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Abstract: The adequacy of the existing design provisions for concrete-filled steel pipes subjected to axial forces and flexure is reviewed
by comparing the strengths predicted by the CAN/CSA-S16.1-M94, AISC LRFD 1994, and the Eurocode 4 1994 codes and standard
against experimental data from a number of investigators. New proposed design equations are then developed, in a format compatible wi
North American practice. The new equations, based on a simple plasticity model calibrated using experimental data, are shown to provid
improved correlation between predicted strength and experimental data. This paper provides information and data in support of the
proposed design equations, which have already been implemented in the 2001 edition of the CSA-S16-01 “limit state design of stee
structures”(CSA 2001 and in the “Recommended LRFD Guidelines for the Seismic Design of Highway Brid@dSEER/ATC 2003.
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Introduction pression members similar to those proposed by AISC, but without
the restrictions on material properties or cross-section sizes speci-
Filling a steel pipe with unreinforced concrete can remarkably fied by the AISC. In Canada, composite columns were not ad-
increase its strength and ductility to resist seismically induced dressed by the 1988 edition of the CSA standard for the design of
flexure. The steel shell provides some confinement for the con-highway bridges CAN/CSA-S6-88CSA 1988, nor by the 1991
crete, which in turn delays local buckling of the steel, allowing edition of the Ontario highway bridge design cadéTO 1991).
effective composite action to develop. There are a number of In this paper, the adequacy of the design provisions of the
national codes and standards that provide equations for the desigffAN/CSA-S16.1-M94(CSA 1994 AISC LRFD (1994, and the
of concrete-filled steel hollow sections. However, there is no Eurocode 4 1994 codes and standards are reviewed by comparing
unique method to calculate compressive or moment resistance. their predicted column strength with experimental data from a
In the United States, the first code clauses for composite col- number of investigators. Then, experimental results reported in
umn construction of the type considered here were introduced inMarson and Brunea(2004 are used to develop improved design
1963 by the American Concrete Institute “Building Code Re- equations for concrete-filled steel columns subjected to combined
quirements for Reinforced Concret¢ACI 1963 and later in axial and flexural loading. The proposed equations are subse-
1986 by the first edition of the American Institute of Steel Con- quently compared against the results predicted by the same three
struction “load and resistance factor desigrRFD) specifica- codes and standards considered for a broader set of experimental
tions for structural steel buildingsTAISC 1986. In North data.
America some newer buildings with composite columns have Note that although proper terminology for the CAN/CSA-
been designed using these proceduhésst et al. 1997. When S16.1-M94 is a “standard,” and for the AISC LRF[1999) is
such designs were accomplished prior to the availability of codi- “specifications,” all documents are called “codes” here, inferring
fied rules, they followed fundamental engineering principles and that these documents are referenced by other enforceable codes,
presumably some measure of conservatism. In Canada, requirebut also to keep the following text unburdened by such subtle
ments for the design of such members exist in the CAN/CSA- differences. Likewise, “pipe” and “tube” will be used inter-
S16.1-M94 “Limit States Design of Steel Structure$CSA changeably, but all refer to a circular hollow section in the context
19949. of this paper. Also note that the code equations used for the com-
With respect to bridges, the American Association of State parisons referenced throughout the paper are briefly summarized
Highway and Transportation Officials LRFD provisions in the Appendix(space constraints preclude a detailed presenta-
(AASHTO 1994 introduced design equations for composite com- tion), and that no safety factors were used in any of the compari-
sons made using code-based strength predictionsther words,
IDirector, MCEER, Professor, Dept. of CSEE, Univ. at Buffalo, all ¢ factors were taken as 1.0 for the purpose of comparjsons
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Fig. 1. Interaction diagrams per various approaches for specimens CFST 64, 51, 42, and 34

average ratio of experimental-to-theoretical axial load capacity Comparison of Beam-Column Capacities

for the entire data set considered were closest to unity for the with Results for Specimens

CAN/CSA-S16.1-M94 and the Eurocode 4 1994, with values of

1.14 and 1.13, respectively, with corresponding standard devia-Interaction curves were developed using the code procedures out-
tions of 0.24 and 0.22. In spite of these close averages, the Cadined in the Appendix for the four specimens tested by Marson
nadian code predicted strengths up to 18% greater and 16% lowemand Bruneay2004). Fig. 1 shows these curves and Table 1 sum-
than those from the European code for different combinations of marizes the theoretical and tested moment resistance for the four
characterizing parameters. Both of these codes consider the effectolumns studied. These graphs and table show the benefits and
of concrete confinement in circular tubes but do it in significantly disadvantages of the three codes. The interaction curves labeled
different ways, which partly accounts for the differences observed CAN/CSA-S16.1-M99(proposal A are described later in this

for individual results. The experimental to theoretical axial resis- paper. The curves CAN/CSA-S16.1-M9@roposal B are de-
tance ratio calculated by the AISC LRRMD994 was, on average,  scribed in Marson and Brune&R000 but not presented here due
1.26. This ratio is larger than obtained using the other two codes.to space constraintfProposal B was constructed on the basis that
This code does not allow for much increase in concrete strengtha concrete-filled tube can have a flexural strength at small axial
due to confinement when compared to the previous two otherforces greater than the maximum moment capacity of a section
codes. with no axial load applied, and provided equations to construct an

Table 1. Experiment to Calculated Strength Ratios for Specimens Tested by Marson and Bf2d@3u

CFST 64 CFST 34 CFST 42 CFST 51
P=1000kN P=1820kN P=1820kN P=1600 kN

Strength Strength Strength Strength
Code (KN m) M; /M, (KN m) M; /M, (KN m) M; /M, (KN m) M; /M,
Test data 591 444 928 356
AISC LRFD (1994 362 1.64 234 1.90 681 1.36 158 2.25
CAN/S16.1-M94 314 1.88 255 1.74 608 1.53 182 1.95
Eurocode 4(1999 522 1.33 402 1.10 918 1.01 304 117
CAN/S16.1-M99(proposal A 492 1.20 387 1.15 911 1.02 278 1.28
CAN/S16.1-M99(proposal B 519 1.14 380 1.17 897 1.04 284 1.25
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interaction diagram represented by a polygon with three straighttrates the effect of axial load ratio to the ratio of experimental-to-
lines (similar to the concept incorporated into the Eurocode 4 calculated moment resistance for the same three codes. The axial
1994, but with the effect of column slenderness addressed in aload ratio is defined as the applied axial force divided by the
manner compatible with North American practice. While the ad- compressive resistance of the column when no moment is ap-
vantage of proposal B over proposal A is the ability to predict plied. The notation ofM; and M, is used in these graphs to
greater moment capacity when a beam column is subjected to lowrepresent the experimental and theoretical moment resistances,
axial forces, particularly for members of low slenderness, it was respectively.
found that the enhanced accuracy of proposal B over proposal A Different symbols are used in Figs. 2 and 3 to identify the
was marginal and insufficient to justify its added compleXity. approach taken to load the specimen in compression/flexure, and
Note that the Eurocode 4 moment resistance at a given axial forceto see if any resulting trends could be observed. In type A, the
level is the length of the horizontal line ranging from the strength bending moment was produced by applying an eccentric axial
interaction curve on the right and the diagonal line on the left side load to the column. In the type B columns, two transverse loads
of the graph. were applied close to the middle of the column. A horizontal load
For all four of the specimens tested here, the best prediction ofwas applied in a cyclic manner to the tip of a vertical cantilever
maximum moment is given by the Eurocode, with an average for the type C columns. The bending moment for type D columns
experimental to calculated moment resistance value of 1.15. Thatwas produced in the same manner as type B columns but applied
interaction curve is derived somewhat following the principles of in a cyclic manner.
an axial force-moment interaction diagram for reinforced concrete  Figs. 2 and 3 show that all code predictions do not appear to
which explains its particular shape. The AISC LRFD bilinear in- be significantly affected by the type of loading methods, and that
teraction curve predicts smaller axial and flexural strengths thanthe equations generalljput not always become more conserva-
the Eurocode, underestimating the strength of the four specimendgive as theD/t ratio of the steel tube increases. Fig. 3 also shows
by 1.79 on average. CAN/CSA-S16.1-M94 also predicted simi- that the accuracy of the CAN/CSA-S16.1-M94 and Eurocode 4
larly conservative values of maximum moment resistafveich (1994 equations does not depend on the axial load ratio. How-
average ratio of experimental to calculated strengths of)1.77 ever, for AISC LRFD(1994), as the amount of axial load applied
These low values from the Canadian code can be explained by theon the column increases, so does the ratio of experimental-to-
peculiar shape of the interaction curve shown in the figures. This calculated moment resistance, becoming extremely conservative
results from the fact that, once the value@f1'C; in Eq. (31) for larger compressive forces.
becomes less than zero, the axial force—moment interaction It is noteworthy that all three codes produced conservative
curve is simply the moment resistance of the steel section actingresults or slightly unconservative results within the variability ex-
alone (i.e., noncomposite Therefore, at the point thaC; pected for this type of calculations. However, all codes produce
—1'C/=<0 the moment resistance is constant for all value€ of grossly unconservative results for two of the four class 1 columns
below this axial force. This truncates the interaction curve in the that Knowles and ParK1969 tested. Closer examination of
manner shown in the figures, such that for specimens with low Knowles and Park’s data did not reveal any peculiar characteristic
applied axial forces, the moment capacity of the composite sec-which would explain the unusually poor comparison between ex-
tion is grossly underestimated, as seen for all tested specimens. perimental results and theoretical computations for these two col-
Note that while a large underestimate of actual column umns and the nature of this discrepancy remains unresolved.
strength by a design equation may be perceived as conservative in
some applications, in seismic design where structural elements
adjacent to yielding bridge piers must be designed as capacityDevelopment of Flexural Strength Model
protected(MCEER/ATC 2003, inaccurate estimate of the pier
capacity could result in unintended undesirable damage to thea computer program was written to generate a force—deflection
nonductile structural elements that should have otherwise beencyryve from the structural characteristics of a concrete-filled steel
capacity protected. tube, using a classic moment—curvature procedure in which the
steel tube and the concrete core are divided into layers. The pro-
gram calculates each layer’s individual area, center of gravity,
Comparison with Previous Research Data stress, and force corresponding to a given curvature and neutral
axis location. Forces from all layers are summed together and the
Table 2 lists data from previous research on circular concrete- neutral axis is iteratively moved until the sum becomes equal to
filled steel tube columns subjected to both axial force and flexure, the applied axial force. The corresponding moment at each cur-

along with their moment capacity calculated by caéerlong vature is then calculated. Finally, the force is taken as the moment
1967; Knowles and Park 1969; Prion and Boehme 1994; Alfawa- divided by the height of the column and the deflection is calcu-
kiri 1997; Marson 1998 Results are segregated in termsDoft lated by integration of the curvature.

ranges(corresponding to CISC classes described in Marson and  Specimens CFST 64, CFST 34, CFST 42, and CFST 51, tested
Bruneau 2004 The average experimental-to-theoretical flexural by Marson and Brunea(2000 were used to determine the ma-
strength(at the applied axial logdor all specimens considered is  terial models that could best predict the experimentally observed
3.90 with a standard deviation of 4.20 when calculated per the behavior using a simple plasticity framework. Actual dimensions
AISC LRFD provisions, 1.79 with a standard deviation of 0.64 of the steel tube and the strengths found from testing the steel
per the CAN/CSA-S16.1-M94, and 1.10 with a standard deviation coupons and the concrete cylinders were used in the calculations,
of 0.32 per Eurocode 4 1994. as well as assumptions that the maximum moment occurs at the
Results are graphically summarized in Fig. 2. Vertical lines in concrete foundation, and that the column moment linearly de-
Fig. 2 represent the limits for classes 1, 2, 3, and 4, as well as acreases from the top of the concrete foundation to the top steel
special class 4 limit for concrete-filled steel tube®/{ plate. Strain gauge data reported elsewtidtarson and Bruneau
<2800@,), as defined by CAN/CSA-S16.1-M94. Fig. 3 illus- 2000 confirm that these are reasonable approximations for all of
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Table 2. Calculated Strength per Existing Codes and per Proposed Equations

AISC LRFD Eurocode 4 CSA-S16 1 Proposal A Proposal B
MfiMr Mf/Mr MfiMr [ Mr | MfiMr
(kNm) {(kNm)

Name Length

l I lD/t"Fyl Fy l l Mf erer Mr
mm mm MPa | MPa [ (kN) | (kNm) (kNm) (kNm)
Class 1 sectlons
Knowles and Park (1969)
13 {8064 882 | 5842} 6039 | 400 41 [ 554.2( 10.7 40 268 60 | 178 | 87 | 124 | 64 | 168 8.7 1.23
14 11411.2] 88.2 | 5842} 6039 | 400 41 4691 79 43 181 70 1.13 4.0 1.96 4.2 1.88 5.7 1.38
15 806.4 | 88.2 | 5.842} 6039 | 400 41 1948 | 6.4 130 0.50( 168 | 038 | 13.3. | 048 | 13.5 | 048 | 184 { 0.35
16 |1108.8| 88.2 | 5842 | 6039 | 400 41 191.3| 5.8 128 0.46]) 169 | 034 | 139 | 042 | 129 | 045 | 175 | 0.33
AVERAGE 1.36 0.81 1.02 1.12 0.82
STANDARD DEVIATION 0.94 0.69 0.63 0.66 0.49

(kNmL

Class 2 sections
Marson(1999)
CEST 34 2200 | 323.9
Alfawakiri (1997)
FA1 | 1605 | 152.4 [ 3.4 [14792] 330 89 | 400 | 492 [ 200 | 246 | 321 | 143 | 213 [ 232 [ 460 | 107 | 362 | 1.36
FA2 | 1605 | 1524 | 3.4 |14792| 330 72 100 373 | 239 | 1.56 | 334 112 | 213 | 1.75 | 404 | 092 | 337 1.1
FA3 | 1605 | 1524 | 3.4 |14792] 330 76 700 49.1 126 | 3.89 | 389 126 | 21.3 [ 2.31 416 | 1.18 | 346 1.42
Furlong {1967)
9 914 | 1134 | 3.15 | 14891 | 414 29 44481 11.2 5.4 2.06 | 10.0 1.12 13.1 0.85 9.1 1.23 116 | 0.97
10 914 | 1134 | 3.15 | 14891 414 29 |[4003) 119 | 67 | 1.78 | 119 | 1.00 | 131 | 090 | 10.2 | 117 | 129 | 0.92
11 914 | 1134 | 3.15 [ 14891 414 28 3336 147 8.5 172 | 146 | 1.01 131 1.12 118 | 1.24 15.0 | 0.98
12 | 914 | 1134 | 3.15 | 14891 414 29 22241 158 116 | 1.36 | 180 | 0.88 131 1.20 145 | 1.08 174 | 0.91
13 914 | 113.4| 315 [14891| 414 | 29 | 1112 161 | 145 | 112 | 187 | 087 | 131 | 123 | 150 | 1.08 | 181 | 0.89
19 914 126 | 2.394 | 15239 290 35 568.5! 8.7 05 | 17.83| 45 1.95 6.0 1.45 55 1.58 55 1.60
20 914 126 | 2.394 | 15239 | 290 35 5338 | 126 12 | 1057 | 6.2 2.03 7.5 1.69 8.8 1.85 6.7 1.87
21 914 126 | 2.394 | 15239 290 35 4003 ] 15.8 3.9 408 | 126 | 1.25 8.7 1.82 116 | 1.36 11.4 1.39
22 914 126 | 2.394 | 15239 | 290 35 84.5 187 9.8 1.60 | 141 1.1 8.7 1.80 13.7 | 1.15 14.0 1.12
23 914 126 | 2.394 | 15239 290 35 82.3 14.2 9.9 144 | 141 1.01 8.7 163 | 13.7 1.04 14.0 1.01
24 914 126 | 2.394 | 15239} 290 35 3452 | 157 5.0 3.16 | 135 1147 | -8.7 1.81 13.7 1.15 123 1.28
25 914 126 | 2.394 | 15239 290 35 306.0 | 16.9 5.8 293 | 1441 1.20 8.7 1.84 | 137 1.23 13.0 1.30
26 914 | 126 | 2394 {15239} 200 | 35 |2669| 175 | 66 | 267 | 147 | 119 | 87 | 201 | 137 | 1.28 | 136 | 1.28
27 914 126 | 2.394 [ 15239 290 35 260.7 | 174 6.7 2.61 14.8 1.18 8.7 200 | 13.7 1.27 13.7 1.27
28 914 126 | 2.394 | 15239 | 290 35 1748 | 16.3 84 1.94 | 154 1.08 8.7 1.88 | 13.7 1.18 14.5 1.12
29 914 126 | 2.394 | 15239 290 35 89.0 15.8 8.8 1.61 14.2 1.1 8.7 1.81 13.7 | 115 14.0 112
30 914 126 | 2.394 | 15239] 290 35 43.6 14.6 102 | 143 | 135 1.08 8.7 1.67 13.7 | 1.07 13.8 1.06

-

95 [17928] 415 | 41 | 1820 | 444.0] 2338 1.90 | 4006] 141 | 254.7] 1.74 [ 399.5] 1.11 [ 3798 ] 1.17

AVERAGE 3.32 1.20 1.66 1.21 1.20
STANDARD DEVIATION 3.79 0.29 0.40 0.18 0.24
Class 3 sections
Marson(1999)
CFST4] 2200 [ 4064 ] 95 [21603] 505 | 35 | 1820 [ 928.0 [ 681.5] 1.36 | 914.8 | 1.01 | 608.1] 1.53 | 739.3 | 1.26 | 8966 | 1.04
AVERAGE 1.36 1.01 1.53 1.26 1.04
STANDARD DEVIATION 0.00 0.00 0.00 0.00 0.00
Class 4 sections Permitted by Clause 18.6
Marson(1999)
CFST 51 2200 {32391 65 [23563] 400 | 35 [ 1600 | 356.0 [ 158.2 [ 2.25 | 3022 1.18 | 182.3 | 1.95 | 269.0] 1.23 | 284.0] 1.25
AVERAGE 2.25 1.18 1.95 1.23 1.25
STANDARD DEVIATION 0.00 0.00 0.00 0.00 0.00
[Class 4
Marson(1999)

CFST68{ 2200 [4064] 65 [27635] 442 | 37 [ 1000 [ 591.0 [ 361.8 | 1.64 | 522.0 | 1.13 | 3143 ] 188 | 5402 1.09 | 5185 ] 1.14
Knowles and Park (1969)
17 |aos.4]sz.55 1.397|28541| 483 I 41 |167.9J 33 [ 2.4 | 139 | 5.4 | 0.61 ] 38 I 0.87 |356.0I 0.01 | 4.8 J 0.69

18 | 806.4 | 8255 | 1,397 | 28541 | 483 41 89 286 36 | 072 ] 6.1 0.43 0.69 0.51
Prion and Boehme (1994)

BP16 | 2120 | 152 | 1.65 | 30216 | 328 92 0 21.0 | 122 { 172 { 173 | 121 | 109 | 183 | 375 | 056 | 17.1 | 1.23
B11 | 2120 | 152 | 1.65 | 30216 | 328 92 470 | 207 | 88 {339 | 274 | 108 | 108 | 274 | 375 | 079 | 20.0 | 148
B12 | 2120 | 152 | 1.65 | 30216 328 92 570 | 321 77 {417 | 282 [ 114 | 109 | 296 | 375 | 0.85 | 20.7 | 1.55
B13 | 2120 | 152 | 1.65 | 30216 | 328 92 670 | 285 | 66 | 429 | 289 | 089 | 109 | 263 | 375 | 076 | 21.3 | 1.34
B14 | 2120 | 152 | 1.65 | 30216 328 92 820 | 202 | 50 | 579 | 29.0 | 1.01 | 109 { 269 | 375 | 0.78 | 21.1 | 1.38
B15 | 2120 | 152 | 1.65 | 30216 | 328 92 970 | 305 | 34 | 885! 225 | 135 | 109 | 281 | 375 | 081 | 144 | 2.11
B17 | 2120 | 152 | 1.65 | 30216 | 328 92 270 | 301 | 109 | 276 | 241 | 125 | 109 | 277 | 375 | 0.80 | 188 | 1.60
BP18 | 2120 | 152 | 1.65 | 30216 328 92 270 | 308 | 11.0 | 283 } 241 | 128 | 109 | 284 | 375 | 082 | 188 | 1.64
BP19 | 2120 | 152 | 1.65 | 30216 328 92 670 | 348 | 66 | 524 [ 289 ( 120 | 109 [ 321 | 375 | 093 | 21.3 | 164
BP20 | 1071 | 152 | 1.65 |30216] 328 92 1273 | 214 | 23 | 940 | 219 | 088 | 10.0 | 213 | 375 | 0.57 | 173 | 1.24
BP21 | 1071 | 152 | 1.65 | 30216 | 328 92 {1451 ) 138 | 07 | 2060 | 166 | 0.83 | 100 | 1.38 | 375 | 037 | 116 | 1.19
BP22 | 1071 | 152 | 1.65 | 30216 | 328 92 1309 | 159 | 2.0 [ 815 | 208 | 0.76 | 100 | 1.59 | 375 | 042 | 161 | 0.99

14 914 | 151.2 [ 1.5372| 32549 | 331 26 | 5676 9.9 08 ;13.09| 66 1.50 8.1 1.21 78 1.26 7.2 1.38
15 914 | 151.2 {1.5372| 32549 | 331 26 | 4217 177 39 | 458 | 144 | 123 9.2 191 | 145 | 122 | 128 | 1.37
16 914 | 151.2 | 1.5372| 32548 331 26 | 286.01 171 6.7 254 | 17.1 | 1.00 9.2 185 | 158 | 1.08 | 159 | 1.08
17 914 | 151.2 [ 1.5372| 32548 | 331 21 136.1 | 16.1 9.6 168 | 16.3 | 0.99 9.2 174 | 143 | 112 | 157 | 1.02
18 914 | 151.2 {1.5372| 32548 | 331 21 1352 149 9.6 1.56 | 16.3 | 0.92 9.2 162 | 143 | 1.04 | 157 | 095
AVERAGE 5.22 1.04 2.07 0.79 1.27

STANDARD DEVIATION 4.74 0.25 0.71 0.31 0.36

JOURNAL OF BRIDGE ENGINEERING © ASCE / JANUARY/FEBRUARY 2004 / 27



25 - T 25
Class 1 EC!ass IICIass iClass | Class 4 (Clause 18.2) S Toading Condition A
H '
20 | {2 31 4|00 Coadmgrypeh 20| | & Loading Condition B o
o | 1 A Loading Type B 0 Loading Condition ¢ o
: | : Il O Loading Type C O Loading Condition D)
= 15} : | | & Loading Type D - 15 }
b ! : |
= AN B © 2 o
] ! =
=0 EO{ i ' 8 =2 q0f Aooo
L} :
: | ! ! a
ST ' : | 3
g :E o__| g a . o 4 @o gDo & o}
0 it Sttt .. abr ---'B-.--a-----; -------- P @ o0 0@6 o ® ©0©° O
0 . : . . . : . . .
. 0 10000 20000 30000 40000 50000 0.0 0.1 0.2 0.3 0.4 pfo/sp 0.6 0.7 08 0.8 1.0
; T n
Class 1 'Class |Class IClass i Class 4 (Clause 18.2) 4 - "
1 2 3 ' . ! O Loading Condmongl
' ' o
. | © T & Loading Condition
i . | ] H ﬁ LO\ tz:g::g %gzg O  Loading Condition G
_ E | : ! O Loading Type C 3} o L2 O __Loading Condition D
s ' o | ' t o ¢  Loading Type D A A
= 2r © ' o 4 g s o o
= ! o Io ~ 2k o ®.0 ?
) g - q:l (e} o &
o) , | : | b B 8 o
{ e -+ 8 - __4-__4__..0 _____________ [ OO e}
=T B g 0 o) o ol o
e i 1t 1 o ©00o
0 |: | L N [ol¥e]
0 10000 20000 30000 40000 50000 0 s ) : . s n . . :
25 Class1 | Class|Class Class | Class 4 (Clause 18.2) 00 01 02 03 04 05 06 07 08 09 1.0
E 82 | 3 I 4 O  Loading Type A 25 Cf/Crc
20t H | : ! A Loading Type B i O  Loading Condition A
o H | ! I O  Loading Type C A& Loading Condition B
c 15t A © _ Loading Type D 20| O Loading Condition ° 5
= g ; i 5 O Loading Condition °
~ 1] [}
= o) = I
R T el -:*?—4]-—-9-3-—--!- oo £15 O A ©
I R s } 2 o o o &8
ost : | ! 8 2,0} 8 goﬂ&@%ﬂA o0 0o o
e oo . o ©
— | e . 05
0.0 : ®
° 10000 zooooD/t o 30000 40000 50000
y . . . . L . ; . )
0.0 ;
. . . . . 00 01 02 03 04 05 06 07 08 08 10
Fig. 2. Ratio of experimental-to-predicted strengths as a function of Nf/Np!

D/t ratio calculated using(a) AISC LRFD (1994); (b) CAN/CSA-

S16.1-M94; andc) Eurocode 41994 Fig. 3. Ratio of experimental-to-predicted strengths as a function of

ratio of applied axial force to plastic squash load, calculated using:
(a) AISC LRFD (1994); (b) CAN/CSA-S16.1-M94; andc) Eurocode
4 (1999

the specimens tested. Steel was modeled by a bilinear stress

strain relationship. Seven concrete axial compression stress—

strain models were considered: model 1, confined concrete model

(Mander et al. 1988 model 2, unconfined concrete modelog- the curve assumed to result from the steel tube providing confine-

nestad 195 model 3, confined concrete mod@aaticuglu and ment to the concrete core. The strength predicted by this model

Ravzi 1992; model 4, unconfined concrete model with high duc- still slightly conservatively underestimates actual strength, giving

tility; model 5, unconfined concrete model with CISC provisions; 0.92, 0.92, 0.99, and 0.87 of the experimentally obtained

model 6, unconfined concrete model with high ductility and CISC strengths for specimens CFST 64, CFST 34, CFST 42, and CFST

provisions; and model 7, equivalent to model 1 but with arbi- 51, respectively.

trarily reduced confined concrete strengths. Consideration of this unconfined concrete model with high
A detailed description of each model and the rationale that led ductility, along with the CAN/CSA-S16.1-M94 equations that in-

to their consideration is presented in Marson and Bruri2aQ0. crease the concrete strength of a composite column to account for

Fig. 4 shows the resulting force—tip displacement curves for the a moderate level of confinemefmhodel 5, lead to slightly lower

first six models. Results show that increases of concrete strengthstrengths. It was observed in that case that the additional concrete

beyondf/ due to confinemer(such as proposed by Mander et al. strength gained by confinement was offset by the decrease in steel

1988 and Saaticuglu and Ravzi 19@®erestimate the strength of  strength due to biaxial stresses.

concrete-filled tubes. However, use of an unconfined concrete

model such as the one proposed by Hogne&t&81) is too con-

servative. Reasonably accurate results are obtained with model 4Proposed New Design Equations

which assumes that the steel tube confines the concrete core in

such a way that the strength of the concretélisinstead of the In the following, new equations are proposed to calculate the

usual concrete column strength of 0f85 and that this strength  strength of circular concrete-filled steel tube beam columns with

can be sustained up to large ductilities. This is essentially an better results than by the current North American codes. These

elastic perfectly plastic concrete model, with the plastic portion of equations are formulated in a format compatible with the Cana-
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Fig. 4. Comparison of moment—drift curves experimentally obtained for specimens CFST 64, 51, 42, and 34, with results predicted using various

models

dian S16.1 and American AISC codésxcept thatF, and fe
would be replaced by F, and¢f¢ in code implementations

Flexural Strength

core; andA =total area of steel. To solve for the neutral axis
location, h, in Fig. 5, the above four equations are combined to
produce one equation

The flexural strength of a concrete-filled pipe is calculated using The terms in the above equation are defined below
the equilibrium diagram shown in Fig. 5. The following equations

define the forces acting on the composite section:

T =AsFy 1)
Tr=Tma—Cr )
T,=C,+C/ (3)
Tnax=AsFy (4)

whereT, =tensile force in the steel tubAg=area of tensile steel;
F,=yield strength of the steel tub&;,,~total force if all steel is

in tension; C,=axial compressive resistance of the steel tube;
C, =axial compressive resistance of the compressed concrete

Fig. 5. Free-body diagrams used to develop flexural strength

equations

2AF,=AF,+C/ (5)
A= (2mR—m)t=(wD—m)t (6)
m=BR (7)
A;=2wRt=7Dt (8)
, . [mD c(R-a) BD?2 b.(D
CrAconcfc[rz c [8_2(2_6‘ fe!
©)
b
azgtar{%) (20)
c=D sin %) (11)

wherem=arc length of the tube in compressigse=angle in ra-
dians from the center of the tube; and sustaining theraiR, and
D=radius and diameter of the steel tube, respectivElg. 5).
Substituting these terms into E(), and expressing in terms of
B, the equation becomes

AR+ 0.25D2f /[ sin(B/2) — sir?(B/2)tan(B/4)]
- (0.12DD2f .+ DtF,)

12)

There is no closed form solution for the above equation so an
iterative solution is required to obtaj Once the value fop is
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found,C,, C;, andT; can be calculated. The distances from the
neutral axis forC,, C;, andTs, areys., Y., andyg,, respec-
tively, where

Rb
Ysc™ m (13)
b
Ye= 6[Rm—by(R—a)] (14)
Rb,
Ys=3mR—m (13
From simple staticsM,, is defined as
M,.=C,e+Cle’ (16)
1 1
e=YsttYsc=be Zn=p) + B (17)
fyeby b
e'= =
YsYe=Pe (om—p) 1.53D2—6b,(0.5D—a)
(18)

Alternatively, using an approximate geometry method, in which
the contribution of a rectangular central section of heighti®
subtracted from the plastic moment of the entire sectfég. 5),

a closed-form solution is possible and a conservative valié,pf

is directly given by

M o= (Z—2th3)Fy+ [ §(0.5D—t)3—(o.5D—t)hﬁ] £/
(19)
where
A Acfe
" 2Df.+4t(2F,—f))

andZ=plastic modulus of the steel section alone.
For capacity design purposes, in determining the force to con-
sider for the design of capacity protected elements, it is recom-

(20)

mended to increase the moment calculated by this approximate,

method by 10%.

CSA-S16.1 Interaction Curve for Axial
and Flexural Resistance

Availability of the above equations fdv . for circular concrete-

! R
/\ pa oy /\ PELYC
h ( \\ycI Yse h \y{ ésc. P
- 1
\\ / T, o\ l Ca
Yst v Yst
__‘I'T T:
Cr = Tr Cr = .(I;r
YF: = ' - - Cr, = Tl
L,F T(: z g:y+ Cr Trl Tr ZF b= Crl+ Cr’ . Cﬂ + C”’ _Tr
Mrc = Cr Ysc ¥ C,’ Ye* Tr Yst i C" * C" + C"Y = Cc,
ZMcenler:
rc = Cr ysc &5 Cr‘ yc + Tr YSt

Fig. 6. Free-body diagrams used as a step to develop axial and
flexural interaction diagram

and a neutral axis location ¢fabove the center of gravity is the
same moment capacity as for an axial force equalig, and a
neutral axis location oh below the center of gravity. As seen in
the equations in Fig. 8y, is equal toM ¢, -

Fig. 7 shows the effect d8 for values ofB equal to 1.0, 0.85,
0.75, and 0.5. CAN/CSA-S16.1 states tlBat 1.0 can conserva-
tively be used, but, as shown on Fig. 7, this can be grossly con-
servative. The factoB changes a straight line interaction curve
into a bilinear interaction curve. AB decreases, a column can
resist more axial force in addition to resisting its full plastic mo-
ment. For a column, in which#0, the interaction curve is auto-
matically adjusted downward by the rat@@ /C,.. In that case,
the greatest axial force that can be resisted in addition to the full
moment isC, ., reduced by the rati€,./C,, .

The interaction curve using this procedure for the four speci-
mens tested by Marson and Bruné€2004) is shown in Fig. 1 as
CAN/CSA-S16.1-99proposal A. For this interaction curve, the
experimental-to-calculated ratios are 1.20, 1.15, 1.02, and 1.28 for
specimens CFST 64, CFST 34, CFST 42, and CFST 51, respec-
tively, a much better agreement with experimental results than
provided by the existing CAN/CSA-S16.1-94. Table 2 shows a
comparison between results obtained with CAN/S16.1-M94 and
the new proposed equatigproposal A, with previous research
data. Improvements in the average and standard deviation of the
experimental to calculated strength are significant. The standard
deviation of the experimental to calculated moment resistance is
0.64 and 0.37, and the average is 1.79 and 1.03, for CAN/S16.1-
M94 and proposal A, respectively.

filled steel tubes makes it possible to calculate the moment resis-

tance of these composite columns with CAN/CSA-S16.1-94 using
the following interaction equation:

Cf B(J.)le
S Ik M 1) 1)
Cre M (1_&

rc Cec

whereC;=applied axial force on the column, a@j.=axial re-
sistance of a concrete column as defined in the Appendix.
M;=applied moment on the columnC..=Euler buckling
strength of a concrete-filled steel tube, @ik defined as

crco_crcm_ Crem
Creo Creo

where C,.,=compressive resistance as calculated in the Appen-
dix with A=0, andC,.,, is the compressive resistance of the con-

(22)
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crete core alone with no slenderness effect taken into account. As

seen in Fig. 6, the moment capacity with no axial force applied

Fig. 7. Effect of B on shape of CSA-S16.1 interaction diagram
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Proposed New Equations for AISC LRFD Provisions Appendix. Summary of Design Provisions

o . . _ for Concrete-Filled Circular Steel Tube
Similar equations have been developed in a format compatible

with both the AISC LRFD Provisions and AASHTO LRFD speci-
fications. As such, concrete-filled steel pipe members required toAISC LRFD
resist both axial compression and flexure and intended to be duc-

. . For a concrete-filled tube to qualify as a composite column, ac-
tile substructure elements must be proportioned so that

cording to the AISC code, the following limits must be satisfied:

P, BM, e The steel pipe cross section must be at least 4% of the gross
P, + M. <1.0 (23) total column cross-sectional area.
e The specified concrete strength must be between 20 and 55
and MPa—the lower limit to ensure a minimum degree of quality
control, the upper limit because AISC believes that an insuffi-
My <1.0 (24) cient number of tests have been performed on composite col-
re umns built with high strength concrete.

The minimum wall thickness of the steel member, to prevent
local buckling before yielding, shall de yF,/8E,, whereD is

the diameter of the circular steel shel, is the modulus of
Po—Prc elasticity of steel, andr, is the steel yield stress.

B=—5—, 25
P (25)

where P,=defined as currently done by these respective code
documents, and

. . Axial Compression
where P, =factored compressive resistance per AISC or compressive strength calculations for concrete-filled steel col-
AASHTO (with A=0); Pic=dAcf,, ; and M =maximum re-  ymns are the same as for bare steel structural members in AISC
sultant moment applied to the member in any directiagain, a (1986 with the exception that the modified properties,, Ey,
conventional parameter for which strength equations are given inandr ,, are used. The axial design strengfh,, is calculated as
AISC and AASTHQ.

In this case, the factored moment resistance of a concrete filled b Pr=0.85AF; (26)

steel pipe is also given by EG8.6~(20). Although not presented where 0.85value of the resistance factor for compressiog,

here _due to space constraints, tabulated_data, again, show S|gn|f|én d the critical column stresB,, is
cant improvements when compared against past research results,

. o ) . ) )
with average and standard deviation of the ratio of experimental Fo=(0.658)F , for A2<2.25

to-calculated value of 1.38 and 0.80, respectively.
0.877

| Fo=—gFmy for \Z>2.25 @7)
Conclusion :
| | | . . , [ KL\2Fpy
A new proposed design axial-flexure interaction equation appears A=y E
m m

to predict reasonably well the behavior of concrete-filled steel

pipes. The proposed design equations produce axial—flexure inyherer,,=modified radius of gyration about the axis of buckling.

teraction equations in much better agreement with the existing The modified yield stressF,,,, and the modified modulus of
data than the equations for circular concrete-filled steel tubes cur-e|asticity, E,,, are defined as:

rently used by the Canadian CAN/CSA-S16.1-M94 standard, or

American AISC LRFD 1994 specifications. The new model used Cof LA

a concrete model able to develdpup to high ductilility (caused Fmy=Fy+ Aq

by the confinement of the steel tybend a bilinear stress—strain (28)
model for the steel tube. Good correlation is obtained between C3EA:

predicted strength and experimental data for the results of tests by Em=Es+ A—s

Marson and Brunea(R004 as well as tests by other researchers. o ]
On the basis of the results presented here, this model has alreadyvherec,=coefficient equal to 0.85 because the confined concrete
been implemented in the 2001 edition of the CSA-S16-01 “limit Inside a tube can reach stresses as high as*§5and

state design of steel structure€CSA 2003 and in the “recom- cz=coefficient .equ.al to 0.4 that accounts for uncertainty in the
mended LRFD guidelines for the seismic design of highway concrete contribution to the buckling strength of a composite
bridges” (MCEER/ATC 2003. concrete-filled tube. Note that far=0, the strength equation be-
comes
P,=0.8AsF,+0.85Af, 29
Acknowledgments $Pn=0.83AF, ofel (29)

which means that the capacity of a concrete-filled steel column is
This research program was funded by the Natural Science andtaken as the sum of the strengths of its parts. AISC also states that
Engineering Research Council of Canada and the Structural Steethe conventional calculation of the radius of gyration cannot be
Education Foundation. This support is sincerely appreciated.used in a concrete-filled steel column because, although both the
However, the opinions expressed in this paper are those of thesteel and the concrete contribute to the flexural deformation of the
writers and do not reflect the views of the aforementioned spon- cross section, either steel or concrete may dominate flexural stiff-
sors. ness, depending on cross-section width and thickness. There is no
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single equation that can reliably be used to account for the com- 1

posite flexural stiffness. Therefore, the AISC indicates that if the TE———

steel predominates, the radius of gyration of steel is adequate for V1+pstps

the entire section, however, if the flexural deformation is resisted )

primarily by the concrete, the radius of gyration of concrete is T’=1+(25p57) Fy ) (32)
adequate for the section. Consequently, AISC specifiesrthat (D/t) 0.85,

should be taken as the radius of gyration of the steel tube alone,

but no less than 30% of the thickness of gross composite section L

in the plane of buckling. p5=0.02( 25— B)

Bending and Axial Load Combined Bending and Axial Load

For symmetrical composite columns about the plane of bending, CAN/CSA-S16.1-94 has two methods for the design of composite

the interaction of CompreSSion and flexure should be limited by columns. In a first method, the moment resistance of the compos-
ite section is considered in calculations. However, use of this

Py 8M., <10 forP,=0 P method is only permitted for rectangular concrete-filled steel tube
P M . or u -zd)c n . . .
$dcPn - 9ppMy, (30) (CFST) sections. This method depends on the calculation of the
p M moment resistance of a composite sectibh., which is only
Y4 1 <10 for P,<0.2b.P, given for rectangular sectioripecause the research in support of
2¢:Pn - dpM, these equations was performed for rectangular sections. @iy

_ . _ . example on how to calculate the moment resistance for rectangu-

where P ,=factored axial forceM ,=factored moment increased - . .
. . lar CFST sections is documented in Picard and Beayli®97).

f b d global slend ffects; th I d 1 )

or member and global slenderness efiects, e axia eSIgnThe second calculation method presented in CAN/CSA-S16.1-94,

strength,b P, , is defined above; and,=resistance factor for e . ;
bending, taken equal to 0.85. The AISC specifications states thatby default the only method perm_lssm_)Ie for_cwcular concrete-fllled_
steel tubes, assumes that bending is resisted by the steel section

the specified flexural design strength be computed using the plas-

tic strength distribution on the cross section, and requires an em-3:?(?;;9;?&;;?;gor?lier:;?]tt'vfargiti?(]ff gelnglcgc.)ll;Jln?ﬁ\slevrvﬂgn the
pirical reduction of that value in absence of shear connectors pacity

whenP, /&P, is less than 0.3. applied axial force is less than the compressiv_e re_sistance from
the concrete core alone. Since the steel section is assumed to

resist all bending forces, the steel shell must be designed as a

CANICSA-S16.1-M94 beam-column to resist all flexure, plus the axial compression load
equal to the difference between the total axial compression load

According to the Canadian Standard CAN/CSA-S16.1-M94 applied,C;, and the portion that is resisted by the concrete core,

“limit states design of steel structures,” hollow structural sections 1'C/ . Therefore, whetM;<tM, andC;>1'C; .

(HSS classified as classes 1, 2, and 3, and completely filled with

concrete may be used as composite columns to carry axial loads. Ci—1'C/ 1My <10 33
Class 4 sections completely filled with concrete may also be de- TC, Ci—1'C/ = (33)
signed as composite columns if outside diameter-to-thickness ra- ™™, | 1- —c.

e

tios of circular HSS is less than 28,069/.
where M;=factored applied moment;C.=Euler buckling

Axial Compression strength of the steel tube alone; aag=equivalent uniform
CAN/CSA-S16.1-M94 expresses the factored compressive resis-bending effect in beam columritaken as 1.0 for all cases con-
tance,C,. of concrete-filled columns as sidered in this paper, in accordance with the CSA standard
M, =factored moment resistance equatpgZ F, for classes 1 and
Cic=7C,+1'C/ (31a) 2 sections, ane SF, for class 3 sections. The resistance factor

for steel,ds, is equal to 0.9, and for concreté., equals 0.6.

C/=0.85bf.AN [V1+0.250 *—0.5\ ;%] (31b)

. KL ! e Eurocode 4

€ re w2E, (31c) Eurocode 4(1994—"design of composite steel and concrete

structures,” limits its scope to concrete-filled steel tubes for
Cr= A (1+ A2t (31d) which:
¢ The steel contribution ratidy, must be between 0.2 and 0.9,
kL Fy where
s:r_ 2E (31¢)
s T Es 5= (Aafy)/'yMa
where t=coefficient used to reduce the contribution of the steel N,

due to biaxial stresses generated to create concrete confinement, and A,=cross-sectional area of the steel tubg,=partial
andr’=coefficient that increases the contribution of the concrete  safety factor for steel taken equal to 1.10; aNg=plastic
for the same reason. For circular hollow structural sections with a  compressive resistance of the composite column.
height-to-diameter ratio of 25 or greater, CAN/CSA-S16.1-M94 « The nondimensional slenderness factor: N,/Ng,, must
specifies,7=7'=1.0 (which implies no effective confinement not exceed 2.0, whereN,=Euler buckling load, and
Otherwise, Np=plastic strength, both defined below.
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e The diameter-to-thickness ratio is limited byd/t where Z; and Z.=plastic section moduli of the steel tube and

<90(235f,). concrete core, respectively, amd and t=outside diameter and
thickness of the steel tube, respectively. Strength obtained from
Axial Compression the interaction diagram are then reduced to account for slender-
The plastic axial resistancs|, of a circular concrete-filed steel ~ ness and imperfections, using the factggsand x4
column is given as N
R
Ma ¢ ck Xn=Xx*0.25-(1—r) but yx,<xg

where A.=cross-sectional area of the concrete coyg;, and
vc.=partial safety factors for steel and concrdig=f.; and
wheren, andn,=values that, respectively, increase the concrete
strength due to confinement and reduce steel strength due to bi
axial stresses whek is no greater than 0.5 arld; is no greater

wherer =ratio of the lesser to the greater end moments. The cor-
responding bending moment resistanpg, and wy are deter-
mined from the respective axial resistance factoandyxy. The
length of w is calculated as

than N¢(d/10), whereM; and N; are the applied moment and Xd— Xn
axial load, respectively. W= pa— S (40)
The member is determined to have sufficient resistandg if h
<xNp, where Graphically, the concept can be illustrated by constructing a non-

dimensional interaction diagram, with a shaded triangular region
x="f— \/(fﬁ—)\‘z)$ 1.0 on the left of the diagranalong the axial force axjsand sized as
_2 ) a function of the slenderness factor. For a given axial load ap-
f=0.5\"1+0.2YA 0.2+ 7] plied, the length from the right side of that triangle to the right

N =elastic critical load used to calculate the slenderness factor,@dge of the interaction diagram gives the usable moment resis-

(35)

and is given by tance. _ o
Therefore, the member flexural resistance is given by the fol-
w2(El) lowing equation:
PLALY (36)
L2 M¢<0.9uM, (41)

whereL=buckling length, andE&1).=equivalent elastic modulus ~ whereM;=maximum design bending moment within the column
of the composite column calculated as the sum of the individual length. However, for all calculations presented in this paper,
components member resistance is calculated neglecting the 0.9 factor as it

appears to be another safety factor.
(Ele=E,l 4+ 0.8E¢4l ¢ (37)

wherel, and | ,=second moments of area for the steel and un-
cracked concrete core, respectiveli;=elastic modulus for the ~ References
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