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damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.
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Performance of concrete columns strengthened with � ber
reinforced polymer composite sheets

HOUSSAM TOUTANJI ¤ and YONG DENG
Department of Civil and Environmental Engineering, University of Alabama in Huntsville,
Technology Hall S238, Huntsville, AL 35899, USA

Abstract—The performance of concrete columns externally wrapped with carbon, glass, and aramid
� ber reinforced polymer composite sheets is presented in this paper. The con� ned and uncon� ned
(control) specimens were loaded in uniaxial compression. Axial load and axial and lateral strains
were obtained in order to evaluate stress–strain behavior, ultimate strength, stiffness, and ductility of
the wrapped specimens. Results show that external con� nement of concrete by FRP composite sheets
can signi� cantly enhance strength, ductility and energy absorption capacity. An analytical model to
predict the entire stress–strain relationshipof concrete specimens wrapped with FRP composite sheets
was developed. Comparison between the experimental results and those of analytical indicates that
the model provides satisfactory predictions of the stress–strain response. The paper also presents the
performance of the wrapped concrete specimens subjected to wet-dry environments. The specimens
were exposed to 300 cycles of wetting and drying using salt water. Results show that the specimens
wrapped with carbon and aramid � bers experienced no reduction in strength due to wet/dry exposure,
whereas those wrapped with glass � ber experienced a signi� cant reduction in strength.

Keywords: FRP composites; con� nement; concrete columns; stress–strain; repair; strengthening;
durability; wet-dry exposure.

1. INTRODUCTION

Post-strengthening of a structure becomes necessary when its safety and/or ser-
viceability become compromised and can no longer be guaranteed. Steel has been
utilized since 1967 to rehabilitate structures but it is heavy, dif� cult to handle and
prone to corrosion. Problems with the deteriorated national infrastructure, and
the urgent need for the development of novel and more reliable construction sys-
tems, have led to the development of advanced composite materials. Advanced
composites promise to provide substantially improved mechanical, durability- and
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160 H. Toutanji and Y. Deng

constructability-related properties, essential for successful long-term solutions to
the problems of the deteriorated national infrastructure. FRP composites are light-
weight, and exhibit high tensile strength and modulus, corrosion resistance, and
durability. In addition, their low density is important because it adds less weight to
the existing structures, and because the use of heavy equipment for repair with FRP
composites is not necessary during rehabilitation.

Retro� tting of existing concrete columns by wrapping and bonding of � ber
reinforced polymer (FRP) sheets, straps, or pultruded FRP shells around existing
columns has gained great interest in the research community and construction
industry. External con� nement of existing concrete columns by means of high-
strength � ber composites can signi� cantly enhance their strength, ductility, and
energy absorption capacity. A similar application for new construction is concrete-
� lled FRP tubes. The FRP tube works as a protective jacket for the concrete core
and it increases the axial strength, ultimate strain and toughness of the concrete
column. Despite their promising results in the laboratory, construction of traf� c
bridges, marine column systems and other load bearing applications built with � ber
reinforced polymer composite tubes, have not been widely implemented due to
high costs of materials and uncertain performance, including doubt about long term
durability and maintenance.

It has been shown that wrapping FRP fabrics around the perimeter of both circular
and rectangular concrete columns improves ductility and strength [1, 2]. It has
also been shown that con� nement with FRP improves the behavior of columns
submitted to seismic loading [3, 4]. FRP fabric wraps consisting of carbon, aramid,
or glass � bers bonded by an epoxy resin, have been successfully applied for seismic
rehabilitation of bridge piers in the US and Japan [5, 6]. Other FRP con� nement
techniques have been shown to improve the behavior of normal and high-strength
concrete [7]. Saadatmanesh et al. [8] used the stress–strain model proposed
by Mander et al. [9], that analyzes the behavior of concrete columns externally
wrapped with � ber composite straps.

The performance of concrete columns con� ned with FRP composite sheets
including experimental and analytical work is presented in this paper. This paper
should provide a framework for better understanding of the behavior of � ber-
wrapped or FRP-con� ned concrete columns. The effect of wet/dry environments
on the performance of FRP-wrapped concrete specimens is else evaluated.

2. EXPERIMENTAL PROCEDURE

2.1. Materials

A total of forty 76 £ 305 mm cylindrical specimens were tested, which included
32 FRP-wrapped concrete specimens and 8 plain concrete specimens. The concrete
mix had a ratio of cement:sand:gravel:water of 1 : 2 : 3 : 0.5, respectively. The coarse
aggregate consisted of crushed stone with a maximum size of 12.7 mm. The � ne
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Performance of concrete columns strengthened with FRP composite sheets 161

Table 1.
Mechanical properties of FRP sheets and epoxy system

FRP sheets Tensile Elasticity Ultimate Thickness
and epoxy strength modulus Ef strain (mm)

(MPa) (GPa) (%)

AR 2059 118 1.75 0.286
GE 1518 72.6 2.1 0.118
C1 3485 230.5 1.5 0.110
C5 2940 372.8 0.8 0.165
Epoxy 55.9 2.35 2.4 —

aggregate composition was made of 50% river sand and 50% beach sand. All
specimens were cured for 58 days at a temperature of C25±C and a relative humidity
that exceeded 90%. The average 28-day compressive strength of the concrete
was about 31 MPa. The concrete cylinders were con� ned by wrapping them in
a continuous manner with two laps of unidirectional FRP sheets. Four types of FRP
sheets were used: two carbons (C1 and C5), one glass (GE), and one aramid (AR),
which were bonded to the concrete with one type of epoxy system. A summary of
the properties of the FRP composite sheets and the resin epoxy system is presented
in Table 1.

2.2. Specimen preparation

The epoxy system consists of two parts, resin and hardener, mixed in the ratio
of 2 : 1. The epoxy system was thoroughly hand mixed for at least � ve minutes.
The concrete cylinders were cleaned and completely dried before the epoxy was
applied. A thin layer of epoxy (300 g/m2 ) was applied to the concrete cylinder. A
unidirectional FRP sheet was then applied directly on the surface. Special attention
was taken to ensure that there were no voids between the FRP sheet and the concrete
surface. After the application of the � rst lap of the FRP sheet, a second layer of
epoxy was applied on the surface of the � rst layer to allow the impregnation of
the second lap of the FRP sheet. Finally, a last layer of epoxy was applied on the
surface of the wrapped cylinder. All specimens were con� ned at a con� guration
of 0± orientation. In all cases, the outside layer was extended by an overlap of
76 mm to ensure the development of full composite strength. All specimens were
left at room temperature for at least 7 days before testing. This was done to ensure
that enough time had passed for the epoxy system to cure.

All specimens were loaded in uniaxial compression until failure, using a hydraulic
testing machine. Both ends of the cylinders were capped with sulfur to ensure
parallel surfaces and to distribute the load uniformly. The applied load was
measured using a load cell. Axial and lateral strains were measured using electronic
strain gauges. The axial and lateral strain gauges were installed at the center point
of the cylinders. A computerized data logger system was used to obtain the results
of the load and strains during the test.
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162 H. Toutanji and Y. Deng

3. RESULTS

3.1. Effect of con� nement

Table 2 presents the experimental results of the wrapped and unwrapped specimens.
The compressive strength and the axial and lateral strain values are based on the
average of four tested specimens. Results show that the compressive strength of the
concrete specimens was improved by about 200% due to con� nement with carbon
� ber, by about 100% due to glass � ber, and by about 230% due to aramid � ber.
The compressive strength of the specimens con� ned with carbon and aramid � bers
is higher than that con� ned with glass � ber, because the lateral strength developed
due to carbon and aramid � bers is much higher than that developed due to the glass
� ber.

Figure 1 shows the stress–strain curves of the con� ned and uncon� ned concrete
cylinders. The curves on the right side represent axial stress –axial strain curves and
on the left side show axial stress– lateral strain curves. The stress–strain response of
the FRP-wrapped concrete specimens can be divided into two regions. In the � rst
region, the curve ascends rapidly slightly above the ultimate uncon� ned concrete
strength, which is similar to the behavior of plain concrete. In this region, the
stress and strain produced over the concrete, due to con� nement, are very small.
In the second region, the concrete is cracked and the FRP wrap is fully activated,
improving the compressive strength, energy absorption capacity and ductility of the
specimens. The response in this region seems mainly dependent on the stiffness of
the composite sheets.

The stress– strain curves (Fig. 1) show that, at the same stress level, the axial
strains for the con� ned cylinders with carbon and aramid � bers were always higher
than the lateral strain, whereas with glass � ber, the axial and the lateral strains were
approximately the same. This is due to the fact that the stiffness of con� nement of
glass � ber is lower than that of carbon or aramid � ber.

3.2. Con�nement modeling (stress –strain relationship)

The proposed model in this study consists of two distinct regions. In the � rst
region, the behavior is similar to that of plain concrete, since lateral expansion of the

Table 2.
Experimental results of concrete specimens con� ned with frp sheets

FRP Compressive Maximum Maximum Lateral elastic Maximum
sheets strength axial strain lateral strain modulus, E` lateral stress

(MPa) (%) (%) (MPa) (MPa)

Plain 31.8 0.19 0.18 — —
AR 140.89 2.05 1.55 1774 32.46
GE 60.82 1.53 1.63 449.7 7.33
C1 95.02 2.45 1.25 1331.2 16.64
C5 94.01 1.55 0.55 3228.8 17.76
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Performance of concrete columns strengthened with FRP composite sheets 163

Figure 1. Stress–strain curves of con� ned and uncon� ned concrete.

con� ned concrete is insigni� cant. A second region is recognized in which the FRP
wrap is fully activated, and the stiffness is generally stabilized around a constant
rate. The response in this region is mainly dependent on the stiffness of the FRP
composite. Boundary conditions are necessary to develop the equations for the � rst
region. For simplicity, the stress–strain relationship equations are � rst developed
for the second region.

The axial stress (fa) in every point of the second region is calculated using the
following relationship [10]

fa D f 0
c C k1f`; (1)

where, f 0
c is the strength of the uncon� ned concrete, f 0

` is the lateral stress applied
to the concrete by the FRP composite, and k1 is the con� nement effectiveness
coef� cient. The values of the coef� cient k1 can be obtained as a function of the ratio
between the lateral stress and the concrete strength (f`=f

0
c ), as shown in equation

(2) [11]

k1 D 3:5

³
f`

f 0
c

´¡0:15

: (2)

Substituting k1 into equation (1), an expression to calculate the axial stress of FRP-
con� ned concrete specimens in the second region is obtained.

fa D f 0
c

µ
1 C 3:5

³
f`

f 0
c

´0:85¶
: (3)
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164 H. Toutanji and Y. Deng

Mander et al. [9] have shown that the axial strain at maximum stress can be
expressed as a function of the strength of con� ned concrete (fcc).

"ca D "o

µ
1 C 5

³
fcc

f 0
c

¡ 1

´¶
: (4)

By changing the constant 5 for the variable k2, fcc for the axial stress (fa) and "ca

for the axial strain ("a), the expression in equation (4) becomes

"a D "o

µ
1 C k2

³
fa

f 0
c

¡ 1

´¶
; (5)

where "o is the axial strain in strength of uncon� ned concrete. The coef� cient
k2 increases with increasing lateral strain ("`). Using a regression analysis k2 is
calculated as [11]

k2 D 310:57"` C 1:90: (6)

Substituting k2 into equation (5), an expression to calculate the axial strain in every
point of the second region of con� ned concrete with FRP composites is obtained

"a D "o

µ
1 C

¡
310:57"` C 1:90

¢³
fa

f 0
c

¡ 1

´¶
: (7)

The meeting point between the � rst and the second regions is adopted when the
lateral strain is equal to 0.002. The intersection point at strain of 0.002 seems to
produce a good prediction of the experimental data of con� ned concrete with FRP
composites.

To construct the � rst region of the stress–strain response, it is assumed that the
intersection point between the � rst and the second regions occurs when the lateral
strain is equal to 0.002. By substituting this value in equations (1), (3) and (7), the
following expressions are obtained [12].

"ul D 0:002; (8)

"ua D "o

µ
1 C 0:0448

³
E`

f 0
c

´0:85¶
; (9)

fua D f 0
c

µ
1 C 0:0178

³
E`

f 0
c

´0:85¶
; (10)

Eul D 7:557E`

³
f 0

c

E`

´0:15

; (11)

Eua D 0:3075
f 0

c

"o
: (12)

3.3. Comparison between experimental and analytical results

The experimental results obtained in this study are compared with those of analyti-
cal obtained by the proposed model, as seen in Fig. 2. To generate the stress–strain
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Performance of concrete columns strengthened with FRP composite sheets 165

Figure 2. Comparison between experimental and analytical results.

Table 3.
Data for applying the analytical model

Size of the cylinders Concrete Type Elasticity Thickness of Lateral elastic
strength, of � ber modulus of the � ber, modulus,

Radius Length
f 0

c (MPa) � ber, Ef (GPa) t (mm)a E` (MPa)b
(mm) (mm)

38 305 44 Aramid 118 0.572 1774
38 305 31 Glass 72.6 0.24 450
38 305 31 Carbon 230.5 0.22 1331
38 305 31 Carbon 372.8 0.33 3229

a Two layer of FRP wraps.
b Lateral elastic modulus of con� ned specimens (E`) is calculated as Ef ¤ t=R.

analytical curves for concrete con� ned with FRP composites, it is necessary to know
the ultimate uncon� ned compressive strength and its corresponding strain, the ra-
dius of the concrete cylinder, and the elastic modulus and thickness of the � ber
sheet. Table 3 provides data necessary to use the developed model on the results
obtained in this study. The ultimate strain of the uncon� ned concrete is assumed to
equal to 0.002. A comparison between the experimental and the analytical curves in-
dicates that the proposed model provides good predictions of stress–strain response
of cylinders wrapped with FRP composites (see Fig. 2).

The proposed model was developed for cylinders wrapped with FRP composites,
in which the � ber is bonded to the concrete with an epoxy system to ensure perfect
union between the � ber and the concrete. However, in concrete-� lled FRP tubes
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166 H. Toutanji and Y. Deng

Figure 3. Schematic of the wet-dry exposure set-up.

there is a little bond between the concrete and the FRP tub. Thus, the proposed
model overestimates the stress–strain curves of concrete-� lled FRP tubes [12].

3.4. The effect of wet /dry exposure

To study the effect of wet/dry conditions on the FRP-con� ned concrete specimens;
the specimens were placed in a specially constructed environmental chamber and
were exposed to 300 cycles of wetting and drying. The wet/dry environmental
chamber is schematically shown in Fig. 3. The specimens were subjected to salt
water environments in which there were alternating wet and dry cycles (hot air at
35±C average and 90% humidity). Seawater was simulated using 35 grams of salt
in a liter of water. This is the approximate content of salt found in the ocean. The
duration of the wet cycle was four hours and that of the dry cycle, two hours; thus
the specimens were exposed for a total of 75 days.

Table 4 presents the experimental results for unconditioned (i.e. room temperature
specimens) and wet/dry conditioned specimens. The compressive strength f 0

c is
the average of four specimens and "a is the axial strain at failure. Due to wet/dry
conditioning the glass wrapped concrete specimens exhibited a reduction in strength
of as much as 10%, whereas carbon � ber and aramid � ber wrapped specimens
showed no reduction in strength. In fact the aramid � ber wrapped specimens showed
a slight increase in strength, as shown in Table 4.

The failure of both wet/dry and unexposed specimens was initiated from one-
fourth to midway along the height of the column. Wet/dry exposure shows a little
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Performance of concrete columns strengthened with FRP composite sheets 167

Table 4.
Experimental results for conditioned and unconditioned specimens

Specimen Room temperature Wet/dry

f 0
c (MPa) "a (%) f 0

c (MPa) "a (%)

Control 31.8 0.19 38.2 0.13
AR 140.9 2.05 150.9 3.17
GE 60.62 1.53 57.2 1.41
C1 95.02 2.45 94.6 1.56
C5 94.01 1.55 91.8 1.48

effect on the stiffness of the carbon � ber wrapped specimens (the slope of the second
region of the stress–strain curve, Fig. 4), whereas it has signi� cant effect on those
wrapped with aramid and glass � bers (Figs 5 and 6). The slop of the second region
of stress– strain curves of concrete specimens wrapped with aramid and glass � bers
exhibited an increase in stiffness (increase in the slope) due to wet/dry exposure.

It should be noted that there was an increase in the strength of unwrapped
cylinders due to wet/dry exposure. The compressive strength increased by as much
as 20%, from 31.8 to 38.2 MPa. This increase in strength attributed to the longer
period of moist curing of the wet/dry specimens.

4. CONCLUSIONS

Concrete cylinders con� ned with four different types of FRP composite sheets were
tested in compression, and their stress –strain curves (compressive stress vs. axial
and lateral strains) were determined. The con� nement with FRP composite sheets
constrains the lateral strain, producing a triaxial stress � eld in the concrete, which
results in improving the compressive strength, maximum strain and ductility.

A model to predict the behavior of the axial stress vs axial strain and vs
lateral strain curves of concrete columns con� ned with FRP composite sheets was
developed. The model is limited to circular short columns with axial load; the
columns are con� ned with � ber composite sheets at 0± � ber orientation. The
proposed model consists of two distinct regions. In the � rst region, the behavior
is similar to that of plain concrete, since lateral expansion of the con� ned concrete
is insigni� cant. A second region, which is mainly dependent on the stiffness of
the FRP composite, is recognized in which the FRP wrap is fully activated. In this
region, the stiffness is generally stabilized around a constant rate. The developed
model produces reliable results in predicting both the axial stress– axial strain and
axial stress – lateral strain of FRP-wrapped concrete columns.

The durability test results of this study are in agreement with others which have
shown that carbon � ber reinforced polymer is superior to glass when exposed
to harsh environments. Exposure to wet/dry environments has little effect on
the compressive strength of CFRP and AFRP wrapped specimens. The GFRP
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168 H. Toutanji and Y. Deng

wrapped specimens exhibited a reduction in strength of 10%. Exposure to wet/dry
environments produced no loss in ductility in specimens wrapped with CFRP or
AFRP; however, specimens wrapped with GFRP sheets exhibited a reduction in
ductility.
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