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Abstract. A numerical model based on the finite element technique is adopted to investigate the behavior
and strength of thin-walled I-section beam-columns. The model considers both the material and geometric
nonlinearities. The model results were first verified against some of the currently available experimental
results. A parametric study was then performed using the numerical model and interaction diagrams for the
investigated beam-columns have been presented. The effects of the web depth-to-thickness ratio, flange
outstand-to-thickness ratio and bending moment-to-normal force ratio on the ultimate strength of thin-walled
I-section beam-columns were scrutinized. The interaction equations adopted for beam columns design by the
NAS (North American Specifications for the design of cold formed steel structural members) have been
critically reviewed. An equation for the buckling coefficient which considers the interaction between local
buckling of the flange and the web of a thin-walled I-section beam-column has been proposed.

Key words: beam column; buckling coefficient; flange outstand; local buckling; interaction diagram;
slenderness; thin walled section.

1. Introduction

The behavior of beam-columns has been a major structural engineering research topic in the past
several decades. Through enormous experimental and analytical investigations, a clear understanding
of the beam-columns behavior having compact and non-compact cross-sections has been achieved.
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A beam-column with a slender cross-section distributes the material far from the neutral axis, and hence
increases the resistance to overall buckling compared to a compact section of analogous cross-sectional
area. As a result, thin-walled members are usually more efficient than compact sections for intermediate to
long columns. On the other hand, as the component plates of the section become more slender, local
buckling may occur at a load lower than the overall buckling load or the plastic resistance of the column.
Consequently, columns having thin-walled sections may not develop their full plastic capacity which is
normally developed by columns having compact sections with comparable overall slenderness ratios.

The behaviour of thin-walled beam-columns attracts the interest of many researchers (e.g., Hasham
and Rasmussen 1998, El-Serwi 1998a,b, Chick and Rasmussen 1999a,b, Sohal and Sayed 1992, Sputo
1993, Chen and Wang 1999). The effective width concept proved to be efficient in dealing with local
and post local buckling behavior of thin-walled members (Von Karaman et al. 1932, Dawe and Grondin
1985, March 1988, Yu 2000). However, this concept which is adopted by most codes of practice for
design of thin-walled steel members (e.g., NAS-AISI 2001), deals with local buckling of the section
components as individual plates and does not account for the interaction between local buckling of the
plates comprising the section.

Generally, the structural behavior and the load-carrying capacity of a compressed stiffened element
depends on the flat width-to-thickness ratio of the component plate element w/f and the boundary conditions
along the element longitudinal edges. For small w/# ratios, the behavior of the element is usually governed by
steel yielding. On the other hand, for large w/ ratios, the behavior is governed by local buckling. However,
for columns with large w/¢ ratios, failure may not occur for compressed stiffened elements when local
buckling is first encountered: an additional load may be sustained in a post-buckling fashion through stress
redistribution (Winter 1974). When the critical stress in a compressed stiffened element exceeds the
proportional limit of the steel, an interactive failure criterion between local buckling and yielding occurs. The
interaction between local buckling of the component plate elements, overall buckling of the column, and
yield failure criterion of the steel represents a very important design aspect (Lau and Hancock 1989, Basu
and Akhtar 1990, Shen and Zhang 1992, Al-Bermani et al. 1994, Ren and Zeng 1997).

The present paper numerically investigates the strength and behavior of thin-walled I-sections
subjected to compression and major-axis bending moment considering the web-flange local buckling
interaction. A finite element model which considers both the material and geometric nonlinearities was
adopted to determine the ultimate capacity of the beam-columns and establish their interaction
diagrams. The effects of the flange outstand and the web slenderness on the ultimate strength of the
beam-columns were also investigated numerically. A design equation for the buckling coefficients of
the component plate elements comprising the cross-section of a thin-walled I-shaped beam-column is
proposed. The proposed equation takes into account the interaction between local buckling of the
flange and the web of a thin-walled I-section beam-column.

2. The numerical model

A numerical model based on the finite element technique was developed to investigate the behavior
of thin-walled I-section beam-columns (Korashy 2002). A parametric study on the ultimate strength of
thin-walled I-section beam-columns was performed numerically. Interaction curves representing the
relation between the ultimate load and the ultimate moment capacity for these beam-columns were
generated. The effects of web depth-to-thickness and flange outstand-to-thickness ratios on the ultimate
capacity of beam-columns were investigated. The finite element computer program COSMOS/M, was
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used for pre-processing of the model data, solution of the finite element equations and post-processing
of the results.

The model considered both the material and the geometric nonlinearities. It employed 4-node
quadrilateral thick shell elements with six degrees of freedom per node. The element has membrane and
bending capabilities and also has isotropic material properties. The uniaxial material behaviour of the
steel was conceptually modelled using the bilinear stress-strain curve shown in Fig. 1.

A typical finite element mesh used to model the beam-columns is shown in Fig. 1. The two ends of
the beam-column were provided with two rigid end plates which are 20 mm thick. To simulate the
simply supported end conditions, a node in the middle of each end plate was restrained from translation
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Fig. 1 Material and geometric properties of the analyzed beam-columns: (a) Conceptual uniaxial stress-strain of the
steel; (b) Finite element mesh adopted in the analysis; (c) Cross-section of the analyzed beam column
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in the X- and Y-directions in addition to the rotation around the beam-column longitudinal axis (Z-
axis). The translation of one of these two nodes was also restrained in the Z-direction. To eliminate the
effect of lateral torsion-flexural buckling, lateral supports were provided to the compression flange of
the beam-column at small intervals. An axial compressive force and a major-axis bending moment
(moment acting about the X-axis) were applied at the ends of the beam-columns and were
monotonically increased till failure takes place. Ratios of bending moment to normal force M/N of 0,
0.025, 0.05, 0.125, 0.25, 0.5, 1.0 and (meter units) were adopted in the analysis.

The cross-section of the analyzed beam-columns is shown in Fig. 1. The web depth 4,, and the flange
width b, were chosen to be 300 mm and 150 mm respectively. Throughout the analysis, the web
thickness #, and the flange thickness # were changed to have web depth-to-thickness ratios #,/%,
varying between 50 and 150 and flange outstand-to-thickness ratios b,/2¢ varying between 7.5 and
18.75. The length of all the analyzed beam-columns was 1500 mm.

3. Verification of the finite element model

The model was first verified against some of the currently available experimental results (Hasham
and Rasmussen 1998). Two series (SI and SII) of welded I-sections fabricated from hot rolled steel
plates with a nominal yield stress of 350 MPa were tested. The specimens were subjected to axial
compression and a constant major-axis bending moment with the ratios shown in Table 1. Series SI
specimens had a section composed of two 105%8 flange plates and a 350x5 web plate while Series SII
specimens had a section composed of two 175x5 flange plates and a 250%5 web plate. The two series
were chosen such that local buckling of the web would occur prior to reaching the ultimate loads of the
specimens. The specimens length and restraint against lateral buckling were chosen such that the full
section capacity would be attained with no reduction in load due to lateral instability.

The specimens described above were analyzed from the first application of loads till final failure
using the proposed finite element model. The numerical analysis results were explicitly compared to
the experimental results (Korashy 2002). A comparison between the numerically-obtained ultimate
loads and bending moments and those recorded experimentally (Hasham and Rasmussen 1998) is listed
in Table 1. It is evident from this table that the finite element model results are in a good agreement with
the experimental results.

Table 1 Verification of the finite element model

Experimental results F.E.M. results
Specimen M/N (m) Ultimate load Moment Ultimate load Moment Prp/Pexp
(kN) (kN.m) (kN) (kN.m)
SI-1 0 981.7 0 1014.8 0 1.0330
SI -2 0.0668 774.7 51.6 769.7 51.3 0.9935
SI -3 0.3798 327.2 124.3 328.49 124.79 1.0039
SI-4 0o 0 177.0 0 162.6 -—-
SII-1 0 868.5 0 899.2 0 1.0353
SII-2 0.05427 613.6 333 623.62 33.94 1.0163
SII-3 0.3728 229.3 85.5 208.4 77.7 0.9088

SII-4 0o 0 108.7 0 99.5 -
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As mentioned earlier, the two series were chosen such that local buckling of the web would occur
well before reaching the ultimate loads of the section. Thus, the residual stresses in would have an
insignificant effect on the value of the ultimate (post-buckling) strength of the section. This explains
why a good agreement between the numerical model results and the experimental investigation
prediction was achieved (error between 1% and 10%) despite the fact that the residual stresses were not
considered.

4. Results of the numerical investigation
Fig. 2 shows the relationship between the axial load and the bending moment capacities (interaction

diagrams) for the analyzed I-section beam-columns with various web depth-to-thickness ratios #4,/%,,
(150, 125, 100, 75, and 50) and flange outstand-to-thickness ratios b2, (18.75, 12.5, 9.375, and 7.5).
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Fig. 2 Interaction diagrams for the numerically analyzed beam-columns
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Fig. 2 (continued)

The ultimate axial load P, was normalized with respect to the yield load of the cross-section P,
(P,=A,F),) while the ultimate moment M, was normalized with respect to the yield moment of the cross-
section M, (M,=S\F)). It is evident from Fig. 2 that a linear interaction equation for the strength of thin-
walled I-shape beam-column may be used for design purposes.

The numerical analysis revealed that for flange outstand-to-thickness ratios b,/2¢,0f 18.75 and 12.5,
failure occurred by local buckling of both the web and the flange (acting interactively) without reaching
steel yielding (Korashy 2002). This buckling mode is shown in Fig. 3: contour lines for the
displacements in the X-direction and in the Y-direction are plotted on the deformed shape of a beam
column having b,/2t;0f 18.75 and h,/t,, of 150. The least strength was observed for sections with 4,/%,
of 150, where the axial load capacity was only 45% of the yield load and the ultimate moment was only
68% of the yield moment. Fig. 2 shows that for 4, /¢, equals to 100 and 150, the ultimate strength of the
analyzed beam-columns with b,/2¢,equals to 18.75 is about 50% less than that for beam-columns with
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Fig. 3 Interactive local flange and web buckling mode of beam columns with b,/2t,=18.75 and h,/t,=150:
contour lines for the displacement in the X-direction (above) and in the Y-direction (below)

by/2t; equals to 12.5. This difference decreases to 38% and 12% for h,/t, equals to 75 and 50
respectively. The analysis revealed that for high values of 4,/f,, local buckling occurs at both the flange
and the web, while for lower values of 4, /#,, local buckling of the compression flange has the dominant
effect on the section strength. On the other hand, for flange outstand-to-thickness ratios b/2t; of 9.375
and 7.5, failure was dominated by local buckling of the web: the flanges were thick enough to prevent
local buckling. The local buckling mode of the web is shown in Fig. 4 where contour lines of the
displacement in the X-direction are plotted on the deformed shape of a beam column having #4,/¢, of
150 and b,/2t,0f 7.5. Thus, the effect of flange outstand-to-thickness ratio is not significant for b,/2t,<
9.375. Fig. 2 also ahows that for all values of b,/2¢, with the exception of b,/2t,equals to 18.75, h,/t,,
has a significant effect on the ultimate strength of thin-walled I-section beam-columns only when it is
less than 75. Changing 4,/t,, between 75 and 150 reduced the ultimate strength by about 3%.
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Fig. 4 Local web buckling mode of beam columns with b;/2¢=7.5 and h,/t,=150: contour lines for the
displacement in the X-direction

4.1. Effect of web depth-to-thickness ratio

The analysis results were plotted in Fig. 5 to investigate the effect of web depth-to-thickness ratio
h,/t,, on the normalized compressive strength (P,/P,) of the analyzed beam-columns. The figure reveals
that P,/P, is almost constant for 4,./t,, > 100 for all the analyzed values of b,/2¢rand M/N. Fig. 5 also
reveals that the effect of 4,1, is more pronounced for smaller M/N (particularly for bs/2t,= 18.75) as
the increase of the bending moment to the axial force ratio decreases the effect of local buckling due to
the tensile stresses produced by the bending moment on one side of the section. Comparing the beam-
column strength for the different analyzed ratios of b,/2¢ reveals that increasing the flange thickness
reduces the drop in the normalized compressive strength which is a clear evidence for the fixation effect
of the flange on the web.

4.2. Effect of flange outstand-to-thickness ratio

Fig. 6 shows the strength of the analyzed beam-columns plotted versus the flange outstand-to-
thickness ratio b/2tz The figure reveals that the beam-column normalized compressive strength
decreases slightly with increasing the flange outstand-to-thickness ratio to about 10. This slight
difference in the strength is attributed to the fact that the flanges are fully effective, and not subjected to
local buckling for b,/2¢,< 10. On the other hand, a significant reduction in the ultimate strength occurs
when the flange outstand-to-thickness ratio exceeds this value. For example, when by /2¢sincreases from
12.5 to 18.75, the strength of an axially loaded column drops by 30% to 50% depending on 4,./¢,. This
reduction in the ultimate strength is again attributed in-part to the interaction between local buckling of
the web and that of the flanges.
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Fig. 5 Effect of 4,/t, on the strength of the analyzed beam-columns

4.3. Effect of bending moment to normal force ratio

375

Fig. 7 shows the relationship between [P,/P, + M,/M,] value and M/N ratio for various web depth-to-
thickness ratios. It is evident from this figure that the values given by the interaction equation [P,/P, +
M,/M,] are almost constant for M/N > 0.25 m. The figure also confirms that the effect of local buckling
is more pronounced for lower values of M/N.
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Fig. 5 (continued)

5. Proposed design procedures

A new design equation for the local buckling coefficients of the flange and the web comprising the
thin-walled I-section beam-columns was proposed (Korashy 2002). This equation accounts for the
interactive local buckling effect between the flange and the web. Based on the proposed equation,
the ultimate capacities of the analyzed beam-columns were evaluated by adopting design
procedures analogous to those of the NAS (AISI-2001). Then, the results were compared to the
prediction of the NAS (AISI 2001) for the strength of thin-walled beam-columns and to the

numerical analysis results.
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Fig. 6 Effect of b;/2¢; on the strength of the analyzed beam-columns

The NAS for the design of cold-formed steel structural members (AISI-2001) published recently,
supercedes the previous editions of the AISI specification (AISI-1996, 1999) and the S136-94
Standards (CSA-1994). It uses an integrated treatment of the LRFD and the ASD as commonly used in
the USA and the LSD commonly used in Canada through including the appropriate resistance factors
for use with LRFD and LSD, and the appropriate factors of safety for use with ASD.

The present design equations of the NAS (AISI 2001) include the effect of web and flange local
buckling embedded in the calculation procedures for the ultimate axial compression and the nominal
moment. However, NAS (AISI 2001) partially consider the web-flange interactive local buckling.
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According to NAS, two sets of equations are used for the effective width of the web: as 4,/b increases
eventually (at 4,/b > 4) a second set of expression is adopted. Nevertheless, the buckling coefficient K
is taken equal to 4 in case of stiffened elements and equal to 0.43 in case of unstiffened elements subject
to uniform compression, regardless of the relative slenderness of flanges and web. When the section is
subjected to a stress gradient, K is calculated using the equations which are only dependent on the stress
gradient ( = f/f1). Thus, the web-flange interaction is only partially considered. Therefore, a new
technique for evaluating the buckling coefficient, which accounts for the web-flange interaction, is

currently required.

Fig. 6 (continued)
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Fig. 7 Effect of M/N on the strength of the analyzed beam-columns

Two parameters « and S are chosen to represent the mutual effect of the slenderness of the flange and
the web on each other. Those two parameters may be considered as modified slenderness ratios to
account for the web-flange interactive local buckling. They are given by:

«= (’:—W)z ‘ (%) (1)
N RO
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Fig. 7 (continued)

These two parameters may be used to obtain a modified expression for the buckling coefficient K that
best fit the finite element results using linear regression analysis (Korashy 2002). Thus, expressions for
K,e» and Kjp,,ee may be given by:

@3

Koo = K" +2(1=p)’ +2(1— p) K" =2+02-¢“ <697 3)

web
40\3

Kpunge = SSEKI™ K™ = 0240027 <127 4
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Fig. 8 A typical comparison between beam-column strength predicted based on the NAS (AISI-2001), the
numerical analysis and the proposed design method

The limit of K,"*” represents the case of a web that is completely clamped on all sides. The provisions
of NAS (AISI 2001) may now be adopted for calculating the ultimate strength of beam-columns with
the buckling coefficients for the web and the flanges defined by Egs. (3) and (4).

An explicit comparative study between the interaction diagrams constructed using the numerical
analysis results and that obtained using the NAS (AISI 2001) provisions with and without the proposed
buckling coefficients equations was carried out (Korashy 2002). It was found that both the AISI
currently used provisions deviated from the numerical analysis results by -9% to +23%. On the other
hand, using the modified flange and web buckling coefficients produced interaction diagrams which
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deviated by 3% to 10% from the numerical analysis results. A typical comparison for some of the

analyzed data is shown in Fig. 8.

6. Conclusions

A finite element model is proposed to analyze thin-walled I-section beam-columns. The model was
verified against some of the experimental results previously published. Using the numerical model,
interaction diagrams were constructed for beam-columns subject to axial compression and major axis

Fig. 8 (continued)

bending moment which revealed a linear trend in most of the studied cases.
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For sections with slender flanges (b;/2¢,=18.75) subjected to pure axial load, the variation of the web
depth-to-thickness ratio (4,/%,) from 150 to 100 has very slight effect on the ultimate/yield load ratio
while changing the web depth-to-thickness ratio (4,/%,) from 100 to 50 affects the ultimate/yield load
ratio by about 60%. For these sections, full yield strength was not achieved except for 4,/#, =50 at M/N
greater than 0.25 m.

For sections with stiffer flanges (b,/2¢,=9.375 and 7.5), the variation of the web depth-to-thickness
ratio (h,/t,,) from 150 to 75 has insignificant effect on the ultimate/yield load ratio for all values M/N.
For these sections, the flanges were fully effective and not subjected to local buckling. A significant
difference in the ultimate/yield load ratio was recorded for beam-columns with b,/2¢,=12.5 compared
to those with b,/2t,=18.75 due to the effect of local flange buckling.

The NAS (AISI 2001) provisions for estimating the strength of thin-walled I-section beam-column
were critically reviewed: it produced strengths which deviated from the interaction curves obtained
numerically by -9% to +23%. New equations for estimating the buckling coefficients of the flange and
the web comprising the thin-walled I-section beam-columns are proposed. The new equations consider
the interaction between local buckling of the flange and the web. Considering the proposed buckling
coefficients equation in the NAS (AISI 2001) for estimating the beam-column strength, the deviation
from the numerically obtained interaction curves was reduced to only 3% to 10%.
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