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ABSTRACT

ARTICLE INFO

The main objective of this paper is to provide an efficient and accurate finite element
model to understand the behavior of cold-formed steel plain angle columns. The ef-
fects of initial local and overall geometric imperfections have been taken into consid-
eration in the analysis. The material nonlinearities of flat and corner portions of the
angle sections were incorporated in the model. Failure loads and buckling modes as
well as load-shortening curves of plain angle columns were investigated in this study.
The nonlinear finite element model was verified against experimental results. The
finite element analysis was performed on plain angles compressed between fixed
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ends over different column lengths, and column curves were obtained.

1. Introduction

Cold-formed steel structures have many advantages
in terms of their superior strength-to-self-weight ratio,
ease of construction, and economic design. In recent
years, developed manufacture techniques and increased
strength of materials gave the edge to cold-formed steel
over traditional hot rolled steel in the construction of a
wide range of structures (Ellobody and Young, 2005).

Some researchers carried out experimental investiga-
tion to study the behavior of cold-formed steel angle col-
umns. Madugula et al. (1983) carried out 16 tests on sin-
gle equal-leg angles 45x45x3 mm and 65x65x4 mm with
hinged end conditions. The nominal slenderness ratios
of the test specimens varied from 90 to 250 and compar-
ison of test results with design strengths predicted from
different codes of practice was investigated. Popovic et
al. (1999) presented the results of 12 fixed-ended and 18
pin-ended compression tests performed on cold-formed
plain angle columns. The nominal sizes of angles were
50x50x2.5, 50x50x4, and 50x50x5 with b/t ratios (flat
flange width-to-thickness ratio) of 20.6, 12.2, and 9.6, re-
spectively. Young (2004) conducted a series of tests on
cold-formed steel plain angle columns compressed be-
tween fixed ends. The angle sections were brake-pressed

from high strength structural steel sheets and had a b/t
ratio ranging from 35.8 to 57.9. The test results were
compared with design strengths obtained from the AISI
Specification (1996) and AS/NZS standard (1996) for
cold-formed steel structures. It is concluded that the de-
sign strengths are generally very conservative for all col-
umn lengths. Hence design equations for cold-formed
steel plain angle columns were proposed.

The behavior of cold-formed steel columns is affected
by initial geometric imperfections and residual stresses.
Weng and Pekoz (1990) carried out a detailed experi-
mental study of residual stresses effect on the strength
of cold-formed steel members. It is found that the resid-
ual stress distribution in cold-formed steel sections is
different from that in hot-rolled steel sections. Jiao and
Zhao (2003) investigated the effect of initial geometricim-
perfections, residual stresses, and yield slenderness limit
on the behavior of very high strength circular steel tubes.

An accurate finite element model is needed to predict
the complex behavior of thin-walled structures. It can be
quite costly and time consuming for experimental inves-
tigation. A detailed finite element study was carried out
by Young and Yan (2002) for the analysis and design of
fixed-ended plain channel columns. A finite element
program ABAQUS was used in the analysis. The four-
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node doubly curved shell element with reduced integra-
tion and hourglass control (S4R5) was used in the model.
The element has five degrees of freedom per node. The
results of the finite element analysis were compared
with the results of experimental investigation. Durmaz
and Daloglu (2007, 2009) provided a nonlinear finite el-
ement model to investigate the behavior of hot-rolled
steel angles subjected to concentric and eccentric axial
loads. It was found that the finite element model gener-
ally provided good predictions of the experimental fail-
ure loads.

The main objective of this paper is to simulate the be-
havior of cold-formed steel plain angle columns using
the finite element method. The finite element program
ABAQUS 6.13 (2013) was used in the analysis. The re-
sults obtained from the model are verified against test
results carried out by Young (2004).

2. Experimental Investigation
2.1. General

The experimental investigation of cold-formed steel
plain angle columns performed by Young (2004) pro-
vided the experimental ultimate loads and failure modes
of columns compressed between fixed ends. The test
specimens were brake-pressed from high strength zinc-
coated grades G500 and G450 structural steel sheets
having nominal yield stresses of 500 and 450 MPa, re-
spectively. Each specimen was cut to a specified length
of 250, 1000, 1500,

2000, 2500, 3000 and 3500 mm. Three series of plain
angles were tested, having a nominal flange width of 70
mm. The nominal plate thicknesses were 1.2, 1.5, and 1.9
mm. The three series were labeled P1.2, P1.5, and P1.9
according to their nominal thickness. The measured in-
side corner radius was 2.6 mm for all specimens. The
measured cross-section dimensions of the test speci-
mens are detailed in Young (2004).

The Young’s modulus (E) was measured as 208, 207,
and 208 GPa for Series P1.2, P1.5, and P1.9, respectively.
The measured static 0.2% proof stress (co.2) was 550,
530, and 500 MPa for Series P1.2, P1.5,and P1.9, respec-
tively. The initial overall geometric imperfections of the
specimens were measured prior to testing. The maxi-
mum overall imperfections at mid length were 1/2950,
1/2150, and 1/1970 of the specimen length for Series
P1.2, P1.5, and P1.9, respectively. A servo controlled hy-
draulic testing machine was used to apply compressive
axial force to the specimen. The fixed-ended bearings
were designed to restrain against the minor and major
axis rotations as well as twist rotations and warping.

The initial local geometric imperfections, residual
stresses, and corner material properties of the tested
plain angle specimens were not reported by Young
(2004). However, the values of these measurements are
important for finite element analysis. Hence the initial
local imperfections, residual stresses, and corner mate-
rial properties of the angle specimens belonging to the
same batch as the column test specimens were measured
by Ellobody and Young (2005) and used in this paper.

2.2. Initial local geometric imperfections

Measurements of initial local imperfections were car-
ried out by Ellobody and Young (2005) by using the co-
ordinate measuring machine. A plain angle test speci-
men of 300 mm in length for Series P1.5 was used for the
measurement of local imperfections. The measurements
were taken at the middle and quarter lengths of the spec-
imen. Readings were taken at regular intervals and max-
imum magnitude of local plate imperfection was 0.0021
mm, which is equal to 0.14% of the angle thickness. The
same factor was used to predict the initial local geomet-
ric imperfections for Series P1.2 and P1.9.

2.3. Residual stresses

The same plain angle specimen used in measuring the
initial local geometric imperfections was used by Ello-
body and Young (2005) in measuring the residual
stresses. The common method to determine the residual
stresses is the method of sectioning that requires cutting
the plain angle into strips to release the internal residual
stresses. By measuring the strains before and after cut-
ting, consequently residual stresses can be determined.
The angle specimen was marked into strips of 10 mm
width as shown in Fig. 1.
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Fig. 1. Positions of wire cutting and measurements for
the determination of residual stresses.

Residual stresses are calculated by multiplying resid-
ual strains by Young’s modulus of the test specimen of
Series P1.5. Table 1 summarizes the membrane and
bending residual strains at the measurement sections
with reference to the plain angle tip. The distribution of
membrane and bending residual stresses in the cross
section of the test specimen is shown in Fig. 2.

2.4. Material properties

The material properties in the corner of the angle sec-
tion were determined for Series P1.5 by Ellobody and
Young (2005) by carrying out a tensile coupon test. The
corner coupon specimen was taken from the corner strip
after the wire cutting of the specimen used to measure
the residual stresses. The corner coupon specimen was
curved before testing, and the effect of bending residual
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stresses is included in the stress-strain curve of the cor-
ner tensile coupon test. The material properties of the
corners of Series P1.2 and P1.9 were extrapolated from
the material properties of the Series P1.5 according to
the measured 0.2% tensile proof stress (0o.2) in the flat
portions of each series. The measured and predicted ma-

terial properties of the corner coupons can be summa-
rized as follows: Young’s modulus (E) of 203 GPa for the
three series. The static 0.2% proof stress (0o.2) was 635,
610, and 575 MPa for Series P1.2, P1.5, and P1.9, respec-
tively. The tensile strain after fracture (e.) was 3% for
the three tests series.

Table 1. Measured membrane and bending residual strains for series P1.5.

Distance from tip

Membrane strain

Bending strain

(mm) (ustrain) (ustrain)
10 75 125
20 115 235
30 260 420
40 300 520
50 210 540
60 75 395
70 (corner) -460 -940

200
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100
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Fig. 2. Distribution of membrane and bending residual
stresses along the cross section of Series P1.5.

3. Finite Element Modeling
3.1. General

In this study, the finite element program (ABAQUS,
2013) was used in the analysis of plain angle columns
tested by Young (2004). The model used the nominal
sizes, initial local and overall geometric imperfections,
residual stresses, and material properties. Finite ele-
ment analysis for buckling requires two types of anal-
yses. The first is known as eigenvalue analysis that esti-
mates the buckling modes and loads. Such an analysis is
a linear elastic analysis performed using the (*BUCKLE)
procedure available in the ABAQUS library with the live
load applied within the step. The buckling analysis pro-
vides the factor by which the live load must be multiplied
to reach the buckling load. For practical purposes, only
the lowest buckling mode predicted from the eigenvalue
analysis is used. The second is called load-displacement
nonlinear analysis and follows the eigenvalue predic-
tion. It is necessary to consider whether the post buck-
ling response is stable or unstable.

3.2. Finite element type and mesh

It is mentioned in the ABAQUS manual that the four-
noded doubly curved shell element with reduced inte-
gration S4R is suitable for complex buckling behavior
(ABAQUS, 2013; Nandula, 1998; Young, 2004). The S4R
element has six degrees of freedom per node and pro-
vides accurate solutions to most applications. The ele-
ment also accounts for finite strain and is suitable for
large strain analysis. Since buckling of plain angle col-
umns is very sensitive to large strains, the S4R element
was used in this study to ensure the accuracy of the re-
sults. In order to choose the finite element mesh that
provides accurate results with minimum computational
time, convergence studies were conducted. It is found
that a 10 mm x 10 mm (length by width) ratio provides
adequate accuracy in modeling the angles.

3.3. Boundary conditions and load application

Following the testing procedures for Series P1.2, P1.5,
and P1.9, the ends of the columns were fixed against all
degrees of freedom except for the displacement at the
loaded end in the direction of the applied load. The nodes
other than the two ends were free to translate and rotate
in any direction. The load was applied in increments us-
ing the modified RIKS method available in the ABAQUS
library. The RIKS method is generally used to predict un-
stable and nonlinear collapse of a structure such as post
buckling analysis. It uses the load magnitude as an addi-
tional unknown and solves simultaneously for loads and
displacements. The load was applied as static uniform
loads at each node of the loaded end which is identical to
the experimental investigation. The nonlinear geometry
parameter (*NLGEOM) was included to deal with the
large displacement analysis.
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3.4. Material modeling

The measured stress-strain curves for flat portions of
Series P1.2, P1.5, and P1.9 were used in the analysis. In
addition, the measured and predicted stress-strain
curves of the corner coupons for the same series were
used. The material behavior provided by ABAQUS al-
lows for a multilinear stress-strain curve to be used.
The first part of the multilinear curve represents the
elastic part up to the proportional limit stress with
measured Young’s modulus and Poisson’s ratio equal to
0.3. Since the analysis of post buckling involves large in-
elastic strains, the nominal (engineering) static stress-
strain curve was converted to a true stress and loga-
rithmic plastic strain curve. The true stress (otrue) and
plastic true strain (&P!true) were calculated using Egs. (1)
and (2).

Otrue = 0(1+€), (1

1
prye = IN(1+ ) — 0o /E (2)
where E is Young’s modulus while o and € are measured
nominal (engineering) stress and strain values.

3.5. Modeling of initial local and overall geometric
imperfections

Cold-formed steel plain angle columns with very high
b/t ratio are likely to fail by pure local buckling. On the
other hand, columns with very low b/t ratio are likely to
fail by overall buckling. Both initial local and overall ge-
ometric imperfections are found in columns as a result
of the fabrication process. Hence superposition of local
buckling mode as well as overall buckling mode with
measured magnitudes is recommended for accurate fi-
nite element analysis (Ellobody and Young, 2005). These
buckling modes can be obtained by carrying eigenvalue
analysis of the column with very high b/t ratio and very
low b/t ratio to ensure local and overall buckling occurs,
respectively. Only the lowest buckling mode (eigenmode
1) is used in the eigenvalue analysis. This technique is
used in this study to model the initial local and overall
imperfections of the columns. Since all buckling modes
predicted by ABAQUS eigenvalue analysis are general-
ized to 1.0, the buckling modes are factored by the meas-
ured magnitudes of the initial local and overall geomet-
ric imperfections (Young and Yan, 2002).

3.6. Modeling of residual stresses

To ensure accurate modeling of the behavior of plain
angle columns, the residual stresses were included in the
finite element model although their effect on the ulti-
mate capacity is considered to be small (Schafer and
Pekoz, 1998; Gardner, 2002). Measured residual
stresses are implemented in the finite element model by
using the ABAQUS  (*INITIAL  CONDITIONS,
TYPE=STRESS) parameter. Only the membrane residual
stresses were modeled in this study.

4., Results and Discussion

In the verification of the finite element model, a total
of 21 cold-formed steel plain angle columns were ana-
lyzed. A comparison between the experimental results
and the results of the finite element model is carried out.
The main objective of this comparison is to verify and
check the accuracy of the finite element model. The com-
parison of the ultimate loads Prs: and Prem are shown in
Table 2. Fig. 3 plotted the relationship between the ulti-
mate load and the column effective length Leg=L/2 for an-
gles reported by Young (2004), where L actual column
length. The column curves show the experimental ulti-
mate loads together with that obtained by the finite ele-
ment method. It can be seen that good agreement has
been achieved between both results for most of the col-
umns.

Table 2. Comparison between test and FE results.

Specimen Prese (kN) Prev (KN) Prest/ Prem
P1.2L.250 23.80 30.30 0.79
P1.2L1000 18.70 22.62 0.83
P1.2L1500 15.20 16.86 0.90
P1.2L2000 12.60 12.11 1.04
P1.2L.2500 11.60 10.83 1.07
P1.2L3000 8.00 8.40 0.95
P1.2L3500 5.80 5.91 0.98
Mean 0.937
(o{0)% 0.011
P1.5L250 39.60 44.29 0.89
P1.5L1000 31.00 34.32 0.90
P1.5L1500 25.20 25.80 0.98
P1.5L2000 17.50 18.61 0.94
P1.5L2500 15.70 15.63 1.00
P1.5L3000 13.10 13.01 1.01
P1.5L3500 11.50 11.41 1.01
Mean 0.962
(o{0)% 0.002
P1.9L250 57.70 62.86 0.92
P1.9L1000 47.80 53.37 0.90
P1.9L1500 35.60 37.10 0.96
P1.9L2000 27.10 29.38 0.92
P1.9L2500 22.40 24.49 0.91
P1.9L3000 14.80 20.04 0.74
P1.9L3500 14.40 16.16 0.89
Mean 0.891
(o{0)% 0.005
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Fig. 3. Ultimate loads of plain angle columns for Series P1.2, P1.5, and P1.9.
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Fig. 4. Load-axial shortening curve for P1.9L1000.
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Fig. 5. Failure mode of column P1.9L.1000.
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5. Conclusions

This paper provides an efficient finite element model
for the analysis of cold-formed steel plain angle columns.
The initial local imperfections, residual stresses, and cor-
ner material properties of the cold-formed steel angle
test specimens have been measured and reported in this
paper. The finite element model includes initial local and
overall geometric imperfections and residual stresses.
Nonlinear material properties of flat and corner portions
of plain angle columns are also considered in the analy-
sis. The comparison between the finite element results
and the experimental investigation of 21 columns with
different geometric dimensions showed good agreement
in predicting the columns behavior. The column
strengths, load-shortening behavior, and failure modes
have been predicted using the finite element model and
compared well with the experimental results.
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