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Abstract: This paper presents numerical modelling of
LDSS (Lean Duplex Stainless Steel) Class 3 flat oval
hollow section columns under pure axial compression
using the commercial finite element software, Abaqus
(2010). A parametric study has been carried out to
assess the effects of thickness and flat length on the
load and deformation capacity of flat oval stub
columns. The columns with longer flat length have
more column strength than that of column with shorter
flat length. The percentage increase in strength along
with the increase in area is more in case of increase in
thickness than the column with increase in flat length.
The deformation capacity of the flat oval column
reduces as the flat length of the column increases in the
cross-section. The current code of EN 1993-1-4 (2006)
can be used for the prediction of compact LDSS flat
oval column.
Keywords: Flat-oval column, Hollow stub column,
Finite element analysis
I.

INTRODUCTION

Cold formed stainless steel are becoming popular in the
construction industry due to its numerous advantages e.g.
high corrosive resistance, ductility, aesthetic appearance,
high strength, smooth and uniform surfaces etc. In earlier
times, austenitic variety with nickel content of ~8% -11%
was the most popular type of stainless steel, however with
ever increasing price of nickel, there has been an
increasing effort to cut down the proportion of nickel, and
this led to the introduction of a new class of stainless steel
known as Lean Duplex Stainless Steel (LDSS). LDSS
such as grade EN 1.4162 in particular, has a low nickel
Copyright to IJIRSET

content of ~1.5%, and an increased strength (~ twice the
mechanical strength) compared to conventional austenitic
and ferritic stainless steel, which makes it a potentially
attractive futuristic material for the steel construction
industry (e.g. Gardner, 2005, Patton and Singh, 2012, EN
10088-4, 2009). In the steel construction industry, in
addition to the traditional open sections viz., I, channel,
plate girders, various close sections like square,
rectangular, circular, elliptical etc. have become more
visible primarily due to structural efficiency (including
different structural properties in the two principal
directions) and aesthetics; the newest of such nontraditional sections being flat oval hollow sections (Zhu
and Young 2011, 2012). Unlike, elliptical shape which can
be readily described mathematically, by equation of
ellipse, it is difficult to provide such a single mathematical
relationship to define an oval shape (Chan, 2007);
however it is generally accepted that a flat oval hollow
section consists of two flats and two semi-circular curved
faces as shown in Fig.1. Although, the research on Oval
Hollow Section for structural engineering application (i.e.
civil engineering structures) is limited (e.g. Gardner and
Ministro, 2004, Theofanous et al., 2009, Zhu and Young,
2011, 2012), where both experimental and finite element
studies were attempted for cold formed steel; extensive
analytical on the elastic buckling of oval/elliptical hollow
section work under axial compression was initiated in the
1950s (Marguerre, 1951, Kemper, 1962, Kemper and
Chen, 1966, Hutchinson, 1968, Feinstein et al., 1971a, b)
due to the requirements of aerospace industry for lighter
and stronger structures (Chan, 2007). It may be mentioned
that, to the best of authors’ knowledge, apparently Zhu and
Young (2011, 2012) are the first to report studied on cold
formed flat oval section columns under axial compression
through both experimental and non-linear finite element
studies. In the present study, an attempt has been made to
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systematically study both the load and deformation
capacities of fixed ended flat oval hollow column made of
Lean Duplex Stainless Steel under the action of pure
compression, using the commercial Finite Element (FE)
software, Abaqus (2010). Results from the FE parametric
study are then compared with European code (EN 1993-14, 2006) to check code’s applicability for flat oval
sections.
II.

Reference point (RP2)

L

FINITE ELEMENT MODEL

In the present FE study, fixed ended FOHS (flat oval
hollow section) column under pure axial compression is
considered. Typical cross-section, FE mesh, boundary
conditions are presented schematically in Figs. 1 and 2. As
shown in Fig. 1, for the present study, radius and width of
the section have been kept constant (r = 150 mm; w = 300
mm), so that parametric study can be done to see the
effects of flat length (l) and thickness (t). Length of the
column (L) has been kept as 900 mm so as to consider
only the stub columns. The FE modelling approach
followed the similar pattern as as those reported by
Theofanous and Gardner (2009), Patton and Singh (2012),
Ashraf et al. (2006), Gardner and Ministro (2004). The
bottom part is fixed while allowing the top loaded part of
the column as in Fig. 2. Reference points (RP1 and RP2)
are provided to define the boundary conditions of the
column. The column ends are constraints through
kinematic coupling available in Abaqus (2010). Except for
vertical translation all degree of freedom were restrained
at the loaded end.

l
t
w =
r = 150 mm mm

300 mm

Fig.1. Schematic diagram of Flat Oval Hollow Section
(FOHS)
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S4R elements

Reference point (RP1)
(a)

(b)

Fig. 2. Typical (a) FE mesh and (b) boudary conditions of
LDSS FOHS column.
Table 1. Stub column dimensions (Theofanous and
Gardner, 2009).
Specimen

L
(mm)

B
(mm)

H
(mm)

t
(mm)

ri
(mm)

80x80x4SC2

332.2

80

80

3.81

3.6

Four-noded doubly curved shell (S4R) elements with
reduced integration having six degree of freedom per node
have been used to discretize the models. Typical mesh size
is of the dimension 11.5 mm x 11.5 mm with an aspect
ratio of 1 was arrived at after mesh convergence study.
The linear eigen value analyses were performed to find the
buckling mode shapes of the column. The lowest eigen
value was utilized as initial geometric imperfection to
perturb the geometry of the column. The scaling of the
imperfection amplitude is taken as 1% plate thickness as
recommended in the literature (e.g. Theofanous and
Gardner, 2009, Chan and Gardner, 2008).
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true stress (σtrue) and true plastic strains
following Eqs. 1 and 2.

pl
using the
 true

 true   nom(1   nom )
 pl true  ln(1   nom ) 

(1)

 true
Eo

(2)

where  nom and  nom are engineering stress and strain
respectively.

The FE modeling approach has been validated with an
experimental LDSS square hollow column-80x80x4-SC2
by Theofanous and Gardner (2009). The geometric details
of the validated square LDSS column-80x80x4-SC2 is
given in Table 1. Table 2 shows the material properties
suggested by Gardner and Ashraf (2006) (modified
version of original Ramberg–Osgood, 1943) which is used
in deriving the stress-strain curve of LDSS material for the
present models. Poisson’s ratio is taken as 0.3. The LDSS
stress (σ) – strain (ε) curve (Fig. 3), consists of two
material models of Ramberg-osgood (1943) upto 0.2%
proof stress (σ0.2) and Gardner and Ashraf (2006) from
σ0.2 to σ1.0.
Table 2. Compressive flat material properties (Theofanous
and Gardner, 2009).
Crosssection

E (Mpa)

σ0.2
(Mpa)

σ1.0
(Mpa)

197200

657

770

4.7

800
600

Exp (80x80x4-SC2 )
Theofanous and Gardner
FE-(80x80x4-SC2) with
imperfection t/100

400
200

δu (deformation at Pu )

0
0

1

2

3 4 5
δ (mm)

6

7

Fig. 4. Variation of P (load) vs δ (axial displacement) for
stub column ( SHC 80 x 80 x 4-SC2 ).
2.6

The strength enhancement in the corner regions by cold
forming-process is neglected. The residual stresses is also
neglected in the model as it has negligible effect on the
ultimate load and load shortening behavior (Ellobody and
Young, 2005). The material model shown in Fig. 3 is used
as input parameters to Abaqus (2010), by converting into
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Ultimate load (Pu)

1000

Compound
R-O
coefficients
n

80x80x4SC2

1200

P (kN)

Fig. 3. Experimental stress-strain curve of LDSS material
Grade EN 1.4162 (Theofanous & Gardner 2009).

The variation of load-axial displacement of the
experimental of Theofanous and Gardner (2009) and FE
results of stub column has been plotted in Fig.4. A good
agreement can be seen between the present FE and
experimental results, thus validating the FE modeling
approach. Similar FE modeling approach is then employed
in the subsequent modeling of flat oval hollow columns.

III.

STUDY OF LDSS
HOLLOW COLUMN

FLAT

OVAL

A total of 25 FE models of flat oval column have been
analysed by varying the flat length (l = 300 to 700 mm )
and thickness ( t = 10 to 20 mm). The specimens are
labeled with complete details of its cross-section like
L300W300R150T10 where L300 refer to flat length (l)of
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Fig.5. Variation of a) P vs δ and b) P/Agfy vs δ
L300W300R150

30000

for

t = 10.0 mm
t = 12.5 mm
t = 15.0 mm
t = 17.5 mm
t = 20.0 mm

25000
P (kN)

300 mm, W300 refer to width (w)between the flat plates as
300 mm, R150 refer to radius (r)of curvature as 150 mm
and T10 refer to thickness (t) of plate as 10 mm. The
results of the FE analyses have been presented in the form
of load and deformation capacities. It may be noted that
the current European code, EN 1993-1-4 (2006) is not
very specific on the design provision of hollow sections
consisting of both flat and curve portions. Hence, the
proposal by Zhu and Young (2011, 2012) to consider
curved portion of the section to be fully effective (i.e.
gross area of the curved section is considered for load
calculation) whilst effective area has been considered for
the flat portions as per the provisions of the code. For the
range of thicknesses considered in the present study, all
the sections falls under Class 3 as per EN 1993-1-4(2006).
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5
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0.40
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0.20
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Fig.6. Variation of a) P vs δ and b) P/Agfy vs δ for
L700W300R150
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Fig. 8. Variation of % deformation at Pu
W300R150

800

(a)

Pu (kN)

% deformation at Pu

Fig.7. Oval W300R150 showing variation of Pu vs l and

400 600
l (mm)

17000
12000

FE
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1000

0

200

400
600
l (mm)

800

(b)

vs l for

Fig. 9. Variation of Pu vs l (mm) for thickness (a) t = 15
mm and (b) t = 17.5 mm, for W300R150
IV.

RESULTS AND DISCUSSION

The P (load) vs δ (axial displacement) and normalized
P/Agfy vs δ (Ag = gross cross sectional area, fy = yield
stress) for the shorter (l = 300 mm) and longer flat length
(l = 700 mm) have been shown in Fig. 5 and 6. In Fig 5(a)
and 6(a) it is shown that with the increase of thickness the
load carrying capacity (or ultimate load, Pu) of column
increases. From Figs. 5b and 6b, it can be seen that for
longer flat length, buckling takes place before reaching the
Copyright to IJIRSET
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global yield load (i.e. Agfy) for all the thicknesses
considered, however, at lower flat length such phenomena
occurs only at lower thickness (t ≤ 12.5 mm). This may be
related to the increased in cross-sectional slenderness at
longer flat length. In the case of shorter flat length with
increased thickness (t ≥ 12.5 mm), the sections becomes
stocky and buckling takes place beyond the global yield
load. The effect of flat length on the load carrying capacity
has been plotted in Fig. 7 in the form of Pu vs l for all the
thicknesses. It can be seen from Fig. 7 that the rate of
increase of Pu with l is ~ 20% for 133.3 % increase in l
from 300. In order to assess the effect of increase in crosssectional area on the ultimate load carrying capacity,
increase in strength per unit increase in cross sectional
area have been calculated and presented in Table 3. It can
be seen from Table 3 that increase in strength per unit
increase in cross-sectional area are 0.45 and 0.31 at t = 10
mm and t = 20 mm respectively, when only l is increased
from 300 mm to 700 mm, whereas it is 1.75 and 1.58
respectively for l = 300 and l = 700 mm, when only
thickness is increased (from t = 10 mm to t = 20 mm).
Thus it can be observed that increased in thickness is
much more effective in increasing the ultimate load, as
compared to increasing the flat length for Class 3 sections.
Table 3. Comparison of increase in strength with respect
to increase in c/s area
Increasing c/s area by
increasing flat length

L300W300R150T10
to
L700W300R150T10
L300W300R150T20
to
L700W300R150T20
b) Increasing c/s area by
increasing thickness

L300W300R150T10
Copyright to IJIRSET

%
increas
e in Pu

%
increase in
c/s area

23.57

52.94

Increase
in
strength
per unit
increase
in area
0.45

16.88

54.06

0.31

%
increas
e in Pu

%
increase in
c/s area

168.08

95.84

Increase
in
strength
per unit
increase
in area
1.75

to
L300W300R150T20
L700W300R150T10
to
L700W300R150T20

153.58

97.28

1.58

Fig. 8 shows the variation of % deformation (= δu / L x
100%) at Pu with l. It can be seen from Fig. 8 that there is
a drop in the % deformation at Pu (1% to 0.6%) when l is
increased from 300 to 500 mm, and remains
approximately stable, for l ≥ 500 mm. This may be
associated with the increase in load carrying capacity of
shorter flat lengths (wherein Pu occurs after crossing the
global yield load), where deformation at Pu would be
controlled more by yielding than the buckling (shorter flat
length producing more δu). However, for longer length (l
≥ 500 mm), it may be the case where elastic buckling
(Pu/Agfy ≤ 1.0) has more control on δu, thereby the effect
of length on δu is not that significant, and hence stable (see
Fig. 6). Figs. 9(a) and (b) show the comparison between
the FE and EN 1993-1-4(2006) results for t = 15 and 17.5
mm in terms of Pu vs l. It can be seen that predictions from
EN 1993-1-4(2006) are conservative in comparison to the
FE results.
Table 4. Comparison of FEA with EN 1993-1-4 (2006)
for r =150 mm and varying l (flat length) and thickness of
oval cross-section.
Specimens
L300W300R150T10
L300W300R150T12.5
L300W300R150T15
L300W300R150T17.5
L300W300R150T20
L400W300R150T10
L400W300R150T12.5
L400W300R150T15
L400W300R150T17.5
L400W300R150T20
L500W300R150T10
L500W300R150T12.5
L500W300R150T15
L500W300R150T17.5
L500W300R150T20
L600W300R150T10
www.ijirset.com

PFEA/PEN
0.99
1.11
1.16
1.15
1.20
0.98
1.06
1.14
1.16
1.16
0.99
1.05
1.13
1.20
1.20
1.14
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L600W300R150T12.5
L600W300R150T15
L600W300R150T17.5
L600W300R150T20
L700W300R150T10
L700W300R150T12.5
L700W300R150T15
L700W300R150T17.5
L700W300R150T20
Total Nos.
Mean
COV
Reliability index, 

1.17
1.16
1.19
1.19
1.18
1.21
1.19
1.19
1.19
25
1.14
0.06
2.87

The comparison between column strength of FE (PFEA)and
EN 1993-1-4(2006) (PEN) is shown in Table 4. Table 4
shows a total of 25 models with mean value of 1.14,
coefficient of variance of 0.06. The reliability analysis has
been performed based on the NAS specification (2007) for
cold formed steel structures. In the reliability analysis, a
resistance factor of 0.91, along with dead load to live load
ratio of 0.2. The reliability index (β) is obtained as 2.87,
which is greater than the target value of 2.5, suggesting
that the current EN 1993-1-4(2006) can be used for the
design of Class 3 flat oval LDSS hollow stub sections.
V.

CONCLUSION

This paper presents the structural behavior of flat oval
LDSS column for various flat lengths and thicknesses
(keeping both the radius and width same) of the crosssection using the commercial FE software Abaqus (2010).
Based on the study following conclusions are drawn as
follows:
1) The columns with longer flat length has more column
strength than that of column with shorter flat length.
2) The percentage increase in strength along with the
increase in area is more in case of increase in thickness
than the column with increase in flat length.
3) The deformation capacity of the oval column reduces as
the flat length of the column increases in the cross-section,
for shorter flat length columns.
4) The current code of EN 1993-1-4 (2006) can be used
for the prediction of compact LDSS flat oval column.
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