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ABSTRACT: In the last years, the seismic performance of cold formed steel (CFS) systems has been object of
study by a large number of research teams. The main parameters influencing the system behaviour under
horizontal loads have been defined and the possible mechanisms of collapse have been identified. Therefore, at
the moment, the development of upgraded specifications and design tools that could be readily used by designer
is a must. For these reasons, this paper aims to propose a seismic design procedure that allows the shear wall
components to be defined in few steps. The procedure is based on the recognized assumption that the best
performance of a CFS shear wall is achieved when the sheathing-to-stud fasteners failure is reached. Moreover,
it accounts the results of previous studies that defined the relation between behaviour of shear wall and fastener
spacing. Hence, by defining three nomographs, the proposed procedure allows the sheathing-to-stud fasteners
and all the other shear wall components to be defined. The latter are determined in accordance with capacity
design criteria. Finally, the applicability of the presented procedure is verified through a case study.

Keywords: Design nomographs, cold-formed steel, housing, linear dynamic analysis, nonlinear static analysis,
seismic design, sheathing panels

1. INTRODUCTION

The growing demand of high performance housing is increasing the interest for cold-formed steel
(CFS) structures. These structures are realized with a repetitive number of light gauge cold-rolled
steel profiles, produced off-site in controlled environment and, then, assembled on-site with
mechanical connections. These characteristics provide them lightness, rapid on-site erection,
dimensional stability, high structural performance and considerable potential for recycling and
reuse of all the materials. In particular, the spreading use of these constructions in countries as
Japan shows the wide applicability of these systems also in seismic zones (Figurel). The global
horizontal response of CFS structures under seismic actions basically depends on the shear
response of CFS walls that are usually sheathed with metal sheets or panels (sandwich panels,
wood-based or gypsum-based panels). Moreover, when the sheathing has adequate strength and
stiffness and it is effectively connected with the frame, then the interaction between profiles,
sheathing panels and sheathing-to-frame connections can be advantageously taken into account in
the structural analysis. In this case, the definition of shear wall elements (studs, sheathing panels,
sheathing-to-frame connections, and frame-to-foundation anchors), that constitute the main lateral
resisting system in case of seismic actions, is a key point for the design. Currently, a relatively large
database of experimental investigations carried out on different CFS wall assemblies subjected to in
plane shear loading has been obtained by Gad et al. [1], Tian et al. [2], Branston et al. [3], Fulop
and Dubina [4], Landolfo et al. [5], Langea and Naujoks [6], Serrette et al. [7]. As result, the main
parameters influencing the shear behaviour of walls have been identified. As a consequence, some
general guidelines for the design of sheathed CFS walls have been recognized, as the use of
oversized chord studs and shear and hold-down anchors. Therefore, if CFS walls are designed
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following these basic guidelines, then a good lateral response, characterized by sheathing-to-frame
connections collapse can be obtained. Nowadays, moving from these cardinal points, different
design methodologies are available (UBC [8] and IBC [9] design tables), but the development of
tools that could readily be used by designers should be improved. In an attempt to give a
contribution on this topic, a specific seismic design procedure is presented hereafter. Finally, the
applicability of the proposed designed procedure is investigated through a case study.
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Figure 1. CFS Housing in Japan: Growing Construction in the Last Ten Years

2. THE PROPOSED DESIGN PROCEDURE

The proposed seismic design procedure refers to CFS walls sheathed with wood-based or
gypsum-based panels, in which the wall components (Figure 2) are designed in such a way to
promote the sheathing-to-frame fastener failure. The design procedure can be summarized in three
consecutive phases (Figure 3):

1) definition of the wall geometry (wall height 4, stud spacing c¢) and some parameters of the wall
components: sheathing (type, thickness, orientation), frame (steel grade, stud size, with the
exception of the thickness #, track size) sheathing-to-frame connections (type, interior spacing
p, edge distance e), hold-down anchors (type) and shear anchors (type).

2) evaluation of the sheathing-to-frame fastener exterior spacing s;

3) evaluation of other design parameters (stud thickness #, hold-down anchor diameter ¢, shear
anchor spacing a).

In this design procedure, the selection of the “assigned” design parameters (phase I), usually
derives from architectural and technological considerations and design for vertical loads. Therefore,
no additional information are provided hereafter. Moreover, only the assessment of the
sheathing-to-frame fasteners exterior spacing (s) directly derives from seismic analysis results
(phase 2), while the definition of stud thickness (), hold-down anchor diameter (¢ ), and shear
anchor spacing (a) is carried out on the basis of “capacity design” criteria (phase 3).

More details about the hypothesis and limit of applicability of this proposed procedure can be
found in [10]
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Figure 2. Geometry and Component of Typical Sheathed CFS Shear Wall
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3. PHASE 2: EXTERIOR SPACING EVALUATION
3.1 Linear Dynamic Seismic Procedure

When the linear dynamic (LD) procedure is selected for the seismic analysis, a force-based design
approach is usually used, in which the inelastic behaviour and the structural overstrength are taken
into account by the seismic force modification factors. In this case, the comparison between seismic
capacity and demand, in terms of forces, shall satisfy the following equation:

H.>H, (1)
where H¢ and Hp are the seismic strength capacity and seismic action demand, respectively.

In particular, the seismic action (Hp), which represents the horizontal in-plane force acting on the
wall, can be evaluated through the following well known relationships:

wlg
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where: S, is the spectral acceleration; fs,r is the spectral acceleration function; 7 is the structural
period; ¢ is the viscous damping ratio; w is the seismic weight; g is the gravity acceleration; and K
is the wall shear stiffness, which can be expressed as a function of the sheathing fasteners exterior

spacing (s):
K =fe(s) 3)

Also the seismic resistance (Hc¢), which represents the wall shear strength, can be obtained as a
function of s:

He = fy(s) 4)

Therefore, for each value of exterior spacing (s), if the functions fs,7, fx, and fz are known, then for
fixed values of seismic weight (w) and viscous damping ratio (&), both seismic action (Hp) and
resistance (H¢) can be calculated and compared by using Eq. (2) through (4) until Eq. (1) is
satisfied. This design procedure can be represented graphically by means of the “LD” nomograph,
as shown in Figure 4.

3.2 Nonlinear Static Seismic Procedure

When the seismic analysis is performed by means of the nonlinear static (NS) procedure, the
inelastic behaviour and the structural overstrength are directly considered and the comparison
between seismic capacity and demand can be achieved in terms of displacements
(displacement-based approach):

d.>d, )

where dc and dp are the seismic displacement capacity and seismic displacement demand,
respectively.
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Figure 4. “LD” Nomographs
This comparison can readily be performed by means of the well known acceleration-displacement

spectrum, in which the demand and capacity spectra are represented together. In particular, the
demand spectrum can be obtained as follows:

S, = fsu(d, &) (6)

where fs,4 1s the spectral acceleration function, and d is the generic displacement.

The capacity spectrum, instead, can be represented by an elastic-plastic curve, which is drawn by
defining the yield (Y) and ultimate (U) limit points:

Y(dy;igj U[du;igJ
w w

where the yield displacement (d,) and ultimate displacement (d,) can be obtained as function of the
exterior spacing (s)

(7

d,=f(s) d, = f,(s) ®)

Therefore, for each value of exterior spacing (s), if the functions fs.q, fu, f,, and f,, are known, then
for fixed values of seismic weight (w) and viscous damping ratio (¢), both seismic demand (dp) and
capacity (d¢) can be calculated and compared by using Eq. (6) through (8) until Eq. (5) be satisfied.
This design procedure can be represented graphically by means of the “NS” nomograph shown in
Figure 5.
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Figure 5. “NS” Nomograph

4. PHASE 3: EVALUATION OF THE OTHER DESIGN PARAMETERS

When the sheathing-to-frame fastener exterior spacing (s) has been defined, then the evaluation of
stud thickness (#), hold-down anchor diameter (¢ ), and shear anchor spacing (a) need to complete

the wall design. The design procedure to define these last parameters can be represented graphically
by means of an “OC” nomograph (Figure 6), in which the wall shear strength per wall unit length

(H_) corresponding to the resistance of sheathing fasteners (ﬁc’f), studs (H, c.s)» hold-down
anchors (H_,,) and shear anchors (H, ) are represented together as function of the exterior
spacing (s). In particular, H, ¢, can be obtained by knowing the function given in Eq. (4), while
H., H,, and H. are calculated starting from the stud compression axial strength (N),

tension axial strength of hold-down anchor (N,,), and shear strength of the shear anchor (V,):

— H.. N — H N — I 1
H. =—% > H,, =—SM ="t Hc,sa:V (_4_—)

R h Cha = ho “Na 1 ©)

where / and 4 are the wall length and height, respectively.

The unit wall strength corresponding to the resistance of sheathing fasteners (A, c.r) decreases

when the exterior spacing (s) increases, while H. , H., ,and H_.  are constant values. Hence,

for a fixed value of exterior spacing (s), the design parameters (¢, a, and ¢) can be calculated by
using the “OC nomograph”, in such way that the “capacity design” criteria are satisfied:

o ’ o (10)

where: H Cusik? H chai» and H csax are the wall shear characteristic strengths per wall unit length

corresponding to the resistances of studs, hold-down anchors and shear anchors, respectively.
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anchors, and shear anchors, respectively.
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Figure 6. “OC” Nomograph

S. DEFINITION OF STIFFNESS, STRENGTH, YIELDING AND ULTIMATE
DISPLACEMENTS

For the evaluation of the seismic response of this type of structures, according to the proposed
design procedure, the relationships defining the wall shear response (fs, fu, f,, and f,) as function of
exterior spacing (s) are required. In particular, in the case of LD seismic analysis, only wall
stiffness (fx) and strength (fy) must be defined, while for the application of NS procedure, the
definition of the elastic-plastic curve through the functions fu, f,, and f, usually requires the
knowledge of the whole force (H) — displacement (d) response curve of the wall.

Different approaches can be used to perform an analysis devoted to obtain the functions fx, fu, f;.
and f,; namely experimental (Serrette et al. [11]), numerical (Dolan [12], Dolan and Foschi [13],
White and Dolan [14]) and analytical methodologies (Easley et al. [15], McCutchenon [16],
Kaellsner and Lam [17], Hieta and Kesti [18]). In particular, analytical approaches used to analyze
sheathed CFS shear walls generally allow only stiffness, strength and deflection (fx, fu, f;) to be
predicted, without providing a reliable evaluation of the whole force — displacement response curve.
To overcome this limitation, a specific analytical-numerical method has been developed by the
authors allowing the prediction of the whole curve in terms of fx, fu, f, and f,..

According to this methodology, the lateral displacement of a sheathed CFS shear wall can be
obtained by adding four different deformation contributions (Figure 7):

d=d,+d +d,+d, (1)

where: drrepresents the sheathing fasteners deformation, d; the sheathing panels shear deformation,
dp the bending deformation, and d, the overturning deformation.
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If the local behaviour of sheathing fasteners governs the global lateral response of the wall (this is
the usual condition), in the Eq. (11) the sheathing panels shear deformation, bending deformation
and overturning deformation produce lateral displacements smaller than that due to sheathing
fasteners deformation (d,<<dy, dy<<dj, d,<<dy). In addition, d,, dj, and d, can be assumed as linear
functions of the horizontal external force (H), while the nonlinear lateral response of the wall is
essentially the result of the inelastic behaviour of the sheathing fasteners (dyis a nonlinear function
of H). The model assumes that, at the beginning, the different deformation contributions can be
independently evaluated and then they can be added.

sheathing fasteners sheathing panels shear

> - bending deformation overturning deformation
deformation deformation

da
—>

—

Figure 7. Deformation Component of a Sheathed CFS Shear Wall

For evaluating the lateral displacement (d)) due to the sheathing fasteners (frame-to-sheathing panel
deformation), the following hypotheses are made: (a) the local failure of sheathing-to-frame
connections governs the global collapse mode; (b) steel members are rigid and hinged to each other;
(c) the frame deforms into a parallelogram and the relative frame-to-panel displacements are
determined taking into account a rigid body rotation of panels; (d) the edges of the panel are free to
rotate without interference from any other elements; (¢) the wall is fully anchored; (f) relative
displacements between the sheathing and frame are small compared with the panel size; (g) only
shear deformation of sheathings is considered; (h) load-displacement curves of the
sheathing-to-frame connections are schematized by using the relationship proposed by Richard and
Abbott [19]. The assumed deformation of a sheathed cold-formed shear wall is shown in Figure 8.
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Figure 8. Full Scale Specimen and Assumed Deformation of a Shear Wall Specimen
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From equilibrium considerations, involving moment and horizontal force equilibrium for the panel
and horizontal force equilibrium for the top track, and assuming that the load-deflection curve of
sheathing-to-frame connections is linear, the following relationships can be obtained:

b-K,-S

2h K, I, —(S,) ————"+K, 1, |H
x 2
¢f ) (Sx,m 'Sx _Ix,m 'Kx +Se 'Sx _]e erzll _b.S)’) (12)
B ~2H[K, -1, —(S, )’ 1H
O o 1)K (S0 + 505,101, =5, (13)
h-S,-H

“r0 _[Ix,m+]e]Kx _[Sx,m+Se]Sx (14)
where:

szzku Srzzkx,i'yi [xzzkx,i(yi)z

in which ¢, and ¢, are the rotations (defined positive as anticlockwise rotations) of the frame and
sheathing panel, respectively; u,0 is the translation of the sheathing panel along the X direction; &, ;
and k,, represent the stiffness of sheathing-to-frame connections for displacements along the X and
Y directions, respectively; k.. is the stiffness of sheathing fasteners connecting the sheathing panel
to the top track for displacement along the X direction; x; and y; are the connection coordinates
along the X and Y directions; 7 is the generic sheathing-to-frame connection, 7 is the total number
of sheathing-to-frame connections; m is the number of fasteners connecting the sheathing panel to
studs; n. is the number of fasteners connecting the sheathing panel to the top track; H is the
horizontal external force per unit length. When for sheathing fasteners a linear load-displacement
response is assumed (k; ki, and k.. are constant values), Eq. 12 gives a closed-form solution and
the top wall displacement (d) can be evaluated as follows:

dy=¢h (15)

where ¢y is calculated through Eq. 12. When a nonlinear load-displacement curve is adopted for
sheathing fasteners, Eq. 12 through 15 can be written in differential format and can be used in a
numerical step-by-step procedure which allows the load (H) vs. deflection (d)) response curve of
the wall to be obtained. More details about the numerical procedure are given in Fiorino et al. [20].
The lateral displacement due to the shear deformation of the sheathing panels (d;) is obtained by
adopting the equation for shear deformation of a thin, edge-loaded, plate:

_ H-h

Gt,b 16)



612 A Specific Procedure for Seismic Design of Cold-Formed Steel Housing

where: G is the shear modulus of elasticity of the panel material; b is the width of the sheathing
panel; #, is the panel thickness.

The bending displacement (d;) may be evaluated by considering the wall as a cantilever having a
cross-section made of the only end studs:

2H -h°

J - 17
" 3E.4.07 {17

where: E is the Young’s modulus of steel; 4 is the gross cross-sectional area of an end stud.
The lateral displacement due to overturning (d,) is calculated from the following equation:

_H-W’
a2
l 'Ka (18)

d

where K, is the axial stiffness of the hold-down device, which can be obtained from hold-down
manufacturers. Typical values of stiffness K, have been obtained by considering the Simpson
metal-to-metal connectors (Simpson Strong-Tie Company [21]) ranging from 27 to 31 kN/mm for
S/HD hold-down connectors.

6. APPLICATION OF NOMOGRAPHS: A CASE STUDY

The house presented hereafter shows the architectural and technological possibility of a stick built
construction and, mainly, it has been designed in order to study the applicability of the presented
nomographs. The architecture has been designed without having in mind any specific location or
particular inhabitant requirements. It aims to be a prototype of a contemporary housing in which
flexibility, environmental comfort and high structural performance are the keywords.

The dwelling develops in two floors and is organized in wide and regular spaces where the walls
are distributed along the perimeter and in the center of house, in order to assure the maximum
flexibility of the internal spaces (Figure 9).
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The opening distribution follows environment requirements, introducing thin openings on the Nord
front and wide and adequately shielded openings on the South and South-West elevations (Figure
10).

| III:I :u
A= e ) =
fi e

B-B' Section South Elevation
Figure 10. Case Study: Opening Distribution

The construction arises on a concrete slab, on which the steel frame is anchored by clip angles and
post installed anchors. The basic framing system is characterized by discontinued walls, interrupted
at each floor level by floor framing. The floor framing is composed by joists, horizontal bearing
members, spaced at 600 mm and aligned with vertical load bearing framing members. Joists are
connected at each end by a floor track: an horizontal member used as band or rim joists for flooring
systems. Web stiffeners are installed at each joist bearing location to strengthen the member against
web crippling and to assure the continuity of vertical bearing members (Figure 11).
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) Materials

Hence, the walls have been designed following the proposed procedure.

As first step, according to the proposed design process (phase 1), the following “assigned” design
parameters have been adopted:
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- 2700mm high (#) and 1200mm long (/) wall with stud spaced (c) at 600mm;

- 9.0mm thick Type 3 OSB external panels and 12.5mm thick standard GWB internal panels,
both having vertical orientation;

- 4.2x25mm (diameter x length) flat head self-drilling screw sheathing fasteners having interior
spacing (p) of 300mm and edge distance (e) of 10mm;

- studs having 100x50x10mm (outside-to-outside web depth x outside-to-outside flange size x
outside-to-outside lip size) lipped channel section, and track having 100x40x1.00mm
(outside-to-outside web depth x outside-to-outside flange size x thickness) unlipped channel
section, both fabricated from S350GD+Z hot dipped galvanized zinc coated steel grade;

- S/HD10B metal-to-metal connectors by Simpson Strong-Tie Company (Simpson Strong-Tie
Company [21]) and HIT-RE 500 with HIS-N 8.8 adhesive-bonded anchors by HILTI (Hilti
[22]) hold-down devices;

- HST M8 mechanical shear anchors by HILTI (Hilti [22]).

The evaluation of the sheathing fasteners exterior spacing (phase 2) performed with nomographs
for LD and NS seismic analysis are shown in Figures 12 and 13, respectively. In particular, in the
“LD” nomograph both strength ( #.) and action ( H,) are expressed for wall unit length and have

been normalised respect to the seismic weight (w). In the “NS” nomograph the “strength” (H.-g/w)

and “action” (S,) parameters have been normalised respect to the gravity acceleration
(Heo/w,S,/g=Hplw).

The functions fx, fu, f;, and f, used in these nomographs have been obtained by applying the model
proposed in Section 3 starting from force — displacement (slip) sheathing fastener response curve
derived on the basis of experimental tests carried out by the authors on typical screw connections
for cold-formed steel housing (Fiorino et al. [23]).

The elastic acceleration demand spectra provided by Eurocode 8 (CEN [24]) and adopted also by
the new Italian Seismic Code (OPCM [25]) have been assumed as spectral acceleration functions
(fsar» fsaa)- In particular, the Italian Seismic Code defines soil types A, B, C, D, and E according to
the Eurocode 8 classification, but only three spectra are adopted, by grouping the soil types B, C
and E under one spectrum type (“BCE”). Values of the peak design ground acceleration (agz) on type
A soil (for earthquakes having 10% chance of being exceeded over 50 years — average return period
474 years) equal to 0.35g, 0.25g, and 0.15g (for seismic zones having low, medium and high
intensity, respectively) have been assumed. In addition, the spectra adopted for the LD procedure
have been obtained by assuming a strength reduction factor ¢ = 4.0 (Boudreault et al. [26]). A
viscous damping ratio & = 5% has been adopted in all cases, in accordance with literature data
(Dubina et al. [27], The Committee on Light-gauge Steel Structures [28]).

In Figure 12, the LD seismic analysis is performed for the presented case study, which is
characterized by a seismic weight equal to w=20kN/m. Moreover, a peak design ground
acceleration equal to a, = 0.35g and soil type “B” have been considered. By assuming as attempt an
exterior spacing s=150mm, for a seismic weight w=20kN/m, the point A on the top left graph
identifies the normalised strength (H./w=0.40), while the point B on the bottom left graph

defines the stiffness (K =0.95kN/mm-m). The point C (defining a structural period 7=0.292s) is
obtained on the bottom right graph by the intersection of the horizontal line drawn from point B
and the curve relevant to w=20kN/m. Finally, on the top right graph the intersection of the vertical
line drawn from point C and the curve relevant to a, = 0.35g and “B” soil type defines the

normalised actions (H,/w=0.27, point D). Since acting seismic force is less than seismic
resistance (point D is lower than point A), then the assumed exterior spacing (s=150mm) is
adequate (H , / H,. = 0.68).
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Hence, a NS seismic analysis has been performed (Figure 13). In this case, starting from s=150mm
and w=20kN/m the point A on the top left graph defines the normalised strength (H . /w=0.40),
while the points B and C on the bottom right graph identify the yield displacement (d,=9mm) and
ultimate displacement (d,=dc =52mm). Therefore, the capacity spectrum (broken line O-Y-U) is
obtained on the top right graph by the intersection of the horizontal line drawn from point A and
vertical lines drawn from points B and C. Finally, by considering on the top right graph the relevant
demand spectrum (a, = 0.35g and “B” soil type), the well known capacity-demand-diagram method
(ATC-40 [29]) can be used to find the displacement demand (dp = 34mm, point D). The NS
procedure confirms that the assumed exterior spacing is adequate (dp / dc=0.65).

The last step of the proposed design process (phase 3) is performed through the “OC” nomograph
(Figure 14). This nomograph shows the design resistance of sheathing fasteners ( H c.r.a) together
with the characteristics resistances of studs, hold-down anchors and shear anchors reduced by
considering the relevant overstrength factors ( H cok ! Vovs s H chak ! Vovias H cuak ! Vovsa ) 1N
particular, by assuming: Yo,s = 2.0, Yowra = 4.0, Youse = 3.0, and ﬁc’s,k /ﬁc,s,d =1.0,
ﬁc’ha,k /ﬁc’ha,d =2.0, ﬁc,m,k /I?C’W, =1.5, and ﬁC,_/',av /ﬁc,f,d =2.0, different values of
He ,/ Y ovis > H coak !V ovas H csax ! Vovsa have been calculated by varying the wall component

design parameters ¢, a, and ¢, respectively. In this way the “capacity design” criteria (see Eq. 10)

can be applied for the selection of more convenient values of such parameters. In the examined
case study this means to draw a vertical line corresponding to the selected exterior spacing s =
150mm on the “OC” nomograph and then to identify the point corresponding to the resistance of

sheathing fasteners (point A, H c.ra= 12kN/m). The definition of 7, a, and ¢ is then performed

by identifying, for each component, the relevant line which is immediately higher than the point A
(t=1.0mm, point L; a = 300mm, point G, ¢ = 10mm, point H).
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Figure 12. Application of “LD” Nomograph
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7. CONCLUSIONS

This paper presents a design procedure for cold formed steel housing in seismic area. It is based on
the recognized assumption that the shear walls are the main resistant building components and that
the best behaviour of a CFS housing can be reached when the collapse under seismic loads is due to
the sheathing-to-stud screw failure. Hence, the proposed design procedure, after the definition of
the shear wall geometry and technological components, allows the screw sheathing-to-stud
fasteners spacing to be defined through a linear dynamic (LD nomograph) analysis or a nonlinear
static (NS nomograph) analysis. Finally, the complete definition of all the other wall structural
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components (studs, shear and hold down anchors) is performed in accordance with “capacity design
criteria” (OC nomograph). Moreover, the analytical model used to define the wall strength curves is
presented. Finally the procedure applicability is investigated through the design of a two-story CFS
dwelling.
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