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Abstract:  Fibre-reinforced polymer (FRP) composites were widely utilized in civil engineering structures as the retrofit of
reinforced concrete (RC) columns. To design FRP jackets safely and economically, the behaviour of such columns should be
predicted first. This paper is concerned with the analysis and behaviour of FRP-confined RC circular and rectangular short col-
umns subjected to eccentric loading. A simple design-oriented stress-strain model for FRP-confined concrete in a section analysis
was first proposed. The accuracy was then proved by two test data. Following that, a parametric study including amount of FRP
confinement, FRP strain capacity, unconfined concrete strength and shape of column section is provided. Some conclusions were
obtained at the end of the paper. The work here will provide a comprehensive understanding of the behaviour of FRP-confined
concrete columns. The simplicity of the model also enables a simple equivalent stress block to be developed for direct use in

practical design.
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INTRODUCTION

One of the important applications of fi-
bre-reinforced polymer (FRP) composites in civil
engineering structures is the retrofit of reinforced
concrete (RC) columns. In such application, an FRP
jacket with the fibres oriented only or predominantly
in the hoop direction is used to confine the concrete to
enhance both the compressive strength and ultimate
strain of the concrete. To achieve safe and economic
designs of the FRP jackets, designers need to know
and to have the means to predict the behaviour of such
columns subjected to eccentric loading (Hadi, 2007).
Provided that such columns are sufficiently stocky to
be unaffected by slenderness, their behaviour and
strength can be obtained from a section analysis based
on a plane section assumption, provided that the
stress-strain behaviour of FRP-confined concrete can
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be closely predicted.

Despite the simplicity of a section analysis, ac-
curate results from such an analysis are of practical
value in understanding the behaviour of such columns
subjected to eccentric loading. As a result, the results
from such a section analysis have been presented in a
number of studies. Saadatmanesh et al.(1994) in-
cluded a parametric study covering both circular and
rectangular columns confined by wrapped FRPs. The
behaviour of FRP-confined columns does not appear
to have been accurately predicted in this study be-
cause of the use of Mander et al.(1988)’s model which
has been shown to be inappropriate for FRP-confined
concrete (Mirmiran and Singhvi, 2001). The studies
of Monti et al.(2001) and Cheng et al.(2002) were on
FRP-wrapped columns with the fibres predominantly
in the hoop direction. Mirmiran et a/.(2000) focused
on concrete-filled FRP tubes which provide the re-
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sistance in both axial and hoop directions.
Stress-strain models for FRP-confined concrete de-
veloped by Samaan et al.(1998), Spoelstra and Monti
(1999), Cheng et al.(2002), Harajli (2006), Youssef et
al.(2007) were used in their own studies on the be-
haviour of FRP-confined concrete columns.

The present paper aims to obtain a comprehen-
sive understanding of the behaviour of FRP-confined
concrete columns by employing an accurate yet sim-
ple stress-strain model for FRP-confined concrete.
The simplicity of the model also enables a simple
equivalent stress block to be developed for direct use
in practical design. Both circular and rectangular
columns are covered in the study.

BEHAVIOUR AND STRESS-STRAIN MODEL
FOR FRP-CONFINED CONCRETE

Extensive experimental studies have shown that
FRP-confined concrete exhibits a monotonically as-
cending curve which is nearly bi-linear in shape if it is
sufficiently confined. Otherwise, the stress-strain
curve features a post-peak descending branch and the
compressive strength is reached before FRP rupture.
Lam and Teng (2003a) have suggested that the
threshold value for a sufficient confinement is an
actual confinement ratio not less than 0.07. The pre-
sent study covers only the behaviour of FRP-confined
short concrete columns with an actual confinement
ratio exceeding 0.07.

Many stress-strain models have been proposed
in the past few years for FRP-confined concrete.
These models can be classified into two categories: (a)
design-oriented models and (b) analysis-oriented
models. For a comparison of most of these models,
readers are referred to Lam and Teng (2003a), Teng et
al.(2002), and de Lorenzis and Tepfers (2002a;
2002b). For retrofitting circular concrete columns
using FRP jackets with fibres oriented only or pre-
dominantly in the hoop direction, Lam and Teng
(2003a) proposed a simple yet accurate de-
sign-oriented model. This model is used in the present
study for circular columns, together with an extension
of it for the confinement of rectangular concrete col-
umns with FRP as proposed by Lam and Teng
(2003D).

The Lam and Teng (2003a)’s model is for suffi-

ciently confined concrete. In this model, the
stress-strain curves of the FRP-confined concrete are
approximated using a parabolic first portion and a
linear second portion. The compressive strength of

FRP-confined circular concrete f, for cases with
f,/ f1 >0.07 can be predicted by

Je! Jo =143.31,1 [ (D

The ultimate strain of the FRP-confined circular
concrete &, 1s given by

E ! Eo = VTS H12(1, ] fi V& /£,)"", )

where ¢, is the axial strain at the compressive strain
of the unconfined concrete, taken as 0.002, and & p, is
the FRP hoop rupture strain. In rectangular columns,
external confinement by FRP is less effective than
that in circular columns. Lam and Teng (2003b)
suggested that the compressive strength and ultimate
strain of the FRP-confined concrete can be predicted
using Eqs.(1) and (2) with the introduction of shape
factors. Consequently, Eqs.(1) and (2) become

Jo Jo =143.3k, 1) fss 3)
gcu /800 =175+ 12k52 (ﬁ /f;:) )(gh,rup /gco )045 ’ (4)

where k; and kg, are shape factors for strength and
strain respectively. The detail definition can be found
in Lam and Teng (2003b).

ANALYSIS OF FRP-CONFINED CIRCULAR AND
RECTANGULAR SECTIONS

Basic assumptions

The analysis of the FRP-confined column sec-
tions using a suitable FRP-confined concrete
stress-strain model is based on the following as-
sumptions:

(1) Plane sections before deformation remain
plane after deformation. Consequently, the strain at
any point of the cross section is directly proportional
to its perpendicular distance from the neutral axis.

(2) The FRP provides only lateral confinement,
without any stiffness in the longitudinal direction.
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(3) The stress-strain relationship of concrete in
compression is defined by one of the available
stress-strain models.

(4) The tensile strength of concrete is ignored.

(5) The steel reinforcing bars are elastic-per-
fectly plastic.

(6) Any confinement effect of steel hoop
reinforcement is ignored.

(7) Compressive stresses and strains are taken as
positive.

(8) The ultimate limit state is reached when the
strain of the extreme compression fibre of concrete
&c.max attains the ultimate strain &,

Circular columns

Referring to a circular section shown in Fig.1,
for a given depth of neutral axis d,, the stress resul-
tants of the compressive concrete at any loading stage,
namely the axial force N, and the bending moment
about the reference axis going through the centre of
the section M., can be found by integrating the
stresses over the section:

D/2

N, = Dird, obdy, ®)
D/2 b d 6
Mc_ D/Z—dnac YA, ( )

where b, is the width of the section at a distance y
from the reference axis ()>0 when above the refer-
ence axis and y<0 when below the reference axis).

D/2

Neutral- 4
axis

Fig.1 Strain and stress distributions over the circular
section depth at the ultimate limit state

According to the plane section assumption, the
strain of concrete at a distance y can be expressed as

(y—yn)‘9 )

gc = d c,max

n

where y,=D/2—d,,. The stress-strain relationship of the

FRP-confined concrete can then be rewritten as

o, =a(y—yn)2 +b(y—y,) for 0<g <g,, (8a)

o,=c(y—-y,)+d foreg<g <g,, (8b)
where
2
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n
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)
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For a column under an eccentric loading, inte-
gration of stresses over the cross section in Eqs.(5)
and (6) can be carried out for three cases dependent on
the maximum strain value of concrete and the location
of the neutral axis.

(1) For &cmax>¢:, and the location where e.=¢; is
within the cross section, that is 0<d,<Decmax/
(&c.max—¢1), the axial force N, and the bending moment
M. in Egs.(5) and (6) become

Yo d D/2 d .

NC B max(y,,,*D/2)J(1 y+I),D f'2 y, ( )
Yo d D/2 4 .

M, = max(yn,—D/z)fly y+Lg LHiydy,  (12)

where yj is the distance from the reference axis to the
point where e.=¢ in the strain profile of the cross
section and can be expressed by

Yo =D/2~d, (& (13)
fi=23D* /4=y [a(y = y,)" +b(y = y,)]. (14)

L,=2yD* /4=y’ [e(y=y,)+d].  (I5)

(2) For & max>¢: and the location where e.=¢; falls

-&)le

c,max ) >

outside the cross section, that iS d,>Déec max/(Ec.max—¢t),
Eqgs.(5) and (6) can then be written as

(16)
(17

NC _ J-D/Z f‘zdy’

-D/2
M =[ " fvdy.

D/2
-D/2

(3) FOI' 8c,max§€t:
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Yo
N =J.mdx(y 7D/2)f y, (18)
M =J‘mdx(y D/2) (19)

The following general solutions can be applied
for solving the integrals of Egs.(5), (6), (11), (12) and
(16)~(19).

AR =y =3 =T -5 BT
RZ

+— arcsmy——arcsm— (20)
2 R R
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J‘; le —yzydy=§[(R2 _y12)3/2 _(Rz )3/2] 21)
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fyl VR =y y'dy = g[yl (R* =200 WR* =y -

4
Y, (R* =293 R* = y3 } +%[arcsin%— arcsin%},

(22)
J.: JR? —y2y3dy :%,/Rz —y22 (—2R4 —R2)/22 + 3y;)
T CEITCE S SRR

(23)

Based on the strain profile in Fig.1, the strains in
the reinforcing bars can be related to the strain at the
extreme compression fibre of concrete € max through

& = & (d, —a)/d,)

T

& = b (d, —a))/d,),

T

24)
(25)

where ¢, and ¢’ are the strains in reinforcing bars on
the tension side and compression side respectively,
and a, and a,' are the distances from the extreme
concrete compression fibre to the centres of the re-
inforcing bars.

The stress resultants of the whole cross-section,
namely the axial force N and the bending moment M
about the reference axis, can then be written as

N=N, +Z(a o)A, (26)

i °

M=M, +i(dq.

J=1

—0) 4,V @7

where n, is the number of reinforcing bars, y,; is the y
coordinate of the centre of the jth reinforcing bar
relative to the reference axis, oy and o are the
stresses of steel and concrete respectively at the centre
of the jth reinforcing bar, with 6;=0 in the tension
zone of concrete.

At the ultimate limit state, the axial force N, the
bending moment M, and the depth of the neutral axis
d, can be taken as three basic parameters. Once one of
them is known or M and N are related by a specified
load eccentricity, the values of the two remaining
parameters can be easily determined. Bending mo-
ment-axial load interaction curves can thus be easily
generated.

The moment-curvature (M-¢) curves at a given
axial load can be generated by specifying a sequence
of suitable strain values for the extreme compression
fibre of concrete & max Up to its ultimate value &,. For
each strain value, the neutral axis depth is varied until
the resultant axial force acting on the section, calcu-
lated from Eq.(26), equals the applied axial load.
Once the neutral axis position is determined, the
moment can be evaluated and the curvature ¢ corre-
sponding to the assumed strain & max can be found by:

P=¢, 0/ d,- (28)

A computer program was developed based on
the analysis procedures described above, and was
used to generate the bending moment-axial load in-
teraction curves and moment-curvature curves pre-
sented in this paper.

For stress-strain models that are expressed by a
linear or quadratic function, the concrete stress-strain
curve can be integrated over the compression zone to
arrive at exact expressions for the integrals given in
Egs.(5), (6), (11), (12) and (16)~(19). For other
models, numerical integration over the section is
carried out by the layer (or the fibre element) method
in which the column section is divided into many
small horizontal layers.

Rectangular columns

The analysis of rectangular column sections is
conducted using procedures similar to those described
in Section 3.2 for circular columns, except that an
equivalent stress block as shown in Fig.2 has been
derived for rectangular sections based on Lam and
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Teng (2003a)’s model. This stress block is character-
ized by two factors: the mean stress factor o and the

compression force centroid factor p, which are de-
fined by

o= [ Ll M) (29)
y=1- IO " fede, /(6 _[O " fde,). (30)
’ Ee,max * _ _Ocmax afc;
dy
d, | a, 4_ij;\/c

VE Equivalent
stress block

'y __I>: e al
v |h/2
d= E ; Neutral axis
‘ A

Fig.2 Strain and stress distributions over the rectangular
section depth at the ultimate limit state

The expressions of these two factors can be eas-
ily derived using Lam and Teng (2003a)’s
stress-strain model as given as follows.

(1) For 0<ec max<e,

6Ecgc,maxf;l> - (Ec - E2 )2 gcz,max

o= lzf’z , (3 1)
16Ecgc,maxjfc:) _3(Ec _EZ )2 gcz,max (32)
24Ecgc,maxf;:) - 4(Ec - EZ )2 gcz,max .

(2) For &8 maxSEcus
Ee 21!
o= 1 + 2% ¢,max _ f;o , (33)

2f! 3(E, - E,)¢

0 c,max

y=1-[2f"+3fle’ (E ,—E)) +2E¢&.  (E.

- E2 )2]/[_4f;)2£c,max (Ec - EZ) + 3EVZ‘E‘(?,max (Ec - EZ)Z
+ 6f;;gcz,max (Ec - EZ )2 ] (34)

The stress resultants of compressive concrete at
any loading stage, namely the axial force N, and the
bending moment M, about the reference axis which is
located at the section mid-depth, can be found from:

N.=af.bd,,
M, =(h/2—d)af.bd,.

(35)
(36)

The stress resultants of the whole cross-section

(axial force N and bending moment M about the ref-
erence axis) can then be found using Eqgs.(26) and
27).

COMPARISON WITH TEST DATA

The behaviour of the FRP-confined short con-
crete columns predicted by Lam and Teng (2003a)’s
model is compared with the test data obtained by
Saadatmanesh ez al.(1996) and by Xiao et al.(1999) on
FRP-confined circular RC columns. Though the test
by Xiao et al.(1999) was aimed to analyse the retrofit
effectiveness of FRP-confined columns on shear
strength, it is suitable to be compared in this analysis
because no shear failure occurred during the test.

Comparison with columns tested by Saadat-
manesh et al.(1996)

The results of two FRP-confined cantilever cir-
cular RC columns tested by Saadatmanesh ef al.(1996)
are first used to compare with the predictions from the
section analysis. These two columns had a diameter
of 305 mm and a total height of 2410 mm (including a
381 mm high by 1067 mm wide and 914 mm deep
base, as well as a thickened column top of 406 mm
width and height) and were reinforced longitudinally
with 14 equally spaced steel bars having a diameter of
12.7 mm and yield strength of 358 MPa. The trans-
verse reinforcement was provided by steel wire hoops
of 3.5 mm diameter with a spacing of 89 mm and
yield strength of 301 MPa. The clear concrete cover
from the concrete surface to the outside of the hoop
steel was 10 mm. A difference between these two
columns is in the details of the anchorage of longitu-
dinal reinforcement bars. For the column labelled as
C-2, the longitudinal reinforcement bars were
lap-spliced with the starter bars from the footing
(lap-spliced bars). For another column labelled as C-5,
the longitudinal reinforcement bars were anchored
into the footing using standard 90° hooks (continuous
bars). Both columns were wrapped with five layers of
glass (FRP) straps of 0.8 mm per layer thickness
producing a total thickness of GFRP of 4.8 mm. The
GFRP was applied to the potential plastic hinge zone
and provided passive confinement to the columns. In
testing, the columns were subjected to a constant axial
load of 445 kN and a reversed lateral cyclic load with
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a shear span of 1801 mm. The measured concrete
strength was 383 MPa for the column with
lap-spliced bars and 36.5 MPa for the column with
continuous bars. It was not made evident by Saadat-
manesh et al.(1996)’s test if these were compressive
cube or cylinder concrete strengths. The compressive
strength of the unconfined concrete f,' is therefore
taken as being directly equal to the tested strengths,
i.e. feo'=38.3 MPa and 36.5 MPa for columns C-2 and
C-5 respectively. The GFRP straps had an elastic
modulus of 18600 MPa and the ultimate hoop strain
of the GFRP was taken as 1.6%. Monti et a/.(2001)
used such a strain when using one of these two
Saadatmanesh et a/.(1996)’s columns in their com-
parison with results from their predicted stress-strain
model for FRP confined column. Both of Saadat-
manesh et al.(1996)’s columns used in the current
study were sufficiently confined having a confine-
ment ratio of f/f.,’=0.245 for the column with
lap-spliced bars (specimen C-2) and 0.257 for the
column with continuous bars (specimen C-5).

Figs.3 and 4 show comparisons between the
load-displacement curves and the load-displacement
ductility ratio curves predicted from the section
analysis for monotonic loading and the envelopes of
the hysteresis loops obtained from the tests respec-
tively. The displacement ductility ratio x, was origi-

100

80 r ° L] . o o
~ L]
é 601 .
kel L]
g 40f ‘

20k Predicted

® Test
G L 1 1 1 1 1
0 20 40 60 80 100 120 140
Displacement (mm)
(a)

100

80 . o« o . .
2 °
=2 60
B
S 40t

20F — Predicted

® Test
0 1 1 1 1
0 2 4 6 8 10
Displacement ductility ratio
(b)

Fig.3 Comparison of test and predicted result for column
C-2 of Saadatmanesh et al.(1996). (a) Load-displacement
curve; (b) Load-displacement ductility ratio curve

nally expressed by Seible et al.(1997) as

A2 B oske
yﬁ_4_1+3(¢y 1JL(1 o.sLJ, (37)

where ¢ is the curvature at the first yield that can be
determined from a sectional moment-curvature
analysis, 4 and 4, are the displacements correspond-
ing to the curvatures ¢ and ¢, respectively. The shear
span is denoted by L, and L, is the length of the plastic
hinge zone given by Seible et al.(1997) as

L, =0.08L+0.022f.d, , (38)

where f;, and d, are the yield strength and diameter of
the longitudinal steel reinforcing bars respectively.
Figs.3 and 4 show that both the load-dis-
placement curves and the load-displacement ductility
ratio curves obtained from the section analysis using
Lam and Teng (2003a)’s stress-strain model match
well with Saadatmanesh et a/.(1996)’s tests. It is also
noted that, after the hoop effect of the CFRP was
activated, the test load was slightly larger than those
from the prediction, which might be caused by the
ignorance of the hoop effect of the transverse
reinforcement in the prediction. In addition, the an-
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Fig.4 Comparison of test and predicted result for column
C-5 of Saadatmanesh ez al.(1996). (a) Load-displacement
curve; (b) Load-displacement ductility ratio curve
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chorage of the longitudinal steel reinforcing bars does
not appear to be an issue because good correlation
was observed between the experimental results and
analytical predictions.

Comparison with columns tested by Xiao et
al.(1999)

The circular columns tested by Xiao et al.(1999)
had a diameter of 610 mm and a height of 2440 mm
(excluding a 450 mm thick base from each end), and a
column labeled by Xiao et al.(1999) as CS-CSJ-RT is
used in this section. The column was reinforced with
20 deformed No.19 steel bars having a nominal di-
ameter of 19.1 mm and yield strength of 303 MPa.
The cover from the concrete surface to the outside of
the hoop steel was 25 mm, with the hoop steel di-
ameter equal to 6.4 mm and spaced at 150 mm centres.
The columns were tested under cyclic shear in double
curvature with a constant axial compressive load of
665 kN. The concrete cylinder compressive strength
was 37.1 MPa and the column was wrapped with
three continuous layers of GFRP having a single layer
thickness of 2.54 mm near the ends of the column.
Two layers of GFRP were applied to the middle por-
tion of the column but the ends of the column, being
more critical region due to higher bending moment,
which were wrapped with three layers of GFRP are
used for all subsequent calculations. The -elastic
modulus and ultimate strength of the GFRP were
38000 and 552 MPa respectively. Since the actual
hoop strain of the GFRP at the ultimate state of the
columns was not provided in Xiao et al.(1999)’s study,
both 50% and 60% of the material tensile strength for
hoop rupture is used in the present study, since the
average tensile strength at hoop rupture from the
database of the FRP confined concrete columns was
reported by Teng et al.(2002) to be about 59% of the
material tensile strength for CFRP. The compressive
strength of the unconfined concrete f;,' is taken as
85% of the concrete cylinder compressive strength
(i.e. feo'=0.85x37.1=31.5 MPa) as this gave the best
correlation with test results. The column therefore had
a confinement ratio of fj/f.,'=0.219 and 0.262 for 50%
and 60% of the material tensile strength respectively.

Comparisons between the load-displacement
curves and the load-displacement ductility ratio
curves predicted by the section analysis for the
monotonic loading and the envelopes of the hysteresis

loops obtained from the tests are shown in Fig.5. It
can be seen that the curves obtained by taking the
hoop strain of the GFRP at the ultimate to be 60% of
the material strength correlated well with those from
the experiment for both the displacement and dis-
placement ductility ratio. The FRP properties of Ep,
and &y, are important in the prediction of the be-
haviour of FRP-confined columns, but more detailed
studies about the effects of the properties of FRP at
hoop rupture will be discussed in the following sec-
tion. Concrete strength and section shape are other
two important parameters and these will also be dis-
cussed in the following section.

800
2 600[ * = M
=2
2 400 . .

S — Predicted by 50% of material strength
~ 2001 — Predicted by 60% of material strength
* Test
00 20 40 60 80 100 120 140 160
Displacement (mm)
(a)
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—~ | ¢ ——¢—+ 5
é 600 R
B 4001
3 —— Predicted by 50% of material strength

200 — Predicted by 60% of material strength

® Test
0 L . .
0 5 10 15 20
Displacement ductility ratio

(b)

Fig.5 Comparison of test and predicted result for column
CS-CSJ-RT of Xiao ef al.(1999). (a) Load-displacement
curve; (b) Load-displacement ductility ratio curve

From the comparisons with Saadatmanesh et
al.(1996)’s and Xiao et al.(1999)’s tests, it can be
concluded that the proposed model gives a satisfac-
tory prediction of the behaviour of the circular col-
umn confined with FRP jackets and therefore can be
used for assessing the retrofit effectiveness of such
columns.

PARAMETRIC STUDY USING LAM AND
TENG’S MODEL

General
This section presents the results of a parametric
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study using the procedures described in Section 3
based on Lam and Teng’s models (Lam and Teng,
2003a; 2003b; Teng et al., 2002) for both circular and
rectangular FRP-confined columns. The circular
column section described in Section 4.1, which has an
unconfined concrete strength of £.,,/=20.1 MPa and
wrapped with five layers of CFRP will still be used as
the reference column. Parameters studied include the
amount and strain capacity of FRP, unconfined con-
crete strength, and the shape of column section. The
axial strength N,, moment capacity M,, curvature ¢
and curvature ductility factor u4 of the confined
columns with the effects of the above parameters will
be investigated. In addition to displacement ductility
as used by Saadatmanesh et al.(1994), curvature
ductility is also a widely used means to denote duc-
tility, defined as follows, and will be used herein:

by =919, (39)
where ¢ is the curvature at first yield.

In presenting the results, the axial strength and
moment capacity will be given as normalized values
Nu/Nyo and M,/M,, for circular columns (Figs.6~8),
due to constant values of N,, and M,,. Note that the
axial strength and moment capacity of the unconfined
columns with the same unconfined concrete strength
in pure compression and pure bending, are denoted by
Nyo and M, respectively. For comparison of shape of
column section (Fig.9), the axial strength N, and
moment capacity M, will be given as absolute and not
divided by N,, and M, as the latter vary depending on
the column shape.

Amount of FRP confinement

Fig.6 shows the effect of the amount of the FRP
on the predicted behaviour of RC circular columns,
where the reference column is compared with an
unconfined column and a column wrapped with 10
layers of CFRP, both having the same unconfined
concrete strength f.,' as the reference column. The
unconfined column possesses N, of 8274 kN and M,
of 558 kN'm. It can be seen from Fig.6 that an in-
crease in the amount of FRP results in substantial
increases in the strength and ductility of the columns.
Compared to the unconfined column, an increase of
66% in axial strength is found for the reference col-
umn with the five-layer CFRP jacket under pure

compression, and this increase is nearly double
(131%) for the ten-layer CFRP jacket (Fig.6a). Much
higher increases in curvature and ductility are found
from the FRP confinement (Fig.6b). In the case of
pure bending (i.e. when N,/N,,=0), the curvature
ductility factor is only about 3 for the unconfined
column, but considerably increases to approximately
20 and 40 for the columns confined by the five-layer
and ten-layer FRP respectively (Fig.6¢). Note that if
the axial load is near zero, the FRP confinement re-
sults in little enhancement in the moment capacity.
This indicates that in the case of pure bending, FRP
jackets with fibres oriented only in the hoop direction
will provide minimal enhancement to the moment
capacity. If the moment capacity is to be enhanced,
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behaviour. (a) Strength; (b) Curvature; (¢) Ductility
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the recourse to FRP jackets with fibres orientated in
the longitudinal direction of the column will have to
be made.

FRP strain capacity

Fig.7 shows the effect of the FRP strain capacity
on the predicted behaviour of columns, where the
reference column (CFRP confined) is compared with
an unconfined column and an aramid FRP (AFRP)
confined column with the same unconfined concrete
strength. The elastic modulus and hoop rupture
strength of the AFRP are 125000 MPa and 1800 MPa
respectively, and the total thickness of the AFRP wrap
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Fig.7 Effect of FRP strain capacity on column behaviour.
(a) Strength; (b) Curvature; (c) Ductility

15 0.9917 mm. Such an AFRP wrap supplies the same
maximum confining pressure to the column as the
five-layer CFRP wrap, but has a higher strain capacity.
The strain of the AFRP at hoop rupture is 0.0144,
while that of the CFRP is 0.00913. According to Eq.(8)
the ultimate axial strain of the FRP-confined concrete
column wrapped with the AFRP is 18.2% higher than
that of the reference column wrapped with CFRP.
While this increase in the ultimate strain of the con-
fined concrete has no effect on the axial strength and
moment capacity of the columns (Fig.7a), it results in
considerable increases in the curvature and ductility
factor (Figs.7b and 7c). At an axial load of 5000 kN,
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Fig.8 Effect of unconfined concrete strength on column
behaviour. (a) Strength; (b) Curvature; (c) Ductility
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the ultimate curvature and curvature ductility factor
of the column are 19% and 18% higher respectively
for the column confined by the AFRP than those for
the one confined by the CFRP. This observation con-
firms that the ductility of the column is closely related
to the strain capacity of the confining FRP.

Unconfined concrete strength
Fig.8 shows the effect of the unconfined con-
crete strength on the behaviour of the confined col-

umns. The reference column that has a concrete cube
compressive strength f¢, of 30 MPa (f;,'=20.1 MPa) is
compared with two columns which are wrapped with
the same amount of the CFRP (five layers) but have
the cube concrete compressive strengths of 40 MPa
and 50 MPa, corresponding to unconfined concrete
strengths of f,,'=26.8 MPa and 33.5 MPa respectively.
The corresponding two unconfined columns have
axial strengths in pure compression of 10129 kN and
11984 kN, and pure bending moment capacity of 575
kN-m and 588 kN-m respectively. It is interesting to
note from Fig.8a that at a load level higher than the
axial strength (8274 kN) of the corresponding un-
confined column, an increase in the unconfined con-
crete strength has a negative effect on the normalized
moment capacity, but at a load level below the axial
strength of the corresponding unconfined column, the
effect is inversed. On the other hand, the column with
a higher unconfined concrete strength is seen to be
less ductile (Figs.8b and 8c). This is because the
ductility of the confined column is closely related to
the ultimate strain of confined concrete, and also the
ultimate strain of the confined concrete is highly de-
pendent on the confinement ratio. An increase in the
unconfined concrete strength without increasing the
amount of the FRP results in a reduced confinement
ratio which negatively affects the ultimate strain of
the confined concrete. This observation suggests that
although an improvement in the axial strength of
columns can be achieved by using higher strength
concrete, there will be no corresponding improve-
ment in the ductility.

Shape of column section

The rectangular columns used for demonstrating
the effect of section shape have the same cross sec-
tional area and internal reinforcement ratio as the
reference circular column defined in Section 4.1.
Three rectangular columns are defined, which consist
of two square columns with corner radius R, of 30 and
60 mm respectively, and a rectangular column with an
aspect ratio of 4/b=1.25 and a corner radius of 60 mm.
These three rectangular columns are wrapped with the
CFRP with the same volumetric ratio as the reference
column that is wrapped with five layers of the CFRP
with a total thickness of 0.85 mm. The FRP thick-
nesses on the rectangular columns are different be-
cause of the difference in the length of circumference.
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The distance from the concrete surface to the centre of
the steel bars is 50 mm, which is the same as the ref-
erence circular column. The details of the rectangular
columns and the reference circular column are given
in Table 1.

Table 1 Detailed information of rectangular, square
and circular columns

Wt fa f

Column ) (mm) (mm) (MPa) (MPa)

Slfed!

Square 1 532 532 0.7525 30 20.1 0.460 0.460 0.209
Square 2 532 532 0.7525 30  20.1 0.585 0.585 0.209
Rectangular 475 595 0.7483 30 20.1 0.373 0.656 0.205
Circular d=600 0.8500 30 20.1 1.000 1.000 0.296

The interaction curves for the square and rec-
tangular columns given in Fig.9 fall significantly
below those of the reference circular column. Under
pure compression, the axial strengths of the two
square columns with the corner radius of 30 mm and
60 mm, and the rectangular column are only 78%,
81% and 75% of the reference circular column, re-
spectively (Fig.9a). An increase in the corner radius is
beneficial in terms of both strength and ductility. Note
that a larger aspect ratio (4/b) results in a lower axial
strength of the confined column under pure com-
pression, but results in a slightly higher moment ca-
pacity (Fig.9a) and curvature ductility (Figs.9b and 9c¢)
in the case that bending is dominant, although this
small change is of no interest in a design point of
view.

CONCLUSION

This paper has been concerned with the analysis
and behaviour of FRP-confined RC circular and rec-
tangular short columns subjected to eccentric loading
which produces a combined action of axial load and
bending. A parametric study based on a simple
stress-strain model for FRP-confined concrete leads
to the following conclusions:

(1) The axial strength, moment capacity and
curvature ductility of a RC column can be consid-
erably enhanced by using the FRP confinement, and a
higher amount of FRP produces a higher degree of the
enhancement. In the case of pure bending and FRP
jackets with fibres oriented only in the hoop direction,
a significant increase in the column ductility with

little increase in the moment capacity of the columns
results. In this case, the use of longitudinal FRP has to
be considered in order to increase the bending mo-
ment capacity.

(2) The ultimate axial strain of confined concrete
can be higher in a column wrapped with AFRP than in
a column wrapped with CFRP, if both FRP wraps
provide the same maximum confining pressure. This
is because the AFRP has a higher strain capacity than
the CFRP. While this increased ultimate strain has no
effect on the axial strength and moment capacity of
the confined column, it yields a considerable im-
provement in the curvature ductility of the column.

(3) An increase in the unconfined concrete
strength has different effects on the moment capacity
of the confined column at axial load levels above and
below the axial strength of the unconfined column.
An increased unconfined concrete strength reduces
the curvature ductility of the column because the
ultimate axial strain of confined concrete is reduced
without increasing the amount of FRP.

(4) The FRP confinement is much less effective
for rectangular columns but an increase in the corner
radius is beneficial to both strength and ductility. An
increase in the aspect ratio has a negative effect on the
axial strength of the FRP-confined column, but may
have small beneficial effects on the moment capacity
and ductility.
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