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1 | INTRODUCTION

Concrete-filled steel tubular (CFST) beam-columns
exhibit high stiffness, strength, and ductility owing to the
interaction of the steel and concrete components. These
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Abstract

Octagonal concrete-filled steel tubular (OCFST) columns combine the benefits
of circular and square concrete-filled steel tubular (CFST) columns so that they
not only possess higher strength and ductility but also provide the ease of con-
nection to composite beams. However, research studies have been very limited
on the performance analysis of OCFST short beam-columns subjected to
eccentric loading. In this study, a fiber-based numerical model is developed for
the performance simulation of high-strength OCFST short beam-columns
under eccentric loading. The simulation model takes into account material
nonlinearities and concrete confinement induced by the octagonal steel tube.
Computational methods are given that predict the axial load-moment interac-
tion curves and moment-curvature responses of OCFST beam-columns. The
developed fiber model is verified against available test data with good accu-
racy. The influences of important parameters on the responses of high-strength
OCFST short beam-columns are studied by means of utilizing the computa-
tional model. It is found that the behavior of OCFST beam-columns is signifi-
cantly influenced by the diameter-to-thickness ratio of the cross-section,
concrete strength, steel yield stress, and axial load ratio. Interaction equations
are proposed for expressing the axial load-moment strength envelopes of
the cross-sections of OCFST beam-columns and validated against numerical
results.

KEYWORDS

axial load-moment interaction, concrete-filled steel tubes, fiber element modeling, moment-
curvature response, octagonal columns

beam-columns are often used as bridge piers and in super
large structures to carry heavy loads."™ A circular CFST
column has higher concrete confinement than its square
and rectangular counterpart as pointed out by Sakino
et al.* However, the connections of steel beams to a
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FIGURE 1 Cross-section of OCFST beam-column. OCFST,
octagonal concrete-filled steel tubular.

rectangular CFST column can be constructed with ease,
which makes rectangular CFST columns the most
favorable choice in practical design. To carry the same
ultimate axial load of the circular CFST column, the
cross-section of the square CFST column needs to be
increased. Recently, octagonal CFST (OCFST) columns
as depicted in Figure 1 have been considered as an
improved version of CFST columns as they combine the
advantages of both square and circular CFST columns.
The octagonal steel tube provides greater confinement to
the core concrete and is less susceptible to local buckling
than the square one. In addition, an octagonal steel tube
has flat walls, which can be easily connected with steel
beams in a composite frame.

Although there has been significant research under-
taken on circular and square CFST columns,* '° there is
little published information on the characteristics of
OCFST beam-columns loaded eccentrically. Test results
presented by researchers'' ™7 showed that the strengths
and ductility of octagonal cross-sections are higher than
those of square sections.

Fang et al.'” reported the first investigation into the
structural behavior of OCFST short beam-columns
loaded eccentrically. Twelve OCFST beam-columns were
tested to examine the effects of diameter-to-thickness
(D/t) ratio and loading eccentricities on their structural
behavior. These column specimens were constructed
using 104 MPa concrete and 758 MPa steel. The
ductile failure was observed when the OCFST short

beam-columns were loaded eccentrically. Moreover, it
was reported that the increase in loading eccentricity sig-
nificantly reduced the ultimate strengths of OCFST
columns.’

The numerical simulations of OCFST short columns
under axial compression were performed by Ding et al.,"?
Fang et al.,'” Susantha et al.,'"® Hassanein et al.,'" and
Ahmed and Liang.”® Ahmed and Liang®® developed a
new concrete confinement model for axially loaded
OCFST columns. The confinement model of Ahmed and
Liang®® provided a more accurate estimation of the per-
formance of OCFST columns than those by other
researchers. No design equations were given in Eurocode
4*' and AISC 360-16 for determining the ultimate axial
strength of OCFST columns loaded axially. Therefore,
Ahmed and Liang® proposed a simplified equation for
assessing the ultimate axial strength of OCFST short col-
umns. The applicability of the current design rules for
circular and square CFST columns to OCFST short col-
umns under axial compression has been assessed by
Ahmed and Liang.*® They concluded that Eurocode 4*'
significantly overestimated the ultimate strengths of
OCFST columns while AISC 360-16>* provided conserva-
tive prediction of their ultimate strengths.

Fang et al."” developed a finite element (FE) model
using ABAQUS for the simulation of the structural per-
formance of eccentrically loaded OCFST short columns.
Their model can predict the load-moment diagram by
increasing the loading eccentricity; however, it cannot
predict the pure bending moment capacity. Furthermore,
Fang et al.'” utilized the methods specified in Eurocode
4°' and AISC 360-16>* to determine the load-moment
interaction curves of OCFST beam-column. Eurocode
4 and AISC 360-16 suggest that the confinement effect
should be considered in the strength calculations of cir-
cular CFST columns, but it can be neglected in that of
square ones. Fang et al.'” ignored the confinement effect
on the ultimate strengths of OCFST columns. However, it
is obvious that the cross-section of OCFST column is
close to that of a circular tube, thereby providing consid-
erable confinement to the core concrete.

This study fills a gap in the research on OCFST short
beam-columns that are eccentrically loaded. A fiber ele-
ment model is developed, which efficiently determines
the inelastic behavior of the cross-section of an OCFST
short beam-column subjected to eccentric loading. The
simulation procedures are given for obtaining the load-
moment interaction diagrams and moment-curvature
curves of OCFST beam-columns. The accuracy of the
fiber-based computer model is evaluated by comparison
with experimental results given by Fang et al.'” The veri-
fied computer model is employed to parametrically study
the moment-curvature responses and axial load-moment
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FIGURE 2 Discretization of the cross-section of OCFST beam-
column. OCFST, octagonal concrete-filled steel tubular.

interaction behavior of OCFST beam-columns. Design
equations are given that express the load-moment inter-
action curves of OCFST beam-columns. The proposed
equations as well as the design approaches specified in
AISC 360-16°* for CFST columns are assessed for their
applicability to OCFST beam-columns.

2 | FORMULATION OF THE
FIBER-BASED NUMERICAL MODEL
2.1 | Basic concepts of fiber analysis

The ultimate strength of a beam-column with a slender-
ness L/r ratio less than 22 is governed by its cross-
sectional strength, as specified in AS 3600-2009.> The
fiber-based numerical model is an efficient computa-
tional tool for the performance simulation of composite
columns.”*** In the FE analysis of an OCFST column,
the column along its length must be divided into FEs
which contain many degrees of freedom. On the con-
trary, the fiber-based numerical model does not require
the discretization of the column along its length and does
not employ complicated contact elements to model the
interaction of steel and concrete components. Therefore,
the fiber model is computationally more efficient than
the FE model while maintaining good accuracy as
reported by Ahmed et al.*® In the fiber method of analy-
sis, the cross-section of an OCFST column is discretized
into small fiber elements as presented in Figure 2. For
this purpose, a mesh discretization technique given by
Persson and Strang®’ is adopted. The algorithm for fiber
discretization was designed based on simple mechanical
analogy where the nodal locations are solved for equilib-
rium in 2-D truss structures using the linear force-
displacement relationship and the topology is reset by the

fibL
CEB-FIP

Delaunay algorithm.?” The number of fibers in the cross-
section depends on the edge length specified by the user.
A smaller edge length results in finer resolution for the
fibers as shown in Figure 2. Each fiber is assigned to
the constitutive laws of either structural steel or concrete.
The plane section is assumed to remain plane after bend-
ing, resulting in a linear strain distribution through the
depth of the cross-section as shown in Figure 2.” This
assumption was also made in the fiber analysis by other
researchers.?*7° In addition, it is assumed that the bond
between the steel and the concrete in the longitudinal
direction is perfect. For any given curvature, the strain in
each fiber element is obtained from the linear strain pro-
file, so that the stress can be determined from the stress—
strain relationships.”*' Equations (1) and (2) are then uti-
lized to compute the internal axial load (P) and moment
(M) in the cross-section of an OCFST beam-column
under eccentric loading.

ns ne

P= Z 0siAsi + Z O-C,}'ACJa (1)
i=1 =
ns ne

M= Z 0s,iAs, iy + Z GCJAchj’ (2)
i—1 =1

in which M and P denote the internal bending moment
about the x-axis and internal axial force, respectively; oy
stands for the longitudinal steel stress of steel fiber i, o
represents the longitudinal concrete stress of concrete
fiber j, As; denotes the steel element area of fiber i, A
denotes the concrete element area of concrete fiber j, y;
represents the coordinate at centroid of steel fiber i, ns
stands for the total steel fibers, nc represents the total
concrete fibers, and Y denotes the coordinator at the cen-
troid of concrete fiber j.

2.2 | Moment-curvature analysis

The moment-curvature analysis is used to determine the
bending strength of the cross-section. In the analysis, for
a specified axial load, the bending curvature is gradually
increased. The internal axial force of the cross-section
under the given curvature is obtained from Equation (1)
and compared with the applied axial load for equilib-
rium. The neutral axis depth (d,,) is iteratively adjusted to
satisfy the force equilibrium condition by using the
inverse quadratic solution method proposed by Ahmed
et al.>> The internal moment for each curvature incre-
ment is then calculated. The complete M—¢ curve is
obtained by repeating the computational process until
the moment (M) drops to 50% of the maximum moment
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FIGURE 3 Flowchart to calculate the P,—M, curves of
OCFST columns. OCFST, octagonal concrete-filled steel tubular.

(Max) or the concrete compressive strain exceeds the
maximum strain (e, ), specified as 0.04.

2.3 | Axial load-moment interaction
analysis

To develop the P,—M, interaction diagram, the section
ultimate axial load (P,) of the OCFST column under axial

compression is firstly computed using the procedure given by
Ahmed and Liang.*® The axial load is then increased from 0 to
P, with a step of P,/10. For each load step, the corresponding
ultimate moment is calculated by using the M —¢ simulation
program described in Section 2.2. The analysis process is
repeated until the last load step has been executed. The
proposed analysis procedure results in a set of axial loads
and section moment capacities that are used to plot the
P,—M, curve. Figure 3 illustrates the flowchart for calcu-
lating the P,—M, curves of OCFST beam-columns.

2.4 | Curvature ductility index

The curvature ductility index proposed by Liang’ is uti-
lized to calculate the flexural ductility of an OCFST
beam-column, which is expressed as

bu

Pl =1
C ¢y

(3)

where ¢, denotes the yield curvature, which is deter-
mined as ¢, ,5/0.75, where ¢, ;s is the curvature when
the moment attains 75% of the ultimate moment capac-
ity.” In Equation (3), ¢, is the ultimate curvature of the
section. For the descending moment-curvature response,
¢, is taken as the curvature when the moment drops to
90% of the ultimate moment capacity.

3 | MATERIAL CONSTITUTIVE
MODELS

3.1 | Stress-strain relationship of steel
The material behavior of steel tube is simulated by its uni-
axial stress-strain relationships. The adopted stress-strain
relation is suitable for mild steel, cold-formed steel, and
high-strength steel. The curve is identical in both compres-
sion and tension. Generally, mild structural steel shows a
typical yield plateau, which can be simulated using the tri-
linear stress—strain curve shown in Figure 4.” For the cold-
formed steel, the stress-strain curve is proposed as
rounded, whereas for the high-strength steel, the rounded
part of the cold-formed steel is replaced with a straight
line,” as illustrated in Figure 4. The rounded part of the
stress-strain curve is mathematically expressed by

£e—0.9e5 \ 1/+
Og :fsy m (0.985y < Es S gst) . (4)

Equation (4) was proposed by Liang.” In Equation (4), o
denotes the stress of the steel elements, ¢ denotes the

85UB0 1 SUOWIWOD) dAIRR1D 3|qed![dde aup Aq pausench e sap1Le O ‘88N J0 SaIn1 Joj Areiq1 8ul|UO AB]IM UO (SUOIPUOD-PUB-SWLRYWOD" AB| 1M AseIq1fBuljuO//:SANY) SUORIPUOD PUe SWB L 8U3 885 * [E202/TT/9T] U0 A1 auluO A8 *|10UN0D UoIeesdy EJIPBIAI PUY U3ERH [BUOIEN AQ 09E00EZ0Z 00NS/Z00T 0T/I0p/W0d™ A | 1mAe.q1jeu |uo//Sdny o pepeojumoq ‘0 ‘8y9.TS.T



AHMED & AL. ﬁ b | 5
o4 oA
fN .......... Confined concrete
1
1
____________________ * ! Inflection point
]cs U= == - - \ 7 cﬁ' _____ \ ' P
] 1 1
! ! ' '
tecdedeceNNcccccccas | Ip———
fsy _____ d : -fu' 'E » !
1 1 H 1 1
i \ ! 1 i Unconfined concrete
0.fsy -7 : P :
1 1 1 : 1 1
: | | Eu  Ei ' i ; . .
] I 1 T i p =
| | : \-/ 0 g &, Eei cu &
1 1 1 H
1 1 1 1
, : . - fcr
] I |
1 1 s 1 ;
0 0.9¢ sy Est su €s FIGURE 5 Stress-strain relationships for concrete in

FIGURE 4 Stress-strain relations for steels in tension and
compression.

strain of the steel fiber, f, and es, represent the steel
yield strength and strain, respectively, and & denotes the
strain hardening strain, which is equal to 0.005. In
Figure 4, f, represents the steel tensile strength and &g,
denotes the ultimate strain. The stress—strain relation in
Figure 4 accounts for the effect of biaxial stresses on the
steel tube of the OCFST column owing to the confine-
ment mechanism by decreasing the yield strength of steel
by 10%.**® For the strain beyond the strain hardening
strain &g, the stress of the steel is obtained from the equa-
tions proposed by Mander’® until the ultimate strain &g,
is attained. The ultimate strain value of steel &g, is speci-
fied as 0.2.

3.2 | Stress-strain relationship of
concrete

The nonlinear stress—strain relation adopted for the con-
crete applies to both high-strength and normal-strength
concrete (20MPa <f, <100MPa). The stress-strain rela-
tion of concrete accounts for the confinement effect,
which increases both the ductility and strength of the
concrete. As the strength increases, the stress-strain rela-
tion features an increase in the strain at the ultimate
strength. However, the higher the concrete strength, the
more brittle the behavior and the lower concrete confine-
ment. The stress-strain relations of confined and uncon-
fined concrete demonstrated in Figure 5 only apply to
short-term quasi-static loading. The compressive strength
of unconfined concrete is represented using the cube
strength f, or the strength of the standard concrete cyl-
inder f. It is assumed that the ratio of the cube strength
feu to the cylinder strength f7, is 0.85. The initial modulus

compression and tension.

of elasticity E. in both compression and tension follows
the equation proposed by Lim and Ozbakkaloglu.**

E. (MPa) = 4400 /7.f", (5)

where y. is the reduction factor recognizing the column
size effects calculated using the expression given by
Liang.” The reduction factor is calculated as
7.=1.85D_%1  in which D, is calculated as D—2t,
where D is the external largest width of the octagonal
section and t is the thickness of the steel tube. The strain
at the maximum stress for confined concrete ¢, is given
in Equation (6), which was originally reported by
Popovics.*

kaf e
refe

/

0
cc_gc+

£

(6)

The maximum strain of the unconfined concrete was sug-
gested by De Nicolo et al.*® as

€. =0.00076 + \/ (0.626y.f. —4.33) x1077.  (7)

The ultimate compressive strength f.. of the confined
concrete is determined by the formula originally reported
by Popovics™ as

o\,
= ) (r2), (®)

fum (14

where f,, is the confining pressure to the core concrete;
k, and k, are equal to 4.1 and 20.5, respectively.’’ The
value of factors k; and k, are given by Richart et al.*®
The confinement in OCFST column is different from that
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in conventional circular and square CFST columns.
Based on the test data of OCFST columns under axial
load, Ahmed and Liang®® proposed Equation (9) to
express the lateral pressure f,,, on the filled concrete in
OCFST columns.

fip (MPa)=3.1963 —6.8835 x 10> (?) (frp > 0) . (9)

The stress-strain relationship originally reported by Popo-
vics®® is adopted to represent the material behavior of con-
crete in ascending branch in compression and expressed by

/ e 8/ A
S I CTL N L W ST
(SC/E/CC) +4-1
__ Beeee (11)
Ecel . —f'.

where o is the concrete stress and &, is the correspond-
ing strain at o.. The post-peak branch of the stress-strain
relationship of confined concrete is obtained by using the
equation developed by Lim and Ozbakkaloglu®* as

/o f/cc _fcr
cc ot -2
1+ ( C CC)

A
Eci—€cc

for e.>é! (12)

cc?

oc=f

in which f., represents the residual strength of confined
concrete, taken as f. =p.f.., where S, stands for the
strength degradation parameter and ¢, denotes
the inflection strain taken as 0.01.>° The expression of f3,
proposed by Ahmed and Liang™ is

4000
3500
3000
é 2500
a
]
s 2000
3
;ﬁ 1500 - = = Test (500-1)
1000 — — Test (500-2)
Fiber analysis model
500
0 1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03
Strain €
(a)
FIGURE 6

and (b) Ding et al."* OCFST, octagonal concrete-filled steel tubular.

Axial Load P (kN)

D
B.=1.145243 — 0.003898 7

—0.005853(7f.) (0<p.<1). (13)
The stress—strain relationship for concrete in tension is
illustrated in Figure 5 where the tensile stress and strain
are taken as negative. It can be seen from Figure 5 that
the linear relationship between tensile stress and strain is
assumed for concrete before and after cracking. The ten-
sile strength of concrete is estimated as f, =0.61/y.f,
while the maximum tensile strain &, is taken as
e = 10¢, Where ¢ is the cracking strain.

4 | VERIFICATION OF THE
NUMERICAL MODEL

In this section, the accuracy of the fiber simulation
model is verified by comparing the predicted axial load-
strain curves, strength envelopes, and load-deflection
curves of OCFST short beam-columns with experimental
measurements.

4.1 | The axial load-strain curves
of OCFST short columns under axial
loading

The predicted axial load-strain curves of OCFST short col-
umns under axial loading are compared against the test
results reported by Ding et al."* and Zhu and Chan."® From
Figure 6, it is seen that the numerical model can accurately
predict the axial load-strain curves of OCFST short columns.

12000
10000

8000

6000

4000 — — Test (OST2-B)

2000 — Fiber analysis model

0 1 1 1 1
0 0.01 002 0.03 0.04 0.05
Strain €
(b)

Comparison of predicted and experimental axial load-strain curves of OCFST short columns tested by (a) Zhu and Chan'®
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TABLE 1 Dimensions and material properties of OCFST beam-columns.
Column D(mm) t(mm) D/t f, (MPa) fi(MPa) e(mm) Py (KN) M, (KNm) Ref.
Oct-50 x 6-e10 121 6.1 19.8 758 104.2 10.8 2641 28.52 Fang et al.’’
Oct-50 x 6-e20 121 6.1 19.8 758 104.2 20.3 2184 44.34
Oct-50 x 6-e40 121 6.1 19.8 758 104.2 40.4 1593 64.36
Oct-50 x 6-e60 121 6.1 19.8 758 104.2 59.9 1191 71.34
Oct-50 x 6-e75 121 6.1 19.8 758 104.2 76.1 996 75.80
Oct-50 x 6-€90 121 6.1 19.8 758 104.2 90.1 866 78.03
Oct-70 x 6-e20 169 6 282 758 104.2 20.8 3209 66.75
Oct-70 x 6-e35 169 6 28.2 758 104.2 35.5 2837 100.71
Oct-70 x 6-e60 169 6 282 758 104.2 60.1 1975 118.70
Oct-70 x 6-e60R 169 6 282 758 104.2 60.9 1946 118.51
Oct-70 x 6-e75 169 6 282 758 104.2 75.6 1895 143.26
Oct-70 x 6-€90 169 6 28.2 758 104.2 91.2 1532 139.72
5000 8000
® Oct-50 x 6-¢10 ® Oct-70 x 6-e20
4000 - O Oct-50 x 6-¢20 B Oct-70 x 6-e35
6000 | A Oct-70 x 6-e60
- B Oct-50 x 6-¢40 . X  Oct-70 x 6-e60R
Z 3000 | A Oct-50 x 6-¢60 Z O Oct-70 x 6-€75
~ — ¢ Oct-70 x 6-e90
h & Oct-50 x 6-€75 = 4000 :
Q*, 1) °1 = Fiber model
= 2000 —— Fiber model =
3 3
= - 2000
-2 1000 r (g 2
< <
0 - 0 )
0 50 100 150 0 50 100 150 200 250
Moment, M, (kNm) Moment, M, (kNm)
(a) (b)
FIGURE 7 Comparison of predicted and measured P,—M, curves of OCFST columns. OCFST, octagonal concrete-filled steel tubular.
4.2 | Load-moment interaction curves between predictions and measurements are likely caused

of OCFST beam-columns

The predicted load—-moment interaction curves of OCFST
beam-columns are compared with the experimental
results given by Fang et al.'” The basic column parame-
ters of the tested specimens are displayed in Table 1. In
Table 1, the first specimen is designated as Oct-
50 x 6-e10, where 50 is the nominal edge length (mm),
6 stands for the thickness of the tube (mm), and €10
refers to the loading eccentricity (e) of 10 mm. The ulti-
mate moment M ., was calculated as My exp = Pu,exp
xe, where Py ¢y is the experimental ultimate load. It can
be seen from Figure 7 that the fiber modeling technique
can capture the P,—M, diagrams of OCFST columns
with reasonable accuracy. The small discrepancies

by the uncertainty in the material properties of concrete
and steel, systematic errors in scientific measurements,
and gross errors in experimental techniques. Moreover,
the strength enhancements due to cold-forming, reduc-
tion in strength due to welding, and ignoring the corner
effect may cause some discrepancies between the test and
numerical predictions.

4.3 | Load-deflection curves

The modeling and simulation method proposed by
Ahmed et al.*>* has been implemented into the present
numerical model to determine the axial load-lateral
deflection curves. The numerical model has been
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employed to predict the axial load-lateral deflection
(P —up) curves of OCFST short columns tested by Fang
et al.'” The results obtained are presented in Figure 8. A
reasonable match between the test and numerical predic-
tion can be observed.

4000
é\ 3000
Ry
2 2000
o
—
= — = =Test (Oct-70 % 6-¢35)
<>é 1000 Fiber element analysis
= + =Test (Oct-70 % 6-e75)
0 Fiber element analysis

0 5 10 15 20
Mid-height deflection u,, (mm)

FIGURE 8 Comparison of predicted and measured P — uy,
curves of OCFST columns. OCFST, octagonal concrete-filled steel
tubular.
Group Column D(mm) t(mm) D/t f, (MPa)
G1 OCFST-1 500 10 50 350
OCFST-2 600 10 60 350
OCFST-3 700 10 70 350
OCFST-4 800 10 80 350
G2 OCFST-5 700 14 50 350
OCFST-6 700 11.66 60 350
OCFST-7 700 10 70 350
OCFST-8 700 8.75 80 350
G3 OCFST-9 700 10 70 250
OCFST-10 700 10 70 350
OCFST-11 700 10 70 460
OCFST-12 700 10 70 650
G4 OCFST-13 700 10 70 350
OCFST-14 700 10 70 350
OCFST-15 700 10 70 350
OCFST-16 700 10 70 350
G5 OCFST-17 700 10 70 350
OCFST-18 700 10 70 350
OCFST-19 700 10 70 350
OCFST-20 700 10 70 350

5 | PARAMETRIC STUDY

The fiber-based model was employed to assess the influ-
ences of various parameters on the behavior of eccentri-
cally compressed OCFST short beam-columns. The
external diameter of the OCFST columns was taken as
700 mm with a steel tube thickness of 10 mm. The con-
crete strength was 70 MPa. The steel yield strength was
350 MPa; Young's modulus of steel was 200 GPa. The
axial load ratio (P,/P,) was 0.4. Table 2 summarizes
the geometry and material properties of OCFST beam-
columns utilized in the parametric study.

5.1 | Influences of D/t ratio

The influences of D/t on the structural characteristics of
OCFST short beam-columns were studied by employing
the fiber modeling technique. The D/t ratios of 50-80
were determined by varying external diameter (Group
G1) or the tube thickness (Group G2). Figure 9 shows
that increasing the D/t ratio by increasing the external
diameter of the columns (Group G1) significantly
enlarges the P,—M, diagram of the columns. This is due
to the increase in the cross-sectional area of the confined
concrete when the D/t ratio increases by increasing the

F.(MPa) P,/P, TABLE 2 De‘ta%ils of the reference
beam-columns utilized in the

70 0.4 parametric study.
70 0.4
70 0.4
70 0.4
70 0.4
70 0.4
70 0.4
70 0.4
70 0.4
70 0.4
70 0.4
70 0.4
30 0.4
50 0.4
70 0.4

100 0.4
70 0.4
70 0.5
70 0.6
70 0.7
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external diameter of the columns. As demonstrated in
Figure 9, the pure moment capacity also increases with
an increase in the D/t ratio of the columns. Furthermore,
it is found that increasing D/t ratio remarkably increases
the ultimate moment and ductility of the columns, as illus-
trated in Figure 10. The ultimate moment of the columns
is found to increase by 219.5% when increasing the D/t
ratio from 50 to 80. The residual moment at the ultimate
curvature of the columns with D/t ratio of 50, 60, 70, and
80 is 55%, 63%, 81%, and 81% of their ultimate moment,
respectively. The ductility of the column improves from
3.25 to 6.27 as the D/t ratio increases from 50 to 80. These
numerical results suggest that OCFST short beam-columns
with a larger D should be used to resist heavy loads.

70000
_____ D/t=50
60000 [ — . =D/t=60
Qf D/t=80
- 40000
B
S 30000
% 20000 - TN
10000 | 7 )
/', S
0 22’ A7
0 2000 4000 6000
Moment, M, (kNm)
FIGURE 9 Influences of D/t ratio on the P,—M, curves by

changing the external diameter of the columns.

8000

7000
6000
5000
4000
3000
2000
1000

Moment, M (kNm)

0 2 4 6 8
Curvature ¢ (x107°)

(a) M —¢ curves

FIGURE 10

fib L

On the other hand, increasing the D/t ratio by chang-
ing the tube thickness (Group G2) has significant effects
on the P,—M, and M—¢ curves as well as on the ductility
of the columns, as shown in Figures 11 and 12. When the
D/t ratio of the column increases from 50 to 80, the ulti-
mate moment of the column decreases by 23.6%. Similarly,
the ductility of the column reduces from 7.88 to 4.93 as the
D/t ratio increases from 50 to 80. This is because increas-
ing the D/t ratio by reducing the tube thickness reduces
the steel area of the columns, thereby reducing the
moment capacity of the columns. Figure 12a demonstrates
that the initial flexural stiffness of OCFST short beam-
columns decreases with increasing the D/t ratio.

5.2 | Influences of steel yield strength

The fiber-based model of nonlinear analysis was employed
to predict the influences of steel yield strength on the
structural performance of OCFST short beam-columns.
The steel yield strength was changed from 250 to 650 MPa
for the columns in Group G3. From the results shown in
Figure 13, it is observed that the P,—M, diagram is
enlarged by increasing the steel yield stress. The steel
yield strength has the most pronounced effect on the ulti-
mate pure moment capacity of the cross-section of
OCFST beam-columns. This implies that high-strength
steel tubes can be utilized to construct OCFST beam-
columns to resist large bending moments. As depicted in
Figure 14a, the initial flexural stiffness is not affected by
the value of steel yield strength. However, the ultimate
moment capacity of OCFST short beam-columns is con-
siderably increased by using higher strength steel. What

O 1 1 1
0 25 50 75 100

DI/t

(b) Curvature ductility

Influences of D/t ratio (changing D only) on the strength and ductility. (a) M—¢ curves. (b) Curvature ductility.
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stands out in this figure is that changing the steel yield
strength from 250 to 650 MPa improves the ultimate
moment capacity by 41.3%. The steel yield stress has an
insignificant influence on the ductility of the columns as
can be seen in Figure 14b. The ductility indices of the col-
umns with steel yield stresses of 250, 350, 460, and
550 MPa are 5.32, 5.38, 5.36, and 5.73, respectively.

5.3 | Influences of concrete compressive
strength

The influence of the concrete compressive strength
on the behavior of octagonal CFST beam-columns

50000

40000

30000

20000

Axial Load, P, (kN)

10000

0 2000 4000
Moment, M,, (kNm)

6000

FIGURE 11 Influences of D/t ratio by changing steel tube
thickness on the P,—M, curves of OCFST columns.

4500
4000
3500
3000
2500
2000
1500
1000

500

Moment, M (kNm)

0 2 4 6 8
Curvature ¢ (x107°)

(a) M —¢ curves

FIGURE 12

—_
=)

(b) Curvature ductility. OCFST, octagonal concrete-filled steel tubular.

was studied by varying the strength of the columns
in Group G4 from 30 to 100 MPa. From the load-
moment diagram in Figure 15, it is apparent that
increasing the concrete compressive strength enlarges
the P,—M, curves of OCFST columns. The most interest-
ing aspect of these P,—M, diagrams in Figure 15 is that
increasing the concrete compressive strength results in a
greater increase in the pure ultimate axial strength rather
than the pure ultimate moment capacity. This effect on
the ultimate axial strength reduces as the bending
moment increases. This is consistent with the perfor-
mance of other composite short beam-columns.*>** This
suggests that high strength concrete can be utilized
in OCFST beam-columns to resist concentric compres-
sion force rather than bending moments. As Figure 16a
depicts, increasing concrete strength from 30 to 100 MPa
increases the ultimate moment of the columns by 99.1%.
However, the ductility of the column is found to reduce
from 5.59 to 5.15 as the concrete strength increases
from 30 to 100 MPa. This result is explained by the
fact that high-strength concrete is brittle at the material
level. The flexural stiffness of OCFST beam-columns
increases as the concrete compressive strength increases
(Figure 16a). This is because Young's modulus of con-
crete increases with the increase in the compressive
strength.

54 | Influences of the axial load ratio

The axial load level is represented by the P,/P, ratio.
The computer model was utilized to investigate the

Plcd

S = N W kA LN I 0 O
T

20 40 60 80
D/t

o

100

(b) Curvature ductility

Influences of D/t ratio by changing the steel tube thickness on the behavior of OCFST columns. (a) M —¢ curves.
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influence of the P, /P, ratio on the behavior of OCFST
beam-columns given in Group G5 by changing the P, /P,
ratio from 0.4 to 0.7. Figure 17a presents the effects of
P,/P, ratio on the moment-curvature responses. The
figure reveals that increasing P,/P, ratio significantly
reduces the flexural stiffness, ultimate moment, and
curvature ductility of the columns. The ultimate moment
of the column reduces by 16.1% when the axial load
level increases from 0.4 to 0.7. Similarly, the flexural duc-
tility of the column reduces from 5.38 to 2.63 as the
axial load level increases from 0.4 to 0.7.

50000 —————__C /. =250 MPa
— . =f, =350 MPa
Zz 40000 — — [, =460 MPa
'\Mi S~ ——»/,, =650 MPa
Q730000 F TSN
.-
<
o
= 20000 |
[a+]
ge
< 10000 }
Pign
0 2
0 2000 4000 6000

Moment, M, (kNm)

FIGURE 13 Influences of steel yield stress on P,—M, curves
of octagonal CFST beam-columns. CFST, concrete-filled steel
tubular.

7000
______ £, =250 MPa

6000 — . — f, =350 MPa
Z 5000 | — — [, =460 MPa
5 —— /, =650 MPa
= 4000 ‘
=
= 3000 -
g --------
Eo 2000

1000

O 1 1 1 1

0 2 4 6 8
Curvature ¢ (x107)

(a) M —¢ curve
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6 | INTERACTION EQUATIONS
OF OCFST SHORT COLUMNS
6.1 | AISC 360-16

The expressions for the axial load-moment interaction
diagrams of CFST columns given in AISC 360-16>* are

P, 8M, P,
— =1 for —>0.2
P,  9M, P, (14)
i Aﬁ— 1 for li <0 2’
2P, M, P,
60000 :
----- £ =30 MPa
~ 50000 t — - =/, =50MPa
E — — /=70 MPa
N 40000 —— . =100 MPa
k=) - -~
S 30000
— ~
T 20000 [~~~
>< -~
<
10000 F
0
0 2000 4000 6000

Moment, M,, (kNm)

FIGURE 15 Influences of concrete strength on P,—M,
diagram of OCFST beam-columns. OCFST, octagonal concrete-
filled steel tubular.

0 1 1 1 1
0 150 300 450 600 750

Jiw (MPa)

(b) Curvature ductility

FIGURE 14 Influences of steel yield stress on the performance of OCFST beam-columns. (a) M—¢ curves. (b) Curvature ductility.

OCFST, octagonal concrete-filled steel tubular.
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FIGURE 16
OCFST, octagonal concrete-filled steel tubular.
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FIGURE 17
concrete-filled steel tubular.

in which P, and P, stand for the eccentric load and the
pure ultimate axial load of the columns, respectively, and
M, and M, represent the bending moment and pure
bending moment of the columns, respectively. The P,
and M, are to be calculated as

PO,AISC :Asfsy +095Acﬂ;’ (15)

Mo = (Wps — Wysn)fy +0.5(Wpe — Wipen)0.95f,  (16)

where Wy and W, are the plastic modulus of steel tube
and concrete, respectively; Wy, and Wy, denote the

6
S | .\‘\.
4 L
2 L
l =
0 1 1 1 1
0 25 50 75 100 125
/. (MPa)
(b) Curvature ductility

Influences of concrete strength on the performance of OCFST beam-columns. (a) M—¢ curves. (b) Curvature ductility.

0 1 1 1 1
0 0.2 0.4 0.6 0.8 1
B 1F,

(b) Curvature ductility

Influences of P, /P, ratio on the behavior of OCFST columns. (a) M—¢ curves. (b) Curvature ductility. OCFST, octagonal

plastic modulus of steel tube and concrete within 2hy,,
respectively; h, denotes the distance from the neutral
axis to the centroid of the cross-section; A; and A.

represent the areas of steel tube and concrete,
respectively.
6.2 | Proposed interaction equations

Based on the numerical results obtained in this study,
interaction equations for expressing the interaction curve
of OCFST short columns are proposed herein as
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FIGURE 18 Comparison of the proposed P,—M,, curves of OCFST columns with the test results. OCFST, octagonal concrete-filled steel
tubular.
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where M, is calculated using Equation (16) and P, is
given by Ahmed and Liang®® as

Po,prop :Asfsy + (7cf:: +4'1frp>AC’ (19)

where f, is given in Equation (9).

6.3 | Accuracy of the proposed
interaction equations

The accuracy of the proposed interaction equations for
OCFST short beam-columns as well as the one specified
in AISC 360-16 for CFST columns is examined by com-
parison with the test results of Fang et al.'” in Figure 18
and numerical results in Figure 19. As shown, the pro-
posed design equations can provide a more accurate pre-
diction of the P,—M, curves of OCFST columns than the
one given in AISC 360-16. This is because AISC 360-16
does not consider the confinement provided by OCFST
steel tube to the core concrete so that it underestimates
the ultimate strength of the columns. On the contrary,
the material constitutive model for concrete in OCFST
columns utilized in this study considers the confinement
effect on the core concrete. Therefore, in the absence of
the design specifications for the P,—M, curves of OCFST
columns, the proposed interaction equations can be used
for design purposes. However, the proposed model seems
to provide conservative strength predictions of the Oct-
50 x 6 series having a small eccentricity. However, the
proposed model captures well the strengths of the Oct-
70 x 6 series. The difference is likely due to the uncer-
tainty in the concrete strength of the actual tested
columns as the average compressive strength was used in
the analysis.

7 | CONCLUSIONS

A computationally efficient numerical model of fiber
analysis has been developed and presented in this paper
for the simulation of the nonlinear inelastic behavior of
OCFST short beam-columns subjected to eccentric loads.
The method of analysis accounts for the distributed plas-
ticity of octagonal steel tube, concrete cracking and
crushing, and confinement effects. The computational
procedures have been described that compute the load-
moment interaction diagrams and moment-curvature
curves. The numerical results obtained were compared
with test results reported elsewhere. It has been shown
that the strengths of eccentrically loaded OCFST short
beam-columns can be predicted by the proposed analysis

method with good accuracy. The validated model has
been used to study the influences of various parameters
on the P,—M, curves, the M—¢ curves, and the curva-
ture ductility of high-strength OCFST short beam-
columns. For practical purposes, interaction equations
for expressing the axial load-moment strength envelopes
of OCFST short beam-columns have been proposed.

The important outcomes obtained from the study are
as follows:

a. Increasing the D/t ratio by changing the steel tube
thickness considerably reduces the stiffness, bending
strengths, and curvature ductility of OCFST short
beam-columns. On the other hand, the stiffness, bend-
ing strengths, and ductility increase significantly as D/
t ratio increases by varying the diameter and keeping
the same thickness.

b. Increasing the steel yield strength significantly
improves the bending capacity of OCFST columns.
However, steel yield strength has insignificant effects
on the curvature ductility of the columns.

c. For the identical cross-section, concrete strength has the
most significant effect on the performance of OCFST
short beam-columns. The use of high-strength concrete
in OCFST short beam-columns improves their bending
strengths but decreases their curvature ductility.

d. An increase in the axial load level significantly
reduces the ultimate bending strength and curvature
ductility of OCFST beam-columns.

e. The proposed formulas predict the P,—M, curves of
OCFST beam-columns more accurately than the inter-
action equations specified in AISC 360-16.
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