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Evaluation of Seismic Deflection Amplification
Factor for Buildings Utilizing Cold-Formed
Steel-Framed Shear Walls

Mohammed M. Eladly' and Benjamin W. Schafer, A.M.ASCE?

Abstract: The seismic deflection amplification factor for a series of archetype buildings utilizing cold-formed steel-framed shear walls
was investigated. A total of 118 archetype buildings were considered, of which 83 employed cold-formed steel-framed shear walls with steel
sheet sheathing, and 35 employed wood structural panel sheathing. Using nonlinear equivalent single-degree-of-freedom (SDOF) models,
nonlinear time-history analyses for the 118 archetype buildings subjected to the 44 FEMA P-695 earthquakes were conducted. In these SDOF
models, the actual response of shear walls obtained from experimental studies was used to define the nonlinear material parameters. The AISI
5400 deflection expression was evaluated using experimental data, and numerically predicted deflection amplification factors were calculated
and compared against that recommended in current practice. The results show that current practice may overestimate expected deflections.
To address this issue, and to simplify design, a linearization of the AISI S400 deflection expression is recommended. With appropriate choice
of the force level, the linearized AISI S400 deflection expression leads to acceptable drift predictions with the currently employed deflection
amplification factor. DOI: 10.1061/JSENDH.STENG-11987. © 2023 American Society of Civil Engineers.
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Introduction

Current seismic design, utilizing equivalent lateral force and linear
structural models, considerably decreases design level seismic
forces to exploit the system level overstrength and earthquake
energy dissipation capacity of complete buildings. This concept is
illustrated in Fig. 1, which shows a typical base shear (V) versus
lateral drift (6) relation envelope. The level of design seismic forces
required if the response of the considered structure is within
the elastic range is represented by the force demand at Point A in
Fig. 1 (V,). For strength design, this elastic force level is decreased,
using a seismic response modification coefficient for forces (R),
to the level of Point B (V).

To calculate the maximum inelastic drift 6°** (Fig. 1, Point C)
that may be reached in a seismic design earthquake event, the elas-
tic design displacement is amplified by a deflection amplification
factor, Cy

sPeak = C,5¢ (1)

Implicit in Eq. (1) for application in ASCE 7 (ASCE 2022) is
the assumption that we have assumed Risk Category I or II and
I, = 1.0 for the work reported herein.

For seismic design, drift often is more important than strength
when damage and even collapse are much more tightly connected
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with drift than strength levels, and thus it is important to determine
6Pk (1) determine maximum story drifts; (2) verify deformation
capacity of critical elements in the structure; (3) evaluate P-delta
effects; and (4) calculate minimum structure separation to avoid
pounding.

Numerous studies have investigated the deflection amplification
factor for building structures. Uang and Maarouf (1994) performed
an analytical investigation of the dynamic performance of four
instrumented buildings and recommended increasing the deflec-
tion amplification factor to at least the seismic response modifica-
tion coefficient for forces (R) to calculate peak drifts. Kurban and
Topkaya (2009) numerically evaluated response modification (R),
overstrength (€2,), and displacement amplification (C,) factors for
steel plate shear wall (SPSW) systems, and, depending on the gen-
erated numerical data, they developed equations relating R to Cj.
To assess the ratio of the C,; to R for RC frames, an analytical study
of the seismic responses of these frames to a suite of earthquake
records was conducted by Samimifar et al. (2015). Based on the
study findings, it was recommended that the C,/R ratio should be
equal to or greater than 1.0 to determine inelastic drifts. Kusyilmaz
and Topkaya (2016) conducted a numerical study to assess seismic
response factors for a different type of frame [steel eccentrically
braced frames (EBFs)]. Six archetypes were investigated, and the
FEMA P = 695 (FEMA 2009) methodology was employed in the
study. The findings showed that designs based on the response fac-
tors in the US specifications (at the time of the study) had higher
collapse probabilities than expected. Mohammadi and Kordbagh
(2018) explored the impact of panel zone on the story drift and C,,.
Four-story steel moment frames with different thicknesses of the
panel zone were investigated using nonlinear time-history analysis.
The results showed that the panel zone should be taken into
consideration when modeling; otherwise, the story drift could be
underestimated by as much as 35%.

Several researchers have investigated the effect of building
height on C, and other seismic response modification coefficients.
Hsiao et al. (2013) performed nonlinear dynamic analyses of a
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Fig. 1. General structural response.

series of 3-, 9-, and 20-story special concentrically braced frames
(SCBFs) to evaluate Cy, R, and €2,. Based on their results, they
concluded that to realize a consistent margin of safety against col-
lapse, a significantly lower R factor is required for low-rise SCBFs
(3-story), whereas midrise and high-rise SCBFs (9- and 20-story)
may continue to employ the current R value. Seker et al. (2014)
performed nonlinear dynamic time-history and pushover analyses
of 4-, 9-, and 20-story steel moment-resisting frames (SMRFs) to
assess the influence of building height on C, for such structures.
The results indicated that the practice at the time of study for find-
ing the inelastic story drifts for SMRFs was rational and the frames
designed complying with the code requirements could sustain the
plastic deformations resulting from design earthquakes when seis-
mically designed and detailed. To verify the effectiveness of R, ,,,
and C,, 20 special and 20 ordinary RC walls (archetypes), with
different seismic design conditions and physical properties were
considered by Gogus and Wallace (2015). Their results demon-
strated that the parameters of the archetypes designed based on
code provisions were within acceptable limits, with the exception
of archetypes with height-to-length aspect ratios of 3 or greater, for
which the use of a larger R values is suggested.

Some studies have suggested analytical methods for calculating
C, (or directly calculating the maximum lateral inelastic deflection)
for different steel systems. Fahnestock et al. (2007) proposed a
method to determine the peak lateral nonlinear displacement of
buckling-restrained braced frames (BRBFs). The method delivered
more-accurate predictions for plastic deflections (with a discrep-
ancy of 7%) than AISC predictions, which had a discrepancy of
16%. Another study of BRBFs, by Yakhchalian et al. (2020), for-
mulated analytical expressions to determine C, at different story
levels, taking into account the number of stories, the fundamental
period of the structure, and the strain-hardening ratio. To minimize
the differences between the mean values of C, calculated numeri-
cally and that predicted by their suggested expressions, a random
search algorithm was employed, delivering an average deviation
of 5% from numerical results. A similar study, but fn eccentrically
braced frames (EBFs), by Kusyilmaz and Topkaya (2015) devel-
oped an expression for determining C, at different story levels. This
expression was able to provide predictions with an average discrep-
ancy of less than 8% compared with numerical data. The accuracy
of the aforementioned methods for determining C, was determined
based on the mean results obtained from nonlinear analyses of sys-
tems under design-basis earthquakes (DBEs).

All these efforts helped to assess the deflection amplification
factor, C,, for different structural systems, and offered enhanced
understanding of issues that impact C,. To date, there is no
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exhaustive research study investigating C, for structures utilizing
cold-formed steel (CFS) shear walls. Therefore this paper presents
an extensive numerical study of the deflection amplification factor
for a set of archetype buildings employing cold-formed steel shear
walls. Firstly, nonlinear single-degree-of-freedom (SDOF) models
were constructed in OpenSees version 3.0.3 to represent the behav-
ior of archetype buildings with CFS shear walls. Then, employing
these models, nonlinear time-history analyses for 118 different
archetype buildings, utilizing either steel sheet (SS) or wood
structural panel (WSP) CFS shear walls, were conducted. Each of
the 118 archetype buildings was excited by the 44 different
FEMA P-695 earthquakes at the design level, and hence a total of
5,192 cases (118 building x 44 EQs) were taken into account.
Subsequently, the AIST S400 (AISI 2020) deflection equation was
assessed depending on results from 35 WSP and 83 SS cold-formed
steel shear walls tested. Finally, using the results of the numerical
analyses of the 5,192 cases, four different methods for determining
deflection amplification factors (including experimental-based,
current-practice, and two suggested methods) were examined and
compared.

Current US Specifications for Seismic Design

Seismic equivalent lateral force (ELF)-based design per ASCE 7
(ASCE 2022) adopts the approach explained in the section
“Introduction” for calculating the required shear demand and the
expected peak drift in the seismic event, where

Vr =0 (2)

where V, = required shear demand; V, = predicted elastic shear
demand; and R = seismic response modification coefficient for
force provided in ASCE 7. The seismic response modification
coefficient has two primary sources, and may be understood as

R=R,R, or =R)N, (3)

where R, = modification due to inelasticity or ductility; and R, =
modification due to overstrength, and an upper-bound approxima-
tion of R,, is the overstrength factor of ASCE 7-22, 2, (ATC 1995).

The expected maximum drift in a seismic event, Speak may be
expressed as

Pk = Cyb°(V,) (4)

where C, = deflection amplification factor; ¢¢ = elastic drift; and
6¢(V,) indicates that the elastic drift is taken at the force level V,,
and in practice is a static drift from the ELF demands.

According to ASCE 7-22, for “light-frame (cold-formed steel)
walls sheathed with wood structural panels rated for shear resis-
tance or steel sheets,” R = 6.5, 2, =3, and C; = 4.

In current cold-formed steel design practice, 6¢(V,) is deter-
mined from AISI S400-20 based on the seismic force resisting
system (SFRS). For wood structural panel-sheathed shear walls
and steel sheet (SS)-sheathed shear walls, the expression takes the
following form:

20h3

v
¢ = +wiw,
3EACb ! thsheathing

2 h
+ w?/4w2w3w4 (%) + 561, (5)
where all variables are defined in AISI S400-20; these definitions
are provided in the Appendix to this paper. The first term in the
equation addresses the chords’ deformation, the second term ac-
counts for shear in the sheathing material, the third or nonlinear
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term is derived empirically from testing, and the final term provides
the contribution from hold-downs or other interstory connections.
The demand V is modified to per unit length by dividing by the wall
length b, i.e., v = V/b, and the coefficients for WSP and SS shear
walls are different, but the form of the expression remains the same
(see Appendix). Furthermore, in this paper, 0490 is used to refer to
the deflection calculated by Eq. (5).

The AISI S400 deflection expression [Eq. (5)] was fit to one-
sided shear walls (i.e., the nonlinear term in the deflection expres-
sion was fit to direct testing on one-sided shear walls). However,
AISI S400 allows for the use of 2 times the AISI S400 tables’
capacity in the case of two-sided shear walls.

All SFRS respond nonlinearly to force; this is the essence of
the R, force reduction in ELF design. However, the prototypical
ductile system is one in which the response is elastic-plastic.
Therefore

o(V,) =V, [k (6)

where k¢ = elastic stiffness of the system. In this scenario, expected
seismic drift is

o= CdVr/ke (7)

Current CFS practice uses a 6°(V,.) thatis nonlinear [Eq. (5)], and
hence there is some mixing of the ductile response amplification
attributed to C, and that embedded in Eq. (5). In addition,
the use of a nonlinear deflection expression complicates design.
The stiffness of the shear walls is needed to determine how much
of the lateral force the shear walls take, and the stiffness of the shear
walls is itself a function of the force they take. This requires iteration
(i.e., several cycles of redesign), e.g., the CFS-Network for Earth-
quake Engineering Simulation (NEES) building design demonstrates
what this looks like for a practicing engineer (Madsen et al. 2011).

This paper hypothesized that the expected peak deflection
[Pk = C,6°(V,)] may be greater than the actual deflection
(i.e., the post-peak-strength deflection corresponding to 80% of
the peak strength) due to current procedures (AISI S400 and
ASCE 7-22). To this end, the application of the deflection expres-
sion in AIST S400 and the C,; recommended in ASCE 7-22 were
assessed in this study.

Methods

This study numerically investigated archetype buildings employ-
ing cold-formed steel-framed shear walls. Two basic rectangular
building floor plans were considered, one with a relatively large
plan area [48 x 116 ft (14.63 x 35.36 m)] and with a total weight
of 240,000 Ibf/floor (1,068 kN/floor), and a second with a rela-
tively small plan area [24 x 50 ft (7.3 x 15.24 m)] and with a total
weight of 40,000 1bf/floor (178 kN/floor). The per floor weight
calculations were based on the data of professionally designed
CFS buildings for seismic testing: CFS-NEES for the small build-
ing (Schafer et al. 2016), and CFS-Natural Hazards Engineering
Research Infrastructure (NHERI) for the large building (Singh
et al. 2022). Plan views of the small and large archetype buildings
highlighting shear walls’ locations are provided in Fig. 2. The shear
wall numbers and locations in Fig. 2 are not typical for all studied
cases; details are provided in Table 3.

According to ASCE 7-22, the approximate fundamental period
(T},) for a CFS building can be calculated using Eq. (8), where H is
the building height in feet and 7', is in seconds

T, = 0.02H°7 (8)

The estimated period (T',) for CFS buildings with varying num-
bers of stories is listed in Table 1. The current ASCE 7 height limit

_O”

N hear walls

>
(=4

50" -0*
(a)
—
hear walls
%
@
<
I
116" —-0"
(b)

Fig. 2. Plan views of the archetype buildings highlighting shear wall locations: (a) small archetype building; and (b) large archetype building.
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Table 1. Estimated periods of CFS buildings with different heights

Stories H (ft) H (m) Ty (s)
1 10 3.0 0.11
2 20 6.1 0.19
3 30 9.1 0.26
4 40 12.2 0.32
5 50 15.2 0.38
6 60 18.3 0.43

for CFS systems in high seismic zones is 19.8 m (65 ft), so assum-
ing 3-m (~10-ft) story heights, the maximum number of stories for
a typical CFS building is 6 (Table 1).

The base shear of a building can be determined using Eq. (9)
assuming an importance factor of 1.0, where V/, is the base shear;
n is the number of stories; m,, is the mass per floor [i.e., 240,000 1bf
(1,068 kN) in the case of the large building]; S, is the pseudo spec-
tral acceleration from the design spectrum, which is assumed to be
S. = Sps = 1.0 (consistent with a high-seismic site such as Irvine,
California); and R is the seismic response modification coeffi-
cient for forces [6.5 in the case of WSP- or SS-CFS shear walls
(ASCE 7-22)]. This study followed the ASCE 7 approach (but not
exactly the ASCE 7 notation)

Vy= (nmw)sa/R (9)

To initiate solving for the minimum required v,, 100% utiliza-
tion of the shear walls (SWs) employed in the building was as-
sumed (this assumption was refined subsequently). Based on the
plan dimensions of the building in the short direction, two perim-
eter wall lines were assumed to carry the demand in the small build-
ing, and six wall lines were assumed to carry demand in the large
building. Hence, the length of shear walls was w, <24 x 2 =48 ft
(14.6 m) for the small building and w, < 48 x 6 = 288 ft (87.8 m)
for the large building. Assuming that 67% of w, was utilized for
shear walls in the short direction (67% is a convenient choice, made
by the authors, which is consistent with statistics of typical CFS
buildings) and solving for v, using Eq. (10), the minimum required
v, for buildings with 1-6 stories is listed in Table 2

Vi, = ypv,wy (10)

where v = SWs length-to-wall line length ratio; w, = summation of
shear wall lengths in the short direction; ¢ = resistance factor (0.60
in AISI S400-20); and v,, = nominal shear strength per unit length.

For design, a WSP or SS shear wall from the AISI S400 tables
should be chosen to satisfy the minimum required v,, for any build-
ing in these table. Assuming that all shear walls are 8 ft (2.44 m)
wide and that ¢ is the number of identical shear walls in the first
story, and using the actual v, for the chosen wall from the AISI
S400-20 tables, the number of shear walls in the first story (g),

Table 2. Minimum required v, for buildings with different heights

the capacity of a single shear wall (V,), and the utilization of shear
walls («) can be determined from the following equations:

wy > :v” (11)

q = ceiling (%) (12)
V.=, x8 ft (13)
a="V,/qpV, (14)

where ceiling(X) rounds up X to the nearest integer; w, is in feet;
V, and V), are in pounds; and v, is in pounds/foot.

Not all walls are controlled by strength. ASCE 7 provides an
upper drift limit of 2.5%h. In the case of walls that are drift-
controlled [i.e., Cyg400(pV,) > 2.5%h], ¢ and a were recalcu-
lated after decreasing the wall utilization so that C ;6400 (V) <
2.5%h is met. The details of the large archetype buildings utilizing
WSP and SS shear walls using AISI S400-20 and ASCE 7-22 are
provided in Table 3.

There are multiple possible solutions for a given story height
(Table 3), which reflects a variety of WSP or SS shear walls that
may be employed successfully for a given demand. In each case,
the selected capacity, v,,, aligns with a specific shear wall, including
complete seismic detailing as provided in AISI S400. Each entry
in the AIST S400 tables is based on previously conducted shear wall
experiments. Using the database of experimental CFS shear wall
tests compiled by Ayhan et al. (2018), one also can associate the
actually experimental shear wall performance with any entry in the
AIST S400 shear wall strength tables. Hence, the expected non-
linear shear-deformation response of any selected CFS WSP or SS
shear wall is known and may be utilized directly in modeling.

To connect individual shear wall responses to the idealized
building response, an equivalent nonlinear SDOF model was used.
Hence, the mass (my,) and stiffness (k) of a single -degree-of-
freedom model representing an archetype building, employing any
of the S400 tabulated SWs as the main SFRS, was calculated per
the following (Chopra 2017):

it
Meq = ymw (15)
ky,
kg =" (16)

where k,, = sum of shear walls stiffness (k) in a story; and i = story
number (i.e., ¥i? = 12 4 22 4 32 for a three-story building). Using
Eq. (16), the nonlinear shear-wall stiffness k., determined from
experimental data (V, versus d., curve) is scaled as follows:

V), [Ibf (kN)]

min v, [plf (kN/m)]

min v, [plf (kN/m)]

Stories for small building for large building
(n) H [ft (m)] Ty, (s) Small building Large building (wy = 67% x 48 ft) (wy = 67% x 288 ft)
1 10 (3.05) 0.112 6,154 (27.37) 36,923 (164.24) 319 (4.65) 319 (4.65)

2 20 (6.10) 0.189 12,308 (54.75) 73,846 (328.48) 638 (9.31) 638 (9.31)

3 30 (9.15) 0.256 18,462 (82.12) 110,769 (492.73) 957 (13.96) 957 (13.96)

4 40 (12.20) 0.318 24,615 (109.49) 147,692 (656.97) 1,276 (18.62) 1,276 (18.62)

5 50 (15.25) 0.376 30,769 (136.87) 184,615 (821.21) 1,595 (23.28) 1,595 (23.28)

6 60 (18.30) 0.431 36,923 (164.24) 221,538 (985.45) 1,914 (27.93) 1,914 (27.93)

Note: plf = pound per liner foot.
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Table 3. Details of large archetype buildings employing WSP- and SS-CFS shear walls tabulated in AISI S400-20

Wall type v, (Ib/ft) v, (kN/m) n V,, (Ibf) V,, (kKN) Drift ratio (%) q « 1/(ap) Dominant
WSP 780 114 2 73,846 328.5 1.53 25 0.79 2.1 Strength
WSP 890 13.0 2 73,846 328.5 1.53 25 0.69 24 Strength
WSP 700 10.2 2 73,846 328.5 1.53 25 0.88 1.9 Strength
WSP 915 13.4 2 73,846 328.5 1.53 25 0.67 2.5 Strength
WSP 825 12.0 2 73,846 328.5 1.53 25 0.75 2.2 Strength
WSP 940 13.7 2 73,846 328.5 1.53 25 0.65 2.6 Strength
WSP 990 14.4 3 110,769 492.7 3.03 28 0.83 2.0 Drift
WSP 1,235 18.0 3 110,769 492.7 2.64 26 0.72 2.3 Drift
WSP 1,230 18.0 3 110,769 492.7 2.64 26 0.72 2.3 Drift
WSP 1,330 19.4 4 147,692 657.0 4.5 35 0.66 2.5 Drift
WSP 1,545 22.5 4 147,692 657.0 4.5 35 0.57 2.9 Drift
WSP 1,410 20.6 4 147,692 657.0 4.5 35 0.62 2.7 Drift
WSP 1,775 25.9 5 184,615 821.2 6.85 43 0.5 33 Drift
WSP 1,760 25.7 5 184,615 821.2 6.85 43 0.51 33 Drift
WSP 1,850 27.0 5 184,615 821.2 6.85 43 0.48 3.5 Drift
WSP 2,190 32.0 6 221,538 985.5 9.42 51 0.41 4.1 Drift
WSP 2,060 30.1 6 221,538 985.5 9.69 52 0.43 39 Drift
WSP 2,350 343 6 221,538 985.5 9.42 51 0.39 4.3 Drift
WSP 2,310 33.7 6 221,538 985.5 9.42 51 0.39 43 Drift
WSP 3,080 449 6 221,538 985.5 9.42 51 0.29 5.7 Drift
SS 390 5.7 1 36,923 164.2 0.52 25 0.79 2.1 Strength
SS 647 9.4 2 73,846 3285 1.53 25 0.95 1.8 Strength
SS 710 10.4 2 73,846 328.5 1.53 25 0.87 1.9 Strength
SS 778 11.4 2 73,846 328.5 1.53 25 0.79 2.1 Strength
SS 845 12.3 2 73,846 3285 1.53 25 0.73 2.3 Strength
SS 910 13.3 2 73,846 328.5 1.53 25 0.68 2.5 Strength
SS 1,000 14.6 3 110,769 492.7 3.03 28 0.82 2.0 Drift
SS 1,085 15.8 3 110,769 492.7 3.03 28 0.76 22 Drift
SS 1,170 17.1 3 110,769 492.7 2.64 26 0.76 2.2 Drift
SS 1,015 14.8 3 110,769 492.7 3.03 28 0.81 2.1 Drift
SS 1,040 15.2 3 110,769 492.7 3.03 28 0.79 2.1 Drift
SS 1,070 15.6 3 110,769 492.7 3.03 28 0.77 2.2 Drift
SS 1,055 15.4 3 110,769 492.7 3.03 28 0.78 2.1 Drift
SS 1,170 17.1 3 110,769 4927 2.64 26 0.76 22 Drift
SS 1,235 18.0 3 110,769 492.7 2.64 26 0.72 2.3 Drift
SS 1,355 19.8 4 147,692 657.0 4.5 35 0.65 2.6 Drift
SS 1,305 19.0 4 147,692 657.0 4.5 35 0.67 2.5 Drift
SS 1,505 22.0 4 147,692 657.0 4.5 35 0.58 2.9 Drift
SS 1,870 273 5 184,615 821.2 6.85 43 0.48 3.5 Drift
SS 2,085 304 6 221,538 985.5 9.69 52 0.43 39 Drift

8/
Veqg = max(Q,ap, 1) X qVey, X (—) (17)

b exp

6eq = n6exp (18)
where 2, = system overstrength factor (which equals 3.0 for CFS
shear walls according to ASCE 7-22); V., = scaled experimental
strength; V., = nonscaled (measured) experimental strength; 0.q =
experimental deflection scaled to account for number of stories
in the considered building; é.,, = nonscaled (measured) experimen-
tal deflection; and 8'/(b,) accounts for the difference between
the experimental shear-wall’s width b, (feet) and the assumed
width for identical shear walls in the studied archetype buildings
[i.e., 8 ft (2.44 m)].

The system (i.e., the whole building) overstrength is accounted
for in Eq. (17) by connecting it to the individual shear walls’ over-
strength. Shear wall designs already include some overstrength
due to (1) utilization of shear walls («), and (2) the resistance fac-
tor (). Hence, an overstrength of 1/(ay) is expected. In some
cases, & may be small enough to lead to an overstrength greater
than the system overstrength €2, (which equals 3.0). To account for
such cases when 1/(ap) > Q, (i.e., to allow overstrength greater
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than 3 if it comes directly from the design), the maximum of Qv
or 1.0 is used to define the system overstrength factor [the term max
(Q,ap, 1) in Eq. (17)]. The 1/(cvp) values for the investigated
large archetype buildings are listed in Table 3.

The choice of the equivalent SDOF model for this study
reflected the fact that the primary nonlinearity in the investigated
system is that derived from the shear wall behavior. Regardless of
whether flexible- or rigid-diaphragm assumptions are adopted, this
fact is unchanged. The key differences between the two methods
for the investigated cases are potentially the distribution of the force
to the shear walls and the potential for additional demands due to
torsion. The simple buildings that were studied here had nominal
centers of mass and centers of stiffness coinciding, so no intentional
eccentric was necessary. In addition, the way the shear walls were
selected in the investigated buildings led to demands that coincided
for flexible and rigid diaphragms. Thus, under the simplifying as-
sumptions utilized in this study, an equivalent SDOF model was an
appropriate choice.

The equivalent SDOF model was implemented in OpenSees
to perform nonlinear time-history analyses of the archetype
buildings. For each individual archetype building, an equivalent-
energy Pinching4 (EEP4) model was fitted to the corresponding
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Fig. 3. Equivalent-energy Pinching4 fit to the scaled experimental
response of Specimen 22A tested by Branston (2004).

experimental data scaled. This multilinear Pinching4 backbone
curve utilized the peak scaled tested strength as an anchor point
in both force and deformation, and used a two-part linear curve
(prepeak and postpeak) with adjusted slopes to match the energy
in the scaled experimental curve. A typical fit is shown in Fig. 3.
The parameters used to define the Pinching4 material (PEER 2019)
include ePf1-4, ePd1-4, eNfl-4, and eNd1-4 (floating point values
defining force/deformation points on the positive or negative
response envelope); rDispP, rForceP, rDispN, rForceN (floating
point values defining the ratio of the deformation/force at which
reloading occurs to the maximum or minimum historic deformation

Rigid BeamColumn element

Elastic BeamColumn element

Rigid Truss element

@ Moment node

O Hinge node

N

ZeroLength element

(ePdz, ePFy) (e M)
v (ePdy. ePf;)

demand); uForceP, uForceN (floating point values defining the ratio
of strength developed upon unloading from negative or positive
load to the maximum or minimum strength developed under mon-
otonic loading); other parameters controlling the cyclic degradation
model for unloading and reloading stiffness degradation as well as
strength degradation; and the defining maximum energy dissipation
under cyclic loading (Lowes et al. 2003).

To calibrate the Pinching4 model parameters based on the
experimentally measured scaled response of a cyclically loaded
shear wall, a multistage energy-based local optimization protocol
was utilized to achieve two main objectives: (1) produce backbone
curves, pinching behaviors, and degradation behaviors analogous
to those obtained experimentally; and (2) minimize the error in the
cumulative energy (cumulative absolute value of area under the
force—displacement hysteretic curve).

A damping ratio of 5% was adopted, which is consistent with
past analyses of CFS systems (Dubina 2008; Shamim and Rogers
2013; Leng et al. 2017; Kechidi et al. 2017).

Finally, to determine the design basis excitation for each model,
the logarithmic mean of the FEMA P-695 far-field earthquakes
suite (FEMA 2009) was scaled such that Spg = 1.0. With the
approach taken, the uncertainty and variation in the stiffness and
strength of CFS-framed shear walls were incorporated, as well as
the uncertainty of the excitation. Thus, a sufficiently robust pro-
cedure for examining deflections was employed.

A schematic diagram of the employed OpenSees model is
shown in Fig. 4. The overall lateral stiffness and strength of the CFS
shear walls is accounted for using an equivalent simple Pinching4
zeroLength element (PEER 2019) joined to rigid truss elements
which transfer the force to the boundary studs resisting tension and
compression stresses (Fig. 4).

Because this study focused on deflection, the key outcome
of analysis was the peak story drift. This peak story drift can be

[P —

~ e
(cPd;. ¢Pf)) o / \
/ " \
(rDispP-d, rForceP-f{dma))
(*, uForceP-cPf;) ’ (B ePL) / \
Nd,, eNEY A (rDispN-di, rForceN-f{duir)) \ H i:lg /
A (eNd,, eNfy) \ /
(Ao fd (Ly:d o > (eNds, eNEy) =N S
Fig. 4. OpenSees numerical model of an archetype building employing CFS shear walls.
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determined from the numerically predicted peak deflection of the
equivalent SDOF model as follows:

N = ol /n (19)
where §¥F = peak numerical story drift (i.e., the peak drift of an
individual shear wall); and 6fo = numerical peak nonlinear deflec-
tion of the considered building.

Parametric Study

In this study, all shear walls in the database of cold-formed steel
shear wall (CFSSW) experimental studies (Ayhan et al. 2018)
obeying the detailing in AISI S400-20 were investigated. This
covered a total of 118 shear walls across a wide range of key geo-
metric and material parameters, including shear wall type, sheath-
ing thickness, sheathing screw size, fastener spacing at panel edges,
and hold-down employed. Each of these shear walls was modeled,
incorporated into large and small buildings, and excited under the
different 44 FEMA P-695 design-basis earthquakes (FEMA 2009),
for atotal of 5,192 (118 x 44) cases for the large building and 5,192
cases for the small building. Table 4 lists the key geometric and
material parameters examined in the study and the number of
large-building analyses associated with each parameter.

After the equivalent SDOF model was constructed, and because
the force demand on a given wall was identical (Table 2), there is no
noticeable difference between the findings for large buildings and
small buildings, and hence only the results for large building are
reported and discussed in the following sections.

Evaluation of AISI S400 Deflection Expression

Employing the results of the 118 experimental studies considered,
the AISI S400 deflection equation [Eq. (5)] was evaluated. For each
case, the ratio of experimental deflection (determined using the

Table 4. Key parameters investigated in this study

backbone curve in the case of cyclic tests) to that calculated using
the AISI S400 expression (i.e., dexp/0sa00) Was determined at four
different force levels: 0.4¢V,, 0.4V,, ¢V,, and V,,, where ¢ is the
resistance factor (0.60 in AISI S400-20) and V,, is the nominal
resistance (v, = v,/walllength in S400). In AISI test standards
[e.g., AISI S907 (AISI 2013), related to cantilever diaphragm
testing], it is common to use 40% of the ultimate load for an ap-
proximation of the elastic stiffness; this was explored by Leng et al.
(2017) and shown to be conservative. This is based on the facts
that initial accommodation (in the measured force—deformation
response) usually is established and the response is relatively linear
up to this force level, and that 40% of V,, is a reasonable approxi-
mation of service load levels.

Because the parameters of the AISI S400 deflection expression
vary depending on wall type (AISI 2020), the results of each wall
type (i.e., WSP or SS) were considered separately. Key statistics for
dexp/ Osaoo including mean, standard deviation, and coefficient of
variation (COV) are listed in Tables 5 and 6 for WSP and SS cases,
respectively.

It is clear that nonlinear static deflection predictions from AISI
S400 are approximate. At design level with 100% utilization
(¢V, =0.6V,), the S400 expression was conservative for both
WSP and SS shear walls, although variation was large. At lower
force levels, the WSP predictions were more consistent than the SS
predictions. Variation in the predictions have multiple sources, but
the experimental strength varied with respect to v,,, in addition to
direct variation in the drift. Ultimately, the AISI S400 deflection
expression can be judged by its coupling with C,; and its prediction
of dynamic nonlinear drift, which is studied in the next section.
However, further research on the assessment of AISI S400 deflec-
tion expression and the sources of its lack of predictive accuracy is
recommended.

Evaluation of Actual and AISI S400 Deflection
Amplification Factors

As shown previously [Eq. (4)], the deflection amplification factor,
C,, equals the ratio of nonlinear deflection (i.e., in this study, the
deflection determined by nonlinear time-history analysis) to elastic

No. of deflection. Employing the parametric study’s results for the non-
Studied large-building linear dynamic response of 118 archetype buildings excited by
parameters Parameter variations analyses the 44 FEMA earthquakes (i.e., 5,192 analyses), actual and AISI
Shear wall type SS 3,652
WSP 1,540
Sheathing 7/16-in. (11.11-mm) WSP 1,540 Table 5. Key statistics of 8.y,/0sa00 for investigated 35 WSP cases at
thickness 0.018-in. (0.46-mm) SS 660 different force levels
0.027-in. (0.68-mm) SS 836
0.03-in. (0.76-mm) SS 1,276 Force level Mean Standard deviation COov
0.033-in. (0.84-mm) SS 880 0.24V, 0.79 0.35 0.44
Sheathing 3 4708 0.4V, 0.78 0.24 0.31
screw size 10 484 0.6V, 0.73 0.15 0.21
V, 0.90 0.35 0.38
Fastener spacing 6 in. (152.4 mm) 2,640
at panel edges 4 in. (101.6 mm) 1,012
3 in. (76.2 mm) 264
2 in. (50.8 mm) 1,276 L . . .
Table 6. Key statistics of dcy,/ 0400 for investigated 83 SS cases at dif-
Hold-down S/HD10* 1,144 ferent force levels
a
employed SS//I;%][?g 3(5)3(2) Force level Mean Standard deviation COV
Others 396 0.24V, 1.41 3.35 2.38
“Hold-down response was not modeled separately, but is included in the 0.4V, 1.06 205 1.94
i o ) 0.6V, 0.64 0.37 0.58
overall response of the shear walls. Specifications of the hold-downs used v 078 047 0.60
are provided by Simpson Strong-Tie Company (2022). " ’ ’ ’
© ASCE 04023075-7 J. Struct. Eng.
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Fig. 6. Histogram of C,; for all 5,192 cases considered in this study.

S400 deflection amplification factors (referred to in this paper as
C, and Cp, respectively) were investigated.

This section first, considers the actual elastic deflection (i.e., that
calculated using the initial slope of the Pinching4 backbone curve
determined based on experimental data) and uses it to calculate
C,1, and then compares it against C, in current practice (Cy,) that

Table 7. Key statistics of different forms of C,; considered in this study

employs the nonlinear S400 deflection expression to find elastic
deflection. All elastic deflections utilized in this study for C, cal-
culations were determined at the required shear demand level
(Table 3, V).

C41 (Actual Cg4, i.e., Employing the Initial Slope of the
Experimental Pinching4 Backbone Curve)

This subsection determined the initial slope of the nonscaled
Pinching4 backbone curve directly from the experimental results
that were employed to find the elastic deflection at the required
shear demand level of an individual shear wall, 6! (V,) (Fig. 5).
Hence, C;; was calculated utilizing Eq. (20), where 6 is the
numerically predicted peak nonlinear story drift determined per
Eq. (19). Parameter C,; can be considered to be the real C,; because
it uses the actual (experimental) results to obtain both elastic and
plastic deflections for the C, calculations

Car = 20)
5V,

Fig. 6 shows a histogram of C, for the 5,192 cases consid-
ered in this study with a lognormal distribution superimposed, and
Table 7 shows key statistics including mean, median, mode, o,
COV, and exceedance probability. The distribution of C,; reason-
ably can be modeled with a lognormal distribution (with a median
value of 3.5 and an exceedance probability of 41% based on raw
data) (Fig. 6).

C4> (Current Practice)

In current practice, the AISI S400 nonlinear deflection expression
[Eq. (5)] is utilized to find elastic deflection for C, (or 6%F) cal-
culations. In current practice, C, (i.e., C4) can be calculated using
Eq. (21), for which §°>(V,) is plotted in Fig. 7

5N L

_ sd 21
Cd2 662 ( Vr) ( )

Fig. 8 shows a histogram of C, for the studied 5,192 cases with
the lognormal distribution superimposed, and Table 7 lists key sta-
tistics of C,. The distribution of C,, can be well represented by a
lognormal distribution (with a median of 2.19 and an exceedance
probability of 15% based on raw data) (Fig. 8).

As mentioned in the section “Introduction,” methods proposed
for calculating C, for other steel systems (Fahnestock et al. 2007,
Kusyilmaz and Topkaya 2015; Yakhchalian et al. 2020) depend on
minimizing the difference between the mean value of C, obtained
from nonlinear numerical analyses of systems under design-level
shaking and that calculated analytically. In those studies, the high-
est reported discrepancy between the mean of numerical and ana-
Iytical deflection amplification factors was less than 8%. This is not
the case for C; of cold-formed steel systems in current practice

Raw data Lognormal fit
Considered Cy Mean Median Mode o COovV Pcyss Mean o
C,; (experimental elastic stiffness) 4.92 3.50 0.54 8.17 1.66 0.41 1.27 0.70
Cy (current practice) 2.62 2.19 1.17 2.32 0.89 0.15 0.74 0.67
Cy3 (S400 secant at 0.4V,) 4.14 3.40 1.83 3.73 0.90 0.41 1.19 0.67
Cys (S400 elastic stiffness) 6.86 5.45 2.90 6.46 0.94 0.68 1.67 0.70

Note: Lognormal fit mean and o = mean and standard deviation, respectively, of lognormal distribution superimposed on a histogram.
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Fig. 8. Histogram of C,, for the investigated 5,192 cases.

(i.e., Cp); the C, value for CFS systems per ASCE 7-22 is 1.53
times the mean value of C,, (Table 7). This discrepancy indicates
that the current practice for application of C; may be overly
conservative, and improved methods for calculating Cy (or 6¥F)
should be proposed for better accuracy [comparing the median
value of C;, with ASCE 7 C, leads to the same conclusion (Fig. 8)].
To this end, two linear analytical methods for finding elastic deflec-
tions delivering less-conservative C,;’s are suggested in the follow-
ing section.

Considered Linear Methods for Calculating
Deflection Amplification Factor

This section explores two analytically linear approaches for find-
ing the deflection to be amplified by C, (or 6%F). Hence, two
different versions of C,; (calculated depending on the two
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Fig. 9. Histogram of C,; for the 5,192 analyses.

proposed elastic deflections) were considered: C 3, determined
based on the secant stiffness of S400 curve at 0.4V, and Cyy,
calculated using the elastic stiffness (slope at V = 0) of the S400
deflection expression curve. As mentioned previously, both of
these elastic deflections are calculated at the required shear de-
mand level (V).

C.43 (Employing the Secant Stiffness of S400
Curve at 0.4V ,)

In this subsection, a deflection amplification factor (referred to
as Cy3) is calculated depending on 6¢(V,) [Eq. (22)], where
843(V,) is the deflection at V, on the secant line of the S400 curve
at 0.4V, (Fig. 7)

Cd3 = sd (22)

Fig. 9 shows a histogram of C; for all 5,192 cases considered
in this study with the fitting lognormal distribution, and Table 7
presents key statistics of C,3. The distribution of C,3 can be well
represented with a lognormal distribution (with a median value of
3.40 and an exceedance probability of 41%) (Fig. 9). The statistics
of Cy3 are promising (Table 7), with mean values much closer to
those recommended than are the other forms of C,; considered in
this study; a COV (determined based on raw data) of 0.9; and, more
importantly, the same exceedance of the actual C; (i.e., Cy).

Cq4 (Utilizing the Elastic Stiffness of S400 Curve)

The fourth method for determining deflection amplification factor
(referred to as C,) utilizes the initial stiffness of the S400 expres-
sion per Eq. (23) and 6°*(V,) (Fig. 7), where 6¢*(V,) is the deflec-
tion at V, on the initial stiffness line of S400 curve (Fig. 7)

5N L

_ sd 2
Cu (V) (23)

A histogram of C, for the 5,192 studied cases (118 archetype
buildings excited by the 44 FEMA earthquakes) with the lognormal
distribution superimposed is illustrated in Fig. 10, and key statistics
are listed in Table 7. The distribution of C 4 could be modeled with
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Fig. 10. Histogram of Cy, for the considered 5,192 cases.

a lognormal distribution (with a median of 5.45 and an exceedance
probability of 68% based on raw data) (Fig. 10). However, the
columns of the Cyy histogram do not clearly form the usual bell
shape of normal distributions; there is a much steeper superimposed
lognormal distribution of C 44 than those of other investigated forms
of C,;. Moreover, the mean of Cy is much higher than that rec-
ommended in current practice (i.e., 1.71 times the ASCE 7 C,).
Therefore, it can be concluded that the initial elastic stiffness is not
a good metric to use for determining elastic deflection of CFS shear
walls. This is not surprising, because, unlike other steel systems
that employ the calculated initial elastic stiffness, a great proportion
of connection deformation in CFS systems is not incorporated fully
into the initial stiffness expression.

Discussion of Cg;

As shown previously, Cy; offers the most reasonable statistics
among the forms of C; studied. It can be represented by a lognor-
mal distribution with a mean of 4.14 and a COV of 0.90 (Table 7).
In addition to utilizing a straightforward linear method to determine
elastic deflection, instead of the nonlinear equation adopted in AISIT
S400, C4; provides less-conservative estimations for C, than the
overly conservative Cy in current practice, with a mean value only
3.50% higher than the ASCE 7 recommended value, and with an
exceedance almost the same as that of the actual results (Table 7).

To investigate the full source of variation in C3, the effects of
key parameters on the accuracy of Cg predictions were studied
(Fig. 11). The key parameters considered included wall strength,
test-to-AISI peak strength ratio, number of building stories, and
earthquake (EQ) record. It is clear that WSP cases had much less
variance than SS cases (Fig. 11). The worst predictions were those
for the lowest-strength SS shear walls and single-story buildings.
EQ sensitivity also was present [Fig. 11(h)]. Nevertheless, these
detected variances, which were expected given the variation across
EQs and the variation across shear wall responses included in the
study, did not affect the overall accuracy of C,; (Table 7).

Recommendations for AISI S400

Based on the discussion in the previous section, it is recommended
to use 6,3 as the elastic deflection for the plastic deflection

© ASCE
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analytical calculations in lieu of the current nonlinear deflection
expression in AIST S400. Parameter 6,5 is calculated using the fol-
lowing linear equation (noting that the AISI S400 expression is lin-
earized at v = 0.4v, = 0.4¢v, = 0.24v,):

_ 2n3
~ |3EA.Db
h
————— @0 40
+0-4801}nb v@0.49v,

0.4pv,
ﬁZ

) (24)

663

h 5/4
+ wiwy + Wi wawzwy
pGlshealhing

where 6,@0.4,y, = Vertical deformation of anchorage or attachment
at 0.4¢v,. The stiffness (k) is the inverse of the bracketed term
of Eq. (24)

2h3 h 5/4 0.4¢v,
o 3EA.b + pGlsheathing T @t 52
h -1
———— 0,@0.40 25
+ 04(,0U,qb v@0.4pv, ( )

The nonlinear deflection for buildings framed with CFS
shear walls can be calculated analytically utilizing the following
expression:

SV = Cyk o, (26)

The parameters in the preceding equations are defined in detail
in AISI S400-20 and in the Appendix to this paper. The value of v
should not exceed ¢w,, per AISI S400; the C, value for CFS shear
walls (i.e., 4.0) is given in ASCE 7-22. Linearization of the deflec-
tion expression is more consistent with the application of ASCE 7
to higher risk categories in which the importance factor, I,, is
greater than 1.0, because the demand force is increased by I, and
the drift is decreased by the same /,.

Table 8 presents the peak nonlinear deflections calculated using
the current AISI S400 expression, determined numerically based on
experimental data, and calculated employing the proposed expres-
sion, for a CFS-SW with wood structural panel sheathing and for
a CFS-SW with steel sheet sheathing. It is clear that the discrep-
ancy between the current-practice estimate for peak deflection and
that determined numerically based on experimental data is great
(Table 8). This is not the case for the proposed equation, for which
the discrepancy is much less.

Summary and Conclusions

This study conducted a thorough numerical parametric investiga-
tion of the deflection amplification factor for 118 archetype build-
ings, employing cold-formed steel-framed shear walls and excited
by 44 design-basis earthquakes, using nonlinear single-degree-
of-freedom models constructed in OpenSees. Two types of cold-
formed steel shear walls were taken into consideration: shear walls
with wood structural panels, and shear walls with steel sheet
sheathing. Exploiting available test data for the 118 shear walls
investigated, in addition to the generated numerical results of the
time-history analysis for the 5,192 cases (118 archetype building x
44 earthquakes), the AISI S400 deflection expression was assessed,
and different methods for calculating deflection amplification (in-
cluding the actual method, the AIST S400-20 method, and two pro-
posed analytical methods) were investigated thoroughly.
Evaluation of the approach followed in current practice (AISI
S400-20) for determining deflection amplification, based on the
data from 5,192 numerical analyses, found a great discrepancy
(35%) with the deflection amplification factor recommended by
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Table 8. Peak nonlinear deflections, calculated using current AISI S400
expression, determined numerically based on experimental data, and cal-
culated employing proposed expression for CFS-SWs

Deflection (in.)

Based on Current Proposed
Sheathing used tests practice expression
Wood structural panel® 1.99 3.35 222
Steel sheet” 0.69 2.58 1.55

Note: Data of Test 2 in Liu et al. (2012) were used for the wood structural
panel example, and the data of Test 11C-a in Balh and Rogers (2010) were
used for the steel sheet example.

4Shear wall with 7/16-in. OSB wood structural panel sheathing; 6-in.
fastener spacing at panel edges; and 54-mi designation thickness of stud,
track, and stud blocking.

®Shear wall, with 0.027-in. steel sheet sheathing; 4-in. fastener spacing
at panel edges; and 43-mi designation thickness of stud, track, and stud
blocking.

ASCE 7. This considerable discrepancy indicates that the deflec-
tion prediction utilized in current practice may be overly conser-
vative, and alternatives are worth considering.

Two linear methods for determining deflection amplification
were considered. Both methods depend on linearizing the AISI
S400-20 nonlinear deflection equation. One of the suggested meth-
ods uses the elastic stiffness of the AISI S400-20 equation, and the
other employs the secant stiffness at 40% of the required shear
demand.

The method utilizing the elastic stiffness delivered inaccurate
predictions for deflection amplification, with a mean 70% higher
than the deflection amplification factor adopted by ASCE 7. This
was not unexpected, because, unlike some other steel structural
systems that depend on initial elastic stiffness, the relatively high
deformation of connections in cold-formed steel systems is not
completely taken into account by the initial stiffness equation.

On the other hand, the second method employing the secant
stiffness at 40% of the required shear demand provided the most
acceptable statistics among the methods investigated, with a mean
value of the predicted deflection amplification factor only 3.5%
greater than that of ASCE 7, and with an exceedance probability
matching actual and experimental data.

Therefore, it is recommended that a modified version of the
AISI S400-20 equation linearized based on the secant stiffness at
40% of the required shear demand should be used to determine the
elastic deflections used for plastic deflection analytical predictions,
instead of the highly conservative AISI S400-20 nonlinear deflec-
tion expression employed in current practice.

Appendix. Definitions of Coefficients in AISI S400
(AISI 2020) Deflection Equation

Coefficients in the AISI S400 (AISI 2020) deflection equation are
defined as follows:

For shear walls sheathed with wood structural panels:

A, = gross cross-sectional area of chord member [in.2 (mm?)];

b = length of the shear wall [in. (mm)];

E = modulus of elasticity of steel [29,500,000 psi
(203,000 MPa)];

G = shear modulus of sheathing material [Ib/in.> (MPa)];

h = wall height [in. (mm)];

s = maximum fastener spacing at panel edges [in. (mm)];

Isheathing = Nominal panel thickness [in. (mm)];

tsua = stud designation thickness [in. (mm)];
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V = total lateral load applied to the shear wall [Ib (N)];

v = V/b = shear demand [Ib/in. (N/mm)];

[ = 67.5 for plywood other than Canadian softwood plywood
(CSP), 55 for oriented strand board (OSB) and CSP in US Custom-
ary Units (Ib/in.'3), 2.35 for plywood other than CSP, and 1.91 for
OSB and CSP in SI units (N/mm!'?);

6 = calculated deflection [in (mm)];

6, = vertical deformation of anchorage or attachment at the load
level specified [in (mm)];

p = 1.85 for plywood other than CSP, and 1.05 for OSB
and CSP;

w; = 5/6 (for s in in.) or s/152.4 (for s in mm);

wy = 0.033/tyuq (for ty,q in in.) or 0.838 /g (for z4,q in mm);

w3 (h/b)/2; and

wy = 1 for wood structural panel sheathing.

For shear walls with steel sheet sheathing:

The definitions of A, b, E, G, h, $, ticatings Lstuds ¥> V> 65 0y Wi
w,, and ws are the same as those for shear walls with wood struc-
tural panels.

ﬂ =29.12 x (Zsheatling/o-()lg) (fOI‘ tsheathing in 111) (lb/lnls) or
101 X (t4heathing/0-457) (fOr fpeahing in mm) (N/mm'-) for steel
sheet;

p = 0.075 X (tsncaning/0-018) (for tgeaming in in.) or 0.075 x
(Zsheathing/0-457) (for fyeaming in mm) for steel sheet; and

wy = /33/Fy (for Fy inksi) or /227.5/Fy (for F', in MPa) for

steel sheet.
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