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Abstract

This paper presents an experimental investigation on the seismic behavior of cold-formed
steel (CFS) shear wall systems. Two sets of cyclic lateral loading tests were conducted on
OSB sheathed CFS shear wall specimens. The first part of the study deals with walls con-
structed by connecting multiple individual wall panels with different connection methods.
Focus of the second part is the lateral load response of two-story shear walls with different
framing details between wall panels in neighboring floors. In both parts, the behavior of
wall panels was examined with combinations of one side sheathing and a coarse fastener
layout, as well as double-side sheathing and a dense fastener layout. For the multi-panel
shear walls, eight full-scale specimens were tested, featuring varying configurations of
CFS framing and OSB sheathing. The experiments indicate that the use of different con-
nection details between individual wall segments does not cause any appreciable differ-
ence in wall response. Significant excessive base slip was observed in longer walls with
double-side sheathing due to increased shear force demand at the base, highlighting the
importance of adequate fastener layout. In the investigation of two-story shear walls, eight
specimens were tested. Platform and ledger framing details were explored, each with dif-
ferent methods of connecting wall panels between floors. The results demonstrated the
influence of framing detail on the overall behavior and failure mechanisms of the shear
walls. Notably, the presence of additional OSB sheathing panels between floors enhanced
the load capacity and stiffness of the specimens, mitigating damage to CFS members
within the connection region. Based on the experimental findings, practical recommenda-
tions were presented for multi-panel walls and interaction between wall panels and floor
support system in multi-story CFS construction.

Keywords Cold-formed steel - Shear wall - Seismic performance

P4 Eray Baran
erayb@metu.edu.tr

Baris Mert Pehlivan
pmert@metu.edu.tr

Cem Topkaya
ctopkaya@metu.edu.tr

Department of Civil Engineering, Middle East Technical University, Ankara, Tiirkiye

Published online: 28 February 2025 @ Springer


http://orcid.org/0000-0002-0240-803X
http://crossmark.crossref.org/dialog/?doi=10.1007/s10518-025-02134-9&domain=pdf&date_stamp=2025-2-28

Bulletin of Earthquake Engineering

1 Introduction

The use of cold-formed steel (CFS) framing systems has experienced substantial growth in
recent years, particularly in low and mid-rise building construction. Beyond their reduced
weight, CFS structures have demonstrated efficiency, sustainability, and cost effectiveness.
Due to these benefits, CFS residential and commercial buildings are increasingly recognized
as favorable alternatives to other traditional structural systems.

In CFS structures, shear walls serve as the primary lateral load resisting system. These
walls consist of CFS framing members and sheathing panels of various types, including
oriented strand board (OSB), gypsum board, plywood, and steel sheets. In addition to being
the major lateral load resisting elements, the CFS wall panels also play a crucial role in
resisting the gravity loads transmitted at floor levels within the structural system. Numer-
ous investigations have been carried out on both the theoretical and experimental aspects
of cold-formed steel (CFS) shear walls to examine the behavior of lateral force resisting
systems incorporating these walls. These studies have taken into account various factors
affecting the behavior of CFS wall panels, such as sheathing type, framing member proper-
ties, connection fastener arrangement, and wall aspect ratio.

The basis for the design provisions incorporated in AISI S213 (2007a) and its succes-
sor, the AISI S400 standard (2015) was established mostly by the research conducted by
Serrette and colleagues (Nguyen et al. 1996; Serrette 1997; Morgan et al. 2002). Their work
comprises a series of monotonic and cyclic tests on CFS framed shear walls. Rogers and
his team not only contributed significantly to this field but also extended their investiga-
tions to encompass steel strap walls (Al-Kharat 2007), CFS shear walls sheathed with steel
panels (Balh et al. 2014), and dynamic testing of multi-story shear walls (Shamim et al.
2013). Additionally, numerous experimental studies have been conducted on single-story
CFS wall panels, examining the effects of parameters such as sheathing type, aspect ratio,
and construction details (Pan and Shan 2011; Liu et al. 2016; Iuorio 2021). Furthermore, a
notable research project by Schafer et al. (2016) involved full-scale testing of a two-story
CFS-framed building under dynamic loading, contributing valuable insights into the behav-
ior of CFS structures. Although considerable research has been conducted on CFS shear
walls, limited data is available on the behavior of CFS-framed walls with a dense screw
pattern and double-sided OSB sheathing. A comprehensive review of the literature indicates
that this specific wall panel configuration has only been examined by only a limited number
of researchers (Morgan et al. 2002; Pehlivan et al. 2022). In CFS-framed and sheathed wall
panels, there is a complex frame-sheathing interaction, and recent studies aim to provide
insights into this behavior. Vieira and Schafer (2012; 2013) proposed a method to calculate
the axial capacity of CFS studs in wall panels by considering the bracing effect of sheathing.
A novel design approach known as the “Direct Stiffness—Strength Method,” has recently
been introduced by Selvaraj and Madhavan to reflect the stabilizing effect that the fastener-
sheathing system supplies to CFS members. Their work is based on extensive experimental
testing of sheathed CFS wall panels under bending utilizing lipped and unlipped channel
sections (Selvaraj and Madhavan 2018, 2019a, b, 2021a, 2022) and Z-sections (Selvaraj
and Madhavan 2020, 2024), as well as sheathing-fastener-CFS connections (Selvaraj and
Madhavan 2019c; Selvaraj et al. 2021b).

In CFS building systems, length of wall segments can vary significantly depending on
the architectural configuration of the building and the positioning of walls on the floor plan.
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The lateral load behavior of a wall segment is significantly influenced by its aspect ratio.
Recognizing the limited stiffness and strength of relatively narrow wall segments, the North
American standards for CFS structures (AISI 2007a; AISI 2015), restricts the maximum
height/length ratio of CFS-framed shear wall segments to 4:1. These standards also specify
a reduction in tabulated shear strength values for walls with a height/length ratio between
2:1 and 4:1. Due to their unique response under lateral loading, the behavior of relatively
narrow walls (i.e., walls with a height/length ratio exceeding 2:1) has been the subject of
much research recently (Serrette 1997; Yan et al. 2021; Dolan and Easterling 2000; Tarpy
and McBreaty 1978; Nava and Serrette 2015). In addition, studies on the aspect ratio of CFS
shear walls also include relatively wider CFS walls, namely walls with a height/length ratio
of 1:1 and lower (Nava and Serrette 2015; Nguyen et al. 1996; Liu et al. 2014; CoLA-UCI
2001; Salenikovich et al. 1999). However, the correlation between the strength and stiffness
response of these walls, as well as assembly details and various other parameters, such as
the presence of double-side sheathing and spacing of connection fasteners, have not been
thoroughly investigated. Previous studies primarily focused on the effect of aspect ratio on
load capacity or the influence of openings in shear walls. Furthermore, the offsite fabrication
of CFS wall segments necessitates the use of different techniques to establish connections
between neighboring wall panels to form relatively long wall segments. The effects of such
connections and wall configurations on the overall response of CFS shear walls were not
considered as influencing parameters and have not been explored in existing literature, nor
included in reviews of the subject (Zhang et al. 2021; Sharafi et al. 2018).

In CFS structural system where the lateral resistance is provided by relatively wide wall
segments formed by multiple panels, there are several issues that require careful consid-
eration, including the influence of the assembly details on wall behavior and the relation
between the strength and stiffness responses. However, the widely recognized CFS design
specifications (AISI 2007a; AISI 2015), do not provide specific provisions or guidelines
addressing these issues. In addition to the design standards of S213 and S400, there are also
CFS design guides and prescriptive methods (NIST 2016; AISI 2012; AISI 2007b) avail-
able. These documents outline design and construction details for various components of
CFS structural systems, however they fail to provide specific methods that can be employed
for connecting adjacent wall panels or for evaluating the resulting lateral load behavior of
these wall segments. In response to this critical gap in the design and construction docu-
ments as well as in the related scientific literature, the first part of the present study deals
with the cyclic lateral load behavior of OSB-sheathed CFS-framed walls with varying
lengths. The main focus was to provide a comparative assessment of the behavior of walls
utilizing a single CFS framing and those formed by connecting individual wall segments.
These parameters were examined with combinations of one-side sheathing and a coarse
fastener layout, as well as double-side sheathing and a dense fastener layout.

The second part of the present investigation deals with lateral load response of two-story
CFS framed shear walls. In CFS structural systems, detailing of the floor system is another
important factor affecting the structural performance. The two main framing types com-
monly used in the current practice for CFS construction are; (i) platform framing and (ii)
ledger framing. The main difference between these two choices is the continuity of shear
walls throughout the height of the structure, as illustrated in Fig. 1. In platform framing,
shear walls are terminated at floor levels and floor system is directly supported on these
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walls. In ledger framing, on the other hand, shear walls are continuous at floor levels and the
floor systems is connected to the side of walls with ledger members.

Floor (a) Bottom Floor (b) Bottom

Sheathing Track Sheathing Track

Fig. 1 Main framing types used in CFS construction: a platform framing; b ledger framing.
(adapted from Castaneda and Peterman (2021))

Recent experimental studies investigated the behavior of connections between floor
joists and ledger (Ayhan et al. 2015; Castaneda et al. 2018; Castaneda and Peterman 2021),
as well as between ledger and wall studs (Ayhan and Schafer 2019; Elliott et al. 2021) under
the effect of gravity loading. In addition, lateral load response of single story OSB sheathed
CFS wall panels with a ledger track was studied by Lie et al. (2012; 2014). The presence
of ledger track was reported to increase the load capacity and stiffness of wall panel with a
decrease in ductility. The authors highlight the complicated behavior in actual CFS build-
ings due to interaction between the ledger and the floor system under gravity and lateral
loadings. While these studies provide valuable insights into the strength and stiffness of
floor-to-wall connections in CFS building systems under gravity loading, the role of floor
construction in transferring seismic forces between neighboring floors and its impact on the
deformation response of multistory walls remain unexplored. Despite their critical impor-
tance on seismic performance, these aspects are not explicitly addressed in the existing CFS
design standards. As such, no information or guidance is provided regarding the interac-
tion between the lateral load resisting panels and floor system in the North American CFS
Seismic Design Standard (AISI S400) and the related prescriptive guide documents (NIST
2016; AISI 2012; AISI 2007b). To fill this gap, the second part of the present study focuses
on improving the understanding of force transfer mechanism between wall panels and the
floor system under seismic loading. Accordingly, an experimental investigation of the per-
formance of different framing details between CFS walls on neighboring floors, considering
both platform and ledger framing types was conducted.

Based on the results obtained from the two sets of experimental investigations con-
ducted as part of this study, some practical recommendations were developed for multi-
panel walls and interaction between wall panels and floor support system in multi-story
CFS construction.
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2 Shear wall test program
2.1 Multi-panel shear walls

The test program on multi-panel shear walls involved reversed cyclic load tests on eight
full-scale CFS wall panel specimens. A representative illustration of a wall panel specimen
is depicted in Fig. 2(a). Details of the framing and parameters employed in these wall panel
specimens are presented in Table 1. Among the tested specimens, six of them were 2.44 m
in length and 2.44 m in height, resulting in an aspect ratio (i.e., height/length ratio) of 1.0.
The remaining two specimens measured 4.88 m in length and 2.44 m in height, featuring an
aspect ratio of %. The CFS framing in all specimens was constructed with the 1.2 mm thick
and 140 mm deep C-shaped section illustrated in Fig. 2(b) with a specified yield strength
of 350 MPa. As per common practice, boundary studs were composed of two back-to-back
C-shaped sections, while single C-shaped sections were utilized for interior stud and track
members.

Table 1 Details of multi-panel wall specimens

Force
transfer Wall Screw
Specimen Wall Framing Details mechanism Sheathing condition | spacing
be n dimensions(cm) (mm)
panels
SP-1 244 cm Single Single side 150/300
I [ [ [ I framing 244x244 - 1 panel
SP-2 (type A) Double side 501100
MP-1 122 cm 122 cm 0SB Single side 150/300

sheathing

I E :1[: [ panels 244x244 - 2 panels
MP-2 _I (type B) Double side 50/100

MP-3 B 122 cm - 122 cm = Single side 150/300
) A ~ | Fasteners
44x244 - I
I [ [ I (type C) 244x2 2 panels
MP-4 Double side 50/100
MP-5 1220m 122em 122em 122em Single side 150/300
Fasteners

DL T LT [ T[T owec |oaudmes

MP-6 Double side 50/100
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Fig. 2 a General framing details of multi-panel shear wall specimens; b CFS section used for wall panel
framing

The wall panel configurations utilized in test specimens were grouped as types A, B, and
C, as depicted in Table 1. Type-A specimens consist of a single 2.44 m long panel with two
end studs and three interior studs. The CFS framing was sheathed with two 1.22 m wide
OSB panels on one or both sides. Type-B and type-C specimens included segmented walls
formed by connecting either two or four 1.22 m long individual wall panels. In type-B speci-
mens, connection between the individual 1.22 m long shear wall segments was established
through OSB sheathing panels, with no direct connection between the studs of neighboring
panels. Three OSB pieces were used on each side of the specimens, with a 1.22 m wide
OSB panel placed at the center region of the framing and connected to internal studs of both
wall segments. Two 0.61 m wide OSB panel pieces were employed at the end regions of the
framing for sheathing. For type-C specimens, each 1.22 m long wall panel was individu-
ally sheathed with 1.22 m wide OSB panels, and the force transfer between individual wall
panels was achieved through 6.3 mm diameter self-tapping screws placed between the studs
of neighboring panels. These screws were arranged in two rows with 15 cm spacing along
the stud members.

The specimen design, as well as the construction details utilized in the current investi-
gation represent the typical CFS construction practice followed in Turkiye. All specimens
were sheathed with 11 mm thick OSB panels using 4.2 mm diameter self-tapping screws.
In instances where panels were sheathed on only one side, the screw spacing was set at 150
mm and 300 mm for boundary framing members and interior studs, respectively (referred
to as the 150/300 screw layout). On the other hand, for wall panels sheathed on both sides,
the screw spacing was adjusted to 50 mm on boundary framing members and 100 mm on
interior studs (referred to as the 50/100 screw layout). This approach allowed for testing
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the force transfer mechanism under the conditions of single-side sheathing with a coarse
fastener layout and double-side sheathing with a dense fastener layout. The latter configura-
tion imposes a significantly higher force demand on the wall compared to the former. The
screw spacing values of 150 mm and 50 mm for boundary framing members used in the wall
specimens represent the upper and lower bounds specified in the Nominal Shear Strength
Table E1.3-1 in AISI S400-15.

The attachment of wall panels to the foundation was done by the specially designed hold
down device depicted in Fig. 3, in addition to shear anchors. Performance of the hold down
device used in wall specimens under wall uplift forces has been previously examined by the
authors (Pehlivan et al. 2020). Irrespective of the wall length, each wall specimen utilized
two hold downs, fastened to boundary studs using twenty self-tapping screws with a diam-
eter of 6.3 mm (Fig. 3(b). The connection between hold downs and the foundation base plate
was established through threaded anchor rods measuring 24 mm in diameter, with measured
yield and tensile strengths of Fy=500 MPa and Fu=575 MPa, respectively. In addition to
the hold down devices, each 1.22 m long wall panel segment incorporated two shear anchors
with a diameter of 16 mm, connecting the bottom track member to the foundation base plate
(Fig. 3(c). Therefore, for specimens measuring 2.44 m and 4.88 m in length, a total of four
and eight shear anchors were respectively employed.
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(a) *All dimensions are in mm unit

Fig. 3 Connection of wall panels to the foundation: a details of hold down device; b hold down attached to
an end stud; ¢ shear anchors

2.2 Two-Story shear walls

This part of the experimental program involved eight full-scale shear wall specimens span-
ning two stories. Table 2 provides a summary of the details and parameters used in test spec-
imens. All specimens were designed as 122 cm long and 488 cm high two-story shear walls
with three different framing details. The framing details utilized for the wall specimens are
illustrated in Figs. 4 and 5. Shear wall specimens P1-1, P1-2, and P1-3 were configured with
a platform framing detail, incorporating a filler truss between the first floor and second floor
wall panels. In this configuration, floor beams are directly supported by shear walls, with a
short filler truss made of CFS profiles positioned between adjacent floor beams. Specimens
P2-1, P2-2, and P2-3 feature a distinct platform framing detail commonly used in CFS con-
struction in Turkiye. This detail utilizes additional CFS members at the top of the first floor
wall panel to create slots to accommodate the floor beams. Specimens L-1 and L-2 represent
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Table 2 Details of two-story wall  gpecimen Framing Detail* Sheathing Screw
specimens spacing
(mm)
P1-1 Platform framing detail-1  Single side 150/300
P1-2 Platform framing detail-1 ~ Double side ~ 50/100
P1-3 Platform framing detail-1  Single side 150/300
w/ sheathing connection
P2-1 Platform framing detail-2  Single side 150/300
P2-2 Platform framing detail-2 ~ Double side ~ 50/100
P2-3 Platform framing detail-2  Single side 150/300
w/ sheathing connection
L-1 Ledger framing Single side 150/300
* See Fig. 5 for framing details L-2 Ledger framing Double side  50/100

the ledger framing detail, where the second floor shear wall panel was directly placed on top

of the first floor shear wall panel.

First floor
wall panel

Fig.4 Framing details of two-story wall specimens: a platform framing detail-1; b platform framing detail-2;

¢ ledger framing detail
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Fig. 5 General configurations of two-story shear wall specimens: a platform framing detail-1; b platform
framing detail-2; ¢ ledger framing detail

To establish the connection between the shear walls on the first and second floors and
facilitate the force transfer, two distinct connection details shown in Fig. 6 were employed.
According to the NEHRP Seismic Design Technical Brief document (Madsen et al. 2016),
a conventional tie-down device is typically employed for the platform framing option, as
the presence of floor beams disrupts the continuity of shear walls. For shear wall speci-
mens employing platform framing detail-1, each wall panel was equipped with two tie-
down devices. A 24 mm diameter steel anchor rod was employed to connect the tie-downs
attached to the bottom of the second-floor wall and the top of the first-floor wall, as illus-
trated in Fig. 6(a). In the case of wall specimens featuring platform framing detail-2 and
the ledger framing option, a simple steel strap tie, measuring 50 cm in length, was used to
establish the connection between the wall panels on the first and second floors (Fig. 6(b).
Both tie-down devices and steel straps were attached to the CFS studs using 6.3 mm diam-

eter self-tapping screws.
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Fig. 6 Connections between first and second floor wall panels: a tie-down connection; b steel strap tie
connection

In addition to the connections provided by tie-downs and steel strap ties, two rows of
6.3 mm diameter self-tapping screws, spaced at 15 cm intervals were provided between
the chords of the wall panels in specimens utilizing ledger framing detail, and between the
chord of each wall panel and CFS members provided between wall panels in specimens uti-
lizing platform framing details. This connection was provided in an attempt to facilitate the
transfer of shear forces between adjacent floors. For the connection of shear wall specimens
to foundation base plate, same hold down device (Fig. 3) used for multi-panel shear walls
was utilized along with two shear anchors for each specimen.

The wall specimens were constructed to ensure that each framing detail was represented
by two different combinations of sheathing and fasteners. Similar to the multi-panel shear
walls, the 150/300 and 50/100 mm spacing configurations were used along with single-
and double-side sheathing, respectively. Furthermore, two additional specimens utilizing
platform framing details, namely specimens P1-3 and P2-3, were designed with a unique
approach. As opposed to the sheathing practice used in the other specimens, where each
wall panel was sheathed individually (Fig. 7(a)), a 2440 mm long OSB sheathing panel was
connected to both the first floor and second floor wall panels in specimens P1-3 and P2-3
(Fig. 7(b)). Consequently, an additional force transfer mechanism between the wall panels
of the first and second floors was established in these specimens, in addition to the mecha-
nisms explained above.
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Sheathing
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Fig.7 Sheathing configurations used in two-story wall specimens: a each wall panel sheathed individually; b
sheathing panel provided between first and second floor wall panels

3 Test setup, instrumentation and loading protocol

All wall specimens were tested under reversed cyclic lateral loading. The setups used for
multi-panel and two-story shear wall tests are shown in Fig. 8. The walls were placed on a
20 mm thick steel foundation plate, which was attached to the laboratory’s strong floor, and
subjected to lateral forces at the top level using a 300 kN load capacity hydraulic actuator.
To facilitate the load transfer to the walls, a load distribution beam, secured to the top track
with self-tapping screws, was employed. In order to provide lateral stability in the out-of-
plane direction, ball bearing rollers were utilized on each side of the walls. For two-story
shear wall specimens, in addition to the ball bearing rollers used at the top level, two steel
box profiles were placed at the middle height of specimens as part of the out-of-plane brac-
ing system. Teflon sheets were placed between these profiles and the specimen in order
to reduce the frictional restraint. The instrumentation used on the specimens included the
measurement of lateral force applied on the wall, lateral displacement at the top of the wall,
lateral slip at wall base, and base uplift at hold down locations. Additionally, for two-story
shear wall specimens, lateral deformation of walls was measured at six locations through
wall height.
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Loading
direction

Second floor
wall panel
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First floor
wall panel

base plate

Fig. 8 Details of test setups: a multi-panel shear wall tests; b two-story shear wall tests

The reversed cyclic loading followed the CUREE (Krawinkler et al. 2001) loading pro-
tocol with a loading rate of 1 mm/sec. As illustrated in Fig. 9, the loading history involves
a sequence of primary cycles followed by trailing cycles. Following each primary loading
cycle, trailing cycles were implemented with an amplitude equal to 75% of the preced-
ing primary cycle. According to the CUREE specification, displacement amplitudes to be
used in cyclic loading are defined in terms of a reference deformation value, which may be
obtained from monotonic load testing. In this study, the reference lateral deformation was
used as 2% of wall height. Loading was concluded either when a 4% drift ratio was reached
or when specimen failure occurred, whichever happened first.

34

.1 2%
1.4%
4%
% 02"/
q e il

0 ALY VVVVVVW%VVV‘ -r

—

% Drift ratio

44
Cycle number

Fig. 9 CUREE cyclic loading protocol used in wall tests
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4 Testresults
4.1 Overall behavior and damage modes
4.1.1 Multi-panel shear walls

Typical damage mechanisms observed during cyclic load testing of wall specimens are
shown in Fig. 10. In instances where wall panels were sheathed on one side, the predomi-
nant failure mechanism involved tilting and pull-through of connection screws. For wall
panel specimens with sheathing on both sides, on the other hand, failure typically occurred
due to local or distortional buckling of end studs near hold down locations. The onset of
such buckling was noted at approximately a 2% drift ratio, with ultimate wall failures
occurring at approximately a 3% drift ratio. Another noteworthy observation concerning
the damage behavior of wall specimens is the presence of significant excessive base slip in
wall specimens with double-side sheathing. This phenomenon was particularly prominent
in specimen MP-6, as depicted in Fig. 10(f). This specific specimen, featuring a wall length
of 4.88 m, was equipped with two hold downs and eight shear anchors. The extended wall
length, together with double-side sheathing and a densely arranged fastener layout, resulted
in a substantially increased shear force demand at wall base. The increased susceptibility
of longer walls to excessive base slip compared to their shorter counterparts is due to the
increase in shear capacity at the wall base being smaller than the increase in wall length. A
typical 1.22 m long wall panel, connected to the foundation base plate with two hold downs
and two shear anchors, is considered as the reference. For 2.44 m and 4.88 m long walls,
the number of shear anchors increased to four and eight, respectively, while the number of
hold downs remained unchanged. A common design assumption is that shear force demand
at wall base is entirely met by shear anchors, with hold downs primarily resisting uplift
effects. However, in reality, hold downs contribute to the shear force capacity at wall base.
Consequently, between 1.22 m and 2.44 m long walls, shear force demand at wall base
nearly doubles, while the increase in total shear resistance provided by shear anchors and
hold downs remains comparatively smaller, given that both walls utilize two hold downs.
This same relationship holds true between 2.44 m and 4.88 m wall panels. Therefore, in the
case of 4.88 m long wall specimen with double-side sheathing and a dense fastener layout
(i.e., specimen MP-6), the shear capacity at wall base remained significantly below the shear
force demand, resulting in excessive base slip, as depicted in Fig. 10(f).
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Fig. 10 Deformations observed in multi-panel wall specimens: a screw tilting, b screw head pull-through; ¢
initiation of stud buckling; d, e local/distortional buckling of boundary stud near wall base; f slip deformation
and damage in bottom track around shear anchor and hold down (in specimen MP-6)

4.1.2 Two-story shear walls

Specimens with platform framing detail-1

The shear wall specimen P1-1, featuring single-side sheathing and a screw spacing of
150/300 mm, achieved a maximum of 3.8% overall drift ratio. During the final loading
cycle, screws connecting the sheathing to the second floor boundary studs suffered from
pull-through failure (Fig. 11(a)). In the case of specimen P1-2, employing double-side
sheathing with a screw spacing of 50/100 mm, the primary failure mechanism was buckling
of the first floor boundary studs as shown in Fig. 11(b). Local deformations were observed
on filler truss members located between the first floor and second floor wall panels. Further-
more, shear off failure was observed in some of the rivets connecting the filler truss mem-
bers. Complete buckling of end studs near hold down locations occurred at 3.7% overall
drift ratio in both loading directions. Load testing of specimen P1-3 was completed without
notable damage to the shear wall. Even though pull-through deformation was observed in a
few of the connection screws in first floor shear wall during the final primary loading cycle,
this damage did not cause an appreciable effect on the overall behavior of the wall specimen.
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Fig. 11 Deformations observed in two-story wall specimens: a screw head pull-through; b buckling of
boundary stud at wall base; ¢ rivet shear off; d buckling of boundary stud near connection region

Specimens with platform framing detail-2

Specimens P2-1 and P2-2 exhibited similar deformation patterns. Both specimens suf-
fered from damage in CFS members located between the first and second floor wall panels.
The CFS damage was accompanied by rivet shear off at several locations (Fig. 11(c)). Fail-
ure of the specimens was due to buckling of the studs inside the connection region between
the first and second floor wall panels (Fig. 11(d)). The maximum overall drift ratio is 3% and
2%, respectively for specimens P2-1 and P2-2. The additional OSB sheathing used in speci-
men P2-3 with the same connection detail resulted in improved wall response by preventing
the damage in CFS members located between the first and second floor wall panels. Failure
of this specimen occurred as a result of screw pull-through near the base of first floor wall
panel at an overall drift ratio of 3.6%.

Specimens with ledger framing detail

Specimen L-1 displayed no indication of damage or failure until the final primary loading
cycle. The failure mode observed in the specimen was characterized by screw pull-through
at the first-story shear wall near the upper section with a maximum overall drift ratio of
3.5% (Fig. 11(a)). Specimen L-2 suffered from sudden buckling of the boundary stud in first
floor wall panel near the hold down location at an overall drift ratio of 2.9% (Fig. 11(b)).

4.2 Discussion of test results for multi-panel shear walls

Load-displacement behaviors of multi-panel wall specimens are provided in Fig. 12 with
the key response parameters presented in Table 3. The plots show the lateral load values
normalized by the wall length, against lateral displacements measured at the top of panels.
Results from two 1.22 m long shear walls tested earlier by the authors (Pehlivan et al. 2020,
2023) are also presented in Fig. 13 in order to serve as benchmarks for the multi-panel
wall specimens. Labeled as S3 and S8, these wall specimens utilized double-side sheathing
with 50/100 mm screw spacing and single-side sheathing with 150/300 mm screw spacing,
respectively. Superimposed on the plots in Figs. 12 and 13 are cyclic backbone curves based
on primary loading cycles and bilinear Equal Energy Elastic-Plastic (EEEP) curves as speci-
fied in AIST S400-15. The EEEP model relies on the equivalent area assumption beneath the
envelope backbone curve and an idealized bilinear elastic-plastic response, extending up to
a post-peak deflection value (4,). The post-peak deflection value is determined as the lesser
of the deflection corresponding to 80% of the wall shear strength and the maximum deflec-
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tion observed during testing. The relationship between a generic cyclic backbone curve and
the corresponding EEEP bilinear response is depicted in Fig. 14. The initial elastic stiffness
and coordinates of the yield point are computed as follows:
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Fig. 12 Load-displacement behavior of multi-panel shear walls
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Fig. 13 Load-displacement behavior of 1.22 m long shear walls (Pehlivan et al. 2020; Pehlivan et al. 2023)
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Fig. 14 Relation between EEEP model and cyclic backbone curve

 04Ppea
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P, ie
A yieta = 3)

where, P, is the maximum shear capacity of the wall, 4, is the lateral displacement corre-

sponding to the 40% of P4, 4, is the post-peak wall displacement corresponding to 80% of
P,.ut» and 4 is the area under the cyclic backbone curve up to 4,. A comparison of the cyclic
envelope curves and EEEP curves for all multi-panel wall specimens is provided in Fig. 15.
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Fig. 15 Comparison among multi-panel walls in terms of cyclic envelope curves and EEEP curves: a walls
with single-side sheathing and 150/300 mm fastener spacing; b walls with double-side sheathing and 50/100
mm fastener spacing

The cyclic hysteresis curves for all wall specimens exhibit severe pinching. This pinched
response mainly results from the local tilting and bearing behavior of connection screws
between the OSB sheathing panel and CFS framing members. Therefore, this type of behav-
ior is a characteristic property of CFS framed and sheathed shear wall systems. For both
cases of single-side sheathing with 150/300 mm fastener spacing and double-side sheathing
with 50/100 mm fastener spacing, the smallest elastic stiffness was obtained in 1.22 m long
walls. Even though the walls tested with 2.44 m and 4.88 m length possessed higher elastic
stiffness than their 1.22 m long counterparts, no clear trend exists in wall stiffness when wall
length is increased from 2.44 m to 4.88 m. Change in wall length from 2.44 m to 4.88 m and
the use of different connection details between individual wall segments did not cause any
appreciable difference in wall response. It should be mentioned that the relatively small load
capacity of specimen MP-6 is due to the excessive slip deformation occurred at the base of
this specimen, as mentioned earlier. The limited drift capacity exhibited by specimen MP-3
is a result of premature failure of this specimen due to pull-through of screw head from OSB
sheathing panel in the middle region of the wall.

AISI S400-15 Standard specifies the nominal shear strength for OSB sheathed walls
as 12 kN/m for 150/300 mm fastener spacing and 30 kN/m for 50/100 mm fastener spac-
ing. When sheathing is present on both sides of the walls, these capacities are expected to
double. Therefore, for the shear walls tested in the present study the codified shear strength
is 12 kN/m and 60 kN/m, respectively for the cases of single-side sheathing with 150/300
mm fastener spacing and double-side sheathing with 50/100 mm fastener spacing. The mea-
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sured load capacity of wall specimens with single-side sheathing and 150/300 mm fastener
spacing varies between 10.5 kN/m and 12.9 kN/m. These values are the averages of the
maximum load levels attained by the specimens in two loading directions. For double-side
sheathed walls with 50/100 mm fastener spacing, the measured load capacities range from
46.7 kN/m to 50.6 kN/m, with the exception of specimen MP6, which suffered from exces-
sive slip deformation at wall base. As mentioned earlier, the main failure mechanism in
this group of walls was the buckling of boundary studs. This failure mode limited the load
capacity of specimens and resulted in the measured capacities being significantly lower than
the code-specified values.

The normalized load capacity exhibits slight variations among walls subjected to the
same sheathing condition (i.e., single-side or double-side) and fastener spacing. In the case
of single-side sheathing with a loose fastener layout, a marginal increase in normalized load
capacity is observed when there is increase in wall length from 1.22 m to 2.44 m and further
to 4.88 m. Introducing a single 2.44 m long wall panel or connecting two 1.22 m long panels
using two different methods does not significantly affect the load capacity of the wall speci-
mens. For the case of double-side sheathing with a dense fastener layout, extending the wall
length from 1.22 m to 2.44 m results in a slight increase in normalized load capacity. How-
ever, further increasing the wall length to 4.88 m leads to premature failure at wall base. In
this scenario, the normalized load capacity experiences a significant drop compared to walls
tested with a shorter length due to excessive slip at the wall base, as explained earlier.

During load testing of multi-panel wall specimens, the force in hold down anchor rods
was monitored using load cells. Figure 16 presents plots of measured hold down force ver-
sus base shear for four representative wall specimens sheathed on both sides with a 50/100
mm fastener spacing. Superimposed on each plot is the expected behavior based on static
equilibrium. The linear relationship between hold down force and wall base shear suggests
that the anchor rods remained linear-elastic during the loading tests. As evident in the plots,
the measured hold down tensile forces align with the expected levels for both loading direc-
tions. This observation implies that the demand for hold down force decreases with an
increase in wall length.
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Fig. 16 Hold down force responses in multi-panel walls with double-side sheathing and 50/100 mm fastener
spacing

The ductility ratio for each wall specimen was computed as the ratio of the ultimate
displacement 4, to the yield displacement 4,, utilizing the values determined following the
EEEP approach (Table 3). A comparison of the ductility ratios is presented in Fig. 17. Except
for specimen MP-6, which exhibited an unexpected failure mode due to excessive base slip,
walls sheathed on a single-side with 150/300 mm fastener spacing possess a higher ductility
than their counterparts sheathed on both sides with 50/100 mm fastener spacing. Ductility
ratios for walls with single-side sheathing and a coarse fastener layout ranged from 3.0 to
4.5, while for walls with double-side sheathing and a dense fastener layout values varied
between 1.8 and 2.6. No clear trend exists between the ductility ratio and wall length.
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. Specimens with single sheathing and 150/300 screw spacing

. Specimens with double sheathing and 50/100 screw spacing
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Fig. 17 Ductility ratio of multi-panel wall specimens
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4.3 Discussion of test results for two-story shear walls

Load capacities and the response parameters derived from the EEEP approach, including
elastic stiffness, yield load, and yield displacement values for two-story wall specimens are
presented in Table 4. Load-displacement response of the specimens is presented in Fig. 18
in terms of the overall drift. Similar to the multi-panel wall specimens, the two-story shear
wall specimens also demonstrate a severely pinched cyclic hysteresis response. Test results
indicate that all shear wall specimens, with the exception of specimen P2-2 achieved an
overall drift ratio of 2.9% or larger. Again, when specimen P2-2 is excluded, the maximum
drift ratio of the first floor wall panels ranges from 1.9 to 4.1%, while that of the second floor
wall panels ranges from 1.9 to 4.1%. No clear trend exists between the maximum drift ratio
and the sheathing condition (i.e., single- versus double-side sheathing and fastener spacing)
utilized for construction of the specimen. Specimen P2-2 suffered from premature failure
due to extensive damage occurring in CFS framing members within the connection region
between the first and second floor wall panels, which resulted in limited drift capacity of
this specimen.
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Fig. 18 Load-displacement behavior of two-story shear walls

Regarding load capacities, shear wall specimens with single-side sheathing and 150/300
mm fastener spacing exhibited values ranging from 10.2 to 14.2 kN/m. For platform fram-
ing detail-1 and ledger framing detail, load capacity of specimens is increased respectively
by 116% and 106% when double-side sheathing and 50/100 mm fastener spacing was used
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instead of single-side sheathing and 150/300 mm fastener spacing. For these specimens, the
increase in elastic stiffness is 84% and 93%, respectively for platform framing detail-1 and
ledger framing detail. Such an improvement in response is not valid for specimen P2-2, due
to the premature failure of the specimen, as mentioned above.

For the case of single-side sheathing with 150/300 mm fastener spacing, platform fram-
ing detail with a filler truss (i.e., platform framing detail-1), platform framing detail with
slots left at the top part of the first floor wall panel (i.e., platform framing detail-2), as well as
the ledger framing detail resulted in similar responses in terms of overall shape of the hys-
teretic curves, load capacity, stiffness and drift capacity (Figs. 18 and 19(a)). With double-
side sheathing and 50/100 mm fastener spacing, on the other hand, platform framing detail
with slots left at the top part of the first floor wall panel resulted in somewhat poor response
with limited load and drift capacity. In this group, the platform framing detail with a filler
truss performed slightly better than the ledger framing detail with a higher drift capacity
(Figs. 18 and 19(b)).
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Fig. 19 Cyclic backbone and EEEP curves for two-story wall specimens: a specimens sheathed on a single
side with coarse fastener layout; b specimens sheathed on two sides with dense fastener layout

The effect of the presence of an OSB sheathing panel providing additional connection
between the first floor and second floor wall panels is illustrated in Fig. 20. This construc-
tion method resulted in an increase in load capacity of specimens for both platform fram-
ing details. The increase in EEEP load capacity is 15% and 38%, respectively for platform
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framing detail-1 and detail-2. With platform farming detail-2, there is also increase in elastic

stiffness of the wall specimen.
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Fig. 20 Comparison of specimens with additional OSB sheathing connection between first floor and second
floor wall panels: a specimens with platform framing detail-1; b specimens with platform framing detail-2

Lateral displacement profiles of wall specimens, derived from peak displacement values
recorded in push and pull directions across the wall height during the last three primary
cycles of loading are presented in Fig. 21. These plots clearly depict significant lateral dis-
placements localized within the connection region in specimens P2-1 and P2-2 (i.e., speci-
mens utilizing platform framing detail-2). The beneficial effect of the use of OSB sheathing
panel between the first floor and second floor wall panels is also evident in the plots.
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Fig. 21 Displacement profiles of two-story wall specimens
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5 Design recommendations

5.1 Design recommendations for multi-panel shear walls

Longer walls are more susceptible to excessive base slip than their shorter counterparts
due to the increase in shear capacity at wall base being smaller than the increase in wall
length. A common design assumption is that shear force demand at wall base is entirely
met by shear anchors, with hold downs primarily resisting uplift effects. However, in
reality, hold downs contribute to the shear force capacity at wall base. Consequently,
increasing the number of shear anchors in relation to the increase in wall length does not
guarantee the same level of increase in shear capacity at wall base. It is recommended
that the influence of hold downs be explicitly considered when increasing the number of
shear anchors with increased wall length.

The use of different connection details between individual wall segments does not
significantly affect the overall wall response. Therefore, if the construction approach
involves the production of shorter individual shear walls (e.g., 1.22 m in length) by as-
sembling framing members and sheathing them on one side before transporting them to
the construction site, their performance can still be comparable to that of a single-unit
shear wall. This requires properly connecting the wall segments with fasteners (as seen
in Type C specimens) to ensure effective load transfer. This type of segmented con-
struction method for shear walls offers a practical solution, providing benefits, such as
reduced construction time and easier transportation.

5.2 Design recommendations for two-story shear walls

Significant deformations may occur within the connection between the wall panels of
neighboring floors depending on the method of construction and the details used in the
connection region. Therefore, the resulting additional lateral drift should be taken into
account. It is recommended that the design of sheathed CFS structural systems be based
on lateral drift checks incorporating the deformations at inter-story connections.

For the case of single-side sheathing with 150/300 mm fastener spacing, platform fram-
ing detail with a filler truss, platform framing detail with slots left at the top part of the
first floor wall panel, as well as the ledger framing detail result in similar response in
terms of overall shape of the hysteretic curves, load capacity, stiffness and drift capacity.
With increased shear force demand (i.e., double-side sheathing and 50/100 mm fastener
spacing) platform framing detail with slots left at the top part of the first floor wall panel
results in limited load and drift capacity. With this sheathing and fastener configuration,
the platform framing detail with a filler truss performs slightly better than the ledger
framing detail with a higher drift capacity. It is recommended that the capacity of floor
support system be taken into consideration in transfer of lateral loads between walls of
adjacent floors.

The effect of the presence of an OSB sheathing panel providing additional connection
between the first floor and second floor wall panels is clearly observed in measured
response with both platform framing details. This construction method is recommended
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for improving the lateral load transfer capacity between walls of adjacent floors.

6 Conclusions

The present study includes two sets of cyclic loading tests on OSB sheathed CFS shear wall
specimens. The first part of the study deals with walls constructed by connecting multiple
individual wall panels with different connection methods. Focus of the second part is the
lateral load response of two-story shear walls with different framing details between wall
panels in neighboring floors. In both parts, the behavior of wall panels was examined with
combinations of one side sheathing and a coarse fastener layout, as well as double-side
sheathing and a dense fastener layout. Based on the experimental findings, recommenda-
tions were presented for multi-panel walls and interaction between wall panels and floor
support system in multi-story CFS construction.
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