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Proposed Updates to the ASCE 41 Nonlinear Modeling
Parameters for Wide-Flange Steel Columns in Support
of Performance-Based Seismic Engineering

Dimitrios G. Lignos, M.ASCE"; Alexander R. Hartloper, S.M.ASCE?; Ahmed Elkady, A.M.ASCE?,
Gregory G. Deierlein, F.ASCE*; and Ronald Hamburger, F.ASCE®

Abstract: Nonlinear static and dynamic analyses are utilized by engineers for performance-based seismic risk evaluation of new and
existing structures. In this context, nonlinear component modeling criteria are typically based on ASCE 41 guidelines. Experiments on
wide-flange steel columns suggest that the ASCE 41-13 nonlinear component models do not adequately reflect the expected steel column
behavior under cyclic loading. To help bridge the gap between state-of-the-art research and engineering practice, this paper proposes new
modeling criteria for the first-cycle envelope and monotonic backbone curves of steel wide-flange columns for use in nonlinear static and
dynamic frame analyses. The proposed nonlinear provisions include new parameters for concentrated hinge models to facilitate modeling
of strength and stiffness deterioration of steel columns under seismic loading. The associated variability in the model parameters is also
quantified to facilitate reliability analyses and development of probabilistic acceptance criteria for design. Recommendations are made to
account for the influence of bidirectional lateral loading and varying axial load demands on the steel column’s hysteretic behavior. Also
proposed is an increase in the compression axial force limit for characterizing columns as force-controlled versus deformation-controlled
in line with the new ASCE 41 provisions. The proposed modeling parameters are validated against test data and continuum finite-element
analyses, and they are proposed for consideration in future updates to ASCE 41 requirements for nonlinear static and dynamic analyses of
steel frame buildings with wide-flange columns. DOI: 10.1061/(ASCE)ST.1943-541X.0002353. © 2019 American Society of Civil
Engineers.
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Introduction

Performance assessment by nonlinear dynamic (response history)
analyses is being increasingly used for the seismic assessment and
design of buildings and other structures. Over the past decade or
so, general guidelines and criteria have been proposed for the use
of nonlinear dynamic analyses of tall buildings (e.g., LATBSDC
2017; PEER 2017) and other structures (Deierlein et al. 2010).
Most recently, the ASCE 7 standard has introduced a new chapter
on nonlinear dynamic analysis for seismic design (ASCE 2017a;
Haselton et al. 2017). While general guidelines for implementation
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of nonlinear dynamic analyses have advanced, detailed recommen-
dations and criteria for structural components have not advanced as
quickly. For example, many engineers rely on model parameters in
the ASCE 41 standard (ASCE 2014, 2017b), which date back to
guidelines developed for nonlinear static (pushover) analyses in the
late 1990s (ATC 1997; FEMA 1997a, b).

In the last decade, guidelines geared to nonlinear dynamic
analysis of steel and concrete buildings have been developed, in-
cluding updated component hysteretic models that explicitly cap-
ture cyclic strength and stiffness deterioration (PEER/ATC 2010).
These models reflected the most recent findings from laboratory
testing of steel beams in prequalified beam-to-column connections
(FEMA 2000; Lignos and Krawinkler 2011) that were primarily
tested as part of the SAC joint venture program. Due to the fairly
limited experimental data available at the time, it was recognized
that updated modeling recommendations should be provided to
properly model the hysteretic response of steel columns subjected
to seismic loading (PEER/ATC 2010; Hamburger et al. 2016).

More recently, several full-scale experiments have been con-
ducted to characterize the hysteretic behavior of steel columns
under multiaxis cyclic loading (Newell and Uang 2008; Suzuki and
Lignos 2015, 2017; Lignos et al. 2016; Ozkula et al. 2017; Elkady
and Lignos 2018a). Although these tests revealed that the plastic
deformation capacity of steel columns is strongly influenced by
the cross section and member slenderness as well as the applied
axial load on the column, the ASCE 41-13 skeleton curve defor-
mation parameters do not properly capture these dependencies.
This has been also recognized by practicing engineers (Bech et al.
2015).
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The ASCE 41-13 standard treats steel columns as force-
controlled elements (i.e., zero plastic deformation capacity) when
they are subjected to compressive axial load demands of more
than 50% P;, where P, is the lower-bound axial compressive
strength of a steel column as defined in AISC 341 (AISC 2016a).
This limit may lead into seismic retrofit solutions that often times
are needlessly costly (Bech et al. 2015). Conversely, experimental
evidence and corroborating continuum finite-element (CFE) simu-
lations (Newell and Uang 2008; Elkady and Lignos 2015, 2018a, b;
Lignos et al. 2016) suggest that seismically compact steel columns
as per AISC 341 (AISC 2016a) can develop appreciable plastic de-
formation capacities even at relatively high compressive axial load
demands. Although the recently published ASCE 41 provisions
(ASCE 2017b) raised the associated limit for force-controlled col-
umn elements to 60% Py, (Py, is the axial yield strength and is
calculated based on expected steel material properties) or less, de-
pending on the section compactness, there is no background infor-
mation to substantiate such change.

Steel-framed structures are often subjected to bidirectional lat-
eral loading due to three-dimensional (3D) ground motion shaking.
Similarly, end (i.e., corner) columns of steel moment-resisting
frames (MRFs) may experience large fluctuations in axial load de-
mands due to dynamic overturning effects; hence, their hysteretic
behavior is different than that of adjacent columns within the same
MREF story (Suzuki and Lignos 2015). In particular, interior steel
MRF columns do not typically experience axial load fluctuations
due to overturning forces. The ASCE 41 (ASCE 2017b) provisions
do not provide explicit guidance on how to address the aforemen-
tioned two effects.

Despite the fact that both FEMA 273/274 (FEMA 1997a, b)
and ASCE 41 (ASCE 2017b) did not intend for the use of first
and/or second cycle component curves in nonlinear dynamic
analysis, absent of other established hysteretic models, engineers
often apply the ASCE 41 component models for dynamic analy-
ses (Hamburger et al. 2016). Although this issue was explicitly
addressed for steel beams (PEER/ATC 2010; Lignos and
Krawinkler 2011) with the use of hysteretic models that incor-
porate cyclic deterioration in strength and stiffness (e.g., Ibarra
et al. 2005), it still remains a challenge for steel columns. This
requires sufficient monotonic data as well as data from different
cyclic loading histories that represent the seismic demands in-
duced in steel frame buildings by different earthquakes and seis-
mic intensities (Krawinkler 2009; Maison and Speicher 2016). It
also requires a sense of the associated uncertainty for the first
cycle and monotonic backbone input model parameters such that
load and resistance factors can be applied to the associated seis-
mic demands (computed from analysis). Furthermore, acceptance
criteria for both deformation- and force-controlled elements can
be defined in a similar manner with Chapter 16 of ASCE 7
(ASCE 2017b).

This paper addresses the aforementioned deficiencies by
utilizing the available experimental data, complemented with
high-fidelity CFE simulations on steel wide-flange columns. In
conjunction, detailed background information and refined nonlin-
ear modeling recommendations are proposed for the ASCE 41
standard. These include updating the parameters of the ASCE
41 component model, as well as characterizing the monotonic re-
sponse of steel columns (i.e., monotonic backbone curves). The
aformentioned are achieved in the form of empirical regression
models that can be effectively used in engineering practice. Rec-
ommendations are also made for modeling the cyclic deterioration
in strength and stiffness by utilizing a commonly used phenom-
enological deterioration model. This paper comprises part of the
research carried out under the Applied Technology Council
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(ATC)-114 project funded by the National Institute of Standards
and Technology to propose updated recommendations for all four
major structural materials (Hamburger et al. 2017) as well as
guidelines for nonlinear structural analysis and design of buildings
with steel moment frames (Deierlein et al. 2017, 2018).

Component Model Description

Fig. 1(a) shows the moment-rotation relation of two nominally
identical columns (termed as test data) tested under monotonic
and symmetric cyclic lateral loading histories (Suzuki and Lignos
2015). The first-cycle envelope curve is derived as a series of se-
cants connecting the peaks of each first-cycle loading excursion of
a symmetric loading history in the positive and negative loading
direction. The idealized multilinear monotonic backbone and first-
cycle envelope curves are superimposed in the same figure (plotted
in dashed lines). Although the first-cycle envelope curve is loading-
history dependent (FEMA 2009; Krawinkler 2009), it is typically
used in nonlinear static analysis so as the effects of cyclic deterio-
ration in strength and stiffness are implicitly reflected in the mem-
ber’s response. Conversely, a member’s monotonic backbone curve
is considered as a unique property. It can be used for nonlinear dy-
namic analysis procedures provided that the employed component
hysteretic model explicitly simulates the effects of cyclic deterio-
ration in strength and stiffness (e.g., Ibarra et al. 2005; Krishnan
2010; Sivaselvan 2013).

Referring to Fig. 1(b), the modeling parameters of the first-cycle
envelope curve are distinguished from those of the monotonic
backbone with a superscript asterisk (*). The effective elastic stiff-
ness, K, of a steel column considers both its flexural and shear
deformations. The yield point is defined by the effective yield
strength, M7, and the corresponding yield rotation, 5. In the post-
yield range, the column hardens prior to reaching its maximum

flexural strength, M,(f;ix (i.e., peak response). This point is associ-
ated with the onset of nonlinear geometric instabilities (i.e., local
and/or lateral torsional buckling). The effective yield strength, M

is calculated based on a straight line from the peak response (M .(;2,()
that intersects the elastic slope of the column (i.e., effective stiff-
ness, K,). The slope of this line is such that the positive and neg-
ative areas between the first-cycle envelope (or monotonic curve)
and the line itself are equal in an absolute manner [i.e., equal area
rule (Chopra and Goel 2001)]. The pre-peak plastic rotation, 05;‘)
defines the column’s plastic deformation up to the peak response.
Following the onset of geometric instabilities, the column’s re-

sponse is represented by the post-peak plastic rotation, 92‘2 . Stabi-
lization of the local buckling amplitude occurs at a residual

moment, M(,*> (Krawinkler et al. 1983). Finally, a steel column
loses its axial load carrying capacity at an ultimate rotation, 05:;3,
which is dominated by severe axial shortening (Suzuki and
Lignos 2015).

The modified Ibarra-Medina-Krawinkler (IMK) phenomeno-
logical component model (Ibarra et al. 2005; Lignos and
Krawinkler 2011) explicitly captures a component’s cyclic deterio-
ration in strength and stiffness. The model assumes that each
component has an inherit reference hysteretic energy property, rep-
resented by a parameter A. This is known as the reference cumu-
lative plastic rotation capacity (Lignos and Krawinkler 2011). This
property, which is assumed to be loading-history independent,
controls the rate of deterioration in basic strength, A, post-peak
strength, A., and unloading stiffness, A;, of a structural steel
component.
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Fig. 1. Steel column component model definitions and illustrations of hysteretic deterioration model: (a) monotonic and first cycle envelope curves;
(b) idealized monotonic backbone and first cycle envelope curves; (c) comparisons of measured and simulated column end moments versus chord
rotation under symmetric loading history; and (d) comparisons of measured and simulated column end moments versus chord rotation under collapse-
consistent loading history. (Experimental data from Suzuki and Lignos 2015; Elkady and Lignos 2018a.)

Referring to Figs. 1(c and d), the simulated hysteretic response
based on the modified IMK model is compared with two nominally
identical column tests subjected to different loading histories
(Elkady and Lignos 2018a). The first one is a standard symmetric
loading history (Krawinkler et al. 2000). The second one is asym-
metric (termed as collapse-consistent protocol) and imposes a
structural component to few inelastic cycles followed by large mon-
otonic pushes (so-called ratcheting) prior to structural collapse.
This protocol has been established based on collapse simulation
studies of multistory steel MRFs (Suzuki and Lignos 2014) and
has been successfully used in prior experimental programs to char-
acterize the steel column hysteretic behavior (Suzuki and Lignos
2015; Lignos et al. 2016; Elkady and Lignos 2018a). The figures
suggest that by utilizing the monotonic backbone curve with prop-
erly calibrated deterioration parameters, the IMK model can sim-
ulate the cyclic strength and stiffness deterioration reasonably
well, regardless of the imposed lateral loading history. Therefore,
this model is adopted in this study to provide explicit modeling
guidelines for steel columns in support of nonlinear dynamic
analysis procedures in a similar manner with steel beams (Lignos
and Krawinkler 2011). The utilized data is also publicly available
(Al-Shawwa and Lignos 2013) for the development of similar
guidelines through the use of other available deterioration models.

Steel Column Database for Component Model
Calibration

The component models discussed in the previous section are
calibrated with available experimental data on 151 steel columns
(MacRae et al. 1990; Nakashima et al. 1990; Newell and Uang
2008; Cheng et al. 2013; Chen et al. 2014; Suzuki and Lignos
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2015, 2017; Lignos et al. 2016; Elkady and Lignos 2017, 2018a;
Ozkula et al. 2017). The collected tests involve columns subjected
to unidirectional and bidirectional bending under monotonic and
reversed cyclic symmetric lateral loading histories coupled with
constant compressive axial load demands. Datasets including vary-
ing axial load demands were also considered (Suzuki and Lignos
2015; Lignos et al. 2016). Fig. 2(a) shows the ranges of the local
flange and web slenderness ratios, b;/2t; and h/t,,, respectively, of
the collected data. It is common that some data points overlap
one another because multiple tests were conducted on nominally
identical members. The majority of the cross sections satisfy the
compactness limits of highly ductile members, \,;, per AISC
341 (AISC 2016a). Because the dataset is limited to hot-rolled
cross sections, there is a relatively strong linear correlation (i.e., cor-
relation coefficient of 0.79) between b/2t, and h/1,,.

Fig. 2(b) shows the gravity-induced compressive axial load ra-
tio, P,/ Py, (where P is the gravity-induced compressive load) ap-
plied on those column tests versus //f,,. Notably, several columns
were tested with a P,/P,, > 50% (i.e., P/P¢; > 50%), allowing
for a reassessment of the ASCE 41-13 (ASCE 2014) compressive
axial load limit to the current ASCE 41 (ASCE 2017b) limit for
force-controlled elements as discussed later on. Referring to Fig. 2,
the database is sparsely populated for the purpose of component
model calibration. Therefore, additional data points were generated
using high-fidelity CFE simulations to fill the gaps in both the
cross-section slenderness and axial load ranges. This includes
nearly 1000 CFE simulation data points. The CFE model specifics
comprise a number of key characteristics. In particular, shell ele-
ments that are assigned member and local geometric imperfections
within the allowable limits of AISC 360 (AISC 2016b) and ASTM
(2015), respectively, to properly trace instabilities associated with
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Fig. 2. (a) Cross-section slenderness; and (b) axial load ratio ranges
of the collected test data. Compressive axial load ratio, P,/ P,,, is in-
dicated with a positive sign.

ye>

local and lateral torsional buckling. Residual stresses due to hot-
rolling are appropriately considered based on the Young (1972)
stress distribution. The steel material inelasticity is simulated
through a multiaxial plasticity model (Voce 1948; Armstrong
and Frederick 1966; Chaboche 1989) that captures the combined
effects of the isotropic/kinematic hardening of mild steels. The
parameters of this model are calibrated as discussed in Elkady
and Lignos (2018b) and Suzuki and Lignos (2017). Nonlinear static
analysis is conducted including geometric nonlinearities based on the
Newton solution method. A direct linear equation solver is employed
that features a sparse, direct, Gauss elimination method. The column
base degrees of freedom are restrained to mimic ideally fixed boun-
dary conditions in steel MRFs. Conversely, the column top end
boundary is flexible mimicking the boundary conditions of first-story

steel columns in capacity-designed steel MRFs. All the CFE simu-
lations were carried out with ABAQUS (ABAQUS 2014). The
validation procedures of the employed CFE model including com-
parisons with a broad range of test data are discussed in great detail
in prior published studies (Elkady and Lignos 2015, 2018b) as
well as an international blind analysis prediction contest on deep,
wide-flange structural steel beam-columns (NIST-ATC 2018).

The considered steel columns utilize cross-section sizes ranging
from W12 to W36, which represent typical member sizes for first
story columns in steel frame buildings designed in seismic regions
of North America. The CFE models are subjected to both symmet-
ric cyclic and monotonic loading coupled with constant compres-
sive axial load demands ranging from, P,/P,, of 0 to 0.75.

Observed Trends of the Component Model
Parameters

Prior work (Elkady and Lignos 2015, 2018b; Elkady et al. 2018)
underscores the influence of the web slenderness, //1,,, the gravity-
induced compressive axial load ratio, Pg/Pye, and the member
slenderness, L,/r, (where L, is the column’s unbraced length;
and ry is the radius of gyration in the column cross section’s weak
axis), on the hysteretic response of wide-flange steel columns.
Fig. 3 depicts the influence of the previous parameters on the de-
duced parameters of the first-cycle envelope curve of steel columns.
The previous geometric and loading parameters are selected be-
cause they were found to be statistically significant to the first-cycle
envelope and monotonic backbone input model parameters of a col-
umn (Elkady and Lignos 2018b; Elkady et al. 2018). The data plots
distinguish between available physical tests (termed as test data)
and the CFE simulation data (termed as CFE data). The dashed
straight lines shown in these figures only indicate the data trends
between the column geometric (%/t,, L;/r,) and axial loading
parameter (P,/P,,) and the deduced parameters of a column’s
first-cycle envelope curve. The established linear trend lines are
only used to facilitate the discussion in this paper. Referring to
Fig. 3(a), the pre-peak plastic rotation, ¢, decreases with increas-
ing h/t, due to the earlier onset of local buckling-induced soften-
ing observed in more slender cross sections. This is exacerbated
with increasing P,/P,, [Fig. 3(b)]. With increasing L,/r,, the
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Fig. 3. Component model parameter trends based on symmetric cyclic loading histories.
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cyclic strength deterioration is accelerated due to coupling of local
and lateral torsional buckling [Fig. 3(c)]. Referring to Fig. 3(b), the
decreasing variance in ¢, with increasing P /P, highlights the
strong influence of this parameter on ¢, an effect that is not
reflected in the ASCE 41 (ASCE 2014) guidelines.

Similar trends are found with respect to the post-peak plastic
rotation, ¢),., although a larger scatter in the data is observed in
this case. This is attributed to the higher dependency of },. on the
L,/r, due to coupling of local and lateral torsional buckling in the
post-beak response (Ozkula et al. 2017; Elkady and Lignos 2018a).
Notably, the interdependency of L,/r, and h/t,, on the a and b
ASCE 41-13 component model definitions is neglected. These
two parameters are defined in Fig. 1(b).

Referring to Fig. 1(b), a common value that has been historically
employed for the hardening slope in the postyield range is 3% of
the elastic stiffness of the respective structural component (ASCE
2014). Steel components subjected to cyclic loading harden due
to combined isotropic and kinematic hardening. This combined
hardening effect is dependent on the steel material type (Kanno
2016). For the employed model discussed in this paper (Fig. 1) this
effect can only be inherently represented by a hardening ratio,
a* = M}, /M;. Fig. 3(d) shows the relation of a* with respect
to h/t,,. From this figure, stocky columns (i.e., //1,, & 20) can de-
velop a maximum flexural strength, M., approximately 1.6 times
their effective yield strength, M7, due to the delay of local buckling
even at large lateral drift amplitudes. This is consistent with obser-
vations from full-scale experiments (Newell and Uang 2008). Con-
versely, steel columns with seismically compact but slender cross
sections near the current compactness limits of highly ductile mem-
bers (AISC 2016a) exhibit negligible hardening due to the early on-
set of geometric instabilities. This becomes more evident in cases
that the compressive axial load demands are larger than 0.30 P,,.
Referring to the input parameters of the monotonic backbone curve
shown in Fig. 1(b), similar trends hold true. In particular, there is a
strong negative relation between ¢, and both 4/t,, and P /P,,, as
expected. The dependence of 8, on L,,/r, is less pronounced than
the dependence of 6, to L, /ry. This is due to the fact that member
instabilities of wide-flange steel columns utilizing seismically com-
pact cross sections do not typically occur until after the onset of local
buckling, which is strongly associated with a loss of lateral torsional
rigidity of a wide-flange member (Elkady and Lignos 2018a). For
further details, the reader is referred to Hartloper (2016).

Description of Multiple Regression Model

The most relevant parameters in predicting a wide-flange steel
column’s first cycle and backbone curves are the web slenderness
ratio, h/t,, as defined in AISC 341 (AISC 2016a); the member
slenderness ratio, L,/ ry; and the gravity-induced compressive axial
load ratio, P,/P,,. Accordingly, the proposed empirical multiple
regression model is as follows:

_ h B Lb B> P B3
) E) e

where y = predicted response parameter of interest; 3; = regression
coefficients; and € = error between the test and predicted responses.
The goodness-of-fit for each regression equation can be partially
evaluated based on the coefficient of determination, R?, and
coefficient of variation (COV). The R> and COV values are
representative of the magnitude and level of scatter in €, respec-
tively. Although outside the scope of this paper, the reported
COV values can facilitate the quantification of modeling uncertain-
ties on the overall steel frame building seismic performance.
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The modeling uncertainties are assessed through a response sur-
face, which describes the median collapse capacity as a function
of the model random variables. The response surface can then used
in conjunction with Monte Carlo methods to quantify the effect of
these modeling uncertainties on the calculated collapse fragilities.
Comparisons of the response surface—based approach and a simpler
approach, namely the first-order second-moment (FOSM) method,
indicate that FOSM can lead to inaccurate results in some cases,
particularly when the modeling uncertainties cause a shift in the
prediction of the median collapse point. An alternate simplified
procedure is proposed that combines aspects of Liel et al. (2009)
and Gokkaya et al. (2016).

Although the flange local slenderness, b r / 2tf, can somewhat af-
fect the response parameters, it was found to be collinear with //1,,
for the range of hot-rolled cross sections included in the steel column
database [Fig. 3(a)]. This argument may not hold true for built up
cross sections, where the strong correlation between b,/2f, and
h/t, is not necessarily maintained. However, the focus on the
present study is on beam-columns utilizing hot-rolled cross sections.

Stepwise multiple regression analysis (Chatterjee and Hadi
2015) is used to determine the regression equations’ coefficients.
The statistical analysis of the regression models is presented in
detail in the following section.

Statistical Analysis of the Regression Models

The quality of each regression model is evaluated based on the con-
ditions of the Gauss-Markov theory (Chatterjee and Hadi 2015).
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Fig. 4. Residual values from the regression analysis of pre-peak plastic
rotation, ;.
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In particular, three conditions are checked for each model: (1) the
mean of the residuals is equal to zero; (2) the residuals have con-
stant variance (i.e., homoscedasticity); and (3) no correlation is
present among the residuals. Residuals were calculated for the plas-
tic deformation parameters 6,(0;,), 0,.(0;.) the hardening ratios
a(a*), and the residual flexural strength, M, (M?). The raw residual
is used for this purpose, which is defined as the difference between
the observed values minus the predicted ones from the developed
regression equations. All statistical tests are conducted considering
a significance level of 5% (i.e., a = 0.05). For brevity, only the
statistical analysis of 6, is presented in this paper. The reader is
referred to Hartloper (2016) for further details regarding the rest
of the input model parameters.

A Lilliefors test (Lilliefors 1967) is conducted on the residuals
of the ¢, model. The resulting p-value of about 0.5 confirms the
null hypothesis of normally-distributed residuals. This is supported
by visual inspection of the quantile-quantile (i.e., QQ) plot
(Chatterjee and Hadi 2015) shown in Fig. 4(a). The markers falling
close to the dashed line indicate that the residuals closely follow the
normal distribution, as originally assumed in the null hypothesis.

The condition of mean of the residuals is assumed to be zero is
evaluated through a z-test. Based on the residuals of the 9’;, model,
the test returned a p-value ~ 1.00, indicating that the residuals
have a zero mean. The homoscedasticity of the residuals is visually
checked based on the plot of residuals versus the predicted values.
Referring to Fig. 4(b), in general, the residuals have a constant vari-
ance over the range of predicted values.

Finally, the correlation between residuals and predictors
is evaluated based on inspection of the partial residual plots

P

1.15-Z - R, Fy,,-<1—2P

« ye
M; = 0 »
1152 R‘,-Fy,,-g(l—P

where Z = plastic section modulus of the wide-flange cross section
about the strong-axis; R, = expected-to-nominal yield stress ratio
from Table A3.1 per AISC 341 (AISC 2016a); and F',,, = nominal
yield stress of the steel material. Note that M3 is the same for both
the proposed monotonic and first cycle envelope curves.

The peak flexural strength ME;;ZX can then be computed as

E;;ZX =g - My, where the hardening ratio parameters, a (for
the monotonic backbone) and a* (for the first-cycle envelope)
are estimated using Eq. (3) or Eq. (4), respectively. An upper bound
of 1.3 is enforced to limit the amount of cyclic hardening in
columns with stocky cross sections undergoing low compressive
axial load demands. This limit is rational for A992 Gr. 50 steel
or equivalent steels (Kanno 2016; Sousa and Lignos 2017). The
corresponding hardening ratios are as follows:

—0.2 0.4 P\ 04
a:12.5~(ﬁ) (ﬂ) -(1—4) ,1.0<a<13
1, ry Py,

) if P,/P,, >0.20

(Fox 1991). The partial residual plot with respect to P,/P,, is
shown in Fig. 4(c). A relationship is evident between these two
parameters, as indicated by the dashed trend line. The regression
equation generally underestimates the ¢, for high compressive
axial load ratios (i.e., Py/PyL, > 35%), and overestimates in
between. To preserve the form of the proposed equations for sim-
plicity, and to ensure rational predictions for the pre-peak plastic
rotation at moderate axial load levels, a limit of 6, <0.1 rad
is imposed to the respective equation. Similar restrictions are
placed on the rest of the empirical equations where this issue
is encountered.

Proposed Equations for Predicting Component
Model Parameters for Wide Flange Steel Columns

This section provides equations to estimate each of the proposed
component models’ parameters (Fig. 1). The dataset used to de-
velop Egs. (2)—(13) comprised of structural steel cross sections
made of ASTM A992 Gr. 50 steel (ASTM 2015) or equivalent
steel material (i.e., Fy, =345 MPa). The ranges of predictor
variables in Egs. (2)—(13) are as follows: 3.71<h/t, <57.5,
38.4<Ly/r, <120, and 0.0 < P,/P,, <0.75.

Flexural Strength Parameters

The effective yield strength, M3, is calculated based on the AISC
360 (AISC 2016b) P-M interaction equation adjusted for the effects
of cyclic hardening as follows:

> if P,/Py, <0.20

(COV = 0.10) (2)

Expressed as a percentage of the effective yield strength, the
column’s residual flexural strength, M, or M}, can be estimated
by Eqgs. (5) and (6), respectively.

P
M, = (0.5 —04- Pg) - M3 (COV = 0.27) (5)

ye

P,
M:=(04-04
P

> - M3, (COV = 0.35) (6)

ye

Yield Deformation

The effective yield rotation, 9;, shall be deduced directly from the
column’s effective yield strength, M7, and the elastic stiffness, K.
Experiments (Lignos et al. 2016; Ozkula et al. 2017; Elkady and

Lignos 2018a) suggest that the contribution of the shear deforma-

(R* =0.76,COV = 0.1) (3) tions can reach up to 30% of the overall column’s elastic deforma-
tion for typical building configurations. Therefore, the column’s

R\~04 [L,\-016 P,\02 elastic stiffness K, can be computed in the same manner with

a*=95- (t_) . (r_) . (1 —P—) ,10<5a* <13 the flexural stiffness of eccentrically braced frame link beams
v Y e (Bech et al. 2015). In particular, K, = L>K K, /[2(K, + K})] in

(R* =0.87,COV = 0.07) (4) which, the shear and flexural stiffness are K, = GA,,/L and
© ASCE 04019083-6 J. Struct. Eng.
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Table 1. Deterioration modeling parameters for first-cycle and monotonic backbone curves for selected steel wide-flange column cross-sections

P,/Py, =020

P,/P,. = 0.50

Section h/t, L/t a 0, 0 pe a* o,

Ope A a 0, 0pc a* o, 0 A

W33 x318  28.7 47.8 1.244 0.046 0.159 1.278 0.013
W27 x 235 26.2 532 1214 0.049 0.157 1.300 0.015
W24 x 146 33.2 58.8 1.112  0.031 0.120 1.166  0.010
W24 x 84 45.9 90.9 1.000 0.013 0.065 1.000 0.005
W14 x 370 6.9 41.7 1.300  0.200 0.300 1.300  0.100
W14 x 233 10.7 433 1.300  0.200 0.300 1.300  0.065

0.068 0.83 1.031 0.022 0.049 1.163 0.004 0.015 0.60
0.069 096 1.006 0.023 0.049 1.186 0.005 0.015 0.64
0.054 055 1.000 0.015 0.037 1.062 0.003 0.012 0.33
0.034 022 1.000 0.006 0.020 1.000 0.002 0.007 0.09
0.100 3.00 1.300 0.200 0.172 1.300 0.045 0.050 3.00
0.100 3.00 1.300 0.123 0.117 1.300 0.022 0.035 3.00

Note: Values calculated assuming L;,= 4,500 mm; and F,,= 345 MPa (A992 Gr. 50 steel).

K, = 12EI/L3, respectively. If the column is not in double curva-
ture, then K, shall be adjusted accordingly; E and G are Young’s
and the shear modulus, respectively, of the steel material; A,, is the
web area of the wide-flange cross section as defined in AISC 341
(AISC 2016a); L is the column’s length; and / is the moment of
inertia of the cross section with respect to its strong axis.

Plastic Deformation Parameters

The steel column’s pre-peak plastic rotation (6, or ;) can be
estimated as follows:

W\-L7  /L.\-07 P \16
0, =294 (—) : (—”) : (1 — —y> <0.20 rad
ty ry Pye

(R> = 0.89,COV = 0.39) (7)
h\-16 /L. \-03 P \23
05 =15- (—) : (—”) : (1 ——9) <0.10 rad
t, Ty Py,
(R> = 0.89,COV = 0.31) (8)

Similarly, the post-peak plastic deformation capacity (6, or
&), representative of the column’s post-buckling behavior can
be estimated as:

—0.8 0.8 P \25
9PC:90.(E) (ﬂ) .(1__9) <030 rad
ty Ty Pye

(R = 0.91,COV = 0.26) (9)
-08  /L.\-05 P \32
Ope =14 - (ﬁ> . (—”) . (1 - 9) <0.10 rad
1y ry Py,
(R? = 0.78,COV = 0.42) (10)

h —2.14 L —0.53 P 4.92
25,000 - ( ) (—) (1 - —g) <30, if P,/P,, <0.35
1 ry Pye

A= =230 /[, ~130 P\ 119
268,000 - ( ) (—) ( - Pg> <3.0,if P,/P,, > 0.35

The use of a single equation in this case is not possible because
the influence of P,/ P,, on the rate of cyclic strength deterioration
is not well captured. If a single equation were to be used, then the
A values would be under predicted at P,/ Py, ratios of 5% to 30%,
which are commonly seen in steel MRFs (Suzuki and Lignos
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The ultimate rotation (6,,, or 67;) representative of the total
chord rotation at which a steel column loses its axial load carrying

capacity, can be estimated as follows:

0,4,= 0.15 (COV = 0.46) (11)

9*

ult

_0.08-(1 0.6 - P)(cov 0.51) (12)

ye

Table 1 summarizes the proposed component model parameters
for typical column cross sections based on the procedures outlined
in this paper. Based on these values, the ratio of the mean total
plastic rotation between the monotonic backbone curve and the first
cycle envelope curve (6,,/0%,) is about 2.6, which is consistent
with prior experimental studies conducted on nominally identical
column specimens (Suzuki and Lignos 2015, 2017; Lignos et al.
2016).

Reference Cumulative Plastic Rotation Capacity

An empirical relation is proposed to compute the reference energy
dissipation capacity, A of the modified IMK deterioration model
(Ibarra et al. 2005; Lignos and Krawinkler 2011) for simulating
explicitly the cyclic deterioration in strength and stiffness of steel
columns in frame buildings with a concentrated plastic hinge
model. For a particular test result, this parameter is calibrated
by minimizing an objective function that consists of the integral
of the square difference between the predicted and the measured
moment over the accumulated plastic rotation. Referring to
Figs. 2(c and d), the simulated column response is based on these
calibrations. The proposed equation for computing the A, param-
eter, which controls the cyclic basic strength deterioration of a steel
column is as follows:

ye

2014). This is not a controlling issue for stocky columns, where
cyclic strength and stiffness deterioration is only a minor issue
(Newell and Uang 2008). Eq. (13) suggests that the influence of
P,/ Py, on A, is stronger when P,/ P,, <35% than P,/ P, > 35%.
The reason is that in the former, for small axial load ratios, web
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Fig. 5. Comparison of measured and predicted responses for selected component model parameters.

local buckling is partially restrained because the neutral axis is
typically in the web of the respective cross section, while in
the latter, the neutral axis is typically in the cross section’s flange;
thus, the plate buckling resistance is only modestly influenced by
P,/Py,.

Prior calibration studies for steel beams showed that distinguish-
ing the response with multiple A parameters (e.g., for different
deterioration modes) does not necessarily increase the model accu-
racy (Lignos and Krawinkler 2011). In the case of wide-flange steel
columns, it was found that the post-peak strength and unloading
stiffness deterioration parameters A. and A, respectively, can
be estimated as 0.9 times the value of A,.

Comparison of Proposed Models with Test Data and
ASCE 41-13 Modeling Guidelines

The sufficiency of the proposed modeling recommendations in
predicting the first-cycle and monotonic backbone curves for steel
wide-flange columns is demonstrated through meaningful compar-
isons with representative test data. The parameters 6, 0, that
define the plastic deformation capacity of a steel column’s first
cycle envelope curve are plotted against their corresponding test/
simulation values used in the multiple regression models in Figs. 5
(a and b), respectively. Each of the model parameters show a rela-
tively good fit reflected by the data points clustered close to the
dashed line. This is also supported by the corresponding R? values.
Referring to Figs. 5(a and b), the increase in the scatter with larger
response parameter values is due to the constant variance in the re-
siduals in the log-log domain (i.e., the ratio of the error-to-predicted
magnitude ratio is constant). Consequently, the error increases as the
absolute value of the response parameter increases. Same observa-
tions hold true for the rest of the input model parameters with refer-
ence to Figs. 1 and 2. For this reason, upper bound limits are
imposed in the predicted parameters. Same observations hold true
for the A values of most column cross sections as shown in Fig. 5(d).
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Fig. 6 shows the response of a number of tested steel columns
subjected to monotonic and symmetric cyclic loading. In an attempt
to provide confidence on the proposed modeling recommendations,
superimposed in the same figure, are the component models based
on the procedures proposed in this paper, as well as those from
ASCE 41 (ASCE 2014) provisions. The following observations
may be made:

e The ASCE 41-13 model ignores the shear deformation contri-
bution in the column’s effective stiffness, K, calculations;
thus K, is underpredicted by about 30%, on average. In that
sense, the current ASCE 41-17 refined recommendations are
substantiated.

e Referring to Fig. 6(a) the proposed steel column monotonic
backbone represents fairly well the experimental data including
the post-peak plastic deformation range. The observed differ-
ences in the predicted versus the measured effective yield
strength are due to the material variability associated with
the expected-to-measured yield stress.

e Referring to Figs. 6(b and d), the proposed first-cycle envelope
curve represents relatively well the measured response of
steel columns regardless of the h/t,, and the applied P,/P,,.
Conversely, the ASCE 41 component model overestimates
the pre-peak plastic deformation of steel columns subjected
to Pg/ Py, = 0.20 [Fig. 6(b)]. This is attributed to the fact that
the ASCE 41 component model does not capture the cross sec-
tion local slenderness effects on the pre-peak plastic deforma-
tion parameter « as defined in the ASCE 41 modeling
recommendations. In addition, the ASCE 41 component model
does not directly capture the effect of L, /r, on parameter a.

» Referring to Figs. 6(c and d), steel columns that utilize cross
sections within the limits of highly ductile members as per
AISC 341 (AISC 2016a) and subjected to P,/Py, = 0.50
(i.e., Py/Pcp > 0.50) have an appreciable plastic deformation
capacity that is significantly underestimated by the ASCE
41-13 component model that treats such members as force-
controlled elements (i.e., no plastic deformation capacity). This
issue is elaborated in a subsequent section.
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Fig. 6. Comparisons between test data, proposed component models, and ASCE 41-13 component modeling recommendations for steel wide
flange columns: (a) W14 x 53, P,/P,, = 0.30; (b) W24 x 146, P,/ P\, = 0.20; (c) W24 x 146, P,/ P,, = 0.50; and (d) W14 x 82, P,/P,, = 0.30.

(Data from Suzuki and Lignos 2015; Elkady and Lignos 2018a.)

* In contrast to the ASCE 41 model, the gradual reduction in the
column’s flexural strength in the post-peak response is captured
relatively well by the proposed model.

Modeling Recommendations for Columns Subjected
to Bidirectional Lateral Loading

Columns in steel frame buildings undergo biaxial bending de-
mands during three-dimensional ground shaking. Fig. 7 shows
a comparison of the normalized first cycle envelope curves for
two nominally identical W24 x 84 columns, subjected to unidirec-
tional and bidirectional loading histories (Elkady and Lignos
2018a) coupled with a constant compressive axial load. Notably,
the plastic deformation capacity of both specimens is virtually the
same. Hence, Egs. (7)—(13) should be used without any adjustment
due to the biaxial bending effects. Conversely, the effective flexu-
ral strength parameters of the first cycle and monotonic backbone
curves should be adjusted by modifying Eq. (2) to account for

=== Unidirectional

1 ff ==== Bidirectional

-0.06 -0.04 -0.02 0 0.02 0.04 0.06

Chord Rotation, 0 [rad]

Fig. 7. Wide-flange steel columns (W24 x 84) subjected to unidirec-
tional and bidirectional lateral loading. (Data from Elkady and Lignos
2018a.)
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the axial load-biaxial bending (P-M -M,) interaction. The AISC
360 (AISC 2016b) interaction equations shall be employed for this
purpose. Note that this observation may not necessarily hold true
for end steel MRF columns experiencing axial load fluctuations
synchronized with bidirectional lateral loading histories. This issue
shall be carefully examined in future related studies.

Modeling Recommendations for End Columns

End columns in steel MRFs may experience large variations in their
axial load demands due to dynamic overturning effects (Suzuki and
Lignos 2014). These variations, about the gravity-induced com-
pressive load P,, can reach about +35% of P,, (Suzuki and
Lignos 2014). Fig. 8 depicts the average first-cycle envelope of
both stocky and slender column cross sections subjected to
gravity-induced axial load P, plus a transient component P due
to dynamic overturning effects. For instance, Fig. 8(a) shows a
4,000 mm long W24 x 233 column subjected to a gravity-induced
axial load ratio of P,/Py, = 0.15 and a transient axial load ratio
varying with respect to the gravity-induced offset from P/P,, =
—0.15 in tension to P/P,, = 0.75 in compression while the lateral
drift increases up to 0.07 rad. Although the peak compressive axial
load demand is 75% P, (well above 50%P;) in both columns
shown in Fig. 8, stocky cross sections (h/t,, < 10) are able to sus-
tain considerable inelastic deformation demands without noticeable
strength deterioration [Fig. 8(a)] due to local and/or member insta-
bilities (Newell and Uang 2008). Fig. 8(b), shows the first-cycle
envelope of a W16 x 89 column, which comprises a slender
but seismically compact cross section according to the AISC
341 (AISC 2016a) seismic provisions. This member experiences
local buckling-induced softening at much smaller inelastic defor-
mations than the W24 x 233 column. However, the associated in-
elastic deformation capacity of the W16 x 89 is still appreciable
despite the excessive compressive axial load ratio of P/P,, =
0.75 due to the combined gravity and transient axial load demands
coupled with the imposed lateral drift history.

Referring to Fig. 8, unlike the ASCE 41 component model, the
proposed model seems to predict reasonably well the column’s
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Fig. 9. Trends of pre-peak and post-peak plastic rotations with respect to the cross-section web local slenderness ratio for modeling the first cycle

envelope curve of steel wide-flange columns.

plastic deformation capacity by just considering the gravity-induced
load component (P,/P,,). The same observations hold true for the
rest of the data. In that respect, columns experiencing varying axial
load and lateral drift demands may be modeled based on the pro-
cedures outlined in this paper considering only the gravity-induced
axial load ratio, P,/ P,, and neglecting the transient effects. Ideally,
numerical models that explicitly capture the axial force-bending
interaction within the cross section should be employed for this
purpose (e.g., Krishnan 2010; Suzuki and Lignos 2017; Do and
Filippou 2018; Kolwankar et al. 2018). Global instability modes
shall also be considered within a simulation framework. As such,
the approaches summarized in Krishnan (2010) may be employed
for frame analyses not involving CFE models. However, the cou-
pling of local and lateral torsional buckling still remains a challenge
to be addressed for frame analysis elements.

Proposed Updates for Force-Controlled Elements

Referring to Fig. 9, steel columns with seismically compact cross
sections (i.e., h/t,, < 43) have considerable pre-peak and post-peak
plastic deformation capacities regardless of the applied axial com-
pressive load ratio. This is also evident from Fig. 2(b) for the entire
column data set as well as prior related studies (Elkady and Lignos
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2018b). Accordingly, it is recommended that the ASCE 41-13
force-controlled limit of 50% P, be relaxed to 60% P,, for wide-
flange steel columns with /t,, <43 and L,/r, < 120. At com-
pressive axial load demands near P/ Py, > 60%, steel columns may
be very close to their lower-bound compressive strength, Py,
especially in the presence of geometric imperfections due to fab-
rication/erection. This substantiates the refined limit for force-
controlled column elements according to the ASCE 41-17 standard.

Conclusions

This paper provides comprehensive recommendations for nonlinear
modeling of wide-flange steel columns for performance-based seis-
mic assessment of new and existing steel frame buildings. Two sets
of empirical parameters for concentrated hinge models are pro-
posed. The new model parameters are calibrated to testing and
high-fidelity continuum finite-element analyses of wide-flange
steel columns. The empirical formulations predict the monotonic
and first-cycle envelope curves of wide-flange steel columns in
their pre-peak and post-peak nonlinear response and can be directly
used in nonlinear dynamic and static analysis procedures, respec-
tively. Recommendations on how to explicitly simulate the cyclic
deterioration in strength and stiffness of steel columns are also
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provided through the calibration of a widely used phenomenologi-

cal deterioration model for frame analysis studies. The proposed

first cycle envelope curves are directly compared with the ASCE

41 component model for steel columns. The main findings are sum-

marized as follows:

* The effective yield strength M} used in both the first cycle en-
velope and monotonic backbone curves is, on average, 1.15
times the expected plastic resistance of steel columns reduced
by the effects of the gravity induced axial load ratio based on the
AISC 360 (AISC 2016b) uniaxial or biaxial bending-axial load
interaction equations for unidirectional or bidirectional lateral
loading, respectively.

e The test data suggest that shear deformations may contribute
up to 30% to the effective elastic stiffness, K, of a steel
column. Therefore, both flexural and shear deformations shall
be considered in the elastic stiffness computations of steel
columns.

* The axial load ratio, P,/Py,, is the primary contributor to the
pre-peak plastic rotation, 92‘), post-peak plastic rotation, 95,*()
the postyield hardening ratio a*) = MY /M, and the dete-
rioration parameter A of hot-rolled wide flange steel columns,
followed by the cross section’s web local slenderness, h/1,,.
Of somewhat importance is the member slenderness ratio,
L,/r,, especially in the post-peak column response due to
coupling of local and lateral torsional buckling. The ASCE
41-13 component model for steel columns does not directly
capture these effects on the pre-peak plastic deformation
parameter, a.

e The ultimate rotation, 6,,;, at which a steel column loses its axial
load carrying capacity under cyclic loading is strongly influ-
enced by P,/P,, and it is on average two to three times less
than that of the same column subjected to monotonic loading.

* Although bidirectional lateral loading has an apparent effect on
the column’s effective flexural strength M7, it does not practi-
cally influence the column’s plastic deformation capacity. How-
ever, this observation shall be examined carefully for end steel
MRF columns experiencing axial load fluctuations due to
dynamic overturning effects synchronized with bidirectional
lateral loading histories.

e It was found that end columns subjected to varying axial load
demands can be modeled reasonably well by only considering
P,/Py, and neglecting the transient axial load component
due to dynamic overturning effects. However, additional non-
linear building simulations are required to further validate this
statement.

e Data from experiments and corroborating finite-element ana-
lyses suggests that steel columns with cross sections within the
limits of highly ductile members as per AISC 341 (AISC 2016a)
have an appreciable plastic deformation capacity even in cases
that P,/Pc; > 0.50. Accordingly, it is recommended that the
ASCE 41-13 force-controlled limit of 50% P.; be relaxed to
60% P, for wide flange steel columns with A/t <43 and
L,/r, <120. In that respect, the adopted change in the
recent ASCE 41-17 provisions is deemed to be rational.

The conclusions of this paper are based on testing data and
continuum finite-element analyses of a wide range of hot-rolled
column cross sections made of A992 Gr. 50 steel or equivalent.
The proposed recommendations shall be used with caution when
built-up column cross sections are employed. Comprehensive sys-
tem level studies should be conducted to further quantity the influ-
ence of the proposed modeling recommendations on the overall
seismic behavior of steel frame buildings. For selected case study
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steel frame buildings, such studies have been conducted and are
summarized in Hamburger et al. (2017).
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