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ABSTRACT

Earthquake-induced collapse risk assessment of steel frame buildings requires the use of
simulation models that can realistically replicate dynamic instability of frame buildings. Such
models for steel columns should consider the coupling between the axial force and flexural
demands. In end columns, the axial load demand variations due to dynamic overturning effects
may be considerable. Other important aspects to be considered are the cyclic hardening prior to
the onset of local buckling; the column post-buckling behavior under various axial and lateral
loading histories. The potential of utilizing different steel materials should also be considered.

This paper proposes a component model that simulates the hysteretic behavior of steel columns
utilizing hollow structural sections at large deformations. A fiber-based approach is adopted that
combines an equivalent engineering stress-strain constitutive relation assigned to a fiber cross-
section within a pre-defined plastic hinge length of a force-based beam-column element
formulation. The pre- and post-buckling behavior of the equivalent engineering stress-strain
relation is defined based on uniaxial cyclic coupon tests and extensive stub column finite element
analyses. The effectiveness of the proposed model in simulating the steel column behavior is
demonstrated through comparisons with steel column collapse experiments as well as frame
simulation studies validated with shake table collapse tests.
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Fiber-Based Model for Earthquake-Induced Collapse Simulation of Steel
Frame Buildings

Y. Suzuki1 and D. Lignos2

ABSTRACT

Earthquake-induced collapse risk assessment of steel frame buildings requires the use of
simulation models that can realistically replicate dynamic instability of frame buildings. Such
models for steel columns should consider the coupling between the axial force and flexural
demands. In end columns, the axial load demand variations due to dynamic overturning effects
may be considerable. Other important aspects to be considered are the cyclic hardening prior to the
onset of local buckling; the column post-buckling behavior under various axial and lateral loading
histories. The potential of utilizing different steel materials should also be considered.

This paper proposes a component model that simulates the hysteretic behavior of steel columns
utilizing hollow structural sections at large deformations. A fiber-based approach is adopted that
combines an equivalent engineering stress-strain constitutive relation assigned to a fiber cross-
section within a pre-defined plastic hinge length of a force-based beam-column element
formulation. The pre- and post-buckling behavior of the equivalent engineering stress-strain
relation is defined based on uniaxial cyclic coupon tests and extensive stub column finite element
analyses. The effectiveness of the proposed model in simulating the steel column behavior is
demonstrated through comparisons with steel column collapse experiments as well as frame
simulation studies validated with shake table collapse tests.

Introduction

Due to capacity design considerations, steel columns in moment resisting frames (MRFs) are
expected to remain elastic during an earthquake. Variations in material properties and the
moment gradient due to force redistributions within a MRF may cause flexural yielding and/or
inelastic buckling in steel columns. Therefore, their inelastic behavior should be appropriately
represented within a building numerical model. In particular, the column axial force and bending
interaction (i.e., P-M interaction) is critical especially in end columns that may experience axial
load demand variations due to overturning effects. The cyclic hardening prior to the onset of
local buckling depending on the steel material is also important. For earthquake-induced collapse
simulations the column post-buckling behavior should be properly represented. A number of
phenomenological models were developed and employed for modeling ultimate limit states in
steel structural components (e.g., [1, 2]). These models successfully reproduced collapse of steel
MRFs [3]. Prior studies associated with the hysteretic behavior of steel columns indicate that a
number of limit states are not properly addressed by the aforementioned models [4, 5]. These
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include column axial shortening and its progression. With the advent of material science, high-
performance steel materials have been developed for seismic applications [6] that potentially
reduce the earthquake-induced collapse risk of steel frame buildings. Therefore, steel column
deterioration models should be versatile and capture this aspect.

This paper proposes a component model that simulates the hysteretic behavior of steel hollow
structural section (HSS) columns at large deformations. A fiber-based approach is adopted that
combines an equivalent engineering stress-strain constitutive relation that is defined over a
plastic hinge length. This relation is assigned to a fiber cross-section of HSS within a plastic
hinge length of a force-based beam-column element formulation. The pre- and post-buckling
behavior of the equivalent engineering stress-strain relation is defined based on uniaxial cyclic
coupon tests and virtual stub column experiments conducted with finite element (FE) analysis.
The proposed model is validated with available steel column collapse experiments and frame
simulation studies validated with shake table collapse tests.

Concept of fiber modeling approach

Fig. 1 illustrates the concept of the proposed modeling approach. In order to capture the pre- and
post-buckling behavior of the steel HSS columns, a plastic hinge length equivalent to the
buckling length of the column is defined at the column end. A fiber section is assigned to the
presumed finite length. The buckling length is set to 0.8D (D is the HSS column depth) based on
prior work [4, 5, 7]. The fiber section can contract/elongate depending on the combined axial and
flexural force that shifts the neutral axis of the respective cross section (see Fig. 1b). One of the
main challenges is to develop a realistic engineering stress-strain relation that is assigned to a
discretized fiber cross section. The stress-strain relation should capture: strain hardening in the
pre-buckling limit state; strength deterioration in the post-buckling limit state under monotonic
loading and cyclic/in-cycle deterioration in flexural strength under cyclic loading histories. These
issues are elaborated in the subsequent sections.

(a) modeling overview (b) schematic of axial shorteinng
Figure 1. Concept of fiber modeling approach

Pre-peak behavior

The emphasis of this research is to develop models for HSS columns. Therefore, rectangular and
circular coupons are extracted from different locations of an HSS column. These coupons are
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subjected to uniaxial monotonic and cyclic load such that the material isotropic/kinematic strain
hardening can be fully characterized. Full-thickness rectangular specimens are extracted from the
HSS’s flat and corner section and they are subjected to monotonic tensile load. Round bar
specimens are taken from the flat cross-section and they are subjected to uniaxial cyclic load.
Referring to Fig. 2, the true stress-strain curves of ASTM A500 steel are shown. The stress-strain
evolution in the pre-peak response is represented with a nonlinear kinematic and isotropic
hardening model proposed by [8], which is also available in commercial continuum finite
element codes. One backstress is assumed in this case. In brief, the kinematic hardening
component is calibrated to fit the monotonic tensile coupon test. The isotropic hardening
component is then calibrated to fit the cyclic stress strain relation. The corner cross-section does
not exhibit isotropic hardening due to pre-straining during the manufacturing process. The
predicted stress-strain curves based on the identified hardening parameters are superimposed in
Fig. 2. From these figures, it is seen that the predicted stress-strain relations capture the inelastic
behavior of the steel material.

(a) monotonic load (b) cyclic load
Figure 2. Stress strain curves of ASTM A500 steel

Post-peak behavior

In order to simulate post-buckling behavior of HSS columns, the stress-strain formulation shall
contain a softening branch such that the effects of local buckling can be inherently captured
within the fiber formulation. For this purpose, the stress-strain formulation can be defined by
uniaxial stub column tests. Virtual FE experiments are conducted for this purpose. The main
parameter that is varied is the HSS column depth-to-thickness ratio (D/t). Fig. 3 illustrates an
overview of the FE model employed for the stub column virtual experiments. The FE model is
developed in the FE package ABAQUS [9]. The HSS stub column height is three times the
column depth. The HSS member is modeled with a shell element (S4R). Uniaxial load is applied
on the rigid element at the HSS section top. The true stress-strain relations shown in the previous
section are assigned to the FE model. Referring to Fig. 3a, residual stress distributions are
considered based on the model proposed by [10]. In order to trigger local geometric instabilities
in the FE analysis, (i.e., local buckling), a geometric imperfection proportional to the first eigen
mode is introduced. The imperfection is scaled such that the maximum out-of-plane
displacement ∆ of the local buckling is 0.2% of the HSS depth excluding the corner section. The 
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yield stress of the HSS flat section is based on the nominal yield stress. The yield stress of the
corner section is defined based on the assumption that it is typically 100MPa higher than that of
the flat section (see Fig. 2a). The equivalent strain is extracted from the buckled region by
assuming a plastic hinge length equal to 0.8D. Fig. 3b shows the equivalent engineering stress-
strain relation of the HSS stub column subjected to monotonic compressive axial load. The
equivalent stress caps due to local buckling in all cases. If the section becomes more compact,
the capping stress and yield-to-capping strain increase. The post-peak deterioration slope is
initially steep but gradually becomes flat due to stabilization of the local buckling wave [7, 11].

(a) Overview of the FE model (b) Equivalent stress-strain curves
Figure 3. Overview of the FE stub column model and equivalent stress-strain curves under

monotonic compressive loading

Fig. 4 shows the equivalent stress-strain relations obtained from HSS stub column FE
simulations subjected to uniaxial cyclic loading. Note that the compressive stress deteriorates
cyclically due to local buckling within the stub column length. When the constant strain
amplitude is employed, the post-capping deterioration slope as well as the residual stress of the
HSS members is stabilized. This is to be expected based on prior experimental studies [11]. The
stress in tension keeps increasing while reloading and it exceeds the previous peak stress during
the incremental strain amplitude. This is why the out-of-plane distortion of the HSS member due
to local buckling is stretched during the reloading stage. During the constant amplitude protocol,
accelerated reloading stiffness deterioration becomes more significant. As such, the reloading
stress does not exceed the previous peak value. This is because the buckling wave of the HSS
members does not fully stretch during the reloading stage at constant strain amplitude. The next
loading process in compression increases the buckling wave. The unloading stiffness in
compression deteriorates during both incremental and constant strain amplitude protocols. The
unloading stiffness in tension during the incremental strain amplitude does not deteriorate as
much as in compression. But the unloading stiffness in tension during constant strain amplitude
does. The reason is that the buckling wave is fully stretched under tensile load during the
incremental strain amplitude because the stress exceeds the previous stress peak. If the buckling
wave is not fully stretched during the tensile excursion (i.e., during constant strain amplitude),
the remained out-of-plane displacement is the reason that the column stiffness deteriorates.
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(a) incrementally cyclic loading (b) constant amplitude cyclic loading
Figure 4. Stress strain curves of HSS stub column subjected to cyclic load (D/t=29)

Development of equivalent engineering stress-strain relation

To fully define the observed stress strain relation discussed earlier, a monotonic backbone curve
of the equivalent engineering stress-strain relation is developed at first. Then the effects of cyclic
deterioration on the monotonic curve are considered.

Modeling of monotonic backbone curve

Fig. 5a illustrates a schematic representation of the monotonic stress-strain relation. The
monotonic stress-strain curve in compression consists of three main parts; the elastic, the post-
yield and the post-capping region. In the elastic region, the elastic modulus, � � , is normally
200GPa for commonly used steel materials. In the post-yield region, the yield stress, � � ,� , is

defined based on the yield stress of the flat section of HSS. The strain hardening is determined in
the same way as we discussed in the previous section, i.e., a combined strain hardening is
determined. This hardening evolution law is defined from a true stress strain relation (see Fig. 2).
In the post-capping region, the capping stress and pre-capping strain, � � , � and � � , � , respectively,
are first defined. After capping, two post-capping slopes, � � � ,� and � � � ,� , are defined. The

stress at the intersection of the first and second slope is defined as, � � ,� . The second post-
capping slope, Ed2,m is smoother than the first one right after stress capping (i.e., Ed1,m). This
represents the post-capping slope after stabilization of the local buckling wave at large strains
[11]. All the parameters after stress capping in compression can be fully defined based on steel
stub column compressive tests. In the tensile loading direction, only the elastic and post-yield
behavior should be defined based on a standard tensile coupon test. In order to predict how the
post-capping parameters change per column section slenderness, regression equations are
developed. A general functional form shown below is used for this purpose,

� � = � �
�

�
�
� �

�

, �
�

�
�
� �

= �
�

�
� � � � , � (1)

in which, � � is the configuration parameter to be predicted (i.e., � � ,� , � � ,� , � � � ,� , � � � ,� , � � , � );
coefficients � and � are determined based on standard regression analysis from stub column
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compressive tests; � �⁄ is the column depth-to-thickness ratio; and � � , � is the yield strain.

Modeling of cyclic deterioration

Figs. 5b and 5c illustrate a schematic representation of the hysteresis modeling approach for
cyclic deterioration. In compression, the unloading stiffness � � , � , yield stress � � , � , capping stress

� � ,� , pre-capping strain � � � , � , the post-capping deterioration slopes � � � ,� and � � � ,� are defined.

These parameters are updated based on the extent of inelastic damage with reference to the
monotonic stress-strain relation. In particular, the post-capping slopes are defined based on a
straight-line approximation. The post-yield slope is approximated by a smooth curve based on
the Ramberg-Osgood function [12]. This curve is determined from the unloading stiffness, � � ,�

of the stress strain curve and a coefficient � � that determines the smoothness of the curve. In the
tensile excursion, the unloading stiffness � � ,� and yield stress � � ,� are determined in a similar

manner. The stress and strain for the pinching point, � � ,� and	� � ,� are then defined. The reloading

slope connecting the yield-to-pinching point is defined based on a Ramberg-Osgood function.
This is based on the stiffness at the pinching point, � � ,� and coefficient � � . After this point, there

is a smooth transition of the stress strain curve to the strain-hardening region. After the pinching
point, both the stress and the strain are determined by the combined hardening law that is
employed in the pre-capping region.

It was found that the total strain and the strain amplitude control the cyclic behavior of a stub
column. This agrees with earlier findings by [11]. Cyclic deterioration is also influenced by the
section local slenderness, D/t. Referring to Fig. 5, the peak strain ratio and the peak stress ratio
are defined. In this figure, it is assumed that the previous peak is the point at which the buckling
wave is fully stretched. The peak strain ratio explains how far the unloading starts in tension
from the previous peak. If the peak strain ratio becomes larger, local buckling is extensive that
results to more deterioration. The peak stress ratio explains how much more of the buckling
wave remains when the unloading starts in compression. If the peak stress ratio becomes smaller,
then the buckling wave remains in the HSS member and the stress-strain relation deteriorates
more. If unloading starts after exceeding the previous peak stress, it is assumed that the buckling
wave is fully stretched. In this case, the peak stress ratio is assumed to be 1.0.

(a) back bone curve (b) compressive excursion (c) tensile excursion
Figure 5. Schematic of equivalent stress-strain relation for monotonic and cyclic loading
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Verification with component tests

The proposed equivalent stress-strain material model is assigned to a fiber discretization. The
fiber cross-section is utilized within a plastic length of a force-based element formulation [13]. A
force-based formulation is preferred over a displacement-based one because in the former the
internal element interpolation functions represent accurately the force equilibrium with just one
element [14]. The mid-point integration scheme [15] is employed because the maximum flexural
demands within the column typically occur away from the column base [4, 5] and near the center
of the assumed plastic hinge length. Using the modeling methodology discussed above, a
verification study of the proposed element is conducted. Fig. 6 shows a comparison of the
measured and simulated moment and axial shortening versus chord rotation of HSS254x9.5
subjected to collapse-consistent loading protocols [4, 16]. Both constant and varying axial loads
are coupled with the lateral loading history such that the loading conditions of typical interior
and end steel MRF columns are properly represented, respectively. Referring to Fig. 6, the
proposed model is able to simulate reasonably well the cyclic deterioration in flexural strength of
the steel column regardless of the employed loading history as well as the cyclic hardening prior
to the formation of local buckling. The proposed deterioration model is also able to simulate
relatively well the column axial shortening under both constant and varying axial loading
conditions. Further verification studies are currently conducted based on detailed FE studies of
beam-columns subjected to various loading histories.

(a) moment-rotation, const. axial load (b) axial shortening-rotation, const. axial load

(c) moment-rotation, var. axial load (d) axial shortening-rotation, var. axial load
Figure 6. Verification result of HSS254x9.5 subjected to collapse-consistent loading protocols
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Simulation of E-defense 4-story steel MRF collapse test

In this section, a frame analysis verification is conducted to demonstrate the efficiency of the
proposed model for collapse simulations. The results of the 4-story steel building tested at full-
scale through collapse at E-Defense is employed for this purpose [17]. A 2-dimentional 2-bay
frame (Y-direction frame) model is developed in the Open System for Earthquake Engineering
Simulation (OpenSees) platform [18]. Steel columns are modeled with the proposed element
discussed herein. Steel beams are modeled with the modified Ibarra-Medina-Krawinkler (IMK)
model [1]. The panel zone shear distortion is modeled with the Krawinkler trilinear model [19].
The composite action effects are considered as discussed in [20]. Viscous damping is
approximated with the Rayleigh damping model. The assumed damping ratio is 2% at the first
period, T1 and at 0.25T1 of the corresponding steel MRF. The scaled intensities (40, 60, and
100%) of JR Takatori ground motion are applied sequentially to the numerical model. Fig. 7
shows a comparison of the simulated and the measured response at the unscaled JR Takatori
seismic intensity. Both the story drift ratio (SDR) and the column moment-rotation relation prior
to collapse are predicted relatively well.

(a) 1st story SDR history (b) moment-rotation of 1st story
interior column base

Figure 7. Responses of E-defense shake table test during 100% scaled intensity

Fig. 8 illustrates the responses of the first-story columns during the same seismic intensity. The
end columns are noted as column 1 and 3. Column 2 is the interior one. From Fig. 8a, strength
deterioration of the interior column is observed during the positive and negative loading
directions. On the other hand, end columns deteriorate only in the compressive loading direction.
Referring to Fig. 8b, the interior column axial shortening accumulates during cyclic loading. On
the other hand, the end column axial shortening varies linearly with respect to the column
rotation. Therefore, a differential gap of 10mm between columns 1 and 2 develops prior to
collapse. Referring to Fig. 8c, the axial load on the interior column is slightly reduced during the
inelastic cycles. This is due to the load redistribution attributed to the axial shortening that grows
more in interior columns. The observed differences of the interior and end column behavior are
consistent with prior experimental studies conducted by the authors [4, 5]. The observed
differential gap due to axial shortening is expected to tilt the floor system. The collapse
simulation herein demonstrates the importance of capturing the P-M interaction and the column
axial shortening in addition to strength and stiffness deterioration when local engineering
demand parameters are of interest.
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(a) moment-rotation
(column base)

(b) axial shortening-rotation (c) axial load-rotation

Figure 8. Responses of 1st story columns during 100% scaled intensity

Summary

This paper summarized the development of a deterioration model for steel HSS columns
subjected to multi-axis cyclic loading. The proposed model is able to capture the axial load-
flexural strength interaction and growth of axial shortening as well as strength and stiffness
deterioration due to local buckling. An equivalent engineering stress-stain constitutive relation is
developed based on standard mechanical tests. This curve inherently captures local buckling
based on a softening branch. The stress-strain formulation is assigned to a fiber cross-section that
in turn is assigned to a plastic hinge length within a force-based element formulation. The
proposed model is validated with steel HSS beam-column tests subjected to collapse-consistent
loading protocols. The efficiency of the proposed model is also demonstrated in predicting the
dynamic response of a 4-story steel MRF that was tested through collapse. The major findings of
the paper are summarized as follows:

• The kinematic/isotropic hardening characteristics of a steel material prior to local buckling
within a steel cross section are identified based on standard uniaxial coupon tests directly
extracted from the flat and corner parts of the HSS. This provides versatility to utilize any
steel material of interest.

• The post-peak response of the equivalent stress-strain formulation is quantified on the basis
of stub column tests. This formulation is characterized by stress capping in compression;
reloading in tension; cyclic deterioration in strength and stiffness; local buckling
stabilization.

• The developed equivalent engineering stress-strain formulation is extracted over the length
that local buckling forms. Typically, this length is 0.8D for HSS columns. For a more
appropriate formulation, the yield-to-capping path in compression and the yield-to-pinching
path in tension are described with a Ramberg-Osgood function to trace the smooth transition
of the stress strain curve to the strain-hardening region.

• The proposed equivalent stress-strain formulation is assigned to a fiber cross section that is
in turn assigned over a plastic hinge length of a nonlinear beam-column element. The
proposed model is able to simulate reasonably well the moment-rotation and axial-
shortening that accumulates with the local buckling progression.

• Collapse simulations suggest that the proposed model is able to capture the local damage
and its progression within an actual steel MRF system. It was found that interior columns
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may shorten more than end columns within the same steel MRF story. This may cause slab
tilting prior to collapse. This issue deserves more attention in future studies associated with
earthquake-induced collapse. The authors are currently working into this direction.
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