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ABSTRACT

Current experimental studies on the seismic behavior of steel wide-flange columns under multi-axis cyclic loading reveal that
these members, depending on their geometric characteristics, may be susceptible to axial shortening, out-of-plane
deformations and lateral-torsional buckling coupled with local buckling. In that respect, simulation models have intrinsic
value to generalize the previous experimental findings in a wider range of member sizes and aid the further development of
our seismic design and assessment standards. Prior work on continuum finite element (CFE) modeling of steel wide-flange
columns stressed the importance of the proper consideration of local and member imperfections within the CFE model. The
assumptions underlying the steel material model, particularly its hardening laws, along with the methodology for obtaining its
input parameters, have been overlooked. The main issue explored in this paper centers on the fact that commonly used
nonlinear isotropic/kinematic plasticity models within CFE simulation platforms were originally developed for stainless
steels. Therefore, they do not represent the discontinuous yielding phenomenon present in typical structural mild steels.
Nonlinear analyses conducted in this paper underscores that the predicted buckling modes are sensitive to the choice of
material model for a class of steel wide-flange columns.
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INTRODUCTION

A number of experiments have been carried out in the past decade to better characterize the behavior of steel wide-flange
columns under multi-axis cyclic loading [1-6]. These experiments suggest that coupled local buckling and lateral-torsional
buckling (LTB) in columns is likely to occur, followed by axial shortening, and out-of-plane deformations. As highlighted by
these experiments, the aforementioned instability modes are dependent on a column’s local and member slenderness
characteristics, boundary conditions, axial load, and the imposed lateral loading sequence.

While physical experiments are essential to characterize column behavior, they are limited by the number of cross-sections,
column lengths, boundary conditions, lateral load patterns, and axial load demands can be reasonably tested. Continuum
finite element (CFE) simulations are valuable in this regard to extend the findings from these experiments to a wider range of
these variables. For example, CFE parametric studies have been used to evaluate design guidelines [7], propose updates to
current standards [8] and to improve nonlinear modeling recommendations [9]. Chiefly, CFE analyses on columns are
sensitive to the geometric imperfections chosen to realistically model geometric instabilities, and the material model chosen
to represent the nonlinear behavior of the steel material. While prior studies have focused on calibration of the local and
member imperfections required to capture observed instability modes [8, 10], the use of classic metal plasticity models has
been taken for granted.

At present, the nonlinear cyclic behavior of metals is typically modeled through a combined isotropic and kinematic
hardening approach based on the work of Voce [11] and Chaboche et al. [12], respectively (the latter being an extension of
the work done by Armstrong and Frederick [13]). Despite the pervasive use of this model in CFE software packages,
unbiased calibrations based on cyclic uniaxial experiments reveal its inherent deficiencies in capturing the discontinuous
yielding phenomenon present in mild steels. This paper introduces the issues with this classic plasticity model for mild steels,
and how they can be addressed. Furthermore, CFE simulations illustrate that modeling of the discontinuous yielding
phenomenon can have a significant impact on the predicted buckling modes of steel wide-flange columns under multi-axis
cyclic loading.
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UPDATED MATERIAL MODEL
Modeling the discontinuous yielding phenomenon

The discontinuous yielding phenomenon in mild steels is widely accepted to be the result of dislocation locking within the
steel microstructure due to interstitial carbon and nitrogen solute atoms [14-16]. A stress-strain relationship for a mild steel is
shown schematically in Figure 1a. Here, key characteristics of materials with discontinuous yielding can be seen, notably: the
upper yield stress (a,,,,), the yield plateau and associated lower yield stress, o), ,, followed by strain hardening within the
material. The plateau region in these materials is associated with the stripping of dislocations from their carbon and nitrogen
atmospheres, and discontinuous yielding is not present after this region upon immediate reloading at room temperatures.

Cyclic tension-compression tests on mild steel coupons reveal that the yield stress is diminished below the lower yield stress
after the first inelastic loading excursion (i.e., once dislocations have been stripped from their atmospheres). This observation
is shown schematically in Figure 1a, where twice the initial yield stress (assumed equal with the lower yield stress), 2 gy, is

greater than twice the yield stress upon immediate reloading, 2 ay(l). The yield stress evolution in terms of the equivalent

plastic strain, €L, is shown schematically in Figure 1b. The equivalent plastic strain represents the total accumulated plastic
strain that a material infinitesimal point has experienced and is typically used as an internal variable in metal plasticity
constitutive models. Figure 1b illustrates that there is a reduction in the size of the yield surface after some amount of plastic
straining. Figure 1b also shows that at a particular equivalent plastic strain, denoted by &,., the size of the yield surface is
recovered due to cyclic hardening. However, whether the initial yield stress is recovered may depend on the material; thus,

the relation requires further testing to be quantified.

a
—Plateau o
Oyl . y
(2)
Ty
20—}.'0 O'y,()
€ (1)
Ty
Oy,min [
\ 3
sgq
(a) Stress-strain (b) Evolution of the yield stress

Figure 1. Schematic illustrations of a mild steel’s response under cyclic loading.

The mathematical representation of mild steels is now discussed. This model employs a von Mises yield criterion with
combined nonlinear isotropic and kinematic hardening. The isotropic hardening rule controls the size of the yield surface, o,
Voce [11] proposed the isotropic hardening rule given in Eq. (1),

gy = 0y + Qo (1 — exp[~b ey ]), €Y)

where Q. defines the maximum increase in yield stress due to hardening at saturation (saturation occurs as eg’q — o), and b
defines how quickly this term approaches saturation. Isotropic hardening defined by Eq. (1) increases monotonically with
increasing equivalent plastic strain. Therefore, it is not possible to approximate the curve shown in Figure 1b. When the Voce
isotropic hardening rule is used to model mild steel subjected to cyclic loading, this incompatibility manifests itself by either
underestimating the initial yield stress, or by overestimating the yield stress in subsequent plastic loading excursions. Both
these issues can be attributed to the fact that the there is a permanent decrease in the yield stress not accounted for in the
Bauschinger effect [17]. If several plastic loading cycles are employed to calibrate the material parameters, then a better fit is
obtained by typically reducing the initial yield stress than overpredicting the yield stress in each cycle. Hence, the error is
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primarily focused in the first loading cycle as opposed to every cycle thereafter. Preliminary results suggest that this
underestimation of the initial yield stress can be on the order of 10-20 % [18].

A new isotropic hardening rule is proposed to alleviate the aforementioned issues. A summation of two isotropic hardening
components is proposed similar to Chaboche et al. [12]. However, the key difference is that the second component has the
effect of diminishing the yield surface. The updated isotropic rule is provided in Eq. (2),

0y = 0y + Qu(1—exp[—b sfq]) - Do,(1 - exp[-a sgq]), (2)

where D, and a are parameters of the same nature as Q. and b. If D, = 0, the proposed model reduces to the original
material model. Eqg. (2) is used to represent the behavior shown in Figure 1b, while the combination of isotropic and
kinematic hardening provides the full behavior of the material. The additional term is novel in its purpose to model the
discontinuous yielding phenomenon as it can account for the permanent decrease in the yield stress observed in cyclic tests
on mild steels [17]. Explicitly, the purpose of implementing the updated material isotropic hardening rule is to increase the
initial yield stress compared to the original model, and to provide an initial plateau in the stress-strain response.

Finally, the kinematic hardening rule used to control the location of the center of the yield surface in stress space in the
updated material model is the same as that in Chaboche et al. [12], and therefore is only briefly discussed. Chaboche et al.
[12] proposed to take the summation of several backstress terms defined by the Armstrong-Frederick rule [13]. Each
backstress term is defined by Cj, that is related to the increase in stress due to kinematic hardening at saturation for backstress
k, and the corresponding rate term, y;.

Model implementation

The updated Voce-Chaboche material model outlined in the previous section is implemented as a UMAT user subroutine in
the Abaqus version 6.14 [19] simulation platform for uniaxial, plane-stress, and multiaxial stress states so to be compatible
with a wide range of elements. The UMAT files are publicly available at https://resslab.epfl.ch/RESSLab-tools. Each of the
implementations are validated with the built-in nonlinear isotropic/kinematic material model in Abaqus by using the same
parameters for both models (i.e., the updates are ignored for the validation, D,, = 0, a # 0). Figure 2a and 2b show the true
stress — strain relationships from the same integration point of a single element, where “Abaqus” uses the built-in commercial
model, and “UMAT” uses the implemented UMAT. A single four-node shell element (S4) is subjected to a biaxial stress state
in the plane-stress case, while a single 8-node solid (C3D8) element is subjected to a biaxial stress state for the multiaxial
case. From the two figures, the UMAT agrees with the built-in material model for both cases to the order of machine
precision.
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Figure 2. Validation of the Abaqus UMAT for plane-stress and multiaxial stress states. The direct stress component in the
“227 (i.e., yy) axis is shown in these figures.

Material model parameters

The original and updated Voce-Chaboche material models are both defined by multiple parameters. These parameters shall
be chosen to closely replicate the material’s stress-strain behavior regardless of the imposed load history. Inverse plasticity
problems involving material parameter identification are challenging due to the nonlinear nature of this problem, and the non-
uniqueness of the obtained model parameter set [20]. A gradient-based optimization method similar to that in de Castro e
Sousa and Lignos [18] is used to find a set of parameters to fit the data. The details of this method are not discussed herein
due to brevity, however later examples demonstrate the appropriateness of the chosen method to matching the steel’s
behavior under monotonic and cyclic loading.
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Fundamental to the behavior of mild steels is that they exhibit strain hardening behavior. For this reason, constraints are
integrated within the optimization method to ensure that the set of parameters always provides a hardening response. In other
words, material softening is categorically excluded from the model response. The authors consider this constraint to be
essential for the proper use of the rule expressed in Eq. (2).

Parameters for both the original and updated Voce-Chaboche models are provided in Table 1 for two backstresses.
Calibrations with the same dataset show that two backstresses provide a reasonable compromise between efficiency and
accuracy [18]. For both material models, the parameters are calibrated from the same set of coupons taken from a 25 mm
thick plate of S355J2+N steel. This steel is equivalent to CAN/CSA G40.21 350 MPa and ASTM A992 Gr. 50 (nominal yield
stress, f,, = 345 MPa) steels. The S355J2+N 25 mm dataset consists of 10 coupons from the same steel plate each tested with
different cyclic loading protocols developed in a prior study [21]. Sample fittings from this dataset are shown in Figures 3a to
3d. The fit between the test data and both material models is noteworthy. The parameter D, is set to 0.00 and a to 1.00 in the
“Original” set of parameters to ignore the features of the updated model. Although there is a 20 % difference between the
initial yield stresses of the two models, the overall fit between the two models is quite similar. Note that the difference in o,
is not clear in Figure 3a due to a relatively low number of data points in the measured stress-strain curve, however the
difference is quite visible in Figure 3b and a zoom on the first load excursion of this test is shown in Figure 3c. As will be
shown in the next section, the 20 % difference in initial yield stress has important implications for modeling steel wide-flange
column instabilities.

Table 1. Parameters for the original and updated Voce-Chaboche material models with two backstresses for the S355J2+N
25 mm dataset. Original set of parameters from de Castro e Sousa and Lignos [18].

Model E Gy0 Qo b D, a C, Y1 C, Y2
[GPa] [MPa] [MPa] [MPa] [MPa] [MPa]
Original 191.52 265.29 104.44 11.63 0.00 1.00 12997.99 99.52 1560.41 7.35

Updated 185.97 332.18 120.48 8.14 93.15  261.75 21102.00 173.60 2300.60 10.42
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Figure 3. Selected tests to show the fitting of the S355J2+N 25 mm dataset for the parameters given in Table 1.
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In addition to the increase in the initial yield stress, the yield plateau is more closely followed by the Updated model, as seen
in Figure 3c. Therefore, the updated material model satisfies the two objectives of increasing the initial yield stress and better
representing the plateau region. Observe that after the first loading cycle there is close agreement between the Original and
Updated models. This is because the relatively large rate parameter a causes the additional term in Eq. (2) to saturate quickly,
conceptually satisfying the notion that only the first loading excursion is affected. Finally, Q,, > D., in Table 1 for the
updated material model; therefore, the gain in cyclic hardening is larger than the reduction in the yield surface after initial
plastic loading in this case (see Figure 1b).

CASE STUDY

A case study is now presented to illustrate the dependence of instability modes on the choice of the material model. An
HEB500 column with a length 7000 mm length and a constant axial load of N = 0.2 A g, (20 % axial load ratio) is chosen
for this purpose. This column geometry is representative of first-story columns in steel moment-resisting frames. The column
cross-section is similar to a W610X217 (W24X146) in North America. Relevant geometric properties of the column are
summarized in Table 2. In this table, A is the cross-sectional area, h is the section depth (d CSA S16), b is the flange width
(bs CSA S16), t,, is the web thickness, ¢, is the flange thickness, h, is the clear distance between flanges (h CSA S16), L, is
the column unbraced length, and i, is the radius of gyration in the weak axis (r, CSA S16). This column has relatively small
web and flange slenderness ratios but a relatively large member slenderness ratio, L, /i,, making the column potentially
susceptible to lateral-torsional buckling. However, it satisfies the Class 1 or highly ductile classification criteria for seismic
design according to the Eurocode, CSA, and AISC provisions [22-24], respectively. Next the CFE models for this column are
described, then the case study results are presented.

Column modeling guidelines

The HEB500 column is modeled in Abaqus 6.14 following the approach described by Elkady and Lignos [8]. The CFE
model is illustrated schematically in Figure 4a. In brief, 4-node reduced integration shell elements (S4R) with enhanced
hourglass control are used, a maximum mesh size of 30 mm is specified for these elements. Geometric imperfections
corresponding to the first LTB and local buckling modes are imposed with amplitudes less than the fabrication tolerances
specified by ASTM [25]. Fixed-fixed boundary conditions are assumed at each end of the column. A force is applied at the
column top to simulate gravity loading, the magnitude of this force is always based on the “Updated” initial yield stress from
Table 1. The AISC symmetric lateral loading protocol [24] is applied as a displacement boundary condition at the column top
in-plane with the strong axis. A validation case is shown in Figure 4b for a W610X217 column (h,/t,, = 33.2,b/2tf =
5.92,L,/i, = 51.0) tested by Elkady and Lignos [2, 8] with similar boundary and loading conditions as the HEB500 case
study. In this figure M, is the plastic flexural capacity based on the measured material properties. Here, the relatively good
match between test and simulated results indicates that the employed modeling approach can capture the initiation and
progression of relevant geometric instabilities. Additionally, success by two of the authors in winning a recent international
column blind analysis competition sponsored by the National Institute of Standards and Technology [26] suggests that the
employed modeling procedure is reliable.

Two HEB500 column models are examined where the material response is modeled with the plane-stress implementation of
the aforementioned UMAT. The “Original” column model is created following the guidelines with the “Original” material
properties taken from Table 1, while the “Updated” column model is created following the exact same guidelines using the
“Updated” material properties. Properties are taken from the 25 mm plate dataset to reasonably match the plate thickness of
the flange and web thicknesses of the studied cross-section. We stress that the only difference between the two column
models are the material parameters, and that these are calibrated based on the exact same material dataset.

Table 2. Geometric characteristics of an HEB500 column of 7000 mm length.

A h b t, tr  hy/t, b/2t Ly/i,
[mm?] [mm] [mm] [mm] [mm]
23900 500 300 14.5 28 26.9 5.4 93.6
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Figure 4. Column model and validation case for the employed column modeling approach. Test and simulation data used
with permission from Elkady and Lignos [2, 8].

Case study results

Key outcomes of the column case study are highlighted in this section. The base moment — chord rotation from both column
models are plotted in Figure 5a. Observe that cyclic deterioration in flexural strength initiates at about 3 % chord rotation due
to local buckling at the member ends. Despite the 20 % difference in o,, , between the two material models, there is a nearly
equivalent response between the column models with the original and the updated material models up to this point. The
reason is that the Original set of material parameters provides a higher rate of initial hardening than the set parameters for the
updated material model to compensate for the lower initial yield stress. However, after 3 % chord rotation a significant
divergence is observed between the behavior of the column simulated with the Original and Updated models. The reason is
that the two column models exhibit two substantially different instability modes, which are shown in Figure 5b and 5c,
respectively. Note that at 5 % chord rotation the column employing the Original model has lost more than 50 % of its
maximum flexural strength, while the same is not true for the column utilizing the Updated model. Therefore, if the member
behavior at large deformations associated with structural collapse is of interest, the conclusions will be conflicting depending
on the choice of the employed material model.

The case study presented in this section shows that the behavior of steel wide-flange columns may be sensitive to the steel
material model choice. This sensitivity may not arise for all sets of geometric characteristics. The quantification of the range
of cross-sections and column lengths requires a detailed sensitivity study, which is outside the scope of this paper. The shift
in buckling modes shown in this case study leads to a fairly dramatic difference in the rate of strength and stiffness
deterioration between the two examined instances. Differences in the rate of deterioration affects parameters of interest to
structural engineers, such as the column’s plastic deformation capacity and the extent of column axial shortening. The force
redistribution within a structural system may also be significantly altered, which is a critical consideration for nonlinear
collapse simulations.

Unfortunately, no comparison to component test data has been made thus far. This is because no full-scale column test exists
where the material properties are fully known (i.e., several uniaxial or multiaxial coupons have been tested with different
loading protocols for both the flange and web), and the geometric imperfections have been measured. Thus, a full-scale
column test where the material properties, geometric imperfections, and residual stress measurements are accurately known
should be carried out in the future for this purpose.
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CONCLUSIONS

While previous finite element studies have taken for granted the material model used in continuum finite element (CFE)
simulations involving buckling-induced softening of steel members, this study shows that the choice of material model can
significantly affect the behavior of a class of steel wide-flange columns often used in today’s seismic design of steel
structures. This paper summarized deficiencies with a commonly utilized material model available in commercial CFE
software. Updates to this material model are proposed to overcome a number of challenges. An illustrative case was also used
where the behavior of a steel wide-flange column was shown to be sensitive to the choice of material model. The main
findings are summarized as follows:

e The classic Voce-Chaboche metal plasticity model does not account for the discontinuous yielding phenomenon
observed in mild steels. As such, the initial yield stress is naturally underestimated in parameter calibrations using
cyclic loading protocols. An updated isotropic hardening rule is proposed to overcome this challenge. The uniaxial,
plane-stress, and multiaxial implementations of this material model are implemented as UMATs for Abaqus
(available at: https://resslab.epfl.ch/RESSLab-tools).

e The updated material model is shown to better estimate the initial yield stress when an optimization-based
calibration method is used. There is a 20 % increase in the initial yield stress and plateauing is observed for the
dataset of S355J2+N steel (equivalent to ASTM A992 Gr. 50) studied in this paper when the updated material model
is used.

e An HEB500 column subjected to constant compressive axial load coupled with symmetric cyclic lateral load is
simulated with both the original and updated material models. This case study demonstrates that steel wide-flange
columns with large member slenderness (i.e., L,/i, > 90) that experience coupled local and lateral-torsional
buckling may be sensitive to the choice of the metal plasticity material model.

Full-scale component tests where the material properties are known through several coupon tests, and the geometric
imperfections are explicitly measured are required to further evaluate and validate the observations summarized in this paper.
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