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Effect of Cyclic Flange Local Buckling on the Capacity of Steel Members
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ABSTRACT

Cyclic flange local buckling typically occurs when plastic hinges form in the beams and columns
of special moment resisting frames subject to seismic excitation. While local buckling in beam
plastic hinges has been investigated in the past for monotonic loading situations, the effect of cyclic
flange local buckling on beam and column behaviors is not yet well understood. In order to address
this shortcoming, nineteen half-scale T-section specimens are tested under cyclic axial loads in a
configuration intended to replicate the cyclic demands imposed on flanges of beams and columns
in their plastic hinge region. The main experimental variables are flange slenderness ratio, level of
web restraint, and loading scheme (monotonic versus cyclic). Validated computational studies are
performed to expand the parameter space. The test data and computational results show that T-
section members that meet the current highly ductile limit can suffer excessive axial strength
degradation under cyclic axial loading. The effect of slenderness ratios on column compression
capacity due to strength degradation of flanges is evaluated and quantified.

Keywords: cyclic response; local instability; steel structures; capacity; seismic loading
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1. Introduction

Local buckling can cause significant strength and stiffness degradation in steel member response
during an earthquake. Maximum values for the slenderness ratios of unstiffened and stiffened
elements of wide flange sections (i.e. b/2ts for flanges and h/t, for webs, where bs and h are flange
width and web height, respectively, and tr and tw are flange and web thicknesses, respectively) are
specified in the AISC specifications [1]. When ductility is important, e.g. in earthquake
applications, the maximum slenderness ratios are specified in the AISC seismic provisions [2] for
members classified as highly ductile or moderately ductile. The current slenderness limits are

derived from early analytical and experimental research on beams under monotonic loading [3-6].

Information on the effect of cyclic loading on the slenderness limits is rather rare in the literature
and is typically inferred from member level response. Richards and Uang [7] studied the effect of
flange slenderness ratio on the cyclic rotation capacity of links using finite element models. Their
results suggested that the existing limiting slenderness ratios for link flanges could be relaxed.
Newell and Uang [8] conducted cyclic tests of W14 columns subjected to axial forces combined
with large drift loading. The stocky webs of W14 columns were found to stabilize the flange and
contribute to the observed large deformation capacity of the studied sections. Cheng et al. [9] tested
nine H-shaped beam-columns with large slenderness ratios and concluded that the effect of
flange/web slenderness ratios and axial force ratios should be considered mutually because of their
strong dependence upon each other. The computational study performed by Elkady and Lignos
[10] indicated that current limiting ratios for highly ductile members are not adequate for columns

subjected to a constant axial load of 0.2Py or more, where Py is the axial yield strength of the cross
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section. Fogarty and El-Tawil [11], Fogarty et al. [12] and Wu et al. [13] reached similar

conclusions and proposed revised highly ductile limits for deep columns.

The intent of this paper is to address the paucity of experimental data on the effect of flange local
buckling (FLB) and develop a deeper understanding of the effect of the FLB slenderness on the
cyclic response of steel wide flange sections. To this end, nineteen half-scale T-section specimens
are subjected to monotonic axial compression and cyclic axial loading. The test configuration and
axial loading protocols are carefully chosen and developed to replicate the seismic demands
imposed on beam flanges and column flanges in their plastic hinge regions. The specimens cover
a wide range of flange slenderness ratios and allow for the study of the effect of web restraint on
flange local buckling behavior. A computational study is performed to further investigate the effect
of local slenderness ratios on the cyclic behavior of column flanges. The peak strength and strength
degradation rates observed from the test and simulations are compared and used to evaluate current

seismic provisions for local instability of steel members.

2. Finite Element Model Development and Validation

The finite element models employed in this work are created and analyzed using the commercial
software, Hypermesh [14] and LS-DYNA [15], respectively. The models are discretized using 4-
node fully integrated shell elements (ELFORM 16) based on the formulation published by
Engelmann et al. [16] with a mesh size of 25.4 mm, which is also employed in Fogarty and El-
Tawil [11]. The mesh density is kept constant in all models to avoid mesh size dependency. A
combined isotropic/kinematic hardening material model (MAT_153) developed by Huang and

Mahin [17] is assigned to the shell elements. The hardening moduli and model parameters are
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calibrated to the true stress-true strain model proposed by Arasaratnam et al. [18] using nominal
properties of A992 steel. Initial imperfections in the T-section members used herein are obtained
by applying the first buckling mode as a geometric perturbation. Calibration studies showed that
the results match the test data best when the maximum amplitude of the applied perturbation
geometry is the plate width divided by 500. For example, for a flange with a width of 152.4 mm,
the magnitude of its imperfection is 0.305 mm. The modeling approach has been extensively
validated in previous work by the authors, e.g. in Fogarty and El-Tawil [11], Fogarty et al. [12]
and Wu et al. [19]. Additional validation studies using the experimental data obtained in this work

are discussed later on in the paper.

3. Rationale for T-Section Test Specimens

Under seismic loading, structural members of a special moment frame (SMF), such as beams and
columns, are subjected to either cyclic bending moment or combined cyclic axial force and
bending moment in their plastic hinge regions. The premise of this paper is that the seismic
demands on flanges in the plastic hinge region can be approximated as cyclic axial deformation
demands for wide flange beams and columns, as shown in Fig. 1. Therefore, rather than testing a
complete structural component or subassemblage, a short T-section column with fixed ends can
be tested under cyclic axial loading instead. This assumption substantially simplifies the study of
inelastic cyclic FLB because a hydraulic axial load frame can be used instead of a more
comprehensive and complicated setup needed to test a structural member or sub-assembly under

cyclic loading.
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Fig. 1. Flange deformed shaéz)in plastic hinge region of (a) wide flan(gt:e) beams under cyclic
bending moment and (b) wide flange columns under combined cyclic axial force and bending
moment.

To ensure that the proposed T-section members realistically represent their full section
counterparts, the web portion of the T must be adequately long to impose the same level of flange
restraint achieved in the original section. Detailed finite element studies of W24 sections are
conducted to determine a reasonable web length. The axial deformation history of the flange in the
plastic hinge region, whose length is the same as the section depth as usually assumed [20], is
extracted and applied to its counterpart T-section member. The responses of the T-section member
and the corresponding portion in the full member are compared in terms of overall deformed shape

and the force versus deformation history. The studies suggest that a web length equal to one third

of the full section depth results in a meaningful representation of the overall section’s behavior.

Fig. 2 shows comparisons between the full and T-section member responses for two different W24
sections under different levels of axial loading. Here, the effective stress ratio (ESR) is defined as
the axial strength normalized by the yield strength of the cross-section, i.e. P/Py, and the

normalized axial deformation (NAD) is calculated by A/L, where A is the relative axial
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displacement between member’s ends and L is the original length of the members. The ESR is
used as the performance parameter and represents the retained axial strength of the T-section
member after experiencing a given axial deformation history, while the NAD is used to describe
the overall status of the members. In Fig. 2, the full members are adapted from Fogarty et al. [12]
and are subjected to the symmetric cyclic drift loading used to qualify beam-to-column moment
connections in the AISC seismic provisions [2]. It is clear that the overall buckled shape and force
deformation history match reasonably well. These results are quite typical and are observed for
other W24 sections subjected to different levels of axial load and other types of loading histories

including monotonic and the ratcheting history associated with collapse, as discussed in Wu et al.
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Fig. 2. Comparison between full member and T-section member responses under symmetric drift
loading with different axial load levels.

4. Testing Program
4.1 Test specimens and setup
Nineteen half-scale T-section specimens with a depth of 305 mm were selected to represent the

behavior of a W24 section, which is commonly used for beams and columns in the current design
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Table 1. Test matrix.

Specimen ID b d/3 tf tw 02t (N/t)e Material Loading Buckled ESR at 4% ESR at 4%
(mm) (mm) (mm) (mm) 9 (Batch) Protocol Shape Beam Drift  Column Drift
W12x26-CB 164.8 101.6 9.7 5.8 8.54 47.2 A992 (1) CB Asym. 0.71 N/A2
FIW1-M 1524 1016 19.1 9.5 4.0 28.0 A572 (1) M Sym. 1.16 1.04
F2W1-M 1524 1016 127 9.5 6.0 29.3 A572 (1) M Asym. 1.18 0.86
F2W1-CB 1524 1016 127 9.5 6.0 29.3 A572 (1) CB Asym. 0.85 N/A2
F2W1-CC 1524 1016 127 9.5 6.0 29.3  A572(1) CC Sym. N/A? 0.78
FAW1-M 1524 1016 79 9.5 9.6 303 A572(1) M Asym. 0.79 0.62
F5W1-M 152.4 1016 4.8 95 160 31.0 A572(1) M Asym. 0.73 0.53
F5W1-CB 152.4 1016 4.8 95 160 31.0 A572(1) CB Asym. 0.62 N/A?
F5W1-CC 152.4 1016 4.8 95 160 31.0 A572(1) CC Asym. N/A? 0.49
FIW2-M 1524 1016 19.1 6.4 4.0 420 A572(2) M Sym. 1.12 0.91
F3W2-M 1524 101.6 9.5 6.4 8.0 45.0 A572 (1) M Asym. 0.79 0.62
F3W2-CB 1524 101.6 9.5 6.4 8.0 45.0 A572 (2) CB Asym. 0.73 N/A2
F2W3-M 1524 1016 127 4.8 6.0 58.7 A572 (1) M Sym. 1.08 0.70
F2W3-CB 1524 1016 127 4.8 6.0 58.7  A572(2) CB Sym. 0.68 N/A?
F2W3-CC 1524 1016 127 4.8 6.0 58.7 A572 (1) CC Sym. N/A2 0.51
FAW3-M 1524 101.6 7.9 4.8 9.6 60.7 A572 (2) M Asym. 0.79 0.63
F5W3-M 1524 1016 4.8 48 160 620 A572(1) M Asym. 0.59 0.45
F5W3-CB 1524 1016 4.8 48 160 620 A572(1) CB Asym. 0.53 N/A?
F5W3-CC 1524 1016 4.8 48 160 620 A572(1) CC Asym. N/A? 0.44

aNot available because the loading protocol is intended to approximate the seismic demands on flanges in beams (columns).



130  Table 2. Limiting slenderness ratios for flanges and webs.

o Local Limiting width-to-thickness ratio
Description of lend a b b
eloment slenderness Ir Jmd Jhd
ratio (nonslender) (moderately ductile) (highly ductile)
Flanges of rolled b/t 0.56./E/F 0.40./E/R F 0.32./E/R,F
I-shaped sections /% /R /RE
Flanges of built- b/t 0.64,/k.E/F, 0.40,/E/R F, 0.32,/E/R,F,
up I-sections
P 035 <k, <0.76
wherek, =4/ /n/t,
Webs of doubly h/tw 1.49 [E/F, For C,<0.114 For C,<0.114
symmetric rolled 3.96.[E/R F. (1—3.04C 257 [E/RF, (L-1.04C
and built-up I- ' /R,F, A-3.04C.) ' /RyFy A-104C,)
shaped sections For C,>0.114 For C, >0.114

1.29.[E/R F, (212-C,) 0.88,/E/R,F, (2.68-C,)
>157,[E/RF, >157,[E/RF,

whereC, =R, /¢.,P, (LRFD) whereC, =P, /¢.P, (LRFD)

131 2AISC [1]
132 PAISC[2]
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of special moment frames. The experimental parameters are flange and equivalent web slenderness
ratios, i.e. b/2ti and (h/tw)eq. The parameter (h/tw)eq is the web slenderness ratio of the full W24
section, where the depth is three times that of the T-section member. Changing (h/tw)eq changes
the amount of web restraint applied to the flanges. To achieve control over the slenderness ratios,
built-up sections were preferred over cutting T-sections from an existing W-sections. The effect
of residual stress due to the welding between the web and flange is considered insignificant as the
specimens undergo large plastic deformations. To confirm that the test results from built-up T-
section specimens are transferable to WT-section members, a WT-section specimen cut from a W-
section member with similar slenderness ratios to one of the built-up T-section specimens is also

studied.

Five flange thicknesses and three web thicknesses are selected to cover a range of local slenderness
ratios. The employed built-up T-section specimens are listed in Table 1, where F1 and W1
represent the thickest flange and web used in the test, respectively, and F5 and W3 represent the
thinnest ones. The local slenderness ratios of the specimens are shown in Fig. 3 along with the
code-specified limiting ratios for highly ductile (4nq), moderately ductile (Amg), and non-slender
(4r) elements, as listed in Table 2. According to AISC [1][2], highly/moderately ductile members
are “intended to withstand significant plastic rotation of 0.04/0.02 rad or more” during the design
earthquake, and non-slender sections are “cross sections possessing plate components where local
buckling in the elastic range will not occur”. Note that only non-slender limits for built-up sections

consider the effect of web slenderness ratio on flange capacity by using the k¢ factor, where kc is

the buckling coefficient for unstiffened elements and is calculated as 4//h/t,,.
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The built-up T-section and WT-section specimens were made of ASTM A572 Gr. 50 steel and
A992 steel, respectively. The steel was ordered in two batches, and two coupons were taken from
each plate in each batch and tested in accordance with ASTM E8 [21]. Table 3 summarizes the

average material properties of the two coupons from each batch of material.
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Fig. 3. Local slenderness ratios of specimens along with code-specified limiting ratios for highly
ductile (4ng), moderately ductile (Amd), and non-slender (Ar) elements. WT: WT sections. BU:
built-up section

Table 3. Results of Tensile Coupon Tests.

¢ Batch 1 Batch 2
Material (mm) Fy Fu  Elongation Fy Fu  Elongation
(MPa) (MPa) (%) (MPa) (MPa) (%)
AQQ2 9.65 357 470 39.8 381 481 49.9
5.84 360 475 35.6 400 487 42.0
19.1 357 506 36.2 380 540 -
12.7 380 460 40.5 407 464 36.9
A572 9.53 414 469 41.7 401 465 54.9
7.94 440 484 31.3 471 537 42.3
6.35 425 470 27.6 365 448 48.3
4.76 408 513 29.2 368 496 36.9
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The specimens are tested using the setup shown in Fig. 4. The web plate is welded to the flange
plate using a 2-sided fillet weld to form the built-up specimens. The specimens are then welded to
fixture plates that are bolted to the fixed loading heads of a 2.22 MN uniaxial hydraulic load frame.
Axial loading is applied in displacement control. The applied axial load is directly measured by a
load cell, while the axial displacement is measured by an optical tracking system with the markers
located at the center and four edges of the fixture plates. The five measured relative axial

displacements were averaged to obtain only the deformation in the specimen.

/ T—Section

/ Specimen
//
Fixture
Plates r *
A

NA
\

)~

Fig. 4. Test setup.

4.2 Loading schemes

Three different loading protocols are employed in the experiment: (1) monotonic axial
compression (designated M); (2) cyclic axial loading that is intended to approximate the seismic
demands on flanges in beams (designated CB); and (3) cyclic axial loading intended to
approximate the seismic demands on flanges in columns (designated CC). The monotonic loading
scheme is used to obtain the buckling and post-buckling capacity of the cross-section without
cyclic degradation. The cyclic loading schemes reflect the axial demands on beams and columns

under the symmetric cyclic drift loading specified in the AISC seismic provisions [2].
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It is assumed that the overall strain distribution across the cross-section of a beam is linear about
the neutral axis and that the neutral axis location does not fluctuate with cyclic loading. For a
plastic hinge rotation, 6, the flange is subjected to an axial deformation 4=d6/2 in the plastic hinge
region, where d is the section depth. Assuming that the plastic hinge length is d [20], then the
flange is subjected to a NAD = 4/L = d6/2d= 6/2 in the plastic hinge region. As a result, the NAD
protocol applied to the T-section member, i.e. the CB protocol, is half the beam rotation specified
in the beam-column connection qualification protocol. For example, NAD = 2% when a beam
achieves 4% plastic rotation, a limit commonly associated with highly ductile response. The

resulting CB protocol is shown in Fig. 5.

The existence of axial force in columns increases the severity of web local buckling in column
members and causes the columns to shorten under cyclic loading. To take this into account, the
CC protocol is developed using finite element simulations of deep column specimens 1L
(W24x176), 2L (W24x131), and 3L (W24x104) tested in Ozkula et al. [22] and subjected to
symmetric cyclic drift loading. The three columns specimens are subjected to a constant axial load
of 0.18Py. The computed axial demand histories are averaged and smoothed to get the CC loading
protocol shown in Fig. 5. The NAD corresponding to a column drift of 4% in the selected CC
protocol is 8.3%. Although this protocol is specific to certain column sizes (similar to those
considered in this research) and may not be applicable to other columns, it reflects the flange

behavior commonly seen in experimental column tests.
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The loading rate for monotonic loading (M protocol) is 1.52 mm/min. Faster rates of 3.05 mm/min
for small deformations and 12.2 mm/min for 4% NAD or larger are used for the cyclic loading

tests (the CB and CC protocols) to reduce test duration to a reasonable time.
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5. Experimental Results

5.1 Comparison between WT-Section and T-Section Specimens

Fig. 6 shows a comparison between the hysteresis responses and backbone curves of a WT-section
(W12x26) and a T-section (F3W2) specimen with similar slenderness ratios subjected to the CB
loading protocol. Except for the sudden drop in the backbone curve under tension due to a lapse
of applying axial displacement, Fig. 6 clearly shows that both specimens yield generally similar
responses in terms of peak load, post-buckling strength, post-peak degradation rate and hysteresis
under cyclic loading. This comparison provides confidence in the use of built-up sections in this

study and suggests that the findings also can be applied to W-sections.
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Fig. 6. Comparison of (a) hysteresis responses and (b) backbone curves for WT-section and T-
section specimens with similar slenderness ratios under the CB protocol

5.2 FLB Modes

The specimens subjected to both monotonic and cyclic loading exhibit two distinct buckled shapes,
asymmetric and symmetric FLB, as shown in Fig. 7(a, d) and (b, e), respectively. The buckling
mode of each specimen is documented in Table 1. Most of the specimens exhibit asymmetric
buckling behavior, where the flange and web interact with each other and experience local
buckling simultaneously. The test data indicates that specimens that have comparable flange and

web slendernesses are more likely to experience asymmetric buckling.

A few specimens with a very stocky flange and a slender web, e.g. Specimen F1W2 with b/2ts of
4.0 and (h/tw)eq Of 42.0, buckle in a symmetric mode, i.e. both half flanges bend together in the
direction of the plane of the web, as shown in Fig. 7(b). In this case, the flange itself suffers from
weak-axis flexural buckling because the restraint provided by the web is relatively minimal and
not able to alter the flange buckling mode. Within the studied range of slenderness ratios, only the

specimens with b/2ts < 6 are susceptible to this mode.
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The asymmetric buckling behavior is commonly seen in plastic hinge zones of deep columns
subjected to combined axial and lateral loading [22][23], lending credence to the premise of this
paper, i.e. the T-section specimens can replicate certain flange buckling responses and be used to
study the flange behavior in plastic hinge regions under large lateral displacements. The symmetric
buckling behavior has also been seen in previous tests [24], but with slight flange-web junction
displacement and in columns with the extreme combination of a stocky flange and a very stocky

web, e.g. W14x176 with b/2t; = 5.97 and h/ty, = 13.7.

I
(d)
Fig. 7. Asymmetric local buckling in (a) Specimen F4W3-M and (d) Specimen F3W2-M,;
symmetric local buckling in (b) Specimen FIW2-M and (e) Specimen F2W1-CC; and fracture in

(c) Specimen F2W1-CB and (f) Specimen F2W3-CB.
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5.3 Response under Monotonic Loading

The nine specimens under monotonic loading are compressed to 10% NAD and ESR is computed
using the material yield strength obtained from the coupon tests listed in Table 3. The ESR versus
NAD curves of the nine T-section specimens are plotted in Fig. 8, where specimens with the same
flange thickness are plotted in the same color, while the specimens with the same web thickness

are plotted in the same line style.

By comparing the curves of the specimens with a web thickness of 9.5 mm, i.e. W1 specimens
plotted as solid curves, it is clear that the smaller the b/2t;, the higher the buckling and post-
buckling strength. For example, specimen FIW1-M’s peak strength reaches 1.24Py (b/2t; = 4.0),
meanwhile as b/2t; increases, the buckling strength drops to 1.18Py, 1.07Py, and 1.02Py for F2W1-
M, FAW1-M, and FSW1-M, respectively. All four W1 specimens can reach Py even though F5W1-
M has a b/2ts = 16.0, which is larger than Ar = 13.5. The better than expected performance results
from the fixed end condition, which causes a full buckling wavelength that is commonly seen in
experiments and simulations [13, 24], unlike the pinned end conditions conservatively assumed in
the AISC specification [1]. In terms of post-buckling capacity, Anda works well for identifying the
sections with superior ductility. Specimens with a b/2ts lower than Ang = 7.35, i.e. FIW1-M and
F2W1-M, maintain a large post-buckling capacity of at least Py until 8.9% and 4.5% NAD,
respectively, which are much higher than NAD = 2% that corresponds to 4% beam drift. On the
other hand, FAW1-M and F5W1-M that have a b/2t; larger than Ang exhibit rapid strength
degradation after reaching the peak values and can only maintain Py up to NADs of 0.8% and 0.7%,

respectively.
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Fig. 8. Effective stress ratio-normalized axial deformation curves of specimens under monotonic
axial compression: (a) W1 specimens; (b) W2 and W3 specimens

The effect of equivalent web slenderness ratio, (h/tw)eq, On flange behavior is not significant when
b/2ts is smaller than 10 as can be seen from the comparison of specimens F1IW1-M, F2W1-M, and
FAW1-M to their counterparts with slenderer webs, i.e. FAW2-M, F2W3-M, and F4AW3-M. For
specimens with slender flanges, e.g. F5SW1-M and F5W3-M, the effect of (h/tw)eq is significant
because the slender flange negatively interacts with the slender web. As shown in Fig. 8, while
Specimen F5W1-M has a peak strength of 1.02Py, F5SW3-M reaches an axial capacity of only 0.7Py.
Overall, for flanges under monotonic compression, the Ar and Ang limits in current seismic

provisions seem to be reasonable.

5.4 Effects of Cyclic Loading
The resulting relationship between ESR and NAD of the specimens under the three applied loading
protocols are plotted together in Fig. 9. Positive and negative NAD represent compression and

tension, respectively, to be consistent with Fig. 8.
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Although the difference in peak compression strength between specimens under the M and CB
protocol is not significant, the degradation rate of post-buckling compression strength of the
specimens subjected to CB demands is considerably faster than their monotonic counterparts. For
example, as shown in Fig. 9(c), while Specimen F2W1-M maintains an axial capacity of at least
Py up to 4.5% NAD, Specimen F2W1-CB can only sustain Py to 1.5% NAD and quickly degrades
to 0.85Py at 2% NAD, suggesting that moment capacity of beams satisfying the Ang limits starts to
degrade after reaching 3% drift. The effect is even more pronounced for Specimen F2W3-CB.
These results suggest that the web restraint has a large impact on the rate of degradation with
continued cycling to large NAD levels. The strength degradation rates for specimens with high
b/2ts, e.g. specimen F5W1-CB and F5W3-CB, are comparable to their monotonic counterparts
before 2% NAD. After reaching 2% NAD, the rate of degradation is much faster. For example, the
post-buckling strength of both specimens under the CB protocol is 0.51Py and 0.44Py at 3% NAD,

respectively, compared to 0.67Py and 0.57Py, respectively, under monotonic loading.

Degradation of tensile strength occurs with cyclic loading, but the rate is substantially smaller than
that under compression. Tensile degradation generally begins during the 1.5% or 2% NAD cycles.
Specimens typically fail when the tensile strength drops to 0.8Py. Failure occurs due to fracture,
as marked by red circles in Fig. 9. One key characteristic that slenderness ratios influence is the
recovery of the tensile strength after unloading from compression. Specifically, more tensile strain
is required to stretch out the buckled shape and recover tensile strength for specimens that have
higher b/2ts and (h/tw)eq, 1.€. experience more severe local buckling. For example, during the 2%

NAD cycle, Specimen F2W1-CB can reach 0.8Py at 0.7% NAD, but Specimen F5W3-CB has to
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be pulled to -1.3% NAD (tension side) to recover the same level of tensile strength, as shown by

the red (thicker) lines in Fig. 9(c) and (b).

Although specimens under the CB protocol have the same buckled shape as the ones under the M
protocol, they eventually failed by ultra-low-cycle fatigue under tension. As shown in Fig. 7(c),
for Specimen F2W1-CB, fracture initiates at midpoints along the outer edges of the flange and
web, where the highest strain level occurs due to the buckling behavior. Because of the connection
between strain level and buckling behavior, fracture occurs earlier for specimens with larger b/2t
and (h/tw)eq due to buckling during earlier cycles. For example, fracture occurs during the 3.5%
NAD cycle for Specimen F5W3-CB and is delayed to the 4.5% and 5.5% NAD cycles for
Specimens F5SW1-CB and F2W1-CB, respectively. One exception is that Specimen F2W3-CB
suffers from earlier fracture at the midpoint along the flange-web connection during the 3% NAD
cycle due to symmetric buckling behavior, as shown in Fig. 7(f), suggesting that buckling mode
also has an influence on fracture behavior. Although ultra-low-cycle fatigue is the eventual failure
mode for all specimens, severe strength degradation under compression occurred much earlier and

therefore is a design concern.

The responses of the four specimens under the CC protocol are shown in Fig. 9. The backbone
curves of the F5 specimens are almost identical to the responses of their monotonic counterparts.
The F2 specimens under the CC protocol, unlike their monotonic counterparts, buckle in a
symmetric mode and have a lower backbone curve. From Fig. 9 it can be seen that all specimens
under the CC protocol experience much less tensile plastic strain than specimens under the CB

protocol, allowing the specimens to deform to greater NADs without succumbing to ductile
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fracture. Nevertheless, the ESR of the specimens under the CC protocol at the 8.3% NAD that
corresponds to 4% column drift is lower than that of the specimens under the CB protocol at the
2% NAD that corresponds to 4% beam drift, as can be observed from Fig. 9. For example, the ESR

of F2W1-CC at the 8.3% NAD and F2W1-CB at the 2% NAD is 0.78 and 0.85, respectively. These

lower ESRs may greatly degrade column capacity and require further investigation.

Effective Stress Ratio (P/P

Effective Stress Ratio (P/P

Fig. 9. Comparison of axial force ratio-axial strain curves between different loading schemes for
Specimen (a) F5W1; (b) F5W3; (c) F2W1; and (d) F2W3.
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6. Finite Element Simulations
Computational simulation is used to expand the parameter space and gain greater insight into the

effects of FLB on member capacity.

6.1 Validation

In addition to the validation effort discussed earlier in the paper, the modeling approach is further
validated using the experimental data presented in Section 5. Due to limited space, only a
comparison of responses of Specimen F3W2-M and F5W1-CC are shown in Fig. 10. The measured
specimen dimensions and material properties obtained from tensile coupon tests in Table 3 are
used in the finite element simulation. The peak strength, post-buckling strength, cyclic strength
degradation rate obtained from the simulation match well with those measured during the physical
testing and provide additional confidence that the employed modeling techniques can generate

reasonable behavior.
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Fig. 10. Comparison of responses between experimental and simulation results for Specimen (a)
F3W2-M and (b) F5W1-CC.
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6.2 Section Selection and Performance Parameter

To study the effect of slenderness ratio on cyclic capacity of column flanges, finite element models
of T-sections with b = 152.4 mm, d/3 = 101.6 mm, and b/2ts and (h/tw)eq ranging from 6 to 16 and
24 to 56, respectively, are created using the modeling approach described in Section 2. The values
of b and d are the same as the tested specimens, and the range of slenderness ratios is selected to
cover most commercial standard W-section sections. The T-section models are axially loaded

according to the CC protocol to further study the lower ESRs observed from these specimens.

In all simulation cases, ESR is used to track cross-section capacity at different column drift levels.
As noted earlier, column drift levels are gauged from detailed finite element analysis of entire
columns. Fig. 11 shows the results of a T-section where b/2t; = 6 and (h/tw)eq = 32. The ESR is

0.94, 0.83, 0.76 and 0.69 at column drift levels of 1%, 2%, 3%, and 4%.

1069
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Fig. 11. The effective stress ratio (ESR) corresponding to different column drifts for the T-
section with b/2ts = 6 and (h/tw)eq = 32 under the CC protocol.
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6.3 Simulation Results

All T-sections buckle in the asymmetric mode with the ESRs plotted in Fig. 12 against b/2ts for
column drift levels of 1% through 4% for different values of (h/tw)eq. It is clear that (h/tw)eq has a
negative effect on ESR. While the negative effect is significant when the drift level is small, 1%,
it diminishes as both (h/tw)eq and drift level decrease in value. The effect also diminishes as the
value of b/2ts decreases. The above results further confirm the trend observed from the tests: the
effect of (h/tw)eq is significant only on post-buckling strength at small strain levels when the flange
is slender. An important observation from Fig. 12(d) is that the ESR curves tend to cluster together
at drift levels in excess of 2%, suggesting that it is reasonably accurate to ignore the effect of

(h/tw)eq ON Ang limits for the flanges.

Fig. 12 also shows that both b/2t; and drift level adversely affect ESR. For example, for T-sections
with (h/tw)eq = 56, the ESR corresponding to 1% drift decreases from 0.92 to 0.61 when b/2t;
increases from 6 to 16. ESR drops significantly as the column drift increases to 4%, where its range
decreases from 0.92 - 0.61 to 0.70 - 0.50 for b/2ts ranging from 6 to 16. Through a regression
analysis, the effect of b/2ts and drift level on ESR can be quantified by the following bilinear

equation with b/2t; = 8 as a transition point:

b b
ESR = (0.0575 — 0.422DR) (233 — 5— | for6 < — < 8
2t; 2t;

b b
ESR = (0.0205 — 0.15DR) [ 51 — — | for 8 < — < 16
2t 2t

where DR is the column drift ratio, e.g. 0.04 rad for the cases in Fig. 12(d). Equation (1) is plotted

as the solid black line in Fig. 12 and portrays the negative effect of both b/2ts and drift level on

ESR. Another observation is that the degradation of ESR with drift level could be substantial.
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419 7. Comparison with Current AISC Seismic Provisions
420  All specimens with b/2t; and (h/tw)eq smaller than Ar have a buckling strength larger than Py under

421  all loading schemes. Even when b/2ts exceeds /r, e.9. FSW1 specimens, a peak strength of at least
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Py is still achieved. While not shown in this paper, the computational study also supports this
finding. As a result, the current Ar limit is considered adequate for flanges in beams and columns

under the monotonic and cyclic loading schemes considered in this work.

From the experimental results, it is also clear that Ang is reasonable under monotonic loading. This
assessment is based on the observed good post-buckling responses exhibited by monotonically
loaded specimens with F1 and F2 flanges. The same can be said for specimens subjected to cyclic
axial loading for demands under the CB protocol. The degradation in tensile strength is much
milder than the post-buckling degradation seen under compression, which combined, will likely
allow most available cross-sections to carry at least 80% of their plastic moment capacity up to
4% rotation. Therefore, current limits on Ang for flanges appear to provide appropriate highly

ductile behavior for beams under cyclic loading.

Specimen F2W1-CC, which has a b/2ts smaller than the current Ang limit, exhibits an ESR of 0.78Py
at a NAD corresponding to 4% column drift. Equation (1) indicates that ESR reaches 0.65 at the
highly ductile slenderness limit. The evidence in this paper suggests that, barring other failure
modes such as global instability, a W24 column with slenderness characteristics similar to those
considered would be able “to withstand significant plastic rotation of 0.04 rad or more” per current
design philosophy and still support a substantial axial load. However, the key question of whether
the moment or axial capacities have been degraded too much by cyclic FLB is not addressed in
current seismic provisions. Unlike beams, where current seismic design provisions require that the

moment capacity be at least 80% of the plastic capacity at 4% drift, columns have no such
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requirement. The research in this paper points out the need for more precise performance

requirements for columns.

8. Conclusions

The effect of cyclic FLB on the capacity of structural members in special moment frames was
experimentally and computationally investigated in this study. Nineteen half-scale T-section
specimens were axially loaded to represent the flange/web subassembly in the plastic hinge region
of a wide flange section under combined axial and flexural loading. The specimens were selected
to cover a wide range of slenderness ratios and subjected to three different loading schemes. The
loading schemes included monotonic compression, meant to obtain the flange capacity without
cyclic degradation, and two cyclic axial loading histories, one that reflected the axial demands on
beam flanges and another for column flanges under cyclic drift loading. To further study the cyclic
behavior of column flanges and justify the observation from the test results, a parametric
computational study with different slenderness ratios was performed. The effect of slenderness

ratios on column compression capacity due to flange strength degradation was then evaluated.

The test results showed that most T-section specimens could reach a peak strength of Py regardless
of the value of b/2ts, but b/2ts substantially influenced post-buckling behavior. Under monotonic
loading, the current value for Ang for a flange was shown to be a boundary between large buckling
capacity and rapid degradation after reaching peak strength. The effect of (h/tw)eq, ON the other
hand, was shown to be secondary and became significant only when both b/2t; and (h/tw)eq Were

large and negatively interacted with each other.
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Specimens under the CB loading protocol exhibited much more severe compressive strength
degradation than the monotonic protocol. Depending on a specimen’s b/2tr, the compressive
strength dropped to as low as 0.53 Py at deformation levels that corresponded to 4% beam rotation.
The tensile strength had a much milder degradation rate than the compressive strength. However,
the required tensile strain for recovery of tensile strength after unloading from compression

depended on the slenderness ratio due to the effort of stretching out the buckled shape.

The backbone curves of specimens under CC loading were much higher than those for specimens
under CB loading and were quite close to the responses under M loading. This result was attributed
to the smaller tensile plastic strain demands and led to a milder cyclic degradation rate under
compression. Nevertheless, the degradation at higher drift levels could be substantial and could

compromise the axial and flexural capacities of the columns.

The experimental and computational data was used to evaluate the current AISC seismic
provisions. It was shown that the current Ar limit is adequate for flanges in beams and columns
under the monotonic and cyclic loading schemes considered in this work. It was also shown that
Jnd is reasonable for members under monotonic loading and CB loading, which is representative
of the demands seen in beams. The conclusion for ing and Amg under CC loading, representative of
the demands seen in columns, was not definitive because the performance expectations of the
AISC seismic provisions are not as explicit as they are for beams. The research outlined in this

paper provides useful input to refine current specifications to address this issue.
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The evaluation in this paper is only valid for the specific wide flange section sizes, loading
protocols and range of parameters studied. Although this research points out specific drawbacks
in the current AISC seismic provisions, additional research is needed to broaden the results and

draw comprehensive conclusions that warrant specification changes.
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