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ABSTRACT 

Lightweight cold-formed steel (CFS) framing is an effective building solution for low 
and mid-rise structures. However, systems level response and component contribu-
tions as well as their interactions such as those from lateral-load resisting systems, 
floor diaphragms, studs to track connections, etc., are not fully understood. Existing 
building codes for the CFS frame buildings are based solely on the stiffness of the 
lateral-load resisting frames and do not explicitly incorporate systems response. This 
paper presents the first-phase of a multi-year project aimed at generating knowledge 
and tools needed to increase the seismic safety of CFS frame buildings. The first 
phase of the study focuses on the design, instrumentation plan, and preliminary anal-
ysis of full-scale two-story CFS frame buildings that are tested on shake tables at 
University at Buffalo NEES Facility in the second phase. Design of the two-story 
CFS buildings incorporates a “state of the practice” ledger framing system that at-
taches floor and roof joists to the inside flanges of the load-bearing studs via a com-
bination of track and clip angles. The instrumentation plan for the shake table tests is 
developed to capture both systems and component level response of the buildings. 
The preliminary analysis includes development of new modeling capabilities that in-
corporate cross-section limit states (local and distortional buckling) into frame analy-
sis engines such as OpenSees to enable more accurate incremental dynamic analysis. 
This paper provides detailed design of a prototype CFS frame building and instru-
mentation plan for the shake table tests at Buffalo.  
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To date, research has focused on single-story LFRS (without gravity loads) in 
complete isolation from the larger system). Advancing seismic structural safety of 
lightweight cold-formed steel construction requires that the secondary systems, repet-
itively framed floors and walls, which are directly in the load path for the LFRS be 
understood in far greater detail. 

To address the above research needs, a multi-year project was initiated at 
Johns Hopkins University and Bucknell University with a support from the National 
Science Foundation, George E. Brown, Jr. Network for Earthquake Engineering Pro-
gram (CMMI-10-41578). The main objective of the project is to provide knowledge, 
technologies, and tools to enable performance-based seismic design and increase the 
seismic safety of lightweight cold-formed steel framed buildings. The project will in-
clude experimental and computational tasks as follows. The experimental tasks span 
from characterization of sub-systems to full-scale shake table tests at University at 
Buffalo NEES Facility. The computational tasks are broken into those related to high 
fidelity models, phenomenological models, and high efficiency beam models that in-
corporates the strength and stiffness reductions inherent in local and distortional 
buckling of thin-walled cold-formed steel cross-sections.  

This paper presents the first-phase of the project focusing on the design and 
instrumentation plan of full-scale multi-story CFS frame buildings that are tested on 
shake tables at University at Buffalo NEES Facility in the second phase. Detailed de-
sign criteria and specifications of the multi-story cold-formed steel buildings as well 
as sensor arrangements in shake table tests are presented in this paper.  

STRUCTURAL DESIGN OF MULTI-STORY CFS BUILDING 

A multi-story prototype CFS frame building (referred to as CFS-NEES building) is 
designed for the investigation of seismic performance of light-framed structures using 
cold-formed steel cee-sections as the primary gravity load carrying elements with 
wood structural panel diaphragms and shearwalls as the primary lateral load resisting 
system. This section provides a background, detailed design criteria, and structural 
drawings of the CFS-NEES building.  

Background and Related Research 

The CFS-NEES building is intended to represent a typical structure in its class. To 
seek for the input on the-state-of-the-practice building design and construction, the 
project team requested experienced professional engineers to form an Industry Advi-
sory Board (IAB). Currently, there are seven active members with diverse back-
ground in the IAB. Design of the CFS-NEES building is an outcome from hours of 
discussion between the project team and the IAB, and incorporates most of the im-
portant practical aspects that are of great interest for practitioners. Inputs from the 
IAB will be incorporated in construction, instrumentation, and experimental phases as 
well.  



trea
pro
(ww
(jw
stat
NE
the 
the 

Des

The
in O
NE
men
(ea
(19
min
tal 
lim

Des

Des
late
(IB
for 
07)
diap
Ste
forc
dus
nec
loa

 

 

 

 

 

While t
atment, this 
oposed here
ww.curee.or

wv.eng.ua.edu
te of knowl

EESWood sh
whole build
current state

scription of

e CFS-NEES
Orange Coun

EES building
nsions of th
st-west direc

9.3 ft) in heig
ned based on
mass of the 

mit of the dua

sign Criteri

sign of the s
eral loads we

BC) based on
the Design 

) was used. 
phragm des
el Framing 
ces were det
stry standard
ctions not pa
d and resista

 

F

this research
is not to sa

ein. In pa
g/projects/w
u/neeswood_
edge for low

hake table te
ding tests pro
e of the art f

f the CFS-N

S building is
ntry, Califor

g. Floor and 
he CFS-NEE
ction), 7.0 m
ght. The hei
n the size of
CFS-NEES 

al shake table

ia 

structure was
ere determin
n this locatio
of Cold-For
Member cal

sign was ba
– Lateral D

termined bas
ds, allowable
art of the late
ance factor d

Figure 2. A 3

h makes the
ay that relate
articular th

woodframe) a
_reports.htm
w-rise repet
sts at UB-N
oposed herei
for modeling

EES Buildi

s a two-story
rnia. Figure 
elevation vi

ES building 
m (23.0 ft) in
ight includes
f the dual sh
building is a
es at Buffalo

s based on a 
ned per the 2
on. For mem
rmed Steel S
llouts were 
sed on the 

Design”, 200
sed on the lo
e strength d
eral force res
design (LRFD

3-dimensiona 4 

 case that c
ed wood res
he CUREE
and the recen

ml) are impo
titively fram

NEES (Filiatr
in and the re

g wood-fram

ng 

y office buil
2 shows a th
ews of the b
are 15.2 m 
n short axis 
s a 0.4 m pa
ake tables at
approximate
o.  

site in Oran
2009 edition 
mber sizing, t
Structural Me
based on SS
“North Am

07 edition (A
ocation. For

design (ASD
sisting system
D) was used

al view of th

cold-formed 
search has n

E-Cal Tech 
ntly complet
ortant contr

med construc
rault et al. 2
elated 3D mo

med construct

lding that is
hree-dimens
building are 
(approximat
(north-south

arapet. These
t the Univer

ed 35.0 tons 

nge County, 
of the Intern

the “North A
embers”, 20
SMA/SFIA 

merican Stan
AISI S213-0
r simplicity, 

D) was used 
m (LFRS). F
d.  

he CFS-NEE

steel requir
no bearing o

Woodfram
ted NEESW
ributors to 
ction. In par
007) form th
odeling () de
tion. 

s assumed to
sional view o
shown in Fi
tely 50 ft) i
h direction),
e dimension
rsity at Buffa
and it is also

California. G
rnational Bui
American Sp

007 edition (
criteria. She

ndard for Co
07). Wind a
and consiste
for member

For design of

ES building. 

res separate 
on the work 
me project 

Wood project 
the overall 
rticular, the 
he basis for 
emonstrates 

o be located 
of the CFS-
igure 3. Di-
n long axis 
, and 5.9 m 

ns are deter-
falo. The to-
o within the 

Gravity and 
ilding Code 
pecification 
AISI S100-
earwall and 
old-Formed 
and seismic 
ent with in-
rs and con-
f the LFRS, 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3. F

(a) South e

(c) North e

Floor and ele

elevation

elevation

(e) 

(f) Flo

5 

evation view

Roof layout

oor-joists lay
ws of the CFS

(b)

(d)

yout
S building.  

) East elevati

) West elevat

 

on 

tion 

 



Gr

Bas
tion
and
trac
ken
the 
 
 
 
 
 
 
 
 

 

Roo

Roo
of t
loa
men
bui
sign
120

stif
gle
tion
ing

Flo

In a
ing
may
tion
inch

Loa

For
as 9

avity System

sed on input
nal platform
d roof joists 
ck and clip a
n at the top o

lower wall t

of Joists 

of joists wer
the attachme
ds included 
nts. Note th
ilding, maxim
nificant con
00S200-54 jo

Because
ffeners were 
s screwed to
n from the jo

g web crippli

oor Joists 

addition to t
g and the lik
y be moved 
n limits of L
hes on cente

ad-bearing W

r a desired cl
9 ft. in lengt

m Design 

t from the IA
m framing. A

to the insid
angles is cur
of each floor
top track (se

re designed a
ent to the stu

20 psf dead
hat for the e
mum corner

ncern in the
oists at 24 in
e the web he
required at 

o the joist an
oist web to th
ing failure in

the standard 
ke, a 15 psf 

at various t
L/240 for tot
er were selec

Walls 

lear height o
th. Code pre

Figure 4. A

AB, a ‘ledger
According to 
de flanges o
rrently the do
r level and ca
ee Figure 4).

as simple spa
ud walls was
d load, 20 p
ffective win

r wind uplift
e design. Ba
nches on cen
eight-to-thick

member en
nd to the rim
he support in

n the joists. 

18 psf dead
partition lo

times during
tal loads an

cted. 

of framing of
escribed win

A schematic 

6 

r framing’ sy
the IAB, le

of the load-b
ominant met
apped with a

an members
s not conside
psf live load
nd area assoc
t was calcula
ased on the
nter were sele
kness for the

nds. Stiffenin
m (ledger) tra

n direct shea

d load to acc
ad was inclu

g the structur
d L/360 for 

f 8’0” and 1
nd loads, whe

of ledger fr

ystem was c
edger framin
bearing stud
thod of cons
a track. Wal

s with unifor
ered in the ro
d and wind u
ciated with 
ated at 14.1 
se loads an
ected. 
e selected jo
ng was acco
ack. This me
ar rather than

count for fra
uded to acc
re’s life span

r live loads, 

2” deep jois
en reduced f

aming syste

chosen rather
ng which att
ds via a com
struction. Stu
lls above are

rm loading. E
oof joist des
uplift per IB
the joist spa
psf and thu

nd the defle

oists exceede
omplished w
ethod transfe
n bearing, th

aming, sheat
count for par
n. Based on
1200S250-9

sts, studs we
for area, we

em.

r than tradi-
taches floor 

mbination of 
uds are bro-
e stacked on 

End rigidity 
ign. Design 

BC require-
ans for this 

us was not a 
ction limit, 

ed 200, web 
with clip an-
ers the reac-
hus preclud-

thing, floor-
rtitions that 

n the deflec-
97 joists 24 

ere designed
re less than 

 



  

7 

15 psf. As such, a slightly conservative value of 15 psf wind load was used for stud 
design.  

Studs above the 2nd floor platform were designed to carry wind load in com-
bination with roof dead and live loads. Load combinations per ASCE 7-05 were used. 
The total gravity load of 440 lb/stud was used based on the roof joist reactions. Gravi-
ty loads were applied at the inboard stud flange, resulting in an end eccentricity of 3 
inches to the center of the studs. Since walls will receive gypsum board sheathing on 
at least one flange, k� for distortional buckling was taken as zero per CFSEI Tech-
nical Note G100-08. Based on these criteria, 600S162-33 studs at 24 inches on center 
were chosen.  

Lower level walls were designed similarly to the upper level walls except that 
in addition to roof gravity loads, floor gravity loads were also considered. Basend on 
this, 600S162-54 studs @ 24 inches on center with discrete bridging at mid-height 
were chosen.  

Lateral System Design 

Because testing will be based on shake-table simulated seismic forces, the design of 
the lateral system focused on seismic design. 

Lateral forces were determined based on mapped short period spectral re-
sponse acceleration parameter, Ss, and mapped 1-second spectral response accelera-
tion parameter, S1 for the location described previously. Site Class D was chosen as 
is typical for sites in the vicinity of this project. For the office occupancy chosen, IE 
= 1.0 was used.  

Lateral resistance was provided by wood structural panel shearwalls. For this 
system, the following parameters were derived from ASCE 7-05 Table 12.2-1: 

• Response Modification Coefficient, R = 6.5 
• Overstrength Factor, �0 = 3 
• Deflection Amplification Factor Cd = 4 

The resulting base shear coefficient was calculated as Cs = 0.143. 
From this base shear coefficient and the total seismic weight of 78 

kips, the seismic base shear force is determined 11 kips.  

The vertical distribution of the calculated shear was based on ASCE 7-05 sec-
tion 12.8.3. The design shear forces at the roof and 2nd levels were determined to be 
roughly 6.5 and 4.5 kips, respectively. 

Shear Walls 

Based on the proposed location of windows and doors, shearwall locations were se-
lected on each of the four perimeter walls. Both Type I and Type II shearwalls were 
investigated. However, for this structure, the Type II shearwalls did not, in the opin-
ion of the investigators and the IAB, provide a significant benefit. As such, Type I 
shearwalls were selected throughout. 
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Based on the force distribution, shearwalls were selected per the procedures of 
AISI S213-07. OSB sheathing was selected on the basis of economy of OSB. The 
typical 2nd floor stud framing was specified as 33-mil, but in order to meet strength 
requirements 54-mil chord studs were selected. Also minimum 43-mil top and bottom 
track were specified. Therefore, shear values applicable to 43 or 54-mil framing 
members were used. 

ASCE 7-05 Table 12.12-1 limits seismic story drift to 0.025hsx for the type of 
structure contemplated where hsx is the story height. Drift was determined based on 
AISI S213-07 Eq. C2.1-1 and found to be within this limit for each wall. 

Shear Chord Studs 

Shearwall chords were designed for load combinations per ASCE 7-05, section 2.3.2 
including dead, live and both lateral and vertical seismic loads. Eccentric moment due 
to both gravity (ledger on inside face of stud) and seismic (shear panels on outside 
face of stud) loads were included. Chords were sized based on basic LRFD load 
combinations in addition to the strength requirements of AISI S213-07, C5.1.2. 
Chord stud strength was checked at the minimum of the amplified seismic load, or 
the maximum seismic load the system can deliver as allowed in AISI S213-07. Based 
on this analysis, two 600S162-54 back-to-back chords were selected for both the 1st 
and 2nd levels. 

Ties and Hold-downs 

For the 2nd floor ties, a strap system was chosen to transfer forces from the 2nd floor 
chords to the 1st floor chords. To avoid crushing the plywood that runs between the 
bottom track at the 2nd floor and the top track of the 1st floor, straps were sized for 
both compression and tension. 

Shear Anchors 

Transfer of 2nd floor shear forces to 1st floor shearwalls is accomplished via screw 
fasteners between the 2nd floor base track and the 1st floor top track. These fasteners 
pass through the 2nd floor diaphragm. As such, fasteners with spacing to match the 
edge fasteners for 2nd floor shearwalls were selected. 

Diaphragms 

Roof and floor diaphragms were designed for the higher of the maximum total roof 
shear and the minimum diaphragm shear required by ASCE 7-05, Eq. 12.10-2. Dia-
phragm capacity was determined per AISI S213-07, Table D2-1. On this basis, an 
unblocked minimum 7/16 inch OSB diaphragm with fasteners at 6 inches on center at 
supported edges and 12 inches on center in the field was selected for the roof. For the 
2nd floor diaphragm, minimum 23/32 inch unblocked structural panels with fastening 
to match the roof were selected. 
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