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1. Introduction

The use of concrete-filled steel tubular columns (CFTs) in

structural frames has increased in United States, Japan, China

and Australia during the past the past two decades. They have

been used as columns or bracings in high-rise buildings, piers for

bridges, and so on. CFT combines potential benefits of steel and

concrete to provide a superior structural system, particularly for

seismic applications. The tube increases the strength and

ductility of concrete through confinement, while concrete in

return prevents the inward buckling of the tube. Additional

benefits are realized through speed of construction, use of

standard connections, and eliminating the need for a separate

concrete form. Because of high seismic performance of this type

of elements, their use becomes more and more popular in recent

years. Utilizing of precise analytical calculation demanded

cumbersome nonlinear three dimensional modeling of this type

of infrastructures. So designers prefer to adopt closed form

formulation based on codes. In response to these demands, the

ultimate strength of CFT column is incorporated several codes

such as ACI Building Code (ACI 318-08) [1], Specification for

Structural Steel Buildings (ANSI/AISC 360-05) [2], EC 4 [3],

AS-5100, and CSA S16-01 [4], CECS-28:90 [5], AIJ [6].

Although codes encompass provisions for strength evaluation

under a design procedure, their applicability are confined by

limited range of design parameters. The applicability of codes

provision in outside range of these parameters is questionable

and main goal of this paper is answer to this doubt. 

Design professionals who are familiar with ACI Building

Code and AISC-LRFD Load and Resistance Factor Design

practically used those codes to calculate CFT’s strength under

design loads. The superior of each choice for adopting of codes

in designing of CFT columns under general loading is a great

question for each designer. ACI views CFT is a concrete column

that surrounded with steel tube. In contrast AISC-LRFD

consider this column as a steel column that filled with concrete.

Since the behavior of CFT columns is mostly affected by the

width-to-thickness D/t ratio, slenderness L/D ratio, and axial

load N/No level, in this paper the accuracy of codes is

compared with detailed analytical method.
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2. Previous research

With a literature survey, one can find a comprehensive study

has been done by a number of investigators in recent years

.Research conducted on seismic behavior of CFT may be

divided into experimental and analytical studies. Compared to

analytical studies, more experimental work has been done on

CFT. We can categorize these researches in two parts i.e.

research that focused on axial strength and flexural strength.

Refer to behavior of these columns under axial loads, we can

find the extensive works [7-13]. Several other researchers

focused their studies on flexural behavior of CFT columns [14-

22]. Much of the analytical studies have been focused on

computing the ultimate axial and flexural capacity of CFT

members [23-28]. Nonlinear 3-D finite element analysis of

CFT is rare in the analytical literature [22, 29]. They used this

type of analysis in an individual rectangular or circular CFT

stub or long box column subjected only axial or along flexural

loading. Uses of frame elements were appeared in the several

research works [e.g., 30-34].

Comparison between ACI and AISC-LRFD has been found

in a few research works. Lundberg [35] gathered available

experimental data for axially and laterally loaded CFT column

on CFTs. In this study the calculating code based method of

AISC-LRFD was compared with ultimate strength of

experiments. The average strength of the axially loaded

columns was about 1.32 times than AISC-LRFD predicted. It

was concluded that current AISC-LRFD specification was not

addressed composite action of CFTs subjected axial loads.

Schneider [36] tested 14 specimens with circular, square and

rectangular section under concentric axial loads. D/t ratios in

this study were ranged from 17 to 50 and L/D, from 4.0 to 4.8.

The shape of the steel tube and the aspect ratio were the

primary parameters in the test program. He concluded that for

small dimensional CFT columns, smaller D/t ratios provide a

significant increase in yield load compared to the computed

AISC-LRFD Specifications. In almost all cases the AISC-

LRFD Specification provides a reasonable and conservative

estimate for the axial strength of the CFT columns. In a few

cases that the AISC-LRFD predicted load underestimated, the

predicted yield load was no conservative by only 5% (two

specimens). The average augmented strength in respect to

AISC-LRFD Specification was 1.07. Zhang, and Shahrooz

[37] assembled a wide range of experimental data to examine

the success of two design codes (i.e. ACI and AISC-LRFD) in

calculating the axial strength of CFT columns. The adequacy

of codes also examined under out-ranged strength of steel and

concrete, permitted by codes.  They found strength computed

by ACI and AISC-LRFD Specification can vary significantly.

Neither two codes are applicable for cases in which high-

strength steel tubes are used. And finally they suggested

correction to the ACI method for CFT column in which the

steel tube is assumed to have fully yielded.  

Recently Lue et al. [38] inspected the applicability of AISC-

LRFD to predict the axial strength of CFT columns with high-

strength concrete. This study aimed to assess if the LRFD CFT

column formulas were applicable to intermediate to long

rectangular columns with higher concrete strengths (varying

between 29 and 84 MPa). Various formulas and relevant

provisions for CFT columns as specified in the major design

codes including AISC-LRFD [2], EC4 [3], AS-5100 [39], and

CSA S16-01[4] were examined and compared. The design

CFT strength predicted by the AISC-LRFD formulas and the

test results were found to be in good agreement. The higher

concrete strengths limiting value of 70 MPa proposed in the

AISC-LRFD appears acceptable.

In the previous studies the accuracy of codes in each range of

effective parameters on behavior of CFT columns were not

studied. The success of codes in predicting of capacity of CFT

column under general loading in a wide range of parameters is

unknown. Due to use of out ranged-parameter CFT columns in

several buildings, applicability of design codes for design

purposes seems necessary.   

3. Flexural strength of cft columns

3.1. Analytical method

Since the particular effect of some major aspects of CFT such

as local buckling, bond deterioration, slippages and interface

friction, and variation of confinement during loading between

steel shell and concrete core can not directly considered in a

frame element analysis, So for the study of behavior of CFT,

three-dimensional modeling is obligatory.

Among the available FE programs, ANSYS® [40] is chosen

owing to its comprehensive element library and material models

that are suitable for the analysis of CFT. Fig. 1 shows typical FE

meshes for circular and square CFT columns. Due to symmetry

and loading conditions, only a half section of the column section

is modeled. Concrete is modeled using eight-noded SOLID65
elements with three degrees of freedom at each node. The

element is capable of simulating smeared cracking in three

orthogonal directions, crushing and plastic deformations.

Plasticity is controlled before cracking or crushing is checked.

Cracking initiates if any of the principal stresses exceeds the

tensile strength of concrete. The presence of a crack at an

integration point is represented through modification of the

stress-strain relations by introducing a plane of weakness in the

direction normal to the crack face. A shear strength reduction

factor is considered for subsequent loads, which induce sliding

across the crack face. If the crack closes, all compressive stresses

normal to the crack plane are then transmitted across the crack,

and the shear transfer coefficient for a closed crack is introduced. 

Crushing occurs when all principal stresses are compressive,

and the multi-axial state of stress reaches the five-parameter

failure surface defined by Willam and Warnke [41]. The 3D-

view of this failure surface in space of principal stresses is

shown in Fig.2a.  If crushing occurs at an integration point, the

material strength is assumed to have fully degraded to the extent

that its contribution to the element stiffness could be ignored.

Creep and shrinkage of concrete are both ignored, since they

have been found to have negligible influence on CFT [42]. 

Steel tube is modeled using four-noded SHELL43 element

with six degrees of freedom at each node. Capabilities of the

element include plasticity with strain hardening, stress

stiffening, large deformations and large strains. The kinematic

hardening option for steel plasticity properly models the

Baushinger effect under cyclic loads. The stress-strain
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behavior and the translation of the yield surface in deviatoric

stress space are shown in Fig. 2b. The effects of residual

stresses in the tube are neglected, mainly because recent

studies have suggested their insignificant influence on the

behavior of CFT [22]. 

The concrete-steel interface is modeled using CONTACT52

gap elements, placed between the adjacent nodes of steel tube

and concrete core. The gap elements have a fixed contact

direction perpendicular to the tube surface. The concrete core

and steel tube are assumed to be initially in contact with each

other, i.e., with zero initial separation or gap. The element can

maintain or break physical contact between concrete and steel.

It supports only compression in the normal direction and shear

in the two tangential directions. A coefficient of friction of 0.3

is used in all parametric studies for the slippage or sliding

between steel tube and concrete core. 

The equilibrium equations are solved using an adaptive

descent method [43]. The method switches to a stiffer matrix,

if convergence difficulties are encountered; and to the full

tangent stiffness as the solution converges. The nonlinear

solution is quite sensitive to the number of sub-steps in each

load step. This is due to some negative pivots that may have

been associated with a non-localized materially-unstable

equilibrium path. There is some softening in the description of

the tensile stress-strain relation in the concrete model.

Therefore, the response may show some local minima or

maxima [44]. Due to the softening behavior of concrete, a

displacement control strategy is adopted. 

Conventional buckling analysis of the tube is carried out using

large deformation analysis in two steps: (1) buckling modes

and buckling loads are estimated through eigen-value analysis,

and (2) load-displacement analysis is carried out using the

imperfections suggested by the eigen modes. While expansion

of concrete core provides the necessary imperfections for

buckling of the tube under axial loads, transverse deflections of

beam-columns provides the additional eccentricity needed for

the buckling. The onset of buckling is marked by a non

positive-definite total stiffness matrix, which is the result of

high compressive membrane stresses in the tube during the

loading history. The method of stress stiffening is utilized in the

solution strategy. The method considers stiffening of a structure

due to its stress state. This stiffening effect couples the in-plane

and transverse displacements. It is normally considered for thin

structures, such as steel tube in CFT columns, with very small
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(a) Circular Section                                                                                                 (b) Square Section

Fig. 1. Typical Finite Element Mesh

(a)                                                                                            (b)             

Fig. 2. The material behaviors a) The 3D-view of the failure surface for concrete. b) The stress-strain behavior and the yield surface in
deviatoric stress space 
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bending stiffness as compared to the axial stiffness. With large

deformations, the stress stiffness matrix forms part of the

tangent matrix, thus affecting the rate of convergence but not

the final converged solution. 

Local instability or buckling in the steel tube is the major

cause of strength degradation in CFT columns with high

width-to-thickness D/t ratio. Concrete core helps prevent

inward buckling of the tube. The initiation of local buckling

can be traced by examining the normal contact force between

the tube and concrete core. While confining pressure continues

to increase in the un-buckled regions, confinement vanishes at

the location of local buckling. Since gap elements can not take

any tensile stresses, the release of contact forces indicates

outward buckling of the tube. The local buckling phenomenon

can often be observed near column ends under shear loads.

The large shear stress at the steel-concrete interface near the

supports causes separation of the tube from concrete,

eventually leading to its local buckling. 

4. Current ACI and AISC-LRFD method

Each of these codes does not consider the enhanced

performance of CFT columns owing to almost complete

confinement of the concrete core. The ACI design requirements

for composite columns are similar to those for conventionally

reinforced concrete column design, with modifications of

certain parameters. These parameters are effective radius of

gyration and flexural stiffness (Equation 1 and 2).

(1)

(2)

Where Ec and Es= elastic modulus of concrete and Is steel

respectively; Ic  and Is= moment of inertia of section for concrete

and steel respectively; Ac  and As= area of concrete and steel

section respectively  bd = the ratio of the maximum factored axial

sustained load to the maximum factored axial load. According to

the code commentary, the radius of gyration is modified because

the rules allowed for estimating the radius of gyration for ordinary

reinforced concrete columns are overally conservative for CFTs.

The commentary also indicates to account for creep effects.  The

ACI evaluates ultimate axial strength of CFTs as follow:

P0=As fy +0.85Ac f Bc (3) 

fy  and fBc are yield strength and specified compressive

strength of concrete core. Code recommends using the similar

equations as R.C. Fig. 3 shows the stress and strain distribution

in CFT ‘s section according to ACI.

For prevention of local buckling before yielding, both of the

ACI and AISC-LRFD suggest the minimum thickness for

square and circular sections as follow:

: Square Sections                                                           (4a)

: Circular Sections                                                          (4b)

Where b and D are overall width of rectangular and circular

CFT section, respectively. The aforementioned amounts are

the same values that are provided for hollow steel sections.

Likewise, the AISC-LRFD code considers CFT column

design to be similar to steel column design, again with

modifications to the steel yield strength, modulus of elasticity,

and radius of gyration to account for effect of the concrete.

The AISC-LRFD Specification does not provide detailed

requirements for reinforcing bar spacing, splices, and so on.

Thereby it is likely logical that the requirement in this regard

of the ACI Code should be followed for situation not clearly

covered by the AISC-LRFD Specification. Code places

minimum limitation on the percentage area of steel (1 percent

of the total composite cross section) to qualify for design as a

steel member. If this requirement was not fulfilled, CFT

column should be considered as a concrete column and

designed based on ACI code. The concrete strength should be

casted in range of 21 to 70 MPa. This limitation is owing to

nonexistence of enough experimental data for the higher

strength concrete. The lower range is pertaining to

accessibility of high performance and adequate durability of

concrete. In this code no provision is found for minimum

cement grade. Based on relationships (4), minimum

thicknesses of the shell have the lower values as per AISC-

LRFD in comparison with ACI. The steel stress yielding is

confined by 525 MPa and additional strength is ignored in this

code. In AISC-LRFD, the nominal strength is evaluated

according to ultimate loading. Then reduction factors are

applied. The ultimate stress distribution, which is assumed in

analysis, is shown in Fig. 4. Two methods in the AISC-LRFD

are provided for determining the nominal strength of

composite sections: the plastic stress distribution method and

the strain-compatibility method. The latter method is alike to

ACI approach to predict strength of RC sections. As noted in
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Fig. 3. The stress and strain distribution in CFT’s sections according to ACI



spec, the strain compatibility method restricted to determine

nominal strength for irregular sections and for cases where the

steel does not exhibit elasto-plastic behavior. The design

strength is: 

Pu=0.75Pn (5)

For axially-loaded CFT columns shall be determined for 

the limit state of flexural buckling based on column

slenderness:

(6a)

(6b)

Where P0=Asfy + C2AcfBc   (C2=0.85 for rectangular sections

and 0.95 for circular sections), and:  

P0=p2 (EIeff)/(kL)2 (7)

The modified elastic modulus and modified yield stress of

CFT column are defined based on following relations:

(8)

No provision are given in either codes for CFT design of high

seismically regions.

5. Verification of analytical model

The accuracy of the FE model is verified against test results

of 4 beam-column specimens of Sakino and Ishibashi [15]

with fixed supports at both ends. After the specimen is loaded

axially to a preset level, the axial load is maintained and a

prescribed lateral displacement history is applied at the top.

The geometric and material properties and axial loads for

tested specimens are summarized in Table 1, where N is

applied axial load, No (i.e., Po) is column capacity, as

calculated by the ACI, D is outer width or height of the square

tube section, t is tube thickness, L is column length. 

Fig. 5 compares predicted load-displacement curves with

monotonic test results for the 4 test specimens. The stress-

strain relation for the steel tube was considered as bilinear

with a strain hardening slope at 1% of the initial elastic

modulus of steel. Lateral displacements are normalized as

percent drift R with respect to the column height. Favorable

agreement is generally noted for the analytical predictions.

Slight discrepancies may be attributed to the material models

that are available in ANSYS®. The local maxima/minima and

snap-trough or snap-back are attributed to cracking and

crushing of concrete, local buckling of steel tube, and sudden

variation of stiffness of gap elements, as previously

identified by Crisfield [45]. The general slope of the post-

peak descending branch depends on the mesh size [46].

6. Sensitivity study of codes to effective parameters
on CFT

Analytical studies and experiments have confirmed that

behavior of CFT columns is mostly affected by the width-to-

thickness D/t ratio, slenderness L/D ratio, and axial load N/No
level. The accuracy of Codes in evaluation of flexural strength

is compared with analytical method in the following sections:

6.1. Aspect ratio considerations

Table 2 shows the geometric and material properties and

axial loads for the case study. The comparison between

flexural strength provisions by codes with analytical value

versus change of aspect ratio was carried out with 8 columns,

half of which with a square section (SC), and the other half

with a circular section (CC). The same loading pattern was

used as that of the verification test specimens. Four D/t ratios

of 25, 50, 75, and 100 were considered by varying the tube
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Fig. 4. The stress and strain distribution in CFT’s sections according to AISC-LRFD

Table 1. Geometric and material properties and axial loads for verification specimens [10]
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thickness. All columns had the same L/D ratio of 4, and were

all tested at the same axial load level of 20%. The compressive

strength of concrete core and the yield stress of steel tube were

22.5 MPa and 240 MPa, respectively. The stress-strain relation

for the tube was considered as bilinear with a strain hardening

slope (EBs) at 1% of the initial elastic modulus of steel (Es). 

Based on relations (4) the minimum thickness of steel shell

based its properties in Table 2 are calculated as: 

tmin=6.0mm (ACI), 4.6mm (AISC)      : Square Sections

tmin=3.6mm (ACI), 2.4mm (AISC)      : Circular Sections     

The maximum lateral strength of CFT and the corresponding

hollow steel columns (HSC depicted at Table 2) are evaluated

with analytical model and code’s provisions vs. D/t ratio are

shown in Fig. 6. The Fig.7 shows the ratios of code values to

values predicted by present study for changing aspect ratio.

Some conclusions can be expected as:  

i. According to table. 2 the columns SC-DC-I, SC-DC-II,

and CC-DC-I hold a steel-shell’s thickness less than the

minimum values permitted by codes. One can find the

analytical values located upper bond of code’s predictions for

CFT column. For two square CFT sections (SC-DC-I, SC-

DC-II), the analytical values is greater than code provisions,

but the analytical results of hollow SC-DC-I section has lower

strength than AISC-LRFD. The later comparison is

reasonable, because the assumption of no buckling is
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Fig. 5. Comparison of analytical and experimental results
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Table 2. Properties of specimens for the width-to-thickness ratio case study
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presumed in AISC-LRFD equations. But for CFT sections

with high aspect ratio, it is reasonable to modify the equation

(4) to less value. It is seemed for hollow circular sections the

equation that suggested for AISC-LRFD for minimum

thickness should be modified to less value. This equations that

is formulated for hollow steel columns, are conservative for

CFT columns

ii. ACI shows greater shear strength than AISC-LRFD for

CFT column, the close estimation of lateral strength is

observed for ACI results. Thereby AISC-LRFD estimates

lateral strength of CFTs more conservative than ACI

iii. Two codes provide close estimation of shear strength in

moderate aspect ratio (D/t=50).

iv. The concrete and steel strength in code’s expressions

should be modified for level of confinement based on change

of D/t index.

v. For CFT square sections with low aspect ratio, ACI shows

good estimation of post-peak strength.

vi. Due to ignoring local buckling, AISC-LRFD shows

greater value to analytical results in large aspect ratio for

hollow steel columns (HSC).

vii. For moderate level of axial loads and slenderness, codes

are safe in evaluation of lateral strength if CFTs column

(N/N0=.2 and L/D=4). 

6.2. Slenderness index considerations

Table 3 shows the geometric and material properties and

axial loads for the slenderness ratio case study. The

comparisons with codes was carried out with 8 columns, half

of which with a square section, and the other half with a

circular section. The same loading pattern was used as that of

the verification test specimens. Four L/D ratios of 2, 4, 6, and

8 were considered by varying the column length. All columns

had the same D/t ratio of 50, and were all tested at the same

axial load level of 20%. The compressive strength of concrete

core and the yield stress of steel tube were 22.5 MPa and 240

MPa, respectively. The stress-strain relation for the steel tube

was considered as bilinear with a strain hardening slope at 1%

of the initial elastic modulus of steel. 

The maximum lateral strength of CFT columns (depicted at

Table 3) are evaluated with analytical model and code’s

provisions that are depicted in Fig. 8 vs. L/D ratio (slender

index). The Fig. 9 shows the ratios of code values to values

predicted by present study for changing slenderness ratio.

Some conclusions can be expressed by comparison of

following curves: 

i. For wide range of changing slenderness, the lateral strength

of ACI is greater than AISC-LRFD.
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Fig. 7. The comparison between codes and present study for changing aspect ratio
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ii. ACI values for short columns (L/D=2) are not

conservative. In contrast AISC-LRFD computes the lateral

strength for all applicable slenderness in conservative manner.

Because the short column experience excessive local buckling

( for low to moderate D/t) that it is not considered in ACI’s

equations. Also effects of shear deformation are not reflected

for short column on codes equations.

iii. The deviation curves for CFTs in Fig. 9a, 9b are parallel.

It shows in estimating of strength, two codes consider the

effect of slenderness in same manner. The steep slip is located

in low slenderness range that indicates the effect of local

buckling should be entered in this range.

iv. For square columns the effect of slenderness on accuracy

of strength’s estimation for hollow and CFT columns are in

opposite manner i.e. for hollow section, AISC-LRFD is 

far away from analytical values during reducing of

slenderness. But for CFT columns, these two values are in

neighborhood.
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Table 3. Properties of specimens for the slenderness ratio case study
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Fig. 9. The comparison between codes and present study for changing slenderness

Fig. 8. The lateral strength of columns vs. slenderness ratio
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6.3. Load level consideration

Table 4 shows the geometric and material properties and axial

loads for the axial load level case study. The study was carried

out with eight columns, half of which with a square section, and

the other half with a circular section. The same loading pattern

was used as that of the verification test specimens. Four different

N/N0 ratios of 0, 20%, 35%, and 50% were considered. All

columns had the same D/t ratio of 50, and L/D ratio of 4. The

compressive strength of concrete core and the yield stress of steel

tube were 22.5 MPa and 240 MPa, respectively. The stress-strain

relation for the steel tube was considered as bilinear with a strain

hardening slope at 1% of the initial elastic modulus of steel.

The maximum lateral strength of CFT columns (depicted at

Table 4) are evaluated with analytical model and code’s

provisions vs. N/N0ratio (axial load level) is shown in Fig. 10.

The Fig.11 shows the ratios of code values to values predicted

by present study for changing N/N0.  With comparison of these

curves, some conclusions can be expressed:

i. During the increasing of axial loads the predicted strength

of two codes are far from each other. For each level of axial

loads, AISC-LRFD values always are conservative. For high

range of axial loads (N/N0=0.5), ACI shows no conservative

strength. It alludes to high local buckling in the steel shell that

288 International Journal of Civil Engineering, Vol. 10, No. 4, December 2012

Table 4. Properties of specimens for the axial load level case study
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Fig. 10. The lateral strength of columns vs. axial load level aspect ratio
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is not contemplated in ACI codes. 

ii. The analytical strength shows an increasing of strength in

first stage of increasing of axial load (N/N0=0.2) after that, the

strength reduced with increasing of axial load. ACI shows

similar variations but AISC-LRFD doesn’t show this

variations. In this code the strength reduce with increasing

axial load during increasing axial loads.

iii. Without axial load, the two codes supply the lower

strength for CFT column than analytical strength respect to

hollow section.

iv. The lateral strength’s estimations of AISC-LRFD for CFT

columns are lower than analytical result of hallow sections.

v. ACI shows more superior estimations of lateral strength to

AISC-LRFD. 

vi. With increasing axial load AISC-LRFD shows more

declining of shear strength to ACI. 

7. Conclusions

A 3-D finite element model was developed to compare

accuracy of codes in evaluation flexural strength of CFT and

HSC columns under a constant axial load, for a number of

different geometric and material parameters. The following

conclusions may be drawn:

1. The minimum thickness that recommended in preventing

local buckling before steel shell yielding by - mentioned

codes, for CFT columns could be decreased up to %30

especially for square section based on ACI code. 

2. In estimation of lateral strength of CFT columns the ACI

is reasonable than AISC-LRFD.

3. The measured shear capacity by ACI generally higher than

their counterparts computed by AISC-LRFD.

4. AISC-LRFD estimates the lateral strength conservatively but

ACI in some ranges such as in short columns and in high axial

load levels computes lateral strength in no conservative manner.

5. The effects of some parameters, such as local buckling in

column with high aspect ratio and shear deformation in

column with low slenderness and high level of axial load that

could influence CFT response seriously, should be taken in to

account in the design process. 
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