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Summary: This paper discusses the deviancy of the ultimate axial load in the
consideration of eccentric loading in terms of differing flexural rigidities by two
primary axes of the Elliptical Hollow Steel Tubular (EHST) columns. A non-linear
finite element (FE) model of EHST column with three dimensional solid elements and
with discrete rigid ended plates was developed, and centrically loaded. The axial
load and shortening responses were predicted and compared with experimental
analysis. A good agreement was examined between the responses of FE model and
experimental analysis found in the literature. The validated FE model was then
extended with parametric studies on eccentric loadings by both axes. The failure
criteria due to the stresses developed by external load is described with stress
resultants in each case by considering the axial force induced by centric loading, and
axial force and bending moment induced by eccentric loading in both axes. The
failure criteria of the columns were determined in terms of local buckling, flexural
buckling and material yielding. In addition, interaction diagram between moments
induced by both axes with ultimate axial load is discussed and strengthening methods
are also suggested.

Keywords: Elliptical hollow Steel tubular columns, Finite element analysis, Combined
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1. INTRODUCTION

The steel tubular columns have been extensively used in bridges, offshore structures and
high rise buildings due to its behaviour of high strength and high ductility. The local
buckling of the columns was postponed by concrete infilling and in addition, high
strength was achieved by applying carbon fibre reinforced polymer strips with
postponing local and flexural buckling failures. Even there are several researches
available in the determination of ultimate strength behaviour of steel tubular specifically
in the sections of square, rectangular and circular, the Elliptical Hollow Steel Tubular
(EHST) section is a new structural form using in the current trend, which includes
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complicated flexural rigidities by inconsistent of major and minor axes properties as
beneficiary structural forms in some cases.

At the start, the ultimate strength of concrete filled steel tubular beam-column was
experimentally studied by Kloppel and Goder (1). The effects of eccentric and axial
loads of concrete filled steel tubular beam-column have been experimentally studied
continuously by Furlong (2) and particularly, the circular and square sections were used
in his analysis. It was then constantly studied the local and global behaviours of the
columns deeply in the sections of square, rectangular and circular hollow and concrete-
filled steel tubular sections. In the consideration of elliptical sections, the failure criteria
and ultimate strength behaviour are varied with such sections due to its stability and
flexural rigidities by differing major and minor axes properties. Even there are limited
researches in the section of elliptical hollow section and thus, the analysis is necessary in
terms of critical failure criteria. Zhu and Young (3) have studied the design of cold-
formed steel oval hollow section columns and they have extended the sections by non-
linear finite element analysis to evaluate the reliability of the design rules. Moreover, the
cold-formed-steel oval hollow sections under axial compression have experimentally
investigated by Zhu and Young (4) and they have presented that the European and
American Iron Steel Institute (AISI) are more conservative in their reliability analysis of
the design rules. It was identified in this paper from the finite element analysis that the
EHST columns under eccentric compression loadings were limited its ultimate strength
in terms of local buckling and a detailed discussion is presented to postpone the failure
criteria in terms of obtaining possible ultimate limit strength.

2. EXPERIMENTAL REVIEWS

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
section named as A360, consisted a length of 361.2 mm and a cross section area of 556.9
square millimetres was taken for 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

Three dimensional finite element model was developed with non-linear material
components for a steel tube oval shape column. The connections between end plate and
steel tube column, and deformation of end plates have not been important in this study
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and thus, with considering the welding connection, two rigid end plates were fixed by tie
constraint at both ends. In the concerns of post buckling effects with considering the
shortening of the columns at constant deformation speed in the experimental analysis,
which has been done by Zhu and Young, ABAQUS explicit solver was used to predict
the reliable behaviour. The validation was done with both ABAQUS implicit solver with
various types of elements, and the deformation of the structure was compared. A
reference point was preferred in the rigid plate at one end of the column, and fixed
support conditions were applied as shown in Figure 2. The reference point at the rigid
plate of the next end was variable in the analysis according to the prediction of the
required effects due to loadings. The concentrated load was applied at the reference
point, and the point was allowed to move in the vertical direction, the next two directions
were restricted. The quasi static solution also has been determined with 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 with the
purpose of those impartiality to confirm the static solution in the explicit solver.
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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.)

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
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to the steel tube column in local buckling effects. In addition, R3D4 element was applied
to the rigid plates at both ends. The non-linear material behaviour of structural steel was
developed by the proposed equation by Gattesco (5) with adopting the material test
values of yield and ultimate stress states done by Zhu and Young (3, 4). The stress strain
responses of the coupon test on the steel material from flat and curved portion are shown
in the Figures 3(a) and 3(b), respectively. 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.

1“'7 Loading

Steel ube column C3D20R

elements

Reference point (U1, U2=0),
Concentrated force, U3

Rigid Plate R3D4
elements

———

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

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

In the experimental analysis, the applied load at ultimate state was predicted with a value
of 185.9 kN and the finite element model was shown the ultimate limit state of the
applied load as 199 kN, which was a coefficient of deviation of 7%. Meanwhile, it could
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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
comparing 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.
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Figure 3. Stress strain curves of steel from experiment (a) at flat portion (b) at curved
portion. Source: Source: Zhu, J. and Young, B.
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Figure 4. Initial yielding point of column

4. RESULTS AND DISCUSSIONS

The validated finite element model was then included in the analyses of parametric
studies such that the loading points were shifted in the directions of both x and y axes.
The concentrated load was applied in the similar way of an experiment at the selected
points, and the applied load and shortening responses were predicted throughout the
analysis of each model. The Figures 5(a) and 5(b) show the cross section of the EHST
section and the obtained interaction diagram of ultimate applied load with induced
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moments due to the eccentric loadings. Table 1 shows the detailed loading points,
applied loads and induced moments at ultimate limit state. Mostly, local buckling was
the effect in limiting the ultimate strength of the EHST columns, and the early initial
buckling was occurred according to the characteristic point of eccentric loadings. The
results commonly showed that the ultimate strength reduces with increasing the
eccentricity of loadings. The yielding point at various levels of axial load was observed
in the models with eccentric loadings. Meanwhile, the failure modes were predicted in
terms of buckling effects. The yielding regions of the model which was applied the load
at maximum distance from the X axis, applied the load at maximum distance from the Y
axis, and applied the load at maximum distance from the X and Y axis are shown in the
Figures 6(a), 6(b) and 6(c), respectively. It was reached the ultimate stress as early when
the load was applied with induced moments in both axes. A maximum of 76 % deviation
was predicted and an amount of deviation was mostly observed in all FE models. It
could be concluded that the ultimate limit state of axial load limits when the EHST
columns subjected to combined applied load with induced moments from the involved
verification studies of EHST columns.

Table I Detailed loading point, applied load and induced moments at ultimate limit state

Models Load applied from (0.0} Aﬁg!zd Moment, M, Moment, M, Load dewiation Woment, M, Moment, M,
X (mm) ¥ (mm) KN KN kNm Wi!;h respect to W\‘Lh respect to induced
validated model highest moment
powated 00000 00000 18040 00000 00000 0% 0.00 0.00
1 6.0000 0.0000 124 32 000 075 3% 000 040
2 0.0000 15.0000 141.37 212 0.00 22% 0.43 0.00
3 6.0000 15.0000 66.30 0.99 0.40 63% 0.20 0.21
4 6.0000 7.5000 71.83 0.54 0.43 60% 0.11 0.23
5 11.4400 0.0000 105.20 0.00 1.20 42% 0.00 0.65
5] 0.0000 29.6150 102.40 3.03 0.00 43% 0.61 0.00
I 11.4400 29.8150 49.90 1.48 0.57 72% 0.30 0.31
8 11.4400 14.8075 60.44 0.89 0.69 B86% 0.18 0.37
9 18.9800 0.0000 81.83 0.00 1.55 55% 0.00 0.83
10 0.0000 44 4225 88 40 393 0.00 51% 079 0.00
11 18 9800 44 4225 42 62 189 081 76% 038 043
12 18.9800 222113 53.29 1.18 1.01 70% 0.24 0.54
13 22 8800 0.0000 81.34 0.00 186 55% 0.00 1.00
14 0.0000 59.2300 83.46 4.94 0.00 54% 1.00 0.00
15 22.8800 59.2300 43.81 260 1.00 76% 052 0.54
16 22.8800 29.6200 75.74 2.24 1.73 58% 0.45 0.93

5. CONCLUSIONS AND SUGGESTION FOR FUTURE RESEARCH

The behaviour of the EHST column section was studied with non-linear finite element
analysis in the subjection of eccentric loadings.
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It was found that the ultimate limit axial strength reduces when the axial load was
applied in a combination of bending moments and axial compressive load. When load
reference point was in a high distance from centric point, the axial strength was highly
reduced. It was hugely dropped by 76% of deviation when the applied load was applied
in maximum distances along both axes. The failure criteria of the column were observed
as local buckling in all cases, and the yielding point and reaching an ultimate limit state
were shifted as early due to the induced moment by eccentric applied axial loads. It has
to be implemented the analysis in terms of postponing the failure criteria with an
increase of ultimate limit state axial loads. It was not considered the behaviour of the
EHST columns in this study with column geometric and material properties such as steel
yield strength, slenderness ratio and depth-to thickness ratio, which will be more
influenced in the ultimate limit state behaviour. Thus, this study can be extended to
analyse a proper strengthening method with various properties of the column.
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Figure 5. (a) Cross section of the EHST section (b) Interaction diagram of ultimate
applied load with induced moments due to the eccentric loadings
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Figure 6. The yielding regions where applied the load was at maximum distance from
the axis (a) From the X axis (b) From the Y axis (c) From the X and Y axis
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HEJIMHEAPHA AHAJIN3A XJIAJJTHO
OBJIMKOBAHHUX "EHST" CTYBOBA 11O/
YTUIHAJEM EKCHEHTPUYHOI OIITEPEREIBA

Pezume: Osaj pao npukasyje aHamusy o0O0CMynarbd 2pAHUYHE HOCUBOCMU Hd
YEHMPUYHU NPUMUCAK Y OOHOCY HA eKCUEHMPUYHU NPUMUCAK Y CMUCITY pPA3Iuyume
Kpymocmu Ha casujaree OKo 08e 2ldHe oce Yenunanux cmybosa ca erunmuyHum
wynmsum nonpeunum npecekom (EHST cmyboeu). Heauneapnu mooen EHST cmybosa
cauurwen 00 3J] zanpemuncxux xonaunux enemenama (MKE) u xpymux naoua mna
Kpajesuma je aHanuzupan noo ymuyajem yenmpuunoe onmepehera. Cpayynamo
yeumpuyno onmepeherwe u depopmayuja cxapaherwa cy nopelhenu  ca
eKcnepumMenmanno 00bujenum nooayuma. Ymepheno je 0obpo cracare pesyrmama
dobujenux nomohy MKE u excnepumenmaninux pesyamama u3 Jjaumepamype.
Tlomephenu MKE moden je nakon moeza npowiupen u cnposedend je napamemapcka
ananuza excyenmpuunoe onmepehemwa 3a obe eiaeue oce casujarva. Kpumepujym
J0Ma Ycaed HAnOHA Koju Cy HACMANU Kao nocieduyd chnomauirbez onmepeliera je
depunucan nomohy pe3yimaumu HANOHA Koje cy KOO ceakoe cliydaja onmepehersa
y3umaau y 003up Hucm yeHmpuuHu NPpumucax U YeHmpuuHu npumucax 3ajedHo ca
MOMEHMOM CABUJAA HACMATUX KAO NOCIeOuyd excyeHmpuuHoz onmepehersa y
oonocy Ha obe oce. Kpumepujym noma je onucam na ocmo8y nojage n0KAaHO2 U
enobannoe usbouasarba u crweuerva mamepujara. Takohe, oujazpam unmepaxyuje
uzmely momenama o0Ko obe oce U YeHMPUYHO2 HPUMUCKA je aHATUUPAH U
npeonodcene cy Memooe 3a ojavarbe 08aKeux cmyooasa.

Kawyune peuu: Yeruunu cmybosu ca uiynmoum etunmuyHumM npecekom, Memoo KOHAUYHUX
enemenama, KOMOUHOGAHO onmepelierbe MOMEHM-HOPMAIHA CUld, KPUmepujym i1oma,
oujazpam uHmepaxyuje
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