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ABSTRACT

Steel columns in frame buildings subjected to earthquake shaking undergo bidirectional lateral drift demands. Till
now, the majority of past experimental and numerical studies were primarily concerned with the unidirectional
column behavior. This paper proposes a procedure to develop representative bidirectional lateral drift histories for
experimental testing of steel columns in moment-resisting frames (MRFs). To this end, a 3-dimensional numerical
model of a prototype four-story building with perimeter MRFs is analyzed using a suite of ordinary ground-motion
records. The first-story drift orbit is idealized in the form of elliptical drift cycles. Statistical data of parameters
defining these elliptical drift cycles is collected. The data serves for the development of bidirectional symmetric
loading protocols representative of design-basis earthquakes. The developed protocol is adopted in a testing
program that assessed in full-scale the influence of bidirectional cyclic loading on steel columns.
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1. INTRODUCTION

During an earthquake, columns in steel-frame buildings experience bidirectional lateral drift demands due to the
two horizontal components of the ground-motion shaking. During design-basis earthquakes, steel-frame buildings
with conventional lateral load resisting systems and symmetric plan views move in a 45° orientation (MacRae and
Tagawa 2001; Suita et al. 2008; Palmer et al. 2013); therefore, their columns experience balanced biaxial bending.
Shake table tests that examined the collapse behavior of steel-frame buildings (Suita et al. 2008) indicated that at
large deformations, damage progresses in the column’s strong-axis direction; the building tends to displace more
in this loading direction rather than the orthogonal one (i.e. ratcheting behavior).

The majority of past experimental studies focused on the cyclic behavior of steel columns under strong or weak
axis bending. This is mainly attributed to the complexity and equipment limitations associated with bidirectional
testing as well as the absence of protocols representative of steel columns’ bidirectional lateral drift demands.
Referring to Fig. 1.1a, Ishida et al. (2012), Chen et al. (2014) and Ozkula et al. (2017) utilized simplified linearly-
proportional bidirectional protocols in which the column was pushed with a constant loading angle (¥) with
respect to its strong-axis. A more robust protocol was developed and utilized by Ishida et al. (2013) after analyzing
random horizontal drift orbits obtained through elasto-plastic response-history analyses of multi-story steel-frame
buildings subjected to 3-dimensional shaking. Referring to Fig. 1.1b, this protocol consists of a set of three ellipses
with increasing amplitude and a shifting major-axis with a loading angle (¥) equal to -30°, 0 °, +30°. Others
(Bousias et al. 1995; Watanabe et al. 2000; Goto et al. 2006; Ucak and Tsopelas 2015) utilized bidirectional out-
of-phase lateral loading paths (ex. square-, diamond-, and circular-shaped paths) as shown in Fig. 1.1c.

The above protocols were mainly developed in a qualitative manner and in many cases were only case-specific.
This paper outlines a quantitative methodology to develop representative bidirectional protocols for experimental
testing of steel columns subjected to cyclic loading. For this purpose, a prototype four-story office steel-frame
building with perimeter MRFs is analyzed under 3-dimensional ground motion shaking. The focus is on first-story
steel columns in which plastic deformations are allowed at their base based on capacity-design principles. The
proposed protocol is utilized in full-scale experiments of deep wide-flange steel columns subjected to multi-axis
cyclic loading.
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Figure 1.1 Typical bidirectional loading protocols

2. PROTOTYPE STEEL-FRAME BUILDING AND GROUND-MOTION RECORDS

A 3-dimensional (3D) numerical model of a prototype four-story archetype steel frame building, with perimeter
3-bay MRFs and reduced beam-section connections, is modeled and analyzed in the OpenSees platform (Mckenna
1997). Referring to Fig. 2.1a, the building is symmetric in plan view located in downtown Los Angeles, California,
in a site Class D. The design details of the MRFs as well as the gravity framing system can be found in (Elkady
and Lignos 2014, 2015). All members are modeled with force-based nonlinear beam-column elements. The wide-
flange cross-sections are discretized with fiber elements. The fiber elements are assigned the Menegotto and Pinto
(1973) material model that simulates the combined kinematic and isotropic hardening of a steel material. The steel
MREF columns are assumed to be fixed at the ground level. A rigid diaphragm is assumed at each floor. P-Delta
effects are explicitly simulated. The first and second mode periods of the model in the EW and NS directions are
T/=1.27sec and T>=1.24sec, respectively.

The Pacific Earthquake Engineering Research Center (PEER) ground-motion selection web application (PEER
2013) is utilized in order to select and scale a suite of records that match the design spectrum of the building site.
The selection criteria were based on a magnitude M,, ranging from 6.0 to 8.0 and a source-to-site distance R
ranging from 5 to 20 km. These ranges represent earthquakes contributing the most to the seismic hazard, based
on deaggregation data (USGS 2014). A set of 53 records was assembled. The records were scaled to match the
design spectrum (corresponding to 10% probability of exceedance in 50 years) between the period range of 0.2
T;and 3 T; (Eads et al. 2015), as shown in Fig. 2.1b.
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Figure 2.1 (a) Plan view and elevation of the prototype 4-story building; (b) target response spectrum and scaled
ground motion acceleration response spectra

Nonlinear response-history analyses (NRHA) are conducted with the 53 records scaled to the design-basis seismic
intensity. For each record, the stronger of the two horizontal components (i.e., the component that yields the
largest drift) is applied to the building’s global X- direction, while the orthogonal horizontal component is assigned
to the Y-direction. Similarly, the vertical component of the ground motion is assigned to the Z-direction. Therefore,
the angle of incidence between the ground motion and the building principle axis is either 0° or 90°. Giannopoulos
and Vamvatsikos (2015) illustrated that the ground-motion component rotation with respect to the building does
not practically affect the seismic behavior of frame buildings. Instead, one should invest into selecting more



ground motion records to conduct nonlinear response history analysis because the record-to-record variability is
more influential on the seismic behavior of frame buildings. Rayleigh damping is incorporated in the 3D model.
Two percent damping ratio ((=2%) is assumed at the first and sixth mode.

3. COLUMN DRIFT ORBIT PROCESSING

Past studies related to the development of lateral loading protocols (Clark et al. 1997; Krawinkler et al. 2001;
Richards and Uang 2006) utilized the “Rainflow” method (Matsuishi and Endo 1968) to process the drift response-
history and obtain the drift-cycle data. This data was utilized to define a loading protocol in term of the number,
range/amplitude, and sequence of occurrence of the respective drift cycles. However, to fully define a bidirectional
protocol in the form of elliptical drift cycles, additional parameters should be considered. These include the drift
range/amplitude in the orthogonal direction (i.e., weak-axis direction), the elliptical cycle’s major-axis angle, and
the elliptical cycle’s “ellipsity” (i.e., ratio of minor-to-major axis length). In this case, the Rainflow counting
method cannot be employed. This method can only deal with a single unidirectional drift-history at a time.

To obtain the statistical data required to develop a bidirectional loading protocol, the first-story drift-ratio histories
in the X- versus the Y-direction (i.e., SDR orbit) are deduced for each one of the 53 records. Figure 3.1a shows a
sample SDR orbit based on the “EC County Center FF” record from the 1979 Imperial Valley earthquake.
Referring to Fig. 3.1, the elliptical-shaped drift cycles represent well the column orbit during the ground-motion
shaking. The SDR orbit is processed in order to identify the complete “XY drift cycles”. To this end, the drift
history is first discretized by filtering out all the drift points other than the vertex drift points. A second filter is
applied to remove all the drift excursions with a range less than 0.1%. Figure 3.1b shows the discretized and
filtered SDR orbit. A complete XY drift cycle is then defined as any drift excursion that starts at a given drift
peak/valley point in the X-direction, reaches the next peak/valley point in the X-direction, and then returns to the
starting drift in the same direction. A complete XY drift cycle has a sequence of peak-valley-peak or valley-peak-
valley in the X-direction. Referring to Fig. 3.1c, some of the loading cycles, identified for the same ground motion

record, are highlighted with different colors.
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Figure 3.1 Illustration of the discretization, filtering, and cycle identification for a typical SDR orbit

A number of parameters are utilized to approximate the identified cycles into elliptical ones as illustrated in Fig.

3.2 including: (a) the offset of the drift cycle center in the X- and Y-directions from the undeformed configuration

(Xoper and Yopser, respectively); (b) the length of the straight line joining the peak drift points in both the X- and Y-

directions (Ly and Ly, respectively); and (c) the angle between the straight line joining the peak drift points in both

the X- and Y-directions and the X-axis (¥x and ¥y, respectively). An elliptical cycle can be defined using three

parameters:

1) The cycle’s SDR amplitude in the X-direction (SDRy); note that the SDRy amplitude is half of the SDRy range.

2) The cycle’s ellipsity, defined as the minor-axis to major-axis length ratio of the elliptical cycle. This parameter
is calculated using Eq. 3.1.

3) The cycle’s major-axis angle (¥4j0-) With respect to X-axis; note that the elliptical cycle has four possible
orientations as shown in Fig. 3.2. The major-axis angle, %o is evaluated based on a weighting scheme given
by Eq. 3.2 that includes the two characteristic angles of the XY drift cycle; ¥y, and Py,

L,cos(0+y, -y,)/L, if L,>L,

(3.1)
L,sin(y,-y,)/L, if L,>L,

ellipsity = {
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Figure 3.2 Illustration of parameters defining the XY drift cycles

Figure 3.3 shows summary plots for the aforementioned cycle parameters. Referring to Fig. 3.3a, at SDRy up to
0.75%, the SDRy-to-SDRy ratio is approximately equal to one; implying balanced biaxial column bending
demands. This ratio decreases while the SDRy amplitudes increase. Note that the maximum SDRy was 1.4% when
SDRy reached 2% from NRHA. Note that the prototype steel-frame building was designed for a maximum
allowable SDR of 2.5% according to ASCE (2010). Referring to Fig. 3.3a, the number of loading cycles decreases
at higher amplitudes. This is consistent with the unidirectional AISC symmetric-cyclic protocol (Clark et al. 1997).
Referring to Fig. 3.3b, the offset of the cycle’s center is clustered around 0% rads in both loading directions. This
is expected at a design-basis seismic intensity, because steel columns exhibit minor flexural yielding. In this case,
minor residual SDR is likely to develop. Note that some loading cycles have a relatively large offset; these are
mainly associated with low SDR amplitudes. Figures 3.3c and 3.3d suggest that that the cycle’s major-axis angle
and ellipsity decreases while the SDRy amplitudes increase. In average, the cycles start with ¥ of 60° and ellipsity
of 0.6 and reduce to ¥ of 25° and ellipsity of 0.2 at an SDRy amplitude of 2%.
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Figure 3.3 (a) SDRy versus SDRy amplitudes; (b) histogram of the cycle offset in both orthogonal directions; (c)
major-axis angle versus SDRy amplitude; (d) cycle ellipsity versus SDRy amplitude

Table 3.1 summarizes the statistical data regarding the number of XY cycles per ground-motion record (n), major-
axis angle (¥uqjor), and cycle ellipsity. For reference, these data are summarized based on discrete SDRy bins that
correspond to the peak SDRy amplitudes of the standard unidirectional AISC protocol. Refereeing to Table 3.1,



four cycles (one in each orientation) are counted at each target SDRy amplitudes up to 1.5% followed by two
cycles at 2%. Note that the average number of complete XY drift cycle per record (n) is divided by the number
records (i.e., 53) and rounded up to the nearest integer. Using the statistical data from Table 3.1, a bidirectional
lateral loading protocol can be proposed. Its loading cycles are summarized in Table 3.2. From this table, the
protocol is continued beyond 2% rads, where two cycles are applied at increments of 1% rads, in order to
characterize the column behavior beyond this drift level. This is consistent with the AISC symmetric cyclic
loading protocol; although this is an artifact, since the maximum SDR does not exceed 2% at design-basis
earthquakes. If the objective is to characterize the collapse behavior of steel columns then loading histories that
capture “ratcheting” should be employed (Lignos et al. 2009; Suzuki and Lignos 2014).

Figure 3.4a shows the XY drift history of the developed bidirectional protocol, up to an SDRy of 4%. Referring
to Fig. 3.4b, the sequence of the four elliptical cycles at an SDRy amplitude of 1% is demonstrated. In summary,
the developed bidirectional symmetric lateral loading protocol reaches a maximum SDR in the Y-direction (i.e.,
the column’s weak-axis) of 2% during the 3% drift cycle in the X-direction. The loading angle of the elliptical
cycles with respect to the X-direction starts at 50° at 0.375% rads and reduces to 35° at 2% rads. Beyond this
amplitude, the cycle ellipsity is kept constant at 0.2 while the major-axis angle is reduced gradually until it reaches
0° at SDRx of 5%.

Table 3.1 Summary statistical data for the XY drift cycles at design-basis intensity
Target SDRx Amplitudes [% rads]

Parameter Orient.

0.375 0.50 0.75 1.0 1.5 2.0

— 1-00-0.67  1-00-0.73  1-00-0.73  1-00-0.82  1-00-0.83 -

W ollipsi 1 1-90-0.78  1-90-0.77  1-90-0.70  1-90-0.70  1-90-0.64 -
n-Yajor-ellipsity 7 1-50-0.47  1-49-0.31  1-45-0.40 1-43-0.41  1-38-0.33  1-37-0.38
N 1-47-0.50  1-44-0.52  1-44-0.48  1-43-0.43  1-38-0.27  1-38-0.15

Table 3.2 Steps of the proposed bidirectional symmetric protocol
Target SDRx Amplitudes [% rads]
0375 050  0.75 1.0 1.5 2.0 3.0 40 410
—  1-00-0.8 1-00-0.8 1-00-0.7 1-00-0.7 1-00-0.7 - - ) -
W ollivsity 1 1-90-0.8 1-90-0.8 1-90-0.7 1-90-0.7 1-90-0.7 - -
1= Lmajor- LIPSy 1-50-0.5 1-45-0.5 1-45-0.5 1-45-0.4 1-40-0.3 1-35-0.3 1-20-0.2 1-10-0.2 1-0-0.2
N 1-50-0.5 1-45-0.5 1-45-0.5 1-45-0.4 1-40-0.3 1-35-0.3 1-20-0.2 1-10-0.2 1-0-0.2

Parameter Orient.
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Figure 3.4 Proposed bidirectional symmetric protocol: (a) drift history up to 4% rads; (b) application sequence
of the four cycles at 1% rads

4. STEEL COLUMNS UNDER BIDIRECTIONAL LATERAL LOADING

The developed protocol was incorporated in a recent full-scale testing program that investigated the hysteretic
behavior of steel wide-flange columns (Elkady and Lignos 2016, 2017). The column specimens were 3.9m long
(=13ft) and utilized seismically compact W24 cross-sections. The specimens were fixed at their column base and
flexible at their top end in the strong-axis direction. Fixed end boundaries were considered in the weak-axis
direction. The specimens were subjected to a constant compressive axial load ratio, P/P, = 20% (P, is the axial
yield strength). Referring to Fig. 4.1, the hysteretic behavior of nominally identical W24x84 columns is compared
in terms of their deduced moment-drift relation, axial shortening-drift, and out-of-plane global deformation



profile.

From Figure 4.1a, for SDRy larger than 3%, the rate of cyclic deterioration in flexural strength of a column is
slightly larger under bidirectional loading compared to unidirectional loading. This is attributed to the additional
flexural demands in the weak-axis direction of the column cross-section (i.e., P-M,-M, interaction). This effect is
practically negligible on the maximum flexural strength of a column and on the first-cycle envelope curve of the
same specimens. Same observations hold true for the column axial shortening (see Fig. 4.1b).

From Fig. 4.1a, for SDRy larger than 3%, the unloading stiffness of a column that is subjected to bidirectional
loading deteriorates much more compared to that from unidirectional loading. This is attributed to the magnitude
of out-of-plane deformations near the column plastic hinge region. These deformations are more pronounced in
the case of bidirectional loading. Plastic lateral torsional buckling is also more evident when the column is
subjected to bidirectional loading (see Fig. 4.1c¢).
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Figure 4.1. Comparison between specimens C7 and C9: (a) normalized moment-drift relation; 9b) column axial
shortening-drift relation; (c) out-of-plane global deformation profile

5. SUMMARY AND CONCULUSIONS

This paper proposes a methodology to develop bidirectional lateral loading protocols based on 3-dimensional
response-history analyses of a prototype four-story steel-frame building subjected to a suite of 53 ordinary ground
motions. This methodology idealizes the bidirectional drift orbit of first-story columns with elliptical drift cycle
sequences. Statistical data is collected regarding the number, shape, and drift amplitudes of the identified
bidirectional lateral drift cycles. The statistical data is organized into discrete drift bins. Using the collected data,
a bidirectional protocol is proposed. Although representative of one building, the proposed bidirectional protocol
captures the drift demands that a column experiences during a design-basis earthquake with a 10% probability of
occurrence in 50 years. The number of elliptical drift cycle sequences is in good agreement with the standard
symmetric cyclic loading protocol up to 1.5% drift amplitude. However, the higher drift amplitude cycles are not
consistent with the lateral drift demands that a steel column would experience during a design-basis seismic event.

The proposed protocol was employed in full-scale experiments that characterized the cyclic behavior of deep
wide-flange columns under multi-axis cyclic loading. The results suggest that the effect of bidirectional loading
on the steel column stability is significant. For the cases examined, the effect of bidirectional loading is more
evident on the unloading stiffness deterioration of steel columns.

The authors are currently extending the work presented in this paper to develop bidirectional lateral loading



histories representative of low-probability of occurrence earthquakes with a 2% probability of occurrence over 50
years. The methodology presented herein is also employed to refine the proposed protocols to account for the
building height as well as the steel column local slenderness.
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