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Abstract: Steel plate shear walls (SPSWs) have been shown capable of remaining stable under seismic loading due to their satisfactory
hysteretic performance. However, since the thin steel web infills within these walls only yield under tension and in most cases exhibit no
significant compressive resistance, their behavior is uncertain under long duration of shaking. The scope of this research was to investigate
whether there is a point in time where the SPSW behavior becomes that of its own bare frame when subjected to extensive shaking, which
would indicate that the steel web plates no longer contribute to response. In this parametric study, SPSWs of various configurations were
analyzed using nonlinear inelastic dynamic analyses, for which response modification factor and duration of repetitive synthetic ground
motions were varied. Two single-story SPSWs (with panel aspect ratios of 1:1 and 2:1) and one 3-story SPSW (having panel aspect ratio
of 1:1) were modeled using the commonly used diagonal strip model. Spectra-compatible synthetically generated ground motions were used
in the analyses. SPSW responses were then compared against those of their respective boundary frames. Performance of SPSW over the
duration of the repeated stochastic ground motions was characterized by inelastic and residual drifts. The objective of this research was to
provide an understanding of the expected ductile performance of SPSWs when subjected to prolonged seismic excitation, and hopefully, an
improved confidence in their seismic behavior under such conditions. DOI: 10.1061/(ASCE)ST.1943-541X.0002281. © 2019 American

Society of Civil Engineers.

Introduction

Steel plate shear wall (SPSW) systems typically consist of thin,
unstiffened vertical steel web panels bounded by a steel boundary
frame of horizontal and vertical structural members, respectively
called horizontal boundary elements (HBEs) and vertical boundary
elements (VBESs). The steel plate web is characteristically relatively
thin [generally ranging from 4.75 to 12.5 mm (3/16 to 1/2 in.) in
midrise buildings], and, as a consequence of this slenderness,
buckles under compression during earthquake loading and an in-
clined tension field action develops. As such, the web panel shear
strength is effectively that provided by the diagonal tension field
stresses oriented approximately 45° to the direction of shear loading.

While it has been proven in past research that this tension-only
yielding behavior of the infill, in combination with the plastic
hinging that develops at the ends of the HBEs, provides SPSWs
with adequate seismic performance (e.g., Driver et al. 1998b;
Rezai 1999; Astaneh-Asl 2001; Cao et al. 2007; Park et al. 2007;
Dastfan and Driver 2008; Choi and Park 2009; Borello et al.
2014; Clayton et al. 2016), it remains that the infill only sig-
nificantly dissipates hysteretic energy when in tension, and can
only do so at tensile strains larger than those previously reached
(much like braces do in tension-only braced frames, which are typ-
ically not permitted in severe seismic regions). Even though the
postbuckling strength and ductility of the infill panel is substantial
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(e.g., Elgaaly et al. 1993; Bruneau and Bhagwagar 2002; Berman
and Bruneau 2003; Sabouri-Ghomi et al. 2005; Anjan et al. 2009;
Berman 2011; Borello and Fahnestock 2013), reliance on this
tension-only behavior to achieve satisfactory seismic performance
raises legitimate questions regarding the expected behavior of
SPSWs during long-duration earthquakes. For example, if the steel
web plate can conceptually only stretch once within a cycle at a
given drift, how will it contribute adequate hysteretic energy
dissipation as ground-motion excitation progressively becomes
longer? Will the slack web plate under compression lead to exces-
sive progressively increasing drift, which would negate the objec-
tive of using SPSW with high elastic stiffness to limit drift?
Likewise, how far will an SPSW drift before its steel webs no lon-
ger contribute and response of the system is driven by the stiffness
of the SPSW’s boundary frame alone? This can be critical when a
low-stiffness boundary frame is present, which can occur when
steel plate webs of similar thicknesses are used across stories, ef-
fectively eliminating the unbalanced force from the yielding webs
above and below an HBE that is used in their capacity design
[an arbitrary requirement that the SPSW’s boundary frame alone
be able to resist by 25% of the specified seismic forces, in absence
of the SPSW webs, was added to ANSI/AISC 341 (AISC 2016)
and CSA S16-14 (CSA 2014) in response to this concern].

This paper presents results from research conducted to better
understand the behavior of SPSWs as ground excitation progres-
sively gets longer, to determine if there might be a time during
ground motions when the steel web plates cease to contribute to
structural response, leaving the system to behave as if it were just
the boundary frame, and perhaps have significant consequences in
seismic performance. Given that the objective is to understand how
SPSWs behave as duration increases, in light of the fact that their
primary energy-dissipating elements (the steel webs) behave as a
tension-only system, two important simplifications were essential
for the analyses.

First, increasing the duration of the ground motions had to be
done without modifying the signature of the ground motions, so
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that differences observed could be entirely attributed to differences
in SPSW behavior over time, not differences in earthquake char-
acteristics. This is why focus here is on repeated synthetic ground
motions, not long-duration actual ground motion that would
bring up issues of variations in amplitude, frequency content,
pulses, fling, relationship of magnitude to peak ground acceleration
(PGA), and many others—briefly touched upon in the next section.
All these issues are important and investigating their impact on the
seismic performance of SPSW would be instructive, but is a topic
left for future research.

Second, infinitely ductile response had to be assumed. It is rec-
ognized (e.g., Driver et al. 1998b; Qu et al. 2008; Choi and Park
2011; Clayton et al. 2016) and understood that the infills of SPSWs
will develop fracture at drifts exceeding 3%, and the strength deg-
radation may also occur from other causes, but, again, considering
limit states other than ductile response would prevent acquiring the
understanding necessary to address the previous behavior-related
questions. Therefore, here, research focused on identifying funda-
mental behavior and response on the basis of idealized elastic—
perfectly plastic material models having infinitely ductile behavior
alone to provide an understanding of the factors that would affect
ductile response alone (i.e., studying the role of the tension-only
webs on response in the best conditions when all other limit states
could be prevented). This required that the effects of strain harden-
ing, progressive fracture of the steel web panel from the boundary
frame, local buckling of the boundary frame members, P-delta ef-
fects, and other failure modes leading to strength degradation and
possible collapse be purposely ignored for this fundamental study.
Even though it is understood that these aspects of behavior and im-
portant limit states can potentially affect the behavior of SPSWs, can
have a large influence on the effectiveness of the system as a whole
during cyclic inelastic response at large and increasing drifts, and/or
can lead to their collapse (Purba and Bruneau 2015), it was necessary
to ignore these effects to achieve the intended goals for this study
because introducing other limit states in the material models would
have led to the introduction of various other failure modes and re-
sponse would have been impacted by multiple strength-degradation
conditions, thereby making it impossible to singly explain the stable
performance of SPSWs under seismic excitation, despite the fact that
their infill plate exhibits pure tension-only behavior.

In other words, the results discussed here look only into the re-
sponse of SPSWs having idealized tension-only behavior of the
steel plate and idealized plastic behavior of the boundary frame
when subjected to repeated synthetic ground motions—which is
a most important step to better understand the fundamental seismic
behavior of SPSWs, the respective role of the steel webs and boun-
dary frame in driving this response, and how their respective roles
change during the length of seismic excitation. Once this is estab-
lished, it would be worthwhile to research the changes in results if
SPSW damage models (Purba and Bruneau 2015) are considered.
Groundwork from this study can lead to future investigative studies
that compare behavior with and without the previously mentioned
degradation effects.

Dirift results presented throughout this study serve to relatively
measure and compare seismic response over time, and to quantify
the influence of the plate’s tension-only behavior. Residual drifts
also serve the same purpose, and should not be considered in an
absolute sense.

Scope

The performance of SPSW systems when subjected to pro-
longed seismic excitation has not been investigated in the past.

© ASCE

04019008-2

As described previously, although understanding the special impact
on structural response of various characteristics inherent to actual
long-duration earthquakes (like excitation amplitude and frequency
content) is not the focus of this research, it is worth recognizing that
the effects of long-duration ground motions on structural steel sys-
tems have been investigated by numerous researchers for more than
50 years. Early on, Housner (1965), Trifunac and Brady (1975),
Vanmarcke and Lai (1980), Kawashima and Takahashi (1985),
and Xie and Zhang (1988) determined that ground-motion duration
was critical for quantifying structural damage. Many studies [such
as Marsh and Gianotti (1994)] performed multiple analyses for
high-magnitude, prolonged, synthetic time histories and reported
considerable increase in dissipated hysteretic energy (and therefore
damage) with increasing duration of ground motion. Steel struc-
tures were included in such past studies. For example, Tirca and
Tremblay (2004) reported structural failure due to large deforma-
tions and development of beam plastic hinges in 8- and 12-story
zipper concentrically braced steel frames under several load rever-
sals owing to the long duration of strong ground motion. Likewise,
Lignos et al. (2011) established the properties of a power law to
relate fracture due to low cycle fatigue in high-rise steel buildings
to the energy dissipated during long-period, long-duration shaking,
and Chandramohan et al. (2016) calculated a significant increase in
the collapse probability of a 5-story steel special moment frame
when subjected to long-duration ground shaking. More generally,
other studies have investigated the effect of an increased number of
cycles on specific aspect of response, such as low-cycle fatigue
damage in reinforced concrete frame buildings (Mantawy and
Anderson 2018), or the effect of long-duration, long-period ground
motion from various perspectives ranging from studies of the
global structural response of idealized elastoplastic structures
(e.g., lervolino et al. 2006; Kojima and Takewaki 2015; Hou
and Qu 2015, 2016) to that of strength-degrading structural systems
(e.g., Bommer et al. 2004) up to multidisciplinary studies of the full
potential catastrophic effects of megathrust earthquakes, such as the
M9 Project (University of Washington 2018), whose scope includes
addressing the response of buildings (e.g., Marafi et al. 2016) to
subduction earthquakes.

All of the preceding studies holistically address the special
characteristics of long-duration earthquakes, which is valuable
and important but beyond the intent here. As indicated in the in-
troduction, the primary objective here is to investigate the funda-
mental behavior of ideally ductile SPSWs to determine how they
can possibly achieve satisfactory seismic response throughout seis-
mic excitations given that the tension-only hysteretic behavior
of the infill plate is believed to dominate this hysteretic response.
This is achieved by using progressively longer synthetic ground
motions.

To investigate this question, a parametric study was conducted
for two single-story SPSWs (with panel aspect ratios of 1:1 and
2:1) and a 3-story SPSW (having panel aspect ratio of 1:1) sub-
jected to synthetic ground motions artificially made longer for
the sake of observing how behavior of the SPSW would progres-
sively change. The previously mentioned aspect ratio is based on
centerline dimensions of the boundary frame elements. The SPSW
configurations considered were analyzed using nonlinear inelastic
dynamic analyses of the commonly used diagonal strip model that
captures the hysteretic behavior of these walls. For perspective,
SPSW responses were also compared against those of their respec-
tive boundary frames acting alone. The full time history of select
responses is provided to explain the key aspects of response ob-
served in this study, and performance of SPSW over the duration
of the shaking is characterized by inelastic and residual drifts.
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Generation of Stochastic Ground Motions

Nonlinear time-history analyses were conducted to investigate the
performance of SPSWs during long-duration ground shaking. For
this purpose, spectra-compatible synthetic ground accelerations for
Site Class B soils (ASCE 2010) in San Francisco were generated
from the Response Spectrum Compatible Time Histories (RSCTH)
program (Papageorgiou and Halldorsson 2004). To provide a target
for generating the synthetic ground motions, a 5% damped target
response spectrum was generated using parameters obtained from
the USGS Seismic Design Maps tool (USGS 2014). For Site Class
B soils, the short period S5 and the 1-s period S,,; spectral accel-
erations were found as 1.50g and 0.649¢, respectively. For the
design-basis earthquake (DBE), the design spectral acceleration
parameters Spg and Sp; were 2/3 of the preceding values, and were
therefore 1.0g and 0.432g, respectively. Fig. 1 shows the design
response spectrum (generated by the US Seismic Design Map tool)
as an input for the RSCTH code. The program has a parameter
called “duration switch, idurpm,” which employs the duration
model for California (Atkinson and Silva 2000) to calculate
ground-motion duration from the prescribed real moment magni-
tude M, and the prescribed real epicentral distance from source
to site in kilometers. RSCTH allows for user input for duration
of desired acceleration time history, which can then be increased
by increasing the number of input time steps, df, multiplied to
the number of data points, nt. Five ground motions, representing
earthquakes of duration (D) representative of what would be
expected for earthquake magnitudes (M) ranging from 5 to 9, ex-
pressed as DMS5, DM6, DM7, DMS, and DM9, were generated,
with values of PGA of 0.573¢, 0.536¢, 0.525¢, 0.499¢, and 0.485g¢,
respectively.

These ground motions had total durations of 9, 12, 19, 42, and
116 s, respectively; and 6.82, 8.73, 14.30, 30.53, and 88.05 s brack-
eted durations, respectively [bracketed duration is defined by
Kawashima and Aizawa (1989) as the interval between first and
last exceedance of ground acceleration above +0.1g]. These
ground motions are presented in Fig. 2, while Fig. 3 shows the
resulting spectral matching with DBE target spectrum for all syn-
thetic records. Analyses were performed for three SPSW arche-
types, designed per different response modification factors and
subjected to the previous ground motions of various durations.
Besides analyzing for individual ground motions, time-history
sequences with twice, thrice, or six times repetition of DMS5 and
DMB& accelerations were also considered to observe the incremental

0.99
0.88
0.77
0.66
0.55
0.44
0.33
0.22
0.11
04000

Sa(g)

02 04 06 08 1 12 14 16 18 2
Period, T (s)

Fig. 1. Design response spectrum.
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plastic deformations and residual drifts of SPSWs under prolonged
seismic loading. Once again, these stochastic motions are not
representative of real earthquakes, and only vary in their bracketed
durations.

SPSW Archetype Design and Development of
Analytical Models

Two 3.657 m (12 ft)-high, single-story SPSW models were devel-
oped with aspect ratios of 1:1 and 2:1, respectively, assumed to be
in buildings situated on Site Class B soils (ASCE 2010) in San
Francisco. A 3-story, 10.97 m (36 ft)-high wall was also taken into
consideration for comparison purposes. The aspect ratio of each of
the three infill plates within this wall was taken as 1:1. As indicated
in Fig. 4, these walls were labeled as SPSW1, SPSW2, and SPSW3,
whereas the bare boundary frames analyzed for comparing re-
sponse were labeled as MRF1, MRF2, and MRF3, respectively.
The bare frames here consist of the boundary elements alone (with-
out the infill plates), instead of moment frames designed to resist
the same loads. This was done for reasons that will become more
obvious when comparing the responses.

Lateral seismic forces obtained for design have been calculated
according to the equivalent lateral force procedure from ASCE 7,
Section 12.8 (ASCE 2010). The overstrength factor £2,,, importance
factor 7, and deflection amplification factor C; for the SPSW were
defined as 2, 1, and 6, respectively. The approximate fundamental
period of the structure, T, calculated based on ASCE 7 provisions,
was 0.13 s for the single-story archetypes with SPSWs having 1:1
and 2:1 aspect ratios, and 0.35 s for the multistory SPSW archetype
considered. Both of these periods fell on the constant-acceleration
zone of the design spectra.

The design base shear for each SPSW archetype was calculated
as per two different values of response modification factor, R.
ASCE 7 specifies the value of R factor that should be used for
the design of SPSW. However, because R is related to the level
of inelastic demand to be developed in a structural system, SPSWs
were designed for values of R of 7 and 5. For SPSW design, per
ANSI/AISC 341 (AISC 2016), the web plates designed resist 100%
of the specified base shear. For preliminary design the angle of ten-
sion stress action, « was assumed to be 45°, and the design strength
of the steel plate web panels was calculated per ANSI/AISC
341 Eq. F5-1

@V, = 0.90(0.42)F 1, L. sin(20)

where L., = clear distance between column flanges; and f,, =
thickness of steel plate web (both in inches). In order to design
an SPSW with infill plate thickness similar to what is found in
applications where hot-rolled plates are used, it was decided to pro-
vide a minimum web thickness value, 7, = 3/16 in. (4.75 mm).
Large values of mass were therefore applied to each wall, and seis-
mic weights were taken as 6,700 kN (1,500 kips), 11,120 kN
(2,500 kips), and 26,700 kN (6,000 kips) for SPSW1, SPSW2,
and SPSW3, respectively.

The steel web plates were ASTM A36 (ASTM 2014) material,
whereas ASTM A992 (ASTM 2015) Grade 50 steel was taken for
the boundary frame elements, with nonlinear stress-strain behavior
for both materials modeled as elastic—perfectly plastic. Because the
drift demand could not be estimated for this study where response
under extremely long duration ground motions was to be investi-
gated, the plastic plateau for each material model was assumed con-
stant up to extremely large strains. Figs. 5(c and d) depict the
simplified hysteretic behavior of both materials used, with respec-
tive values of yield strength o, = 248 MPa (36 ksi) for steel plate
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and 345 MPa (50 ksi) for boundary elements. The dual-strip model
used in this study provides a simple, practical, and validated way to
correctly analytically capture the fundamental behavior of SPSWs.
For nonlinear pushover analyses, using elastoplastic strips and
HBE plastic hinges has been shown to adequately capture the full
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force-displacement behavior and ultimate strength of SPSWs, and
of their individual stories (e.g., Berman and Bruneau 2004, 2005;
Driver et al. 1998a, b; Qu et al. 2008). Previous research has also
shown that the strip model can adequately capture the hysteretic
behavior of SPSWs provided that a symmetric layout of tension-
only strips is used (e.g., Elgaaly et al. 1993; Elgaaly and Liu 1997,
Lubell et al. 2000; Qu et al. 2008). For example, Qu et al. (2008)
demonstrated this for a full-scale 2-story SPSW specimen subjected
to pseudodynamic testing, where using a dual-strip tension-only
nonlinear model with 15 strips in each direction provided hysteretic
story shear—displacement behavior that accurately matched the ex-
perimental results. The same model has been used here, and in
much of the contemporary research on SPSW. Each of the arche-
types was designed with the expectation that plastic hinges would
form at the ends of the HBE near the face of columns, and that the
web plates would yield under tension. Capacity design was used
to ensure that yielding remained confined to the deformation-
controlled elements and that the VBEs and connections have
sufficient strength to remain elastic (Berman and Bruneau 2008).
Resulting web plate thicknesses and member sizes for HBEs and
VBEs for the archetypes are presented in Table 1.

The steel plates were modeled in the program SAP2000 using
the dual-strip model proposed by Thorburn et al. (1983), transform-
ing the solid steel panels into parallel, pin-ended tension-only
diagonal strips that serve as an equivalent for the tension field ac-
tion, yielding only in tension and buckling under compression.
These strips were expected to load up to yield strength under ten-
sion, follow the plastic plateau during the course of continued ten-
sion loading, unload until tension was reduced to zero as the
seismic loading reversed direction, and exhibit no strength as soon
as the plate underwent compression. They are also modeled to un-
buckle and return to their longer stretched length prior to reloading
in tension. Axial P hinges were assigned at the center of each of
the strips to model this nonlinear hysteretic behavior (Purba and
Bruneau 2015). For example, Fig. 5(a) shows the hinge numbers
assigned to each axial strip for SPSW1, ranging from 5 to 27. This
hinge only allows for yielding caused by axial loads. For the strips
to mimic actual behavior of the web panels, these axial hinges were
assigned compression limits set to zero. For SAP2000 to follow the
previously mentioned simplified elastoplastic stress-strain model,
some modifications had to be made. The model was designed to
log values of the positive residual axial deformation upon unload-
ing as it enters the compression loading regime, and to require the
strips to recover all displacements up to the previously recorded
positive residual axial deformation value before reloading into the
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behavior.

Table 1. SPSW web plate thickness and HBE and VBE sizes

Wall R value Story Panel aspect ratio Plate thickness [mm (in.)] HBE VBE
Single story
SPSW1 5 — 1:1 4.75 (3/16) W40 x 327 W40 x 593
7 4.75 (3/16) W30 x 116 W14 x 398
SPSW2 5 — 2:1 4.75 (3/16) W40 x 431 W36 x 652
7 3.175 (1/8) W36 x 330 W40 x 431
Multistory
SPSW3 7 First 1:1 12.5 (1/2) W40 x 199 W40 x 431
Second 1:1 11.1 (7/16) W40 x 199 W40 x 431
Third 1:1 12.5 (1/2) W40 x 149 W40 x 324

tension regime again. Fig. 5(e) depicts the corresponding generic
hysteretic behavior for the strips. A validation was conducted by
applying a nonlinear time-history load case using a cosine function
of amplitude 1. The axial hinge was confirmed to only engage dur-
ing the tension regime of the forcing function and to exhibit
tension-only behavior. For example, during the hysteretic response,
the first cycle followed the load-displacement path from Point A to
Point B, yielding at B, and displacing along the elastic—perfectly-
plastic backbone plateau until Point C. Upon reversal, it then un-
loaded until Point D, from where it underwent further compression
while developing no compressive force. Tracking the displacement
history revealed that no compressive stress developed within the
diagonal strip. Upon load reversal, the strip was only reengaged in
tension when its axial deformation returned to Point D, then up to the
exact same value of deformation at Point C, where the previous ten-
sion regime had ended, and further yielded in tension from there on.

Plastic hinge properties in the boundary frame elements were
modeled using Fiber P-M2-M3 hinges. In such hinges, the cross
sections for the HBEs and VBEs were divided into layers (i.e., fi-
bers) in both strong and weak directions, with each fiber associated
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with its own stress-strain relationship depending on the properties
of the material at the corresponding location in the cross section. A
total of 38 fibers were modeled for the flexural hinges within the
HBE. Fiber locations within the HBE cross sections are depicted in
Fig. 5(b). Here, Fibers 2, 4, 34, 36, and 38 are in the top flange;
Fibers 1, 3, 5, 35, and 37 are in the bottom flange; and the remain-
ing fibers are located in the web. Of these web fibers, 20-33 are
above the neutral axis, whereas 619 are located below it (for which
numbering is sequential from bottom to top).

Comparative Analyses

For this parametric study, trends in response for the considered
SPSWs were observed by varying different parameters, namely,
the panel aspect ratios, value of R factor, damping ratio ¢, number
of stories, and the duration of the synthetic ground motions. Time-
history sequences with twice, thrice, or six times repetition of DM35
and DMS8 were also considered, and the following observations
were made.
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Drift Response

Nonlinear time histories of the SPSW and moment resisting boun-
dary frame (MRF) response were compared in order to detect if
there was a point in time where the SPSW infill plates ceased to
contribute to the system, and the system response matched that
of its respective bare frame as duration of seismic excitation in-
creased. Fig. 6 shows the HBE lateral displacement response of
SPSW1 compared to that of MRF1 for duration magnitudes of
DMS5 and DMS. As was expected, owing to its lesser stiffness,
the MRF experienced comparatively larger values of displacement;
for example, 147.3 mm (5.8 in.) compared to 86.4 mm (3.4 in.) for
SPSW displacement for DM5 magnitude ground motion. The syn-
thetically generated ground-motion time histories obtained from
the program RSCTH for lesser durations had to match the same
target spectra as those for the longer durations (9 s for DM5 in
comparison with 42 s for DMS), leading to low values of peak
ground accelerations for the higher-magnitude records, which in
turn resulted in values of maximum drift observed for the smaller-
magnitude stochastic ground motions to be greater than those for
the larger-magnitude ones. This can be observed from Fig. 6 where,
for DM5, MRF1 experienced 147.3 mm (5.8 in.) of displacement,
as compared to only 100.3 mm (3.95 in.) for the DMS record. As a
result, smaller-magnitude accelerations suffered much more severe
yielding even though these had much smaller duration, which is an
illogical outcome when comparing actual earthquakes of different
magnitudes that would have proportionally different response spec-
tra, but a logical inconsistency introduced by scaling all artificial
ground motions to match the same target spectra irrespective of
magnitude or duration. For the purpose of this research, it was
therefore illogical to make comparisons based on magnitude alone.
These results confirmed that in order to observe the effects of long
duration, comparisons should be made between synthetic records
having similar peak ground accelerations, but with varying duration
of ground motion. Therefore, a simple approach taken to study the
effects of prolonged seismic loading on SPSW archetypes was to
repeat the same ground motion a number of times. This is described
further in subsequent sections.

Residual Drifts

Comparing the trace of the response histories, some trends in
behavior were observed. For example, a certain sequence of peaks
in the SPSWI1 displacement histories was observed to appear
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similar to those for MRF1, except for a visible difference caused
by the accumulation of residual drift. Subtracting the respective
plastic residual displacements from the total response histories
for both SPSW1 and MRF1 resulted in curves that could be super-
imposed to determine if similarities in behavior existed. However,
as shown in Fig. 7, the peaks obtained as a result of this procedure
did not completely overlay each other, showing variations in both
amplitude and shape of the response histories for both archetypes.
This variation in response was (expectedly) caused by the presence
of the steel infill plate within the SPSW.

Hinge Hysteretic Response

To further investigate the respective contribution of the infill
and boundary frame on response, it was decided to study as a func-
tion of time the hysteretic behavior of the flexural fiber P-M2-M3
hinges assigned to the HBEs in both archetypes within SAP2000.
Displacements were considered for quantifying response rather
than drifts in order to directly correlate loading and unloading
of hinges with the lateral displacement of the wall. Instances in time
when the fibers experienced yielding were extracted, and the points
when the first and last fibers in these hinges underwent yielding, for
the very first and the very last time, were used to define a bracket of
time that limits the occurrence of inelastic response during the en-
tire response history. Similarly, for the axial P hinges, all intervals
during which the strips underwent plastic yielding for the first and
last time were obtained by extracting their force-displacement out-
put data. The results were then plotted with respect to time, effec-
tively mapping the internal yield behavior of both the SPSW and
MREF archetypes. The three input ground motions considered for
this purpose were:
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DMS: Acceleration time history DMS5 with total duration of 9 s;
DMS5+5: Twice the preceding input acceleration with 4 s worth
of intermittent zero padding before and after the second conse-
cutive DM5 ground motion, increasing the total duration under
consideration to 26 s; and
DMS5+5+5: Similarly increased ground acceleration history, but
this time by sequencing three times the original DMS5 time his-
tory with zero padding at the end of each repetition, for a total
duration of 39 s.
Figs. 8(a and b) present the top HBE lateral displacement re-
sponse with the points of observed yielding for the axial and fiber
hinges (marked with respect to time) for the DM5+5+5 repetition,
where for the axial hinges, the notations AHFF; and AHFL; cor-
respond to the first and last yield point for the first axial hinge to
yield, and AHLF; and AHLL; denote the first and last yield point
for the last axial hinge that experienced yielding, respectively.
Similarly for the case of fiber hinges in both the SPSW and the
MREF, the notations used were FHFF; and FHFL; for the first
and last yield point for the first fiber in a fiber hinge to yield,
and FHLF; and FHLL; for the first and last yield point for the
last fiber in a fiber hinge that experienced yielding, respectively.
The subscript i here referred to the number of times the input time
history was repeated to increase duration of loading. For this figure,
i=1to3.

Fig. 8(a) shows that the first fiber in the MRF1 fiber hinge
yielded at a value of FHFF; = 0.81 s, whereas it can been from
Fig. 8(b) that the first fiber for the SPSW1 hinge yielded at around

1.71 s. Therefore, a noticeable delay was seen for the first fiber
within the SPSW1 HBE fiber hinges to begin plastic behavior
compared to those in the MRF1 archetype. This was because, in
SPSWI, the axial hinges (conforming to expectation) underwent
plastic yielding first at a value of AHFF| = 0.58 s, limiting drift
and delaying involvement of the flexural hinges. Moreover, the last
flexural fiber to begin yielding within the SPSW was observed to
engage at a much earlier time as compared to the last fiber for the
MREF flexural hinge, i.e., at a value of FHLF; =2.01 s for
SPSW1, as compared to 3.6 s for MRF1. Therefore, it was con-
cluded that the entire HBE cross section within the SPSW fully
yielded ahead of the MRF cross section. There was a possibility
that this was due to the interaction of the axial force within the
SPSW system.

Contribution of the Steel Infill Plate

To check the previously mentioned prospect, three states were
noted for the response of each axial hinge, namely, the onset of
yielding, the onset of unloading, and the duration between these
points during which the hinge follows the constant plastic back-
bone for the material model defined previously. A bar chart was
used to plot all three states with respect to time, where the length
of the bar indicated the extent of time for which the considered
hinge yielded plastically. Fig. 9 presents a better visual correlation
between response and duration of loading by overlaying these yield
bars with the displacement histories for each of the three input
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Fig. 9. Axial hinges yield bar charts for the cases of (a) DM5; (b) DM5+5;

and (c) DM5+5+5.

cases. The primary vertical axis shows assigned axial hinge num-
bers for each strip (as per Fig. 5), whereas the secondary vertical
axis depicts the HBE displacement in inches. Most of the axial
hinges can be observed to have engaged readily in the first few
cycles. The figure also shows that the structure had to undergo drift
of value higher than the preceding peak for every subsequent yield-
ing to occur. For the cases of DM5+5 and DM5+545, the strips
continued to engage plastically, with response peaks corresponding
to movements in the same direction as that of the residual drift for
the entire system, causing instances of increased value of maximum
drift. Therefore, the axial hinges were observed to repeat yielding
for all such instances. However, response peaks in the direction
opposite to the residual drift were seen to eventually cease to cause
the corresponding strips to yield. This procedure helped in depict-
ing the progression of plastic behavior of the steel plate, and
accumulation of plastic strains, with the passage of time.
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Cross Comparison of Overall Behavior

To achieve an overall understanding of the SPSW system, together
with the respective contribution of each of its constituents, the pre-
vious approaches were condensed and plotted in one graph. For this
purpose, the ground-motion time history was prolonged by repeat-
ing the DMS5 record six times, with 4 s of intermittent zero padding
between each consecutive synthetic record. This made the total
duration of this case to be 78 s. Fig. 10(a) plots the yield behavior
for SPSW1 axial hinges, along with SPSW1 flexural hinges in
Fig. 10(b), which can be compared with the yield behavior of
MRFT1 flexural hinges in Fig. 10(c). For ease of visual inspection,
the plots in Fig. 10 were divided into six segments of 13-s duration
each. The first segment is presented in Fig. 11 for a zoomed-in,
close-up version of the different yield behaviors observed.

It can be noted from these figures that both MRF1 and SPSW1
engage in plastic behavior during the stronger portions of the

J. Struct. Eng.

J. Struct. Eng., 2019, 145(4): 04019008



8| - @ : @ : @ : @ : @ : @ 20
s = . . , ,
8 | == .. . . i | 15
= A i i i g
A ! ! ! ! : 0t
5 oh ; ; ; . . 5 8
@ "% 8 12- 20 24 -2 32 36 40 44 48 2 56 60 6 68 72 76 80 5]
5 1a A\W\V Naf\Apasin o ik i I 4 ¥ .
= 19 - A . . ,' '\,- - 1" 1 -5 g
< 2 |aes . . | .ﬁv\\- -10 %
24 |aee / LeyV a5 A
A P B |
77 | N 20
(a) —2%SPSW1_R7_DM5+5+5+5+5+5  -2%MRF1_R7_DMS5+5+5+5+5+5
3 — — —— —— —— 20
36 —_— - _— - —_— - —_— - —_— -
35 —_— - —_— - —_— - —_— - —_— -
AN [p— A —— P——— P e 15
%0 . : !_:: z i T | — =T L [ I -
29 10
0]
! s £
» 2
21 ~
EN! 0o =
Z\8 8 g
=
- b s 3
% =
(9) -10
8
7
g -15
1
3
2
1 -20
)
20
5
10 o)
s s &
" 3
) 7
= U
= 80 =)
£ 8
% 5 =
kS ) o
2 A
-10
-15
-20
(c)
Fig. 10. DM5+5+5+5+5+5 for R =7, ( =2%, yiel i i ; i ; and (¢) MRF flexural
hinges.
/
© ASCE J. Struct. Eng.
N\
AN
N

A\



15

10

N ~ —~ .
18 X/ N N e N B U —

19 [ RN " -5

SLO—OVINWN

45 5 55 6 6.5/k7.5 8 85 9 95 10 105 11 115 12 125 1B

Axial Hinges -SPSW1

[SS18]
o—
1
1
1
N =
S
Displacement Response (in)

13
[
[ ]

Time (s)
—2%SPSW1_R7_DMS5+545+5+5+5  -2%MRF1_R7_DM5+5+5+5+5+5

=
®
1
|
|
|
|
|
|
1
|

20

15

98]
N
I
|
(!
NEEEN
NN
EEREE

o
wn
_
_
ke
D
g
I
o
“ﬁ<
N~

457 5 }{ 6 65 7 75 8 85 9 95 10 105 I1 115 12 125 1B

Flexural Hinges -SPSW 1
SIS
D
?

Displacement Response (in)

-10

-15

IR NI OO — W RN I00O

11
|
[l
|1
I
|
1
|
1
|
.

[\)

(=]

Time (s)
= 2%SPSW1_R7_DM5+5+5+5+5+5

38 20

%)
[
I
|
|
|

I 15

10

(os)

o
R
RN

05 1 152 25 3 §\£4/_,4:5 5.55 6 65 7 75 8 85 9 95 10 105 11 115 12 125 13

T T T U p—

- - / p N4 AN e N
- - — - —/ \/ —’ w — - 5

Flexural Hinges -MRF1
8
I\
)
o
Displacement Response (in)

WA U000 O — W A

Time (s)
2%MRF1_R7_DMS5+5+5+5+5+45

Fig. 11. SPSW1 yield behavior, Segment 1, 0 to 13 s.

© ASCE 04019008-10 J. Struct. Eng.

J. Struct. Eng., 2019, 145(4): 04019008



2%_SPSWI1_R7_DMS5+545+5+45+5

Displacement (in)

0 10 20 30

Fig. 12. SPSW1 displacement response for { = 2%, R

3% drift

3% drift

Time (s)

40 50 60 70 80
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ground motion. However, the response behavior was prominently
different at the 7-s mark. A singular spike depicting yield within
the flexural fiber hinges was observed for the SPSW1 response,
whereas no such spike was seen at that time for the MRF1 response.
The SPSW axial hinges were examined to understand the nature of
this dissimilarity and to get an idea of the changes in stress con-
ditions within the steel web with respect to time. It was noted that
the axial hinges experienced plastic behavior approximately up to
the 3.8-s mark, beyond which the stresses within the web did not
undergo yielding due to the decrease in amplitude of the input
ground motion. The ground acceleration amplitude continued to
decrease up until the 7-s mark, where a slight increase was noted.
This sudden increase in loading resulted in new stresses, but did not
reengage the steel web further because, at that time, the value of the
overall drift was less than previous yielding (at the 3.8-s mark). At
this point the steel plate was considered prestretched and could not
resist the sudden acceleration, leaving the boundary frame alone to
account for it. The yielding spike noted earlier within the response
was therefore a characteristic of the previous behavior. After this
point, the SPSW1 model behaved as it would without a steel infill
plate, up until the point where the overall drift became large enough
to exceed levels previously produced. Then, the steel plate was ob-
served to reengage, hence never acting identical to the MRF arche-
type. The MRF1 model experienced higher values of displacement
response prior to this point, allowing it to drift without yielding, up
until the next consecutive DMS5 repetition. The bare boundary
frame continued to yield progressively as the residual drifts accu-
mulated with each consecutive peak of maximum drift.

It can be deduced from these observations that the steel plate
continued to contribute strength to the system when subjected to
long-duration ground motion. It delayed yielding of the boundary
frame and limited increase in residual drifts for the structure by

catching the boundary frame at every successive point of maximum
drift. During the times when the frame drift was less than the pre-
vious peak and the steel plate was effectively stretched or noncon-
tributing, all of the seismic demand was resisted by the boundary
frame, for which the HBE plays a major role in limiting drift.
Design of the HBE section therefore becomes fundamental to over-
all seismic behavior of the SPSW system. Note that 3%—4% drift is
understood to be a usual range for satisfactory seismic performance
of SPSWs, but it can be seen from Fig. 12 that the SPSW 1 displace-
ment response exceeded the 3% drift mark after the fifth ground-
motion repetition (after 52.6 s of total ground shaking—or 36.6 s
after subtracting the padded zero acceleration segments). Although
this research did not include the limit states of strength degradation,
P-delta effects, and fracture, it can be seen that even without con-
sidering these detrimental effects that typically increase drifts, the
SPSW would never behave as a bare frame owing to the accumu-
lation of residual drift.

Moment Frame versus Gravity Frame

In order to investigate the possible role of the moment frame in
limiting the SPSW from developing excessive increasing drifts,
and eventually collapse during a long duration of shaking, analyses
were conducted for a single-story SPSW system, but without mo-
ment connections. This SPSW was designed using the same beam
and column sizes as SPSW1, but with the beams given pin connec-
tions at their ends. As was the case for SPSW1, this system took
value of R = 7 and was analyzed for { = 2% against six repetitions
of the DMS5 record. For comparison purposes, a gravity frame de-
signed similar to the MRF system, but with pin connections, was
also analyzed; it is denoted as GF. Fig. 13 presents response his-
tories for the SPSW and GF, both with pin connections, along with
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Fig. 13. Axial hinges yield behavior for 1:1 SPSW with pin connections for DM5+5+5+5+5+5 for R =7, { = 2%.
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Fig. 14. (Continued.)

yielding behavior of the steel plate web. It can be seen that the
SPSW model with such a configuration exceeded the 3% drift limit
in just 3.6 s through the first DM5 magnitude record. As mentioned
previously, the plastic plateau for each material model was taken as
constant up to large strains, and therefore neither archetype was
seen to reach total collapse (they just yield to excessive drifts).
Without this modeling assumption, the SPSW with pinned connec-
tions would obviously drift incrementally to collapse more rapidly.
However, in SPSWs, even simple beam—column connections
(e.g., shear tab and/or double-angle connections) can develop some
flexural strength and ductility due to the large axial and shear forces
to be transferred at their ends resulting from tension force devel-
oping in the infill along the beams (e.g., Berman and Bruneau
2005). This contribution will expectedly vary as a function of
SPSW aspect ratios, and quantifying this impact could be the sub-
ject of future research.

Sensitivity of Results Obtained

For SPSW1 designed for R = 7 and ¢ = 2%, sensitivity to the in-
crease in values of accumulated residual drift was noted and com-
pared for multiple repetition sequences for ground motions DMS5
and DMS. This comparison is detailed in Fig. 14(a) for both mag-
nitudes considered. It can be observed that the residual drifts in-
crease in both the SPSW and MRF cases, but the overall
residual drift in the MRF, given its lesser stiffness, is of much
higher value than that in the SPSW. The increase in residual drift
for the MRF grew rapidly only after three repetitions of DM5
ground motion, and became gradually constant after. On the other
hand, for the DM8 record, the increase in percent residual drift only
reached a plateau during the last repetition. As was noted in pre-
vious sections, for the MRF the entire cross section for the HBE
does not fully yield for the first few repetition sequences, and
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therefore it only demonstrates a comparatively constant increase
in drift when all fibers within the cross section are fully engaged.
The SPSW, on the other hand, demonstrates a lesser rate of change
in the additional residual drift with increasing duration. This is be-
cause the steel plate enables the HBE cross section to fully yield
early on through the duration of the earthquake loading, allowing
for the increase in residual drift to become a near-constant value
after each ground motion repetition occurrence, straight from the
beginning.

Next, sensitivity to the value of damping ratio was considered.
For R = 7, the SPSW1 and MRF1 models were analyzed twice for
the input time history of magnitude of DM5 with values of damping
ratio ( taken as 2% and 5% that of critical damping. Fig. 14(b) plots
the increase in residual drift at each consecutive repetition for both
values of damping considered. As can be seen, values of percentage
residual drift for ( = 5% are less compared to those obtained for
¢ = 2%. This is owing to the limited participation of the now more
damped boundary frame and the reduced engagement of the steel
web panel.

Similarly, the relationship trends between response of the sys-
tem under prolonged durations and the dimensions of the steel infill
were also considered, and are presented in Fig. 14(c). Here, the
SPSW2, with aspect ratio of 2.0, has been compared with trends
observed for SPSW1 in Fig. 14(a), and it can be seen that the
SPSW2 showed a slightly higher accumulation of residual drift
as compared to the SPSW1 archetype. However, the converse
was true for the MRF archetypes, where relatively lesser values
of addition to residual drift were observed for MRF2 as compared
to MRF1. Yet, the previous observations in comparing MRF and
SPSW results remain true.

Then, values of the response modification factor, R, were varied
as 5 and 7 for both archetypes in order to investigate the variation
of results with the ductility of the structure. Fig. 14(d) plots and
compares variations in progressive residual drift accumulation
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Fig. 15. Axial hinge yield behavior for SPSW1, R =5, { = 2% for DM5+5+5+5+5+5.

for SPSW1 and SPSW2, each designed for both these values of R,
against six repetition sequences of DMS5 and DMS8 stochastic
records, respectively. It can be seen that for decreasing values of
R, the residual drift ratio generally decreased (as expected). The
SPSW and the MRF both displayed negligible accumulation of
residual drift for the case of SPSW1 with an R value of 5. Upon
investigation of the displacement response, both the MRF and
SPSW were observed to follow narrowly similar paths for the case
of DM5. This is presented in Fig. 15 along with the yield behavior
for the steel plate, from which it can be seen that the steel plate
infill engaged extensively for the first two ground-motion repeti-
iQns, after which both archetypes fell into a similar pattern of

Also, the 3-story model, SPSW3, designed with value of R = 7,
was analyzed with a value of ( = 2% in order to observe the sen-
sitivity of results to increasing the number of stories in the structural
system. Trends observed for story drift under DMS5 repetitions are
presented in Fig. 14(e). As can be seen from the figure, for the DM5
ground-motion repetitions, the MRF3 archetype does not seem to
accumulate much residual drift relative to the SPSW3 structural
system. Fig. 16 illustrates the response histories of each floor
for both SPSW3 and MRF3, denoted by the model name followed
by the floor number, e.g., SPSW3_1, MRF3_1. Comparison of
these response histories shows that despite the SPSW3 showing
a larger percentage residual drift, the MRF3 model has much higher
values for maximum residual drift per repetition than those for
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Fig. 16. Displacement response histories for all three stories for DM5 repetitions fQr (a) SPSW3; and (b) MRF3.
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SPSW3. As presented in Fig. 16(a), the response oscillations show
that the MRF3 behaves like a single-degree-of-freedom structure,
and also does not appear to damp out quickly. Therefore, it can be
said that the trends observed for the 3-story model followed those
for the single story, even though the MRF3 archetype accumulated
comparable residual drift relative to the SPSW3 model.

Conclusions

Analyses were conducted to understand the performance of SPSWs
under long-duration synthetically generated ground motions.
Analyses were conducted for the SPSWs as well as, for compari-
son, for their respective boundary frame alone (i.e., the SPSWs
without their infill web plates). Trends in sensitivity of SPSW
response for various configurations were plotted as a function of
increasing duration of seismic loading. It was seen that despite
the progressive increase in drift, the SPSW never reached a point
where it behaved exactly like a simple moment-resisting frame cor-
responding to its own boundary frame. The presence of the steel
plate infill limited the overall accumulation of residual drifts and
restricted the boundary frame from drifting freely. It effectively de-
layed yielding of the boundary frame, and continued to provide
strength and stability even after extensive exposure to strong
ground motion.

Additionally, it was observed that the HBE members accounted
for a significant part of the system’s energy dissipation, even when
the steel plate yielded beyond its preceding maximum elongation.
Moment-resisting boundary elements were found to be instrumen-
tal for limiting drifts and preventing collapse for the system.
SPSWs with pin-connected HBEs were observed to behave poorly.
This illustrates the importance of providing substantial boundary
frame members; in other words, moment-resisting connections
are important to achieve appropriate performance of the SPSW
structural system as a whole when subjected to earthquake loading
(here, for the satisfactory responses observed, the boundary frames
were sized to meet the ANSI/AISC 341-16 requirements).

Overall, the effects of increasing the duration of shaking were
found to be less unfavorable for the SPSW than originally expected.
A direct measure of the influence of ground-motion duration was
the residual drift that accumulated during prolonged seismic load-
ing. With increase in duration of earthquake excitation, slightly
higher drifts were observed to accumulate for rectangular SPSWs
with higher panel aspect ratios as compared to the bare frame. The
residual displacements were seen to increase or decrease accord-
ingly with the increasing or decreasing values of R when observed
together with duration increase. For the multistory SPSW3, the
trends observed followed those seen for the other models, but
results showed lesser residual drifts when compared with those
obtained for the single-story wall.

As a first step toward determining efficacy of the infill under
long duration of excitation, this research considered infinitely duc-
tile elastoplastic material properties, not taking into account effects
of strain hardening, strength degradation, and P-delta effects. Fur-
ther studies are necessary to understand the combined effect of
these on SPSW behavior.
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