 4.05 51.2 45.35 0.88
6G AFRP 43 3.78 136 16.9 152 25 19424 6.08 53.2 46.52 0.87
6H AFRP 43 5,04 136 16.9 152 25 19424 8.11 55.2 47.70 0.86
6l AFRP 43 252 136 16.9 152 38 183.48 4.29 50.9 45.49 0.89
6J AFRP 43 3.78 136 16.9 152 38 183.48 6.43 52.7 46.73 0.88
Benzaid (2010)
P300-R0O-1P;  GFRP 548 1.04 238 21.2 100 0 14142 5.04 54.5 57.72 1.05
P300-R0O-1P, GFRP 548 104 238 21.2 100 0 14142 5.04 56.6 57.72 1.01
P300-R0-1P;  GFRP 548 104 238 21.2 100 0 14142 5.04 57.2 57.72 1.00
P300-R8-1P; GFRP 548 104 238 21.2 100 8 13479 5.29 58.85 57.87 0.98
P300-R16-1P; GFRP 548 104 238 21.2 100 16 128.16 5.56 60.56 58.02 0.95
Average: 0.96
Standard deviation: 0.09

Coefficient of variation (%): 10.0
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Table 8 Performance of proposed model: axial strain

Specimen code FRP type Eco Sccep  Koker  Ecctheo Ecc,theo ! Eccoxp
Demers and Neale (1994)
1 CFRP 0.002 0.004 4 0.0045 1.13
2 CFRP 0.002 0.0035 4 0.0044 1.26
3 CFRP 0.002 0.0035 4 0.0044 1.26
Lam and Teng (2003)
S1R;5 CFRP 0.001989  0.004495 4 0.0051 1.15
S2R;5 CFRP 0.002 0.0087 4 0.0064 0.73
Rochette (1996)
2B CFRP 0.003 0.0069 4 0.0080 1.16
2D1 CFRP 0.003 0.0094 4 0.0082 0.87
2D2 CFRP 0.003 0.0089 4 0.0082 0.92
2G1 CFRP 0.003 0.0108 4 0.0083 0.77
2G2 CFRP 0.003 0.0116 4 0.0083 0.72
2C CFRP 0.003 0.0102 4 0.0092 0.90
2E CFRP 0.003 0.0135 4 0.0088 0.65
6A AFRP 0.003 0.0106 4 0.0065 0.61
6D AFRP 0.003 0.0124 4 0.0080 0.65
6E AFRP 0.003 0.0079 4 0.0065 0.83
6F AFRP 0.003 0.0097 4 0.0071 0.73
6G AFRP 0.003 0.011 4 0.0076 0.69
6H AFRP 0.003 0.0126 4 0.0082 0.65
6l AFRP 0.003 0.0096 4 0.0071 0.74
6J AFRP 0.003 0.0118 4 0.0077 0.66
Benzaid (2010)
P300-R0-1P, GFRP 0.0025 0.0088 4 0.0059 0.67
P300-R0-1P, GFRP 0.0025 0.0090 4 0.0059 0.65
P300-R0-1P; GFRP 0.0025 0.0098 4 0.0059 0.60
P300-R8-1P; GFRP 0.0025 0.0091 4 0.0059 0.65
P300-R16-1P, GFRP 0.0025 0.0098 4 0.0060 0.61
Average: 0.81
Standard deviation: 0.21
Coefficient of variation (%): 26.3

7. Conclusions

In this paper an experimental program has been presented whose aim is to study the axial
compression behavior of plain concrete and reinforced concrete columns of a square cross-section
confined externally with CFRP sheets. The following conclusions can be drawn from the study:

* The failure of all CFRP wrapped specimens occurred in a sudden and explosive way preceded
by typical creeping sounds. For short specimens (L/a = 2), the fiber rupture starts mainly in their
central zone, then propagates towards both ends. Regarding slender specimens, the collapse was
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mostly concentrated in their upper or lower regions, indicating that the greater the slender ratio, the
smaller the area of CFRP ruptured:;

* On overall, CFRP strengthened specimens showed a typical bilinear trend with a transition
zone. The first zone is essentially a linear response governed by the stiffness of the unconfined
concrete. No distinct post behavior is observed as the slenderness ratio increases and a little
reduction is recorded in strength compared to the reduction in ductility.

* Increasing the amount of CFRP sheets produces an increase in the compressive strength of the
confined column but with a lower rate compared to that of the deformation capacity which is
almost proportional to the CFRP volumetric ratio;

* The increase in strength and strain produced by CFRP confinement for low-strength concrete
specimens is greater than that for high-strength concrete specimens. Therefore, the effect of CFRP
confinement on the bearing and deformation capacities decreases with increasing concrete
strength;

« The effect of increasing the slenderness ratio results in a decrease of the strengthening effect
on strength and ductility. The rate of decrease is more important for NSC specimens.

Further work is required to verify the applicability of the proposed model over a wider range of
geometric and material parameters, to improve their accuracy (particularly that of the axial strain
at peak stress) and to place their on a clear mechanical basis. Both additional tests and theoretical
investigation are needed.
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