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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 lateral
reinforcement. The stiffness and the constitutive behavior of the confining reinforcement (elastic, elastoplastic, etc.) are the important
factors affecting the behavior of concrete. In this study, a new simple confined concrete model is developed for describing the axial anc
lateral deformation characteristics of concrete under triaxial compression. The stress—strain relationship of confined concrete in the axial
direction is defined with an elastic region followed by a nonlinear curve. The descending region of the stress—strain curve is defined using
a ondant failure energy criterion. The elastic limit, ultimate strength, and residual capacity of confined concrete are determined using the
Leon—Pramono criterion. The lateral deformation of confined concrete is described using a function that provides a smooth transition from
elagic to inelastic behavior and satisfies the zero volumetric strain condition at ultimate strength. The model estimations are compared
with the results of triaxial concrete compression tests, and fibeforeed polymer (FRP) and steel confined concrete tests reported in the
literature. A good agreement was observed in termdtohate strength, residual stngth, and axial anditeral deformation behavior. It was
observed that the model can be successfully applied for FRP and steel confined concrete, removing the need to adjust parameters for differe
lateral reinforcement types. Finally, a parametric study was conducted to investigate the effect of the lateral reinforcement ratio, concrete
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 models that are capable of representing confined concrete

Reinfarced concrete columns and bridge piers are behavior.
provided with lateral reinforcement to increase the strength ~ Since the recognition of strength gain in concrete as
and ductility of these members especially when subjecteda result of onfining reinforcementd], there has been
to earthquake induced forces. On the other hand, thea tremendous effort to understand and model confined
use of fiber reinforced polymers to increase the axial concrete behavior. Some of the earlier models were based
load carrying capacity of dieient columns has gained on biaxial compression experimen#—] whereas some
increasing popularityvithin the last decade. Furthermore, were based on limited experimental evidence regarding
concrete filled steel tubes where the axial load is solely softening lehavior of confined concret8][ Recent triaxial
carried by concrete confined by steel tubeg?]loffer compression experiment®9413 provided an extended
excellent structural systems where both materials are utilized database on compressive behavior of concrete that can be
efficiently. The design and detailed analyses of these used to develop and verify confined concrete models.
members can be performed in safe and economic ways Models for describing axial stress—strain behavior of
as long as a thorough understanding of the confining steel confined concrete have been developed on the basis
reinforcement—correteinteractions is available along with  of an extensive database of experimental resedr¢h1q.

In these models the ultimate strength and the descending

" Tdl. +90 312 210 2457: fax: +90 312 210 1193. region of the stress—strain curves have been adjusted
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reinforcement ratio and uniaxial compressive strength. The o, —
simplicity of these models has made them popular for use in o A Strength o,
capacity calculations and sectional analyses. One important *1 :

Softening
(Egquation 10)

lateral
confinement
(Oy = O3)

disadvantage of these models is their lack of generality. Ascending | / ,";
They are applicable to only steel confined concrete where (Eauation 8) / '
the mnfining reinforcement can be approximated by an /
elastic—perfectly plastic relationship and peak strength is /
achieved when the lateral rearbement yields. With recent ay |H--
advances in high strength concrete and high strength steel “n-‘ll,?:"?
and with the use of composite materials (i.e. fiber reinforced  Elasic o/ E,
polymers (FRPs)) as confining reinforcement, these models Favation?) =~ 10 >
require further calibrationso overcome their limitations.
This motivated the development of other models for normal Fig. 1. Confined concrete stress—strain curve.
and high strength concretel,18] and FRP onfined
concrete 19,20]. Another important drawback of these local one for axially loadedancrete subjected to constant
models is the lack of objectivity in the softening regime. No confinement. Then, the procedure for obtaining the behavior
métter what kind of function is selected for the softening of columns with passive confinement (columns provided
region, as long as localization is not taken into account, with steel or fiber reinforced polymers) by satisfying lateral
the softening region will exhibit a size effect and objective strain compatibility between concrete and the reinforcing
results cannot be achieve@l]. The verificdaion of this jacket for the axial dading history is presented. Since the
argument has been observed in many uniaxial compressiormodel can be thought of as a single element representation
experiments 22,23. The simplest way of regularizing of concrete subjected to compression, the strains used below
the compressive softeninggion gproximately, which is  are average quantities over the specimen rather than actual
usually used in finite element analyses, is based on a constangtrains. After localization starts, strain distribution along the
fracture energy criterion similar to that applied for tensile specimen height is no longer uniform [R8nstead of tracing
cracking of concreteZ4]. Furthermore, the importance of  thisnon-uniform strain distribution, average strain values are
estimating lateral strains to define ‘failure’ is appreciated used in the desigtion below such that arage stress—strain
when failure is dictated byhe wpture of the confining  behavior of a confined column can be obtained.
reinforcement or loss of lateral restraint causing buckling of
longitudinal bars. 2.1. Axial deformations

Plasticity based models provide a convenient description
of the hardening, softening, and dilatation behavior of con-
crete and they are generally used together with a constitutive
driver or within finite element analysi£pb—21. For the anal-
yses of structures with complicated geometry and boundary
conditions, finite element analysis methods using concrete
pladicity models are excellent tool27]. However, in order
to estimate accurately the loadkformation behavior of ax-
ially loaded concrete members confined with materials hav-
ing different constitutive relationships, simpler models may
be preferred by structural engineers in the preliminary de-
signof these members. At the heart of the problem remains
the realistic description of thHeehavior of concrete subjected
to triaxial compression. Once this is established any passive
or active confining mechanism can be simulated. The objec-
tive of this research is to provide one such model and to ver-
ify it for steel and RP @nfined concrete subjected to axial
compression. It is believed that the proposed model can be
useful in the preliminary design of steel confined columns
or in the fiber reinforced polymer retrofit design of deficient

columns. 2 2
o3 01 — 03 2 o3 2
1-k|—= k — ) —-kc=0.
[( )<fc’> TR ] * m(fé) ¢
2. Model description

Residual

Strength
7‘22— —— Cng

astc
mil

For the present discussion, axiand laeral directions
are denoted by 1 and 3, respectively. It is assumed that
stresses and strains are similar in the two lateral directions
(o2 =~ 03,82 &~ g3). Furthermore conpressive stresses
and strains are assumed to be positive whereas volume
expansion is taken as negative. The axial stress—strain
response of concrete confined by constant lateral pressure
can be described using three distinct locations on the
stress—strain curvé-{g. 1):

(1) The elastidimit up to which concrete is assumed to
be isotropic and linear elast{oe, £1¢).

(2) The ultimate strength which is a function of lateral
pressure(o1o, £10)-

(3) The residual capacity refiming as a result of internal
friction, (o1r).

In order to define these points on the stress—strain
curve, a loading surface named hereafter the Leon—Pramono
criterion (LPC) R5] is used as given in Eql}:

1)

First, the phaomenological model is described in this Above,k is the hardemg parameter and is equal to 0.1 at the
section. The model is a global representation rather than aelastic limit, and it is equal to one at ultimate strength and in
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the softening regionr is the axial stress;s is the @nfining .
stress, and{ is the uniaxial corpressive strengtte is the %
softening @rameter and is equal to one in the hardening s
region and zero for residual strength. The constant parameter
fc/2 _ ft/2
m=———— 2 e
fé ft/ ( ) X)K/ —
depends only on the uniaxial compressive strendth ;
and uniaxial tensile strengtfi/. The LPC gien in Eq.
(1) combines the one parameter Mohr—Coulomb friction
law and the Rakine criterion with a tension cut-off
condition. It omits the effect of intermediate principal stress;
therefore it is attractive fouse for cases where confining
stresses in lataf directions are similar (i.e. axially loaded
columns). Furthermore, since the elastic limit and ultimate
and residual strength are expressed directly in terms of
stress components, the need to calculate stress invariants is 9,
eliminated. Assuming compression positive, EQ).¢an be /

/

< Hurlbut from [27]

B Smith et. al.[9]

X Richart et. al.[3]

O Imran and Pant. [10]

a  Xieet al[12]

=  Attardand Setunge [13]
Model (Ultimate)

] ]

1 1.5 2
Confinement Ratio, ¢
() Ultimate strength.

rearranged to express as a function of the confinement 4
ratio and model parameters in the following form:

3_
o1 = T (kv/e+mp — (1—Kg? + ) 3) 2

U

where ¢ is the onfinement ratio(o3/f.). Ultimate and 2k
residual strength envelopes obtained using EB). nd ¢ Smith etal. [9]
the above mentioned values ferand c are compared to B Hurlbut from [27)
experimentally observed strength valuegHig. 2 It should e A Xieetal [12]
be noted that a uniaxial tensile strength value df f) —— Model (Residual)
yielding anm value of 99 is used in Eq.3). It can be 0 L s L
observed that the LPC provides a reasonably good estimate  ° N nt 9.0
of the ultimate strength and residual capacity. Experiments _ Gonfinermsnt Bati, ¢
that extend well into the softening regime where the capacity ~ () Residual strength.
stabilizes at the residual strength are includedrig. 2(b). Fig. 2. Comparisons of experiments and model predictions for ultimate and

Eg. ) has acap for the elastic limitk = 0.1,¢c = 1), residual strength values.

meaning that beyond a certain level of confinement ratio

(¢ > 0.65), the ehstic limit stresqo1e) starts todecrease. Eq. (4 where Ec is the modulus of elasticity of concrete
The stress—strain curve described here assumes that failurg, 4t is calculated according to ACI 318M-029 (E¢ =
does not occur as a result of lateral confining stress prior475q/7é in MPa):

to the application of the axial stress. This assumption is

never violated as long as the lateral pressure is smaller tharg,, = Jle 4)

the biaxial compressive strength prior to application of the Ec

axial compressive stress or there is a passive confinemen®he strain at ultimate stress in a triaxial compression test
mechanism, which is activatdy the appication of the axial (e10) is calculated using the following relationship proposed

stress. by Richart et al. §]:

Imran and Pantazopouloul(] reported that the 010
confinement ratio for the brittle to ductile transition depends ¢19 = 5¢¢ (? - O.8> . (5)
on the water—cement ratio and varies between 0.2 and 0.6. c

Pivonka et al. 7] suggested using a value of 0.28 according In Eg. (5, the strain at peak stress under uniaxial
with data provided by Hurlbut. Smith et aB][reported that compression(eo) is calculated according to the relationship
the residual strength is equal to the ultimate strength for ain Eqg. ) proposed by Tasdemir et al.3(Q] on the
confinement level of about 0.& this study, a confinement basis of regression analyses of 228 uniaxial compression
ratio of 0.4 is taken as the transition point beyond which test specimens with uniaxialompressive strength values
no softening occurs, and a perfectly plastic behavior is ranging from 6 to 105 MPa:
achieved. This average value is believed to represent the P , 6
transition point with sufficient accuracy. g0 = (-0.067f" +29.9fc + 1053)10°™. 6)
Once the elastic limit stress is known, the elastic limit The curve defining the complete stress—strain relationship
strain (e1¢) can be calculated using Hooke’s law given by is defined with three separate relations in the elastic,
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hardening, and softening regions. In the elastic region, the coalesce into continuous crackesulting in a significant

axial stress—strain relationship is given by Hooke’s law:

o1 = Eceq foreq < €1e. (7)

Beyond the elastic limit, the ascending part of the

stress—strain cuevis desribed by

€1 — €1e r
01 = 01e + (010 — 01e) ( ) F
€10 — €1e r 14 (;foiil;>

fore1e < €1 < e10 (8)

which is a nodified form of the Popovics curve]]. The
constants andEg are given as

E _
r = e and Es = M (9)
Ec — Es €10 — €1e

The descending region is described by

2
€1 — €10
01=Ulr+(010—01r)eXp|:_< . )]

forejp < e1

(10)

which is an exponential softening function. A similar
function has previously been used by Pivonka et 27] [

in a multi-surface plasticity model to describe concrete

softenng. Parametere in Eq. @) is cdibrated such

that the area under the softening region (including the

elastic unloading portion as shown Kig. 1) is equal to
the compressive failure ergr obtained from a uniaxial

compression test divided by the characteristic length of the

specimen in the loading directid/l¢). This asumption

implies that the model described herein should be thought
of not as a true material law but as a phenomenological
model that incorporates the size of the specimen under
consideration. Hence, the strains used in the above derivatio
are average values rather than actual ones, which would
show non-uniformity after localization depending on their

locations (localization and unloading zones). The equality

given in Eqg. (1) yields the value of given by Eq. 12):

00 _ 2
Gic =l¢ !/ (010 — o1r) eXp[— (M) i| de1
€10 a

(010 — 01r)?
+ 725: } (11
1 2Gtc (010 — o1r)?
= — . 12
“ V7 (010 — 01r) ( lc Ec > (12)

n

volume e&pansion of the specimen. Torrenti et aB2]
made a similar observation using stereophotogrammetry and
stakd that localization occurs at maximal stress for plain
concrete under uniaxial compression. As the experimental
evidence suggests, it is not unrealistic to assume localization
starting rearly at the peak stress for uniaxial compression.
A similar assumption regarding the initiation of strain
localization was utilized by Cusson et aB3 for steel
confined concrete under axial compression in their confined
concrete model. However, it may be argued that the triaxial
state of stess may inhibit the onset of localization compared
to uniaxial compression. Experiments conducted by Sfer
et al. 34 show that there is distributed microcracking
and several macrocracks leading to a softening response
in uniaxial mmpression. Conversely, in constant confined
concrete tests, no distributed cracking was observed and
failure was due to the propagation of a few macrocracks. The
residual capacity wagtaibuted to the friction between these
macrocracks. Analytical eminations of failure modes
(diffusive versus localizedhave keen presented by Kang
and Willam [B5 and Yoshikawa ad Yamakawa 36]
using plasticity models. These results show that failure is
diffusive for low confinement whereas it is localized for
high confinement regions. These results agree well with
the observed damage of concrete specimen$. [Sihce
either failure type (diffusive versus localized) implies a
discontinuity atthe material level, no distinction is made
between thenin this study. Furthermore, development of
appropriate regularization techniques for these two cases
is beyond the scope of this study. Hence, the same energy
regularization is applied for low and high confinement
cases. This assumption, although it may not necessarily
reflect reality, is very easy to implement for use in practical
engineering models. The experimental confirmation of the
model presented in the following sections also supports the
adopting of such an approach.

It should also be noted that Eq<),((8) and (0) that
define the complete stress—strain curve for confined concrete
loaded in the 1 direction satisi@! continuity (values and
slopes are continuous) requirentg, which is successful in
reproducing the experimental results.

2.2. Transverse deformations

Deformations in the transverse direction are described
using the secant strain ratigs (vs = —e3/¢e1). In theelastic

In this fashion, it is possible to approximately regularize region the secant strain ratio is equal to Poisson’s ratio of
the softening region by ensuring that the same amount of concrete(ug) which is usually betwen 0.15 and 0.2. In the
energy is dissipated during softening behavior for different elastic range, the secant strain ratio is given by

length specimens. Here, it is assumed that IocalizationU
initiates when peak stress is reached under axial loading. > —
Uniaxial compressin experiments performed by Shah and At ultimate strength,

= U0 foreq < €1e. (13)

Imran and Pantazopoulol(][

Sankar [29 show that the extent of cracking up to about observed that the volume expansion is approximately zero
85% of the peak stress is due to bond cracks in the loadingin their triaxial compressionx@eriments, meaning that the
and transverse directions. Beyond this point, these crackssecant strain ratio attains a value of 0.5 since the lateral
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3 in the analysis of concrete spimens subjected to uniaxial

compression and flexure. In reality, lateral strains in the
localized zone are certainly different to the lateral strains
outside of this zone. However, to the knowledge of the
author, there are no experimental results reported for the

o Smith et. al. [9]

o Candappa et. al. [11]

Observed maximum

secant strain ratio, v, ¢  Smihet.al (9]

Analytical (Equation14)

Secant strain ratio, v,

181 2 e length of the localized zone in the lateral direction at various
N ! stress levels for triaxial compression tests. Therefore, a
d simpler approach is preferred in this study where the secant
0-5T]°‘i'3%9?—\‘” o~ o T == strain ratios are directly extracted from the results of triaxial
0 . s ,_ limate strengin, ¥p compression tests. For a more detailed analysis accounting
0 02 0.4 06 08 1

for this effect, a discretizedolution (such as the finite
element method) is necessary. This is beyond the scope
Fig. 3. Secant strain ratios at ultimate strength and maximum deformations. Of the model developed herein, which is intended to be a
practical one for estiating load carrying and deformation
capacities of axially loaded concrete columns.

strains in the 2 and 3 directions are similar. Secant strain ~ The secant strain relationships given by Eds}) (and

ratios at ultimate strength from triaxial compression tests (15 define the ateral deformations as a function of

made by various researchers are plotted as a function ofconfinementratio and axial strain. Imposing an upper bound

confinement ratio irFig. 3. It can be observed that secant €qual to the experimentally derived value of the limiting

strain ratios are popu|ated around 0.5 and are independenﬁecant strain ratiO, excessive dilatation is avoided. Once

from the confinement ratios. Therefore, it is reasonable to the secant strain ratio is known, the lateral strain can be

state that the secant strain ratio at peak streiggh should ~ computed from Eq. (37

be 0.5, corresponding to no volume expansion. £3 = —UsE1. (17)
Beyond the ultimate strength, the evolution of the secant

strain ratio deends on the level of confinement. From 23 Calculations for constant and passive confined con-

experiments of Smith et al.9] that extend well into the crete

softening region (up to 10 times the strain at uniaxial

compressive strength), a plot where largest secant strain  The input parameters for obtaining complete stress—strain

ratios are given as a function of the confinement ratio pehavior in the axial and lateral directions are the uniaxial

appears irFig. 3. It can be observed that the largest secant compressive strength, f/, uniaxial tensile strength,f/,

strain ratio decreases with increasing confinementratio. Thecompressive failure energgyc, length of the specimen

Confinement Ratio, ¢

largest secant strain ratios can be obtained from

1
v =uvp+

(14)

in the loaing direction,l;, and Poissn’s ratio, vg. For
all practical purposes the uniaxial tensile strendih,can
be taken as 10% of the uniaxial compressive strength,

+0.850* ;
_(¢ . : ! ) and vg can be assumed as 0.20, reducing the number of
as a function with the best fit to the experimentally observed parameters required to three.

values. In summary, the secant strain ratio is constant and'  conerete subjected to constant confinement throughout
equal to Poisson’s ratio in the elastic range. At ultimate e aial loading is mostly encountered in triaxial
strength, it is equal towp, whereas it approaches a limiting .o mpression experiments. In order to obtain the complete
value(u) for strains well beyond the strain at peak stress. A giress_strain curvdsr this case, axial strains are imposed.
function that satisfies thesedithe ontinuity requirements  gjnce the level of confinement is constant throughout
IS the axial loading, elastic limit, ultimate strength, the
£1 — 10\ 2 corresponding strains and the residual strength are obtained
Us = ul — (Ul — vo) Xp| — < A > using Egs. 8)—(5). Then the sess—strain curves in the axial
foree < &1 (15)

directions are obtained according to Ed8, (8) and (L0).
Lateral strains corresponding to the prescribed axial strains
are computed using EdLT) in which the secant strain ratios,

where he parameter
vs, arecalculated using Eqs18) and (L5).

A= f10” e and _ 2% (16) Forcases where confinement is provided with the use of a
v=Ing U= vo confining jacket, strain compatibility in the lateral direction

is enforced for the imposed axial strain such that jacket
and lateral concrete strains are similar. On this basis, the
following procedure is applied:

(a) Impose the axial strain;.

(b) Compute the lateral pressusg, such hat the lateral
strain in the jacket is equal to the lateral strain of concrete.

is calibrated such that when is equal toe1o, the secant
strain ratio is equal twp. Eq. (15) implies that he length

of the localized zonén the transverse direction is similar
to the specimen width; thef@e the secant strain ratio
is indegpendent of the lateral size of the specimen. This
assumption has previously been made by Borges eB3l. |
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This requires the following nonlinear equation to be solved
for o3:

(18)

In EqQ. (18, vs(o3) is the secant strain ratio given by E@5{

in the inelastic range, and it is a functionaf sincev, is in

turn a function of theconfinement ratiqg = o3/f). D is

the effective jacket rigidity given by
Ejt _ Ejpj

D=—
R 2

where E; is the modulus of elasticity of the jacket in the
hoop directiont is the thikness of the jackeR is the radius
of the confined concrete section, apg is the volumetric
ratio of the jacket (the ratio of # laeral reinforcement
volume to the ratio of concrete volumes). If the lateral
reinforcement has a yield strengtjand an elastic perfectly
plastic behaviorgz cannot be greater thatinax (o3 <
omax = fyt/R).

(c) Compute the axial stress corresponding to the imposed
axial strain when subjected to a confining stress,

(d) Repeat (a)—(c) for all; or until a prescribed ultimate
value ofes is reached.

e1vs(o3) —o3/D = 0.

(19)

The analysis procedure described above considers the

confining jacket—concrete interaction for jackets exhibiting
linear elastic and elastic perfectly plastic behavior. The
iterative part of the procedarwhich can be handled using
single point iterations, is solving Eq.1®) in order to
compute the level of confinement that satisfies compatibility.
In this way, the behavior of gssive confined concrete
is obtained from a family of curves describing concrete
behavior under constant confinement.

3. Modsdl verification
3.1. Constant confinement

Triaxial compression tests 9-13 were used for
verification of the model. The input parameters used
in the analyses and the comis®ns of analysis results
with experimental curves are presentedFigs. 4-7. The
uniaxial compressive strength and specimen length are well

documented in these studies. However, the compressive

failure energy wasot reported or the test was terminated
prior to obtaining the complete softening regime. When
the conplete uniaxial compression stress—strain curves were
known, the compressive failure energy was computed by
multiplying the area under the softening region by the
specimen length (Eq. 1(1)). Otherwise, the compressive
failure energy that matchedae slope of the descending
region was obtained by trial and error. Comparisons are
made for both axial and lateral strains whenever both were
reported.

Comparisns of analytical results with experimentd]
are given inFig. 4. Plas shown in ths figure refer to
the average axial strains aftdhe gplication of confining

27 (2005) 1040-1051 1045
120
. x " 2{MPa
100 ”
= _ e = ©°147 MPa
CL :
R
5
% 60 — _Vf_o\wws.ai MPa
L - o
B e = [t
g 40 - - poriE | .: ﬂ%H, 4.2 MPa
< g O e, “21MPa f, =28.3Mpa
20 e\ 1.05MPa [ =115mm
\Unconfined G = 15N/mm
% 20 0 20 40 60

Lateral Strain, & (1 0%

Axial Strain, &, (10_3)

Fig. 4. Comparisons of experimental results of Imran and Panta-
zopoulou [L0] with analysis results (points are the experimental results,
lines are analytical estimations, numbers next to curves are confining
stresses).

e
35
= 3 ey
@ -
@ 25 — i
@
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@ d 01
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=20 -15 —-10 20
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Fig. 5. Comparisons of experimental results of Smith etGhjth analysis
results (points are the experimental fésuines are analytical estimations,
numbers next to curves are confinement ratios).
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Fig. 6. Comparisons of experimental results of Candappa eLHlwith
analysis results (points are the experimental results, lines are analytical
estimations, numbers next to curves are confining stresses).
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%100+ XN;LQ‘—% 11.3 MPa g
= ‘\,\L XXX g% 83MPa =
< —Aa—F 112 5 = 25MP
50 " A4 aa53MPa < Unconfined /. @
1 \ LI a 23 MPa Oo 1. = 150mm
\. * o0 4 o oUnconfined Gp= 22N /mm
0. . OB. L 1 -l L - )
0 0.01 0.02 0.03 0.04 0.000 0.005 0.010 0.015 0.020 0.025
Axial Strain, & Axial Strain, ¢,
Fig. 7. Comparisons of experimental results of Xie et 5] fvith analysis Fig. 8. Comparisons of experimental results of Ahmad and S8jawith

results (points are the experimental fesuines are analytical estimations,  analysis results for concrete confined with steel spirdfs £ 25 MPa;
numbers next to curves are confining stresses). points are the experimental results, lines are analytical estimations).

stresses. In other wds, the state aftethe application of  practically no cover. Spacing of the spirals and concrete
the onfining stress is taken as the reference state of zeroypjaxjal compressive strength were the main test variables.
strain and plotted strains are actually the measured strainrpe following equation § was used to account for the

increments with respect to this state. A good agreementgqyivalency between discrete lateral reinforcement and a
was observed for the axial and lateral behavior especially continuous jacket:

at low levels of confinement. Ultimate strength estimations

. . As S
were found to be satisfactory for all confinement levels. t=1% (1— ) (20)
At high levels of confinement, the ascending regions s V 1.25D¢
of axial _stress—strain_ curvesere s_,lightly o_verestimated. In Eq. (20, t is the thickness of the equivalent continuous
Compa}rlsms of analytlca! curves Wlth exp(_enments reported jacket to be used in Eq1f), As is the cross-sectional area
by Smith et al. §] are given inFig. 5. Ultimate strength of the spiral,s is the spacing of the spiral, arids is the
estimations at low levels of confinement were excellent, giameter of the specimen. This relationship was deduced

whereas strength underpredictions can be observed atyom the observation that when the spiral spacing is greater

higher levels of confinement. In general, the model iS {han 1.25 times that oDs, the efect of confinement is
capable of tracing the axial and lateral behavior with negligible.

suficient engineering accuracy. Triaxial compression tests
for higher strength concrete performed by Candappa et al.
[11] and Xie et al. L2] were conpared with analytical
curves inFigs. 6 and 7. An adeuate eSmation of the
triaxial behavior of concrete was observed for both results.

The initial stiffness of the experiments by Xie et al. 5.counted for using the proposed model.
[12 was overestimatd, whereas an excellent agreement  Apother way of utilizing steel as confining reinforcement
was observed between the ultimate and residual capacity ;g by using steel tubes that do not directly carry axial
estimations and experimental results. From all of these |oo4 put serve asoofining reinforcement. This type of
comparisons it is possible to say that the model has concrete filled steel tube system (CFST) was found to be
the capability to estimate strength, deformation capacity, yery efficient in terms of utilizing concrete compressive
residual strength, and transverse behavior with acceptablestrength together with ductile behavior of steel tulie |
accuracy, retaining a vgsimplistic approach. 2]. Despte lubrication of the inner side of the tube to
_ avoid friction, the steel tube was observed to be stressed
3.2. Sedl confined concrete in tension in the hoop direction and in compression in
the axial direction 2]. The relationship between axial and
The analysis results for concrete confined with the use lateral strains in the tube was found to be proportionally
of steel spirals and steel tubes were compared with theincreasing, and the stresseat tibe yielding in both

The axial stress—strain response of the specimens is
compared to the ahdical estimates inFigs. 8and 9. A
satisfactory agreement as regards ultimate strength and slope
of the descending branch is observed. Furthermore, the
effect of spiral spacing on the strength and ductility is

experimental results of Ahmad and Sha8] pnd Lahlou directions were approximately similar. Experiments on
et al. [38. Ahmad and Shah [8tested oncrete cylinders  circular CFST(150 mmx 300 mm)whereonly concrete was
(75 mm x 150 mm) in axial compression refarced loaded in the axial direction were presented by Lahloy.[38

laterally with steel spirals. Spirals with the yield strength The yield strength of tube was modified to account for
of 414 MPa were placed flush to the molds, resulting in the equal biaxial tesion—compression loading of the tube
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Fig. 10. Comparisons of experimental results of Lahlou et 28] fvith
analysis results for concrete caméd with steel tubes (points are the
experimental results, lines are analytical estimations).

which decreases the yield stress. According to Von Mises
plasticity, the modied vyield strength of steel loaded in
biaxial tension—compression is equalftp (fy = fy/v/3).
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Fig. 11. Comparisons of experimental results of Shahawy et @0] [
with analysis results for concreteomfined with FRPs (points are the
experimental results, lines are analytical estimations).

cylinders subjected to axial compression. Experiments by
Shahawy et al.40] and Haries and Kharel39] are séected

for comparison against analytical results. The number of
unidirectional carbon fiber reinforced polymer layers used
to confine the concrete specimens was the test parameter
in both studies. Analyses were terminated when the rupture
strain of the FRP was reached. Lam and TedA(] [argued
that the most suitable tesbif determining the rupture
strain for FRPs was the ring splitting test. In the absence
of such tests, on the basis of the statistical analyses of
experiments a value equal to about 65% of the rupture
strain in direct tension was suggestedi]. Accordingly,

the analyses were conducted up to a lateral strain of about
0.007 for the specimens of Shahawy et &0][and 0.01

for the specimens of Harries and Khargg]. Comparisons

of analytical estimations and experimental results are given
in Figs. 11and 12. An excdlent agreement can be noted
between calculated and observed ultimate capacities. The
analytical results closely follow the experimental results
reported by Shahawy et al2(]. The lateral deformations

of the specime with three layers of FRPSP] were dightly

Using this valie for the yield strength of the jacket, analyses OVerestimated. Overall, the model can capture the ultimate
were conducted and results compared to the experimentalcapa?'.tyv Ia?eral deformations, and brittle to ductile failure
results for three different concrete strengtifég(10). It transition with adequate accuracy.

can be observed that the ultimate and residual strength of

the pecimens are underestimated by at most about 10%. It4  parametric sudies

should be noted that no contribution of the steel tube in the
axial load carrying capacity was considered in the analyses.
Therefore, it is possible toay that the model can provide
sde and accurate estimatiord the capacity for CFSTs
whereonly concrete is loaded in the axial direction.

Paametric studies are conducted in order to investigate
the factors hat influence the stress—strain behavior of
steel and FRP confined concrete. Concrete strength, lateral
reinforcement ratio (or the steel tube thickness), and yield
strength of steel were the parameters under investigation
for steel confined concrete. A concrete cylinder having
dimensions of 150 mmx 300 mm was taken as the

Wrapping concrete with fiber reinforced polymers has reference for the parametric studies. Other parameters, the
emerged as one of the most practical ways of increasinglateral reinforcement ratio,igld strength éthe confining
the axial load carrying capag of concrete columns. An  reinforcement, and the comgssive failure energy, were
extensive datbase of research exists on FRP wrapped taken as 0.5%414 MPa, and 45 Nmm, respectively.

3.3. FRP confined concrete
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Fig. 12. Comparisons of experimahtresults ofHarries and Kharel39]
with analysis results for concreteonfined with FRPs (points are the =y i
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First, the effect of uniaxial @mpressive strength on the 8 20- % o
stress—strain behavior was investigated. Axial stress—strain ~ #
curves are presented Fig. 13(a). It can be observed that . 10-
peak strength was achieved at similar axial strains when the < Unconfined
lateral reinforcement start$efding. The desending branch 0 ,
of the stress—strain curve showed a steeper descent as the 0.000 0.005 0.010 0.015 0.020
uniaxial compressive strength was increased. Second, the Axial Strain, ¢,

effect of the yield strength of the confining reinforcement (b) Effect of yield strength.
is investigated. The yield strength of steel was taken as
414, 828, 1242 MPa. Axial stress—strain results are shown
in Fig. 13(b). It can be observed that increase in the yield
strength of steel resulted in an increase in ultimate strength 180
and strains at peak strength. However, the slopes of the /—\ ——
descending branch of the curves were fairly similar. In all 4.%
of these analyses, yielding of the reinforcement occurred at
peak strength. Finally the effeof the lateral reinforcement
ratio on the stress—strain behavior is investigated. Steel tubes
made up of high strength steel with a yield strength of
1100 MPa were used in the analyses. The lateral steel ratio
was variedrom 0.05% to 4% and the rest of the parameters
used in the analyses were assumed conskagt14). It can
be observed that for lateral reinforcement ratios smaller than
0.5%, steel yielding occurdeafter tre peak strength was
reached. This shows that the assumption of reaching ultimate
strength at steel yielding may not always be appropriate, rig. 14. Effect of lateral reinforceemt ratio on the behavior of steel
especially for concrete with low confinement provided by confined concrete (numbers next to @s\enote the lateral reinforcement
high strength steel. The slope of the descending branchratio).
was gredly affected by the size of the lateral reinforcement
ratio. The stress—strain curvesheit negligible softening 0.5 mm. The rupture strain of the jacket is assumed to be
behavior up to very large axial strains when a lateral 0.01. Analysis results are presentedFig. 15a). For FRP
reinforcement ratio in excess of 4% is provided. thicknessestaove 0.05 mm, no softening was observed in
Another set of parametric studies were conducted on FRPthe dress—strain response. The strength of FRP wrapped
confined concrete cylinders. The cylinder dimensions taken concrete was doubled when a jacket having a thickness of
were similar to those in th@revious study(150 mm x 0.5 mm was used. Another parameter that reveals itself to
300 mm). The compssive failureenergy was taken as be important is the compressive failure energy. For the same
40 N/mm in the first set of analyses. The FRP jacket concrete cylinder having a jacket thickness of 0.05 mm with
was assumed to have a modulus of elasticity of01x a modulus of elasticity of D x 10° MPa, analyses were
10° MPa with a varying jacket thickness from 0.02 to conducted assuming different compressive failure energies

Fig. 13. Effect of concrete strength as@el yield strength on the behavior
of steel confined concrete.

Axial stress, o (MPa)

£, =30MPa
f,=1100MPa
® : Steel yielding
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35 Fig. 16. Comparisons of axial and volumetric behaviors of FRP and steel
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S 25 ultimate strength was reached, whereas dilatation was ob-
e . .
S 20 , served following that. For FR confined concrete, the com-
& paction tendency was reversed at about the uniaxial com-
g pressive strength. These observations agree well with the
= 10| f = 30MPa experimental comparisons presented by Samaan e#d]. [
Z 5| E= 10° MPa | The differences in volumetric behavior of the two cases show
t = 0.05mm that application of steel confined concrete models to FRP
0.011 0.006 -0.001 0.005 0.010 confln_ed cases requires additional calibration, whereas this
Lateral Strain, &. Axial Strain, , need is removed with the proposed model.

(b) Effect of Gyc. .
5. Summary and conclusions

Fig. 15. Effect of FRP thickness and concrete compressive failure energy. . . . .
A new model that is capable of simulating axial and

(Fig. 15(b)). It can be seen that the response was quite lateral deformationsf confined concrete is developed in this
different for different failure energies. F@;. valuesgreater study. The model is simple to use as it employs analytical
than 60 N/mm, softening behavior was suppressed with expressions to describe the complete stress—strain curves.
the use of the same jacket thickness. As the slope of theThe Leon—Pramono criteriorR¥§] is uilized to establish
descending region became degeep, the confining stress the elastic limit, ultimate strength, and residual capacity
that would cause a ‘no-softemy’ response could be reached. of confined concrete. A constant failure energy criterion
This, like other factors such as jacket stiffness, lateral with an exponential decay function is used to describe the
reinforcement ratio, and concrete compressive strength, issoftening behavior. Lateral deformations are explicitly given
an important factor influencintpe behavior of the jacket for  in terms of axial strains, Poisson’s ratio, and secant strain
FRP wraped concrete. ratios at peak and residual strength. Stress—strain curves
The behaviors of FRP and steel confined concrete havingfor concrete subjected to constant confinement from triaxial
auniaxial compressive strength of 30 MPa and compressivecompression tests, FRP confined concrete, and concrete
failure enegy of 40 N/mm are compared iRig. 16in terms confined with spirals and CFSTs where the axial loading is
of axial and volumetric behavior. Jacket thicknesses of 1.0 mainly carried by concrete are obtained using the proposed
and 0.5 mm were used for steel and FRP confined concretemodel. Comparisonaith the analytical results showed that
respectively. A rupture strain of 0.01 was assumed for the the model is capable of tracing all essential features of
FRP jacket, whereas steel yielding is assumed to occur atconcrete behavior in bothirgctions under compression
414 MPa. The moduli of elasticity for steel and FRP were dominated loadings.
taken as D x 10° and 10 x 10° MPa, respectively. It can Parameic studies showed thatéhooncrete strength and
be oberved that the initial stiffnesses and ultimate strengths lateral reinforcementratio are the two most important factors
of steel and FRP confined concrete are similar, but the over-affecting the descending region of the stress—strain curves
all behaviors are significantlgiifferent. In the axial direc-  for steel confined concrete. The yield strength of steel is
tion, the stress—strain response for FRP confined concretdfound to affect only the ultimate strength. For low levels of
was goproximately bilinear, where the degraded stiffness re- confining reinforcement with high strength steel, yielding of
mained constant beyond the uniaxial compressive strength.steel was observed to occur after the peak strength. For FRP
However, for steel confined concrete, the behavior was non- confined concrete it is found that the compressive failure
linear at first and then an almost perfectly plastic response.energy can greatly affect whether softening will occur for
Steel confined concrete showed volumetric compaction until a smallnumber of FRP layers. It is observed that differences
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in volumetric behaior 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 of

situations where parametric studies can easily be conducted.
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