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Abstract: In this paper, the seismic design factors for uncoupled composite plate shear walls/concrete filled (C-PSW/CF), a.k.a. SpeedCore,
are verified by conducting a study using FEMAmethodology. These are the seismic response modification factor, R, the deflection amplification
factor, Cd, and the overstrength factor,Ωo; and their values for C-PSW/CF are specified as 6.5, 5.5, and 2.5, respectively. A study was needed, as
these factors for uncoupled C-PSW/CFs, included in ASCE 7 since as far back as its 2000 edition, were chosen solely based on the seismic
performance of similar structural systems and engineering judgment of the committee members. For this study, four archetypes with planar walls
and three archetypes with C-shaped C-PSW/CF walls were chosen. Two different damage measures (DM) were chosen for this study; namely,
3% and 5% maximum interstory drifts. Based on FEMA methodology, all archetypes satisfied the specified performance requirement con-
sidering a “good” rating for total system collapse uncertainty (βTOT). DOI: 10.1061/JSENDH.STENG-11783. © 2023 American Society of
Civil Engineers.
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Introduction

In this paper, the results of a FEMA P695 study (FEMA 2008) that
was conducted to verify the seismic design factors for uncoupled
Composite Plate Shear Walls/Concrete Filled (C-PSW/CF), a.k.a.
SpeedCore, are presented. ASCE 7-16 (ASCE 2016) provides the
seismic design factors for composite walls in row 13 of Table 12.2-1.
These are the seismic response modification factor, R, the deflec-
tion amplification factor, Cd, and the overstrength factor, Ωo, and
their values for C-PSW/CF are specified as 6.5, 5.5, and 2.5, re-
spectively. These factors for uncoupled C-PSW/CFs, included in
ASCE 7 since as far back as its 2000 Edition, were chosen based
on the seismic performance of similar structural systems and engi-
neering judgment of the committee members. Therefore, the study
presented here was conducted to investigate the adequacy of these
seismic design factors.

FEMA P695 is a generally accepted procedure that has been
developed and proposed through a consensus-based approach to
establish a rigorous approach to establish the value of seismic re-
sponse modification factors (such as the R-factor) that are adequate
for a structural system (FEMA 2008). It relies on the use of incre-
mental dynamic analysis (IDA) to identify the collapse threshold of
such systems, as established by nonlinear time history analysis.
Therefore, the credibility of the result obtained when following this
procedure requires the use of nonlinear models that can adequately
capture the hysteretic behavior of the yielding structural elements of

the lateral load resisting system being considered. In this process, in
its simplest form, the FEMA P695 approach requires such nonlinear
analyses to be conducted for a prescribed set of twenty-two ground
motions (that result in 44 individual ground motion records when
considering orthogonal records from the same earthquake at a given
station); these earthquake components are for seismic events rang-
ing in magnitudes fromM6.5 to M7.6 and are all “far field records,”
defined as being from sites located at distances 10 km or more from
the fault rupture (PEER 2017). The procedure requires performing
IDA for each of these earthquake records, which consists of repeat-
ing analysis by increasing the severity of each earthquake until col-
lapse is reached, and repeating such analyses for a large number
of archetypes (i.e., example structures), and results in many thou-
sands nonlinear analyses. The nonlinear analysis software OpenSees
was selected, as it is well suited for this purpose and permits use of
macro fiber nonlinear models with rapid execution time (which
would not have been the case with 2-D or 3-D finite element con-
tinuum mechanics models). OpenSees has often been used by the
research community (e.g., Lignos 2008; Rodgers and Mahin 2006),
particularly for IDA and FEMA P695 studies.

A similar study was done by Agrawal et al. (2020). Therefore,
the same archetypes used therein were used here, to be able to com-
pare the results. However, note that the work presented here was not
conducted to replicate/repeat this previous study, but rather to reas-
sess the adequacy of the seismic response modification factors using
different non-linear modeling approaches. This is consistent with
what was done in prior studies on coupled C-PSW/CFs (Bruneau
et al. 2019; Kizilarslan et al. 2021b), where this was done to provide
a greater confidence in the results, given the differences of opinions
on how to best model C-PSW/CFs. All expert technical committees
that have reviewed this prior work on coupled walls have com-
mented positively on the benefit of considering two different sets
of non-linear models. The work presented here seeks, by its com-
plementarity to Agrawal et al. (2020), to provide the same level of
confidence for uncoupled C-PSW/CFs. This is critically important
given that, contrary to coupled walls, seismic energy dissipation in
uncoupled walls is limited to plastic hinging at their base (barring
higher mode effects that can slightly augment this). In other words,
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in the minds of some engineers, high R values are suspicious in can-
tilevering walls with inelastic energy dissipation primarily at their
base, making the additional scrutiny provided here critically valuable.

Archetypes

For this study, a total of seven archetypes were considered: four with
planar walls (3-story, 6-story, 9-story, and 12-story, shown as Type I
in Fig. 1) and three with C-shaped C-PSW/CF walls (15-story,
18-story, and 22-story, shown as Type II in Fig. 1). These walls
were designed by Agrawal et al. (2020) and the structural details
were chosen to be a reasonable representation of low-rise and
mid-rise buildings. Moreover, C-PSW/CF walls were designed ac-
cording to the requirements of AISC 341-16 (AISC 2016), Section
H7, but with square closure end plates instead of round boundary
elements.

Because the C-walls are being bent about their strong axis, the
definition of flange and webs is reversed from what was presented
earlier when considering C-walls bent about their weak axis. This is
to be consistent with the common usage, whereby flanges are typ-
ically under (mostly) uniform stresses for a given applied moment.
In the design procedure, initial parameters such as load require-
ments, building floor plan, and seismic parameters were chosen with
the help of practicing engineers and a peer review panel. Some of the
parameters are:
• Floor dimensions are [80 ft ð24,384 mmÞ þ X ft� × ½180 ft

ð54,864 mmÞ þ X ft], where X is the wall dimension;
• The height of the first floor is 17 ft (5,182 mm) but that of the

remaining floors is 14 ft (4,267 mm);
• The floor load is 120 psf (0.83 MPa);
• An importance factor, Ie, of 1.0 was used with Risk Category

II; and
• The seismic response modification factor, R, deflection ampli-

fication factor, Cd, and overstrength factor, Ωo, are 6.5, 5.5, and
2.5, respectively.
More details about the design procedure can be found in

Agrawal et al. (2020). For the current study, the archetypes listed
in Tables 1 and 2 were used.

Nonlinear Models

Figs. 2(a and b) show two-dimensional OpenSees nonlinear models
for the collapse simulation of the planar C–PSW/CF and C-shaped
C-PSW/CF archetypes. The Reinforcing Steel (McKenna et al.

(2016) and Concrete02 material models in the OpenSees library
were used for the steel and concrete fibers in the cross-sections of
the planar and C-shaped walls. This steel hysteretic model was
used to model the plates because it had the ability to capture both
inelastic buckling and failure due to low-cycle fatigue life—the
two main factors that ultimately drive strength degradation of the
wall’s hysteretic behavior. The same steel grade was used for
web and flanges, namely, ASTM A572 Gr 50. Therefore, the same
buckling and low-fatigue parameters were assigned to the reinforc-
ing steel material used for the flanges and web. Also, the concrete
confinement model by Susantha et al. (2001) was used to deter-
mine the concrete strength and ductility at the ends of the cross
section over a length equal to half the width of the cross section,
while the rest of the concrete cross section was assigned a concrete
model having unconfined concrete strength but the same ductility
as that of the confined concrete. Tables 3 and 4 show the steel and
concrete inputs for the Reinforcing Steel and Concrete02 material
models. Displacements based nonlinear beam-column elements
were used to connect the cross-sections. Calibration of planar wall

Table 1. Planar wall archetypes

Case
No. of
stories

Wall
thickness,
tsc (in.)

Wall length,
Lwall (ft)

Plate
thickness,
tp

a (in.)
Height
(ft)

1 3 12 15 4=16 45
2 6 16 25 5=16 87
3 9 24 30 7=16 129
4 12 32 35 8=16 171

Note: 1 in: ¼ 25.4 mm; and 1 ft ¼ 0.305 m.
aSame thickness used along building height.

Table 2. C-shaped wall archetypes

Case
No. of
stories

Web
depth,
hw (ft)

Flange
length,
hf or

Lwall (ft)

Web
thickness,
tsc;w (in.)

Flange
thickness,
tsc;f (in.)

Plate
thickness,
tp

a (in.)
Height
(ft)

5 15 30 11 22 22 8=16 213
6 18 40 10 18 18 8=16 255
7 22 40 11 28 32 9=16 311

Note: 1 in: ¼ 25.4 mm; and 1 ft ¼ 0.305 m.
aSame thickness used along building height.

Fig. 1. Representation of archetype and two types of cross-sections of walls.
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models was done based on the tests conducted by Shafaei et al.
(2021) and calibration of C-shaped wall models was done based
on the tests conducted by Kenarangi et al. (2021). Based on the
observed behavior from planar and C-and T- shaped wall tests by
Shafaei et al. (2021), Kenarangi et al. (2021), and Kizilarslan and
Bruneau (2023), fiber element modeling was deemed adequate
for the current purpose and good agreement was achieved between
test and model results. Note that C-SPW/CF have been reported to

dominantly behave in flexure for aspect ratios as low as 1.5 be-
cause of their large shear strength and stiffness (Kurt et al. 2015).
Note also that, although not presented here, some analyses with
force-based nonlinear elements were also conducted, but this ele-
ment was found to be computational expensive and not preferred
due to occasional lack of convergence in nonlinear time-history
analyses. Instead, displacement-based elements with more ele-
ments at the base were used in the plastic hinge zone to get more
accuracy (Neuenhofer and Filippou 1997); details can be found in
Kizilarslan et al. (2021a) and Kizilarslan (2021). However, even
though the non-linear models and low-cycle fatigue parameters
for the C-shaped walls were calibrated for flexure about their weak
axis, here the same models based on the same calibrations were
used for flexure about the strong. For walls, based on findings
from prior studies on coupled walls that demonstrated this to be
appropriate (Bruneau et al. 2019; Kizilarslan et al. 2021b), the
nonlinear beam column elements were only assigned up to the first
floor and the rest of the floors were modeled using elastic beam-
column elements having effective stiffness per AISC Equation
I2-12. Leaning columns were also modeled to include the P–Δ
effects in each given story due to gravity loads. [Note that, due
to changes in floor plans, each archetype has different gravity loads
(specifically, 1,200 kips, 1,292 kips, 1,386 kips, 1,484 kips,
1,386 kips, 1,512 kips, and 1,512 kips (5,338 kN, 5,747 kN,
6,165 kN, 6,601 kN, 6,165 kN, 6,726 kN, and 6,726 kN) for Cases
1, 2, 3, 4, 5, 6, and 7, respectively.] Elastic beam-column elements
were used to model leaning columns. Because there is no definitive
information on the number of leaning columns in the archetype
design, the values of moment of inertia and cross section area

(a) (b)

Fig. 2. Representation of OpenSees models of (a) planar wall archetypes; and (b) C-shaped wall archetypes. (Note: 1 ft ¼ 0.305 m.)

Table 3. Steel inputs for planar and C-shaped C-PSW/CF walls

Parameters Planar walls C-shaped walls

fy (ksi) 50.0 50.0
Es (ksi) 29,000 29,000
εy 0.0017 0.0017
fu (ksi) 61.0 57.0
Esh (ksi) 0.0543 × Es 0.01 × Es
εsh 0.0018 0.0018
εu 0.15 0.15
lSR 20.8 25.6
β 1.0 1.0
r 0.4 0.9
γ 1.0 1.0
Cf 0.21 0.21
α 0.515 0.575
Cd 0.3 0.4
R1,R2.R3 0.333; 18.0; 4.0 0.333; 18.0; 4.0
a1, limit 4.3; 0.01 4.3; 0.01

Note: 1 ksi ¼ 6.89 MPa.

Table 4. Concrete inputs for planar and C-shaped C-PSW/CF walls

Specimens
fPC (ksi)

(unconf./confined) EC (ksi)
εco × 10−3

(unconf./confined)
fCU (ksi)

(unconf./confined) εcu Lambda Z (ksi) α

Planar walls 6.0/6.78 4,415 2.72/3.071 5.08/5.74 0.04 0.7 25 0.883
C-shaped walls 6.0/6.78 4,415 2.72/3.071 5.08/5.74 0.04 0.1 20 0.883

Note: 1 ksi ¼ 6.89 MPa; and Unconf. = unconfined.
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of the elastic beam-column elements were arbitrarily chosen to pro-
vide insignificant flexural stiffness. Tributary loads coming to the
C-PSW/CF walls [180 kips, 189 kips, 198 kips, and 207 kips
(801 kN, 841 kN, 881 kN, and 921 kN) per floor for the planar
walls in Cases 1, 2, 3, and 4; and 198 kips, 216 kips, and 216 kips
(881 kN, 961 kN, and 961 kN) for the C-shaped walls in Cases 5, 6,
and 7] were applied at each floor. Rigid beams were used to link the
leaning column to the C-PSW/CF wall at every floor. (These rigid
beams were modeled using truss elements with an arbitrarily large
cross section.) Seismic masses were assigned to the C-PSW/CF
walls at every story.

Table 5. Damping details for the archetypes

Case

First
period
(s)

Anchored periods
(s)

Damping
ratio (%)

Damping
ratio at first
period (%)

1 0.54 1.61-0.032 (3T1-T3) 5.00 1.93
2 0.79 2.38-0.024 (3T1-T4) 3.86 1.39
3 1.107 3.32-0.033 (3T1-T4) 3.17 1.14
4 1.405 4.22-0.042 (3T1-T4) 2.75 0.99
5 1.83 2.75-0.054 (1.5T1-T4) 2.47 1.68
6 2.07 3.1-0.061 (1.5T1-T4) 2.25 1.54
7 2.55 3.83-0.075 (1.5T1-T4) 2.04 1.4

(a) (b)

(c) (d)

(e) (f)

(g)

Fig. 3. Damping curves for: (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5; (f) Case 6; and (g) Case 7.
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(a) (b)

(c) (d)

(e) (f)

(g)

Fig. 4. Pushover curves for: (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5; (f) Case 6; and (g) Case 7. (Note: 1 in: ¼ 25.4 mm;
1 kip ¼ 4.45 kN.)
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In the nonlinear time history analyses of the archetypes,
Rayleigh damping was used. In all of the archetypes, 90% of the
total mass participation factor was reached when the first four
modes of vibration were considered (or the first three modes of
vibration for the 3-story archetype). In these analyses, the damping
ratio was reduced to a value based on the height of the structure, in
accordance with the following equation from PEER TBI: Equiva-
lent Viscous Damping (PEER 2010):

ξcritical ¼
0.36ffiffiffiffi
H

p ð1Þ

where H is the height of the structure in feet.
After further studying the behavior of these lateral loading

resisting systems, it was observed that the composite walls were
vibrating individually at a much larger period of vibration after
buckling or fracture develops, and that that response eventually trans-
formed into a rocking behavior after excessive damage in the plastic
hinge region. As a result, the period of the system elongates sig-
nificantly as it progresses towards that stage of severe damage. In
order to prevent overdamping of the structural system when it shifts
to those higher periods of vibration, it was decided to perform these
analyses with a reduced damping ratio anchored at three times the
first period, and at the fourth period of vibration for planar walls;
and one-and-a-half times the first period and at the fourth period of
vibration for the C-shaped walls (Fig. 3). These multipliers of the
first period were determined from observation of the results from
nonlinear analyses of each archetype. Table 5 presents the details of
the damping ratio of each archetype and the periods used to define
the Rayleigh damping for this study.

Nonlinear Analyses

Nonlinear Pushover Analysis

Nonlinear pushover analysis was also conducted, in compliance
with the approach prescribed by the FEMA P695 methodology,
in order to estimate the overstrength (Ωo) and period-based ductility
(μT) factors for all archetypes. The results of the pushover analysis
for the archetypes are shown in Fig. 4. The overstrength (Ωo) factor
was found by dividing the maximum base shear obtained from the
static pushover curve by the base shear for which the archetypes
were designed, as shown in Table 6. The period-based ductility
(μT) factor was determined by dividing the effective yield displace-
ment by the ultimate top floor displacements. The displacement
corresponding to the intersection of a line tangent to the initial slope
of the resulting pushover curve and a horizontal line set at the level
of the maximum base shear obtained from this nonlinear pushover
analysis, Vmax, was considered as the effective yield displacement
(δy;eff ), and the displacement obtained at 0.8Vmax on the descend-
ing branch (i.e., post-peak) of the pushover curve was taken for
the ultimate top floor displacement (δu). The nonlinear pushover
results of all archetypes are presented in Fig. 4.

The strength degradation in the pushover curves of the planar
walls (Cases 1 to 4) becomes rather sudden after a plateau of inelas-
tic deformation. The curves for the C-shaped walls follow a similar
trend, except that the drop in strength is very steep in Cases 6 and 7.
In these last two cases, a particularly sudden fracture was observed.
In all cases, the decrease in strength is first due to buckling. Then, at
the point of rapid and sudden drop in strength, this is due to fracture,
with the most abrupt drops due to fracture of the full web. Recall that

Table 6. Pushover analysis results of archetypes

Parameters

Archetypes with planar walls Archetypes with C-shaped walls

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

Vmax, kips 907 1,680 2,360 2,887 3,177 3,966 3,913
Vdesign, kips 553 897 1,074 1,160 1,230 1,470 1,485
Ωo ¼ Vmax=Vdesign 1.64 1.87 2.20 2.49 2.58 2.70 2.64
δy;eff , in. 2.02 3.96 6.53 8.96 15.41 15.90 20.00
δu, in. 14.47 31.53 59.13 92.75 187.87 100.98 140.32
μT ¼ δu=δy;eff 7.16 7.96 9.06 10.35 12.19 6.35 7.02

Note: 1 in: ¼ 25.4 mm; and 1 kip ¼ 4.45 kN.

Fig. 5. Ground acceleration of (a) BICC090 earthquake; and (b) acceleration spectrum with periods of archetypes.
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Fig. 6. Incremental dynamic analysis curves of (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5; (f) Case 6; and (g) Case 7 for BICC090
earthquake with fracture percentages.
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these archetypes were modelled for bending about their strong axis,
so once the flange of the C-shaped walls fractures, most of the wall
flexural strength is lost.

Incremental Dynamic Analysis of Archetypes

IDA consists of a series of successive time history analyses per-
formed for a given structural model, for which the intensity of the
specified ground motions is gradually scaled up from low to high
magnitude until collapse is observed in the structure. In this re-
search project that considers the 44 far-field ground motions speci-
fied in FEMA P695, the IDA started with an analysis using half of
the actual unscaled recorded ground motions, followed by one using
the actual unscaled record itself. The subsequent increments for all
ground motions were scaled such that the median spectral acceler-
ation of the 44 ground motions (at the fundamental period of a given
archetype being analyzed) matched that at the design basis earth-
quake (DBE) and at the maximum considered earthquake (MCE)
spectral acceleration levels. From there, each motion was gradually
scaled up in steps equal to 0.6 and to 1.0 times the MCE level
(i.e., 0.6 Sa−MCE, and 1.0 Sa–MCE) for planar and C-shaped arche-
types, respectively, up to the intensity that caused structural col-
lapse for each individual ground motion.

In a typical IDA curve, when the intensity measure (IM) vs dam-
age measure (DM) curves become a nearly flat line upon increasing
values of IM, it is an indication of structural collapse. However, in
most cases, for the types of structure considered here, collapse by
this definition was often observed to occur at extreme drifts of nearly
10% (or even 15% in some cases). As such, other considerations
must be considered to define “collapse” from a practical perspective.

Past experiments on individual C-SPW/CF walls tested them up
to 4% and 5% drift (Kenarangi et al. 2021; Kizilarslan and Bruneau
2023; Shafaei et al. 2021). It was reported in these tests that the
initiation of local buckling started as soon as at 1.5% drift, but that
flexural strength degradation only occurred with fracture initiation
at typically larger drifts. The IDA analysis results revealed that col-
lapse typically occurred at drifts as large as 10%, which was
deemed to be an excessive reference point for this study. Because
the hysteretic energy dissipation mechanism in single uncoupled
walls during earthquake excitation only occurs at their base, it was
arbitrarily decided to define collapse (i.e., to limit the damage mea-
sure, DM) at 3% maximum interstory drift. This was not a require-
ment of the FEMA P695 procedure, but rather a judgment call to
obtain more conservative results. Moreover, to support this conclu-
sion, a study was performed to determine at which drift the arche-
types experienced severe damage. It was believed that using an
earthquake with large pulses would more severely challenge the
numerical calculations. For this purpose, one of the most severe
ground motions among the 44 that the FEMA P695 procedure pro-
vides was used, namely the N-S component of the Superstition
Hills (BICC090) earthquake [Fig. 5(a)]. This record was selected
because it exhibits multiple pulses and is of significant duration.
For example, between the times of 30.78 and 33.39 s [Fig. 5(a)],

Fig. 7. Fragility and IDA curves at 3% maximum interstory drift for
(a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5; (f) Case 6; and
(g) Case 7.

Table 7. IDA results of archetypes at 3% drift

Parameter

Archetypes with planar walls
Archetypes with
C-shaped walls

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

SCT, g 2.31 2.09 1.89 1.77 1.02 1.07 0.87
SMT, g 1.5 1.125 0.82 0.64 0.48 0.42 0.35
CMR ¼ SCT=SMT 1.54 1.86 2.3 2.77 2.13 2.55 2.49

Note: Units ¼ kips, in., s, g.
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the area under the ground acceleration is large, indicating a large
velocity pulse. This ground motion was also selected because the
shape of its response spectra is such that the spectral acceleration
demands at the periods of the archetypes are large and remains
large at adjacent larger periods [and slightly larger for that matter,
as seen in Fig. 5(b)], which will keep seismic demand intense as the
archetypes undergo nonlinear inelastic response and their periods
elongate, thus making the archetypes more prone to collapse.
Figs. 6(a–g) show the IDA of the archetypes for this BICC090
earthquake and the percent of fracture at the base of the wall that
developed at each intensity increment close to collapse. In other
words, in these figures the percentage values shown express the
percentage of the wall cross section that is fractured by the end
of the earthquake excitation. The results indicate that, once fracture
initiated, at the next increase in ground motion intensity that was
considered, the increase in cross-section fracture was substantial.
For example, in Fig. 6(a), while there was no fracture when the
earthquake was scaled to produce a 2.4 g spectral acceleration,
65% and 88% of the cross section was fractured when analysis
was conducted at the end of the next scaled two intensity levels
(2.8 g and 3.4 g). However, less sudden increases from one inten-
sity to the other might have been noticed if the scaling steps of the
IDA had been smaller. Also, in Fig. 6, most of the archetypes are
observed to have experienced severe damage (buckling and frac-
ture) at 5% maximum interstory drift, which is the drift that was
chosen in previous similar FEMA P-695 studies for coupled
composite plate shear walls (CC-PSW/CF). However, because all
the archetypes of uncoupled walls must resist all the seismic demand
without the added benefit of ductile coupling beams, to be more
conservative, the collapse margin ratio (CMR) is calculated here
based on the response values obtained at 3% drift for each arche-
type. In other words, reaching a drift of 3% is defined as collapse
for the purposes of this FEMA P-695 study.

Fig. 7 present the IDA results obtained for all planar and
C-shaped archetypes considered and their corresponding fragility
curves developed based on the spectral accelerations at the point
closest to 3% maximum interstory drift. The fragility curves were
directly constructed from the IDA results; as such, they represent the
proportion (normalized from 0 to 1) of the cases that reached spe-
cific spectral accelerations at the 3% interstory drift level, although,
practically, only the median value from this data is needed for the
FEMA P695 procedure. For each archetype, the median collapse
spectral acceleration intensity at 3% maximum interstory drift, ŜCT,
was taken from its corresponding collapse fragility curve as the
spectral acceleration intensity that corresponded to a 50% probabil-
ity of collapse at 3% maximum interstory drift. These curves were
obtained by fitting a lognormal distribution through the collapse data
points. The median collapse spectral acceleration intensity, ŜCT, and
the median spectral acceleration, SMT, are also compiled in Table 7.
From these IDA results, the CMR was calculated as the ratio be-
tween ŜCT and SMT. For comparison with the results obtained by
defining collapse at 3% drift, ŜCT was also calculated for collapse

Fig. 8. Fragility and IDA curves at 5% maximum interstory drift for
(a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4; (e) Case 5; (f) Case 6; and
(g) Case 7.

Table 8. IDA results of archetypes at 5% drift

Parameter

Archetypes with planar walls
Archetypes with
C-shaped walls

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

SCT, g 3.23 3.07 2.61 2.39 1.59 1.57 1.16
SMT, g 1.5 1.125 0.82 0.64 0.48 0.42 0.35
CMR ¼ SCT=SMT 2.15 2.73 3.18 3.73 4.37 3.74 3.31

Note: Units ¼ kips, in., s, g.
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defined as a 5%maximum interstory drift, similarly towhat had been
done in the previous study on coupled walls. The corresponding
results from 5% maximum interstory drift are shown in Fig. 8
and Table 8.

Collapse Performance Evaluation

Tables 9 and 10 compare collapse performance evaluations for pla-
nar and C-shaped archetypes, by summarizing design information,
nonlinear static and dynamic analyses results, and evaluation of the
seismic performance factors used for the original design. The initial
step of the performance evaluation is to adjust the CMR value ob-
tained from the IDA to take into account the frequency content of the
selected ground motion records (i.e., the effect of spectral shape).
The spectral shape factor (SSF) values that are used to modify the
CMR to the adjusted collapse margin ratio (ACMR) are a function of
the archetype fundamental period, the applicable seismic design cat-
egory (SDC), and period-based ductility (μT) attained from nonlin-
ear pushover analysis. The fundamental period (T) of the archetypes
was used instead of the maximum period for which the archetypes
were designed. (Note that this does not make a significant difference
in the results.) The period-based ductility (μT) was conservatively
taken as 3 for all archetypes, based on observed behavior in exper-
imentally obtained cyclic hysteretic curves, even though the non-
linear pushover analysis of archetypes proved that the ductility is
more than 3 for all archetypes. The values of SSF are obtained from
Tables 7-1a and 7-1b (depending on SDC) in the FEMA P695

document for both archetypes. Accordingly, the ACMR are ob-
tained by multiplying the CMR by the SSF value. These values
are compared to acceptable ACMR values to verify if the initial
R factor used to design these archetypes satisfies the FEMA
P695 requirements.

As such, total system collapse uncertainty (βTOT) is required in
order to calculate an acceptable ACMR value. The value of βTOT
is obtained by combining uncertainty factors related to record- to-
record (βRTR), design requirements (βDR), test data (βTD), and non-
linear modeling (βMDL). For the selected ground motions used in
the FEMA P695 methodology, a constant value of βRTR equal to
0.4 is used, given that period-based ductility is larger than or equal
to 3 (μT ≥ 3). With respect to the other three uncertainty factors
(βDR, βTD, and βMDL), these values were taken as equal to 0.2, cor-
responding to the “good” rating (i.e., βDR, βTD, and βMDL ¼ 0.2).
The corresponding total system uncertainty calculated using Eq. (2)
is 0.529. The acceptable ACMR for 10% and 20% collapse prob-
ability under MCE ground motions (i.e., ACMR10% and ACMR20%)
for βTOT of 0.529 are specified to be 1.96 and 1.56 in Table 9-7 of
the FEMA P695 document, respectively

βtotal ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β2RTR þ β2DR þ β2TD þ β2MDL

q
ð2Þ

The FEMA P695 methodology specifies that ACMR10% and
ACMR20% are the acceptable threshold values to evaluate perfor-
mance of individual archetype and average performance of several
archetypes in one performance group, respectively. Hence, here all

Table 9. Summary of ATC-63 methodology on archetypes with planar walls at 3% maximum interstory drift: Case 1, 2, 3, and, 4

Parameter Case 1 Case 2 Case 3 Case 4 Note and reference

1. Design stage
R 6.5 6.5 6.5 6.5 ASCE 7-10 (Table 12.2-1)
Vdesign 553 897 1,074 1,160 From ELF method

2. Nonlinear static (pushover) analysis
Vmax 907 1,680 2,360 2,887 —
Ωo ¼ Vmax=Vdesign 1.64 1.87 2.20 2.49 —
δy;eff 2.02 3.96 6.53 8.96 —
δu 14.47 31.53 59.13 92.75
μT ¼ δu=δy;eff 7.16 7.96 9.06 10.35 —

3. IDA
SCT 2.31 2.09 1.89 1.77 —
SMT 1.5 1.125 0.82 0.64
CMR ¼ SCT=SMT 1.54 1.86 2.3 2.77 —

4. Performance evaluation
T 0.54 0.80 1.11 1.4 From OpenSees
SDC Dmax Dmax Dmax Dmax FEMA P695 (Table 5-1)
SSF (T;μT ; SDC) 1.19 1.22 1.28 1.31 FEMA P695 (Table 7-1)
ACMR 1.83 2.27 2.94 3.63 —
βRTR 0.4 0.4 0.4 0.4 “Good” rating
βDR, βTD, βMDL 0.2 0.2 0.2 0.2
βtot 0.529 0.529 0.529 0.529 —
ACMR20% ðβtotÞ 1.56 1.56 1.56 1.56 FEMA P695 (Table 7-3)
ACMR10% ðβtotÞ 1.96 1.96 1.96 1.96
Statusi Pass Pass Pass Pass Pass if ACMR20% < AMCR
AMCRave 2.67 Average in a performance group
StatusPG Pass Pass if ACMR10% < AMCRave

5. Final results
R 6.5 6.5 6.5 6.5 —
Ωo 1.64 1.87 2.20 2.49 —
μT 7.16 7.96 9.06 10.35 —
Cd 5.5 5.5 5.5 5.5 —

Note: Units ¼ kips, in., s, g.
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Table 10. Summary of ATC-63 methodology on archetypes with C-shaped walls at 3% maximum interstory drift: 7

Parameter Case 5 Case 6 Case 7 Note and reference

1. Design stage
R 6.5 6.5 6.5 ASCE 7-10 (Table 12.2-1)
Vdesign 1,230 1,470 1,485 From ELF method

2. Nonlinear static (pushover) analysis
Vmax 3,177 3,966 3,913 —
Ωo ¼ Vmax=Vdesign 2.58 2.70 2.64 —
δy;eff 15.41 15.90 20.00 —
δu 187.87 100.98 140.32 —
μT ¼ δu=δy;eff 12.19 6.35 7.02 —

3. IDA
SCT 1.02 1.07 0.87 —
SMT 0.48 0.42 0.35
CMR ¼ SCT=SMT 2.13 2.55 2.49 —

4. Performance evaluation
T 1.83 2.07 2.55 From OpenSees
SDC Dmax Dmax Dmax FEMA P695 (Table 5-1)
SSFðT;μT ; SDCÞ 1.32 1.32 1.32 FEMA P695 (Table 7-1)
ACMR 2.81 3.37 3.29 —
βRTR 0.4 0.4 0.4 “Good” rating
βDR, βTD, βMDL 0.2 0.2 0.2
βtot 0.529 0.529 0.529 —
ACMR20% ðβtotÞ 1.56 1.56 1.56 FEMA P695 (Table 7-3)
ACMR10% ðβtotÞ 1.96 1.96 1.96 —
Statusi Pass Pass Pass Pass if ACMR20% < AMCR
AMCRave 3.16 Average in PG
StatusPG Pass Pass if ACMR10% < AMCRave

5. Final results
R 6.5 6.5 6.5 —
Ωo 2.58 2.70 2.64 —
μT 12.19 6.35 7.02 —
Cd 5.5 5.5 5.5 —

Note: Units ¼ kips, in., s, g.

Table 11. Summary of ATC-63 methodology on archetypes with planar walls at 5% maximum interstory drift: Case 1, 2, 3, and, 4

Parameter Case 1 Case 2 Case 3 Case 4 Note and reference

1. Design stage
R 6.5 6.5 6.5 6.5 ASCE 7-10 (Table 12.2-1)
Vdesign 553 897 1,074 1,160 From ELF method

2. Nonlinear static (pushover) analysis
Vmax 907 1,680 2,360 2,887 —
Ωo ¼ Vmax=Vdesign 1.64 1.87 2.20 2.49 —
δy;eff 2.02 3.96 6.53 8.96 —
δu 14.47 31.53 59.13 92.75
μT ¼ δu=δy;eff 7.16 7.96 9.06 10.35 —

3. IDA
SCT 3.23 3.07 2.61 2.39 —
SMT 1.5 1.125 0.82 0.64
CMR ¼ SCT=SMT 2.15 2.73 3.18 3.73 —

4. Performance evaluation
T 0.54 0.80 1.11 1.4 From OpenSees
SDC Dmax Dmax Dmax Dmax FEMA P695 (Table 5-1)
SSFðT;μT ; SDCÞ 1.19 1.22 1.28 1.31 FEMA P695 (Table 7-1)
ACMR 2.56 3.33 4.05 4.89 —
βRTR 0.4 0.4 0.4 0.4 “Good” rating
βDR, βTD, βMDL 0.2 0.2 0.2 0.2
βtot 0.529 0.529 0.529 0.529
ACMR20% ðβtotÞ 1.56 1.56 1.56 1.56 FEMA P695 (Table 7-3)
ACMR10% ðβtotÞ 1.96 1.96 1.96 1.96
Statusi Pass Pass Pass Pass Pass if ACMR20% < AMCR
AMCRave 3.71 Average in a performance group
StatusPG Pass Pass if ACMR10% < AMCRave
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archetypes satisfied the specified performance requirement. The re-
sults in Tables 9 and 10 show that for a βTOT of 0.529 and a “good”
rating, all archetypes are considerably above the ACMR20% thresh-
old. Likewise, the average of ACMR values in a performance group
also passed the ACMR10% threshold.

Note that the results using 5% maximum interstory drift are also
presented in Tables 11 and 12. The results in that case more easily
passed both threshold ACMR values. Also, in an average sense, the
results are 28% and 31% larger for the planar and C-shaped arche-
types, respectively, compared to the case where a 3% maximum
interstory drift was considered as the response limit.

Summary and Conclusion

In this work, the seismic design factors for C-PSW/CF are verified
by conducting a FEMA P695 study. A study was needed, as these

factors, included in ASCE 7 since as far back as its 2000 edition,
were chosen solely based on the seismic performance of similar
structural systems and engineering judgment of the committee
members.

For this study, four archetypes with planar walls (3-story,
6-story, 9-story, and 12-story) and three archetypes with C-shaped
C-PSW/CF walls (15-story, 18-story, and 22-story) designed by
others were chosen, as these provided a reasonable representation
of low-rise and mid-rise buildings designed in compliance with the
requirements of AISC 341-16, Section H7; however, square closure
end plates instead of round boundary elements were used (Agrawal
et al. 2020).

Two different DMs were chosen for this study: 3% and 5%
maximum interstory drifts. The incremental dynamic analyses per-
formed as part of this study showed that most of the archetypes
experienced severe damage at 5% maximum interstory drift, which
is the drift that was chosen in previous similar FEMA P-695 studies

Table 11. (Continued.)

Parameter Case 1 Case 2 Case 3 Case 4 Note and reference

5. Final results
R 6.5 6.5 6.5 6.5 —
Ωo 1.64 1.87 2.20 2.49 —
μT 7.16 7.96 9.06 10.35 —
Cd 5.5 5.5 5.5 5.5 —

Note: Units ¼ kips, in., s, g.

Table 12. Summary of ATC-63 methodology on archetypes with C-shaped walls at 5% maximum interstory drift: Case 5, 6, and, 7

Parameter Case 5 Case 6 Case 7 Note and reference

1. Design stage
R 6.5 6.5 6.5 ASCE 7-10 (Table 12.2-1)
Vdesign 1,230 1,470 1,485 From ELF method

2. Nonlinear static (pushover) analysis
Vmax 3,177 3,966 3,913 —
Ωo ¼ Vmax=Vdesign 2.58 2.70 2.64 —
δy;eff 15.41 15.90 20.00 —
δu 187.87 100.98 140.32 —
μT ¼ δu=δy;eff 12.19 6.35 7.02 —

3. IDA
SCT 1.59 1.57 1.16 —
SMT 0.48 0.42 0.35
CMR ¼ SCT=SMT 4.37 3.74 3.31 —

4. Performance evaluation
T 1.83 2.07 2.55 From OpenSees
SDC Dmax Dmax Dmax FEMA P695 (Table 5-1)
SSFðT;μT; SDCÞ 1.32 1.32 1.32 FEMA P695 (Table 7-1)
ACMR 4.37 4.94 4.37 —
βRTR 0.4 0.4 0.4 “Good” rating
βDR, βTD, βMDL 0.2 0.2 0.2
βtot 0.529 0.529 0.529 —
ACMR20% ðβtotÞ 1.56 1.56 1.56 FEMA P695 (Table 7-3)
ACMR10% ðβtotÞ 1.96 1.96 1.96 —
Statusi Pass Pass Pass Pass if ACMR20% < AMCR
AMCRave 4.56 Average in PG
StatusPG Pass Pass if ACMR10% < AMCRave

5. Final results
R 6.5 6.5 6.5 —
Ωo 2.58 2.70 2.64 —
μT 12.19 6.35 7.02 —
Cd 5.5 5.5 5.5 —

Note: Units ¼ kips, in., s, g.
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for CC-PSW/CF. However, because all the archetypes consider-
ing uncoupled walls must resist seismic demand without the added
benefit of ductile coupling beams, to be more conservative, the CMR
was calculated here based on the response values obtained at 3%
drift for each archetype. In other words, reaching a drift of 3% was
defined as collapse for purposes of this FEMA P-695 study. How-
ever, results both at 3% and 5% maximum interstory drift were
provided, for comparison purpose.

Based on the FEMA P695 methodology, all archetypes satisfied
the specified performance requirement. Considering a “good” rat-
ing for total system collapse uncertainty (βTOT), which is obtained
by combining uncertainty factors related to record-to-record (βRTR),
design requirements (βDR), test data (βTD), and nonlinear modeling
(βMDL), all archetypes passed the ACMR20% threshold for individ-
ual ACMR values of each archetype, and the ACMR10% threshold
for average of ACMR values in a performance group, both for the
3% and 5% maximum interstory drift criteria. In an average sense,
the AMCR results at 5%maximum interstory drift are 28% and 31%
larger for the planar and C-shaped archetypes, respectively, com-
pared to the case where a 3% maximum interstory drift was consid-
ered as the response limit.
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