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Abstract

It is well known that the strength and ductility of concrete are highly dependent on the level of confinement provided by the
reinforcement. The stiffness and the constitutive behavior of the confining reinforcement (elastic, elastoplastic, etc.) are the
factors affecting the behavior of concrete. In this study, a new simple confined concrete model is developed for describing the
lateral deformation characteristics of concrete under triaxial compression. The stress–strain relationship of confined concrete in
direction is defined with an elastic region followed by a nonlinear curve. The descending region of the stress–strain curve is defi
a constant failure energy criterion. The elastic limit, ultimate strength, and residual capacity of confined concrete are determined
Leon–Pramono criterion. The lateral deformation of confined concrete is described using a function that provides a smooth trans
elastic to inelastic behavior and satisfies the zero volumetric strain condition at ultimate strength. The model estimations are c
with the results of triaxial concrete compression tests, and fiber reinforced polymer (FRP) and steel confined concrete tests reported i
literature. A good agreement was observed in terms ofultimate strength, residual strength, and axial and lateral deformation behavior. It wa
observed that the model can be successfully applied for FRP and steel confined concrete, removing the need to adjust parameters
lateral reinforcement types. Finally, a parametric study was conducted to investigate the effect of the lateral reinforcement ratio,
strength, and compressive failure energy on the behavior of steel and FRP confined concrete.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Reinforced concrete columns and bridge piers a
provided with lateral reinforcement to increase the stren
and ductility of these members especially when subjec
to earthquake induced forces. On the other hand,
use of fiber reinforced polymers to increase the ax
load carrying capacity of deficient columns has gaine
increasing popularitywithin the last decade. Furthermor
concrete filled steel tubes where the axial load is so
carried by concrete confined by steel tubes [1,2] offer
excellent structural systems where both materials are utili
efficiently. The design and detailed analyses of th
members can be performed in safe and economic w
as long as a thorough understanding of the confin
reinforcement–concreteinteractions is available along wit
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models that are capable of representing confined conc
behavior.

Since the recognition of strength gain in concrete
a result of confining reinforcement [3], there has been
a tremendous effort to understand and model confin
concrete behavior. Some of the earlier models were ba
on biaxial compression experiments [4–7] whereas some
were based on limited experimental evidence regard
softening behavior of confined concrete [8]. Recent triaxial
compression experiments [9–13] provided an extended
database on compressive behavior of concrete that ca
used to develop and verify confined concrete models.

Models for describing axial stress–strain behavior
steel confined concrete have been developed on the b
of an extensive database of experimental research [14–16].
In these models the ultimate strength and the descen
region of the stress–strain curves have been adjus
as a function of confinement provided by the later

http://www.elsevier.com/locate/engstruct
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reinforcement ratio and uniaxial compressive strength. T
simplicity of these models has made them popular for use
capacity calculations and sectional analyses. One import
disadvantage of these models is their lack of generali
They are applicable to only steel confined concrete whe
the confining reinforcement can be approximated by a
elastic–perfectly plastic relationship and peak strength
achieved when the lateral reinforcement yields. With recent
advances in high strength concrete and high strength s
and with the use of composite materials (i.e. fiber reinforc
polymers (FRPs)) as confining reinforcement, these mod
require further calibrationsto overcome their limitations.
This motivated the development of other models for norm
and high strength concrete [17,18] and FRP confined
concrete [19,20]. Another important drawback of these
models is the lack of objectivity in the softening regime. N
matter what kind of function is selected for the softenin
region, as long as localization is not taken into accou
the softening region will exhibit a size effect and objectiv
results cannot be achieved [21]. The verification of this
argument has been observed in many uniaxial compress
experiments [22,23]. The simplest way of regularizing
the compressive softening region approximately, which is
usually used in finite element analyses, is based on a cons
fracture energy criterion similar to that applied for tensil
cracking of concrete [24]. Furthermore, the importance of
estimating lateral strains to define ‘failure’ is appreciate
when failure is dictated bythe rupture of the confining
reinforcement or loss of lateral restraint causing buckling
longitudinal bars.

Plasticity based models provide a convenient descripti
of the hardening, softening, and dilatation behavior of co
crete and they are generally used together with a constitut
driver or within finite element analysis [25–27]. For the anal-
yses of structures with complicated geometry and bound
conditions, finite element analysis methods using concr
plasticity models are excellent tools [27]. However, in order
to estimate accurately the load–deformation behavior of ax-
ially loaded concrete members confined with materials ha
ing different constitutive relationships, simpler models ma
be preferred by structural engineers in the preliminary d
signof these members. At the heart of the problem remai
the realistic description of thebehavior of concrete subjected
to triaxial compression. Once this is established any pass
or active confining mechanism can be simulated. The obje
tive of this research is to provide one such model and to v
ify it for steel and FRP confined concrete subjected to axia
compression. It is believed that the proposed model can
useful in the preliminary design of steel confined column
or in the fiber reinforced polymer retrofit design of deficien
columns.

2. Model description

First, the phenomenological model is described in this
section. The model is a global representation rather than
e
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Fig. 1. Confined concrete stress–strain curve.

local one for axially loaded concrete subjected to consta
confinement. Then, the procedure for obtaining the beha
of columns with passive confinement (columns provid
with steel or fiber reinforced polymers) by satisfying late
strain compatibility between concrete and the reinforc
jacket for the axial loading history is presented. Since t
model can be thought of as a single element represent
of concrete subjected to compression, the strains used b
are average quantities over the specimen rather than a
strains. After localization starts, strain distribution along
specimen height is no longer uniform [28]. Instead of tracing
thisnon-uniform strain distribution, average strain values
used in the description below such that average stress–stra
behavior of a confined column can be obtained.

2.1. Axial deformations

For the present discussion, axial and lateral directions
are denoted by 1 and 3, respectively. It is assumed
stresses and strains are similar in the two lateral direct
(σ2 ≈ σ3, ε2 ≈ ε3). Furthermore, compressive stresse
and strains are assumed to be positive whereas vo
expansion is taken as negative. The axial stress–s
response of concrete confined by constant lateral pres
can be described using three distinct locations on
stress–strain curve (Fig. 1):

(1) The elasticlimit up to which concrete is assumed
be isotropic and linear elastic(σ1e, ε1e).

(2) The ultimate strength which is a function of late
pressure,(σ10, ε10).

(3) The residual capacity remaining as a result of interna
friction, (σ1r ).

In order to define these points on the stress–st
curve, a loading surface named hereafter the Leon–Pram
criterion (LPC) [25] is used as given in Eq. (1):[
(1 − k)

(
σ3

f ′
c

)2

+ σ1 − σ3

f ′
c

]2

+ k2m

(
σ3

f ′
c

)
− k2c = 0.

(1)

Above,k is the hardening parameter and is equal to 0.1 at
elastic limit, and it is equal to one at ultimate strength an
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the softening region.σ1 is the axial stress,σ3 is the confining
stress, andf ′

c is the uniaxial compressive strength.c is the
softening parameter and is equal to one in the harden
region and zero for residual strength. The constant param

m = f ′2
c − f ′2

t

f ′
c f ′

t
(2)

depends only on the uniaxial compressive strengthf ′
c

and uniaxial tensile strengthf ′
t . The LPC given in Eq.

(1) combines the one parameter Mohr–Coulomb frictio
law and the Rankine criterion with a tension cut-off
condition. It omits the effect of intermediate principal stres
therefore it is attractive foruse for cases where confinin
stresses in lateral directions are similar (i.e. axially loade
columns). Furthermore, since the elastic limit and ultima
and residual strength are expressed directly in terms
stress components, the need to calculate stress invarian
eliminated. Assuming compression positive, Eq. (1) can be
rearranged to expressσ1 as a function of the confinemen
ratio and model parameters in the following form:

σ1 = f ′
c

(
k
√

c + mφ − (1 − k)φ2 + φ
)

(3)

where φ is the confinement ratio(σ3/ f ′
c). Ultimate and

residual strength envelopes obtained using Eq. (3) and
the above mentioned values fork and c are compared to
experimentally observed strength values inFig. 2. It should
be noted that a uniaxial tensile strength value of 0.1 f ′

c
yielding an m value of 9.9 is used in Eq. (3). It can be
observed that the LPC provides a reasonably good estim
of the ultimate strength and residual capacity. Experime
that extend well into the softening regime where the capa
stabilizes at the residual strength are included inFig. 2(b).
Eq. (3) has acap for the elastic limit(k = 0.1, c = 1),
meaning that beyond a certain level of confinement ra
(φ ≥ 0.65), the elastic limit stress(σ1e) starts todecrease.
The stress–strain curve described here assumes that fa
does not occur as a result of lateral confining stress p
to the application of the axial stress. This assumption
never violated as long as the lateral pressure is smaller
the biaxial compressive strength prior to application of t
axial compressive stress or there is a passive confinem
mechanism, which is activatedby the application of the axial
stress.

Imran and Pantazopoulou [10] reported that the
confinement ratio for the brittle to ductile transition depen
on the water–cement ratio and varies between 0.2 and
Pivonka et al. [27] suggested using a value of 0.28 accordi
with data provided by Hurlbut. Smith et al. [9] reported that
the residual strength is equal to the ultimate strength fo
confinement level of about 0.6.In this study, a confinemen
ratio of 0.4 is taken as the transition point beyond whi
no softening occurs, and a perfectly plastic behavior
achieved. This average value is believed to represent
transition point with sufficient accuracy.

Once the elastic limit stress is known, the elastic lim
strain (ε1e) can be calculated using Hooke’s law given b
g
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(a) Ultimate strength.

(b) Residual strength.

Fig. 2. Comparisons of experiments and model predictions for ultimate
residual strength values.

Eq. (4) where Ec is the modulus of elasticity of concrete
that is calculated according to ACI 318M-02 [29] (Ec =
4750

√
f ′
c in MPa):

ε1e = σ1e

Ec
. (4)

The strain at ultimate stress in a triaxial compression
(ε10) is calculated using the following relationship propos
by Richart et al. [3]:

ε10 = 5εo

(
σ10

f ′
c

− 0.8

)
. (5)

In Eq. (5), the strain at peak stress under uniax
compression(εo) is calculated according to the relationsh
in Eq. (6) proposed by Tasdemir et al. [30] on the
basis of regression analyses of 228 uniaxial compres
test specimens with uniaxial compressive strength value
ranging from 6 to 105 MPa:

εo = (−0.067f ′2
c + 29.9 f ′

c + 1053)10−6. (6)

The curve defining the complete stress–strain relations
is defined with three separate relations in the elas
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hardening, and softening regions. In the elastic region,
axial stress–strain relationship is given by Hooke’s law:

σ1 = Ecε1 for ε1 ≤ ε1e. (7)

Beyond the elastic limit, the ascending part of th
stress–strain curve is described by

σ1 = σ1e + (σ10 − σ1e)

(
ε1 − ε1e

ε10 − ε1e

)
r

r − 1 +
(

ε1−ε1e
ε10−ε1e

)r

for ε1e ≤ ε1 ≤ ε10 (8)

which is a modified form of the Popovics curve [31]. The
constantsr andEs are given as

r = Ec

Ec − Es
and Es = σ10 − σ1e

ε10 − ε1e
. (9)

The descending region is described by

σ1 = σ1r + (σ10 − σ1r ) exp

[
−
(

ε1 − ε10

α

)2
]

for ε10 ≤ ε1 (10)

which is an exponential softening function. A similar
function has previously been used by Pivonka et al. [27]
in a multi-surface plasticity model to describe concre
softening. Parameterα in Eq. (9) is calibrated such
that the area under the softening region (including t
elastic unloading portion as shown inFig. 1) is equal to
the compressive failure energy obtained from a uniaxial
compression test divided by the characteristic length of
specimen in the loading direction(Gfc/ lc). This assumption
implies that the model described herein should be thou
of not as a true material law but as a phenomenologi
model that incorporates the size of the specimen un
consideration. Hence, the strains used in the above deriva
are average values rather than actual ones, which wo
show non-uniformity after localization depending on the
locations (localization and unloading zones). The equa
given in Eq. (11) yields the value ofα given by Eq. (12):

Gfc = lc

{∫ ∞

ε10

(σ10 − σ1r ) exp

[
−
(

ε1 − ε10

α

)2
]

dε1

+ (σ10 − σ1r )
2

2Ec

}
(11)

α = 1√
π(σ10 − σ1r )

(
2Gfc

lc
− (σ10 − σ1r )

2

Ec

)
. (12)

In this fashion, it is possible to approximately regulariz
the softening region by ensuring that the same amount
energy is dissipated during softening behavior for differe
length specimens. Here, it is assumed that localizat
initiates when peak stress is reached under axial load
Uniaxial compression experiments performed by Shah an
Sankar [28] show that the extent of cracking up to abou
85% of the peak stress is due to bond cracks in the load
and transverse directions. Beyond this point, these cra
e

e
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ld

y

f
t
n
g.

g
s

coalesce into continuous cracks resulting in a significant
volume expansion of the specimen. Torrenti et al. [32]
made a similar observation using stereophotogrammetry
stated that localization occurs at maximal stress for pla
concrete under uniaxial compression. As the experimen
evidence suggests, it is not unrealistic to assume localiza
starting nearly at the peak stress for uniaxial compressio
A similar assumption regarding the initiation of strai
localization was utilized by Cusson et al. [33] for steel
confined concrete under axial compression in their confin
concrete model. However, it may be argued that the triax
state of stress may inhibit the onset of localization compar
to uniaxial compression. Experiments conducted by S
et al. [34] show that there is distributed microcrackin
and several macrocracks leading to a softening respo
in uniaxial compression. Conversely, in constant confin
concrete tests, no distributed cracking was observed
failure was due to the propagation of a few macrocracks. T
residual capacity was attributed to the friction between thes
macrocracks. Analytical examinations of failure modes
(diffusive versus localized) have been presented by Kang
and Willam [35] and Yoshikawa and Yamakawa [36]
using plasticity models. These results show that failure
diffusive for low confinement whereas it is localized fo
high confinement regions. These results agree well w
the observed damage of concrete specimens [34]. Since
either failure type (diffusive versus localized) implies
discontinuity atthe material level, no distinction is mad
between themin this study. Furthermore, development o
appropriate regularization techniques for these two ca
is beyond the scope of this study. Hence, the same ene
regularization is applied for low and high confineme
cases. This assumption, although it may not necessa
reflect reality, is very easy to implement for use in practic
engineering models. The experimental confirmation of t
model presented in the following sections also supports
adopting of such an approach.

It should also be noted that Eqs. (7), (8) and (10) that
define the complete stress–strain curve for confined conc
loaded in the 1 direction satisfyC1 continuity (values and
slopes are continuous) requirements, which is successful in
reproducing the experimental results.

2.2. Transverse deformations

Deformations in the transverse direction are describ
using the secant strain ratio,υs (υs = −ε3/ε1). In theelastic
region the secant strain ratio is equal to Poisson’s ratio
concrete(υ0) which is usually between 0.15 and 0.2. In the
elastic range, the secant strain ratio is given by

υs = υ0 for ε1 ≤ ε1e. (13)

At ultimate strength, Imran and Pantazopoulou [10]
observed that the volume expansion is approximately z
in their triaxial compression experiments, meaning that the
secant strain ratio attains a value of 0.5 since the late
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Fig. 3. Secant strain ratios at ultimate strength and maximum deformatio

strains in the 2 and 3 directions are similar. Secant stra
ratios at ultimate strength from triaxial compression tes
made by various researchers are plotted as a function
confinement ratio inFig. 3. It can be observed that secan
strain ratios are populated around 0.5 and are independ
from the confinement ratios. Therefore, it is reasonable
state that the secant strain ratio at peak strength(υp) should
be 0.5, corresponding to no volume expansion.

Beyond the ultimate strength, the evolution of the seca
strain ratio depends on the level of confinement. From
experiments of Smith et al. [9] that extend well into the
softening region (up to 10 times the strain at uniaxi
compressive strength), a plot where largest secant str
ratios are given as a function of the confinement rat
appears inFig. 3. It can be observed that the largest seca
strain ratio decreases with increasing confinement ratio. T
largest secant strain ratios can be obtained from

υl = υp + 1

(φ + 0.85)4
(14)

as a function with the best fit to the experimentally observ
values. In summary, the secant strain ratio is constant a
equal to Poisson’s ratio in the elastic range. At ultima
strength, it is equal toυp, whereas it approaches a limiting
value(υl) for strains well beyond the strain at peak stress.
function that satisfies these and the continuity requirements
is

υs = υl − (υl − υ0) exp

[
−
(

ε1 − ε1e

∆

)2
]

for ε1e ≤ ε1 (15)

where the parameter

∆ = ε10 − ε1e√− ln β
and β = υl − υp

υl − υ0
(16)

is calibrated such that whenε1 is equal to ε10, the secant
strain ratio is equal toυp. Eq. (15) implies that the length
of the localized zonein the transverse direction is similar
to the specimen width; therefore the secant strain ratio
is independent of the lateral size of the specimen. Th
assumption has previously been made by Borges et al. [37]
.

f

nt

t

in

t
e

d

in the analysis of concrete specimens subjected to uniaxia
compression and flexure. In reality, lateral strains in
localized zone are certainly different to the lateral stra
outside of this zone. However, to the knowledge of t
author, there are no experimental results reported for
length of the localized zone in the lateral direction at vario
stress levels for triaxial compression tests. Therefore
simpler approach is preferred in this study where the sec
strain ratios are directly extracted from the results of triax
compression tests. For a more detailed analysis accoun
for this effect, a discretizedsolution (such as the finite
element method) is necessary. This is beyond the sc
of the model developed herein, which is intended to b
practical one for estimating load carrying and deformatio
capacities of axially loaded concrete columns.

The secant strain relationships given by Eqs. (14) and
(15) define the lateral deformations as a function o
confinement ratio and axial strain. Imposing an upper bo
equal to the experimentally derived value of the limitin
secant strain ratio, excessive dilatation is avoided. O
the secant strain ratio is known, the lateral strain can
computed from Eq. (17):

ε3 = −υsε1. (17)

2.3. Calculations for constant and passive confined con-
crete

The input parameters for obtaining complete stress–st
behavior in the axial and lateral directions are the uniax
compressive strength, f ′

c , uniaxial tensile strength,f ′
t ,

compressive failure energy,Gfc, length of the specimen
in the loading direction,lc, and Poisson’s ratio, υ0. For
all practical purposes the uniaxial tensile strength,f ′

t , can
be taken as 10% of the uniaxial compressive strength,f ′

c ,
and υ0 can be assumed as 0.20, reducing the numbe
parameters required to three.

Concrete subjected to constant confinement through
the axial loading is mostly encountered in triaxia
compression experiments. In order to obtain the comp
stress–strain curvesfor this case, axial strains are impose
Since the level of confinement is constant through
the axial loading, elastic limit, ultimate strength, th
corresponding strains and the residual strength are obta
using Eqs. (3)–(5). Then the stress–strain curves in the axia
directions are obtained according to Eqs. (7), (8) and (10).
Lateral strains corresponding to the prescribed axial stra
are computed using Eq. (17) in which the secant strain ratios
υs , arecalculated using Eqs. (13) and (15).

Forcases where confinement is provided with the use
confining jacket, strain compatibility in the lateral directio
is enforced for the imposed axial strain such that jac
and lateral concrete strains are similar. On this basis,
following procedure is applied:

(a) Impose the axial strain,ε1.
(b) Compute the lateral pressure,σ3, such that the lateral

strain in the jacket is equal to the lateral strain of concre
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This requires the following nonlinear equation to be solv
for σ3:

ε1υs(σ3) − σ3/D = 0. (18)

In Eq. (18), υs(σ3) is the secant strain ratio given by Eq. (15)
in the inelastic range, and it is a function ofσ3 sinceυl is in
turn a function of theconfinement ratio(φ = σ3/ f ′

c). D is
the effective jacket rigidity given by

D = E j t

R
= E jρ j

2
(19)

where E j is the modulus of elasticity of the jacket in the
hoop direction,t is the thickness of the jacket,R is the radius
of the confined concrete section, andρ j is the volumetric
ratio of the jacket (the ratio of the lateral reinforcement
volume to the ratio of concrete volumes). If the later
reinforcement has a yield strengthfy and an elastic perfectly
plastic behavior,σ3 cannot be greater thanσmax (σ3 ≤
σmax = fy t/R).

(c) Compute the axial stress corresponding to the impo
axial strain when subjected to a confining stress,σ3.

(d) Repeat (a)–(c) for allε1 or until a prescribed ultimate
value ofε3 is reached.

The analysis procedure described above considers
confining jacket–concrete interaction for jackets exhibiti
linear elastic and elastic perfectly plastic behavior. T
iterative part of the procedure, which can be handled usin
single point iterations, is solving Eq. (18) in order to
compute the level of confinement that satisfies compatibil
In this way, the behavior of passive confined concret
is obtained from a family of curves describing concre
behavior under constant confinement.

3. Model verification

3.1. Constant confinement

Triaxial compression tests [9–12] were used for
verification of the model. The input parameters us
in the analyses and the comparisons of analysis results
with experimental curves are presented inFigs. 4–7. The
uniaxial compressive strength and specimen length are w
documented in these studies. However, the compres
failure energy wasnot reported or the test was terminate
prior to obtaining the complete softening regime. Wh
the complete uniaxial compression stress–strain curves w
known, the compressive failure energy was computed
multiplying the area under the softening region by t
specimen length (Eq. (11)). Otherwise, the compressiv
failure energy that matches the slope of the descendin
region was obtained by trial and error. Comparisons
made for both axial and lateral strains whenever both w
reported.

Comparisons of analytical results with experiments [10]
are given in Fig. 4. Plots shown in this figure refer to
the average axial strains after the application of confining
d

e

.

ll
ve

e
y

e
e

Fig. 4. Comparisons of experimental results of Imran and Pan
zopoulou [10] with analysis results (points are the experimental resul
lines are analytical estimations, numbers next to curves are confin
stresses).

Fig. 5. Comparisons of experimental results of Smith et al. [9] with analysis
results (points are the experimental results, lines are analytical estimations,
numbers next to curves are confinement ratios).

Fig. 6. Comparisons of experimental results of Candappa et al. [11] with
analysis results (points are the experimental results, lines are analy
estimations, numbers next to curves are confining stresses).
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Fig. 7. Comparisons of experimental results of Xie et al. [12] with analysis
results (points are the experimental results, lines are analytical estimations
numbers next to curves are confining stresses).

stresses. In other words, the state afterthe application of
the confining stress is taken as the reference state of z
strain and plotted strains are actually the measured s
increments with respect to this state. A good agreem
was observed for the axial and lateral behavior especia
at low levels of confinement. Ultimate strength estimatio
were found to be satisfactory for all confinement leve
At high levels of confinement, the ascending regio
of axial stress–strain curveswere slightly overestimated
Comparisons of analytical curves with experiments report
by Smith et al. [9] are given inFig. 5. Ultimate strength
estimations at low levels of confinement were excelle
whereas strength underpredictions can be observed
higher levels of confinement. In general, the model
capable of tracing the axial and lateral behavior w
sufficient engineering accuracy. Triaxial compression te
for higher strength concrete performed by Candappa e
[11] and Xie et al. [12] were compared with analytical
curves in Figs. 6 and 7. An adequate estimation of the
triaxial behavior of concrete was observed for both resu
The initial stiffness of the experiments by Xie et a
[12] was overestimated, whereas an excellent agreeme
was observed between the ultimate and residual capa
estimations and experimental results. From all of th
comparisons it is possible to say that the model
the capability to estimate strength, deformation capac
residual strength, and transverse behavior with accept
accuracy, retaining a very simplistic approach.

3.2. Steel confined concrete

The analysis results for concrete confined with the
of steel spirals and steel tubes were compared with
experimental results of Ahmad and Shah [8] and Lahlou
et al. [38]. Ahmad and Shah [8] tested concrete cylinders
(75 mm × 150 mm) in axial compression reinforced
laterally with steel spirals. Spirals with the yield streng
of 414 MPa were placed flush to the molds, resulting
ro
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Fig. 8. Comparisons of experimental results of Ahmad and Shah [8] with
analysis results for concrete confined with steel spirals (f ′

c = 25 MPa;
points are the experimental results, lines are analytical estimations).

practically no cover. Spacing of the spirals and concr
uniaxial compressive strength were the main test variab
The following equation [8] was used to account for the
equivalency between discrete lateral reinforcement an
continuous jacket:

t = As

s

(
1 −

√
s

1.25Ds

)
. (20)

In Eq. (20), t is the thickness of the equivalent continuou
jacket to be used in Eq. (19), As is the cross-sectional are
of the spiral,s is the spacing of the spiral, andDs is the
diameter of the specimen. This relationship was dedu
from the observation that when the spiral spacing is grea
than 1.25 times that ofDs , the effect of confinement is
negligible.

The axial stress–strain response of the specimen
compared to the analytical estimates inFigs. 8 and 9. A
satisfactory agreement as regards ultimate strength and s
of the descending branch is observed. Furthermore,
effect of spiral spacing on the strength and ductility
accounted for using the proposed model.

Another way of utilizing steel as confining reinforceme
is by using steel tubes that do not directly carry ax
load, but serve as confining reinforcement. This type o
concrete filled steel tube system (CFST) was found to
very efficient in terms of utilizing concrete compressiv
strength together with ductile behavior of steel tube1,
2]. Despite lubrication of the inner side of the tube t
avoid friction, the steel tube was observed to be stres
in tension in the hoop direction and in compression
the axial direction [2]. The relationship between axial an
lateral strains in the tube was found to be proportiona
increasing, and the stresses at tube yielding in both
directions were approximately similar. Experiments
circular CFST(150 mm×300 mm)whereonly concrete was
loaded in the axial direction were presented by Lahlou [3].
The yield strength of tube was modified to account f
the equal biaxial tension–compression loading of the tub
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Fig. 9. Comparisons of experimental results of Ahmad and Shah [8] with
analysis results for concrete confined with steel spirals (f ′

c = 51.6 MPa;
points are the experimental results, lines are analytical estimations).

Fig. 10. Comparisons of experimental results of Lahlou et al. [38] with
analysis results for concrete confined with steel tubes (points are the
experimental results, lines are analytical estimations).

which decreases the yield stress. According to Von Mis
plasticity, the modified yield strength of steel loaded in
biaxial tension–compression is equal tof ∗

y ( f ∗
y = fy/

√
3).

Using this value for the yield strength of the jacket, analyse
were conducted and results compared to the experimen
results for three different concrete strengths (Fig. 10). It
can be observed that the ultimate and residual strength
the specimens are underestimated by at most about 10%
should be noted that no contribution of the steel tube in th
axial load carrying capacity was considered in the analys
Therefore, it is possible to say that the model can provide
safe and accurate estimationsof the capacity for CFSTs
whereonly concrete is loaded in the axial direction.

3.3. FRP confined concrete

Wrapping concrete with fiber reinforced polymers ha
emerged as one of the most practical ways of increas
the axial load carrying capacity of concrete columns. An
extensive database of research exists on FRP wrapp
s

al

of
It

s.

g

Fig. 11. Comparisons of experimental results of Shahawy et al. [20]
with analysis results for concrete confined with FRPs (points are the
experimental results, lines are analytical estimations).

cylinders subjected to axial compression. Experiments
Shahawy et al. [20] and Harries and Kharel [39] are selected
for comparison against analytical results. The number
unidirectional carbon fiber reinforced polymer layers use
to confine the concrete specimens was the test param
in both studies. Analyses were terminated when the rupt
strain of the FRP was reached. Lam and Teng [40] argued
that the most suitable test for determining the rupture
strain for FRPs was the ring splitting test. In the absen
of such tests, on the basis of the statistical analyses
experiments a value equal to about 65% of the ruptu
strain in direct tension was suggested [40]. Accordingly,
the analyses were conducted up to a lateral strain of abo
0.007 for the specimens of Shahawy et al. [20] and 0.01
for the specimens of Harries and Kharel [39]. Comparisons
of analytical estimations and experimental results are giv
in Figs. 11and 12. An excellent agreement can be noted
between calculated and observed ultimate capacities. T
analytical results closely follow the experimental resul
reported by Shahawy et al. [20]. The lateral deformations
of the specimen with three layers of FRPs [39] were slightly
overestimated. Overall, the model can capture the ultima
capacity, lateral deformations, and brittle to ductile failur
transition with adequate accuracy.

4. Parametric studies

Parametric studies are conducted in order to investiga
the factors that influence the stress–strain behavior
steel and FRP confined concrete. Concrete strength, late
reinforcement ratio (or the steel tube thickness), and yie
strength of steel were the parameters under investigat
for steel confined concrete. A concrete cylinder havin
dimensions of 150 mm× 300 mm was taken as the
reference for the parametric studies. Other parameters,
lateral reinforcement ratio, yield strength of the confining
reinforcement, and the compressive failure energy, were
taken as 0.5%,414 MPa, and 45 N/mm, respectively.
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Fig. 12. Comparisons of experimental results ofHarries and Kharel [39]
with analysis results for concrete confined with FRPs (points are the
experimental results, lines are analytical predictions).

First, the effect of uniaxial compressive strength on the
stress–strain behavior was investigated. Axial stress–st
curves are presented inFig. 13(a). It can be observed tha
peak strength was achieved at similar axial strains when
lateral reinforcement starts yielding. The descending branch
of the stress–strain curve showed a steeper descent as
uniaxial compressive strength was increased. Second,
effect of the yield strength of the confining reinforceme
is investigated. The yield strength of steel was taken
414, 828, 1242 MPa. Axial stress–strain results are sho
in Fig. 13(b). It can be observed that increase in the yie
strength of steel resulted in an increase in ultimate stren
and strains at peak strength. However, the slopes of
descending branch of the curves were fairly similar. In a
of these analyses, yielding of the reinforcement occurred
peak strength. Finally the effectof the lateral reinforcement
ratio on the stress–strain behavior is investigated. Steel tu
made up of high strength steel with a yield strength
1100 MPa were used in the analyses. The lateral steel r
was variedfrom 0.05% to 4% and the rest of the paramete
used in the analyses were assumed constant (Fig. 14). It can
be observed that for lateral reinforcement ratios smaller th
0.5%, steel yielding occurred after the peak strength was
reached. This shows that the assumption of reaching ultim
strength at steel yielding may not always be appropria
especially for concrete with low confinement provided b
high strength steel. The slope of the descending bra
was greatly affected by the size of the lateral reinforceme
ratio. The stress–strain curves exhibit negligible softening
behavior up to very large axial strains when a later
reinforcement ratio in excess of 4% is provided.

Another set of parametric studies were conducted on F
confined concrete cylinders. The cylinder dimensions tak
were similar to those in theprevious study(150 mm×
300 mm). The compressive failureenergy was taken as
40 N/mm in the first set of analyses. The FRP jack
was assumed to have a modulus of elasticity of 1.0 ×
105 MPa with a varying jacket thickness from 0.02 t
in
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(a) Effect of compressive strength.

(b) Effect of yield strength.

Fig. 13. Effect of concrete strength andsteel yield strength on the behavior
of steel confined concrete.

Fig. 14. Effect of lateral reinforcement ratio on the behavior of stee
confined concrete (numbers next to curves denote the lateral reinforcemen
ratio).

0.5 mm. The rupture strain of the jacket is assumed to
0.01. Analysis results are presented inFig. 15(a). For FRP
thicknesses above 0.05 mm, no softening was observed
the stress–strain response. The strength of FRP wrap
concrete was doubled when a jacket having a thickness
0.5 mm was used. Another parameter that reveals itsel
be important is the compressive failure energy. For the sa
concrete cylinder having a jacket thickness of 0.05 mm w
a modulus of elasticity of 1.0 × 105 MPa, analyses were
conducted assuming different compressive failure energ
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(a) Effect of FRP thickness.

(b) Effect ofGfc.

Fig. 15. Effect of FRP thickness and concrete compressive failure ener

(Fig. 15(b)). It can be seen that the response was qu
different for different failure energies. ForGfc valuesgreater
than 60 N/mm, softening behavior was suppressed w
the use of the same jacket thickness. As the slope of
descending region became less steep, the confining stres
that would cause a ‘no-softening’ response could be reached
This, like other factors such as jacket stiffness, late
reinforcement ratio, and concrete compressive strength
an important factor influencingthe behavior of the jacket for
FRP wrapped concrete.

The behaviors of FRP and steel confined concrete hav
a uniaxial compressive strength of 30 MPa and compress
failure energy of 40 N/mm are compared inFig. 16 in terms
of axial and volumetric behavior. Jacket thicknesses of
and 0.5 mm were used for steel and FRP confined concr
respectively. A rupture strain of 0.01 was assumed for
FRP jacket, whereas steel yielding is assumed to occu
414 MPa. The moduli of elasticity for steel and FRP we
taken as 2.0 × 105 and 1.0 × 105 MPa, respectively. It can
be observed that the initial stiffnesses and ultimate streng
of steel and FRP confined concrete are similar, but the o
all behaviors are significantlydifferent. In the axial direc-
tion, the stress–strain response for FRP confined conc
was approximately bilinear, where the degraded stiffness r
mained constant beyond the uniaxial compressive stren
However, for steel confined concrete, the behavior was no
linear at first and then an almost perfectly plastic respon
Steel confined concrete showed volumetric compaction u
e
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Fig. 16. Comparisons of axial and volumetric behaviors of FRP and st
confined concrete.

ultimate strength was reached, whereas dilatation was
served following that. For FRP confined concrete, the com-
paction tendency was reversed at about the uniaxial co
pressive strength. These observations agree well with
experimental comparisons presented by Samaan et al. [41].
The differences in volumetric behavior of the two cases sh
that application of steel confined concrete models to F
confined cases requires additional calibration, whereas
need is removed with the proposed model.

5. Summary and conclusions

A new model that is capable of simulating axial an
lateral deformationsof confined concrete is developed in thi
study. The model is simple to use as it employs analytic
expressions to describe the complete stress–strain cur
The Leon–Pramono criterion [25] is utilized to establish
the elastic limit, ultimate strength, and residual capac
of confined concrete. A constant failure energy criterio
with an exponential decay function is used to describe
softening behavior. Lateral deformations are explicitly give
in terms of axial strains, Poisson’s ratio, and secant str
ratios at peak and residual strength. Stress–strain cu
for concrete subjected to constant confinement from triax
compression tests, FRP confined concrete, and conc
confined with spirals and CFSTs where the axial loading
mainly carried by concrete are obtained using the propo
model. Comparisonswith the analytical results showed tha
the model is capable of tracing all essential features
concrete behavior in both directions under compression
dominated loadings.

Parametric studies showed that the concrete strength and
lateral reinforcement ratio are the two most important facto
affecting the descending region of the stress–strain cur
for steel confined concrete. The yield strength of steel
found to affect only the ultimate strength. For low levels o
confining reinforcement with high strength steel, yielding
steel was observed to occur after the peak strength. For F
confined concrete it is found that the compressive failu
energy can greatly affect whether softening will occur f
a smallnumber of FRP layers. It is observed that differenc
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in volumetric behavior of FRP and steel confined concrete
can be captured with the use of the proposed model.

The proposed model offers simplicity in terms of
modeling and provides accuracy for a wide range o
situations where parametric studies can easily be conducte
The necessity of assuming predetermined stress–stra
curves based on assumptions such as yielding of transve
reinforcement or adjusting the softening slope of the
stress–strain curves does not arise for the propose
model. Furthermore, the model can provide the equivale
stress–strain response for use in sectional fiber analys
where cage–core interaction can be taken into accoun
The extension of the model to sections other than circula
ones can be performed through the use of confineme
effectiveness factors presented in previous studies [14,15].
In its current form, the model is not suitable for cyclic and
non-proportional loading cases. However, it can easily b
used for capacity and ductility estimations for axially loaded
columns and the design of steel or FRPs acting as confinin
reinforcement.
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