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ABSTRACT

AISC Specification Chapter F characterizes the flange local buckling (FLB) strength of I-section members having a slender compression
flange as the theoretical elastic plate local buckling resistance, ignoring beneficial local post-buckling strength. Previous research has
shown that this results in highly conservative strength predictions for slender-flange members. Additionally, potential interaction between
local and global lateral-torsional buckling modes is not considered in the AISC Specification. These aspects can be important in applications
involving the use of slender-flange members. This paper investigates a number of potential methodologies to account for local post-buckling
strength as well as local-global buckling interaction in beams having slender flanges. A parametric finite element analysis (FEA) study is
conducted considering a range of I-section members. The strength predictions from the proposed methodologies and the AISC Specifica-
tion are evaluated against the FEA results as well as against a database of measured strengths from previous experimental tests of I-section
beams governed by FLB. Recommendations are provided focusing on simplicity of the calculations and the efficacy of their predictions.

Keywords: flange local buckling, lateral-torsional buckling, local-global buckling interaction, plate effective width.

INTRODUCTION

he AISC Specification for Structural Steel Buildings

(AISC, 2016), hereafter referred to as the AISC Speci-
fication, idealizes the strength of slender-flange I-section
beams as the theoretical elastic plate local bucking resis-
tance. This handling of slender-flange members fails to
recognize the flange local post-buckling reserve strength
and tends to give very conservative predictions as the com-
pression flange becomes more slender. This conservatism
is evident from experimental tests documented by White
and Jung (2008) and White and Kim (2008). In addition,
analytical studies by Seif (2010), Seif and Schafer (2010),
Togay (2018), Togay and White (2018), Gerard (2020), and
Latif (2020) reveal the presence of significant local post-
buckling capacity of slender-flange, I-section members
loaded in flexure.

One application of slender flanges is in metal building
design where it is common to use constant-width flanges
while stepping the flange thicknesses, tapering the web
depths, and/or stepping the web thicknesses to achieve

Wajahat Latif, Research Affiliate, School of Civil and Environmental Engineer-
ing, Georgia Institute of Technology, Atlanta, Ga. Email: wajahatlatif@hotmail
.com

Donald W. White, Professor, School of Civil and Environmental Engineering,
Georgia Institute of Technology, Atlanta, Ga. Email: dwhite@ce.gatech.edu
(corresponding)

Paper No. 2021-05

ISSN 0013-8029

design economy. In these types of structures, slender com-
pression flanges can be economical in areas of low bending
moment demand. Moreover, as the use of higher strength
steels becomes more common, a greater number of cases
will classify as having slender flanges since the noncompact-
flange limit, A,, becomes smaller. These aspects of design
practice provide the impetus for development of a more
accurate FLB strength characterization recognizing the
local post-buckling strength of slender flanges.

As the compression flange becomes more slender, the
flange local buckling response may have a significant influ-
ence on the global lateral-torsional buckling (LTB) strength
of the member, due to local-global buckling interaction.
The AISC Specification does not address this interac-
tion. It is assumed implicitly that the flange local buckling
(FLB) predictions for slender flanges are sufficiently con-
servative such that local-global strength interaction can be
neglected. With the development of an improved procedure
for predicting the FLB strength of slender-flange members
accounting for post-buckling resistance, it may be impor-
tant to address potential local-global interaction. Early
experimental research by Cherry (1960) indicated the pres-
ence of significant local-global interaction in thin flange
members. More recent analytical studies by Gerard (2020)
and Latif (2020) have also shown this behavior.

This paper considers several methodologies for improved
prediction of the flexural resistance of slender-flange I-section
members accounting for local post-buckling strength and
local—global buckling interaction. The procedures are evalu-
ated using nonlinear shell finite element analysis as well as
by comparison to previous experimental results.
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METHODOLOGIES STUDIED

This section outlines five methodologies studied to char-
acterize the post-buckling strength and local-global buck-
ling interaction in slender-flange members. Representative
FLB strength curves from these methodologies, and from
the AISC Specification, are presented in Figure 1. Figures 2
and 3 outline the FLB and LTB calculations, respectively,
for each approach via flowcharts employing a unified for-
mat to simplify the process of understanding their logical
flow. The reader should note that the AISC Specification
approach in these figures is shown in the form employed
within the AISC/MBMA Design Guide 25 (White et al.,
2021), which combines AISC Specification Section F4 and
F5 provisions into one set of calculations. For instance,
using the combined Section F4 and F5 provisions, R, is
taken equal to 1.0 for compact- and noncompact-web mem-
bers. The reader is referred to AISC Specification Sections
F4 and F5 for the equations corresponding to R, and R,,..

Effective Width Methods

The unified effective width method, developed by Pekoz
(1986), recognizes that slender plate elements are not able
to develop full yielding on their gross cross section at their
ultimate strength. These elements undergo local buckling,
resulting in a loss of stiffness and redistribution of stresses.
A plate element subjected to a given member critical com-
pressive stress, F,, is effective for only a portion of its full
width. This effective width is given by the AISC Specifica-
tion Equations E7-2 and E7-3, which may be written as the
single equation

b, = min |:be (l -0.22 11;:31 ) f%, bf{| (1a)
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This equation is commonly referred to as Winter’s (1970)
curve. In the application of Equation la, the flange elastic
local buckling stress may be written as
0.9Ek,

A7

Fo = (1b)

in which k. is a flange local buckling coefficient and Ay
is the flange slenderness b;/2f;. The calculation of the
member strength using the compression flange effective
width obtained from Equation la inherently recognizes
the post-buckling capacity of slender flange elements.
Four approaches are considered in this research that uti-
lize Winter’s curve to define member FLB strengths. These
approaches are denoted by the abbreviations EW, EW,,
EW-LG, and REWf,, where EW, REW, and LG stand for
“effective width,” “refined effective width,” and “local—
global interaction,” respectively.

In these approaches, the noncompact-flange limit is
given by k,j;new =0.64./k. E/F, as recommended by
Schafer et al. (2020), instead of AISC Specification
Mpaisc =0.95k. E/F, (with F; taken equal to 0.7F, for
doubly symmetric sections). The limit K,f alsc 1s tied to the
anchor point at 0.7M,. on the AISC Specification theoretical
elastic FLB strength curve. Conversely, the limit Az, is
tied to a point on Winter’s curve, where the effective width
of the compression flange reaches the full gross width, by.
Therefore, M,, = R,;M,. at Ay = Ayf ey, Where Ry, = 1 for
compact- and noncompact-web members. For kf > k,fngw,
the strengths are defined by using Equation la for the com-
pression flange effective width.

Based on recent research, several improvements to the
LTB strength and noncompact-web slenderness limit, A,
characterizations are incorporated in all the effective width
methodologies considered in this paper:

Refined effective width method (REWg)

Effective width method
(EW, EWg, EW-LG)

_——

— —

\\_f’—':Simplified AISC

AISC (2016)

7"pf 7"rf.new }brf.AISC

s

Fig. 1. Illustration of FLB curves based on the approaches studied.
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For REW,, :
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M, and R, correspond to b, from Equation 1a,
where F, = (M 175 / Sy.) < F,, for EW and EW-LG
and F,, = F,,, for EW, and REW,.

Equations for the gross-section LTB resistance (M,,,,;)

are provided in the flowchart of the LTB calculations.

Fig. 2. FLB calculations for I-section beams for all methodologies.

ENGINEERING JOURNAL / SECOND QUARTER /2022 / 115



"exact" expression

= bfc

7=

t
1 B Lt
d 6b,t, hd

1

E
F

ye

L <L, =mnt

©

Yes (compact

(10)

No (noncompact or
slender unbraced length)

(compact or
noncompact

unbraced length)
1,
If2£<023or ﬁ >150
MngL]b‘ :Rpngc ye ay [y L
Take J =0

L,<L (14) @

_For the AISC Specification and Simplified AISC - T approaches, 7= 1.1

For EW, EWg, EW-LG, REWp, and Simplified AISC - II, » = 0.8. However, for cases having
negligible restraint of warping and/or flange lateral bending at the ends of the unbraced length, or
where end restraint effects are directly accounted for via an effective length factor or an associated
lateral-torsional buckling analysis, use 0.63 instead of 0.8.

E.-S

Mxe

O L =195,

J
—t
J S,

L

and
No

web)

Slender web?

Yes (noncompact

2
\/[LJ +6,76( 4
S h, ES

M, =05M  forEW,EW,,
and Simplified AISC- 1I approaches.

L

Q@
xe

JL 12

Note: M, =0.7M . for the AISC Specification
and Simplified AISC - I approaches,

EW-LG, REW,,

Yes (J=0)

Yes (noncompact No (slender unbraced length) No (slender
unbraced length) braced length
unbraced length) unbraced length)
e 2 C,R TES, ,
Mg = = E?ﬂ 1+0.078 vJ L <RM, (5) M, = hmiz <R.M, (16)
I, S.h\r ’ (&}
7 7

~ Lh
MngLTb‘ =G, sz,MyL' - (Rlchyc _ML) T

i r

P

; H <R M, (17)

M,y =C,R,, {M ~ (M, ML)[L

b ?

— H<Rngw (18)

r

v

M. corresponds to b, from Equation (1a)
where I, = (M grn / Sie) < Fye

Otherwise, M. =M,

For AISC Specification, EW, EWy,
M, n(LTB) — M, ngLTB (1 9)

For EW-LG:

Moo Ryge

M, n(LTB) — M, ngLTB

(20)

ye g

REWry, and Simplified AISC I and IT:

Fig. 3. LTB calculations for I-section beams for all methodologies.
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a. Consistent with the recommendations proposed in
Subramanian et al. (2018), the compact unbraced
length limit, L, is taken as 0.63r;/E/F,. Subramanian
et al. recommend this limit for cases having negligible
warping and flange lateral bending restraint at the ends of
unbraced length and for cases where end restraint effects
are directly accounted for in the resistance calculations.

b. The maximum moment level above which the char-
acterization of the strength by theoretical elastic LTB is
no longer sufficient, due to residual stresses, geometric
imperfections, and second-order flange lateral bending
effects, is taken as M; = 0.5M,. as recommended by
Subramanian et al. (2018) rather than the value used in
the AISC Specification (0.7F,S,. for doubly symmetric
sections).

c. Based on the recommendations by Subramanian and
White (2017b, 2017d), the noncompact-web slender-
ness limit is taken as A, :C,WJE/F},, where ¢, =
max |min(5.7, 3.1+5/a,,), 4.6 |. This modification influ-
ences both the LTB and the FLB strength estimates.

The different effective width approaches may be distin-
guished as follows.

EW Approach

In the EW approach, the FLB strength of slender-flange
members is characterized based on the effective section
properties obtained from Equation la using the global
buckling stress F, = (MngLTB/ch < Fye), where M,o1 7p is the
global LTB strength. The LTB strength calculations in this
procedure are based on the gross cross section.

EWygy, Approach

This approach is similar to the EW approach except that
the effective width of the slender flange is calculated at the
yield strength (i.e., F¢, is taken equal to F) in Equation la).

EW-LG Approach

This approach addresses the FLB strength calculations in a
similar manner to the EW approach. However, in addition,
the global LTB strength is calculated using the effective
section properties to account for a loss in member global
buckling capacity resulting from local buckling. That is,
an effort is made to directly characterize and account for
local-global buckling interaction. The effective width is
calculated based on F_, = (MngLTB/ch <F,.), where M, rpis
the global LTB strength based on gross section properties.

Refined Effective Width Method (REWr,)

This procedure is a form of the effective width approach,
modified such that the Winter’s curve characterizing the
strength of slender flanges starts at a plateau resistance,
M,,qy, larger than M,. for members with noncompact or
compact webs, as illustrated in Figure 1. The critical stress,
F., in Equation la is taken equal to the yield stress, Fy. Fur-
thermore, a curve-fitting variable, Ry, is introduced in the
FLB strength curve based on FEA results discussed later.
The LTB strength calculations are based on gross cross-
section properties.

Simplified AISC Method

A simplified procedure is proposed that uses a straightfor-
ward modification of the AISC Specification FLB strength
curve to provide an accurate to conservative characteriza-
tion of the significant local post-buckling resistance of
I-section member compression flanges with by/2t values
approaching or exceeding the noncompact slenderness
limit, A,raisc = 0.95,/k E/Fy, where F is taken equal to
0.7Fyc. In this procedure, the ordinate of the flange local
buckling resistance is increased from 0.7M,. to 0.75M,, at
k,f.A,SC. Furthermore, the noncompact-flange local buck-
ling equation is extended to members with slender compres-
sion flanges as a streamlined conservative characterization
of the flange post-local buckling strength for these member
types. This approach is a simplification of an approach rec-
ommended by Togay (2018) and Togay and White (2018),
where the second anchor point on the noncompact-flange
FLB curve, at the noncompact-flange limit, was defined as
the point on Winter’s curve at krf. AISC.

Using this procedure for the FLB assessment, the fol-
lowing two calculations are considered depending on the
handling of the LTB strength and the noncompact-web
slenderness limit.

Simplified AISC~1

In this procedure, the LTB strength and the noncompact-
web slenderness limit calculations are employed as defined
in the AISC Specification.

Simplified AISC-II

In this procedure, the recommended LTB strength and
noncompact-web slenderness limit calculations outlined in
Section 2.1, from Subramanian et al. (2018) and Subrama-
nian and White (2017b, 2017d), are employed.
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Table 1. Test Members for FEA Studies Focused on
Evaluating Flange Post-Buckling Resistance
(bf=9in., h=28in., L, =25 in., Fy = 55 ksi)
Test Category Test Name by/2t; h/t,
SW-7 7 149
SW-9 9 149
Slender-web SW-11 1L 149
members SW-13 13 149
SW-15 15 149
SW-18 18 149
NCW-7 7 93.3
NCW-9 9 93.3
Noncompact-web NCW-11 1l 93.3
members NCW-13 13 93.3
NCW-15 15 93.3
NCW-18 18 93.3
Cw-7 7 70.0
CWwW-9 9 70.0
Compact-web CW-11 1 70.0
members Cw-13 13 70.0
CW-15 15 70.0
CW-18 18 70.0
FEA STUDIES the web and flange slenderness values of the members. SW,

The FEA studies in this research focus on doubly symmet-
ric I-section members. All the test members have homog-
enous material properties and a single unbraced length,
braced against out-of-plane lateral deflection and twisting
at the member ends. Multipoint constraints are implemented
that enforce Vlasov kinematics at the member ends (plane
sections remain plane except for warping of the flanges)
as described by Kim (2010). The study is divided into two
main investigations as detailed in the following sections.

Characterization of the FLB Limit State

The first FEA study is designed to evaluate the FLB resis-
tances in the absence of significant LTB slenderness effects.
The unbraced length of these members is held constant at
(Ly=251n.) < L, to ensure plateau strength LTB conditions.
The calculated L, values for the sections studied range from
26.8 to 34.8 in. The flange and web thicknesses are varied to
study a range of flange slenderness values for compact-web,
noncompact-web, and slender-web sections. All the mem-
bers have an assumed yield strength of 60 ksi (representa-
tive of typical measured yield strengths for Grade 55 steels)
and are subjected to uniform moment. Table 1 outlines the
members considered. The test names are selected to reflect
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NCW, and CW denote “slender,” “noncompact,” and “com-
pact webs,” respectively, while the number at the end of the
name is the flange slenderness value, by/2t;.

Investigation of Local-Global Buckling Interaction

The following additional FEA test simulations are con-
ducted to evaluate member cross sections and lengths
potentially most susceptible to local-global buckling inter-
action. The targeted test members are classified into six
cases as outlined in Table 2.

A flange slenderness of by/2t;= 18 is selected for all the
members in the local-global buckling interaction study.
This is the upper limit of allowable flange slenderness
recommended by AISC Design Guide 25 (White et al.,
2021) and represents a relatively thin flange case. The post-
buckling deformations of these flanges are expected to have
significant potential impact on the global buckling strength.
The slender-web sections studied have relatively deep webs
compared to the compact-web sections, which have rela-
tively shallow webs. The shallower webs are selected to
evaluate situations where the strength may be more sensi-
tive to the FLB behavior. This is because the elastic proper-
ties of these sections, such as the moment of inertia, have a



Table 2. Test Cases for Study of Potential Local-Global Buckling Interaction
(bs =9 in. and bs/2t;= 18 in.)
Case Description Test Names h/tw h
1 Slgnder flange-slender Webz UM-Lb#-SF-SW-60 149 o8
uniform moment, F, = 60 ksi
5 Slgnder flange-slender web,. UM-Lb#-SF-SW-100 149 o8
uniform moment, F, = 100 ksi
3 Slepder flange—compact wep, UM-Lb#-SF-CW-60 36.0 9
uniform moment F, = 60 ksi
4 ST ETE=EemPEE: T, UM-Lb#-SF-CW-100 36.0 9
uniform moment F, = 100 ksi
Slender flange—slender web, ) QF.QWL
5 moment gradient, F,, = 60 ksi MG-Lb#-SF-SW-60 149 28
Slender flange—slender web, B e
& moment gradient, F, = 100 ksi IEHEE el e e

smaller contribution from the web. A number of beams are
subjected to a linearly varying moment (maximum moment
at one end of the unbraced length and zero moment at the
other end) in this study, in addition to specimens subjected
to uniform bending.

The unbraced lengths for each section type are varied
to investigate local-global buckling interaction. The nota-
tion for the test names is selected to uniquely define each
member. For example, test member UM-LB85-SF-SW-60
indicates a member subjected to uniform moment with an
unbraced length of 85 in, slender flanges, a slender web and
F, =60 ksi. The notations MG and CW appearing in the test
names in Table 2 stand for “moment gradient” and “com-
pact web,” respectively.

FINITE ELEMENT MODELING PARAMETERS

Element Type and FEA Discretization

The webs and flanges of the members are modeled using
the S4R element in ABAQUS (Simulia, 2013), which is a
four-node, quadrilateral, large-strain shell element. The
members are evaluated using full, nonlinear finite element
analysis, including material and geometric nonlinearity.
The mesh density corresponds to 12 elements across the
flange width and 30 elements through the web depth for the
28-in. deep web members. For the 9-in. deep web members
studied, 12 elements are employed through the web depth.
These relatively dense meshes perform well in terms of
convergence of the finite element solution and are selected
based on the mesh discretization studies by Subramanian
(2015). The number of elements along the length is calcu-
lated such that the aspect ratio of each element is approxi-
mately 1.0 within the web.

Material Properties

The test members are modeled using a J2 plasticity model
with isotropic hardening. All test sections have homogenous
material properties corresponding to either F, = 60 ksi or
F, =100 ksi, depending on the test case being studied. The
modulus of elasticity, E, is taken as 29,500 ksi, which rep-
resents a common mean value for structural steels. For the
Grade 60 steels, intended to be representative of the actual
yield strength in typical metal building frame members fab-
ricated with Grade 55 steels, the post-elastic stress-strain
response is modeled with a tangent stiffness of £/1000 up to
a strain-hardening strain value of 10 times the yield strain,
€,. The strain-hardening modulus is idealized as E/50 after
this point. This is a common representation of the stress-
strain response of ordinary structural steels (ASCE, 1971)
and is adequate for the test simulations under consideration
since the strain levels observed exceed the strain hardening
strain by a minor amount and only within localized regions
in these studies. For the Grade 100 steels, F, is modeled
directly as 100 ksi, and a constant post-elastic tangent stiff-
ness of E/1000 is employed without any characterization
of strain hardening. This provides a representation of the
stress-strain response for some of these types of steels,
such as the plates employed in the girder tests by Fahne-
stock and Sause (1998). Some high-strength steels do not
exhibit a sharp yield response. This potential attribute is not
addressed in this research.

Residual Stresses

The best-fit Prawel residual stress pattern used previously
by Kim (2010) and Subramanian (2015) has been adopted
for these studies. The residual stress values are halved
based on the recommendations for LTB tests by Subrama-
nian and White (2017a, 2017b, 2017¢c) to correlate with the
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mean results from experimental tests. Additionally, the web
residual stresses are taken equal to zero. This is a reasonable
approximation for the slender web A/t,, values studied since
the slender webs would buckle prior to reaching the base
value for the web compressive residual stresses defined in
the best-fit Prawel pattern. For the members with compact
webs, the web can sustain these compressive stresses; how-
ever, the residual stresses in the web have a minor impact
on the member response in these cases. The residual stress
pattern employed for all the studies is illustrated in the left
diagram in Figure 4. In addition, the test cases in Table 1
are simulated using the full best-fit Prawel residual stress
pattern, including residual stresses in the web. The full
residual stress pattern is shown in the right-hand diagram
in Figure 4.

Geometric Imperfections

Three types of geometric imperfections—namely, flange
tilt, web out-of-flatness, and flange sweep—are considered.
The flange tilt and web out-of-flatness patterns are obtained
by executing an elastic eigenvalue buckling analysis of the
test member subjected to uniform axial compressive stress,
and in which the web-flange juncture locations are continu-
ously constrained against lateral displacement.

The flange tilt in the buckling mode obtained for the
flanges is scaled to one-half of the tolerance recommended
in CEN (2006) and the out-of-flatness in the buckling mode

bs/3 bs/6 b:/3

for the web is scaled to one-half of the tolerance value in the
Metal Building Systems Manual (MBMA, 2012). Recent
research (Subramanian and White, 2017a) has shown that
geometric imperfections of one-half typical specified toler-
ance values provide close correlation with the mean pre-
dictions from experimental LTB results. These one-half
tolerance values are shown in Figure 5.

A flange sweep equal to approximately one-half of the
value noted in AWS (2020) is applied at the web-compression
flange juncture as shown in Figure 6. The tension flange is
held straight when generating this imperfection.

In addition to these recommended one-half tolerance val-
ues, the test cases in Table 1 are also simulated with the
full geometric imperfections. It should be noted that the
full flange tilt imperfection from CEN (2006) is approxi-
mately 40% of the corresponding more restrictive value of
the flange tilt tolerances from MBMA (2012), and the full
flange sweep tolerance from AWS (2020) is approximately
one-half the corresponding general member flange sweep
tolerance in MBMA (2012).

RESULTS AND DISCUSSION

Characterization of the FLB Limit State

Figures 7 through 9 compare the FEA results for the test
cases outlined in Table 1 with the strength predictions
from the methodologies listed earlier for the slender-,

bs/3 b/6 b/3

f=005F, | | fi=0.25F, r=010f, [ | f,= 0.50F,
[ =" ] [fr=0125F, (= <] [t=02sF,
h/10] | 17X h/20

[

L~

0.8h

hf10] [————= = n/20

TR

min(0.176 F,,

L

~

0.8Fs)

Fig. 4. Half residual stress pattern (left) and full residual stress pattern,
including web stresses (right) employed in finite element analysis simulation studies.
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noncompact-, and compact-web test members, respectively.
In these plots, FEA(H) denotes FEA simulation results
using the half residual stress and half geometric imperfec-
tion patterns, while FEA(F) denotes results using the full
residual stress and full geometric imperfection patterns.
Because the strength of all these members is governed by
FLB, the EW and EW-LG procedures give the same predic-
tions. Also, the critical stress, F,, is equal to F) for these
noncompact- and compact-web members, while it is very
close to F), for the slender-web members (M,,,; 75 is reduced
slightly below the yield moment by the strength reduction
factor Ry, for the slender-web sections). For this reason, the
predictions by the EWr, method are either equal to, or very
close to, the EW and EW-LG predictions (i.e., the curves
are indistinguishable even in cases where there are small
differences). Therefore, the strength predictions by the EW,
EW-LG, and EWf, methods are simply referred as EW in
the plots. Similarly, the simplified AISC-I and AISC-II cal-
culations are shown by a single strength curve, labeled as
Simplified AISC, since these procedures only differ in their
treatment of the LTB strength calculations (which do not
govern for these test cases).

It is evident from these plots that the AISC Specification
procedure gives highly conservative predictions compared

br. /200

-~

-~

\

to both the FEA(H) and FEA(F) results as the flange slen-
derness increases. This conservatism at high flange slen-
derness values is reduced by the use of the Simplified AISC
curve. The EW curve consistently gives good correlation
with the FEA(F) results for all three plots at the larger
flange slenderness values, while the REWp, curve gives
slightly conservative to accurate predictions for FEA(H)
tests but significantly overestimates the FEA(F) strengths
for the noncompact- and compact-web cases. However, for
the noncompact- and compact-web cases, the EW curve
suggests a rapid decrease in the strength when the flange
slenderness is varied between the compact and noncompact
limits. This rapid drop in the predicted capacity is an attri-
bute of the EW approach and is not representative of physi-
cal or FEA simulation test data. Conversely, for slender-web
members, the FLB strength curve does not have any
noncompact-flange region in the EW calculations. That is,
in the EW procedures, the start of the FLB strength reduc-
tion on Winter’s curve corresponds to the plateau strength,
R, M,.. The REW, procedure uses a curve fitting variable,
Ry, to achieve more accurate predictions of the FEA(H) sim-
ulation results for the compact- and noncompact-web mem-
bers. The difference between the strength predictions by
the FEA(F) and FEA(H) solutions provides an indication of

h/144 bre

-

—

Fig. 5. Recommended one-half tolerance web out-of-flatness and flange tilt imperfections.

—_——
—_

Fig. 6. Recommended one-half tolerance flange sweep imperfection.
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Fig. 7. Comparison of strength predictions by FEA simulations and
different methodologies versus flange slenderness for slender-web members.
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Fig. 8. Comparison of strength predictions by FEA simulations and
different methodologies versus flange slenderness for noncompact-web members.
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the sensitivity to variations in the residual stresses and geo-
metric imperfections that might be experienced in physical
members.

It is noted that the FEA results do not attain the plateau
strength, R,.M,. for the compact-flange members corre-
sponding to the smaller by/2¢ values in Figures 8 and 9.
However, the available experimental data (White and Jung,
2008; White and Kim, 2008), summarized earlier, indicates
that the FLB plateau strengths are indeed achieved at the
defined compact-flange limits.

Investigation of Local-Global Buckling Interaction

The results for test cases 1 to 6 (Table 2) are shown in Fig-
ures 10 through 15. These are plotted as the professional
bias factor, Mpgs/M,, where Mpg, is the strength deter-
mined from the FEA simulation and M,, corresponds to the
strength predicted by any of the six procedures being evalu-
ated. The solid markers along the respective curves denote
the instances where the LTB equations govern, while the
hollow markers indicate the cases where the FLB equations
govern. Table 3 provides overall summary statistics for the
professional bias factor, Mpgs/M,, of all the methods for
these six test cases, all having by/2t,= 18.

The AISC Specification procedure tends to give the
greatest conservatism and the largest dispersion of the
predictions of all the methods (mean Myg4/M,, of 2.56 and
COV = 0.31 for all the conducted tests). The Simplified
AISC-I approach mitigates this conservatism for both 60 ksi
and 100 ksi members. However, as illustrated by Figures 10,
12, and 13, both the AISC Specification and Simplified

11

M, /Mp

AISC-I procedures exhibit Mpz4/M,, values less than 1.0 in
certain tests. These tests correspond to members where the
strength predictions are governed by the AISC Specifica-
tion LTB calculations. These predictions are improved by
using the recommended LTB and web noncompact limit,
Arw, calculations in the Simplified AISC-IT method.

All the other methods aim to capture the post-buckling
strength of the slender compression flange by using an
effective width approach. The EW procedure performs
well for the cases with F,= 60 ksi; however, these predic-
tions tend to be unconservative for 100-ksi members (mean
Mpggs /M, =0.97 and minimum Mgz, /M, = 0.84). This is due
to a lack of accounting for local—global interaction because
the LTB calculations are based on the gross cross-section
properties. In contrast, the EW-LG procedure provides con-
servative predictions on average (mean Mpg4/M, = 1.17 for
all of the tests) and has the smallest dispersion of all the meth-
ods considering all of the tests (maximum Mpg4/M,, = 1.33,
minimum Mggs/M, = 0.94, and a COV of 0.07). The dif-
ferences between the EW and EW-LG predictions shows
that the 100-ksi members studied are more susceptible to
local-global buckling interaction than the 60-ksi members.

The strength predictions by the EWp, and REW, pro-
cedures overlap for all the slender-web members, where
Rf= 1.0, and for all the tests governed by LTB because
the LTB strength calculations are the same for both of
these methods. Similar to the EW procedure, the EWp,
and REWf, methods perform well for members with
F, =60 ksi; however, the predictions tend to be unconserva-
tive for 100-ksi members at certain unbraced lengths due

® FEA(H)
= = Simplified AISC

A FEA(F)
- - EW

13 15 17 19

br/2t

AISC Specification
=+ = REW,

Fig. 9. Comparison of strength predictions by FEA simulations and
different methodologies with flange slenderness for compact-web members.
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members subjected to uniform moment loading, Fy = 60 ksi).
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sections under a linearly varying moment, Fy = 100 ksi).
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Table 3. Statistics for Local-Global Buckling Interaction Test Cases
AISC Simplified Simplified EWj, and
Category | Statistics | Specification AISC-I AISC-II EW EW-LG REWE,
Maximum 2.56 1.71 1.73 1.19 1.33 1.21
Minimum 0.93 0.85 0.90 0.84 0.94 0.84
All tests
Average 1.54 1.17 1.19 1.01 117 1.03
cov 0.31 0.19 0.19 0.10 0.07 0.09
Maximum 1.71 1.29 1.31 1.16 1.28 1.18
TeS;S With | Minimum 0.93 0.91 0.94 0.94 0.94 0.94
60ksi | Average 1.35 1.10 1.13 1.04 117 1.06
cov 0.22 0.12 0.11 0.07 0.07 0.07
Maximum 256 1.71 1.73 1.19 1.33 1.21
Teslf_s X""‘h Minimum 1.00 0.85 0.90 0.84 0.94 0.84
100Ksi | Average 1.74 1.25 1.26 0.97 1.18 1.00
cov 0.32 0.22 0.22 0.11 0.06 0.11
Maximum 1.32 1.08 1.08 1.08 1.23 1.08
Tests with [ \jinimum 0.93 0.85 0.90 0.85 1.05 0.86
a compact
web Average 1.06 0.98 1.01 1.00 1.14 1.00
cov 0.09 0.06 0.06 0.08 0.05 0.07
Maximum 2.56 1.71 1.73 1.19 1.33 1.21
Tests with [ \jinimum 0.94 0.91 0.92 0.84 0.94 0.84
a slender
web Average 1.71 1.24 1.26 1.01 119 1.04
cov 0.26 0.18 0.18 0.10 0.07 0.10

to a lack of accounting for local-global interaction. The
EWp, and REWj, methods give slightly larger Mpga/M,
values on average compared to the EW method (mean
Mpga/M,, = 1.00 for 100-ksi members and mean Mpg4/M,, =
1.03 for all the conducted tests). The overall statistics for the
EWp, and REWE, procedures are the same to the signifi-
cant digits shown in Table 3 because these methods give the
same strength predictions for most of the tests.

For the moment gradient tests (Figures 14 and 15), all but
a few of the test members are predicted to fail in FLB by all
of the procedures. The AISC Specification procedure gives
highly conservative predictions for these cases.

For the compact-web test cases (Figures 12 and 13), the
Simplified AISC-II method gives the “best” predictions of
all the methods (mean Mygs/M, = 1.01 with a small COV
of 0.06, a minimum Mpygs/M, = 0.90, and a maximum
Mpgga/M,, = 1.08). The Simplified AISC-II method also
performs reasonably well for the test cases with Fy = 60
ksi, giving a mean Myg, /M, = 1.13, a COV of 0.11, a mini-
mum Mpga/M, of 0.94, and a maximum Mgz, /M, of 1.31.
However, this method tends to give more conservative pre-
dictions and larger dispersion (mean Mpgs/M, = 1.26 and
COV =0.22) for the 100-ksi members.
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Figure 16 shows an example of significant compression
flange local buckling deformations at the peak load for
the UM-Lb154-SF-SW-100 test member. The magnified
deformed shape (scale factor = 5.0) is plotted showing the
von Mises stress contours on the top surface of the flanges.

Comparison with Experimental Data

Figure 17 summarizes the predictions of the strengths from
uniform bending experimental tests in which the flexural
resistance is governed by flange local buckling based on
the AISC Specification calculations. The Lew and Toprac
(1968) and Carskaddan (1968) tests had flange yield
strengths exceeding 100 ksi, whereas the test by Basler et
al. (1960) had a compression flange yield strength of only
35.4 ksi. The tests by Holtz and Kulak (1973) had a com-
pression flange yield strength of 46.8 ksi, while the tests
by Holtz and Kulak (1975) had a compression flange yield
strength of only 34.7 ksi. Johnson’s (1985) tests had F\,
between 53.7 ksi and 63.4 ksi. All of these specimens were
doubly symmetric except for the test by Basler et al., in
which the compression flange was larger than the tension
flange.



One of the tests from Johnson (1985) and two of the
tests from Holtz and Kulak (1973) had compact flanges. As
such, the Ay/A,s values for these tests are less than 1.0 in
Figure 17, and the flange local buckling resistance corre-
sponds to the flexural strength plateau for these specimens.
These tests are included since they were a part of a series of
tests that were focused on evaluating flange local buckling
resistance.

The specimens tested by Johnson (1985), Basler et al.
(1960), and Lew and Toprac (1968) with A /A, > 1.75 are
classified as slender-flange members per the AISC Speci-
fication. It is evident that the AISC Specification gives
conservative strength estimates for these members. This
behavior is identified also by the FEA studies discussed
previously. This conservatism is mitigated by the other
approaches.

The predictions by EW-LG procedure are governed by
the LTB resistance (based on effective section proper-
ties) for a number of the tests, resulting in slightly larger
M5:/M,, values in Figure 17(f) compared to those obtained
using the other effective width based approaches. While
the EW-LG approach tends to gives some of the most
conservative predictions for the tests with intermediate
flange slenderness values, it performs well in bringing the

S, Mises

SPQS, (fraction = 1.0)

(Avg: 75%)
+1.001e+02
+9.221e+01
+8.437e+01
+7.652e+01
+6.868e+01
+6.083e+01
+5.299e+01
+4.515e+01
+3.730e+01
+2.946e+01
+2.161e+01
+1.377e+01
+5.926e+00

o

4 X

M,,5;/M,, values close to 1.0 for several of the tests with larger
flange slenderness values. The other effective width-based
procedures perform well in bringing the mean of M,.,/M,
closer to 1.0, but they give M,,,;/M,, values significantly less
than 1.0 for a number of the tests with larger A, values.
This is particularly notable for two of the tests with larger
Ase/Ayr values conducted by Lew and Toprac (1968), which
have improved predictions using the EW-LG method; for
the single test conducted by Basler et al. (1960), which has
relatively small yield strengths and is governed by FLB in
all cases; and for several of the tests conducted by John-
son (1985) that had noncompact and compact webs, where
the adjustments increasing the corresponding calculated
strengths in the REWg, method result in an over-prediction
of the test results (M,,,/M,, < 1.0).

Compared to the more elaborate flange effective width-
based approaches discussed in this paper, it is evident that
the Simplified AISC approach, which modifies the AISC
Specification FLB calculations by increasing the ordinate
of the second anchor point of the linear equation for non-
compact flanges, and extending the use of this equation into
the slender-flange range, performs well in predicting accu-
rate to conservative strengths for all the test members.

Fig. 16. Deformed shape of UM-Lb154-SF-SW-100 test member at peak load plotted showing
the von Mises stress contours at the top surface of the flanges (displacement scale factor = 5.0).
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Figure 18 summarizes the AISC Specification and Sim-
plified AISC calculations for a subset of moment gradient
tests cataloged previously by White and Kim (2008), as well
as a subset of the tests conducted by Righman (2005), Xiong
et al. (2016), and Wang et al. (2021), in which the calculated
AISC Specification flexural strengths are all governed by
FLB. In all of these experimental tests, the flanges classify
as noncompact according to the AISC Specification and the
Simplified AISC provisions. The range of As/A,, extends
only from 1.01 to 1.60 for the data in Figure 18. None of
the FLB strength calculations are influenced by moment
gradient. Because the wavelength of the flange local buck-
les is typically small relative to the variation in the moment
along the member length, the impact of moment gradient
on the FLB resistance is commonly taken to be negligible.
Only the calculated LTB resistances are affected. How-
ever, as discussed in Deshpande et al. (2021), the web shear

associated with moment gradient, V = dM/dx, can influence
the web distortion. This in turn may have some impact on
the physical FLB resistances. In addition, two of the tests
by Schilling (1985), all of the tests by Righman (2005), and
one of the tests by Wang et al. (2021) involve singly sym-
metric [-section members with a smaller flange in compres-
sion. The larger depth of the web in compression, combined
with the web shear due to the moment gradient, may lead to
some challenges in the accurate prediction of the flexural
strengths. One practical scenario where the compression
flange can be smaller than the tension flange is in compos-
ite bridge or building girders, when they are in their non-
composite condition during construction.

All of the tests from Wang et al. (2021), Lew and Toprac
(1968), Fahnestock and Sause (1998), and Salem and Sause
(2004) considered in Figure 18 entail girders with a mea-
sured F). > 100 ksi. The tests by Xiong et al. (2016) focused
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Fig. 18. Comparison of Miesi/M, for experimental data versus A/ Ay for the
AISC Specification and the Simplified AISC methods, moment gradient tests.
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on I-section members with F,. = 76.1 ksi, the test by Green
(2000) had Fy. = 86.8, three of Righman’s tests had Fy. of
88.2 ksi or larger, and all the tests by Zentz (2001) had
F,=91.0 ksi. Therefore, these tests involve a range of high-
strength steels.

One can observe that the predictions from the AISC
Specification and the Simplified AISC procedures are prac-
tically the same for the tests in Figure 18. The mean and
COV from the AISC Specification calculations is 1.07 and
0.13, respectively, versus 1.06 and 0.13 from the Simplified
AISC provisions. It should be noted however that while the
predictions from these two procedures are nearly identical
for these experimental tests, comprised of members with
noncompact flanges, the Simplified AISC procedure would
tend to mitigate the conservatism of the AISC Specification
predictions for slender-flange members. Further experimen-
tal testing would be appropriate to provide additional veri-
fication of the flange local buckling resistance of I-section
members having these characteristics.

Three of the smaller professional bias factors, M., /M,,
from the tests conducted by Xiong et al. (2016) correspond
to cases in which the physical member clearly failed by
LTB rather than FLB. These tests correspond to LTB slen-
derness values at which the calculated strengths, scaled by
C,, are truncated by the plateau resistance. Several of the
smaller M,,;,/M, values from Righman (2005) have I,./I,
values close to or violating the limit of 0.23 in Figure 3,
combined with relatively large h/t,, values between 84 and
94 (h./t,, = between 95 and 107), relatively large LTB slen-
derness values, and moment gradient loading. However, one
of the Righman (2005) tests that had an I,./I, less than 0.23
combined with a web with h/t,, = 33 and h./t,, = 41, as well
as relatively small LTB slenderness, exhibited the largest
M,5;/M,, shown in Figure 18 (M,,s;/M,, = 1.46). Clearly, there
are many attributes of the moment gradient tests that can
significantly influence the flexural resistances other than
the direct evaluation of FLB. However, the scatter band of
the M,;;/M,, calculations from the AISC Specification and
the Simplified AISC calculations is comparable to that of
the LTB results considered in reliability assessments per-
taining to the AISC Specification (White and Jung, 2008;
White and Kim, 2008; Subramanian et al. 2018; Slein et al.,
2021). The test results considered in Figures 17 and 18 are
evaluated in more detail in Slein et al. (2021).

CONCLUSIONS

Strength predictions from parametric FEA studies as well
as measured strengths collected from previous experimen-
tal tests on I-section members failing by FLB show that
the AISC Specification gives highly conservative results
for flexural members having a slender compression flange.
The methodologies proposed in this paper successfully

mitigate this conservatism by considering the post-buckling
strength of slender flanges; however, there are important
considerations regarding the efficacy of their use consider-
ing their predictions relative to the FEA and experimental
test results. These considerations may be summarized as
follows:

1. The EW-LG procedure, accounting for slender flange
post-buckling strength as well as local-global interaction,
gives accurate to conservative predictions in most cases
for members with highly slender flanges having 60-ksi
and 100-ksi yield strengths. However, comparison with
reported experimental strengths shows that it tends to
underpredict the strengths for members with intermediate
flange slenderness values.

2. The EW, EWp,, and REWF, procedures provide adequate
predictions for 60-ksi members in the FEA simulation
studies, mitigating the conservatism attached with AISC
Specification predictions for slender-flange members.
However, the FEA simulation results show that the
predictions for 100-ksi members with slender flanges tend
to be slightly unconservative for intermediate unbraced
lengths most susceptible to local-global interaction.
In addition, several experimental tests of members
with yield strengths exceeding 100 ksi show this trend.
Although the REWp, method gave improved predictions
in the FEA simulation studies for 60-ksi members, it
overpredicts the strengths in a number of experimental
tests having compact or noncompact webs.

3. The Simplified AISC procedure provides a straightfor-
ward adjustment to the AISC Specification calculations
for FLB, without requiring the use of flange effective
width calculations to account for the post-buckling
strength of slender flanges or (in the case of the EW-LG
procedure) local-global buckling interactions. This
procedure is shown to produce accurate to conservative
strength predictions for both the 60-ksi and 10-ksi FEA
test simulation cases as well as for experimental tests
documented in the literature. The best predictions for
this method are obtained with the Simplified AISC-II
procedure, which combines the recommended FLB
calculations with the use of the LTB strength curve and
noncompact web limit parameters recommended by
Subramanian et al. (2018) and Subramanian and White
(2017b and 2017d).
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