10

11

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

27
28

© 2021. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/.

https://doi.org/10.1016/j.engstruct.2021.112360 This is the Pre-Published Version.

Structural performance of concrete-filled cold-formed high-

strength steel octagonal tubular stub columns

Han Fang!, Tak-Ming Chan®** and Ben Young?®

!School of Civil, Environmental and Mining Engineering, The University of Adelaide, South
Australia 5005, Australia

Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University, Hong
Kong, China

*Chinese National Engineering Research Centre for Steel Construction (Hong Kong Branch), The
Hong Kong Polytechnic University, Hung Hom, Hong Kong, China

*Corresponding author: tak-ming.chan@polyu.edu.hk
Abstract

This paper presents a comprehensive experimental and numerical study on the structural performance
of concrete-filled cold-formed high-strength steel octagonal tubular stub columns. Stub column
specimens formed using high-strength steel and infilled concrete with grades C50 and C90, and with
three different plate width-to-thickness ratios were tested. The ultimate loads, load-displacement
responses and failure modes of the structures were observed and discussed. In addition to the
experimental investigations, a finite element model validated using the stub column test results was
developed. A series of parametric studies were subsequently conducted to obtain supplementary data
for concrete-filled cold-formed high-strength steel octagonal tubular stub columns with a wide range
of plate width-to-thickness ratios and different concrete compressive strengths. The applicability of
existing design approaches in European and American standards and in literature provided for
concrete-filled steel tubular structures with rectangular, circular or octagonal cross-sections were
evaluated using the results obtained from the experimental and numerical study. The accuracy of
design predictions for concrete-filled cold-formed high-strength steel octagonal tubular stub columns
using different design approaches was discussed. A design approach that more accurately incorporates

the strength contributions from steel tubes and concrete infill was also proposed for structural design.

Keywords: Concrete-filled steel tubes, cold-formed, octagonal cross-section, stub columns, high-

strength steel, testing, numerical study, structural design.
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1. Introduction

Concrete-filled steel tubular (CFST) structures have been increasingly applied in composite
construction of buildings and bridges owing to their high structural capacity and ductility, energy
dissipation performance and fire resistance [1-4]. Besides the high structural performance, the outer
steel tubes are used as the formwork for concrete casting, resulting in faster and more economical
construction [5-6]. Comprehensive research studies have been performed to investigate the behaviour
of CFST structures formed using normal strength materials and under various loading conditions that
can occur to the structures in applications [3, 5, 7-11]. With the developments of material manufacture
and concrete technology, high-strength steel (HSS) with nominal yield strength above 460MPa and
high-strength concrete (HSC) with cylinder compressive strength above 70MPa are available to obtain
stronger and lighter structures [12-17] and have received wide interests for their use to form CFST
structures [6, 17-19]. During recent years, effective research progresses have been achieved on CFST
structures made of high-strength materials and with circular and rectangular cross-sections [6, 10, 17-
18, 20-21]. For these structures, the circular shape steel tubes provide more effective confinement to
the concrete infill while rectangular shape steel tubes for CFST members provide flat surfaces to
allow easier construction of joints connecting incoming members with the CFST members.
Comparing with circular and rectangular CFST structures, octagonal shaped cross-sections have
recently been found to provide combined high confinement from the outer octagonal steel tube and

flat surfaces for connection construction [22].

Despite the advantages of CFST structures with octagonal cross-sections, limited studies were
performed to examine the performance of the structures. Tomii et al. [23] tested nine octagonal CFST
stub columns with three cross-sectional sizes and the stub columns were made of conventional
strength steel with yield strength (fy) of about 294.3-341.3MPa and conventional strength concrete
with cylinder compressive strength (f) of 16.7-30.1MPa. Ding et al [24] tested eight octagonal CFST
stub columns with three cross-sectional sizes and formed using conventional strength steel with f, of
about 311-321 MPa and concrete with cubic compressive strength (f.,) of 39.3 and 57.4MPa.
Hassamnein et al [25] investigated octagonal CFST stub columns formed using conventional strength
steel with f, of about 350MPa and conventional strength concrete and HSC with f. of 40-100MPa. In
the study, it was also suggested that strength predictions with reasonable accuracy was obtained based
on the design approach for circular CFST stub columns in Eurocode 4 [26]. Zhu and Chan [22, 27]
investigated octagonal CFST stub columns made of conventional strength steel with f, of 296.3-
413MPa and conventional strength concrete and HSC with f; of 37.7-113.5MPa. Zhu and Chan [22]
also found that conservative strength predictions were obtained using the design approaches given in
Eurocode 4 and AISC 360 [28] for rectangular CFST stub columns and proposed an approach based

on the obtained experimental results for octagonal CFST stub columns with conventional strength
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steel. Based on the above research results for octagonal CFST stub columns, Ahmed and Liang [29]
performed numerical modelling and evaluated design approaches in standards. It was also found that
overestimation of structural capacities was obtained based on the design approach in Eucocode 4 [26]
for circular sections while conservative predictions was obtained based on AISC 360 standard [28].
These existing research studies mostly focused on the octagonal CFST stub columns with
conventional strength steel. Limited attention has been paid to the octagonal CFST stub columns
made of HSS.

Therefore, a comprehensive study through experiments and numerical modelling was performed on
the concrete-filled cold-formed HSS (CFHSS) octagonal tubular stub columns. Experiments were
performed to investigate the behaviour of concrete-filled CFHSS octagonal tubular stub columns
made of different concrete grades and with cross-sectional sizes. A numerical study was performed, in
which a validated finite element model based on experimental results was developed and subsequently
applied to carry out parametric studies on the concrete-filled CFHSS octagonal tubular stub columns
with various dimensions and material strengths. The obtained experimental and numerical results
were also compared with the strength predictions based on specifications given in Eurocode 4 and
AISC 360 and the approaches proposed by Zhu and Chan [22] and Ahmed and Liang [29] so that the
applicability of the design approaches to the structures investigated in the current study was evaluated.

Finally, a design approach with improved accuracy is proposed.
2. Experimental investigation
2.1 Specimens and material properties

CFHSS octagonal tubular stub column specimens with and without concrete infill were prepared for
experimental investigations, as summarised in Table 1 based on the nomenclature described in Fig. 1.
The CFHSS octagonal tubes for these specimens were fabricated using S690 plates with nominal
yield strength and thickness of 690MPa and 6mm respectively. In the table, the specimens were
labelled based on the tube size and concrete grade. For example, the Oct-50%6-C50a defines the
specimen with respective nominal steel tube side length and thickness of 50mm and 6mm and made
of C50 concrete with nominal f; of 50MPa. The last segment “a” or “b” was used to distinguish the
specimens with the same nominal dimensions and concrete grade. The specimens labelled with “C0”
are the CFHSS octagonal tubular stub columns without concrete infill. The CFHSS octagonal tubes
for the specimens were fabricated by press-braking HSS plates into half-sections and subsequent
welding of two half-sections, as shown in Fig. 1. The specimens were prepared using CFHSS
octagonal tubes with three plate width-to-thickness ratios. For the specimens with the same nominal
tubular cross-section size, concrete with different grades of C50 and C90 with nominal f. of 50MPa

and 90MPa respectively were prepared and poured into the tubes to form the concrete-filled CFHSS
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octagonal tubular stub columns. The nominal length (L) of each specimen was taken as three times of
the width (D) shown in Fig. 1 of the specimen cross-section. The dimensions of the specimens were

measured and provided in Table 1.

The material properties of CFHSS octagonal tubular sections for the specimens are required for
subsequent numerical study and evaluation of design approaches. The tubes for the current study were
obtained using the HSS plates in the same batch as those used for fabricating the CFHSS octagonal
tubular structures investigated in previous studies [30-32]. The detailed measurements of properties of
materials at the flat and corner regions across the CFHSS octagonal tubular sections have been
presented in those previous studies, and thus, key results as the average values of material properties
at the flat and corner regions are summarized here in Table 2 while the typical stress-strain curves
from the measurements are given in Fig. 2. In Table 2, Es, ov2, ou, & and & represent the elastic
modulus, 0.2% proof stress, ultimate tensile strength, ultimate tensile strain, and elongation at fracture,

respectively.

Concrete grades of C50 and C90 grades were prepared in the laboratory using the mix proportions
shown in Table 3. Nine concrete cylinder specimens with the standard size of 150x300mm for each
concrete grade were also prepared in parallel to the process of pouring concrete for the concrete-filled
stub columns specimens. Both concrete-filled CFHSS octagonal tubular stub columns and concrete
cylinder specimens were cured under the same environmental conditions. The cylinders were tested
during the test days of the stub columns and the average f. of the C50 and C90 concrete were obtained,

as presented in Table 3.
2.2 Stub column tests

The stub columns were tested under axial compression using a 10,000kN loading machine, as shown
in Fig. 3 for the test set-up. To obtain flat end surfaces for uniform loading during the tests, plaster
material was applied to fill the small gap at the top surface between the steel tube and concrete infill
[17, 33] for concrete-filled CFHSS octagonal tubular stub column specimens. The end surfaces of
Oct-50x6-C0, Oct-70x6-C0 and Oct-85x6-C0 specimens without concrete infill were also milled flat
before testing. In order to avoid premature failure at the specimen ends, steel rings as end stiffeners
were fixed near the two ends of each specimen [22, 31, 33], as highlighted in Fig. 3. The end-
shortening (o) of the specimens was measured using three linear variable displacement transducers
(LVDTs). Strain gauges were attached to the middle of the flat and corner portions in both
longitudinal and transverse directions to measure the local strain developments along with increasing
compression. During each test, the axial compressive loading was applied through the displacement

control at a rate of 0.25mm/min so that the test continued after the ultimate load was obtained.
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2.3 Test results

The behaviour of the stub column specimens under axial compression was observed during the tests.
The load versus & responses are shown in Fig. 4 for different stub column specimens while the
ultimate load (Puexp) Obtained for each test specimen is provided in Table 1. The & in Fig. 4 was
obtained as the average of the measurements from three LVDTSs during each test. As can be observed
in the figure, with the same nominal CFHSS octagonal tubular cross-section size, higher Py ey, of 43-
103% were obtained for the specimens with concrete infill of C50 and C90 grades respectively.
Besides, with increasing f; for each cross-sectional sizes, reductions in ductility of the concrete-filled
CFHSS octagonal tubular stub columns were observed from the load versus o curves in Fig. 4 due to
the higher concrete brittleness and the load dropped more rapidly after the Pyexp Were reached. In Fig.
4(b), it can also be seen that the curve for the Oct-70x6-C90b specimen experienced a different
pattern for the post-ultimate stage. After the Puexp Was reached, the load for the Oct-70x6-C90b
specimen initially decreased faster than that for the Oct-70x6-C90a specimen. This observation may
be the consequence of the local buckling occurrence due to a larger local geometric imperfection in
the CFHSS octagonal tube of the Oct-70x6-C90b specimen.

It can also be observed in the Fig. 4 that the compressive stiffness for the concrete-filled CFHSS
octagonal tubular stub columns is generally larger than that for the stub columns without concrete
infill since the compressive stiffness is contributed from the elastic modulus and cross-sectional area
of steel tube and concrete infill [3]. The increment of compressive stiffness in comparison with the
CFHSS octagonal tubular stub columns is relatively lower for the Oct-50x6-C50a, Oct-50%6-C50b,
Oct-50%6-C90a, and Oct-50x6-C90b specimens. This observation is obtained since these specimens
have the relatively small cross-sectional area of concrete infill in proportion to that for steel tube and

the elastic modulus of steel is much higher than that for concrete.

Load versus strain relationship was also recorded and obtained through the stub column tests, as
plotted in Fig. 5 for different specimens. Both longitudinal and hoop strains in the middle of flat and
corner regions at mid-height of the specimens were measured and are shown in the figure. As can be
seen in the figures, the load initially increases linearly with increasing strains in the elastic stage. The
strains at the flat and corner portions were approximately the same. After the loads increased up to
about 70-80% of Pyexp Of the CFST stub columns, the strains increased more rapidly. At these higher
loads, the longitudinal strains at different locations increased with consistent trends. For the hoop
strains at the higher loads, the strain at the corner region was lower than that at the flat region at the
same load level. The observation for hoop strains was caused by the relatively higher concrete
expanding with lower confinement at the flat region in comparison with the confinement at the corner

region. Since these strain results were obtained from measurements at mid-height, these strains may
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not reflect the strain developments at the locations where local buckling of each specimen occurred

after the Py exp Was reached.

The failure modes of the stub column specimens were also observed during testing. For the Oct-50%6-
CO0, Oct-70x6-C0 and Oct-85%x6-C0O specimens, yielding failure mode was observed since these
specimens have relatively small B/t ratios and lower than the slenderness limit beyond which elastic
local buckling occurs [31, 34]. As for the concrete-filled CFHSS octagonal tubular stub columns, the
failure mode of the structures was found as the crushing of concrete infill with the outward local
buckling of the outer CFHSS octagonal tubes, as shown in Fig. 6. As the B/t ratios for the specimens

are relatively lower, the local buckling mainly occurred after the Pyexp Of each specimen was reached.
3. Numerical investigation
3.1 General

Numerical modelling using the finite element analysis package ABAQUS 6.14 was also performed to
investigate the behaviour of concrete-filled CFHSS octagonal tubular stub columns with a wide range
of parameters to supplement the experimental investigation. The finite element (FE) model was
developed incorporating the material properties, boundary conditions and composite interaction
between the CFHSS octagonal tube and concrete infill of each structure. The FE model and its

validation using the results from stub column tests are provided in the following sections.
3.2 Description of the FE model

The structures were simulated using shell elements S4R for the CFHSS octagonal tubes [12, 31, 35]
and solid elements C3D8R for the concrete infill [17, 36-37]. Through convergence studies, the
element mesh size of B/10 for steel and concrete infill was adopted. To accurately replicate the stub
column test results, the measured material properties for CFHSS octagonal tubular cross-sections
through tensile coupon tests were employed as the input of the FE model. The measured stress-strain
relationship for flat and corner regions were converted into true stress versus log plastic strain

relationship which was subsequently incorporated in the FE model for the respective regions.

The properties of concrete infill for concrete-filled CFHSS octagonal tubular stub columns was
incorporated in the model using the concrete damage plasticity (CDP) model in ABAQUS [38]. The
elastic modulus (Ec) of concrete infill was estimated as 4700xf.>® [39-40] while the Poisson’s ratio
was taken as 0.2. The stress-strain model provided by Han et al [41] for concrete infill in circular steel
tubes was adopted for the FE model in this study, considering the better confinement performance
obtained for octagonal CFST stub columns than square CFST stub columns [22]. The suitability of the

model was evaluated through the validation described in Section 3.3. Other parameters required for
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the CDP model include the dilation angle (), flow potential eccentricity (e), the ratio of the
compressive strength under biaxial loading to uniaxial compressive strength (foo/fe), the ratio of the
second stress invariant on the tensile meridian to that on the compressive meridian (K¢) and viscosity
parameter. The w was estimated using the method suggested by Tao et al [42], as given in Eq. (1).
The &in Eq. (1) is confinement factor and defined in Eq. (2), where As and A are the cross-sectional
areas of CFHSS octagonal tubular sections and concrete infill, respectively. Default values of 0.1 and
0 for e and viscosity parameter respectively were used. The fyo/fe for the structures was calculated
from Eq. (3) provided by Papanikolaou and Kappos [43]. The parameter K. was estimated using Eq.
(4) [42, 44] for each concrete-filled CFHSS octagonal tubular stub column and incorporated into FE
model. Apart from the aforementioned parameters, tensile properties were also defined in the model.
The tensile strength equals to 0.1f; while the fracture energy (Gs) estimated using Eq. (5) [42, 45] was

used in the model. In Eq. (5), the dmax iS the maximum coarse aggregate size in mm and equals to

20mm.
563 x(1—-¢) for§<0.5
" { &)
6.672 X gr64+E for &§>05
_ AsXfy
E a AcXfc (2)
be/ — 1-5/f0'075 (3)
fck ¢
5.5
¢ = 55270078 )
1, 0.7
Gp = (0.0469d7,4, — 0.5d 4y + 26) (1—0) ©

Besides the consideration of material properties, interaction between the outer CFHSS octagonal tube
and the concrete infill of each concrete-filled CFHSS octagonal tubular stub column was also taken
into account. Surface-to-surface contact was defined at the interface of the tube and concrete infill of
each stub column. “Hard contact” was specified in the normal direction while the Coulomb friction
model was applied in the tangential direction. Friction coefficients of different values from 0.25 to 0.6
were used in literature [9, 17, 33, 36-37, 41]. In the current study, the friction coefficient of 0.25 was
adopted through performing a sensitivity analysis. Initial geometric imperfections and residual
stresses exist in CFHSS octagonal steel tubes [30-31]. They can influence the performance of steel
tubular cross-sections under compression and are incorporated in the FE model for stub columns
without concrete infill (Oct-50x6-C0, Oct-70x6-C0 and Oct-85x6-C0) following the arrangements
introduced in previous studies on the structural performance of CFHSS octagonal steel tubular stub

columns [31-32]. As for stub columns with concrete infill, the influence of initial geometric
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imperfections and residual stresses was found to be quite limited due to the presence of concrete infill

[33, 42], and thus were not incorporated in the FE model for the structures.

Boundary conditions were also applied using the reference points according to the test set-up
arrangements. Each reference point was located in the middle of the end cross-section of each stub
column and coupled with the corresponding end cross-section. At the reference points, all degrees of
freedom were restrained except for the longitudinal translation. The compressive loading was applied
by specifying the axial displacement at the reference point on the loaded side in a Static step adopted

to predict the structural behaviour of the stub columns.
3.3 Validation of FE model

The FE model described in the previous section was validated against the results of stub column tests.
The ultimate loads (Pyre) predicted by the FE modelling were compared with the experimental results
in Table 1. The Py re agreed well with the Pyex, for the stub column specimens, as observed in Table 1.
The mean value of Pyre/Pyexp ratios is 0.99 with the Coefficient of Variation (CoV) as 0.04. The FE
modelling results of load versus & responses were also plotted and compared with the experimental
results in Fig. 7 for typical specimens. It is clearly revealed in the figure that the load versus ¢
responses are accurately replicated by the FE modelling. Fig. 8 is also presented and shows the
capture of the structural failure mode. Overall, the FE model developed in this study is validated with

the capability of accurately predicting the behaviour of the stub column specimens.
3.4 Parametric studies

The validated FE model was used to perform parametric studies on the behaviour of concrete-filled
CFHSS octagonal tubular stub columns with various cross-sectional dimensions giving different B/t
ratios and strength of concrete infill (concrete grades). Varying B values were selected to obtain B/t
ratios ranging from 8 to 50 (B/t = 8, 15, 20, 25, 30, 35, 40, 45 and 50), with t taken as 6mm. The
stress-strain curves for the flat and corner regions were obtained based on the average material
properties parameters given in Table 2 and using the stress-strain model provided in the previous
study [30]. Grades of concrete infill as C50, C70 and C90 with nominal f. of 50, 70 and 90 MPa
respectively were used for the parametric studies. Considering these parameters, a total of 27
concrete-filled CFHSS octagonal tubular stub columns were obtained for the parametric studies. The
length of each stub column was set to be 3.0 times the D of the cross-section, in consistency with the

arrangement applied for experimental investigations.

Through the parametric studies, the behaviour of the structures, including P versus & responses and
Pure, were predicted. Based on the results, the strength enhancement index (SI) expressed using Eq. (6)

and reflecting the contribution of composite action for strength enhancements was estimated. Since no
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obvious yield plateau was observed from the stress-strain curves measured for the flat and corner
regions of CFHSS octagonal tubes, the op2 was used in the equation and the subsequent evaluation of
design approaches. Effects of B/t ratios and concrete fc on the SI values were examined, as shown in
Figs. 9 (a) and (b). In Fig. 9 (a), it can be observed that the SI decreases with increasing B/t ratios for
the structures with the same fc. As for the structures with the same B/t ratios for their cross-sections,
the Sl ratio decreases with increasing fc, as shown in Fig. 9(b). Therefore, strength enhancement due
to the beneficial confinement effect is higher for the structures with relatively lower B/t ratios and f.
for concrete infill. These parameters and their effects on the beneficial confinement effect need to be
considered and quantified for strength predictions in order to accurately estimate the strength of the
structures. The suitable incorporation of effects of these parameters on the strength contribution from
steel tube and concrete infill is provided and discussed in more detail in the following section for

design approaches.

_ P
SI= u/(Uo.zAs + feAl) ©)
4. Design approaches

Concrete-filled octagonal steel tubular structures are not covered in existing international design
codes. Hence, in the current study, the applicability of design approaches given in existing standards
for CFST structures with circular and rectangular cross-sections to the concrete-filled CFHSS
octagonal tubular stub columns was evaluated. The estimated Py for the structures based on different
standards and approaches proposed by Zhu and Chan [22] and Ahmed and Liang [29] for octagonal
CFST stub columns with conventional strength steel were compared with the Pyexp+re Obtained from
stub column tests and parametric studies described in Sections 2 and 3 respectively. The results from
tests and parametric studies for the design approach evaluation and development cover the structures
with S690 high-strength steel, concrete f. between 50 and 90 MPa, & from about 0.3 to 2.77 and B/t

ratios from 7.4 to 50. The accuracy of the approaches is discussed in the following sections.
4.1 Eurocode 4

Eurocode 4 [26] provides the specifications for the cross-sectional resistance of rectangular CFST
structures under compression as the sum of strength contributed from the steel tube and concrete infill,
as expressed in Eq. (7). As for circular cross-section structures, Egs. (8)-(10) are given in Eurocode 4
and account for the beneficial confinement effect from the circular steel tube. In the equations, D is
originally specified as the diameter of circular cross sections and A is the relative member slenderness.
These equations are specified for the CFST cross-sections satisfying the maximum h/t (rectangular) or
D/t (circular) limits without local buckling effect. The h is the height of the rectangular cross sections.

Based on the specifications, the Pecrec and Pec cir estimated from the equations are compared with the
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Puexp+re Obtained in stub column tests and parametric studies for concrete-filled CFHSS octagonal
tubular stub columns, as shown in Fig. 10 and Table 4. While estimating Peca.ir, the D in Eq. (8) was
taken as the cross-sectional width for the concrete-filled CFHSS octagonal tubular stub columns, as
shown in Fig. 1. As can be seen in the figure and table, slightly conservative strength predictions were
obtained based on Eq. (7) while the Pecir values are higher than the Pyexp+re Values. The mean of
Pu.exp+re/Pec rec ratios equals to 1.02 with CoV of 0.03 while the mean Py exp+re/Pec cir ratios equals to
0.78 with CoV of 0.07.

Pecarec = 0oz X As + fo X Ac )

Pgcacir = Nao0o2 X As + fo X Ac [1 + 7co %%2 (8)
Nao = 0.25 X (3 + 21) 9)

Neo = 4.9 — 185X 1+ 17 x A2 (10)

4.2 AISC 360

The AISC 360 [28] also provides specifications for cross-sectional resistance of CFST stub columns
under compression. For cross-sections with relatively small h/t (rectangular) or D/t (circular) ratios
and classified as compact sections, Egs. (11) and (12) are given for the structures with rectangular and
circular cross-sections, respectively. It shows that no confinement effect is incorporated in the
equations and reduction factors of 0.95 and 0.85 are applied to the compressive resistance contributed
by the concrete infill. The estimated Paiscrec and Paisccir from the equations are compared with the
Puexp+re in Fig. 11 and Table 4. Conservative strength predictions were obtained based on Egs. (11)
and (12), as observed in the figure and table. The mean values of Pyexp+re/Paisc,rec OF Puexp+re/Paisc,cir
ratios are 1.11 and 1.05 with CoV of 0.03 and 0.03, respectively.

PAISC,reC = 0py X Ag + 0.85 X fc XA (11)
PAISC,CiT = 0'0.2 X AS + 0.95 X ﬁ X AC (12)
4.3 Approach proposed by Zhu and Chan [22]

An approach was proposed by Zhu and Chan [22] based on the experimental results of octagonal
CFST stub columns with conventional strength steel, with the aim to incorporate the confinement
effect observed for the structures. The approach was generated by modifying the approach in
Eurocode 4 for circular CFST structures and is expressed as Eq. (13). In the equation, D was specified

as the cross-sectional width for concrete-filled octagonal steel tubular stub columns. The ultimate
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loads Pzec predicted using Eq. (13) are compared with the Pyexp+re in Fig. 12 and Table 4. It can be
observed in the figure and table that unconservative strength predictions were obtained. The Pzec
values are 18% on average higher than the Py exp+re Values with CoV of 0.05.

t
Prsc = NaoGoz X As + f X Ac |1+ 0.73 x 0o 5 22| (13)

4.4 Approach proposed by Ahmed and Liang [29]

Ahmed and Liang [29] also proposed an approach for octagonal CFST stub columns with
conventional strength steel based on the hoop stress (ov,) provided by the octagonal steel tube to
concrete infill for taking into account the beneficial confinement effect. The approach was given using
Egs. (14-16), in which the x is the reduction factor considering the column size effect and D is
defined the same as that for the approach from Zhu and Chan [22]. The accuracy of strength
predictions (Paer) obtained using this approach is shown in Fig. 13 and Table 4 in comparison with
the Puexp+re Values. As can be observed in Fig. 13, both conservative and slightly unconservative
strength predictions were obtained. The unconservative predictions were mainly obtained for the
structures with relatively lower B/t ratios. The mean Py exp+re/PagL ratios was estimated as 1.02 with
CoV of 0.04.

Pygr = 002 X Ag + Ac|fe X Ve + 4.1 X 0, | (14)
0yp = 3.1963 — 6.8835 x 103 (%) (15)
Y. = 1.85 x (D — 2t)~0-135 (16)

4.5 Proposed design approach

The evaluation of existing design approaches shows that the approach from Eurocode 4 for circular
CFST structures and the approach proposed by Zhu and Chan [22] provide unconservative strength
predictions. Reasonable strength predictions were obtained based on the approach in Eurocode 4 for
rectangular CFST structures, the approaches from AISC360 and the approach from Ahmed and Liang
[29]. These reasonable strength predictions were estimated by taking the strength contributed from the
steel tubular components as the plastic capacity as oo2*As, as shown in Egs. (7), (11), (12) and (14).
However, the stub columns with relatively larger B/t ratios experience local buckling and may have

the strength from steel tubes lower than co2xA:s.

To study this effect, the strength contributed by steel tube (Ps) to the ultimate load for each concrete-
filled CFHSS octagonal tubular stub column investigated in parametric studies was obtained through

the FE modelling and normalised by ou2%As. The normalised strengths from steel tubes (7s) are
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plotted with varying B/t in Fig. 14. It can be seen in the figure that the 7 decreases with increasing B/t
ratios and is lower than 1.0 for relatively larger B/t ratios. At each B/t ratio, the variation of 75 for
structures with different f; values is quite limited. The strength contributed by concrete infill (P¢) to
the ultimate load of each concrete-filled CFHSS octagonal tubular stub column was also obtained
through FE modelling and normalised by f:xAc. The normalised strengths from concrete infill (7;c) that
count the confinement effect are plotted with varying B/t in Fig. 15 (a). It can be observed that the 7
decreases with increasing B/t ratios. For the same B/t ratio, the 7. obtained for the structures with
different f; are also different. To quantify the effect of f. on 7, the 7 is also plotted against f. in Fig.

15(b), showing that 7. decreases with increasing fc.

In order to more accurately incorporate the contribution of Ps and P. to the ultimate loads of the
structures, the approach describing the strength contributions from different components forming the
structures is proposed, as expressed as Eq. (17). Egs. (18) and (19) for 75 and 7. respectively were
obtained through regression analysis based on the Ps and P, with the effects of B/t and f. taken into
consideration, as shown in Fig. 16 (a) and (b) for the agreements of the equations with those results
from FE modelling. To estimate 7. using Eqg. (19), fc in the unit of MPa should be used. The strength
predictions (Ppro) estimated using Eqgs. (17)-(19) are compared with the Pyexp+ee in Fig. 17 and Table 4.
The comparison shows that the Py are in excellent agreement with Pyexp+re. The mean value of
Pu,exp+re/Ppro ratios is 1.00 with CoV of 0.02. Comparing with the design approaches in standards and
those from literature, the proposed approach counts the strength contributed from steel tubes and

concrete infill, and overall, provides accurate strength predictions.

Ppro=Ps+Pc=r)sXO-O.ZXAs+77cxchAc (17)
Ny =1-0.063 X In (0.12 x %) (18)

¢ 1035
e =1+ (57) (19)

5. Conclusions

Behaviour of concrete-filled CFHSS octagonal tubular stub columns under axial compression was
investigated in this study through experiments and numerical modelling. Three CFHSS octagonal
tubular stub column specimens and twelve concrete-filled CFHSS octagonal tubular stub column
specimens with varying plate width-to-thickness ratios were tested. The test results of ultimate loads,
load versus end-shortening and failure modes are reported. In addition to the experimental
investigation, numerical modelling was performed on the concrete-filled CFHSS octagonal tubular

stub columns with various plate width-to-thickness ratios and cylinder compressive strengths for
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concrete infill using the validated FE model. The numerical modelling shows that the strength

enhancement is higher for the stub columns with relatively lower B/t and f..

The obtained results from stub column tests and parametric studies were employed to evaluate the
applicability of existing design approaches for cross-sectional resistance in European and American
standards and that proposed by Zhu and Chan [22] and Ahmed and Liang [29]. Based on the approach
in Eurocode 4 for circular CFST structures and the approach from Zhu and Chan [22], the ultimate
loads were overestimated by 18-28%. The evaluation shows that conservative strength predictions on
average were obtained based on the design approach for rectangular concrete-filled steel tubular
structures in Eurocode 4, approaches in AISC 360 and the approach from Ahmed and Liang [29].
Although conservative strength predictions were obtained based on these approaches, the approaches
take the strength from steel tubes as the plastic resistance which was found to be higher than the
strength from steel tubes estimated in parametric studies for the concrete-filled CFHSS octagonal
tubular stub columns. An approach describing the strength contributed from steel tube and concrete
infill was proposed and can be applied to obtain more accurate and less scattered strength predictions

for the concrete-filled CFHSS octagonal tubular stub columns in structural design.
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