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Flexural Buckling Curves of High-Strength,  
Wide-Flange Steel Columns
SHAHRIAR QUAYYUM

ABSTRACT

Rolled shapes using structural steel with a specified yield strength, Fy, of 65 ksi or higher are considered an alternative solution to built-up 
shapes using conventional steel grades. However, major evidence exists that current design rules (e.g., AISC 360, Eurocode 3) are likely 
overly conservative for these higher-strength steels with Fy ≥ 65 ksi—particularly at yield strengths of 80 ksi and above when employed as 
structural steel columns—due in part to assumptions regarding residual stresses. In order to understand the extent of these conservative 
predictions and explore if alternative design provisions could be provided to engineers utilizing specific shapes and high-strength materials 
grade, this study presents comprehensive nonlinear finite element analyses of rolled W-shape columns made from ASTM A992 (Fy = 50 ksi) 
and A913 Grade 80 (Fy = 80 ksi) steels. The models incorporate validated multiaxial residual stress distributions, geometric imperfections, 
and nonlinear material behavior, and are benchmarked against experimental data.

Column flexural buckling curves are developed for a range of cross-sectional geometries and slenderness ratios and compared to predic-
tions from AISC 360 and Eurocode 3 for both major and minor axis buckling. For A992 (Fy = 50 ksi), the AISC column curve overestimates 
the buckling strength for heavier sections and underestimates it for more slender or lightly built shapes, reflecting shape-dependent diver-
gence. For A913 Grade 80 (Fy = 80 ksi), simulation results are generally close to AISC predictions, with a 5–14% increase in buckling strength 
observed, depending on the section geometry and slenderness. The findings generally support the use of AISC 360-22 but suggest refine-
ment might be needed for heavier or high-strength rolled shapes in the inelastic buckling range. The results also highlight the potential need 
for shape- or grade-specific column curves. Future experimental validation will be essential to confirm these trends and guide potential 
updates to design standards.
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INTRODUCTION

Rolled shapes using high-strength structural steel (HS3) 
with a specified yield strength, Fy, of 65 ksi (450 MPa) 

or higher can provide improvements in cost, speed, sim-
plicity, footprint, performance, and embodied carbon con-
tent when applied in lower stories of high-rise buildings 
and other non-stiffness-controlled structural members such 
as long span trusses. These hot-rolled shapes are desirable 
when considering alternative solutions such as built-up 
shapes using conventional steel grades. Several exam-
ples exist in the United States today, where high-strength 
rolled shapes were selected for columns. A notable exam-
ple of high-strength, rolled-shape application is the 320 S. 
Canal project (Union Station Tower) in Chicago, which uti-
lized ASTM A913 (2019b) Grade 80 wide-flange columns 
in the tower’s upper perimeter framing. This marked the 
first documented use of Grade 80 rolled shapes in a U.S. 
building project, enabling more compact section sizes and 

a 20% steel tonnage reduction in upper-story framing. 
Such applications underscore the growing demand for opti-
mized column design provisions for rolled HS3 products. 
The readers are also referred to HS3 Ad Hoc Task Group 
Report on High Strength Steel (AISC, 2019) for other exam-
ples. High-strength rolled shape columns have also been 
used in several major structures worldwide, particularly in 
high-rise buildings and large infrastructure projects, that 
showcase how rolled-shape columns (mainly wide-flange 
beams, H-sections, and hollow structural sections) are 
incorporated into modern high-strength steel structures to 
enhance load-bearing capacity, seismic performance, and 
overall efficiency. Reports have shown that for larger load 
applications, rolled high-strength steel shapes can save up 
to 46% of the fabrication cost compared to Gr. 50 built-up 
members (ArcelorMittal, 2019).

Currently, select producers are capable of rolling plates 
with a specified yield stress up to 130  ksi using quench-
ing and tempering processes. Hot-rolled wide flange shapes 
with a specified yield stress up to 80  ksi made by the 
quenched and self-tempering (QST) process are also avail-
able, while other hot-rolled shapes with a specified yield 
stress of 65 ksi or greater are also available. Although sev-
eral U.S.-based steel producers are capable of producing 
these HS3 products, a lack of guidance and standards has 
seemingly kept designers from implementing HS3 into their 
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building designs, which has, in turn, limited the produc-
tion of the material (Stall et al., 2024). While high-strength 
steel is still more expensive on a per-ton basis, the cost pre-
mium for rolled shapes with Fy = 65 ksi is generally modest 
(5–10%), whereas for Fy = 80 ksi, the premium may range 
from 10–20%, depending on section availability, produc-
tion methods, and regional market conditions (AISC, 2019; 
ArcelorMittal, 2020). Although high-strength steel may 
have a higher unit cost, its use can reduce total material ton-
nage and fabrication effort, leading to potential cost savings 
at the system level, particularly in long-span or high-rise 
applications.

High-strength rolled shape steel columns, particularly 
those specified under ASTM A572 (2021b) Grade 65 and 
A913 Grades 65, 70, and 80, have become increasingly 
viable for structural applications due to advances in QST 
manufacturing. These grades offer enhanced strength and 
comparable ductility to conventional steels, enabling poten-
tial reductions in member size, weight, and embodied car-
bon. However, design provisions such as those in AISC 
360, Specification for Structural Steel Buildings (2022b), 
hereafter referred to as AISC 360, have not yet been recali-
brated to fully reflect the unique residual stress patterns and 
imperfection behavior of these modern high-strength mate-
rials. While previous studies on welded and cold-formed 
high-strength steel (e.g., S690 plates, rectangular HSS, box 
sections) have contributed to understanding flexural buck-
ling behavior in high-strength applications, those findings 
may not directly translate to rolled W-shape columns, where 
residual stress magnitudes, distributions, and geometry 
differ substantially. A more targeted evaluation of design 
curve applicability is therefore needed for high-strength 
rolled shapes, particularly those produced to ASTM A913 
specifications.

The hot-rolled wide flange shapes that have been used 
in U.S. building construction to date are high-strength 

low-alloy (HSLA), including the use of the QST process 
with specified yield strengths up to 80 ksi (550 MPa). These 
products are readily available for supply to projects in the 
United States and across the world, although domestic pro-
duction of rolled shapes exceeding Fy = 65 ksi is currently 
limited to a small number of producers. These products are 
permitted for use in steel buildings per AISC 360 (2022b), 
Section A3.1a (Listed Materials), and shown in Table A3.1. 
Hot-rolled wide-flange shapes listed in Table  A3.1 with 
Fy values of 65  ksi (450 MPa) or greater are duplicated 
here in Table  1. As shown in Table  1, ASTM A913 is a 
quenching-and-self-tempering (QST) processed specifica-
tion developed specifically for rolled structural shapes in 
Grades 65, 70, and 80. ASTM A572 is a general-purpose, 
high-strength low-alloy steel specification applicable to 
plates, bars, and shapes, but it does not require QST pro-
cessing. ASTM A709 (2018b) is a bridge steel specification 
that integrates requirements from A913 or A572, depending 
on the grade and intended application. For instance, A709 
Grade 70W (QST) corresponds to A913 Grade 70 with 
additional requirements for notch toughness and weldabil-
ity. This study focuses exclusively on wide-flange shapes 
produced to ASTM A913 Grade 80.

AISC 360-22 allows the usage of the materials shown 
in Table 1 with a specified Fy of 65 ksi to be used without 
any special limits or considerations, including designing by 
inelastic analysis (AISC 360-22, Appendix 1). The allowable 
use of inelastic analysis infers these steels possess adequate 
static ductility when designing within the prescribed limits 
of AISC 360, including utilizing limits on cross-sectional 
geometrical limits and component slenderness.

For materials listed in AISC 360-22 with a specified 
yield stress greater than 65  ksi (in Table  1, this would 
include A913/A913M Gr. 70 and Gr. 80 material), there are 
both explicit prescribed limitations when using these mate-
rials (such as prohibition to use them if plastic hinging is 

Table 1.  Materials Listed in AISC 360-22, Table A3.1, with Fy ≥≥ 65 ksi

Specified Yield Stress 
(Fy)

Standard Designation of  
Listed Material in AISC 360-22

Steel Type and  
Production Process

65 ksi (450 MPa)

ASTM A572/A572M Gr. 65 [450], Type 1, 2, or 3 High-strength low-alloy (HSLA) steel

A709/A709M QST 65 [QST 450]
HSLA steel produced by quenching  
and self-tempering process (QST) 

A913/A913M Gr. 65 [450]
HSLA steel produced by quenching  
and self-tempering process (QST)

70 ksi (485 MPa)
A709/A709M QST 70 [QST 485]

HSLA steel produced by quenching  
and self-tempering process (QST) 

A913/A913M Gr. 70 [485]
HSLA steel produced by quenching  
and self-tempering process (QST)

80 ksi (550 MPa) A913/A913M Gr. 80 [550]
HSLA steel produced by quenching  
and self-tempering process (QST)
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expected based on inelastic analysis per Appendix 1, Sec-
tion 1.3.2a) and design rules that likely do not apply to these 
materials in the same way as lower strength materials. How-
ever, major evidence exists that current design rules (e.g., 
AISC 360-22, Eurocode 3, Part 1-1) are likely overly con-
servative for these high-strength steels when employed as 
structural steel columns, due in part to assumptions regard-
ing residual stresses (Ban et al., 2013; Shi et al., 2012; Li et 
al., 2016; Stroetmann and Penner, 2024).

The column design curve adopted in Eurocode 3, Part 1-1 
(CEN, 2005a), are based on the Perry-Robertson formula-
tion, with calibration performed using an extensive experi-
mental database assembled by the European Convention for 
Constructional Steelwork (ECCS). The curve families (des-
ignated by imperfection factors α) reflect the effect of geo-
metric imperfections and residual stresses across different 
cross-section types. These include cold-formed, hot-rolled, 
and built-up shapes, with the choice of α determined by 
member type and fabrication method. Based on these con-
ditions, Eurocode 3 (EC3) provides a family of five column 
buckling curves (a0, a, b, c, d), with each curve tailored 
to different residual stress distributions, imperfection sen-
sitivities, and section types. Curve a0, for example, reflects 
high-quality hot-rolled sections with low imperfection 
amplitudes, while curves c and d are reserved for fabricated 
or cold-formed members more prone to geometric variabil-
ity. This multiplicity of curves allows Eurocode 3 to better 
reflect the diverse behaviors of different steel column types.

In contrast, AISC 360, Chapter E, adopted a single uni-
fied column design curve for simplicity and conservatism, 
which was developed based on calibration studies primar-
ily using mild steel grades such as ASTM A36 (2019a) and 
A572 Grade 50. These calibrations—originally developed 
through the Structural Stability Research Council (SSRC) 
and summarized in its Guide to Stability Design Criteria 
for Metal Structures (Galambos, 1998)—assumed ideal-
ized residual stress patterns (e.g., ±0.3Fy for flanges and 
webs) and geometric imperfections representative of con-
ventional rolling and fabrication processes from the 1960s 
to 1980s. The development of this column curve is based on 
assumptions regarding initial out-of-straightness and resid-
ual stress distributions, as outlined in Appendix 1 of AISC 
360. However, modern high-strength rolled shapes (e.g., 
A913 Grade 80) produced by QST processes tend to exhibit 
reduced residual stress magnitudes (relative to Fy) and more 
uniform geometric tolerances due to tighter production con-
trols. As a result, application of the existing AISC curve—
originally intended as a single conservative envelope—may 
be overly restrictive for such shapes, especially in the 
inelastic slenderness range where residual stresses and geo-
metric imperfections play a dominant role. In this study, the 
validity of these assumptions is assessed for high-strength 
rolled W-shape columns by explicitly modeling residual 

stress distributions and initial imperfections in finite ele-
ment (FE) simulations. The resulting buckling strengths are 
then compared to those predicted by Chapter E to evaluate 
whether the current design curve remains appropriate for 
A913 Gr. 80 shapes, or if modification may be warranted.

The primary objective of this study is to investigate the 
flexural buckling behavior of wide-flange rolled steel col-
umns fabricated from both conventional mild steel [ASTM 
A992 (2020), Fy = 50 ksi] and high-strength structural steel 
(ASTM A913 Grade 80, Fy = 80 ksi). Finite element mod-
els are developed to incorporate validated residual stress 
distributions, initial geometric imperfections, and nonlin-
ear material behavior. The simulated minor and major axis 
buckling responses are used to evaluate the accuracy and 
applicability of the current AISC 360-22 column design 
provisions across a range of cross-sectional geometries and 
slenderness ratios. The inclusion of A992 serves as a ref-
erence baseline to benchmark current design performance, 
while the comparison to A913 Gr. 80 highlights potential 
deviations that may warrant refinement of existing design 
curves for high-strength rolled W-shape columns. As men-
tioned before, AISC 360 and Eurocode 3 design column 
curves are rooted in decades of experimental and analyti-
cal research and are the result of rigorous reliability-based 
calibration procedures (e.g., the SSRC Column Curves for 
AISC and Perry-Robertson-based methods for EC3). These 
were based on extensive databases covering a wide range of 
geometries, materials, and imperfections, providing statis-
tically defensible strength predictions across broad design 
applications. The current study does not attempt to replicate 
this statistical calibration effort but, instead, uses validated 
finite element simulations to assess how the EC3 and AISC 
360 curves compare when applied to A913 Gr.  80 (Fy = 
80 ksi) wide-flange sections.

PRIOR RESEARCH ON HIGH-STRENGTH STEEL

Numerous experimental and numerical studies have exam-
ined the flexural buckling behavior of high-strength steel 
members. Much of the prior work has focused on built-up 
or welded sections fabricated from plate products such as 
S690 (Fy = 690 MPa or 100 ksi) steel, which can exhibit dif-
ferent residual stress profiles and imperfection sensitivities 
compared to rolled shapes. Studies have also investigated 
cold-formed hollow structural sections (HSS), including 
square and rectangular tubes formed from high-strength 
strip steel. These sections often behave differently due to 
the cold-forming process and are governed by different 
design provisions.

Rasmussen and Hancock (1995) investigated the flex-
ural buckling capacity of 12 welded H-sections and 13 box 
sections with yield strengths of 100 ksi and higher. They 
found that the Australian, American, and British standards 
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were conservative, and they suggested using buckling curve 
a instead of curve c in European standards for minor axis 
buckling when using HS3. Li et al. (2012) conducted 12 
tests on welded box and H-sections and confirmed that 
buckling curve a is more accurate than curve c in European 
standards, and certain European buckling curves may be 
overly conservative for high-strength steel columns. Ban et 
al. (2013) tested six welded box and H-sections made from 
140 ksi steel, evaluating their buckling behavior and sug-
gesting modifications to existing design curves. They rec-
ommended buckling curve a in European standards for 
these columns. In addition, their study suggested a revised 
imperfection factor for European standards with further 
validation. Khan et al. (2013) investigated 15 welded box 
sections, focusing on composite columns, and recom-
mended using buckling curve a in European standards for 
composite high-strength steel and high-strength concrete 
(HSC) sections. Wang and Gardner (2013) tested eight 
hot-finished rectangular HSS columns with yield strength 
of 100  ksi and recommended using AISC 360 as-is or 
Eurocode 3, Part  1-1, with some modifications. Ma et al. 
(2015) investigated welded H-sections made from S690 
steel, assessing the applicability of existing design stan-
dards to slender columns. Their study concluded that Euro-
code 3, Part  1-1, underestimates buckling resistance and 
AISC 360 better matches actual failure loads. Somodi and 
Kövesdi (2016, 2017) studied the flexural buckling behav-
ior of 12 cold-formed rectangular HSS columns made of 
100 and 140 ksi steels. Their study suggested that curve b 
in European standards should be used for columns made 
of 70–100 ksi steel and curve a should be used for 140 ksi 
steel columns. Additional tests on six welded box-sections 
indicated that curve c is conservative, recommending curve 
a for 70–140 ksi steel columns.

More recently, Sun et al. (2020), presented experimen-
tal and numerical studies on the flexural buckling of S690 
high-strength steel welded I-section columns. Comparisons 
with European (Eurocode 3, Part  1-2), American [ANSI/
AISC 360 (2016)], and Australian [AS 4100 (2020)] stan-
dards showed that Eurocode 3, Part 1-2 (CEN, 2005b) and 
AS 4100 were overly conservative in predicting buckling 
resistance, whereas AISC 360-16 provided reasonable 
predictions, but with some overestimated resistances for 
intermediate and long columns. The authors proposed an 
improved design approach that modifies the EC3 buckling 
curve, leading to safer and more accurate resistance predic-
tions. Ferreira Filho et al. (2022) studied the flexural buck-
ling resistance of S690 high-strength steel welded I-section 
columns and beam-columns. The research includes experi-
mental testing, numerical modeling, and an evaluation of 
current design standards (Eurocode 3, AISC 360, AS 4100). 
The results of the study indicated that EC3 was overly con-
servative, underestimating buckling resistance, whereas 

AISC 360 was more accurate but slightly overestimated 
resistance in some cases. AS 4100 results were also conser-
vative, similar to Eurocode 3. Hence, the authors proposed 
a revision of buckling curves in EC3 to better reflect welded 
I-section column behavior.

Yun et al. (2023) investigated the flexural buckling 
behavior of homogeneous and hybrid welded I-section col-
umns across a range of steel grades (S235 to S960). The 
research includes residual stress analysis, experimental 
testing, finite element modeling (FEM), and evaluation 
of current design standards. Eurocode 3, Part  1-1 (CEN, 
2005a), and AISC 360 were assessed. The results from 
the study demonstrated that EC3 was too conservative for 
high-strength steels, underestimating buckling resistance, 
whereas AISC 360 performed better but was inconsistent 
for lower steel grades. Based on the responses, the study 
suggested revising EC3 buckling curves to reflect the effect 
of steel grade on buckling resistances, which improved 
accuracy and consistency. Stroetmann and Penner (2024) 
investigated the buckling resistance and residual stress dis-
tributions in welded box columns made from high-strength 
steel (S460 to S960). The research aims to reassess EC3 
(CEN, 2005a, 2005b) buckling curves for HSS columns. 
It was observed that current EC3 underestimates buckling 
resistance for high-strength steel columns, and hence, the 
study suggested revision of buckling curves for welded box 
sections in EC3. These findings indicate that current design 
standards (AISC 360, EC3) for HS3 flexural buckling may 
be overly conservative as indicated in Figure  1 and may 
need revision to prevent overly conservative and uneco-
nomical designs.

In Figure 1, the critical buckling strength is normalized 
by the yield stress, Fcr/Fy and plotted in the vertical axis, 
and the nondimensional slenderness ratio λ is plotted in the 
horizontal axis, which is given by Equation 1 as follows:

	
= 1 Lc

r

Fy
E

λ
π 	

(1)

In this plot, comparisons are made among the experimen-
tal responses, AISC 360, and EC3 high-strength column 
buckling curves. This figure clearly demonstrates that the 
column buckling strengths predicted from the design stan-
dards are overly conservative. The EC3 column buckling 
curve a is comparable with the AISC 360 column curve, 
and EC3 column buckling curve a0 is showing the most rea-
sonable prediction of the experimental buckling strengths. 
Note that the addition of curve a0 in EC3 was done because 
it was noted that relatively higher-strength steels are gener-
ally used in tubular profiles, resulting in higher resistances 
(Beer and Schulz, 1975). As a result, it is anticipated that 
the a0 curve will represent the experimental responses bet-
ter than the other EC3 curves. Also note that most of the 
experimental data plotted in Figure 1 are based on tests on 
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welded H, I, and box sections that may not behave similar to 
rolled shapes. While valuable in understanding the broader 
behavior of high-strength steel columns, the findings from 
these prior studies may not be directly transferable to 
hot-rolled W-shape columns produced via QST. Therefore, 
while it is important to acknowledge the broader literature 
on high-strength steel members, the present study focuses 
specifically on rolled W-shape sections produced to ASTM 
A913 standards (Grade 80), where residual stress distribu-
tions, material hardening, and geometric imperfections dif-
fer substantially from built-up or cold-formed sections.

FINITE ELEMENT MODELING

Three-dimensional (3D) nonlinear finite element mod-
els are developed for wide-flange rolled-shape columns 
using the finite element analysis (FEA) software ANSYS 

(ANSYS, 2023). The finite element models include geomet-
ric and material nonlinearities. The simply supported col-
umns are modeled and discretized by 20-noded solid brick 
elements (SOLID 186). It is defined by 20 nodes having 
three degrees of freedom at each node: translations in the 
nodal x, y, and z directions. This type of element has plas-
ticity, hyperelasticity, stress stiffening, creep, large deflec-
tion, and large strain capabilities. A typical finite element 
mesh of a column along with the boundary conditions for 
simulating major and minor axis buckling is shown in Fig-
ure  2. The fillet present in the rolled shapes is not mod-
eled and the cross-sectional area, moment of inertia, and 
radius of gyration are calculated without consideration of 
the fillets. The x-axis corresponds to the longitudinal col-
umn axis, and the y- and z-axes are in the plane of the cross 
section. The y-axis is parallel to the web, and the z-axis is 
parallel to the flanges. All the column configurations for 
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Fig. 1.  Comparison of the experimental results (Rasmussen and Hancock, 1995; Li et al.,  
2012; Ban et al., 2013; Khan et al., 2013; Wang and Gardner, 2013; Ma et al., 2015; and Somodi  

and Kövesdi, 2016, 2017) on HS3 columns and the normalized flexural buckling curves.

	 	 	
	 (a)  FE mesh	 (b)  Minor axis buckling	 (c)  Major axis buckling 

Fig. 2.  A typical finite element mesh of a wide flange column with boundary conditions for minor and major axis buckling.
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the present investigation are simply supported. The column 
is pin-supported at the bottom, and the same boundary con-
dition is applied at the top with the exception that vertical 
translation is permitted [Figures 2(b) and 2(c)]. For major 
axis buckling, the column is restrained against minor axis 
deflections by translational supports along the length as 
shown in Figure 2(c).

Material Model

In the finite element modeling of columns, it is important 
to use the characteristic yield stress related to the grade of 
steel and the shape of the material stress-strain curve. It has 
been demonstrated that the yield plateau and strain harden-
ing have an influence on short columns with low slender-
ness (Snijder et al., 2014; Jönsson and Stan, 2017); however, 
for slender columns, no significant difference is seen, 
with respect to differences in strain hardening or having a 
yield plateau (Moghadam, 2015; Jönsson and Stan, 2017). 
Most of the studies in the literature demonstrated that an 
elastic-perfectly plastic material model can reasonably pro-
vide the code-specified column buckling responses (Snij-
deret al., 2014).). In this study, column buckling responses 
are investigated for ASTM A992 steel and A913/A913M 
Gr. 80 high-strength steel to understand the applicability 
of AISC 360-22 column curves in predicting the column 
buckling strength. The nonlinear material properties of 
ASTM A992 steel and A913/A913M Gr. 80 structural steel 
in ANSYS are incorporated using the multilinear kinematic 
hardening model with the initial elastic modulus, Poisson’s 
ratio, and stress-strain data obtained from the uniaxial ten-
sion tests.

The multilinear kinematic hardening model is a rate- 
independent plasticity model that accounts for the effect of 
plastic deformation on the Bauschinger effect (Bauschinger, 
1886). The constitutive equations are based on a von Mises 
yield function, associated flow rule, and a kinematic hard-
ening rule. An overview of the multilinear kinematic hard-
ening model is given below to show different features of the 
model. The yielding is determined by von Mises criterion:

	
f ( ) = 3

2
s a( ) s a( )

2

= 0σ σα− − −⎡
⎣
⎢ ⎤

⎦
⎥

	
(2)

where σ is the stress tensor, α is the current center of 
the yield surface in the total stress space, s is the devia-
toric stress tensor, a is the current yield surface center in 
the deviatoric space, and σ0 is the initial size of the yield 
surface. The associated flow rule is used to calculate the 
rate-independent plastic strain increments:

	
d p = d f = 3

2
dp
s a

0
ε λ

∂
∂
σ σ

−

	
(3)

The kinematic hardening rule is based on backstress evolu-
tion, which defines the translation of the yield surface. The 
general form is as follows:

	
da = 2

3
Cd p adpε γ−

	
(4)

where C is the initial kinematic hardening modulus, γ is 
hardening parameter that controls how backstress saturates, 
and dp is the plastic strain rate. The multilinear approach 
approximates nonlinear hardening behavior using piece-
wise linear segments, instead of using a smooth curve. The 
total backstress is computed as:

	
da = dai

i=1

n
∑

	
(5)

where each ai follows a linear hardening rule with its own 
modulus.

The uniaxial tension test data for ASTM A992 was 
obtained from the tests performed by Morrison (2015) as 
shown in Figure 3(a) along with the fitted multilinear model 
in engineering stress-strain format for consistency with the 
original test data. However, for numerical implementation 
in ANSYS, the experimental data were converted to true 
stress-true plastic strain, which is the required input for-
mat for the multilinear kinematic hardening model. Simi-
lar to other conventional mild steel, A992 steel exhibited 
a yield plateau with a longer strain-hardening region and 
higher ductility. Additionally, it is important to note that the 
multilinear plasticity models in ANSYS Mechanical APDL 
do not accept negative slopes in the stress-strain input data. 
That is, the input curve must be nondecreasing in stress 
with respect to strain. For this reason, material softening 
cannot be captured directly in this model. As a result, the 
plasticity curves were truncated prior to the onset of insta-
bility and localization.

In the multilinear model, the elastic modulus of A992 
steel is taken as 29,000  ksi with yield stress and tensile 
strength of 50 and 67  ksi, respectively. Data from five 
uniaxial tension test coupons performed by a producer of 
A913/A913M Gr. 80 hot-rolled, wide-flange shapes were 
provided for the current study. The stress-strain data is 
presented in Figure 3(b) with the fitted multilinear model 
used in the simulations as well as the elastic-perfectly 
plastic (EPP) model for comparison. It is observed that  
A913/A913M Gr. 80 material does not exhibit a yield pla-
teau, and hence, the 0.2% offset method is used to calculate 
the yield stress of each coupon which, was found to be close 
to 80 ksi on average. The modulus of elasticity was com-
parable among the five tests performed, which is taken as 
29,000 ksi in the multilinear model. The strain-hardening 
region is very small, demonstrating a lower ductility. Simi-
lar observations were made in the study performed by Stall 
et al. (2024) for ASTM A656/A656M (2018a) Gr. 80 steel.
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Modeling of Initial Imperfection

Von Kármán (1907) identified out-of-straightness and out- 
of-plumbness as the most critical global imperfections 
affecting column buckling. Modern standards, including 
Eurocode 3, Part 1-1 (CEN, 2005a), and AISC 360-22, set 
limits on these imperfections, with Eurocode 3 being more 
conservative. The out-of-straightness imperfection ampli-
tude of L/1500 was adopted for the AISC  360 standard 
(Tide, 2001) for developing the column buckling curves, 
which is close to the average value determined statisti-
cally by Bjorhovde (1972), whereas Eurocode 3 adopted 
L/1000 as the out-of-straightness imperfection value (Beer 
and Schulz, 1975; Strating and Vos, 1975). These stan-
dardized values were established based on research con-
ducted between the 1960s and 1980s in the United States, 
Europe, and Japan. Experimental studies by Fukumoto and 
Itoh (1983) showed that the maximum out-of-straightness 
imperfection is usually exhibited by the IPE160 sections, 
which is in the range of L/1000, while hot-rolled tubular and 
welded wide-flange sections had smaller out-of-roundness 
imperfections, leading to better buckling performance. 
As a result, the assumption of L/1000 initial imperfec-
tion for all the available column sections is an overly con-
servative approach of including the out-of-straightness 
in the buckling strength calculation in Eurocode 3. Note 
that the unified column curve in AISC 360-22 is based on 
SSRC Column Curve, 2P, which assumes an initial out-of-
straightness of L/1500 for analytical purposes. However, it 
is important to note that AISC 360 itself does not prescribe 
fabrication or erection tolerances. Actual tolerances for 
out-of-straightness and out-of-plumbness are governed by 
AISC 303, Code of Standard Practice (2022a), which refer-
ences applicable ASTM standards in Section 11.2.2.1. For 
wide-flange rolled shapes, these standards typically specify 
a fabrication tolerance of approximately L/1000, indicating 
that the imperfections used in the design curve derivation 
are slightly more severe than typical fabrication practice.

Beyond global imperfections, local imperfections arise 
due to fabrication processes, with their shape and ampli-
tude varying by manufacturing method. While these imper-
fections were not directly studied in buckling experiments, 
their effects on flexural buckling resistance were included 
in statistical analyses alongside factors like boundary 
conditions, out-of-plumbness, and material properties 
(Bjorhovde, 1972; Fukumoto and Itoh, 1983).

For nonlinear buckling analysis to be accurate using 
finite element simulation, it is necessary to set an initial 
imperfection in the column being modeled along with the 
residual stress distribution. The shape of the geometric 
imperfection is based on the buckling mode belonging to 
the lowest eigenvalue from a linear buckling analysis. This 
usually results in a sinusoidal bow imperfection. The ampli-
tude defining the maximum deviation from the ideal geom-
etry is taken as L/1500 as used in AISC 360 for buckling 
simulation of the columns. The imperfections of the finite 
element model are established by first performing a linear 
buckling analysis on the perfect prismatic column model 
with given boundary conditions, then the relevant (displace-
ment) normalized global buckling mode is extracted. In the 
following nonlinear FE calculations, the imperfections are 
established by importing the normalized displacements 
of the lowest global buckling mode in the relevant plane 
of buckling as shown in Figure 4, multiplying this by the 
maximum imperfection magnitudes and updating the nodal 
coordinates of the model by adding the established nodal 
imperfections.

Modeling of Residual Stresses

Structural steel members develop residual stresses due to 
manufacturing and fabrication processes. Depending on 
size and welding procedure, the magnitude and distribution 
of these residual stresses can vary significantly in members. 
Hence, it is challenging to accurately predict the magnitude 
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Fig. 3.  Uniaxial tension test data along with the fitted material models in engineering stress-strain format.
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and distribution of residual stresses in steel structural mem-
bers, which can substantially affect their structural per-
formances, including global and local flange-buckling 
strengths, seismic performances, and low-cycle fatigue 
responses. Residual stresses are either ignored or a simpli-
fied distribution is assumed in the analysis and design of 
structural members. Literature suggests that the presence 
of residual stresses can influence the sensitivity of beam 
design curve (Rossi et al., 2021) in the intermediate length 
range and can be crucial for structural steel columns and 
welded connections (Huber, 1956; Lamarche and Tremblay, 
2011; Mathur et al., 2012). The monotonic buckling strength 
and cyclic strength degradation of columns in a structural 
steel frame are substantially influenced by the initial resid-
ual stresses (IRSs) (Lamarche and Tremblay, 2011; Mathur 
et al., 2012).

Previous studies on the nonlinear buckling analysis of 
steel columns showed that the simplified linearized dis-
tribution of residual stresses yielded conservative results. 
However, most of the residual stress distribution for the 
rolled shapes available in the literature was developed in 
the 1970s based on ASTM A36 steel, and it is warranted 
that residual stresses be measured for high-strength steel 
rolled shapes. Jönsson and Stan (2017) pointed out that if 
the magnitude of residual stresses is wrongly assumed to 
be proportional to the yield stress, the column buckling 
capacity of steel columns found by finite element analysis 
will be underestimated for higher grades steel. A study by  
Boissonnade and Somja (2012) also demonstrated that plac-
ing different steel grades on the same buckling curve leads 
to an overly conservative design for high-strength steels. 
Hence, in this study, the multiaxial residual stress distri-
bution in the rolled shapes considered in the analysis is 

developed by using a sequentially coupled thermomechani-
cal analysis as presented in Quayyum and Hassan (2017). 
This computational scheme was validated against four 
W-sections using A36 steel (Quayyum and Hassan, 2017). 
In this study, the column buckling capacities are investi-
gated for A992 and A913/A913M Gr. 80 steels. Hence, it 
is important to understand the accuracy of the computa-
tional scheme in predicting the magnitude and distribution 
of residual stresses in W-shapes using these steels.

The numerical scheme for residual stress simula-
tion assumes that during the manufacturing of W-shapes, 
residual stress distribution observed in a W-shape primar-
ily develops during the cooling process after hot rolling  
(Alpsten, 1968). Hence, this study simulated only the evolu-
tion of residual stresses during the cooling process. In cool-
ing process simulation, the real-time temperature field in 
W-shapes during cooling after hot-rolling is calculated first 
by employing heat transfer analyses. The temperature field 
at each step of the heat transfer analysis is stored and used 
as an input in the residual stress analysis for calculating the 
evolution of stress and strain fields in the W-shapes dur-
ing the cooling process—that is, the heat transfer analy-
sis is sequentially coupled with thermomechanical residual 
stress analysis. The link between the heat transfer analysis 
and stress analysis is obtained through the temperature his-
tory, which is input as the thermal load in the residual stress 
analysis.

In the thermal analysis, the finite element models of the 
W shapes are discretized by 20-noded solid thermal ele-
ments (SOLID279). These elements have temperature as 
one degree of freedom at each node. The W-shapes are ini-
tially heated to a uniform temperature of 1300ºC, which is 
kept constant for 10 min before starting the air cooling. The 

          
	 (a)  Minor axis	 (b)  Major axis

Fig. 4.  Normalized displacements of the lowest global buckling mode from elastic buckling analysis.
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air cooling is simulated in thermal analysis by using a heat 
transfer coefficient, which includes convection, conduction, 
and radiation into the air. The material is considered homo-
geneous and isotropic throughout the cross section, and the 
material coefficients such as specific heat, thermal conduc-
tivity, and heat transfer coefficient are defined as a function 
of temperature. The simulation of the heat transfer from 
the surface of the W-shapes largely depended on the heat 
transfer coefficient, which includes the effect of convec-
tion, conduction, and radiation. The density of the material 
is assumed constant. Enthalpy of the material is defined as 
a function of temperature in order to account for the phase 
transformation (Comini et al., 1974). In the thermal finite 
element analysis, a uniform temperature of 25°C is assigned 
to all nodes as the initial boundary condition and the refer-
ence temperature for thermal strain calculations. At each 
time step, heat transfer is applied to each node of the solid 
model surface, and then the solid model surface loads are 
transferred to finite element model. At each time step, the 
material properties are assigned as a function of nodal tem-
perature. The temperature distribution of a W12×87 section 
is presented in Figure 5 at different stages of the cooling 
process.

This shows that the W-shapes are not uniformly cooled; 
the cooling is faster at the edges of the beam and at the 
mid-depth of the beam web compared to the flange-web 
junction area. The cooling rate is slightly reduced when 
the phase transformation temperature (650°–760°C) has 
been reached, owing to phase transformation heat. After 
the phase transformation region, the cooling rate increases 
almost to the rate at the inception of phase transformation 
and continued cooling with progressively reduced rates to 
reach the room temperature.

The residual stress analysis uses the temperature his-
tory from the thermal analyses as an input. The nodal tem-
perature history at each of these steps shall be considered 
thermal load for the corresponding node from a structural 
model in this analysis. Therefore, it is necessary to match 
the number of meshes and nodes for stress analysis with 
those applied in a temperature analysis. This is accom-
plished by changing the element types from thermal sol-
ids (SOLID279) to structural solids (SOLID186) by using 
the ETCHG command available in ANSYS. For the con-
stitutive model chosen, the temperature-dependent mate-
rial properties for structural steel are required for the 
residual stress analysis. Note that material and geometri-
cal nonlinearities are incorporated into the residual stress 
computation. The essential material properties required in 
the analysis are density, initial yield stress, elastic modu-
lus, Poisson’s ratio, and thermal expansion coefficient. It is 
assumed that the density remains constant while the other 
material properties are dependent on the temperature. The 
initial yield stress, the elastic modulus, and the multilin-
ear kinematic hardening model parameters are determined 
from the monotonic stress-strain responses of ASTM A992 
steel at various temperatures obtained from Hu et al. (2009) 
as shown in Figure 6. For details of the material properties 
and model parameters, the readers are referred to Quayyum 
and Hassan (2017).

In the thermomechanical analysis, 25ºC is consid-
ered as the reference temperature for thermal strain cal-
culations, and the nodal temperatures at each time step 
from the thermal analysis are read to calculate the corre-
sponding stresses and strains at the time step by using the 
temperature-dependent structural material properties of 
steel. The simulated residual stress contours for a W12×87 

          
	 (a)  15 minutes	 (b)  45 minutes	 (c)  105 minutes 

Fig. 5.  Temperature distribution (in K) during cooling of W12×87 section from initial 1300°C reheat temperature.
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section is plotted in Figure 7 at different stages of cooling. 
It is observed that the residual stresses are initially tensile 
in the web that turns compressive with the progression of 
cooling. On the other hand, the residual stresses are initially 
compressive in the flange-web junction but turn tensile with 
the progression of cooling. The residual stresses stabilized 
after 2 hr of cooling. The simulated residual stresses after 
cooling to ambient temperature at the beam mid-length are 
compared to the measured values from Lamarche and Trem-
blay (2011) in Figure 8. The simulation results show that the 
computation scheme is able to predict the residual stresses 
in the web and flanges of W12×87 section with good accu-
racy. This further validates that the computational scheme 
previously validated for A36 steel can also be applicable 

to determine the residual stresses in W-shapes with A992 
steel. The residual stresses predicted by the model proposed 
by Galambos and Ketter (1959) are also plotted in Figure 8 
for comparison purposes. It is observed that the flange 
and web stresses are underpredicted by the Galambos and  
Ketter model (1959). Note that the web stress is assumed 
tensile in the Galambos and Ketter (1959) model, whereas 
the measured stress in the web is both tensile and compres-
sive. This is also true for many other shapes (Fujita, 1955; 
Huber, 1956; Alpsten, 1968). Based on this observation, 
this study considered residual stress distribution obtained 
from the finite element simulation as the initial stress state 
in the wide flange column shapes for buckling strength 
calculations.
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	 (a)  15 minutes	 (b)  45 minutes	 (c)  2 hours

Fig. 7.  Longitudinal stress contour (in ksi) of hot-rolled W12×87 section at various instances after the start of cooling.
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In order to investigate whether the computational scheme 
can predict the residual stresses in rolled wide-flange 
shapes made of A913/A913M Gr. 80 steel, the experimen-
tal data from Spoorenberg et al. (2013) is obtained for a 
W14×808 quenched and self-tempered (QST) section. This 
section is provided by ArcelorMittal (2020) with a yield 
stress around 80  ksi, and the residual stresses were mea-
sured by the sectioning method. The computational scheme 
as discussed earlier is used to simulate the residual stresses 
in a W14×808 section. However, material properties of 
A913/A913M Gr. 80 steel are not available for elevated tem-
peratures. As a result, the thermal material properties, such 
as specific heat, thermal conductivity, enthalpy, and heat 
transfer coefficient, and some of the structural material 

properties, such as Poisson’s ratio, density, and thermal 
expansion coefficient of A913/A913M Gr. 80 steel, are con-
sidered the same as used in the simulation of A992 steel. 
On the other hand, the elastic modulus and the stress-strain 
data for 80 ksi steel are obtained from the study performed 
by Huang et al. (2018) as shown in Figure  9, where they 
investigated the elevated temperature material properties of 
Chinese Q550 steel.

These stress-strain data were fitted with a multilinear 
model to incorporate the nonlinear material properties in 
the simulation at different temperatures. Similar to W12×87 
consisting of A992 steel, it is observed that the residual 
stresses in W14×808 are initially tensile in the center of 
the web, which turns compressive with the progression of 
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cooling. On the other hand, the residual stresses are ini-
tially compressive in the flange-web junction, which turns 
tensile with the progression of cooling. Because of thicker 
flanges, the residual stresses stabilized almost after 12 hr 
of cooling. The simulated residual stresses after cooling to 
ambient temperature at the beam mid-length are compared 
to the measured values from Spoorenberg et al. (2013) in 
Figure 10 along with a comparison with the Galambos and 
Ketter (1959) model. The simulation results show good 
agreement with the measured values; hence, in the simula-
tion of the buckling curves for rolled W-shapes using A913/
A913M Gr. 80 material, the simulated residual stress dis-
tribution is considered for the rest of the analysis in this 
study. Note that the prediction of the residual stress in the 
flanges using the Galambos and Ketter (1959) model is also 
in good agreement with the measured values; however, the 
web stress is not predicted well by the Galambos and Ket-
ter model. As mentioned before, the web stress is entirely 
considered as tensile stress in Galambos and Ketter (1959) 
model, whereas measured values show the presence of both 
tensile and compressive stresses in the web.

VALIDATION OF THE FINITE ELEMENT MODEL

The FEM simulated residual stress of W12×87 section 
shown in Figure  7 is used in the finite element buck-
ling analysis of a column with a 12  ft 2  in. length under 
displacement-controlled monotonic axial compression. The 
initial residual stresses are considered as the initial stress 
state of the column, and the nodal coordinates of the model 
are updated by adding the established nodal imperfections 

from elastic buckling analysis. Figure 11(a) shows the global 
buckling of column about its minor axis from the analysis 
considering the presence of the simulated residual stresses. 
Note in Figure 11 that when residual stress is included in 
the analysis, the initiation of global buckling occurs simi-
larly as in the experiment (Lamarche and Tremblay, 2011), 
whereas, without residual stress the column remains elas-
tic until buckling initiates. Moreover, simulated responses 
show local buckling at the mid-height of the column which 
was also observed during the experiment as shown in Fig-
ure 12 (Lamarche and Tremblay, 2011).

Consequently, simulated responses of axial load ver-
sus axial displacement [Figure  13(a)] and axial load ver-
sus lateral deflection [Figure 13(b)] are compared well to 
the experimental responses (from Lamarche and Tremblay, 
2011) when residual stress is included in the analysis. These 
results demonstrate the excellent simulation of the buck-
ling strength if FEM simulated multiaxial residual stress is 
included in the analysis, and overprediction of about 10% 
is obtained if residual stress is not included in the analy-
sis. Once the global buckling is initiated, the lateral deflec-
tion gradually increases, and the axial load decreases with 
the increase in axial displacement. The post-buckling 
responses with or without residual stress, however, are very 
similar to the experimental responses, especially when lat-
eral deflection becomes large [Figures 13(a) and 13(b)]. The 
validation of the numerical scheme indicates that the finite 
element modeling techniques described earlier can be uti-
lized further to develop column flexural buckling curves 
for rolled shapes using A992 and A913/A913M Gr.  80 
steels. An important modeling simplification in this study 
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	 (a)  Experimental response	 (b)  Simulated von Mises plastic strain contour

Fig. 11.  Experimental (from Lamarche and Tremblay, 2011) and simulated  
global buckling of W12×87 shape about minor axis under monotonic axial compression.

      
	 (a) Esperimental response	 (b)  Simulated von Mises plastic strain contour

Fig. 12.  Experimental (from Lamarche and Tremblay, 2011) and simulated flange  
local buckling at the mid-height of W12×87 shape under monotonic axial compression.
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is the omission of the k-area (fillet region between flange 
and web) in the finite element geometry. While this sim-
plification could influence the local residual stress distri-
bution, especially in thick or heavy sections subjected to 
minor axis loading, its impact was evaluated by comparing 
simulation results to measured residual stress patterns and 
buckling behavior. Specifically, the residual stress distri-
bution in the A992 W12×87 and A913 Grade 80 W14×808 
sections was predicted accurately despite excluding the 
k-zone geometry.

Furthermore, the flexural buckling strength of the 
W12×87 section matched well with reference results sup-
porting the validity of the modeling assumptions for global 
buckling behavior. While this simplification is justified for 
the scope of this study—focused on global flexural buck-
ling response—it is indeed possible that inclusion of the 

k-zone could be important in future studies concerned with 
local instability, stress concentration effects, or failure ini-
tiation at the flange-web interface.

FLEXURAL BUCKLING CURVES  
FOR A992 STEEL COLUMNS

Initially, column flexural buckling curves are developed 
based on the simulation for selected W-shapes using A992 
steel to recreate the past work on mild steel and charac-
terize the expected uncertainty between known column 
behavior and the current AISC 360-22 column curve. The 
W-shapes chosen for the analysis are presented in Table 2 
with their corresponding height-to-width ratio, h/b, flange 
thickness, tf, width-to-thickness, bf/2tf, and web slender-
ness, h/tw, ratios. The shapes are chosen for a wide range 
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Table 2.  Cross-Sectional Properties of the W-Shapes Investigated for Column Flexural Buckling Using A992 Steel

Column Designation h//b tf (in.) bf//2tf h// tw
Analysis Performed

Minor Axis Major Axis

W14×808 1.23 5.12 1.82 3.04 x

W14×605 1.20 4.16 2.09 4.39 x

W12×336 1.25 2.96 2.26 5.47 x x

W14×426 1.12 3.04 2.75 6.08 x x

W14×257 1.03 1.89 4.23 9.71 x

W14×193 0.99 1.44 5.45 12.8 x x

W14×145 0.96 1.09 7.11 16.8 x x

W12×87 1.03 0.81 7.48 18.9 x x

W14×82 1.42 0.855 5.92 22.4 x x

W14×53 1.71 0.66 6.11 30.9 x
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of these ratios so that the analyses can capture their effect 
on the flexural buckling resistance of the columns. The col-
umns are analyzed up to a slenderness ratio, KL/r, of 200. 
Finite element analyses are performed on these shapes by 
changing the slenderness ratio of the column using different 
column lengths, and the buckling strengths are determined 
for different slenderness ratios about both minor and major 
axes using A992 steel with a yield stress of 50 ksi. Because 
the column is considered pin-connected at both ends, the 
effective length factor K is taken as 1.0. To make the col-
umn curves comparable between different W-shapes having 
different radii of gyrations about the minor and major axes, 
and different yield strengths of steel, the critical buckling 
strength, Fcr is normalized by the yield stress, Fy, which 
is the same as the reduction factor χ in Eurocode 3, and it 
is plotted against the relative slenderness ratio λ as given 
by Equation 1. Note that the initial geometric imperfection 
is taken as L/1500 at the mid-height of the column to be 
comparable with the AISC 360 column curve, and for each 
of the shape, the simulated residual stresses are considered 
as the initial state of stress. Figure 14 shows column buck-
ling curves about minor and major axes for six sections of 
Table 2 made of A992 steel along with their design curves 
as given by AISC 360 (2022) and Eurocode 3 (CEN, 2005a).

From these figures, it is observed that the simulated col-
umn flexural buckling curves for the sections presented in 
Table 2 about the major axis are close to the AISC 360 and 
EC3 column design curves. The simulated flexural buck-
ling resistances are on the AISC 360 column curve for 
small (λ < 0.5) and large (λ > 1.5) slenderness ratios, indi-
cating that for the local and elastic buckling range, the AISC 
360 column buckling curve agrees well with the simulated 
responses. For inelastic buckling range with intermediate 
slenderness ratios (0.5 ≤ λ ≤ 1.5), both the AISC 360 and 
Eurocode 3 column design curves underestimate the simu-
lated major axis buckling strengths of A992 sections. How-
ever, the degree of underestimation is more pronounced 
for Eurocode 3, which predicts lower strengths across the 
full slenderness range compared to AISC. For the sections 
studied, AISC 360 underestimates the simulated strength 
by approximately 5–10%, while EC3 underestimates by a 
larger margin, particularly in the intermediate slenderness 
range (0.5 ≤ λ ≤ 1.5).

Similar to major axis buckling, simulated minor axis 
buckling curves as shown in Figures 14 and 15 for the sec-
tions in Table 2 agree well with the AISC 360 and EC3 col-
umn design curves for small (λ < 0.5) and large (λ > 1.5) 
slenderness ratios, indicating that for the local and elastic 
buckling range, AISC 360 and EC3 column buckling curves 
agree well with the simulated responses. However, in the 
inelastic buckling range with intermediate slenderness ratio 
(0.5 ≤ λ ≤ 1.5), the AISC 360 column curve agrees well with 
the simulated column curve for nonheavy sections with  
tf ≤ 1.5 in. with bf/2tf ≥ 5.45, and h/tw ≥ 12.8 (e.g., W14×53, 

W14×82, W12×87, W14×145, and W14×193) and overesti-
mates the buckling capacity for heavy sections with tf > 
1.5 in. with bf/2tf < 5.45, and h/tw < 12.8 (e.g., W14×257, 
W14×426, W12×336, W14×605, and W14×808). The resid-
ual stress distribution pattern in all these sections is more 
or less similar, with tensile residual stresses at the center of 
the flange and compressive residual stresses at the edges 
of the flange [see Figures 8(a) and 10(a)], and compressive 
residual stress in the middle of the web and tensile residual 
stresses the ends of the web [see Figures 8(b) and 10(b)]. 
Since inelastic flexural buckling of columns is preceded by 
flange local buckling, the magnitude and distribution of the 
compressive residual stress in the flange plays a substan-
tial role in the flexural buckling strength of the columns. 
For lighter W-shape sections, the maximum compressive 
residual stress in the flange is relatively small compared to 
the higher residual stresses typically developed in heavier 
sections. For example, in the W14×82 column section, the 
maximum compressive stress on the flange is ∼8.6 ksi [Fig-
ure 16(a]), whereas for a W14×426, the maximum compres-
sive stress on the flange is ∼23.3 ksi [Figure 16(b]).

Moreover, the maximum compressive stress develops at 
the center of the web for a W14×82 section, whereas the 
compressive stress is maximum at the edge of the flange 
and at the center of the web for a W14×426 section. As a 
result of high compressive residual stresses on the flange, 
the heavier shapes develop local instability earlier than the 
nonheavy shapes followed by global instability. The AISC 
360 column curves were developed based on the Galam-
bos and Ketter (1959) residual stress model considering a 
linear distribution of residual stresses with a magnitude of 
0.3Fy tensile at the center of the flange and −0.3Fy com-
pressive at the edges of the flange and uniformly distrib-
uted tensile residual stress throughout the depth of the web. 
The simulated compressive residual stresses on the flange 
of heavy shapes are substantially higher than those con-
sidered in the Galambos and Ketter (1959) model. Addi-
tionally, both tensile and compressive residual stresses are 
observed on the web of the section from the simulation, 
which is not considered in the Galambos and Ketter (1959) 
model. As a result, the flexural buckling strengths of the 
heavier columns are less than the AISC 360 column curve 
for 0.5 ≤ λ ≤ 1.5, which is typically the inelastic buckling 
range. For example, within the relative slenderness range 
between 0.5 and 1.5, the AISC 360 column curve overesti-
mates the column buckling capacity of A992 steel columns 
by 12% for the W14×426 section. This is consistent with 
the findings of ECCS Technical Committee 8 (2008), where 
they confirmed that residual stresses in larger hot-rolled 
sections increase disproportionately due to slower cooling 
rates, lowering their buckling resistance. As noted from 
Figure 1, EC3 column buckling curves are overly conser-
vative for all the sections in the intermediate slenderness 
ratios. Eurocode 3 Part 1-1 (CEN, 2005a), considers these 
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Fig. 14.  Column flexural buckling curves for A992 steel sections.
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Fig. 15.  Column flexural buckling curves about the minor axis for A992 steel sections.

        
	 (a)  W14×82	 (b)  W14×426

Fig. 16.  Simulated longitudinal residual stress contour (in ksi) of A992 steel sections.
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variations in the residual stresses and geometric imperfec-
tions based on the geometry of the shapes by incorporat-
ing the imperfection factor. EC3’s five different buckling 
curves, a0, a, b, c, and d depend on the section’s h/b ratio 
and flange thickness, tf. As per EC3, the W14×426 section 
belongs to column curve b with an imperfection factor of 
0.34. The corresponding column curve developed based 
on the EC3 is plotted in Figure 14(e) for section W14×426, 
where it is observed that the EC3 column curve accounted 
for this reduction in the buckling strength in the inelastic 
buckling range; however, the EC3 curves are overly conser-
vative compared to the simulated responses and AISC 360 
column curves. Based on the responses using A992 steel, it 
is demonstrated that the finite element models developed in 
this study provide reliable column buckling capacity pre-
diction for rolled shapes; hence, the models are further uti-
lized to investigate the column buckling capacity of rolled 
shapes using A913/A913M Gr. 80 steel.

FLEXURAL BUCKLING CURVES FOR  
A913/A913M GRADE 80 STEEL COLUMNS

In this section, comparisons are made between the simu-
lated column buckling curves using A913/A913M Gr. 80 
steel and AISC 360 (2022b) and EC3 (CEN, 2005a) column 

design curves to understand how effectively the AISC 360 
column design curve predicts the flexural buckling capac-
ity of high-strength steel rolled shape columns. Finite 
element analyses are performed on 17 W14 and 2 W12 sec-
tions as shown in Table  3, using the validated finite ele-
ment model with multilinear kinematic hardening material 
model and L/1500 bow imperfection. Residual stresses are 
incorporated by using the sequentially coupled thermo
mechanical analysis as discussed in the “Modeling of 
Residual Stresses” section for all the shapes using A913/
A913M Gr. 80 steel. The residual stress distribution for six 
of the shapes of Table 3 using A913/A913M Gr. 80 steel are 
presented in Figure 17. While all listed W-shape sections 
were modeled using A913 Grade 80 material properties, not 
all are currently produced in accordance with ASTM A913 
due to QST process limitations, which require a minimum 
flange and web thickness to achieve proper self-tempering. 
In particular, lighter sections such as W14×82, W14×68, 
W14×53, and W12×87 may not meet this requirement and 
are not typically available from producers offering A913 
Grade  80. These shapes were included in the numerical 
study for comparative and parametric analysis purposes 
only to explore the sensitivity of flexural buckling strength 
across a broader geometric spectrum.

Table 3.  Cross-Sectional Properties of W-Shapes  
Investigated for Fy == 80 ksi Steel Column Buckling Curves

Column Designation h//b tf (in.) bf//2tf h//tw
W14×808 1.23 5.12 1.82 3.04

W14×605 1.20 4.16 2.09 4.39

W14×500 1.15 3.50 2.43 5.21

W14×426 1.12 3.04 2.75 6.08

W14×342 1.07 2.47 3.31 7.41

W14×257 1.03 1.89 4.23 9.71

W14×211 1.00 1.56 5.06 11.6

W14×193 0.99 1.44 5.45 12.8

W14×176 0.97 1.31 5.97 13.7

W14×145 0.96 1.09 7.11 16.8

W14×132 1.00 1.03 7.15 17.7

W14×120 0.99 0.94 7.80 19.3

W14×90 0.97 0.71 10.2 25.9

W14×82 1.41 0.855 5.92 22.4

W14×68 1.40 0.72 6.97 27.5

W14×53 1.94 0.66 6.11 30.9

W12×87 1.03 0.81 7.48 18.9

W12×336 1.25 2.96 2.26 5.47
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	 (a)  W14×808	 (b)  W14×605

        
	 (c)  W14×426	 (d)  W14×257

        
	 (e)  W14×82	 (f)  W12×87

Fig. 17.  Simulated longitudinal residual stress contour (in ksi) of A913 Gr. 80 steel sections.
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Note that European research has suggested that 
high-strength steels, such as S460 (yield stress of 460 
MPa or 65 ksi), have different residual stress distributions, 
strain-hardening behavior, and imperfections sensitivity 
compared to lower-grade steels. As a result, Eurocode  3 
proposed separate curves for high-strength steel S460 
based on the cross-section type (I-section, box, circular, 
etc.), the buckling mode (minor/major axis), and the fab-
rication method (rolled vs. welded). In addition, study by  
Snijder et al. (2014) demonstrated that the EC3 buckling 
curves for S460 high-strength steel columns can also be 
used to predict the buckling strength of S500 (yield stress 
of 72 ksi) high-strength steel columns. Figures 18, 19, and 
20 present comparisons of the simulated column buckling 
curves with the AISC 360 and EC3 design column curves 
for the sections shown in Table 3 for buckling about both 
the minor and major axes.

Based on the observations of the simulated column buck-
ling curves using A913/A913M Gr. 80 steel, it is noted that 
the simulated column curves show differences from the 
AISC 360 and EC3 column design curves within the relative 
slenderness values of 0.3–1.5 for buckling about the minor 
axis and within relative slenderness values 0.5–2 for buck-
ling about the major axis, which is typically the inelastic 
buckling range for the columns. For smaller and larger rela-
tive slenderness ratios, the simulated column curves agree 
well with the AISC 360 and EC3 column curves, which 
are typically the compression yielding and elastic buckling 
range of the columns. From the simulated column curves, it 
is observed that both the AISC 360 and EC3 column design 
curves underestimate the major axis buckling capacity for 
all the sections analyzed. The percent increase in the simu-
lated buckling strength compared to the AISC 360 column 
design curve varies between 3 and 14% depending on the λ 
values, h/b ratio, and the flange thickness of the sections as 
shown in Figures 21, 22, and 23.

Sections with h/b ≥ 1.12 and flange thickness tf more than 
3 in. such as W14×808, W14×605, W14×500, and W14×426 
sections show less of an increase in the buckling capacity, 
whereas sections with h/b < 1.12 and flange thickness tf 
less than 3 in. such as W14×193, W14×145, W14×120, and 
W14×90 demonstrate a substantial increase in the buckling 
capacity compared to the AISC 360 column design curve. 
For example, at λ = 0.5, 0.75, and 1, the percent increase in 
the simulated major axis buckling capacity vary between 3 
and 8% for sections with flange thickness more than 3 in., 
as shown in Figures 21–23. On the other hand, the percent 
increase in the simulated major axis buckling capacity vary 
between 8 and 14% for sections with flange thickness less 
than 3  in. at λ = 0.5, 0.75, and 1.0. For sections W14×53, 
W14×68, and W14×82, the simulated column buckling 
curves do not show a significant increase in the buckling 
capacity, even though the flange thickness is less than 1 in.

These sections have a higher h/b ratio, which is in the 
range of 1.4–1.94. The simulated column buckling curves 
about the minor axis are compared with the AISC 360 and 
EC3 column curves in Figures  18–20. It is observed that 
for heavy sections with h/b ≥ 1.12 and tf ≥ 3  in. such as 
W14×808, W14×605, W14×500, and W14×426, the AISC 
360 column curve overestimates the buckling capacity that 
depends on the λ values, h/b ratio, and the flange thick-
ness of the sections. This is mostly observed in the inelastic 
buckling range with λ values between 0.4 and 1.5. These 
heavy shapes develop high compressive residual stresses 
in the flanges, and as a result, the thicker the flange, the 
higher the overestimation for heavy sections with h/b  ≥ 
1.12 and tf ≥ 3 in. Nevertheless, the overestimation is in the 
range of 2–8% depending on the h/b ratio and the flange 
thickness of the sections as shown in Figures  21−23. For 
sections with h/b < 1.12 and tf < 3 in, the AISC 360 column 
design curve underestimates the buckling strength of A913/
A913M Gr. 80 columns between λ values of 0.3 and 1.5, 
and it is observed that as the h/b value and the flange thick-
ness decrease, the difference between the simulated col-
umn buckling strength about the minor axis and the AISC 
360 column design curve increases. It is noted from Fig-
ures 21–23 that the AISC 360 column curve underestimates 
the buckling capacity about minor axis by 4–11%, depend-
ing on the flange thickness and h/b ratio of the section for λ 
values between 0.3 and1.5.

For sections with 1.00 ≤ h/b ≤ 1.12 and 1.56 ≤ tf ≤ 3.00 in., 
the simulated column buckling curves about the minor axis 
exhibit a 5% increase compared to the AISC 360 column 
curve, whereas for any sections with h/b < 1.00 and tf < 
1.56  in., the simulated column buckling curves about the 
minor axis are 5–11% stronger than the AISC 360 column 
curve. For sections W14×53, W14×68, and W14×82, the 
simulated column buckling curves do not show substantial 
increase in the buckling capacity even though the flange 
thickness is less than 1 in. These sections have a higher h/b 
ratio, which is in the range of 1.4∼1.94. On the contrary, for 
λ values between 0.4 and 1.5, EC3 column buckling curves 
underestimate the buckling capacity for heavy sections with 
h/b ≥ 1.2 and tf ≥ 4  in., such as for W14×873, W14×808, 
and W14×605 sections, even though EC3 has separate 
curves for 65 ksi high-strength steel. However, for sections 
with h/b < 1.2 and tf < 4  in., the simulated column buck-
ling curves about the minor axis agree well with the EC3 
S460 high-strength column curves in the inelastic buckling 
range. For elastic buckling range and compression yielding, 
the simulated column buckling curves about the minor axis 
agree well with both the AISC 360 and EC3 column curves. 
Moreover, note that the major axis buckling curves for all 
the sections analyzed are always higher than the minor axis 
buckling curves. This indicates that using the same design 
curve for major and minor axis buckling may underestimate 
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Fig. 18.  Column flexural buckling curves for A913/A913M Gr. 80 steel sections.
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Fig. 19.  Column flexural buckling curves for A913/A913M Gr. 80 steel sections.
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Fig. 20.  Column flexural buckling curves for A913/A913M Gr. 80 steel sections.
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Fig. 22.  Percent difference between the simulated and AISC 360 column buckling  
curves of ASTM A913 Gr. 80 W-shape sections for different flange thickness for λ = 0.75.
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Fig. 23.  Percent difference between the simulated and AISC 360 column buckling  
curves of ASTM A913 Gr. 80 W-shape sections for different flange thickness for λ = 1.0.
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Fig. 21.  Percent difference between the simulated and AISC 360 column buckling  
curves of ASTM A913 Gr. 80 W-shape sections for different flange thickness for λ = 0.5.
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the buckling strength of the columns about the major axis 
significantly, especially for high-strength steels.

This was accounted for in the development of col-
umn design curves for stainless steel in AISC 370 (2021), 
where separate buckling curves for minor and major axis 
are proposed. In summary, A913/A913M Gr. 80 steel col-
umns exhibit higher flexural buckling strength about both 
minor and major axes for intermediate slenderness values 
compared to the AISC 360 column curves. This increase 
in the flexural buckling strength is applicable for sections 
with h/b < 1.2 and tf < 3 in. and can range from 5–11% for 
minor axis buckling and 5–14% for major axis buckling. 
For heavy shapes, the AISC 360 column curve overpredicts 
the flexural buckling capacity by 2–8% due to the pres-
ence of high compressive residual stresses on the flanges 
as discussed in the “Modeling of Residual Stresses” sec-
tion. These results suggest that while the AISC 360 column 
design curve performs reasonably well for many cases, its 
direct application to high-strength steel columns such as 
A913/A913M Gr. 80 may lead to unconservative or overly 
conservative predictions depending on the section geome-
try. Therefore, potential modifications or refinements to the 
current design curve may be warranted to improve accuracy 
for high-strength applications.

A913/A913M GRADE 80 VS. A992 COLUMN 
FLEXURAL BUCKLING CURVES

Now let’s compare the simulated column buckling curves 
of the A913/A913M Gr. 80 steel columns with those of the 
columns made of A992 steel and also, how they compare 
with the AISC 360 column design curve. Figure 24 pres-
ents a comparison of A992 and A913/A913M Gr. 80 steel 
column buckling curves about both the minor and major 
axes with the AISC 360 column curve for several sections 
with different h/b ratios and flange thicknesses, namely, 
W14×426, W12×336, W14×193, W14×145, W12×87, and 
W14×82. It is observed that for λ = 0.5~2, the major axis 
buckling curves for A992 steel columns are 3–12% stronger 
than the AISC 360 column curves, whereas the major axis 
buckling curves for A913/A913M Gr. 80 steel columns are 
5–14% stronger than the AISC 360 column curves. The col-
umn buckling curves for A913/A913M Gr. 80 steel columns 
about the major axis is always 2–5% stronger than those of 
the A992 steel columns, regardless of the sectional dimen-
sions and λ values between 0.5∼2.0. On the contrary, the 
simulated buckling curves about the minor axis for A913/
A913M Gr. 80 steel columns are always stronger than the 
relevant column buckling curves for A992 steel columns 

between λ = 0.3∼1.5. For example, the minor axis buckling 
curves for W14×82 and W14×145 sections where the thick-
ness of the flange is less than 1.56 in., AISC 360 column 
design curve underestimates the buckling strength of A913/
A913M Gr. 80 columns by 5–11% between λ values of 0.3 
and 1.5, whereas, the buckling strength of A992 columns 
are predicted correctly by the AISC 360 column curve [see 
Figures  24(d) and 24(f)]; that is—the column buckling 
curves for A913/A913M Gr. 80 steel columns are 5–11% 
stronger than the column curves for A992 steel columns.

As the flange thickness increases to 2.96∼3.04  in. for 
W12×336 and W14×426 sections, the simulated column 
curves about the minor axis for A913/A913M Gr. 80 steel 
columns are 8–10% stronger than the corresponding col-
umn curve for A992 steel column between λ values of 0.5 
and 1.5 [see Figures 24(a) and 24(b)]. When the thickness of 
the flange is further increased to around 4.16 and 5.12 in. for 
W14×605 and W14×808 sections, respectively, AISC 360 
column design curve overestimates the buckling strength 
compared to both A913/A913M Gr. 80 and A992 steel col-
umns; however, the buckling strengths of A913/A913M 
Gr. 80 steel columns are still 8–16% stronger than the cor-
responding column buckling strengths of A992 steel col-
umns in the inelastic buckling range [see Figures 25(a)  and 
25(b)]. On average, for the sections considered in this study, 
the buckling strength of A913/A913M Gr. 80 steel columns 
about the minor axis is around 8–12% higher than that of 
A992 steel columns, and it depends on the h/b ratio and the 
flange thickness of the sections, which is consistent with 
the Eurocode 3, Part 1-1 (CEN, 2005a). In addition, Euro-
code 3, Part 1-1, dictated that high-strength steel columns 
exhibit higher flexural buckling strengths than conventional 
grade steel columns regardless of the sectional dimensions, 
which is consistent with the findings of this study where it 
is observed that A913/A913M Gr. 80 steel column possesses 
8–12% higher buckling strength about the minor axis and 
2–5% higher buckling strength about the major axis than 
the corresponding A992 steel column in the inelastic buck-
ling range for the sections considered in this study.

CONCLUSIONS

This study investigated the flexural buckling behavior of 
wide-flange rolled steel columns fabricated from both con-
ventional structural steel (ASTM A992, Fy = 50  ksi) and 
high-strength steel (ASTM A913 Grade 80, Fy = 80  ksi). 
A suite of nonlinear finite element simulations was con-
ducted incorporating measured material stress-strain 
behavior, realistic geometric imperfections, and residual 
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Fig. 24.  Simulated column flexural buckling curves for sections using A913/913M Gr. 80 and A992 steels.
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stress distributions obtained through sequentially coupled 
thermomechanical analysis. Simulated buckling responses 
were used to generate column curves over a broad range of 
slenderness ratios and section geometries, enabling direct 
comparison with the AISC 360-22 and Eurocode 3 (EC3) 
design curves.

Results for A992 columns show that the AISC 360-22 
unified column curve generally captures flexural buckling 
strength with reasonable accuracy in major axis buckling, 
with underpredictions of 5–10% in the intermediate slen-
derness range (λ = 0.5∼2.0). However, for minor axis buck-
ling of nonheavy sections with h/b ≤ 1.0 and tf ≤ 1.5 in., the 
AISC 360-22 column buckling curve agrees well with the 
simulated responses; however, for minor axis buckling of 
heavy sections with h/b > 1.0, tf > 1.5 in., AISC 360 overes-
timates capacity by 10–15% in the inelastic buckling range 
due to elevated compressive residual stresses on the flanges. 
In contrast, EC3 column curves were uniformly more con-
servative, particularly in the inelastic range. These findings 
suggest that for heavier W-shapes, particularly in minor 
axis buckling, some modification to the AISC 360-22 
design curve may be worthy of consideration to improve 
accuracy and prevent overestimation of capacity.

For A913 Gr. 80 columns, the AISC 360 curve remained 
acceptable overall, yet underpredictions of 5–12% about the 
minor axis and 5–14% about the major axis were observed 
depending on slenderness and section classification. In non-
heavy sections (h/b < 1.12, tf < 3 in.), the AISC 360 curve 
underpredicted buckling strength in the inelastic buckling 
range, while for heavier sections, it overpredicted capac-
ity. Additionally, the flexural buckling strengths of A913 
columns in the inelastic buckling range were consistently 
5–12% higher than those of A992 counterparts, espe-
cially in the minor axis direction. These trends indicate 
that the current AISC 360 curve performs acceptably for 

Fy = 80 ksi steel; nevertheless, it highlights a potential for 
material and section-specific adjustments to the AISC 360 
design curve in the inelastic buckling range when applied to 
high-strength rolled shapes and heavier sections. However, 
the moderate gains from developing a new curve specific to 
this grade may not justify the complexity, especially con-
sidering the results for Fy = 50 ksi already show a mix of 
under- and overpredictions. In that context, proposals for 
a new design curve for Fy = 80 ksi should carefully weigh 
the benefits of localized conservatism reduction against the 
risks of unconservative predictions in other regimes.

While the findings affirm the general applicability of 
the AISC 360-22 unified curve to both A992 and A913 
rolled shapes, they also reveal nuances in performance 
that depend on cross-sectional proportions, loading direc-
tion, and residual stress profiles. A single unified curve 
may not fully capture these effects, particularly for heavy 
or high-strength shapes with Fy ≥ 80  ksi buckling in the 
inelastic range. Although this study does not propose a 
new column curve, it highlights the potential limitations of 
the existing design provisions and lays the groundwork for 
further research. As such, future research should explore 
the viability of shape-dependent or strength-tiered column 
curves. Full-scale experimental validation will be essen-
tial to confirm these numerical trends and guide refine-
ment of design provisions. Collaboration between academic 
researchers and industry partners—including ongoing dis-
cussions within the AISC technical committees—will be 
vital to advancing the adoption of high-strength steel in 
design practice and improve the safety-efficiency balance 
in modern high-strength steel design.

Ultimately, this study underscores that while the current 
design provisions are generally effective, their limitations 
should be acknowledged, especially when applied to rolled 
shapes fabricated from emerging high-strength steels. 
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Fig. 25.  Simulated column buckling curves about the minor axis for sections using A913/913A Gr. 80 and A992 steels.
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Refinement—not replacement—of existing curves, with 
attention to shape, strength level, and directional sensitiv-
ity, appears to be a more realistic and impactful approach.

FUTURE TASKS

Future work may explore the development of column buck-
ling curves for high-strength hollow structural sections 
(HSS), which differ substantially from rolled W-shapes in 
both manufacturing process and residual stress behavior. 
Unlike ASTM A913, which applies to hot-rolled W-shapes, 
high-strength HSS products are typically fabricated from 
cold-formed and welded plate or strip materials governed 
by ASTM A500 (2021a) or ASTM A1085 (2015) speci-
fications. These differences affect geometric tolerances, 
residual stress distributions, and imperfection sensitiv-
ity. Accordingly, any extension of buckling curve calibra-
tion to high-strength HSS will require a tailored modeling 
approach that reflects these characteristics and production 
constraints.

While this study does not propose a new design equation, 
the validated numerical framework and consistent trends 
observed—particularly the underestimation of strength 
for A913 Gr. 80 rolled sections—form the basis for future 
reliability-based calibration. Future work will expand the 
simulation database to include additional W-shapes and 
HSS sections and will evaluate whether separate or mod-
ified buckling curves are warranted for A913 Gr. 80 or 
higher strength steels. The methodology will follow reli-
ability provisions in AISC 360, Appendix 1, and incor-
porate statistical variability in material properties and 
geometric imperfections.
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