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Abstract This paper presents experimental and numerical
investigations on the behaviour of thin-walled cold-formed
steel single and starred angles with lips as stub and short
columns, subjected to axial compression. A nonlinear finite
element model was developed and verified against the
ball- and bolted-end conditions. The specimens are mod-
elled precisely for the numerical investigation using finite
element analysis as done in the column tests carefully under-
controlled. Both geometric and material nonlinearities are
included in the finite element model. The predicted column
strengths by the numerical analysis are compared with the
design column strengths calculated using the North Ameri-
can Standards for cold-formed steel structures. It is shown
that the design column strengths calculated from the specifi-
cation are generally conservative for cold-formed steel angle
sections. Results from the FEA correlate well with experi-
mental data, NAS-2007 and BS: 5950 (Part 5) predictions.
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FEA Finite element analysis
PEXP Experimental ultimate load
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1 Introduction

Cold forming is a process where steel members are manufac-
tured by rolling or shaping the steel after it is cold. Thin sheet
steel products are extensively used in building industry and
range from purlins to roof materials and floor decking. Gen-
erally, these are available for use as basic building elements
for assembly at site or as pre-fabricated frames or panels.
These thin steel sections are cold-formed, i.e. their manufac-
turing process involves forming steel sections in a cold state
(i.e. without application of heat) from steel sheets of uniform
thickness. The thickness of steel sheet used in cold-formed
construction is usually 1–3mm. Much thicker material up to
8mmcan be formed if pre-galvanisedmaterial is not required
for the particular application. Sustained research and contin-
uous upgradation of design codes contribute to themaximum
utilisation of these sections for construction.

Angles are the most common structural shape found in
almost any structure due to their simplicity and ease of fab-
rication and erection. Single angles are usually used as web
members in steel joist and trusses, members of latticed trans-
mission towers or communication structures and bracing
members to provide lateral support to the main members.
Angles welded in the form of starred section, which is dou-
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bly symmetric, are used widely as the legs of transmission
line towers. It is customary to assume the connections either
as frictionless pins or as fully rigid connections.

There are many codal specifications for the design of
cold-formed steel such as BS: 5950 [1] and NAS Manual
[2] issued by various countries. Many times, evaluating the
ultimate load-carrying capacity is a tedious process since
all these codes involve empirical formulas. Codal provisions
also lack in clarity with uncommon sections. The basis for
the determination of member capacities of cold-formed steel
sections is either allowable stress design (ASD) or the limit
state design referred to as load and resistance factor design
(LRFD).Most of the specifications, namelyBritishStandards
(BS) and the North American Standards have switched over
from ASD to LRFD. The aim of this study is to investigate
experimentally, theoretically and numerically the elastic and
inelastic behaviour of thin-walled angle columns subjected to
the axial loading. Young and Chen [3] presented a test pro-
gramme on cold-formed steel non-symmetric lipped angle
columns. The test strengths are compared with the design
strengths calculated using the North American Standards for
the design of cold-formed steel structural members. It was
shown that the design strengths are generally quite conser-
vative. An experimental investigation of cold-formed steel
lipped angle concentrically loaded compression members
was studied by Young [4]. The test strengths were com-
pared with the design strengths predicted using the North
American Standards and Australian/New Zealand Standard
for cold-formed steel structures. It was concluded that the
design strengths predicted by the specification and standard
were conservative without considering the required addi-
tional bending moment using an eccentricity of 1/1000 of
the column length. Young and Ellobody [5] have investigated
the behaviour and design of cold-formed steel unequal angle
columns. The column strengths obtained from the paramet-
ric study were compared with the design strengths calculated
using the North American Standards for cold-formed steel
structuralmembers. Itwas shown that the current design rules
are generally unconservative for short and intermediate col-
umn lengths for the unequal angles. Therefore, design rules
of cold-formed steel unequal angle columns are proposed.

Young and Ellobady [6] described the finite element
analysis of cold-formed steel equal lipped angle compres-
sion members. The column strengths predicted by the finite
element model were compared with the design strengths
calculated using the North American Standards and Aus-
tralian/New Zealand Standard for cold-formed steel struc-
tures, as well as compared with the design strengths obtained
from proposed design rules. It was shown that the proposed
design strengths accurately predicted the column strengths
for non-slender lipped angle columns. Yi and Chantel [7]
studied a total of 26 steel unequal-leg angle specimens tested
under eccentric compression and have suggested that for

angles subjected to major principal axis bending causing the
angle short leg in compression, the presence of moment, in
some cases, resulted in the angle ultimate load higher than its
concentric compressive capacity. Silvestre et al. [8] presented
procedures for the design of fixed- and pin-ended equal-
leg angle columns with short-to-intermediate lengths. The
set of experimental results is comprised of 41 fixed-ended
columns and37pin-ended columns, and the numerical results
obtained include 89 fixed-ended columns and 28 pin-ended
columns; various cross section dimensions, lengths and yield
stresses are considered. It was shown that the proposed DSM
approach leads to accurate ultimate strength estimates for
short-to-intermediate columns covering a wide slenderness
range.

Rasmussen [9] addresses the design of angle section
columns whose legs were slender and thus subject to local
buckling in their ultimate limit state. He described a design
method for slender equal-leg angles which ignore torsion
in determining the overall buckling stress and use recently
presented effective width equations to accurately determine
the bending capacity of angle sections, as required in the
beam column design approach. Shifferawa and Schafer [10]
explored the significant post-buckling reserve in global buck-
ling that has been observed in tests on cold-formed steel
angle columns and provided sign guidance for locally slen-
der cold-formed steel lipped and plain angle columns with
fixed-end boundary conditions. New design procedures are
recommended for strength prediction of cold-formed steel
angle columns with fixed-end boundary conditions.

2 Experimental Investigations

2.1 Material Properties

The specimens used in the present investigation are fabri-
cated from cold-formed steel sheets of various thicknesses
2.00 and 3.15mmwith various material properties. The yield
strength, ultimate tensile strength and percentage elongation
of the material are determined by tensile coupon tests con-
forming to ASTM A 370. The yield stress was determined
by the offset method since cold-formed steel is gradually
yielding. The yield point of the steels recommended for cold
forming by the NAS ranges from 172 to 482N/mm2. Sim-
ilarly, the ultimate tensile strength of the steel specified in
the NAS ranges from 289 to 584N/mm and the ratio of ten-
sile strength to yield strength ranges from 1.21 to 1.8. The
minimum percentage elongation recommended by the NAS
ranges from 12 to 27. The average values of Young’s mod-
ulus, yield stress, ultimate stress and percentage elongation
of the steel used in the present study for different specimens
are shown in Table 1.
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Table 1 Material properties of the steel

Sl. no. Specimen ID LA-
b-b-d-t (mm)

λ Modulus of elas-
ticity E (MPa)

fy Ultimate stress fu
(MPa)

% Elongation End condition

1 LA-35-35-15-2 15, 20, 25 179 205 300 13 Ball

2 LA-40-40-15-2 15, 30 211 415 495 10 Ball

3 LA-40-40-15-3.15 20, 30 201 250 350 11 Ball

4 LA-60-60-15-2 20, 30 210 310 410 10 Bolted

5 LA-60-60-25-2 20, 30 210 310 365 26 Bolted

6 LA-60-60-15-3.15 20, 30 208 250 365 26 Bolted

7 LA-60-60-25-3.15 20, 30 208 250 365 26 Bolted

8 LA-70-70-15-3.15 20, 30 208 250 365 26 Bolted

9 LA-70-70-25-3.15 20, 30 208 250 365 26 Bolted

Fig. 1 Details of specimens
COLD-FORMED LIPPED ANGLES

LIPPED SINGLE ANGLE / LIPPED STARRED ANGLE

λ =15, 20, 25 λ =15, 30

60x60x15x2

60x60x25x2

60x60x15x3.15

60x60x25x3.15

λ =20, 30

BALL END 
CONDITION

BOLTED END 
CONDITION

70x70x15x3.15

70x70x25x3.15

40x40x15x2

40x40x15x3.15

35x35x15x2

2.2 Test Specimen

Each specimen was manufactured by press braking method
to the required shape from the steel sheets, and then they
are processed. Single angles of required sizes are obtained
first, and then the starred angles are prepared by welding
the two single angles of same size as per NAS Manual-
2007 [2]. To facilitate the axial loading process, the end
plates are milled flat and welded on both ends of the
stub and short columns. Thirty-eight experiments are done
on single and starred angles with two different boundary
conditions. The different cross sections of the specimens

considered for the study are shown in Fig. 1. All the speci-
mens are tested either as stub columns or as short columns.
Twenty specimens are tested as stub columns of slenderness
ratio 10, 15 and 20. Stub columns are specimens whose
height is not less than three times the largest dimension
of the section and not more than twenty times the least
radius of gyration as per BS 5950-Part-5 [1]. Eighteen tests
were done on short columns of slenderness ratio 25 and
30.

The specimens are labelled such that the type of angles,
legs of the angles, lip depth and the thickness can be under-
stood from the label as shown in Fig. 2.
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b
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t LA-35-35-15-2
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Fig. 2 Specimen labelling

2.3 Ball-End Condition

The ball-end conditions are fabricated by welding the sec-
tions to an end bearing plate of 6mm thick and in turn
connected to a pair of flat bearing plates of size varying from
60 × 60mm to 120 × 120mm. The assembly consisted of
two end plates of 16mm thick with a spherical groove in
between to accommodate a ball of 40mm diameter at both
ends as shown in Figs. 3 and 4.

2.4 Bolted-End Condition

For the bolted condition, the specimens are bolted to two
hot-rolled angles of size varying from 50 × 50 × 6mm to
75×75×6mm connected to 20-mm-thick base plate of size
200×200mm as shown in Figs. 3 and 5. Bolt holes of 12mm
nominal diameter are made in the specimens to connect to
the gusset angles as specified by NAS manual-2007 [2].

2.5 Test Set-Up

The compression tests are carried out using a column testing
machine. The specimens are mounted between the platens,
and its verticality was checked. The specimens are tested
under axial compression with two different end conditions,
viz. ball-end condition and bolted-end condition. For each
test, the axial load was increased at a relatively faster rate in
the elastic range and at a slower rate in the plastic range till the
specimen collapsed. Dial gauges are placed at themid-height
and also at the one-fourth of the height of section with their
tips touching the web and flange of the specimens to measure
the lateral deflections. One dial gauge was placed with its tip
touching the movable head of the column testing machine to
measure the axial shortening of the test specimens. Figure 5
shows the experimental set-up.

3 Finite Element Model

An experimental investigation can be supplemented with a
numerical method of predicting the behaviour within the
acceptable accuracy limit. There aremanypractical engineer-
ing problems for which one cannot obtain exact solutions.
The finite element method (FEM) is a numerical technique to
obtain approximate solutions to awide variety of engineering
problems where the variables are related by means of alge-
braic, differential and integral equations. As the cold-formed

Fig. 3 Details of ball-end condition. a Single angle, b starred angle
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Fig. 4 Details of bolted-end condition. a Single angle, b starred angle

Fig. 5 Experimental set-up. a Single angle, b starred angle

steel sections are very thin as compared with their other
dimensions, plate–shell element (S4R) available inABAQUS
software was found to yield results with acceptable accuracy
for modelling. The analytical studies include static, stability
and nonlinear analysis. The model validation was done with
S4R element which is a 4-noded doubly curved shell ele-
ment with reduced integration and hourglass control using
five degrees of freedom per node. C3D8R, a solid element
which is defined by an 8-noded linear brick, with reduced
integration and hourglass control, was used to model the end
plates which were used to transfer the load to the channel
column section. A high mesh density usually increases the

accuracy of the results obtained at the expense of computa-
tion time, while low mesh density can lead to serious errors.
Element meshes are refined until the acceptable converged
solution is obtained. All the columns used for the parametric
study are with hinged boundary conditions. All three transla-
tions together with the rotation along the longitudinal axis of
the section were constrained, while the rotations about other
axes were allowed. The numerical simulation consisted of
two stages. The analysis was conducted in two steps. The
first step consists of a linear eigen-buckling analysis, in order
to find the buckling load and modes. After imposing the
imperfection, a nonlinear analysis incorporating both geo-
metric and material nonlinearities was then performed using
the modified Riks method to obtain the ultimate load of the
column. This was achieved by modelling the structure with
an initial out-of-plane deflection. The scaled value of linear
buckling mode shape was used to create an initial geomet-
ric imperfection for the nonlinear post-buckling analysis. The
degree of imperfection assumed to have the stage of the buck-
ling mode shape and amplitude is considered as percentage
of the member’s thickness. For this, the displacement incre-
ment method was used. The section was loaded axially at
the movable end by prescribing suitable increments of axial
displacements. For each incremental step of end-shortening,
the total reaction at the end was obtained. Figure 7 shows
the mesh patterns and the first buckling mode with bound-
ary conditions for single and starred angles, respectively
(Fig. 6).
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Fig. 6 Meshing and local
buckling mode with boundary
condition

Fig. 7 PFEA versus codal
prediction for single angles y = 0.921x + 5.422
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One of the factors which affect the ideal behaviour of
a column section is the geometric imperfections. These
imperfections are induced starting from manufacturing to
transportation and also from fabrication. One of the meth-
ods of simulating geometrical imperfection is using buckling
modes of the specimen. Scaled value of linear bucklingmode
shape is used to create an initial geometric imperfection for
the nonlinear post-buckling analysis. For each incremen-
tal step of end-shortening, the total load or reaction at the
end is obtained. Pekoz and Schafer [11] suggested that the
expression for the average degree of imperfection for the
cold-formed steelmembers is between 0.14t and 0.66t, where
t is the thickness of sheet steel. Hence in this study, the results
based on the Pekoz’s [11] suggested expression were used
in finite element analyses. The local buckling imperfection
amplitude of 0.25t and the overall imperfection ampli-
tude of L/1000 were used for the axially loaded channels,
respectively.

4 Results and Discussion

4.1 Single Angles

Table 2 shows the comparison of experimental and numerical
ultimate loads with the unfactored design strength predicted

by the various international codes for the single angles under
axial compression. In case of single angles with ball-end
condition, the predicted ultimate loads by BS: 5950-1987
[1] is higher than the FEA up to 7%. For single angles with
bolted-end condition, the predicted values are higher than
the experimental up to 30%. The mean value of PExp/PBS
for single angles is 0.89, and standard deviation is 0.13. For
the single angles, the NAS predicted the ultimate load higher
than experimental by 24%. For a slenderness ratio of 15, the
predicted loads agreed well with the experimental results.
For angles with bolted-end condition, NAS overestimated
the FEA values by 22%. The mean value of PExp/PNAS for
single angles is 0.95, and standard deviation is 0.12. The
comparison between the FEA and the various international
codes for the single angles is presented in Fig. 7. As per
the study conducted by Young and Ellobody [5], the design
rules given by the North American Standards are generally
unconservative for short and intermediate column lengths,
and for the unequal angles, they prove to be a pioneer for this
study done on equal single and starred angles. An equation is
proposed for the single angles for both the British Standards
and NAS and is as follows:

For single angles− − −PFEA= 0.921PBS+5.42
with R2 of 0.86 [1]

andPFEA= 0.944PNAS+7.82 with R2 of 0.93 [2]
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Table 2 Comparison of
experimental, numerical and
theoretical strengths for single
angles

Section size Single angles

λ PExp PFEA PFEA/PExp PExp/PBS PExp/PNAS

Ball-end condition

35 × 35 × 15 × 2 15 36.49 37.99 1.04 0.95 1.01

20 34.26 35.45 1.04 0.92 0.96

25 33.82 34.1 1.01 0.92 0.95

40 × 40 × 15 × 2 15 59.2 81.63 1.38 0.94 0.73

30 53.6 73.87 1.38 0.90 0.70

40 × 40 × 15 × 3.15 15 86.77 91.09 1.05 1.15 1.21

30 76.1 87.19 1.15 1.07 1.10

Bolted-End Condition

60 × 60 × 15 × 2 20 59.63 64.09 1.08 0.73 1.01

30 53.39 62.91 1.18 0.70 0.93

60 × 60 × 25 × 2 20 70.62 81 1.15 0.72 1.04

30 64.52 79.62 1.23 0.70 0.97

60 × 60 × 15 × 3.15 20 82.63 89.43 1.08 0.79 0.81

30 76.09 87.66 1.15 0.76 0.76

60 × 60 × 25 × 3.15 20 113.45 119.5 1.05 0.90 0.97

30 105.02 112.9 1.08 0.87 0.92

70 × 70 × 15 × 3.15 20 120.09 120.9 1.01 1.03 1.03

30 111.24 111.7 1.01 1.02 0.97

70 × 70 × 25 × 3.15 20 132.56 141 1.07 0.98 1.00

30 120.15 130.3 1.08 0.94 0.93

Mean 1.12 0.89 0.95

Standard deviation 0.11 0.13 0.12

4.2 Starred Angles

Table 3 shows the comparison of numerical results with
the predicted strengths by FEA and various international
codes for the starred angles under axial compression. It was
observed that for starred angles tested with ball-end condi-
tion, the increase in ultimate load is twice when compared
to single angles. For short starred angle columns tested with
bolted-end condition, the increase in load-carrying capacity
is found to be 2.3 times irrespective of the slenderness ratio
when compared to single angles. For starred angles with a
slenderness ratio of 10, 15 and 25, the prediction of ulti-
mate loads by BS is 4–10% lower as compared to FEA. For
angles with a slenderness ratio of 20 and 30, the prediction
was 2–12% higher than FEA. The NAS underestimated the
experimental values tested with ball-end condition by 45%.
The mean values of PExp/PBS and PExp/PNAS for starred
angles are 0.95 and 1.05, and the standard deviation was 0.06
and 0.13. The comparison between the FEA and the codes for
the starred angles is presented in Fig. 8. This study is exclu-
sively done on starred angles which has not been carried out

by any other researcher as per the literature study conducted
for the past two decades.

An equation is proposed for the starred angles for both the
British Standards and NAS and is as follows:

For starred angles− − −PFEA= 0.966PBS+13.03
with R2 of 0.93 [3]

andPFEA= 1.043PNAS+14.84with R2 of 0.95 [4]

5 Load Versus Axial Shortening Behaviour

The load versus axial shortening behaviour is linear initially
in most cases up to 50% of ultimate load irrespective of
the cross section of the specimens. As the end-shortening
increases and exceeds the critical buckling load, the columns
enter the post-buckling range where nonlinear behaviour
dominates. In the post-buckling range, the load increases pro-
gressively at a slower rate and the end-shortening increases
rapidly. This can be noticed as the gradient of the curves is
slightly gentler than that at the initial stage. The load ver-
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Table 3 Comparison of
experimental, numerical and
theoretical strengths for starred
angles

Section size Starred angles

λ PExp PFEA PFEA/PExp PExp/PBS PExp/PNAS

Ball-end condition

35 × 35 × 15 × 2 15 78.98 80.19 1.02 0.93 1.10

20 71.28 79.2 1.11 0.88 1.00

25 65.19 78.95 1.21 0.88 0.93

40 × 40 × 15 × 2 15 128.55 166.17 1.29 0.99 0.80

30 123.97 152.07 1.23 1.01 0.84

40 × 40 × 15 × 3.15 15 165.5 165.86 1.00 0.98 1.16

30 158.9 158.86 1.00 0.97 1.17

Bolted-end condition

60 × 60 × 15 × 2 20 152.48 169.94 1.11 0.92 1.30

30 116.9 143.45 1.23 0.97 1.01

60 × 60 × 25 × 2 20 159.46 166.37 1.04 0.96 1.18

30 156.96 157.16 1.00 1.08 1.20

60 × 60 × 15 × 3.15 20 236.48 238.91 1.01 1.00 1.16

30 221.98 223.82 1.01 0.98 1.11

60 × 60 × 25 × 3.15 20 264.29 276.52 1.05 0.96 1.13

30 252.64 271.91 1.08 1.01 1.11

70 × 70 × 15 × 3.15 20 226.01 233.6 1.03 0.85 0.97

30 215.82 237.93 1.10 0.86 0.94

70 × 70 × 25 × 3.15 20 237.19 298.88 1.26 0.93 0.90

30 229.55 265.86 1.16 0.92 0.90

Mean 1.10 0.95 1.05

Standard deviation 0.10 0.06 0.13

y = 0.966x + 13.03
R² = 0.931
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Fig. 8 PFEA versus codal prediction for starred angles

sus axial shortening behaviour of single and starred angles
with ball-end condition shows a steeper behaviour for stub
columns. The drop in the load is gradual for most of the sin-
gle angles tested as short columns. Figures 9 and 10 show the
load versus axial shortening behaviour of single and starred
angles with ball- and bolted-end conditions. It was observed
that the behaviour is similar irrespective of the cross section
and slenderness ratio for angles with bolted-end condition.
The long horizontal plateau after the ultimate load is noticed,
indicating high degree of ductility.

6 Modes of Failure

The angles failed by either local plate buckling, flexural
buckling about the weak axis, torsional–flexural buckling or
torsional buckling. In case of single lipped angles tested as
stub columns with bolted-end condition, most of the sections
failed by local plate buckling initiated either at themid-height
or at one-fourth height or at the ends both in the FEA and in
experimental studies. Single angles tested as short columns
with ball-end condition failed by overall flexural buckling.
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Fig. 9 Axial shortening behaviour of 40×40×15×2mmwith ball-end
condition
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Fig. 10 Axial shortening behaviour of 70 × 70 × 15 × 3.15mm with
bolted-end condition

The failure of these sections occurred always in the flanges of
the sections either at mid-height or at one-third height. Sin-
gle angles tested as short columns with bolted-end condition
failed either by flexural or by torsional–flexural buckling.
In case of starred angles, the failure is predominantly by
torsional buckling irrespective of the slenderness ratio. The
failure occurred between the mid- and one-third height of
the section in the flanges. In the case of starred angles tested
as short columns with bolted-end condition, the failure is by
flexural buckling or by torsional buckling. In case of starred
angles, local plate buckling was noticed in both FEA and
experimental when tested as short columns at mid-height of
the section with bolted-end condition. Figure 11 shows the
deformed shapes from both the experiment and finite ele-
ment analysis, which proves that the FEA is a better option
in predicting the failure patterns for the cold-formed steel
columns.

7 Conclusions

This paper has presented experimental, numerical and ana-
lytical study on the behaviour of cold-formed steel single

and starred angles subjected to axial compression. The
angles are tested with ball- and bolted-end conditions. The
column strengths obtained from the experiments are com-
pared with the column strengths predicted by BS: 5950
(Part 5)-1987 and NAS-2007 for cold-formed steel struc-
tures and also validated by FEA using ABAQUS 6.10.
A total of 38 specimens of nine types of single and
starred angle sections are studied with pinned-end condi-
tions. Based on the work done, the following conclusions are
drawn:

1. For stub columns with bolted ends, the load-carrying
capacity of starred angles increased twice when com-
pared to single angles.

2. Single angles tested as stub columns with ball-end
condition failed by local bucklingwhich occurred atmid-
height either in the lip or in the flange.

3. In the case of starred angles when tested under ball-end
condition, the failure was predominantly by torsional
buckling irrespective of the slenderness ratio. The fail-
ure occurred in the flanges of the section at one-fourth
height.

4. Starred angles when tested under ball-end condition
failed by torsional buckling irrespective of the slender-
ness ratio. The failure occurred in the flanges of the
section at one-fourth height.

5. In the case of starred angles, the ultimate loads predicted
by the NAS were always higher than the predicted loads
by BS.

6. The prediction by the NAS is unconservative for single
and starred angles with bolted conditions. The prediction
by the BS is always conservative irrespective of the cross
section of angles and irrespective of the end conditions
whether ball-ended or bolted.

7. In the case of ball-end condition, the predicted ultimate
loads by FEA are 5 and 9% higher than the experimental
loads for single and starred angles.

8. FEA overestimated the experimental ultimate loads by
15 and 5% for single and starred angles.

9. In the case of bolted ends, the predicted loads are lower
than the experimental ultimate loads by 2 and 18% for
single and starred angles, respectively.

10. For starred angles tested with bolted-end condition, the
values estimated numerically are lower than the experi-
mental values by 18%.

11. In the case of ball-end condition, the predicted ultimate
loads by FEA are 2–38% higher than the experimental
loads for single and starred angles.

12. Change in the end condition played a major role on
the ductility behaviour of angles rather than the load-
carrying capacity of the section.
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Fig. 11 Experimental and FEA
deformed shapes of single and
starred angles. a Deformed
shape for single angle. b
Deformed shape for starred
angle

Annexure: Load-Carrying Capacity in Compres-
sion Members

BS: 5950 (Part 5)—1987

Doubly Symmetric Sections

For sections symmetric about both principal axes and closed
cross sections which are not subjected to torsional–flexural
buckling or braced against twisting, the buckling resistance
under axial load Pc is obtained from the following equations.

Pc = PE PCS

φ + √
φ2 − PE PCS

(1)

where

φ = PCS(1 + η)PE
2

where

Pcs—short strut capacity = Aeff py

Aeff—effective cross-sectional area
py—the design strength

PE = π2EI

L2
E

η—Perry coefficient, such that

for LE/r ≤ 20 η = 0
for LE/r > 20 η = 0.002 (LE/r − 20)

r—radius of gyration corresponding to PE

Singly Symmetric Sections

For members which have at least one axis of symmetry and
which are subjected to torsional–flexural buckling, the ulti-
mate loads are calculated with effective length LE replaced
by a factored effective length αLE. Where values of α are
determined from the following:

For PE ≤ PTF α = 1
For PE > PTF α = √

(PEY/PTF)
(2)
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where

PE = π2EI

L2
E

(3)

PTF = (1/2β)

[
(PEX + PT) −

√
(PEx + PT)2 − 4βPExPT

]

(4)

PE = π2EI

L2
E

(5)

PT = 1

r20

[

GJ + 2π2ECw

L2
E

]

(6)

β = 1 − (x0/r0)
2 (7)

r0 =
√(

r2x + r2y + x20

)
(8)

β and r0 are calculated using Eqs. (7) and (8), respectively.

NAS Manual: 2007

The nominal axial strength Pn is calculated as follows:

Pn = Ae Fn

Design strength = Pn/1.80 ASD

= 0.85 × Pn LRFD

Fn is determined as follows:

For λc ≤ 1.5 Fn =
[
0.658λ2c

]
Fy (9)

For λc > 1.5 Fn =
[
0.877

λ2c

]
Fy (10)

where
λc =

√
Fy
Fe

and Fe is the least of the elastic flexural,
torsional and torsional–flexural buckling stress determined
appropriately as follows.

Doubly Symmetric Sections

(i) For doubly symmetric sections, closed cross sec-
tions and other sections which are not subjected to
torsional or torsional–flexural buckling, the elastic
flexural buckling stress, Fe, is determined as follows:

Fe = π2E

(KL/r)2
(11)

(ii) For doubly symmetric sections subjected to torsional
buckling, Fe is taken as the smaller of Fe calculated
above and Fe = σt ,

where

σt = 1

Ar20

[
GJ + π2ECw

(KtL t)
2

]
(12)

Singly Symmetric Sections

For singly symmetric sections subjected to torsional–flexural
buckling, Fe is taken as the smaller of the following:

Fe = 1

2β

[
(σex + σt) −

√[
(σex + σt)

2 − 4βσexσt
]
]

(13)

Alternatively, a conservative estimate of Fe is obtained
using the following equation:

Fe = σtσex

σt + σex
(14)

where

σex = π2E

(Kx Lx/rx )2
(15)

β and r0 are calculated using Eqs. (7) and (8), respectively,
and σt is calculated using Eq. (15).
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