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Abstract: This study investigates the axial load behavior of concrete-filled steel tubDRF) columns with the width-to-thickness

ratios between 40 and 150, and proposes an effective stiffening scheme to improve the mechanical properties of square cross-sectior
CFT columns. Seventeen specimens were tested to examine the effects of cross-sectional shapes, width-to-thickness ratios, and stiffen
arrangements on the ultimate strength, stiffness, and ductility of CFT columns. Moreover, nonlinear finite element analysis was alsc
conducted to investigate cross-sectional axial stress distribution at the ultimate strength. Comparing the measured ultimate strength wit
estimates by using some current specifications suggested that current specifications may considerably underestimate the ultimate stren
of circular CFT columns, particularly for columns with a small width-to-thickness ratio. Results in this study demonstrate that the
proposed stiffening scheme can significantly enhance the ultimate strength and ductility of square CFT columns.
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Introduction According to Zhong's bookZhong 1995, the review by Uy
(1998 and the report by Huang et #1998, numerous research-
In modern structural constructions, concrete-filled steel tubular ers have investigated the axial load behavior of CFT columns
(CFT) columns have gradually become a central element in struc- through laboratory tests and finite element analyses Furlong
tural systems like buildings, bridges and so forth. CFT columns 1967; Gardner and Jocobson 1967; Knowles and Park 1969;
have become so widespread owing to their axially compressedTomii et al. 1977; Sakino et al. 1985; Lin and Huang 1989; Kwon
nature making them superior to conventional reinforced concreteand Song 1998; and Schneider 1898hese studies confirmed
and steel structural systems in terms of stiffness, strength, ductil-that the behavior of CFT columns is heavily influenced by the
ity, and energy absorption capacity. The steel tube not only takeswidth-to-thickness ratidB/t or D/t, D for diameter of circular
axial load, but also provides confining pressure to the concretecross sectiop the height-to-width rati@dL/B or L/D), the cross-
core, while the concrete core takes axial load and prevents orsectional shape of the steel tube, and the strength ratio of concrete
delays local buckling of the steel tube. Furthermore, concrete- to steel. For example, Furlori@967) experimentally investigated
filled composite columns also have the advantage of requiring nothe effects o8/t (between 30 and 100and the strength ratio of
formwork during construction, thus reducing construction costs. concrete to steel on the axial strength of CFT columns. Mean-
while, Knowles and Parkl969 experimentally studied how/t
Iassociate Professor, Dept. of Civil Engineering, National Chiao (between 15 and 6GandL/D (between 2 2l affect the behavior
Tung Univ., 1001 Ta-Hsueh Rd., Hsinchu, Taiwan30050. Email: of circular CFT columns. Tomii et a(1977) collected and ana-
cshuang@cc.nctu.edu.tw lyzed about 270 experimental results for CFT columns with cir-

°Associate Research Fellow, National Center for Research on Earth-Cular octagonal, and square cross sections. Schn@ified also
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“Professor, Dept. of Civil Engineering, National Cheng Kung Univ., between 17 and 50 anid/D between 4 and 5. Additionally, a
Tainan, Taiwan 70101. nonlinear finite element analysis was carried out to investigate the

.5Professor, Dept. of Civil Engineering, National Taiwan Univ., Taipei, adequacy of the design provisions. Since the early 1960s, re-
Ta“g"g” 30637-& dent. Deot. of Civil Endineering. National Tai searchers in China have systematically and comprehensively in-
raduate >tudent, Dept. of LIVl Engineering, National fawan vestigated the behavior of circular CFT columns through labora-

Univ., Taipei, Taiwan 10617. d ical | d zh 's book .
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found that although the second stiffening scheme does not influ-
ence strength, it does enhance the ductility of square CFT col-
umns.

This work proposes a new stiffening scheme as an alternative
for enhancing the behavior of square CFT columns in terms of
strength and ductility. The proposed stiffening scheme involves
welding a set of four steel bafsalled tie bars beloywat regular
spacing along the tube axis. The stiffeners are typically arranged
as displayed in Fig. 1. To investigate the effectiveness of the
proposed stiffening scheme, laboratory tests of 14 specimens
under concentric compression were carried out for short square

CP CFT columns with or without stiffening. For comparison, experi-
ments were also conducted on three short CFT columns with cir-
cular cross sections. The primary parameters considered in this
test program includ®/t, the spacing of the tie bar& {), and the
diameters of the tie bars. These factors were experimentally in-
vestigated to assess their influence on ultimate strength, initial

i R et %Zd stiffness, a_nd ductility. Finally, tq furt_her _underst_a_nd the effects of
f i b b3 cross-sectional shapes and stiffening in confining the concrete
@(B/3) core, nonlinear finite element analyses were conducted to deter-
U 19__17__‘ =4 mine the distribution of axial stress along a typical cross section
(b) when a CFT column reached maximum strength.

Fig. 1. (a) Photo for typical arrangement of stiffness, &l layout

; . . Experimental Program
of typical stiffened cross section P 9

Seventeen test specimens witlB= 3 were tested under concen-

tric axial compression. Of the specimens, five were Bt
tube with a rectangular cross section is smaller than that with a (or D/t) =40, eight were foB/t (or D/t) =70, and four were for
circular cross section. B/t (or D/t)=150. Three of the specimens were for circular

To improve the behavior of rectangular CFT columns, two cross section and the rest were for square cross section. Table 1

stiffening measures are frequently adopted: welding longitudinal summarizes the dimensions and material properties of the speci-
steel strips on the internal surface of a steel tube and weldingmens, withAg and f, ; representing the cross-sectional area and
shear studs. Ge and Usaifdi992 and Kwon and Song1998 the yield strength of the steel tube, respectivélydenoting the
experimentally studied the effects of the former measure on thestrength of the concrete coréy,, being the total composite
behavior of square CFT columns. According to their results, this cross-sectional area; anandf, , representing the diameter and
approach increases ultimate strength because the longitudinalield strength of the tie bars, respectively. For convenience, each
stiffeners share the axial load. However, this method also causes @pecimen has an individual designation, involving two English
severe strength loss in the postbuckling range. Lin et1#93 letters followed by a series of numbe(see Table L The first

Table 1. Properties for Concrete-Filled Steel Tube Components

Tie Bar
Specimen B or D (mm) t (mm) BitorD/it  Ag/Aim  Steel tubef,  (MPa) Concretef, (MPa) d (mm) fyp (MPa)
SU-040 200 5 40 0.098 265.8 27.15 — —
SS-040-05(B) 200 5 40 0.098 265.8 27.15 9.52 410.9
SS-040-0504) 200 5 40 0.098 265.8 27.15 12.7 386.0
SS-040-100%) 200 5 40 0.098 265.8 27.15 12.7 386.0
CU-040 200 5 40 0.098 265.8 27.15 — —
SU-070 280 4 70 0.056 272.6 31.15 — —
SS-070-05(B) 224 3.2 70 0.056 323.8 23.94 9.52 395.7
SS-070-05B)R 224 3.2 70 0.056 323.8 25.73 9.52 395.7
SS-070-098) 280 4 70 0.056 272.6 30.49 7 588.6
SS-070-098) 280 4 70 0.056 272.6 30.49 9.52 615.3
SS-070-14(B) 280 4 70 0.056 272.6 29.84 9.5 615.3
SS-070-18W) 280 4 70 0.056 272.6 29.18 9.52 615.3
CU-070 280 4 70 0.056 272.6 31.15 — —
SU-150 300 2 150 0.026 341.7 27.20 — —
SS-150-05@) 300 2 150 0.026 341.7 24.00 7 735.8
SS-150-10@) 300 2 150 0.026 341.7 25.21 7 735.8
CU-150 300 2 150 0.026 341.7 27.23 — —
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letter represents the cross-sectional shape of the spec¢namnd 3000
Sfor circular and square, respectivelifhe second lette§or U,

denotes a specimen with or without stiffening, respectively. 1
Meanwhile, the three numbers following the English letters de-

note the width-to-thickness ratio. For stiffened specimens, the last 2000 —
three numbers before the parentheses represent the center-to-

center spacing between the stiffened cross sectigms terms of z |
millimeters. Finally, the parenthesized number is the reinforcing o ;
bar number of the tie bar. To more accurately simulate practical Bit=40
o : 1000 = weeGenee SU-040

applications, the steel tubes of these specimens were not an- e $$-040-050(3)
nealed. t— $8-040-050(4)

Additionally, to investigate the behavior of CFT columns in- . -~ ©-- $8-040-100(3)
fluenced by the residual stresses from the welding, one specimen —&— CU-040
was constructed by annealing its stiffened steel tube before pour- 0 ——t { —+— —
ing concrete into the tube. An additionRlfollowing the paren- 0 0.5 1 1.5 2 2.5
theses in Table 1 is used to denote this specimen that has been 5(%)

annealed.

All steel tubes were cold-formed carbon steel with a yield  Fig. 2. Experimental behavior of versuse for B/t (D/t)=40
strength of between 265 and 342 MPa, depending on the thick-
ness of the steel tube. The yield strength was determined from
tests on tensile coupons taken from the steel plates that were als®/t=40 for the square cross section anét=40 and 70 for the
used to form the steel tubes. The size of coupons and the testircular cross section satisfy the requirements prescribed in these
procedures follow American Society for Testing and Materials, two design codes.

ASTM E10-84 (ASTM 1991 requirements. The square tubes Four LVDTs were used to determine the average longitudinal
were constructed by seam welding two U-shaped cold-formed strain. For circular specimens, the LVDTs were placed 90° apart
steel plates. If stiffening were specified, the tie bars were fillet around the periphery of the specimen, while for square speci-
welded to the U-shaped cold-formed steel plasese Fig. 1 be- mens, the LVDTs were placed along the central line of each of the
fore making the seam complete penetration groove wéiée four sides. Sets of strain gauges containing three-element rectan-
Fig. 1). The typical layout of the tie bars is also shown in Fig. 1. gular rosettes were also placed on the exterior of each CFT col-
Notably, a CFT constructed by seam welding four pieces of steel Umn to measure the local strains of the steel tube wall. Finally,
plates is likely to fail in the seam weld when tested because of Uniaxial strain gauges were placed on some of the tie bars in the
stress concentration at the cornérén and Huang 198p stiffened specimens.

Type | Portland cement, sand, and a maximum aggregate size 1 Nne compression tests were conducted in a 4900 kN universal
of 2 cm were mixed to obtain an 18 cm slump with a 28-day testing machine. Axial loads, measured by the test machine load
target strength of 27.47 MPa. Table 1 lists the concrete strengthCell, were slowly applied to the specimen such that the average

for each specimen, obtained from cylinder tests conducted at theStrain rate was approximately 230° L/s. The compression
same test day for the CFT specimen. tests stopped at a strain level of 5%. If LVDTs could possibly be

The values OfA. /A, listed in Table 1 reveal that all the damaged by the large deformations of a specimen, they were
specimens satisfy AlJ specifications @Q/A = 0.8%. How- removed before the 5% strain level.
ever, the specimens @&/t (or D/t)=150 violate the LRFD re-
quirements ofAg /A= 4%. . ) .

To consider the limitations of the width-to-thickness ratios pre- EXPerimental Results and Discussion
scribed in some of the design codes, LRFD specificatiéSC
1997 require that for a square cross section

Figs. 2-5 show load—average strain cury@sP—¢ curves for
all specimens. These measured results are presented according to

B 2E, the different width-to-thickness ratios of the specimens. Gener-
T$ f (1) ally, the P—¢ curve of Specimen CU-040 closely approaches an
vt elastic—perfectly plastic behavior, while Specimens CU-070 and

whereE = Young's modulus of the steel plate. Meanwhile, Japa- CU-150 exhibit strain-softening behavior. Te-z curves for
nese AlJ design cod@\lJ 1997 requires that for a circular cross ~ square specimens without stiffenif§U specimensappear to

section display strain-softening behavior, and the strength-degrading rate
after the peak load increases with tB& ratio. TheP—g curves
D <15 240 2 for stiffened squar€SS specimens demonstrate the effects of
T Pl F (28) slowing the strength-degrading rate when the proposed stiffening

_ scheme was used. An appropriate stiffening arrangement can en-
and for a square cross section hance theP—¢ relationship from a strain-softening case to an
elastic—perfectly plastic respongsee the curves for Specimens

B 74 SS-040-05(8), SS-040-05(), and SS-070-058)]. Load—strain
—=<15|— (2b) . : . .
t JE relations may have been improved because of increased confine-
ment on the core concrete and delay of local buckling with the
whereF = nominal strength of the steel plate in units of tfcamd proposed stiffening scheme. The effects of different stiffening ar-

is equal to the smaller value from between the yield strength andrangements on the behavior of CFT columns in terms of ultimate
70% of the ultimate strength. Apparently, only specimens with strength, elastic modulus, and ductility are discussed below.
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Fig. 3. Experimental behavior dP versuse for B/t (D/t)=70 Fig. 5. Comparison of experimental results for specimens with/

without annealing

Ultimate Strength
P,/Py gy for circular cross-sectional specimens are all greater
gwan one(even forD/t=150), and the specimens with a smaller
D/t exhibit a largeP, /P, gy. For square unstiffened specimens,
only the value ofP, for B/t=40 is larger than that determined by
Eq. (3). All the square stiffened specimens ha¥g/P,, g, greater
h.than one.

For comparison, Table 2 also lists the valuesPgliP,, | grep,
where P, | rep stands for nominal strength estimated using the
&RFD specifications

The maximum load in th®—¢ relationship for each specimen is
defined as the ultimate strength of the specimen and is denoted a
P,. The strain corresponding to the ultimate strength is called
peak strain and represented s Meanwhile, Table 2 lists the
values ofP, ande, for each specimen. Local buckling was not
clearly observable in either specimen at the ultimate strengt
Notably, the smaller value oP, for a circular cross-sectional
specimen than that for a square one with the same width-to-
thickness ratio is caused by the smaller cross-sectional area of th
former. l:)n,LRFD:Achr 4)
To reduce the influence of variations in concrete strength and

cross-sectional area when comparfg for different specimens, where
the values ofP, were normalized by the nominal axial strength Fe=(0.658)F, for A<1.5 (58)
given by Eurocode 4 ENV 1994-1{(BSI 1994,
Frmy="fy+0.85 (A /A (5b)
Pn,EU:Asfy,t+Acf(/: (3 2
. N=(KL/yym) (me/Em) (50)
whereA.= cross-sectional area of the core concrete. Table 2 also
summarizes those results. Notably, the nominal strength defined Em=Est0.4CE(Ac/As) (5d)
by Eq.(:’?) differs from that given in AlJ, where a reduction factor |, hare K| = effective simply supported column length and,
of 0.85 is prescribed on the concrete strentjth The values of  _ raqjys of gyration of steel tube. The elastic modulus of the core

concrete was estimated froEQ=4730\/H(MPa), and the elastic
modulus for steel tub&, was set as  10° MPa. Notably, the
values ofP, /P rep €Xceed those oP, /P, gy.

4 Interestingly, the values ok, for circular cross-sectional
specimens markedly decrease whgft changes from 40 to 70.
This decrease occurs because the load—strain relationship for
Specimen CU-040 exhibits elastic—plastic characteristaee
Fig. 2) while strain-softening behavior is observed for Specimen
CU-070 (see Fig. 3. The value ofe, for a square specimen is
much smaller than that for a circular one with the saeratio.
Moreover, the values of , for the square specimens with a larger
B/t are closer to the ultimate strain of 0.3% for unconfined con-
crete, indicating that specimens with a lardit result in less

4000

—a—- §5-150-050(2)

- ~o- - $5-150-100(2) confinement of the core concrete. The proposed stiffening scheme
} —o— CU-150 markedly increases,, especially when stiffened with smaller
0 —t e Ls.
0 ols ; 1'5 ; 25 Generally, the results in Table 2 indicate ti§/P, g, (or
(% ) ’ Po/Pnrep) @ande, increase with decreasing longitudinal tie bar
E\7o spacing (), regardless of thB/t ratios. The maximum increase

of P, /P, ey (0r P,/P, | rep) Value from stiffening exceeds 15%.

Fig. 4. Experimental behavior d? versuse for B/t (D/t) =150 The stiffened specimens with =B/4—B/6 for B/t=40-150
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Table 2. Experimental Results

P, ep Pp Py (EA) comp Ecomp (EAYcomp (BEA) comp ey €05
Specimens (kN) (%) Pneu Pn.LrFD (MN) (MPa) (EA)LrrD (EA)E (%) (%) los
SU-040 2,312 0.41 1.15 1.24 976.72 24418 0.857 0.571 0.17 0.53 3.19
SS-040-05(8) 2,728 2.04 1.35 1.46 889.64 22241 0.780 0.542 0.16 — a
SS-040-0504) 2,903 4.44 1.44 1.55 883.64 22091 0.775 0.535 0.18 — a
SS-040-100%) 2,463 0.84 1.22 1.32 883.16 22079 0.775 0.511 0.16 1.85 11.6
CU-040 2,013 2.08 1.27 1.37 1133.6 36083 1.266 0.869 0.12 — a
SU-070 3,401 0.33 0.97 1.08 1299.9 16580 0.783 0.639 0.14 0.41 2.92
SS-070-05(8) 2,344 1.21 1.14 1.25 727.80 14505 0.727 0.611 0.20 2.90 14.5
SS-070-05B)R 2,328 1.06 1.10 1.21 791.38 15772 0.778 0.648 0.16 3.09 19.7
SS-070-098) 3,744 0.47 1.08 1.18 1023.1 13050 0.619 0.503 0.19 0.60 3.19
SS-070-09®) 3,855 0.48 1.11 1.24 1121.8 14308 0.679 0.555 0.19 0.67 3.53
SS-070-14®8) 3,610 0.50 1.06 1.17 1057.6 13490 0.647 0.527 0.18 0.62 3.37
SS-070-18W) 3,457 0.37 1.03 1.14 1085.8 13850 0.664 0.546 0.19 0.54 2.92
CU-070 3,025 0.49 1.09 1.22 1358.5 22063 1.042 0.850 0.11 1.21 11.4
SU-150 3,062 0.33 0.96 1.08 924.66 10274 0.694 0.415 0.19 0.39 2.10
SS-150-05@) 3,184 0.49 1.14 1.24 1143.9 12710 0.893 0.513 0.14 0.97 6.84
SS-150-10@) 3,105 0.50 1.03 1.09 1040.8 11564 0.800 0.467 0.16 0.71 4.34
CU-150 2,608 0.34 1.04 1.17 1169.4 12993 0.877 0.525 0.08 0.65 7.89
Note: — means no data available.
aCorresponding curve either displays perfectly elastic—perfectly plastic behavior or has very small strength degrading rate.
(smaller Ly for larger B/t) have a largerP,/P,g, (oOr with ir_lcreasingB/t (or D/t). Interestingly, the elastic moduli of
Po/Pn.rep) Value than the circular specimens with the same the stiffened tubes are generally smaller than those for the corre-
width-to-thickness ratio have. The increases Ryf/P, g, (or sponding unstiffened tubes, except for the specimens Bith

P,/Pn rep) @nd e, in the SS specimens suggest that the pro- =150. . . .
posed stiffening scheme enhances the confinement effect on the Notably, the definition of elastic modulus by E) differs

core concrete. from the definition of the modified elastic modul&s, given in
The experimental results presented in Table 2 do not conclu- LRFD. The stiffness of the composite cross section in LRFD is

sively reveal how tie bar diameter affect®,/P,g, (or defined as

Pp/Pn rep) @nde,. Comparison of the results for Specimens (EA) rro= EmAs 7)

SS-040-05(B) and SS-040-05@) reveals that increasing tie bar )

diameter significantly increase®, /P, gy (or P,/P, rep) and ~ The measured versus computed StifneB&comp/(EA) lrep

,. However, there are no such trends indicated in the resuits for9/Vén in the eighth column of Table 2 reveals that for the speci-

Specimens SS-070-083 and SS-070-093). Apparently, the ef- mens with a W|dth-to-th|ck_ness ratio that satls_fles the requirement

fects of the tie bar diameter d?, /P, g, (of P /Py, | rep) ands, of LRFD, Eq.(7) underestimates the composite stiffness for the

also depend ot C|rcu_lar cross section, but overestimates it for the square cross
section. Meanwhile, Eq(7) overestimates the stiffness of speci-

) ) mens with a width-to-thickness ratio that exceeds the limitations
Composite Stiffness in LRED.

The composite stiffne§{E A) compl Of the CFT member is needed Furlong (1968 also proposed a design formula for estimating
for analyzing and designing a structural system comprising CFT the elastic modulus by assuming the composite stiffness equal to
columns. To evaluate the composite stiffness from Ehee the algebraic sum of stiffness for the steel tube and core concrete
curves, experimental data with the strains between 0.05% and (EA) comp= AcEc+ AsEs (8)

0.1% were applied to determine the initial slope dPae curve . ) .
by a linear regression. Notably, the load correspondinggto !N Table 2, the estimate o(A)comp USiNg Eq.(8) is denoted by

=0.1% is less than 0.B,, and the strains less than 0.1% are (EA). The ninth column of Table 2 lists the ratio of the mea-

essentially in the elastic range. This slope is denoted as the stiff-SUréd EA)comp Over the estimate using E(g). The results in the

ness of the composite cross section. The sixth column of Table 2MNth column indicate that E(8) overestimates the composite

lists the values of the measured stiffness for all specimens. stiffness, particularly for square cross-sectional specimens.
Since the cross-sectional areas for differ&it and cross-

sectional s_,hapes_di_ffer, direc@ly comparing '_[he composite stiffness Ductility

of all specimens is inappropriate. The elastic modulus of the com-

posite section is defined herein as The definition of ductility proposed by Ge and Usaith996 was
applied herein, which is
Ecomp: (EA)comp/Atotal (6)
The seventh column of Table 2 lists the valueggf, for all tos=Dos/dy ©)
specimens. Given the same width-to-thickness ratioEihg,, of where 8 ;= deformation corresponding to loads of 95% of the

a circular tube exceeds that for a square tube, regardless ofultimate load and is larger than the deformation corresponding to
whether the square tube is stiffened. FurthermBg,,decreases  the ultimate load, and,=yield displacement. The definite yield
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A

point was not evident from thB—e curves given in Figs. 2-5.
Nevertheless, the procedure for estimating yield strain proposed
by Zahn et al.(1990 for traditional reinforced concrete was
adopted here. The yield strain was estimated using 133% of the
strain corresponding to 0.7B, | grp. Apparently, the definition
given by Eq.(9) is only suitable forP—¢ curves with strain- X
softening characteristics. As mentioned above, most ofPthe

curves obtained herein are of this type. Generally, based on the
ductility defined by Eq(9), the P—g curves with smaller strength
degrading rate after the ultimate load have larger ductility.

The last column of Table 2 lists the values o§s for all the
specimens. The correspondiRg-¢ curve either displays elastic—
perfectly plastic behavior or has very small strength degrading T 1
rate, so thakgs cannot be obtained from the experimeriats | . B
curves. In such cases, the specimen has excellent ductility. flary

Carefully observing the®—¢ curves given in Figs. 2-5 and R
comparing the values qf o5 reveal several facts. With the same i L i 5 e
width-to-thickness ratio, circular specimens display better ductil- 175 318
ity than nonstiffened square specimens. Furthermore, ductility is ' *
better for specimens with smaller width-to-thickness ratios. The
proposed stiffening scheme with appropriate longitudinal spacing
of tie bars significantly enhances the ductility of square tubes. (a) (b)
Using L (spacing between tie barsB/4-B/6 for B/t=40
~150(largerB/t with smallerL) considerably increases the duc-
tility of a stiffened square specimen. Finally, there is no strong
indication that the diameters of tie bars significantly influence
ductility.

Fig. 6. Typical local buckling of steel tube walla) Specimen SU-
070 and(b) Specimen SS-070-093

was observed at the stiffened cross sections. For the stiffened
specimen, an observable local buckling is confined to within two
adjacent stiffened cross sections. Consequently, local buckling is

_ ) o ) ~ expected to be further inhibited by decreasing the spacing be-
Welding operations on a steel tube are inevitable in constructing tween the stiffened cross sections.

CFT components, and usually cause residual stresses of the steel

tube. To investigate the influence of residual stresses on CFT

column behavior, an additional specimen with heavy stiffening Numerical Study

was constructed by annealing the steel tube before pouring con-

crete inside it, thus removing residual stresses. The specimen isStress distribution at a cross section can be very helpful in under-
denoted as SS-070-08)R in Tables 1 and 2. This specimen is  standing the behavior of the concrete core during axial loading.

Effect of Annealing

identical to Specimen SS-070-08D except that Specimen SS-
070-05@3) was not annealed.

Fig. 5 plots theP—¢ curves for the above two specimens,
while the corresponding values &%;, elastic modulus, anglgs
are also listed in Table 2. Fig. 5 reveals that the two specimens
share very similaP—¢ curves. In the small strain range say
=<0.7%, Specimen SS-070-08)R can sustain a greater load
than Specimen SS-070-08) at the same strain levels, while the
opposite occurs at large strain levels. Nevertheless, Table 2 indi-
cates that ultimate strength is only slightly affected by residual

However, stress distribution cannot be measured directly. Conse-
quently, finite element analyses were carried out for Specimens
CU-070, SU-070, and SS-070-Q23 Three-dimensional nonlin-
ear(material and geometry nonlingdmite element models were
established by using the commercial finite element package
ABAQUS (Hibbitt, Karlsson, and Sorensen, Inc., Pawtucket, R.I.,
1994.

Finite Element Mesh

stresses, and residual stresses slightly reduce composite stiffnes®wing to the symmetry of a specimen and boundary conditions,

These two observations were also reported by Zh@995 and
Furlong (1968, respectively. Although it has not been reported
before, residual stresses may considerably requge Further
experimental data are required to confirm the effect of residual
stresses on the ductility.

Failure Mode

Fig. 6 illustrates a typical wall buckling for the specimens of

B/t= 70 with and without stiffening at a strain level of about 5%.

The grid on the surface of the steel tube has a size of 7
X7 cnf. The dots on the surface of the steel tube in Figp) 6

indicate the locations of tie bars. The stiffened specimen appears

to have a smaller wavelength of the appearance for a local buck-
ling than the unstiffened one. No significant outward deformation

only 1/8 of the specimen with symmetric boundary conditions on
the symmetric planes was analyzed. The core concrete and steel
tube were modeled by 27-node solid eleme(tiisee degrees of
freedom per node while the stiffeners were modeled by two-
node truss elements. Additionally, nine-node interface elements
were also used to link the core concrete and the steel tube. The
interface elements allow slipping between the core concrete and
the steel tube when they are in contact. A coefficient of friction
0.25 was used, and the interface elements also allow the contact
surface to open.

Material Modeling

The finite element analyses employed the basic material proper-
ties given in Table 1. The steel tube and stiffen@rany) were
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assumed to be elastic—perfectly plastic and follow von Mises s000 f
yield criterion. Meanwhile, the experimental results indicated that o~ 2500
the steel tube might effectively confine the core concrete during E 2000
testing. To account for the confinement, the uniaxial compressive ~ :
stress versus strain given in Fig. 7 was used. In Fig. 7, the maxi- =~ 'F
mum concrete stress and the corresponding strain were estimated 1000 Su-070 E
by the following equations: 500 e a1
féc:fé+k1f| (1Ge) % 0.0105 o.:n . 0.0115 0.2:2 o‘;zs
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wheree = strain corresponding t,, and was set as 0.3%, and :
3000

f;=confining pressure around the concrete core. Meanwhile, the 3
constantk, andk, were set as 4.1 and 20.5 based on the studies ~ 0

of Richart et al(1928. The stress—strain relation up t6.(,e.c) 2000 ~
was defined by the following equation, which was a modification E_" 1500 3
of Saenz's(1964: - ; $5-070-093(2) 3
E.e : = penmernt _
o= c 5 5 500 ]
€ € € [T UREP U S SR S S S S S ) P P
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where Fig. 8. Comparison of experimental and analytical results
Re(R,—1) 1
T R-D? R (122)
R.=E./E, (12b) Results and Discussion
Eo="fl/ecc (120) Fig. 8 shows good agreement between the experimental and ana-

lytical results by choosing appropriate values ferand k; as
and R, and R, were set equal to 4, as suggested by Elwi and indicated in the figure. The convergence studies for different
Murray (1979. The stress—strain relationship afté{(e..) was meshes were given in Wu’s thesi&/u 2000. Apparently, using a
assumed to be linear, witk; defining the stiffness degradation.  smaller value ok; for Specimen SU-070 than that shown in Fig.
The values forf, and k; have to be provided to completely 8 will achieve closer agreement with the experimental results.
define the uniaxial stress—strain relation. These two parametersHowever, using a smallek; caused a convergence problem in
are apparently dependent on the confining pressure, which variesionlinear analysis in this case. The valueskgfobtained for
during loading and depends on tBé&t, cross-sectional shape, and different specimens reflect the fact that the strength degradation
stiffening means. Consequently, the appropriate values were detate of Specimen CU-070 after reaching the maximum load is
termined by matching the numerical results with experimental smaller than those for Specimens SU-070 and SS-07(2093
results by trial and error. The values off, obtained for different specimens reveal that
Since the steel tube confines the core concrete, the core conthe value off, for Specimen CU-070 is larger than that for SU-
crete experiences three-dimensional stress. To consider the behaw70, while the value off, for Specimen SS-070-083 lies in
ior of the core concrete in multiple stress condition, the linear between the above two values. Besides, the value fafr Speci-
Drucker—Prager model was applied. The yield surface of this men SU-070 is zero. These values reflect the fact that confining
model expands with increasing hydrostatic pressure. During plas-pressure is greater for circular specimens than for square ones,
tic deformation, the expansion of the yield surface was guided by and the proposed stiffening scheme enhances the confining pres-
the uniaxial stress—strain curve shown in Fig. 7. sure of a square specimen. The zerdf ofor Specimen SU-070
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means that the behavior of the concrete core, if considered in theS_
uniaxial stress state, is just like an unconfined concrete cylinder
under axial loading.

Fig. 9 displays the approximate distributions of concrete axial
stresses at the cross section locdégl(or D/6) above the middle
cross section under the ultimate load. Since the problem is sym-
metrical, only the stress distribution of 1/4 the cross section is
shown. Notably, this cross section is a stiffened cross section forg.
Specimen SS-070-088. The three specimens have totally dif-
ferent distribution patterns. Specimen CU-070 has an almost uni-
form distribution over the cross section, and the existence of stiff-
eners not only changes the pattern of the stress distribution but
also increases stress capacity. Meanwhile, Specimen SU-070 has
stress concentration around the corner, while Specimen SS-070-
0932) has stress concentration both around the corner and around
the connections between the tie bars and the steel tube. The axial
stresses around the stress concentration areas are much larger than
f., meaning that confinement is better in these areas. Interest-

areas for Specimen SS-070-Q2Bwere 73% greater than the
cylinder strength. These figures confirm that the proposed stiffen-
ing scheme enhances confinement for square CFT columns.

Concluding Remarks

This study mainly presents an experimental investigation of short
concrete-filled steel tube columns under a concentric load. A stiff-
ening scheme is also proposed to enhance the behavior of square
cross-sectional columns in terms of ultimate strength and ductil-
ity. The parameters under investigation included the shape of the
cross sectiorfsquare and circular width-to-thickness ratio B/t

=40, 70, 150), and stiffener arrangement, aiming to determine
how these factors influenced ultimate strength, stiffness, and duc-
tility. A nonlinear finite element analysis was also carried out to
study the effects of cross-sectional shape and stiffener on axial
stress distribution at a typical cross section. Several interesting
points were noted:

Without stiffeners, only the load—strain relation for Speci-
men CU-040 shows elastic—perfectly plastic behavior, while
the remaining specimens exhibit strain-softening characteris-
tics. An appropriate arrangement of stiffeners in the pro-
posed stiffening scheme can improve strength degradation
after reaching the ultimate load, and can even alter strain-
softening characteristics to achieve elastic—perfectly plastic
behavior.

In terms of ultimate strength, stiffness, and ductility, the cir-
cular CFT columns, as expected, perform better than the
square ones, even for large width-to-thickness raias,
D/t=150. The CFT column with a smaller width-to-
thickness ratio behaves better.

The Eurocode 4 specifications provide a conservative esti-
mate of the ultimate axial strength of CFT columns with
circular cross sections, even fbr/t=150, and the underes-
timation may exceed 25%. However, the Eurocode 4 speci-
fications appear to only slightly overestimate the ultimate
strength of a square CFT column wis/t=70, with the
overestimation being under 5%.

The stiffness computed by directly superposing the stiffness
of the steel tube and the core concrete is significantly over-
estimated, sometimes by over 40%.

The proposed stiffening scheme can enhance the ultimate
strength and ductility of square CFT columns but may some-
what decrease the stiffness fBft<70. The enhancement,
especially for ductility, becomes more significant as the lon-
gitudinal spacing of tie bars decreases., L= B/4—B/6 for
B/t=40-150. The failure modes of the specimens indicate
that the stiffening scheme effectively delays local buckling.
The nonlinear finite element analysis reveals that the cross-
sectional axial stress distribution for Specimen CU-070 is
quite uniform at the ultimate strength. The existence of stiff-
eners alters the pattern of axial stress distribution for square
cross-sectional specimens. Specimen SS-07020%hows
stress concentration around the corners and around the con-
nections between the tie bars and the steel tube, while Speci-
men SU-070 only shows the stress concentration around the
corners. The axial stresses at the stress concentration areas
indicate that the proposed stiffening scheme improves the
confinement of steel tube on the core concrete.

ingly, the axial stresses at the stress concentration areas for square The enhanced mechanical properties achieved by applying the
specimens exceed those for circular specimens. The axial stress giroposed stiffening scheme to a square CFT column should also
the corner for Specimen SU-070 was 50% greater than the cylin-be valid for a CFT column with high strength core concrete, es-
der strength, while the axial stresses at the stress concentratiomecially in improving the ductility of the high strength concrete.
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