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Abstract: Wide-flange columns are commonly used for the construction of special moment frames and braced frames. For special moment
frames, design engineers routinely use deep sections to meet the stringent code-specified story drift limits in order to achieve economy in
recent years. Columns with shallow and stocky sections are common for braced frame construction. Observation made from two recent
experimental studies involving both deep and shallow columns under axial compression and cyclic drifts showed a variety of buckling
modes. A classification with three cyclic buckling modes is proposed in this paper; subsets of each buckling mode are also presented.
A parameter measuring the relative rotational restraint that the web provides to each flange is derived. After calibrating this parameter
with the test results, a practical procedure that can predict the governing cyclic buckling mode is proposed. DOI: 10.1061/JSENDH.
STENG-12156. © 2023 American Society of Civil Engineers.
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Introduction

Before the 1994 Northridge, California earthquake, shallow wide-
flange columns (e.g., W12 or W14) were more commonly used
in ductile moment-resisting frames because of their comparable
strong- and weak-axis radii of gyration. However, it was challeng-
ing to continue to design columns using shallow sections since the
lateral flexibility feature of moment frames requires a large moment
of inertia in the plane of the frames to satisfy the code-enforced
story drift requirement (ASCE 2016). Instead, engineers turned to
deeper steel columns. For example, Fig. 1 shows one shallow and
one deep section with the same strong-axis moment of inertia. The
benefit of using the deep W27 × 258 section is obvious; the weight
of the column is reduced from 900 to 384 kg=m (605 to 258 lb=ft).
But the width-to-thickness ratios for both flange local buckling
(FLB) and web local buckling (WLB) checks are much larger for
the deep section. Because the radius of gyration about the weak-
axis (ry) is smaller, the deep column is also prone to out-of-plane,
global-type buckling like flexural buckling (FB) or lateral-torsional
buckling (LTB). The three slenderness parameters are defined as
follows:

FLB∶ λf ¼ bf
2tf

ð1aÞ

WLB∶λw ¼ h
tw

ð1bÞ

LTBor FB∶ λL ¼ L
ry

ð1cÞ

where bf, tf , h, and tw are defined in Fig. 1, and L is the column
length. Although both sections in Fig. 1 satisfy the highly ductile
section requirements per AISC 341 (AISC 2016a), the three slen-
derness parameters for both local and global buckling checks for
the deeper column are much larger.

For applications in braced frames, Newell and Uang (2008)
conducted an AISC-sponsored research project which involved
full-scale testing of W14 columns (W14 × 132 to W14 × 370) sub-
jected to various levels of axial load and cyclic drifts. The ranges of
the slenderness parameters for these nine specimens were 3.1 ≤
λf ≤ 7.1, 6.9 ≤ λw ≤ 17.7, and 42.2 ≤ λL ≤ 47.9. It was concluded
that this type of shallow columns, which had a d=bf ratio of about
1.1, had a ductility capacity much higher than that specified in
ASCE 41 (ASCE 2017) even under high axial load. These large
deformation capacities were, in part, achieved due to the delay in
FLB resulting from the stabilizing effect provided by the stocky
web with a low λw value. But finite element simulation of W27
columns conducted by Newell and Uang (2008) showed that the
cyclic behavior of deep columns can experience a rapid flexural
strength degradation due to significant flange and web buckling.

According to AISC 341 (AISC 2016a), columns in special mo-
ment frames shall be designed to satisfy the strong column-weak
beam requirement, but flexural yielding of columns at the base is
permitted. Therefore, researchers started to pay attention to the
deep column behavior and design for applications in moment
frames about a decade ago (e.g., Elkady and Lignos 2012; Zargar
et al. 2014; Elkady and Lignos 2015; Fogarty and El-Tawil 2016;
Fogarty et al. 2017; Ozkula et al. 2017; Elkady and Lignos 2018;
Wu et al. 2018; Cravero et al. 2020). The National Institute of
Standards and Technology (NIST) also developed a comprehensive
research plan to study this type of columns at the member, subas-
semblage, and system levels (NIST 2011). Research at the member
level, which started in 2013, was conducted at the University of
California, San Diego (UCSD), and the test results are summarized
in Chansuk et al. (2021). Based on these full-scale test results and
the associated finite element simulation (Ozkula and Uang 2015),

1Assistant Professor, Dept. of Civil and Environmental Engineering,
Univ. of Wisconsin-Platteville, Platteville, WI 53818. ORCID: https://orcid
.org/0000-0002-1947-6362. Email: ozkulag@uwplatt.edu

2Professor, Dept. of Structural Engineering, Univ. of California San
Diego, La Jolla, CA 92093 (corresponding author). ORCID: https://orcid
.org/0000-0002-8467-9748. Email: cmu@ucsd.edu

Note. This manuscript was submitted on October 12, 2022; approved
on March 15, 2023; published online on May 19, 2023. Discussion period
open until October 19, 2023; separate discussions must be submitted for
individual papers. This paper is part of the Journal of Structural Engi-
neering, © ASCE, ISSN 0733-9445.

© ASCE 04023097-1 J. Struct. Eng.

https://doi.org/10.1061/JSENDH.STENG-12156
https://doi.org/10.1061/JSENDH.STENG-12156
https://orcid.org/0000-0002-1947-6362
https://orcid.org/0000-0002-1947-6362
mailto:ozkulag@uwplatt.edu
https://orcid.org/0000-0002-8467-9748
https://orcid.org/0000-0002-8467-9748
mailto:cmu@ucsd.edu
http://crossmark.crossref.org/dialog/?doi=10.1061%2FJSENDH.STENG-12156&domain=pdf&date_stamp=2023-05-19


limiting λw ratios for highly ductile and moderately ductile
sections, i.e., λhd and λmd for special moment frames (SMF)
and intermediate moment frames (IMF) per AISC 341, have been
proposed (Ozkula et al. 2021).

Objective and Scope

It was observed from both the previously-mentioned AISC- and
NIST-sponsored test programs that the failure modes between shal-
low and deep columns are very different. For deep columns, inter-
active local buckling involving both flange and the web would

occur. Depending on the λf and λw values, some columns also ex-
perienced out-of-plane buckling. The objective of this paper is first
to classify buckling modes (both local and global) observed from
both test programs, which is then followed by the development of a
practical method to predict the governing buckling mode of wide-
flange columns under axial compression and cyclic drifts.

NIST Testing Program

Table 1 shows 35 wide-flange columns (W30, W24, W18, and
W14 sections) that were part of those tested in the NIST research
program (Chansuk et al. 2021). The overall geometry of the test
setup is shown in Fig. 2. Specimens were tested in a horizontal
position with one end attached to a strong wall fixture, while
the other end was attached to a reaction block on the shake table.
Each specimen was 5,486 mm long with 76 mm-thick base plates
welded at each end. A992 steel was specified for the specimens.
The section and member slenderness ratios of these columns fall
in the following ranges:

4.81 ≤ λf ≤ 6.94; 28.7 ≤ λw ≤ 54.6; and 71.1 ≤ λL ≤ 161.2 ð2Þ

For axial load application, letter L, M, or H in the specimen
designation represents low (Ca ¼ 0.2), medium (Ca ¼ 0.4), and

Table 1. Test matrix

Group
No. Shape

Specimen
designation

Slenderness rations Column axial load Buckling
mode

Lr

ryλf λw λL Ca

1 W24 × 176 1L 4.81 28.7 71.1 0.2 CB 142
1M 0.4
1H 0.6

2 W24 × 131 2Z 6.7 35.6 72.7 0 ALB 127
2L 0.2
2L-P 0.2
2M 0.4

2M-NF 0.4
2H 0.6

3 W24 × 104 3L 8.5 43.1 74.2 0.2 ALB 118
3M 0.4
3H 0.6

4 W24 × 84 4L 5.86 45.9 110.8 0.2 CB 123
4M 0.4

5 W24 × 55 5L 6.94 54.6 161.2 0.2 Elastic LTB 119
5LM 0.3
5M 0.4

11 W24 × 176 11M 4.81 28.7 71.05 0.4 CB 143
11H-VAM 0.6
11H-BC 0.6

12 W30 × 261 12LM 4.59 28.7 61.19 0.3 CB 138
12LM-P 0.3

13 W30 × 173 13M 7.04 40.8 63.16 0.4 ALB 114
13M-BC 0.4

14 W30 × 90 14L 8.52 57.5 103.35 0.2 ALB 110
15 W18 × 192 15L 3.27 16.7 77.42 0.2 CB 200
16 W18 × 130 16M 4.65 23.9 80.0 0.4 CB 163

16M-BC 0.4 157
17 W18 × 76 17L 8.11 37.8 82.76 0.4 ALB 114
21 W18 × 130 21M-NF 4.65 23.9 80.0 0.4 CB 151
22 W30 × 148 22L 4.44 41.6 94.7 0.2 CB 124
23 W18 × 60 23L 5.44 38.7 100.0 0.2 CB 131
24 W14 × 82 24L 5.92 22.4 67.7 0.2 ALB 156
25 W14 × 53 25L 6.11 30.9 87.5 0.2 CB 130
26 W14 × 132 26LM 7.15 17.7 44.7 0.3 ALB 174

16426LM-VAM 0 to 0.6

Fig. 1. Shallow versus deep wide-flange shapes: (a) W14 × 605; and
(b) W27 × 258.

© ASCE 04023097-2 J. Struct. Eng.



high (Ca ¼ 0.6) axial load level, respectively, with Ca defined per
the 2010 edition of AISC 341:

Ca ¼
Pu

ϕcAgFy
ð3Þ

where Pu = applied axial force; Ag = cross-sectional area; Fy =
specified minimum yield stress; and ϕc ¼ 0.9. Five specimens
(5LM, 12LM, 12LM-P, 26LM, 26LM-VAM) with a designation
LM had Ca ¼ 0.3. Only one specimen (2Z) was tested without
an axial load, i.e., it was tested cyclically as a flexural beam. The
axial load was maintained constant for all except two specimens
(11H-VA and 26LM-VAM), where the varying axial load simulat-
ing the effect of overturning moment on the exterior columns of a
frame was applied.

Per Section K2.4b of AISC 341 for prequalified beam-to-
column moment connection testing, the cyclic story drift loading
sequence of increasing amplitudes was used for all except two
specimens; the latter (2L-P, 12LM-P) were tested monotonically
for comparison with their cyclic counterparts. All specimens listed
in Table 1 were tested for strong-axis, reverse-curvature bending.
The fixed-fixed boundary condition was used for most of the spec-
imens, with four specimens (11H-BC, 13M-BC, 16M-BC, and
21M-VAU-BC) tested with a fixed-rotating boundary condition
to simulate the rotational flexibility at the top end of the first-story
columns (Chansuk et al. 2021).

Fig. 3 depicts the distribution of specimens based on the flange
and web slenderness ratios. For FLB, both λhd and λmd as specified
in AISC 341 for highly ductile and moderately ductile members
are shown. Values of λhd for WLB at three normalized axial force
levels are also shown. The figure shows that most of the specimens
had highly ductile sections that met the requirement for SMF.
Testing showed that one column (W24 × 55) that had the highest
λL (= 161.2) experienced LTB in the elastic range and, thus, this
specimen is excluded in the following discussion. All the other
specimens were deformed into the inelastic range.

The failure modes observed from the NIST test program for
deeper columns varied significantly among the specimens. The ob-
served cyclic response and buckling mode were also very different
from those observed from the W14 columns tested in the AISC
test program (Newell and Uang 2008). To illustrate the difference,
refer to Fig. 4 for a comparison of the sample responses of three

specimens with a comparable axial force level. The abscissa is the
story drift angle (SDA) and the ordinate is the member end moment
normalized by the reduced plastic moment, Mpc:

Mpc ¼ Mp ¼ FyZx whenPu=Py < 0.15 ð4aÞ

Mpc ¼ 1.18ð1 − Pu=PyÞMp whenPu=Py ≥ 0.15 ð4bÞ

Fig. 4(a) shows that the W14 × 176 shallow-column specimen
provided a stable hysteretic response up to a SDA of 0.1 rad. But
two deep-column specimens (W24 × 131 and W24 × 176) had a
much lower drift capacity with a significant degradation in lateral
strength. It will be shown later that these two specimens also ex-
perienced different buckling modes. Furthermore, Fig. 4(b) shows
that the two deep column specimens had a significant axial short-
ening due to buckling, an undesirable behavior that the shallow
column specimen did not have. A comparison of the backbone
curves in Fig. 4(c) clearly shows that there is a need to identify
the governing buckling mode before meaningful modeling of
wide-flange columns can be made. Several buckling modes were
observed from the NIST and AISC test programs, and the ob-
served deformations could be confusing at times. In the following,
a classification of cyclic buckling modes is first presented. A prac-
tical procedure is then presented to predict the governing buck-
ling mode.

In the NIST test program it was observed that the effects of
axial force level, axial loading type (constant or varying that
reflects the overturning effect of the frame), lateral loading type
(symmetric-type loading of increasing amplitude or near-fault type
loading) and the boundary condition (fixed-fixed or fixed-rotating)
did not change the governing buckling mode; see Chansuk et al.
(2021) for details.

Observed Column Buckling Modes

The governing buckling modes observed from both test programs
can be grouped into three types, which are defined as symmetric
flange buckling (SFB), antisymmetric local buckling (ALB), and
coupled buckling (CB) herein.

Symmetric Flange Buckling Mode

SFB occurs in wide-flange columns with a highly ductile section
featuring low flange and web slenderness ratios i.e., mostly shallow
columns like W10 to W14 shapes. This buckling pattern occurs
when the column in reverse curvature develops plastic hinges at
member ends. The deformation of the column under strong-axis

Fig. 3. Distribution of deep column specimens in the λf − λw
domain.

Fig. 2. Test setup.
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bending remains in-plane without out-of-plane, global-type buck-
ling. In the plastic hinge regions, local buckling of one flange will
occur on each side of the web. The direction of buckling for each
half of the same flange is the same, thus “symmetric” with respect
to the web as shown in Fig. 5(a). Such buckling under monotonic
loading would occur in one flange only. But both flanges would

show the same local buckling pattern under cyclic loading,
although the buckling amplitude in both flanges may differ. SFB
requires a relatively stocky web, i.e., low λw, in order to provide a
sufficient rotational restraint to the flanges.

The W14 × 176 column in Fig. 6, which has λw ¼ 13.7 and
Ca ¼ 0.4, shows such buckling mode. In the test program
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Fig. 4.Comparison of cyclic responses: (a) normalized moment versus story drift angle; (b) axial shortening versus story drift angle; and (c) backbone
comparison.

Fig. 5. Local buckling mode: (a) SFB; and (b) ALB.
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(Newell and Uang 2008), it was observed that WLB either did not
occur or was delayed until large drift angles. This buckling mode
produces stable hysteretic response and large flexural ductility
capacity. Since only flanges experienced buckling, axial shortening
of the column is very limited, as shown in the first plot of Fig. 4(b).

A special case occurs when the value of flange slenderness (λf)
is very low (say, ≤3.0). For such very stocky sections, which gen-
erally occur in built-up I-shaped, FLB ceases to occur when plastic
hinges develop. No W14 or W24 rolled-shape columns tested in
the NIST or AISC program fall in this special case, but numerical
simulation shows this phenomenon.

Antisymmetric Local Buckling Mode

As the section slenderness ratios, especially λw, increase, both
flange and web local buckling due to plastic hinging occur simul-
taneously as shown in Fig. 5(b). This buckling mode occurs mainly
because the web cannot provide a sufficient rotational restraint to
maintain a fix-ended boundary condition for each half of the highly
compressed flange. Thus, the two half-width flanges buckle in an
antisymmetric (or opposite) manner with respect to the web plane.
Once the direction of loading is reversed, the buckled flange
(and web) will not be straightened completely. As a result, the
residual deformation serves as geometric imperfections in the next
loading cycle. Since both flanges and the web have out-of-plane

deformations, the column shortens easily under the presence of an
axial compression.

Fig. 7 shows examples of two W24 × 104 specimens with low
and high axial loads (Specimens 3L and 3H in Table 1). Consid-
ering the northeast flange in Fig. 7(a) for example, the two half-
width flanges above and below the web buckled outward and
inward, respectively, and their respective apexes were not aligned
in the same cross section; the apex of the outward half-flange usu-
ally is located closer to the column end. Since the web remained
nearly perpendicular to the flanges at the web-flange junctions,
it buckled locally in the direction that complies with the flange local
buckling configuration; also see Fig. 5(b). ALB features a drastic
degradation in flexural strength, which is accompanied by a signifi-
cant column axial shortening. As a result, the column ductility
capacity is significantly reduced when compared to that of SFB.
The ductility capacity associated with this failure mode is very
sensitive to the axial force level. Groups 2, 3, 13, 14, 17, and
24 specimens (W24 × 131, W24 × 104, W30 × 173, W30 × 90,
W18 × 76, and W14 × 82, respectively) experienced the ALB fail-
ure mode.

Unlike SFB where the deformed column remains in the plane of
bending after hinge formation, ALB would show out-of-plane
movement between two end plastic hinges when local buckling
becomes severe. But this out-of-plane movement is not associated
with global-type LTB or FB. ALB usually starts with a one-half

Fig. 6. SFB mode (W14 × 176, Ca ¼ 0.4): (a) left end; (b) overall; and (c) right end.

East End nEtseWllarevO d

N 

(a)

(b)

Fig. 7. ALB mode with out-of-plane movement (W24 × 104): (a) Type S (Specimen 3H); and (b) Type R (Specimen 3L).
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buckle wave as shown in Fig. 5(b). At higher drift, some test
specimens had the half-wave buckle extended into a full-wave
buckle. In either case, the severely deformed ALB produces an
out-of-plane rigid-body movement of the column segment between
the member-end buckled regions; this column segment remains es-
sentially straight and shows little torsional deformation. Although
the column shows out-of-plane movement, this type of buckling
should not be construed as LTB or FB. Depending on the direction
of ALB at each end of the column, which in turn is dependent on
the initial cross-section imperfections at the plastic hinge region,
the column may appear as in either single- or reverse-curvature
bending in the out of plane. That is, when the local buckling pattern
at both ends of the column is the same (i.e., symmetric) with respect
to the column midspan, shown as Type S mode in Fig. 7(a), both
plastic hinges would result in an out-of-plane movement in the
same direction (single-curvature-like out of plane bending). Con-
versely, a reverse-curvaturelike movement would result when the
ALB patterns at both ends of the column are opposite in the out-
of-plane direction, shown as Type R mode in Fig. 7(b).

Coupled Buckling Mode

It appears that this column cyclic buckling mode was not pre-
viously reported in the literature. In the NIST test program,
Group 2 specimens (W24 × 131) that experienced ALB were
first tested, which was then followed by Group 1 specimens
(W24 × 176). Since the sections of both groups met the highly
ductile requirement and the λf and λw values for Group 1 were
smaller, it was thought that a similar buckling mode but with a
large deformation capacity would result. Instead, an “unusual”
buckling mode occurred. Such an unexpected buckling mode was

subsequently confirmed by the testing of additional specimens
with different member sizes, boundary condition, and loading
types in the NIST test program. Referring to Table 1, Specimens
of Groups 1, 4, 11, 12, 15, 16, 22, 23, and 25 for a total of 17
specimens experienced CB. Specifically, the failure mode in-
volved coupling between ALB and LTB.

This buckling mode may occur in either of the two scenarios,
although for some specimens it is difficult to pinpoint the exact
buckling sequence: (1) ALB proceeds LTB, and (2) LTB proceeds
ALB. Fig. 8(a) shows an example of the former sequence with ALB
proceeding LTB, Fig. 8(b) shows an example with LTB proceeding
ALB. Out-of-plane global buckling about the weak-axis of these
two specimens occurred in one direction. But the CB mode show-
ing reverse curvature in the out-of-plane was also observed in sev-
eral specimens; see Fig. 8(c) for an example.

Some features of CB could be observed from the flaking pattern
of the whitewash paint applied at both ends of the specimens.
[Specimen 27L in Fig. 8(a) was sandblasted for DIC measurements
and was not whitewashed.] Fig. 7 shows that the plastic hinge
length in the ALB mode is on the order of one to two times the
section depth. But the flaking pattern shown in Figs. 8(b and c)
indicates that the yield length is significantly longer for CB. There-
fore, the concept of plastic hinge length or the lumped plastic hinge
concept, strictly speaking may not apply for numerical modeling.

The flaking pattern of Specimen 1L in Fig. 8(c) is repeated in
Fig. 9, but with conditions in early stages of loading also shown.
Since LTB would produce warping stresses and that the brittle
whitewash (or mill scale) was easier to flake off under compression,
the compressive stresses or strains across the width of the flange
were not uniform. Therefore, the end of the yielded zone as indi-
cated by flaking showed a sloped pattern as shown by the dashed

East End nEtseWllarevO d

N 

N N 

N N N 

Gauge 1 

Gauge 2 

N N N 

(a)

(b)

(c)

Fig. 8. Buckling sequence of CBmode: (a) single-curvature bending ofW24 × 84 columnwithCa ¼ 0.2 (Specimen 27L); (b) single-curvature bending
of W18 × 130 column with Ca ¼ 0.4 (Specimen 16M); and (c) reserve-curvature bending of W24 × 176 column with Ca ¼ 0.2 (Specimen 1L).
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line in Fig. 9(a). This visual feature would assist an experimentalist
to identify if CB is likely to occur in the early stage of loading.

The phenomenon mentioned previously can also be confirmed
by the readings of a pair of strain gages installed near the free edges
of one flange of Specimen 16L [see Fig. 8(b)]. These gages were
oriented in the longitudinal direction on the column. To demon-
strate the effect of warping stresses, strains at both edges are plotted
against each other in Fig. 10. Both strains were initially the same in
sign and magnitude (data points move along the 1∶1 or 45° line),
indicating a uniform bending stress distribution across the flange
width due to in-plane bending of the specimen. Tendency of LTB
then can be observed in the plot as the data points started to deviate
from the 1∶1 line, which initiated at SDA ¼ 0.015 rad.

Local buckling observed in the CB mode requires clarification.
Refer to Fig. 11(a) for the local buckling of Specimen 16M, which
exhibits one half-wave local buckle in either the top or bottom
half-width flange (of the same flange), not both like the SFB or
ALB pattern. Therefore, this type of flange local buckling should
not be confused with the conventional local buckling as in SFB or
ALB mode. Instead, it was triggered by LTB, which induces non-
uniform stress distribution across the flange width because each
flange bends about its strong axis (explained in the following para-
graph). That is, shown in Fig. 11 is the LTB-induced flange local
buckling.

CB can be further subdivided into two cases: single and reverse
curvature bending modes; Figs. 8(a and b) refer to the former case,
while Fig. 8(c) refers to the latter case. The terms single curvature
and reverse curvature refer to the overall deformed profile. Of the
17 specimens listed in Table 1 that experienced CB, Specimens 1L,
4L, 21M-NF, 22L, and 26L-VAM deformed into reverse curvature.

When CB develops, especially when LTB dominates the re-
sponse, it was explained earlier that it is not uncommon to see
symmetric-type FLB at member ends like that shown in Fig. 11.
This type of local buckling may also occur at the mid-span of
the column where the curvature is high. This FLB mode is triggered
by significant weak-axis (i.e., out-of-plane bending) when CB
develops. Therefore, this local buckling mode is not SFB presented
earlier.

Interaction of Web and Flange Local Buckling

Although flanges and web in an I-shaped section will interact
upon local buckling to maintain compatibility at the section level,
both AISC 341 (AISC 2016a) and AISC 360 (AISC 2016b) tradi-
tionally treat FLB and WLB as independent limit states to simplify
the design process (Seif and Schafer 2010). This is the case for
FLB of wide-flange beams in AISC 360, with the exception that,
based on Johnson (1986), the interaction between FLB andWLB of
built-up I-shaped sections is explicitly considered by using a factor
kc when the flange is classified as slender, i.e., FLB in the elastic
range.

Specimens 2L-P and 2L in Table 1 are two nominally identical
specimens, the only difference being that 2L-P was monotonically
loaded while 2P was tested cyclically. Fig. 12 shows the drastic
difference in the deformed shape. For a flexural member under
monotonic loading, Fig. 13(a) shows schematically the deformed
cross section, where the tensile flange would help to stabilize the
web. (The direction of the tilt of the compressive flange is depen-
dent on the initial distortion or imperfection at the section level.)
Under cyclic loading, however, both flanges would experience lo-
cal buckling alternatively. When one flange buckles inelastically,
the buckled deformation will not be restored completely under load
reversal. This residual (or plastic) deformation then serves as the

Fig. 9. Nonuniform (or sloped) flaking of whitewash at west end (Specimen 16M with W18 × 130 Section, Ca ¼ 0.4): (a) SDA ¼ 0.015 rad;
(b) SDA ¼ 0.02 rad; and (c) SDA ¼ 0.03 rad.

Fig. 10. Nonuniform strain profile across one flange width.

Fig. 11. LTB-induced flange local buckling (Specimen 16M):
(a) northwest flange; and (b) west end.
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initial geometric imperfection for the subsequent cycles. The result-
ing deformation of the cross section then becomes like that shown
in Fig. 13(b).

The flange-web interaction was obvious from testing of deep
wide-flange columns. Based on the results from both AISC and
NIST programs, it was presented earlier that three governing buck-
ling modes (SFB, ALB, and CB) were observed. It is desirable to
develop a simple procedure to identify the governing buckling
mode. In an attempt to develop such procedure, it was found that
a parameter, ζ, originally derived by Han and Lee (2016) to mea-
sure the relative flexural stiffness between the flange and web, can
serve as an indicator to identify the governing cyclic buckling mode
when some adjustment is made to this parameter.

Monotonic Loading

Han and Lee (2016) used the mixed variational formulation to
study the effect of web restraint on elastic FLB of I-shaped beams
under monotonic loading. To compute the elastic buckling stress of
the flange, the restraining effect was measured by using a nondi-
mensional parameter, renamed as ζm herein, to express the relative
flexural stiffness ratio between the flange and web:

ζm ¼ Df=b

ζ̄m
ð5Þ

where ζ̄m = flexural stiffness of the web; Df=b = flexural stiff-
ness ratio of one-half flange; b ¼ bf=2, and Df (flange flexural
rigidity) is

Df ¼ Et3f
12ð1 − υ2Þ ð6Þ

The Poison ratio, υ, equals 0.3. See Fig. 14(a) for the half flange
width analyzed, where the dimension a represents the buckle
length.

Flexural Stiffness of Web under Monotonic Loading

The derivation of the flexural stiffness of the web, ζ̄m, follows.
Per the procedure of Han and Lee (2016) and assuming the com-
pressive flange buckles in a sine wave, a distributed moment,MðxÞ,
develops at the flange-web junction in the buckled zone; Fig. 14(b)
shows this moment applied to the full depth of the web; note the
edge between the web and tension flange is modeled as simply sup-
ported (S.S.). Solve the following governing equation of the web:

Fig. 12. Monotonic versus cyclic loading effect on local buckling
mode: (a) monotonic loading (Specimen 2L-P); and (b) cyclic loading
(Specimen 2L).

Fig. 13. Deformed cross section due to local buckling: (a) monotonic
loading; and (b) cyclic loading.

Fig. 14. Sinusoidal edge moment induced to beam web upon flange local buckling: (a) half flange model; (b) full web model for monotonic loading;
and (c) full web model for cyclic loading.
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Dw

�∂4ww

∂x4 þ 2
∂4ww

∂x2∂y2 þ
∂4ww

∂y4
�

¼ 0 ð7Þ

with the boundary conditions:

for x ¼ 0 and a∶ ww ¼ 0;
∂2ww

∂x2 ¼ 0 ð8aÞ

for y ¼ 0∶ww ¼ 0;
∂2ww

∂y2 ¼ 0 ð8bÞ

for y ¼ h∶ww ¼ 0;

−Dw

�∂2ww

∂y2 þ ν
∂2ww

∂x2
�
¼ MðxÞ ¼ Mf sin

πx
a

ð8cÞ

where

Dw ¼ Et3w
12ð1 − v2Þ ð9Þ

The general solution for Eq. (7) can be written as follows
(Timoshenko and Gere 1961; Salmon and Johnson 2009)

wwðx; yÞ ¼
X∞
n¼1

�
Ancosh

nπy
a

þ Bn
nπy
a

sinh
nπy
a

þ Cnsinh
nπy
a

þDn
nπy
a

cosh
nπy
a

�
sin

nπx
a

ð10Þ

where the integration constants, An;Bn;Cn;Dn are to be deter-
mined from the boundary conditions of the web. Applying the
boundary conditions in Eq. (8) gives the web transverse displace-
ment field, ww:

wwðx; yÞ ¼
1

2πcsinhðπcÞ
�
h2

Dw

��
cothðπcÞsinh

�
πc

y
h

�

− y
h
cosh

�
πc

y
h

��
MðxÞ ð11Þ

where c¼ h=a is the aspect ratio of the buckled web. Differentiat-
ing wwðx; yÞ once with respect to y and then setting y ¼ h, rotation
θðxÞ along the flange-web junction is obtained. Since the web re-
strains two half flanges in an I-shaped section, the web flexural
stiffness per unit length, ζ̄m, in Eq. (5) with respect to the half width
of the flange then can be computed from ðMðxÞ=2Þ=θðxÞ (Han and
Lee 2016). For cyclic loading, ζ̄m is renamed as ζ̄c because the
boundary condition is changed. The derivations of ζ̄c and the
buckle length, a, follow.

Flexural Stiffness of Web under Cyclic Loading

For local buckling under cyclic loading, the stabilizing effect pro-
vided by the tension flange in monotonic loading is overesti-
mated. Guided by the observation from testing like that shown
in Fig. 12(b), it is assumed that the buckled section bears the
configuration shown in Fig. 13(b). The distributed moment, MðxÞ,
is then applied at the web junctions to both flanges as shown in
Fig. 14(c). The boundary conditions then need to be modified as
follows:

for x ¼ 0 and a∶ww ¼ 0;
∂2ww

∂x2 ¼ 0 ð12aÞ

for y ¼ 0∶ww ¼ 0;

Dw

�∂2ww

∂y2 þ ν
∂2ww

∂x2
�
¼ −MðxÞ ¼ −Mf sin

πx
a

ð12bÞ

for y ¼ h∶ ww ¼ 0;

Dw

�∂2ww

∂y2 þ ν
∂2ww

∂x2
�
¼ MðxÞ ¼ Mf sin

πx
a

ð12cÞ

Repeating the same process gives the following solution for the
web transverse deflection:

wwðx; yÞ ¼
1

2πc

�
h2

Dw

��
y
h
coth

�
πh
2a

�
cosh

�
π
c
y
h

�
− y
h
sinh

�
π
c
y
h

�

− 1

2sinh2ðπh
2aÞ

sinh

�
π
c
y
h

��
MðxÞ ð13Þ

Differentiating Eq. (13) gives the rotations at both top and
bottom web-flange junction:

θðxÞ ¼ ∂ww

∂y
����
y¼h

¼ −h=Dw

2πcsinh2ðπc
2
Þ
�
πc
2

− sinh

�
πc
2

�
cosh

�
πc
2

��
MðxÞ ð14Þ

The web flexural stiffness per unit length along the web-flange
junction for the half flange then equals

ζ̄c ¼
1

2

MðxÞ
θðxÞ ¼ Cs

Dw

h
ð15Þ

where the coefficient Cs for cyclic loading is

Cs ¼
2ðπc

2
Þsinh2ðπc

2
Þ

sinhðπc
2
Þcoshðπc

2
Þ − πc

2

ð16Þ

Eq. (16) can be approximated by the following for ease of use:

Cs ≈ 2.24þ 1.82c ð17Þ

Fig. 15 shows that the error is small.
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Local Buckle Length

Recall that the coefficient c in Eqs. (16) or (17) is the aspect ratio of
the buckled web; thus, the buckle length, a, is needed. In the study
of Han and Lee (2016) for beams under monotonic loading, a total
of 35 I-shaped beams were analyzed. It was reported that the buckle
lengths were more or less stable and mostly less than 3b. Other than
using a conservative value of 3 as recommended by Han and Lee,
in this study a regression analysis of their data resulted in the fol-
lowing expression with a coefficient of correlation (R2) of 0.96:

a ¼ 1.3bf

ffiffiffiffiffi
tf
tw

r
ð18Þ

Eq. (17) then can be rewritten as follows:

Cs ¼ 2.24þ 1.82

�
h
a

�
¼ 2.24þ 1.4

�
h
bf

� ffiffiffiffiffi
tw
tf

s
ð19Þ

Fig. 16 shows sample local buckle length measurements. Table 2
summarizes the measured local buckle lengths of 21 deep column
specimens tested in the NIST test program. Like that indicated by
Lay and Galambos (1965), uncertainties existed in experimentally
determining the start and end points of the buckle length. With this
in mind, the measured lengths were compared with the predicted
values per Eq. (18). A graphic comparison in Fig. 17 shows that
Eq. (18) serves reasonably well for the prediction of local buckle
length.

ζc and Threshold Values for Buckling Classification

Parameter ζm in Eq. (5) is a measure of the relative flexural stiffness
between the flange and web of an I-shaped beam under monotonic
loading. The modified form of Eq. (5) for cyclic loading is

ζc ¼
Df=b

ζ̄c
¼ Dfh

CsDwb
¼ 1

Cs

�
tf
tw

�
2
�
λw

λf

�
ð20Þ

Substituting Eq. (19) into the preceding equation yields

ζc ¼

2
64

�
tf
tw

	
2

2.24þ 1.4
�

h
bf

	 ffiffiffi
tw
tf

q
3
75�λw

λf

�
ð21Þ

Referring to the right side of Eq. (21), define A and B as follows:

A ¼ λf
λw

ð22Þ

B ¼
�
tf
tw

	
2

2.24þ 1.4
�

h
bf

	 ffiffiffi
tw
tf

q ð23Þ

such that Eq. (21) is rewritten as

ζc ¼
B
A

ð24Þ

Variable A is a parameter that measures the relative compactness
ratio between the flange and web. Variable B is a function of the
relative thickness ratio between the flange and web, tf=tw, as well
as the section aspect ratio, h=bf. The two cross sections in Fig. 1
that have the same value of moment of inertia for strong-axis bend-
ing are used to illustrate the effect of the preceding three ratios.
Table 3 shows that the value of ζc for the deep W27 section is
2.72 times that for the shallow W14 section.

Values of A and B for the NIST specimens in Table 2 that were
tested with a fixed-fixed boundary condition and constant axial
compression were computed (see Table 4). In addition, twelve shal-
low columns (specimens with sections W14 × 370, W14 × 233,
W14 × 176, W14 × 132) from the AISC test program (Newell and
Uang 2008) that experienced the SFB mode were also included
in the analysis. Fig. 18 shows the distribution of these data in the
A − B domain; for each specimen, the observed buckling mode is
also shown. It is observed that two straight lines can be drawn to
separate the data with three distinct buckling modes. Since the
slope of each straight line corresponds to the ζc value per Eq. (24),
two thresholds ζc values based on the calibration of the test data are
2.0 and 4.0. That is, the governing cyclic buckling mode can be
predicted as follows:
1. Symmetric flange buckling (SFB):

ζc < 0.2 ð25aÞ

(a) (b) (c) (d)

Fig. 16.Measured buckle length: (a) specimen 2L (W24 × 131); (b) specimen 3L (W24 × 104); (c) specimen 17L (W18 × 76); and (d) specimen 24L
(W14 × 82).
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Fig. 15. Simplification of non-dimensional web stiffness factor, Cs.
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2. Anti-symmetric local buckling (ALB):

2.0 ≤ ζc < 4.0 ð25bÞ
3. Coupled buckling (CB):

ζc ≥ 4.0 ð25cÞ

Limitation of Proposed Classification Procedure

AISC 341 does not limit the member slenderness ratio, λL in
Eq. (1c) for first-story columns in SMF design. The λL values
for all the NIST specimens considered in this study are listed in
Table 1. Note that Group 5 specimens, which, failed by elastic
LTB without hinging, had the highest λL value (¼ 161.2). Accord-
ing to AISC 360, the limiting unbraced length for a flexural
member beyond with elastic LTB will occur is

Lr ¼ 1.95rts
E

0.7Fy

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Jc
Sxh0

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�

Jc
Sxh0

�
2

þ 6.76

�
0.7Fy

E

�
2

svuut
ð26Þ

See AISC 360 for the definition of individual terms. By using
the measured Fy for the flanges, the Lr=ry ratios for all specimens
are also provided in Table 1. Plotting all data in the λL versus Lr=ry
domain, Fig. 19 explains why Group 5 specimens failed in elastic

LTB. The length of all other NIST specimens that experienced
either ALB or CB did not exceed Lr. Therefore, the proposed
buckling classification procedure can be applied to column mem-
bers where the member length (i.e., first-story height) does not
exceed Lr.

Summary and Conclusions

Wide-flange columns are widely used in steel braced frames and
special moment frames for seismic resistance. While shallow and
stocky shapes are common for braced frames, design engineers pre-
fer to use deep shapes for the more flexible special moment frames
in recent years because these shapes, for their larger strong-axis

0 200 400 600 800 1000

0
20

0
60

0
10

00

Fig. 17. Comparison of local buckle lengths.

Table 3. Parameter comparison of two sections in Fig. 1

Shape h=bf λf=λw tf=tw A B ζc

W14 × 605 0.66 0.48 1.60 0.48 0.84 1.77
W27 × 258 1.67 0.17 1.81 0.17 0.80 4.82

Table 4. Threshold ζ values for NIST specimens

Group
No. Shape h=bf λf=λw tf=tw A B ζc

1 W24 × 176 1.75 0.17 1.79 0.17 0.78 4.68
2 W24 × 131 1.75 0.19 1.59 0.19 0.60 3.20
3 W24 × 104 1.77 0.20 1.50 0.20 0.53 2.68
4 W24 × 84 2.50 0.13 1.64 0.13 0.54 4.23
5 W24 × 55 3.22 0.13 1.28 0.13 0.26 2.06
12 W30 × 261 1.86 0.16 1.77 0.16 0.75 4.69
13 W30 × 173 1.88 0.17 1.63 0.17 0.62 3.59
14 W30 × 90 2.72 0.15 1.30 0.15 0.30 2.04
15 W18 × 192 1.47 0.20 1.82 0.20 0.88 4.51
16 W18 × 130 1.51 0.19 1.79 0.19 0.84 4.32
17 W18 × 76 1.53 0.21 1.60 0.21 0.65 3.03
22 W30 × 148 2.70 0.11 1.82 0.11 0.65 6.12
23 W18 × 60 2.22 0.14 1.67 0.14 0.60 4.29
24 W14 × 82 1.25 0.26 1.68 0.26 0.78 2.96
25 W14 × 53 1.56 0.20 1.78 0.20 0.82 4.15
26 W14 × 132 0.86 0.40 1.60 0.40 0.80 1.98

Fig. 18. Threshold ζ values for buckling classification.

Fig. 19. Global slenderness ratio of the NIST specimens versus global
slenderness limits.

Table 2. Measured versus calculated buckle lengths

Group
No. Section Specimen

Buckle length (mm)

Measured Eq. (18)

2 W24 × 131 2L 584 574
2M 559 574
2H 559 574

3 W24 × 104 3L 508 552
3M 610 552
3H 635 552

13 W30 × 173 13M 711 683
14 W30 × 90 14L 445 429
17 W18 × 76 17L 502 486
24 W14 × 82 24L 432 450
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moment of inertia, are more efficient to meet the stringent story
drift limits in building codes. Although columns in a special mo-
ment frame are required to meet the strong column-weak beam
requirement in order to remain essentially elastic, plastic hinging
at the column base is still expected.

Column buckling under cyclic loading is much more compli-
cated than that under monotonic loading. Based on a recent NIST-
sponsored research project on deep column response under axial
compression and cyclic drifts (Chansuk et al. 2021), it was ob-
served that these columns would experience two types of buckling
modes, one involving in-plane plastic hinging and the other one
also including lateral-torsional buckling in the out of plane. These
buckling modes are different from the local buckling pattern of
shallow and stocky columns observed from an AISC-sponsored
column research project (Newell and Uang 2008). Several buckling
modes of wide-flange columns have been observed not only from
these two projects but also by other researchers, yet no consistent
classification on the cyclic buckling modes has been established.
Sometimes, the same buckling mode may be interpreted by differ-
ent researchers in different ways, which causes confusion.

The classification proposed in this paper includes symmetric
flange buckling (SFB), antisymmetric local buckling (ALB), and
coupled buckling (CB). The first one mainly occurs in columns
with shallow and stocky sections, while the remaining two mainly
occur in columns with deep sections. Subsets of each buckling
mode are also presented.

Building upon a prior study on monotonic loading (Han and Lee
2016) and after considering the effect of cyclic loading, a param-
eter, ζc in Eq. (24) that measures the relative rotational restraint the
web provides to the flanges, can be used to separate three buckling
modes observed from both the NIST and AISC test programs. After
calibrating this parameter against the test data, this criterion is
presented in Eq. (25).
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