DOI: https://doi.org/10.14256/)CE.2563.2018 Gradevinar 7/2019

Primljen / Received: 18.11.2018

Ispravljen / Corrected: 25.3.2019: B u c k I i n g re S i Sta n ce

Prihvacen / Accepted: 25.4.2019.

Dostupno online / Available online: 10.8.2019. Of Stai n Iess StEEI angle COI u m n

Authors:

h_

Preliminary note

Aljo$a Filipovi€, Jelena Dobrié, Zlatko Markovié, Nancy Baddoo, Zeljko Flajs

Buckling resistance of stainless steel angle columns
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afilipovic@grf.bg.ac.rs in the paperin order to assess the design procedures presented in Eurocode 3. The study
focuses on pin-ended hot-rolled equal angle columns made of austenitic stainless steel
grade EN 1.4301. The study shows that the implementation of buckling curve b, used for
the design of carbon steel hot-rolled angles, gives higher and unsafe buckling resistance
of equivalent stainless steel angles in low and intermediate slenderness domains in
comparison with numerical results.
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1. Introduction
1.1. Background

Single-angle members exposed to compression have typically
been used in civil engineering as members of trusses, latticed
transmission towers, communication structures, or built-
up columns. If these structures are situated in aggressive or
urban environments, numerous stainless steel alloys may be
beneficially utilized due to their corrosion resistance, attractive
appearance, low maintenance requirements, good strength,
toughness and fatigue properties.

Stainless steel structural sections (e.g. I-shaped members,
angles, channels, tees, rectangular hollow sections) can be
produced by cold forming, hot rolling, extrusion, and arc or laser
welding. Stainless steel hot rolled angles are available in sizes
of up to approximately 150 mm in leg length. Larger angles are
made by cold forming or welding.

Even though the geometry of an angle section is simple, its
asymmetry and non-coincidence of the shear centre (5) with
the section’s centroid (G) may lead to complex determination
of the compressive capacity of angle columns (see Figure
1). The position of shear centre at the intersection of angle
legs produces a negligible warping torsional stiffness.
Thus, depending on material properties, cross-section
slenderness, overall slenderness, and boundary conditions,
the failure of the centrically compressed angle member
occurs due to flexural buckling about the minor principal
axis of the cross-section, or flexural-torsional buckling.
Furthermore, angle columns are usually connected at
their ends through one leg, which introduces eccentricities
related to the section’s centroid and leads to biaxial flexural
deformations that consequently affect their ultimate
structural response.

Figure 1. Designations of equal angle section

The design of centrically compressed stainless steel angle
members is not currently covered by any European codified
procedure. The lack of experimental data in this structural

field has resulted in the current design provisions in EN
1993-1-4 [1] relying solely on assumed analogies with
equivalent carbon steel members. Clause 5.4.1 [1] allows
the use of appropriate provisions given in EN 1993-1-1 [2]
and EN 1993-1-3 [3] for the design of compressed stainless
steels members but with modifications given in clause 5.4.2
[1]. However, the analytical method in clause 5.4.2 does
not explicitly state the values of neither the imperfection
factor nor the limiting slenderness for stainless steel angles
in the relevant buckling plane, depending both on the
manufacturing process and steel grade. Exceptions to this
rule are generally designated cold-formed open sections.
However, it should be noted that when these rules were
developed, there were no data on hot rolled angles nor on
cold formed angles. Thus, this kind of approach can lead to
misconceived design practice since it does not offer a clear
response to the important issue related to the application of
corresponding design curves for a reliable and safe prediction
of buckling resistance of compressed stainless steel angle
members.

Single angles loaded through one leg fail by interaction
between the axial force and biaxial bending The design
procedure stated in Annex BB of EN 1993-1-1 [2] treats
this interaction by adopting a non-dimensional effective
(modified) slenderness ratio instead of a geometrical one,
under the condition that both ends of the column are welded
or connected by at least two bolts. This procedure accounts
for both the eccentricities and restraints at the member's
ends.

Unlike carbon steel, stainless steel has a predominantly
nonlinear stress—strain relationship without a clearly
defined yield strength and with significant strain hardening
and ductility. The gradual vyielding between the low
proportionality stress and yield strength leads to a softening
of the material and consequently affects structural response
of stainless steel elements. Hence, the design buckling
curves for stainless steel columns may differ in comparison
with equivalent carbon steel columns.

This paper presents the initial phase of an ongoing
investigation that is performed at the University of Belgrade,
Faculty of Civil Engineering. This paper addresses stainless
steel columns with single hot-rolled equal angle sections
centrically subjected to compression. An experimental
programme that covers standard material tensile tests and
a Finite Element (FE) study of column buckling behaviour
are presented. The obtained numerical results are used to
assess accuracy of the calculation method for the design of
compressed angle members according to existing European
specifications [1, 2].

1.2. State of the art

Significant experimental and analytical research on the
behaviour of compressed carbon steel angle members
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has been conducted in the past decades to develop
comprehensive design guidelines with a wide range of
fabricated products and material properties including both
mild and high-strength steel materials. Observations made
with regard to carbon steel angle columns may serve as a
basis for better understanding of the structural behaviour of
equivalent columns made of stainless steel. Such results are
useful for quantifying the effects of geometric imperfections,
end eccentricity or end restraint on SS angle column strength.
The first experimental study of the load compression capacity
of angles was conducted by Stang and Strickenberg in
1924. The authors tested a series of 170 standard rolled steel
angles with different end connections, such as square, bolted,
and flat-ended bolted. Wakabayashi and Nonaka [5] (1965)
carried out an experimental investigation on 57 hot-rolled
angles in which they varied eccentricities and slenderness
ratios whereas supports were designed so as to eliminate
rotation and twisting at the specimen ends. Kitipornchai and
Lee (1986) tested pin-ended equal-leg and unequal-leg
single and double angles. 26 single equal and unequal angle
struts, as well as 16 double equal and unequal angles were
tested in this research. They concluded that the experimental
results were in reasonable agreement with theoretical
predictions calculated using design rules in AS 1250-1981
and the AISC Specification [8]. Both specifications have
adequate margins of safety for single and double angle
struts. Al-Sayed and Bjorhovde [9] (1989) performed a study
on 12 pin-ended steel angle columns. Adlari et al. (1992)
presented the behaviour of schifflerized hot-rolled angles
(90° hot-rolled equal leg angles bent to 60°), typically used
in mast structural systems. The overall buckling tests under
concentric loading were performed. The sensitivity of these
angles to torsion-flexural flexible buckling is emphasized, and
design recommendations are given. A particular emphasis is
placed on determining the applicable width for calculating the
ratio of the width and thickness of the leg used in assessing
the strength of the axially loaded compression members.
In their paper, Adlari and Murty (1996) presented the
results obtained by experimental investigation of 26 hot-
rolled steel angles. All specimens in this research were tested
under concentric load with hinged end boundary conditions.
Residual stresses and initial geometric imperfections were
measured. Based on outcomes obtained in this investigation
and the experimental results, the authors developed buckling
curves for the prediction of ultimate buckling load
Popovic et al. (1999) tested a series of fixed-ended
and pin-ended cold-formed steel plain angle columns. The
authors noticed that the ultimate structural response of
columns with slender angle sections is strongly affected by
the eccentricity direction at column ends. The higher level of
compressive stresses at the corner of the section, caused
by load eccentricity applied towards the corner, reduces the
stress level at the legs’ tips and leads to higher compressive
capacities in comparison with the corresponding columns

where the eccentricity is applied toward the tips of the
legs. Ben Young (2004) conducted experimental tests
on cold-formed steel plain angle columns compressed
between fixed ends. The angle sections were brake-pressed
from high strength structural steel sheets. The cold-formed
lipped angles behaviour was investigated by Mohan et al.
(2006). The investigation included experimental tests
of members as well as the testing of full-scale transmission
tower panels, and subsequent comparison with the
respective analytical and numerical calculations. Shifferaw
et al. (2006) tested cold-formed steel columns. The
columns were 60 x 60 x 2.38 mm single and double angles.
Young and Chen (2008) performed an experimental
investigation on cold-formed steel non-symmetric lipped
angle columns. The experimental ultimate loads of the
columns were compared with the design strengths calculated
using the North American Specification for the design of
cold-formed steel structural members. It was shown that the
design strengths are generally quite conservative for cold-
formed steel non-symmetric lipped angle columns. Shi et al.
(2011) carried out an axial compression experiment on
420 MPa high strength steel equal angles, which included
15 stub columns. The test results were compared with the
corresponding design methods in ANSI/AISC 360-05 and
Eurocode 3 [2]. The obtained design-strength values were
higher than the ones given in ANSI/AISC 360-05 and
Eurocode 3 [2], and with the increase of width-to-thickness
ratio, the differences between strength values became
larger. Ke Cao et al. (2015) performed a behavioural
test of LHS columns (large-section and high-strength angle
steel) under axial compression. The test included a total of
90 Q420 columns. The results of this study showed that the
design codes GB 50017-2003 and Eurocode 3 are
conservative. In their paper, Bhilawe and Gupta (2015)
reported results of compression tests on single equal angle
sections connected to a gusset plate. The research included
12 single-bolt, 6 double-bolt and 6 welded-end fixity
specimens. A. Landesmann et al. (2017) reported the
results of an experimental investigation on the behaviour
and collapse of cold-formed steel short-to-intermediate
pin-ended equal-leg angle columns with high slenderness
values in the context of the development and performance
assessment of a DSM-based design procedure.
Only a few studies have dealt with the compressive capacity
of stainless steel angle columns. De Menezes et al.
(2019) presented experimental data for austenitic stainless
steel angles subjected to compression. They tested hot-
rolled equal-leg angles L 64 x 64 x 6.4 mm, with lengths
varying from 250 mm to 1500 mm. The total of 13 samples
were covered by this study. Experimental results were used
to calibrate the developed numerical model whose parametric
analysis consisted of 22 different cross-sections. The
authors proposed new values of the imperfection factor a
and limiting slenderness Aq, i.e. 0.60 and 0.23, respectively,
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Table 1. Summary of database for angle column buckling tests

Reference Steel material Steel product Cross-section dimensions mm)] No. of tests
[4] Ugljicni celik Hot-rolled angle min. L32x32x3.2 - max. L152x19 170
[5] SS 41 Hot-rolled angle L90x90x7 57
[6] Mild carbon steel /‘V =250 MPa Hot-rolled angle min. L64x64x5 - max. L102x76x6.5 42
9] Mild carbgz—;%nﬁﬂa;;se steel Hot-rolled angle L76x76x10, L1L2;><2‘1(?:)>;‘1(§,0L127x127x10, 12
[10] fV: 333 - 475 MPa Schifflerized hot-rolled angles min. L76x76x6.4 - max. L102x102x6.4 18
[11] fv =300 MPa Hot-rolled angle min. L64x64x9.5 - max. L127x9.5 26
[13] fy =350 MPa Cold-formed angle L50x50x2.5, L50x50x4, L50x50x5 30
[14] G500 i G450 Cold-formed angle L70x70x1.2, L70x70x1.5, L70x70x1.9 24

[15] fy =350 MPa Cold-formed lipped angle L75x75x30x3.15 11
[16] fv =375 MPa Cold-formed angle L60x60x2.38 12
L80Ox50x16x1
[17] G550 i G450 Cold-formed lipped angle L80x50x16x1.5 25
L80x50x16x1.9
[19] Q420 Hot-rolled angle min. L125x125x8 - max. L200x200x14 15
[21] Q420 Hot-rolled angle min. L220x220x20 - max. L250x250x30 390
[23] Mild steel fV: 350 MPa Hot-rolled angle L50x50x6, L60x60x5, L65x65x6 24
[24] ZAR-345 mild steel Cold-formed angle min. L50x50x1.55 - max. L90x90x1.55 20
[25] Austenitic stainless steel Hot-rolled angle L64X6LX6.4 13

for columns with stocky hot-rolled equal angle sections
made of austenitic stainless steel.

A summary of the database for buckling tests of angle
columns is given in Table 1.

2. Experimental testing of material

The experimental investigation was concentrated on the
austenitic stainless steel grade EN 1.4301 (X5CrNi18-10).
This is the most widely used grade of stainless steel used in
structural applications.

Tensile testing of coupons was performed in the Metals
laboratory at the University of Belgrade Faculty of Technology
and Metallurgy. The tests were carried out on a Shimadzu
Universal Testing Machine AG-Xplus. The coupons were tested
inaccordance with EN 1SO 6892-1 [26]. Three flat coupons were
longitudinally cut from both legs of the hot-rolled specimen (see
Figure 2).

Figure 2. Location of coupons from hot-rolled angle specimens

All coupons were cut by a water jet cutter to decrease heating
of material during preparation. The coupons were 12.5 mm
wide in the necked region. A calibrated extensometer with a
gauge length of L, = 50 mm was used for longitudinal strain
measurement. The adopted strain rates were 0.1 mm/min for
the initial part of the test up to approximately 1 % total strain
after which it was increased to 2.0 mm/min. A typical coupon
prior to and after testing is shown in Figure 3.

BURE e LB BB IE g ‘IT-':[I'I'T! TR T TR T B
f 2 3 4 5 & 7T 8 910 ¥ 12 13 S 95 1617 35 0 30

IFN'TT'I'T'.]'!T- TANTRE EE S rI'rrrFtTmﬂTmTT'le:;?'r_m o ;—rnrr1
1 3 & S84 F 8 @R Tl NNEN

Figure 3. Tensile test setup and stainless steel coupon before and
after testing

The engineering stress—strain curves obtained for all
three tensile coupons are provided in Figure 4. Material
properties including the yield strength fy used as the 0.2
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Table 2. Material properties from tensile coupon tests and according to Specifications [1, 27]

Coupons from hot-rolled £, Gy Coos C.o f, E €, & Strain hardening
angle section EN 1.4301 [N/mm?] | [N/mm?] | [N/mm?] | [N/mm?] | [N/mm?] | [N/mm?] [%] [%] parameters
n m
Coupon 1 281 200 244 350 655 199604 52 71 8 2.8
Coupon 2 288 201 242 375 661 197161 51 65 8 35
Coupon 3 294 203 248 363 658 199924 53 67 8 29
Average 288 201 244 363 658 198896 52 67 8 3.1
EN 10088-5 & EN 1993-1-4 190 - - 225 500-700 | 200000 - 45 6 -

% proof stress f , the ultimate tensile strength f, various
proof stresses (o, ,,, 0, and o, ), the strain corresponding
to the ultimate tensile strength ¢, total strain at fracture
g, and the modulus of elasticity £ including the strain
hardening parameters nand m, were recorded and reported
in Table 2. Additionally, Table 2 presents a comparison of
their average values with equivalent nominal values given
in EN 10088-5 [27] and EN 1993-1-4 [1], respectively.
In mathematical interpretation of nonlinear behaviour of
stainless steel, the strain hardening parameters n and m
depict the degree of nonlinearity of the stress—strain curve
through two different stages presented by two modified
Ramberg—-0Osgood equations [28]. The experimental strain
hardening parameters nand m (see Table 2) were obtained
using a computer programme based on the least squares
regression method [29] so that every experimental stress—
strain curve closely matches the predictive curves developed
by the Ramberg-0Osgood equations [28], minimizing the
error between them.

corrosion resistance, softness and ductility of the material, and
to reduce residual effects from manufacturing processes such
as welding or bending. However, austenitic stainless steels
cannot be hardened by heat treatment. The yield strength f, , =
190 MPaiis relatively low (see Table 2) in the annealed state. On
the other hand, strength levels of austenitic stainless steels can
by significantly increased by cold working during the fabrication
process considering their high strain hardening parameters.
Thus, the specified nominal values [1, 27] are conservative
for the profiles that undergo further finishing processes after
hot-rolling, such as straightening, cold drawing or sectional
machining.

3. Resistance of compressed angle members
according to Eurocode 3

The design method for calculating the buckling resistance of
compressed angle columns, which is given in EN 1993-1-1
[2] and EN 1993-1-3 [3], is based on the theoretical solution
of elastic stability of compressed thin-walled monosymmetric
and asymmetric section members [30]. In the case of pin-
ended columns, the lowest elastic buckling load AV is the lowest
solution of the following equation:

E (Ncr,u _Ncr)(Ncr,v _Ncr)(Ncr,T _Ncr)i02
-
E _Ncr2 |:(Ncr,u _Ncr)VOZ + (Ncr,v - Ncr)u021| =0 w
i 1.53:1"1-3‘
2004 1.4301 HR-2 . .
e L K301 HE1T where N and N_ are the elastic critical forces for flexural
R buckling about the major u-v and minor v-v principal axes,
0 | | ' : : 4 1 respectively, while N/, is the elastic critical force for torsional
000 10.00 20.00 20,00 &0.00 S0.00 50,00 000 buckling:
Strain [%]
Figure 4. Engineering stress-strain curves n2EI
Ncr,u = 2 s (2)
It can be seen from Table 2 that the average measured yield
strength exceeds the nominal value by amargin of 52 %. According 2E|
to EN 10088-5 [27], the vield strength f and ultimate tensile N, =——* (3)
strength f, refer to the minimum specified values for the 0.2 % 1’- El
proof strength R, and tensile strength R thatare obtained for N, 1 = 7(Glt +7? _2Wj (4)
stainless steel materials in the annealed conditions. Annealing fo L

is a heat treatment process employed to ensure an optimized
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In the above equations, / and /, are the second moments of
inertia about the major and minor principal cross-section axes,
|, is the torsional constant, /  is the warping constant, L is the
buckling length, Eis the modulus of elasticity, and Gis the shear
modulus.

The i 2in Eq. (1) is determined as follows:

2 2 2 2 2
IO :IV+IU+VO+UO (5)

where / and j, are the radii of gyration about the major and
minor principal axes, respectively, and v, and u, are the
coordinates of the shear centre relative to the centroid of the
cross-section.

For equal-leg angle columns, v, = 0 and Eq. (1) is simplified as

(i§ = U§ NG = i§ (o + Ner 7 )Nor +i§ Nor uNor 7 = 0 (6)
gdje je:

Nge = min(Ng; v Nee ¢ ) (7)
where N represents the elastic critical flexural-buckling force:

2
N, N, N, 2) N
Ny 7 = cr,u qperT g Mo |y U(z) cr,T
2[ B ug] Ncr,u Ncr,u Ig Ncr,u (8)

ig

Once the elastic critical force N, has been determined, the
compression resistance N, ., is found from the well-known
Perry-Robertson equation by using a linear expression between
the imperfection factor and the member non-dimensional

slenderness [2].
4, Finite element analysis

A Finite Element Analysis (FEA), presented in this section,
focuses on pin-ended stainless steel equal-leg angle
columns with nominal cross-section dimensions 60 x 6
mm (leg width x thickness). To assess the appropriateness
of buckling curve b used for the design of hot-rolled
carbon steel equal-leg angle columns [2] for the design of
equivalent stainless steel angle columns, and to provide a
smooth elastic-to-inelastic buckling transition, the lengths
of FE models were selected to cover a wide range of overall
geometric slenderness values. The analysed range of overall
slenderness ratios about the minor principal axis of the
angle section is 15-256. Additionally, parametric sensitivity
studies were performed to investigate the influences of initial
imperfections, material nonlinearities, and residual stresses
on compressive capacities of stainless steel hot-rolled angle
columns. A geometrically and materially nonlinear analysis
was performed using the ABAQUS FE software package [31],

employing its explicit dynamic solver since it has already
been successfully used for simulation of column buckling
tests [32].

4.1. Geometry, boundary conditions and mesh

Hot-rolled angle columns are modelled with their nominal
geometry. Eight node hexahedron solid elements with
reduced integration (C3D8R) are used for the angle legs,
while six-node wedge elements (C3D6) are used for corner
regions, since they offer good results for a reasonable
computation time. A global element size of 2 mm is used
for each FE model with at least three elements through
legs’ thickness in order to properly take into account their
bending stiffness. Support and loading zones on the column
ends are kinematically constrained to reference points
in order to model the hinge-supported behaviour of the
columns. The reference points are set at the centroids of
columns’ end cross-sections. Failure loading is applied as
displacement-controlled to a reference point in the loading
zone. The geometry, mesh and boundary conditions of the
FE model representing the column buckling test are shown
in Figure 5.

Figure 5. FE model geometry and boundary conditions
4.2, Material modelling

To account for the nonlinear material law, the mechanical
properties obtained from the first tensile coupon test
(see Table 2) are assigned to each FE model. Plasticity
with isotropic hardening is used with an initial modulus of
elasticity £ =200 GPa, and Poisson'’s ratio v = 0.3.

An engineering stress—strain curve is transformed to a
true stress—strain curve for input in the ABAQUS plasticity
model, using Equations (9) and (10), where 5 __and &_
are the engineering stress and strain, £ is the modulus of
elasticity, o, . and ¢ are the true stress and logarithmic
plastic strain, respectively. Figure 6 shows the engineering
stress—strain curve obtained from the first tensile coupon
test and the corresponding true stress—strain curve that is
introduced in FE models.

Strue = Snom(1+ €nom) (9)

Sﬁ: =In(1+&nom) —Strue 1 E (10)
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Stress [MPa)

EN1.4301

30000 50,00 50,00
Strain [%]

G0.00 1000

Figure 6. Engineering and true stress—strain curves
4.3. Geometric imperfections

The superposition of initial geometric imperfections in the shape
of the lowest overall flexural buckling mode with an amplitude
of 3, = L/1000 (0.1 % of the column length [) and the lowest
torsional-flexural buckling mode with an amplitude of ¢, = /10
(10 % of the leg thickness t) is assigned to all FE models. This
approach is based on papers by Landesmann et al.[33]and Dinis
and Camotim [34] that showed that the adopted distributions
and amplitude values of initial geometric imperfections may
sufficiently capture the behaviour of carbon steel angle columns
with reasonable accuracy relative to experimental results. The
amplitude value of L/1000 of the initial out-of-straightness
corresponds to 75 % of the maximum permitted imperfections
for essential tolerances according to EN 1090-2 [35], as stated
in Annex C of EN 1993-1-5 [36]. However, it should be noted
that the European Standard that specifies tolerances on shape
dimensions and mass of hot-rolled structural steel angles,
EN 10056-2 [37], limits the straightness tolerances to 0.4 %:L
for leg length of less than or equal to 150 mm. Hence, for the
considered angle section measuring 60 x 6 mm, the adopted

a) h\ . b ;/

f

cf
0

-+
0,24 f
0347c
f
¥ A} f,
+
02f 02

0267c 0478¢

amplitude of the initial out-of-straightness corresponds to
25 % of the maximum permitted tolerance in accordance with
EN 10056-2 [37]. Each buckling mode shape is determined
by means of a preliminary eigenvalue Linear Buckling Analysis
(LBA), performed with the same mesh and employed to carry out
the subsequent nonlinear buckling analysis. The eigenmodes
obtained by LBA are shown in Figure 7. Considering that the
sign of the initial out-of-straightness is not explicitly defined in
Specifications [35,37], and that it is not obvious without previous
measurements, both directions of imperfection distributions
were employed in the nonlinear buckling analysis: in the positive
directions related to deformed buckling shapes of FE models
obtained in the LBA, and in negative directions that are opposite
to the directions of the deformed buckling shapes of FE models
in the LBA.

a)

¥
Ty

Figure 7. Eigenmodes obtained by LBA
4.4, Residual stresses

The magnitude and distribution of residual stresses in
structural sections is significantly dependent on the
production process. The level of residual stresses in hot-
rolled stainless steel sections depends on the annealing
temperature, cooling conditions, level of cold working, cross-
section geometry, and stainless steel grade. Distinctions
between the material and thermal properties of carbon steel

c)

c=[r+t)

01 Ff

r+t

/2
025f \

0.24 f
+
- - 0zf
025 F / 022 \ ;

ci2 cf2

|
f.‘

02
+

/ 02F 0,29 I"I
! r+t
0.2519c | O&18C 0381¢

0291  |—

| )
02 'f.-

i3

~ 0,11 .fr

c={r+t)

Figure 8. Residual stress distribution models of hot-rolled equal-leg angles a) Three-point RS predictive model with uniform distribution [38];
b) Four-point RS predictive model with uniform distribution [39]; c) Bending RS predictive model with linear distribution [41]

GRADEVINAR 71 (2019) 7, 547-558

553

Gradevinar 7/2019



Gradevinar 7/2019

Aljo$a Filipovi¢, Jelena Dobri¢, Zlatko Markovié, Nancy Baddoo, Zeljko Flajs

¥
- X

cl d}
|I | ¥ L

Figure 9. Residual stresses applied to FE model: a) Distribution of RS* through section thickness; b) Distribution of RS* through leg thickness;
c) Distribution of RS- through section thickness; d) Distribution of RS- through leg thickness

and stainless steel cause differences in the magnitude and
distribution of residual stresses in structural sections of
these two materials. The coefficient of thermal expansion
of austenitic stainless steel is higher than that of structural
carbon steel, while the thermal conductivity is lower, which
consequently leads to larger residual stresses relative to
carbon steel. Numerous research into the effect of residual
stresses has been carried out for carbon steel angles.

A linear three-point predictive model of the distribution of
residual stresses in hot-rolled carbon steel equal-leg angle
sections, presented in Figure 8a, was used for developing
ECCS buckling curves [38]. The distribution is symmetrical
with compressive stresses at the legs' intersection and at
their ends, and equilibrating tensile stresses at the legs’
mid-length. In parallel, Figure 8b shows a linear four-
point predictive model that was based on comprehensive
measurements of residual stresses in large carbon steel
equal-leg angles [3S]. In both predictive models, it is
assumed that the distribution of residual stresses is uniform
throughout the thickness of the section with the dominant
membrane stress component. While the patterns of residual
stresses in structural carbon steel sections have been
extensively studied, the data on residual stresses in hot-
rolled stainless steel structural shapes are limited. Cruise
and Gardner [40, 41] carried out an extensive experimental
program to quantify the distribution of residual stresses
in hot-rolled and cold-formed stainless steel sections
including hot-rolled equal-leg angle specimens with nominal
dimensions 50 x 3 mm. All sections were manufactured
using the austenitic stainless steel grade EN 1.4301. Cruise
and Gardner's research approach [40, 41] takes into account
the total residual stress that includes both membrane and
bending component. The membrane component corresponds
to compressive or tensile axial deformation, while the
bending component linearly varies through the thickness
of the section. However, the authors found that both
bending and membrane residual stress components are
relatively low in the case of hot-rolled stainless steel angles.
Based on experimental results, they proposed a simple
predictive model for bending residual stresses assuming
their linear variation through thickness with either tensile
or compressive values at the outer surface of the angle-

section. The proposed model based on mean values of the
measured stresses [41] is shown in Figure 8c. This predictive
model is indirectly applied in each FE model by equivalent
temperature strains as an initial state of the non-linear
buckling analysis to represent an equilibrium stress state
in the first load step of the calculation. The formulation of
predefined analytical fields is employed to assign the desired
stress values and different signs through legs thickness. The
bending residual stress values of 0.29 - f = 81.5 MPa and
0.11 - f, = 30.9 MPa were set in the corner and flat regions,
respectively. Two opposite patterns are considered, positive
distribution with compressive stresses at the outer section
surface (RI*), and negative distribution with tensile stresses
at the outer section surface (RI"). It can be seen in Figure 9
that a very good application of residual stresses to FE model
has been achieved.

5. Discussion of results
5.1. FE sensitivity study

In this section, the compressive capacities of stainless
steel angle columns obtained in the FE sensitivity study are
compared with compressive capacities of the equivalent
initially straight columns without residual stresses (see
Table 3). As previously mentioned, the FE sensitivity study
considers separate and combined effects of initial geometric
imperfections and residual stresses on ultimate buckling
responses of stainless steel angle columns. Table 4 quantifies
the decrease of column buckling resistance of initially perfect
columns caused by influences of separate and combined
actions of geometric imperfections (Gl) and residual stresses
(RS) accounting for the change of sign of their distributions.

A brief analysis of the obtained results is presented as follows.
The ultimate structural response of FE models involves
local buckling of angle legs, torsional-flexural mode under
combined twisting and major axis flexural deflection, and
flexural buckling mode about the minor principal axis.
Individual actions of residual stresses slightly influence
compressive capacities of stainless steel angle columns
in the low and intermediate slenderness range, up to A, =
60. However, these effects are more significant in the high
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Table 3. FE ultimate buckling loads considering effects of initial Gl and RS

m::els FE ultimate buckling loads N, ., [kN]
without Gl Individual effects of Gl and RS Combined effects of Gl and RS
Length &RS without GI & | without GI & | without RS & | without RS & | with GI* & with GI* & | withGlI"& | withGlI" &
[mm] with RS* with RS with GI* with GI RS* RS RS* RS
Nb.u FEA.1 Nb u.FEA.2 Nb.u.FEA 3 Nb.u.FEAA Nb u.FEA.5 Nb.u FEA.6 Nb.u.FEAJ Nb.u.FEA8 Nb u.FEA.9
180 2318 231.1 2325 207.2 207.2 207.4 207.4 207.1 207.1
250 210.8 210.5 211.1 201.4 201.4 201.4 201.4 201.4 201.4
300 198.7 198.7 198.7 199.5 190.4 199.6 199.5 190.4 190.5
400 181.2 180.9 181.5 176.9 171.9 1771 176.8 171.6 172.3
500 167.4 168.2 166.5 160.6 157.2 160.6 161.0 158.1 156.9
600 157.0 155.7 159.1 147.6 144.8 147.6 147.5 144.4 145.2
650 151.3 151.2 154.9 141.9 138.8 1421 140.8 137.5 137.5
700 148.2 147.0 155.6 135.6 132.8 136.3 134.9 131.4 134.2
800 146.2 142.8 149.3 125.5 122.5 124.3 127.0 124.6 121.0
1000 1395 131.9 141.6 105.7 103.2 108.9 104.1 101.7 105.6
1200 117.3 105.9 115.6 85.5 84.0 875 83.0 81.1 86.8
1400 103.8 87.6 92.8 68.4 66.8 71.6 66.7 65.9 70.3
1600 95.5 76.9 81.4 56.8 55.5 60.2 55.2 54.8 59.6
1800 89.2 66.0 70.2 47.5 46.4 51.6 45.2 44.3 50.4
2000 84.3 64.8 68.2 40.4 39.4 43.2 38.2 376 41.5
2200 79.9 54.6 57.8 34.8 34.0 39.0 329 323 37.8
2400 771 48.7 50.8 30.7 30.0 36.8 26.3 25.4 36.3
2800 741 45.9 48.7 253 246 28.0 225 22.3 27.7
3000 725 42.5 46.1 235 229 26.6 215 21.3 25.7
Table 4. Quantification of initial Gl and RS influences on FE ultimate buckling loads
FE modeli Ratios of FEA ultimate buckling loads
Length Slenr::ir:ess Individual effects of Gl and RS Combined effects of Gl and RS
[mm]
)\l\' Nh.u.FEA.Z / Nh.u.FEA.1 Nh.u.FEA.Z / Nh.u.FEA.1 Nh.u.FEA.A / Nh.u.FEn.i Nh.u.FEn.s / Nb.u.FEll.l Nb.u.FEn.s / Nb.u.FEAJ Nb.u.FEAJ / Nb.u.FEAJ Nb.u.FEA.! / Nb.u.FEM Nh.u.FEA.S / Nb.u.FEA.1
180 15 1.00 1.00 0.89 0.89 0.89 0.89 0.89 0.89
250 21 1.00 1.00 0.96 0.96 0.96 0.96 0.96 0.96
300 26 1.00 1.00 0.99 0.96 1.00 1.00 0.96 0.96
400 34 1.00 1.00 0.98 0.95 0.98 0.98 0.95 0.95
500 43 1.00 0.99 0.96 0.94 0.96 0.96 0.94 0.94
600 51 0.99 1.01 0.94 0.92 0.94 0.94 0.92 0.93
650 55 1.00 1.02 0.94 0.92 0.94 0.93 0.91 0.91
700 60 0.99 1.05 0.92 0.90 0.92 0.91 0.89 0.91
800 68 0.98 1.02 0.86 0.84 0.85 0.87 0.85 0.83
1000 85 0.95 1.02 0.76 0.74 0.78 0.75 0.73 0.76
1200 102 0.90 0.98 0.73 0.72 0.75 0.71 0.69 0.74
1400 119 0.84 0.89 0.66 0.64 0.69 0.64 0.64 0.68
1600 136 0.81 0.85 0.59 0.58 0.63 0.58 0.57 0.62
1800 153 0.74 0.79 0.53 0.52 0.58 0.51 0.50 0.56
2000 170 0.77 0.81 0.48 0.47 0.51 0.45 0.45 0.49
2200 187 0.68 0.72 0.44 0.43 0.49 0.41 0.40 0.47
2400 204 0.63 0.66 0.40 0.39 0.48 0.34 0.33 0.47
2800 239 0.62 0.66 0.34 0.33 0.38 0.30 0.30 0.37
3000 256 0.59 0.64 0.32 0.32 0.37 0.30 0.29 0.35
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slenderness range. The maximum decrease of ultimate
buckling resistance of initially perfect stainless steel angle
columns (Xv = 256) influenced by separate action of residual
stresses is 41 %. The positive distribution of residual stresses
(RI*) causes a lower column buckling resistance compared to
their negative distribution (RI), with differences of up to 8 %
(see Table 3).

As expected, initial geometric imperfections affect the
column buckling resistance more adversely compared to
residual stresses. The sine wave shape of initial geometric
imperfections with an amplitude of L/1000 at column mid-
height and with leg ends on the concave side (GI') reduces the
ultimate strength of a perfectly straight column from 4 % in
the low slenderness range (L, = 21-26), to up to 68 % in the
high slenderness range (A, = 256). Even though the symmetric
shape of geometric imperfections with a positive sign (Gl+)
causes a slightly smaller reduction of compressive capacity of
an initially perfect angle column relative to the GI- distribution,
these differences of up to 2 % are considered negligible.

The combined effects of the residual stresses and initial out-
of-straightness do not reach the sum of their individual effects
on the buckling resistance of stainless steel angle columns in
the entire analysed slenderness range. However, it can be seen
from Table 4 that these detrimental effects are not significantly
higher than those caused by individual action of initial
geometric imperfections. The study indicates that interaction
effects of residual stresses (RS*) and geometric imperfections
(GI') leads to the lowest values of ultimate buckling loads. It
should be noted that for this case, the deformed shape of
stainless steel angle columns at the ultimate limit state is the
same as the deformed shape caused by individual action of
both GI-and RS*.

5.2. Comparison of FE buckling resistance with
design buckling resistance

Minimum values of FE ultimate buckling loads (see Table 3) are
used to assess the appropriateness of the predictive method for
the design of centrically compressed angle members according
to Eurocodes EN 1993-1-4 [1] and EN 1993-1-1 [2]. Material
properties obtained from the first tensile coupon test (see Table
2), limiting slenderness Ao = 0.2, and partial safety factor Y1 =
1.0 are employed in the calculation of the column buckling
resistance A, ... Depending on the overall slenderness, the
predicted failures of stainless steel angle columns occur due to
torsional-flexural buckling or flexural buckling about the minor
principal axis.

Graphical comparison between the Eurocode buckling curves
and the normalised FE buckling loads is presented in Figure
10. The FE ultimate loads are normalised by dividing by the
squash load Afv and are plotted against the column non-
dimensional slenderness. Figure 10 shows that most of
the FE results lay between curves c and b and, hence, these
curves have been selected for evaluation as representative

for predicting flexural buckling modes of stainless steel
equal-angle columns. Additionally, in order to evaluate
accuracy of the design method for torsional-flexural buckling
mode, the buckling curve bis used as stated in EN 1993-1-4
1.

o ® FEdata
- —EN1993-1-1a =,

Reduction factor X

S0 1.00 1.50 200 250 .00

Non-dimensional siendreness Ay

Figure 10. Comparison between normalised FE results and Eurocode
3 buckling curves

It should be emphasized that the change of buckling curve for
calculation of ultimate loads for flexural buckling modes also
affects prediction of the torsional-flexural failure mode. The
comparison of FE results and selected curves is presented in
Figure 11. If curve b is selected for the flexural buckling mode,
the mean FE-to-predicted buckling load ratio N, /N . is
0.95 and the Coefficient of Variation (CoV) is 7.6 %, while in the
case of the torsional-flexural mode, the mean FE-to-predicted
buckling load ratio N, ../N.. . is 1.12 and the CoV is 15 %.
However, curve cfollows closely the trend of the FE points and
more safely represents the flexural behaviour of stainless steel
equal-angle columns: the mean ratio NFb‘u’FE/NFb,u’EC is 1.02, and
the CoV is 6.0 %. Consequently, a smaller scatter of data for the
torsional-flexural mode is obtained, the mean ratio N, ../
N is 1.2, and the CoV is 10.5 %.

TFb,u,EC

6. Conclusions

An FE study of austenitic stainless steel hot-rolled equal-angle
columns was performed based on an experimental non-linear
material model and a predictive residual stress model [41].

The FE sensitivity study was conducted to quantify the
level of individual and combined effects of initial geometric
imperfections and residual stresses considering their different
distribution signs. It was established that the combination of
initial geometric imperfections in the direction opposite to the
lowest buckling shape obtained in the LBA, and a residual stress
pattern with tensile stresses at the outer surface of the angle
section, leads to the lowest value of ultimate buckling load of
stainless steel equal angle columns. However, the combined
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Figure 11. Comparison of design predictions and FE results, Comparison between FE and DESIGN: a) flexural buckling loads when curve b is
selected for the flexural buckling mode; b) torsional-flexural buckling loads when curve b is selected for the flexural buckling mode;
c) flexural buckling loads when curve c is selected for the flexural buckling mode; d) torsional-flexural buckling loads when curve c is

selected for the flexural buckling mode

weakening effects due to geometric imperfections and residual
stresses are not considerably higher when compared to
individual influences of geometric imperfections

The FE results were used to assess the accuracy of existing
Eurocode provisions for column design [1, 2], including the
appropriateness of buckling curves band c. The study indicated
that the buckling curve crepresents more consistently and safely
the non-linear behaviour and ultimate capacity predictions of
stainless steel hot-rolled equal-angle columns in comparison
with curve b that is employed for the design of equivalent
carbon steel columns. Considering curve ¢, the mean ratio of
N, re/ N e IS 1.02 and the CoV is 6.0 %, while for buckling curve
b, the mean value of the N, /N, . ratio is 0.95 and the CoV
is 7.6 %.

The database developed in this study is limited to the definition
of explicit design provisions. This points to the need for carrying
out an experimental programme supported by theoretical and
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