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Summary: The issues of semi-circle flange and flat-web distortional buckling effects due
to the shape and differing flexural rigidities by two primary axes of the cold-formed
Elliptical Hollow Steel Tubular (EHST) section columns become a key issue, which
particularly need a strengthening form to postpone such failure criteria. A 3D Finite
Element (FE) model of EHST column with discrete rigid ended plates was created, and
one rigid plate was loaded at centric axis with applying fixed support at the next end.
Good agreement in terms of axial load and shortening responses was achieved in the
responses of FE model with considering experimental analysis found in the open
literature. The validated FE model was then analysed with in-filled material of concrete
with various strengths in terms of the increases on the strength and stiffness of the
column. The variables in concrete strengths examined in the FE model investigation
were significant, and this was found as a probablistic method of strengthening to avoid
such inward local buckling failure criteria. In addition, the ultimate axial load in the
strengthened cold-formed EHST columns is described with developed stress resultants
due to the external axial centric load.
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1. INTRODUCTION

In terms of the effects of semi-circle flange and flat-web distortional buckling arisen on
cold-formed Elliptical Hollow Steel Tubular (EHST) section columns due to its
slenderness and flexural rigidities by differing major and minor axes properties, such
section encountered local and global instability issues, which have not been thoroughly
investigated in previous research studies. Non-linear behaviour of the columns was
insisted on the prediction of the interaction between local and global failure criteria in
this research study by considering the material non-linear behaviours such as steel and
concrete. Finite element analysis of CFT columns subjected to an axial compressive
force and bending moment in combination was carried out by Teh Hu et al (1) and the
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confining effect was analysed in the sections of square and circle. Their research
exposed that the concrete core is a good confining method when the axial force is large.
Prabhu et al (2) did experimental studies in his research studies of behaviour of concrete
filled steel tubular (CFST) short columns externally reinforced using CFRP strips
composite and they found from their square sections that the stiffness and strength of
CFRP confined columns increases depending on the number of layers increased.

It was revealed that the section of elliptical steel tubular has recently been adapted to the
research area and limited research studies are available in the published literature. Zhu
and Young (3) investigated the design of cold-formed steel oval hollow section columns
and they demonstrated the failure criteria of the columns by their experiments by
comparing the design strengths in the established code of practices. Cold-formed steel
oval hollow sections under axial compression was presented by Zhu and Young (4) in
terms of reliability analysis of local stability and design strength of the sections with
curved and straight elements. There can be possibility to analyse the strengthening
method in the development of research studies in terms of delaying local buckling by
strengthening, it is investigated with concrete in-filled material components and
presented by 3D non-linear FE analysis in this paper.

2. EXPERIMENTAL REVIEWS
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Figure 1 (a) Dimensions of the cross section of the EHST column (b) Fixed ended
column test (Source: Zhu, J. and Young, B.)

A series of tests were done in the studies of ultimate strength of cold-formed-steel
elliptical hollow sections subjected to axial compression by Zhu and Young (3, 4). The
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section named as A360, consisted a length of 361.2 mm and a cross section area of 556.9
square millimetres was taken in this study. A set of 25 mm end plates were welded at
both ends and the fixed ended criteria was made at both ends by bolts with bearings from
restraining as of twisting, rotating and wrapping by both axes. Figure 1(a) shows the
dimensions of the section of hollow section. The load was applied at the upper end of the
column by hydraulic actuated as displacement control with a speed of 0.1 mm/min. The
load application and support of experimental analysis done by Zhu and Young (3, 4) by
using servo controlled hydraulic testing machine are shown in the Figure 1(b). The
readings in the applied load and shortening of the column were recorded throughout the
analysis.

3. FINITE ELEMENT MODEL GENERATION AND VALIDATION

Reference point (U1, U2=0),

14— Loading Concentrated force, U3

Sieel tube column C3D20R
elements

Concrete C3D20R elements

Reference point (Fixed support,
U1, U2, U3, UR1, UR2, UR3=0)

Rigid Plate R3D4 elements
Support

Figure 2. Elements and boundary conditions used in the FE model of the column

A section of cold-formed steel tube elliptical column connected with similar geometries
of end plated steel section, which has been experimentally carried out by Zhu and Young
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(3, 4) was developed by three dimensional finite element method with a non-linear
material component of steel section and rigid end plates. The connections between end
plate and steel tube column, and deformation of end plates have not been important in
this study and thus, with considering the welding connection, two rigid end plates were
fixed by tie constraint at both ends. A detailed description of the developed model for
validation and for parametric studies are shown in the Figure 2. In the rigid plate, which
is connected in steel tube column at one end, a reference point was selected at the centre
of the rigid plate with fixed support conditions as shown in the Figure 2. The
concentrated load was applied at the reference point, which is the centre of the rigid plate
of the next end, and the point was allowed to move in the vertical direction while the
next two directions have been restricted. Initially, ABAQUS implicit solver was used to
validate the model and the model was included with various sizes of mesh as the
convergence studies and the types of element. Three dimensional solid element C3D20
available in ABAQUS was used to steel tube column and it could be observed in the
analysis with various types of element that such element, which contains 20 nodes with
three degrees of freedom in each node, is suitable to the steel tube column in the
prediction of local buckling effects. In addition, R3D4 element was applied to the rigid
plates connected at both ends. The non-linear material behaviour of structural steel was
specified in the FE model according to the proposed equation derived by Gattesco (5)
with adopting the material test values of yield and ultimate stress states done by Zhu and
Young (3, 4). Figure 3 shows the material behaviour of the steel indicated in three states
such as elastic state, perfect plastic state and non-linear state, and the stress-strain
responses in the non-linear behaviour of steel developed by Equation (1). The flat and
curved sections were determined separately according to those ultimate and yielding
states. The beginning stage of the linear material behaviour, which is elastic state, was
considered with the measured values of young modules in both curved and flat portions
promptly from the test done by Zhu and Young (3, 4), and the Poision’s ratio was
considered as 0.3. The measures test values, which are young modules, static proof
stress, ultimate tensile strength and elongation after fracture have been taken from
coupon tests with both different geometric sections of curved and flat column portions in
the development of those non-linear states individually.
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Figure 3. Developed stress strain curve of steel.
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oy = fy + (fou — Loy) [1— e['zrk_a-]] (1)

2

where, 6, and &s are stress and strain values, respectively; f;, and f;, are yield and ultimate

stresses, respectively; and €zk is the strain at the beginning of hardening stage.

The developed FE model was verified against the experimental analysis undertaken by
Zhu and Young (3, 4). The applied load at ultimate limit state was predicted with a
value of 185.9 kN and the FE model was shown the ultimate limit state of the applied
load as 186.1 kN, which was very close to each other. In addition, ABAQUS explicit
solver also was used to predict the reliable behaviour in the concerns of predicting post
buckling effects with considering the shortening of the columns at constant deformation
speeds similar to the experimental analysis of Zhu and Young (3, 4). In this, a quasi
static solution has been determined by the comparison of kinetic and internal energies
and kinetic energy was maintained within five percentage of internal energy throughout
the analysis. The applied load and corresponding support reaction forces were compared
throughout the analysis to confirm the static solution in the explicit solver. The applied
load was predicted as 199kN in the FE model, which was a coefficient of deviation of
7%. Meanwhile, it could be observed very close applied load at ultimate limit state when
the similar steel plates were used instead of rigid plates. The major concerns of the
analysis were in terms of flexural and local buckling effects of EHST columns and thus,
it was analysed with rigid plated end supports in an acceptable deviation of the ultimate
limit state as 7% with comparative experimental analysis. The material fracture
behaviour of the column was observed throughout the analysis and the first yielding
point predicted in the FE model is shown in the Figure 4. In terms of the behaviour of
the columns and predicted ultimate limit state in the FE model, the FE model was
reliable to do the further parametric studies.

Figure 4. Initial yielding point of column

4. RESULTS AND DISCUSSIONS

The validated FE model was then extended in the prediction of in-filled effcets in terms
of posphoning the local buckling with increases in ultimate strength capacity. While
maintaining the similar hollow section, rigid plated end support and loading conditions,
the concrete in-filled material with variable strengths was applied, and the applied axial
load and shortening responses were predicted. The concrete material behaviour in
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uniaxial compressive state in the non-linear behaviour was developed as indicated in the
Equation (2) proposed by Desay et al. (6). Figure 5(a) shows the compressive behaviour
of concrete material, which starts from the origin until 40% of ultimate compressive state
as elastic state and it further starts with non-linear state from that state of 40% of
ultimate compressive state. The uniaxial stress-strain behaviour of concrete in tension
was determined with Eurocode (7) as shown in the Figure 5(b). The two states, which
are elastic state and non-linear state were determined as indicated in Equations (3) and
(4), respectively. The elastic state has ultil the cracking strain from origin and it started
from cracking strain as non-linear behaviour with exponential function as it gives most
appropriate results after cracking in fracture energy concept.
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Figure 5. Developed concrete material model (a) Compressive behaviour (b) Tensile
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Where in the compressive behaviour, E. is the longitudinal modulus of elasticity, o, is
compressive stress, fc is strain and ®ci is strain at the peak point. In the tensile

behaviour, o, is the tensile stress, Zer is the strain at concrete cracking and  is the tensile
strain. The ultimate strengths of concrete compressive strength were 25, 30, 35, 40, 45
and 50 Mpa and the respective tensile behaviours were 3.2, 3.4, 3.6 and 3.8 Mpa. The
effects axial load and shortening responses of EHST column with in-filled concrete core
are shown in the Figure 6. The ultimate strength of cold-formed EHST column mostly
was shown an increses by 175 %. It was observed all over the cases that the inward local
buckling of the EHST column was not happening and the column in all cases has
buckled outward locally. The analyses with concrete in-filled were shown in all cases
that ultimate strengths were stable after reached its ultimate strength and failure of the
EHST column was gradually occurred while the column without in-filled concrete
material was a sudden failure. This stability issue could be rectified in the EHST column

m | JOURNAL OF FACULTY OF CIVIL ENGINEERING (2014) |



40 FOOVMHA TPABEBUHCKOI ®AKYNTETA CYBOTULIA

MeRhyHapoaHa KoHdepeHUmMja
CaBpemeHa gocturiHyha y rpafjeBuHapctBy 24.-25. anpun 2014. Cy6otuua, CPBUJA

by in-filled material in the slender EHST column with large depth-to-thickness ratio. The
developed stress and buckling effects of the EHST column with an in-filled concrete
material of 25 MPa strength, concrete cracking behaviour in maximum principal strain
and concrete crushing behaviour in minimum principal strain are shown in the Figures 7
(a), 7(b) and 7(c), respectively. Similarly, the Figures 8(a), 8(b) and 8(c) show the
stresses developed in the EHST column with concrete in-filled material strength of 50
MPa. It could be observed that there is not much difference in the failure criteria of the
concrete material and the ultimate strength of EHST column was possible to an increse
due to the ductile behaviour of the concrete material.
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Figure 6. Comparison of applied load and shortening responses with various concrete
strengths.
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Figure 7. EHST column at concrete in-filled strength of 25 MPa (a) Mises stress contour
of steel column (b) Maximum principal stress of concrete core (¢) Minimum principal
stress of concrete core
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5. CONCLUSIONS AND SUGGESTION FOR FUTURE RESEARCH

In the construction, the initial stress and deformation may occur due to the preloads on
the steel tube section and it may reduce the strength and stiffness of EHST column. In
addition, the EHST column is a more adequate section in the corner area due to its
section properties and it may induce early local buckling due to the combined axial loads
and bending moment by axes owing to its shapes. In this regards, the effects of cold-
formed EHST column with including concrete in-filled material with variable strengths
were analysed and it could be observed that the ultimate strength of EHST column
increases by concrete core with avoiding early inward local buckling. The stiffness of
EHST column also significantly increase due to the combined capacity of the steel and
concrete material components. This research study can be extended with analysing the
section behaviour with the effects of column slenderness ratio and column depth-to-
thickness ratio.

(a) (b) (c)
S, Mises S, Max, Principal 5, Min. Principal
(Avg: 75%) (Avg: 759%) (Avg: 759%)

+9.372e+02
+4,028e+02
+3.586e+02
+3.250e+02
+3.000e+02
+2,750e402
+2,500e+02
+2,250e+02
+2.000e+02
+1.750e+02
+1.500e+02
+2,108e+01
+3.240e+00
+3.246e+00

o

+00
10e+01
00e+01
+01

=%
1.500e+02

+01
500e+02

Figure 8. EHST column at concrete in-filled strength of 50 MPa (a) Mises stress contour
of steel column (b) Maximum principal stress of concrete core (c) Minimum principal
stress of concrete core

REFERENCES

[1] Teh Hu, H., Huang, C.S., Chen, C.S. (2005). Finite element analysis of CFT
columns subjected to an axial compressive force and bending moment in
combination. J Constr Steel Res 61, 1692-1712.

[2] Prabhu, G.G., Sundarraja, M.C. (2013). Behaviour of concrete filled steel tubular
(CFST) short columns externally reinforced using CFRP strips composite. J
Construction and Building Materials 47, 1362-1371.

[3] Zhu, Ji-Hua., Young, B. (2012). Design of cold-formed steel oval hollow section
columns. J Constr Steel Res 71, 26-37.

m | JOURNAL OF FACULTY OF CIVIL ENGINEERING (2014) |



40 FOOVMHA TPABEBUHCKOI ®AKYNTETA CYBOTULIA

MeRhyHapoaHa KoHdepeHUmMja
CaBpemeHa gocturiHyha y rpafjeBuHapctBy 24.-25. anpun 2014. Cy6otuua, CPBUJA

[4] Zhu, Ji-Hua., Young, B. (2011). Cold-formed steel oval hollow sections under axial
compression. J Journal of Structural Engineering, ASCE, 137(7), 719-727.

[5] Gattesco N, (1999). Analytical modelling of nonlinear behaviour of composite
beams with deformable connection. J Constr Steel Res 52. pp 195-218.

[6] Desayi, P. & Krishnan, S. (1964). Equation for the stress-strain curve of concrete.
ACIJ Proceed; 61(22): pp. 345-350.

[7] British Standard Institution. (2005). Eurocode 4: Design of composite steel and
composite structures. DDENV 1994-1-1, European Committee for standardisation.

[8] ABAQUS user's manual: version 6.11, Dassault Syst¢mes Simulia Corp.,
Providence, RI, USA.

EPUKACHOCT OJAYAIBA EHST CTYBOBA
UCIITYHOM OA BETOHA

Pezume: Ilpobremamura uzbouasarba NOLVKPYICHUX pranwiu u pasuux pedbapa Kao
nocueduya 2eomempuje u pasiuyume cagojHe Kpymocmu oKo 08e 2lasHe oce CA8Uujarsd
XNAOHO OOAUKOBAHUX YETUUHUX CMYO08A Ca eNUNMUYHUM ULYN/DUM NONPEYHUM NPECceKom
(EHST cmybosu) je nocmana Hapouumo 3HAYAjHA U 3aXMe6ad Memoo 0jayarbd y yumsy
oonazarea nojase noma. 3/ mooen EHST cmybosa cauurben nomohy memooe KOHAUHUX
eleMenama ca KpymuM RHIOYAMd Ha Kpajeguma je onmepefieH YeHMpUYHUM
onmepehervem Ha jeOHOM KPAjy U HENOKPEMHUM OCIOHYeM HA OpYy2oM Kpajy. Ymepheno
je 000po cracarwe y cmucny akcujarnoe onmepehera u Oegopmayuje ckpaliera
O0obujenux nomohy MKE u excnepumeHmanHux pe3yaimama us 00OCmynHe aumepamype.
Homephenu MKE moden je HAKOH moea aHAIU3UPAH €A UCHYHOM 00 OemoHa
pazauuumux uepcmoha y cmucny nogeharea Hocusocmu u Kpymocmu cmyboa. Bapujayuje
Hocusocmu anaausupanux cmybaea nomohy MKE cy bune 3nauajne, me ce o8aj memoo
nOKA3ao Kkao 000ap 3a cnpeuasarve AOKAIHOZ U3004a8arba npema YHYmpauitboCcmu
npecexka. Taxohe, epanuuna YyeHMpuyHa HOCUBOCH OJa4AHUX XAA0HO obaukosanux EHST
cmyboea je onucama nomohy pe3yimanmu HANOHA YCaed CHombauiibe2 aKCUjaiHoe,
yeumpuunoe, onmepehersa.

Kwyune peuu: Yearuunu cmybosu ca utynmoum erunmuyHuM npecekom, Memoo KOHAYHUX
eNeMEeHAMA, epAHUYHA HOCUBOCH HA YEHMPUYHU HPUMUCAK, UCHYHA 00 OemoHa,
napamemapcka aHanu3d, Kpumepujym ioma
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