
 
 
 
 
 
 
 

Earthquakes and Structures, Vol. 10, No. 5 (2016) 1125-1141 

DOI: http://dx.doi.org/10.12989/eas.2016.10.5.1125                                                                                    1125 

Copyright © 2016 Techno-Press, Ltd. 
http://www.techno-press.com/journals/eas&subpage=7                ISSN: 2092-7614 (Print), 2092-7622 (Online) 
 
 
 

 
 
 
 

Direct displacement based seismic design for single storey 
steel concentrically braced frames 

 

Suhaib Salawdeh1,2a and Jamie Goggins
1,2,3 

 
1
Civil Engineering, College of Engineering & Informatics, National University of Ireland, Galway, Ireland 

2
Centre for Marine and Renewable Energy Ireland (MaREI), Galway, Ireland 

3
Ryan Institute, Galway, Ireland 

 
(Received July 25, 2015, Revised January 14, 2016, Accepted February 15, 2016) 

 
Abstract.  The direct displacement based design (DDBD) approach is spreading in the field of seismic 

design for many types of structures. This paper is carried out to present a robust approach for the DDBD 

procedure for single degree of freedom (SDOF) concentrically braced frames (CBFs). Special attention is 

paid to the choice of an equivalent viscous damping (EVD) model that represents the behaviour of a series 

of full scale shake table tests. The performance of the DDBD methodology of the CBFs is verified by two 

ways. Firstly, by comparing the DDBD results with a series of full-scale shake table tests. Secondly, by 

comparing the DDBD results with a quantified nonlinear time history analysis (NLTHA). It is found that the 

DDBD works relatively well and could predict the base shear forces (Fb) and the required brace cross 

sectional sizes of the actual values obtained from shake table tests and NLTHA. In other words, when 

comparing the ratio of Fb estimated from the DDBD to the measured values in shake table tests, the mean 

and coefficient of variation (CV) are found to be 1.09 and 0.12, respectively. Moreover, the mean and CV of 

the ratios of Fb estimated from the DDBD to the values obtained from NLTHA are found to be 1.03 and 

0.12, respectively. Thus, the DDBD methodology presented in this paper has been shown to give accurate 

and reliable results. 
 

Keywords:  concentrically braced frames; displacement based design; shake table tests; nonlinear time 

history analysis; seismic design; equivalent viscous damping 

 

 

1. Introduction 
 

Over the last decades extensive research was carried out on concentrically braced frames 

(CBFs), as they are simple to design and fabricate with low cost and showed good performance 

during earthquakes (Tremblay et al. 1995). In CBFs, the main source to absorb and dissipate 

energy demand during seismic actions is the inelastic behaviour of the bracing members, which 

can dissipate energy primarily through yielding in tension and through inelastic buckling in 

compression (Remennikov and Walpole 1997a). 

EC8 (CEN 2004) prescribes the forced based design methodology for the seismic design of 
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structures. In this approach, preliminary estimates of geometry and section sizes are carried out. 
Seismic forces are estimated from an elastic response spectrum. To account for dissipation of 
energy during the seismic design, these forces are reduced by a reduction factor dependent upon 
the type of the building. These seismic forces are then used to analyse the structure and determine 
member sizes by selecting those which have capacities larger than the estimated demand forces. 
Structural displacements of the frame are then estimated and checked against the code 
displacement limits. If the presented limits are exceeded, redesign is required. 

Elghazouli (2010) assessed the fundamental approaches and main procedures adopted in the 
seismic design of steel frames, with emphasis on the provisions of EC8. He highlighted areas that 
require careful consideration with the force based design procedure and suggested a number of 
clarifications and modifications. Málaga-Chuquitaype and Elghazouli (2011) highlighted further 
considerations of the seismic demand in the design of braced frames to force based design 
methodologies, again with particular emphasis on European seismic provisions. 

On the other hand, a new performance based seismic design methodology called the direct 
displacement based design (DDBD) procedure starts by considering a design displacement 
depending upon the drift limit chosen, then the strength required to achieve this displacement is 
calculated. For this procedure, a model code has been published by Calvi and Sullivan (2009). 
This approach was developed as a result of the shortcoming of the force based design approach 
identified by Priestley (1993, 2003), which led to Priestley et al. (2007) publishing a book on 
displacement based seismic design of structures. The provisions in this DDBD code have been 
well developed for reinforced concrete structures. However, the recommendation for steel 
concentrically braced frame (CBF) structures are limited in the draft model code (Calvi and 
Sullivan 2009). Several researchers (Medhekar and Kennedy 2000, Medhekar and Kennedy 2000, 
Della Corte 2006, Della Corte and Mazzolani 2008, Garcia et al. 2010, Maley et al. 2010) carried 
out research for DDBD procedure for steel structures. In particular, some work was carried out by 
Goggins and Sullivan (2009), Wijesundara (2009) and Della Corte et al. (2010) to verify the 
DDBD procedure for CBFs. This work was based on limited data from tests and numerical 
models. In this paper, the DDBD procedure will be developed for one-storey CBFs and compared 
with a series of full scale shake table tests and a large range of non-linear time history analysis 
(NLTHA) to assure its validity. The NLTHA used to validate the DDBD was calibrated using 
shake table tests (Goggins and Salawdeh 2013). Full details of the shake table tests, including 
observations and findings from these tests are presented elsewhere (Goggins 2004, Elghazouli et 
al. 2005, Broderick et al. 2008). Special attention is paid to the choice of the equivalent viscous 
damping (EVD) model for use in the DDBD of CBFs. EVD is an important element of DDBD 
methodology as it characterizes the non-linear response of the hysteretic system with the effective 
stiffness at maximum displacement. 
 
 
2. Direct displacement based design 

 
DDBD characterises the structure by an effective stiffness at maximum displacement and a 

level of EVD. In this section, complete design approach for DDBD of single degree of freedom 
(SDOF) structures is outlined. The latter sections will check the validity of the method using shake 
table tests and NLTHA. 

 
2.1 Design displacement 
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For a SDOF structure, the lateral design displacement of the frame can be taken as the 
maximum lateral frame displacement that occurs based on the design drift limit chosen, where the 
maximum lateral frame displacement can be found by 

∆஽ൌ ஼݄ (1)ߠ

where θC is the design drift limit and h is the height of the storey. 
 
2.2 Yield displacement and ductility 
 
The yield displacement of the CBF, Δy, is required to find the design displacement ductility of 

the frame, μ, in order to calculate the EVD, eq. 
The design displacement ductility factor of the frame, μ, is found by dividing the design 

displacement, ΔD, over the yield displacement, Δy, as shown in Eq. (2) 

ߤ ൌ
∆஽
∆௬

 (2)

In order to limit the damage to the structural elements, the design ductility values should be less 
than the total ductility reached at fracture, μf, obtained from the expressions established by Nip et 
al. (2010) for hot-rolled and cold-formed steel shown in Eqs. (3) and (4).  

Hot-rolled carbon steel 

௙ߤ ൌ 3.69 ൅ 6.97λത െ 0.05ሺܾ/ߝݐሻ െ 0.19ሺλതሻሺܾ/ߝݐሻ (3)

Cold-formed carbon steel 

௙ߤ ൌ 6.45 ൅ 2.28λത െ 0.11ሺܾ/ߝݐሻ െ 0.06ሺλതሻሺܾ/ߝݐሻ (4)

where λത is the normalised slenderness ratio, b is the width of the wider face of the section, t is the 
thickness of the section and ߝ ൌ ඥ235 ௬݂⁄  where fy is the yield strength. Several researchers (Tang 
and Goel 1989, Tremblay 2002, Shaback and Brown 2003, Goggins et al. 2006) have proposed 
empirical equations for predicting the fracture life of bracing members for different cross-sections 
and other CBF configurations. 

The yield displacement of CBFs is governed by the conditions to cause yielding of the bracing 
elements. Tremblay (2002) suggested that the resistance of the frame can be estimated from the 
yield strength of the tension brace plus 80% of the compression brace buckling capacity for braces 
with λത ൑ 1. Goggins et al. (2006) found in their physical testing that the resistance provided by 
compression members with 1 ൏ λത ൑ 2.4  was, on average, 30% of their maximum buckling 
capacity. On the other hand, for the very slender brace members (λത ൒ 2.4) they found that the 
post-buckling resistance of the compression brace was very small and can be ignored finding that 
the resistance of the tension brace only, for a CBF with concentric braced members with high 
ductility, represents a good estimation of the overall resistance and the initial stiffness of the 
braced frame. This is in agreement with the provisions of EC8. Therefore, assuming the tension 
diagonals only participates in the lateral resistance of the structure and that strains in the beams 
and columns are negligible with respect to strains in the brace for a single storey structure, then 
from geometry shown in Fig. 1, the yield displacement can be found using Pythagoras’ theorem as 
the following 

ሺܮ௕ ൅ ௕ሻଶܮ௬ߝ ൌ ݄ଶ ൅ ሺܤ ൅ ∆௬ሻଶ (5)
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approach proposed by Jacobsen (1960) was used to estimate the EVD value from the hysteretic 
loops. The normalised slenderness ratio, λത, of brace members ranged from 0.44 to 1.6. All brace 
members had compact class 1 cross sections. The model was correlated to the results of twelve 
single storey braced frames which were obtained from an experimental programme conducted by 
Archambault (1995) on brace members subjected to displacement histories to replicate the 
behaviour of single storey CBFs. The brace member slenderness ratios ranged from 0.8 to 1.57. To 
validate the EVD values obtained from the area based approach, for each target relative lateral 
frame displacement, Wijesundara (2009) carried out NLHTA using seven real earthquakes scaled 
to an appropriate displacement spectrum for each frame. 

Wijesundara (2009) recommended that if the brace normalised slenderness ratio was either 
below 0.4 or above 1.6, then these limits should be used in replace of the actual normalised 
slenderness ratio in Eqs. (8) and (9). In the current study, for which brace normalised slenderness 
ratios ranged from 1.5 to 2.9, no such limits were imposed. More details about the rationale behind 
this decision can be found in Goggins and Salawdeh (2013). 

Table 1 and Fig. 3 compares various EVD models with equivalent viscous damping values 
computed from measured hysteretic loops obtained from shake table tests conducted by Elghazouli 
et al. (2005) using Jacobsen’s area based approach (Jacobsen 1960). In particular, EVD values for 
a given measured ductility are obtained using the EVD expression proposed by Priestley et al. 
(2007) for the flag-shaped hysteretic rule with =0.35 which was used for CBFs by Goggins and 
Sullivan (2009), EVD equations for CBFs proposed by Wijesundara (2009), which are given in 
Eqs. (8) and (9), and EVD values estimated by Goggins and Salawdeh (2013) from NLTHA 
simulations of the frames tested in the aforementioned shake table tests. It is evident from Fig. 3 
that both the values obtained from the NLTHA (Goggins and Salawdeh 2013) and Eqs. (8) and (9) 
(Wijesundara 2009) give reasonable predictions of the measured equivalent viscous damping 
values. It is recommended to use the expressions in Eqs. (8) and (9) proposed by Wijesundara 
(2009), but without imposing upper limits on the normalised slenderness ratio, as these have been 
independently developed specifically for CBFs and match relatively well with values computed 
from shake table tests carried out by Elghazouli et al. (2005). For the shake table tests with braces 
having slenderness ratios of 1.49 and 1.58, there was a scatter in the results, as they had 
experienced full brace fracture during the shake table tests. 

 
 

Table 1 Comparison of equivalent viscous damping values for single storey concentrically braced frames 

Test ID 
Slenderness 

ratio, λത 
Ductility μ

Equivalent viscous damping, ξeq% 

Measured NLTHA
Flag-shaped 

(=0.35) 
Eq. (9) (Wijesundara 

2009) 

ST1-R50H 2.21 2.39 9.09 4.23 6.4 11.27 

ST2-E50H 2.23 7.71 11.21 6.42 8.39 11.13 

ST4-R20H 2.78 4.72 3.59 2.89 8.08 7.47 

ST5-E20H 2.87 6.59 7.34 6.04 7.69 6.87 

ST5E20HB 2.87 8.02 5.51 3.96 8.63 6.87 

ST7-R40H 1.49 14.93 6.18 4.67 8.82 16.07 

ST8-E40H 1.58 13.83 7.08 6.12 7.9 15.47 

 

1130



 
 
2.4
 
To 

design
displac
EC8 h

The
effectiv
shown
elastic 

 
2.5
 
Wit

where 

Direct displa

4 Effective pe

find the eff
n level of dam
cement spect
as been adop

e relative la
ve period, T

n in Fig. 4. Tc

displacemen

5 Effective st

th the effecti

me is the flo

acement based

Fig. 3 C

eriod of the 

fective perio
mping. This 
trum. In this
pted, as the D

ateral frame 
Te, from the d

c is the corne
nt at the corn

tiffness of su

ive period, T

or mass and 

d seismic desig

Comparison of

structure 

od, the desig
can be achie
work, the d

DDBD metho

Rξ= ൬

design disp
displacement
er period of t
ner period of 

ubstitute stru

Te, established

K

Te is the effe

 
 
 
 
 
 

gn for single s

f equivalent vi

gn displacem
eved by app

damping mod
odology was

൬
0.07

ሺ0.02+ξሻ
൰

0

placement, Δ
t spectrum d
the elastic di
f the spectrum

ucture 

d, the effecti

Ke=
4π2me

Te
2  

ective period

storey steel co

iscous dampin

ment spectru
lying a damp

difier express
 carried out u

.5

 

ΔD, is then 
developed at 
splacement r
m. 

ve stiffness, 

d. 

oncentrically b

ng values 

um should be
ping modifie
sion used in 
using this ex

used to rea
the design l

response spe

Ke, is determ

braced frames

e developed
er, Rξ, to the
the 1998 ed

xpression 

ad off the re
level of dam
ectrum and Δ

mined as 

s 

d at the 
e elastic 
ition of 

(10)

equired 
ping as 

Δc is the 

(11)

1131



 
 
2.6
 
In t

relativ
(Eq. (1

In t
for the
increas
as 

where 
base sh

 
2.7
 
EC

should
braces
the she

Ass

6 Design bas

the DDBD a
e lateral fram

11)) by the d

the DDBD a
e reduction 
se in the late

g is accelera
hear can be f

7 Brace cros

8 (CEN 200
d be designed
. In contrast
ear was foun
suming tensi

se shear for

approach, the
me displacem
esign displac

approach, it i
in effective

eral force req

ation due to g
found by 

ss-section siz

04) suggested
d to resist the
, during the 

nd to be resist
ion only me

Suhaib Sala

Fig. 4 Displa

rce 

e design bas
ment is obtai
cement, ΔD, a

ܨ

is recommen
e lateral stiff
quired to acc

௉ିܨ

gravity and H

௕ܨ ൌ ൬

ze 

d for frames 
e shear and n
real-time sh
ted by the co
embers are r

 
 
 
 
 
 

awdeh and Jam

acement respo

se shear, Fb,
ined by mul
as shown 

௕ܨ ൌ ௘∆஽ܭ

nded that the
ffness due to
count for P-Δ

ି∆ ൌ
݉݃
௘ܪ

∆஽

He is the effe

൬ܭ௘ ൅
݉௘݃
௘ܪ

൰

with concen
no contributi

hake table tes
ompression m
resisting the

mie Goggins

onse spectrum

required to 
tiplying the 

e design base
o P-Δ effect
Δ effects in s

 

ective height 

∆஽ 

ntric bracings
ion in resista
sts (Elghazou
member. 
 base shear,

limit the res
required effe

e shear be in
ts (Priestley 
teel structure

of the SDOF

s that tension
ance is assum
uli et al. 200

, Goggins an

 

sponse to the
fective stiffne

ncreased to a
 et al. 2007
es can be est

F system. Th

n diagonal b
med by comp
05), a percen

nd Sullivan 

e target 
ess, Ke, 

(12)

account 
7). The 
timated 

(13)

hus, the 

(14)

bracings 
pression 
ntage of 

(2009) 

1132



 
 
 
 
 
 

Direct displacement based seismic design for single storey steel concentrically braced frames 

estimated the cross-section of the brace members by using 

௕ܣ ൌ
௕ܨ

ܥ ௬݂cosߙ
 (15)

where fy is the actual yield stress obtained from monotonic tensile tests on the sections, α is the 
slope of the brace members to the horizontal, and C is an over strength ratio which accounts for 
the expected maximum brace resistance being higher than the yield stress due to strain hardening 
and the rate of strain. Goggins and Sullivan (2009) suggested to take C as 1.24 as they found that 
the maximum measured resistance of brace members in the shake table tests was on average 24% 
higher than the measured yield strength. Goggins and Sullivan (2009) mentioned that this factor 
can be modified to take into account the contribution of the compression brace to the lateral 
resistance of the structure. In this paper, the results from shake table tests (explained in the next 
Section) were re-investigated and the factor C from the different sources of overstrengths and the 
contribution of the compression members was found from the tests to range from 1.18 to 1.47 with 
an average value of 1.28. 

For the frames tested in this paper, a trial to assign a percentage of the base shear to be resisted 
by the compression members was investigated. In this approach, full fracture of brace members 
occurred and caused collapse of the frame in physical tests ST7-E40H and ST8-E40H and in many 
frames during NLTHA while checking the sensitivity of the shake table tests to different 
earthquakes as discussed in Sections 3 and 4. For comparison reasons, the factor C that will be 
used for the design methodology in the following sections will be taken similar to values measured 
in the physical tests, to take into account the strain hardening and the contribution of the 
compression brace members, even though collapse of the test frame occurred during some shake 
table tests. Values of the factor C were different for each test as it depends mainly upon the 
slenderness ratio for brace members. However, for designing new structures, the authors suggest 
using the factor C as unity, which means designing the tension diagonal bracings to resist the shear 
assuming no contribution in resistance by compression braces, as suggested by EC8 (CEN 2004). 
 
 
3. Comparison of DDBD with shake table tests 

 
3.1 Shake table test set-up 
 
Elghazouli et al. (2005) carried out shaking table tests in the Laboratory for Earthquake 

Engineering of the National Technical University of Athens (NTUA) on full-scale structures that 
represented an idealisation of a single-storey within a typical form of concentrically braced frame 
type of construction, in which the load-sharing between the tension and compression braces is 
accounted for. The test frame had an overall height of 2.89 m and plan dimensions of 2.70 m×2.47 
m, as shown in Fig. 5. 

The one-storey one-bay frames tested supported a mass of approximately 10,000 kg. Columns 
and beams were designed to behave elastically with pinned end connections in the direction of the 
earthquake. For each test, two cold-form structural steel hollow brace specimens were rigidly 
connected at their top ends to the bottom flange of the transverse beams, and at their lower ends to 
the table platform. The two braces are not connected at mid-length, and are separated in plan by an 
appropriate spacing to avoid contact during out-of-plane buckling. Slender brace specimens were 
used with different section sizes with a normalised slenderness ratio between 1.49 and 2.87. 

1133



Eig
the sa
abbrev
nomin
tube is
history
peak g
the exp
range 
and ob
2005, 
proced

The
very im
consid
shake 
beams 

 
3.2
 
The

as the 
unique
motion
design

Fro
obtain
compa
and th

 
 

Fig. 5 D
al. 200

 

ght shake tab
ame used by
viation of sh
al depth of t
s filled with
y from the Im
ground accel
pected stren
of dominant

bservations f
Broderick e

dure presente
e shaking tab
mportant eff

der real-worl
table tests w
and column

2 Compariso

e DDBD met
maximum l

e design dis
ns for the de
n spectrum w
om this spec
ed. Then, th

arison betwee
he physical e

Diagram of th
5) 

ble tests are 
y Goggins 
hake table fo
the hollow s
h mortar. Th
mperial Vall
leration of ab
ngth. Test fra
t frequencies
from the shak
et al. 2008)
ed in this pap
ble test spec
fect of brace
ld constructi
with a reali

ns should be c

on with shak

thodology is
lateral relati
splacement s
esign level of

was found by 
ctrum, the e
he effective 
en the base s
xperiments a

he experiment

Suhaib Sala

studied in th
(2004) for 
ollowed by 
teel section 

he frames, ex
ley record of
bout 0.34 g 
ame ST5-20H
s in an ideal
ke table tests
). Data obta
per. 
cimens provi
e-beam-colum
ions as the 
stic gusset-p
carried out to

ke table tests

s performed f
ve frame di
spectrum is 
f damping, a
applying a d
ffective peri
stiffness and

shear Fb and 
are given in 

al set-up for t

 
 
 
 
 
 

awdeh and Jam

his paper. Te
ease of ref
the test num
represented 
xcept ST5-2
f the El Cen
was appropr
H was subje
lized EC8 sp
s are found 

ained from t

ided in this p
mn connecti
final objecti
plate connec
o validate the

s 

for the shake
isplacement 

developed
as shown for
damping mod
iod correspo
d the base s
brace cross-
Table 2, wh

the shake tabl

mie Goggins

est ID’s assi
ferencing. T
mber then a
by ‘H’ when

20H, were su
ntro earthqua
riately scaled
ected to a sy
pectrum. Det
elsewhere (G
the tests are

paper are id
ions is not i
ive of the d
ctions conne
e theoretical 

e table tests b
obtained du
from the m

r example in
difier, Rξ, cal
onding to th
shear can be
sectional are

here the estim

le test (all dim

gned to desc
The first tw
a number wh
n it is hollow
ubjected to 

ake. The orig
d for each fr

ynthetic reco
tailed discus
Goggins 200
e used to v

ealizations o
included in 

design metho
ecting bracin

predictions. 

by using the t
ring the test

measured gro
Fig. 6 for S

lculated usin
he design di
e calculated.
eas Ab obtain
mated Fb and

mensions are in

cribe the test
wo letters ‘S

hich represe
w or ‘F’ if th
scaled accel

ginal record,
frame depend
ord represent
ssions of the 
04, Elghazou
validate the 

of CBFs, wh
the test mod

odology, add
ng members 
 

target displa
ts. For each
ound (shake
ST2-E50H te
ng Eq. (10). 
isplacement 
. The results

ned from the 
nd Ab were ob

n mm) (Elgha

ts were 
ST’ are 
ents the 
he steel 
leration 
 with a 
ding on 
ting the 

results 
li et al. 
DDBD 

here the 
del. To 
ditional 

to the 

acement 
 test, a 

e table) 
est. The 

can be 
s and a 
DDBD 
btained  

azouli et 

1134



Table 2

Tes
ID

ST2-5

ST3-5

ST5-2

ST5-2

ST6-2

ST7-4

ST8-4

ST9-4

Mea

Cv

 
 

using E
gives a
section
estima
respect

 
 

4. Ver
 
Ano

is one 
The so

Direct displa

2 Results from

st 
D 

fy 

(N/mm2

50H 333 

50F 333 

20H 377 

0HB 435 

20F 292 

40H 358 

40H 396 

40F 507 

an 

v 

Eqs. (14) an
a very good
nal area. In f
ated from th
tively. 

rification of 

other method
of the most 

oftware used

acement based

Fig. 6 Dis

m DDBD and c

 

2) 
Δy 

(mm) λത 

7.56 2.2

7.55 2.3

8.56 2.8

9.87 2.8

6.62 2.9

8.14 1.4

8.99 1.5

11.5 1.8

nd (15). As c
d estimates o
fact, the mea
he DDBD t

f DDBD met

d to verify th
accurate num

d is OpenSee

d seismic desig

splacement sp

comparison to

Δd 

(mm)
3 61.5 8

3 47.6 6

7 59.9 7

7 83.5 8

2 90.5 1

9 128 1

8 131 1

3 33.9 2

can be seen 
of the requir
an and coeff
o the measu

thodology u

he DDBD m
merical meth
es (McKenn

 
 
 
 
 
 

gn for single s

pectrum for de

 
o physical exp

µ ξeq (%)

8.14 11.1

6.30 10.5

7.00 6.9 

8.46 6.9 

3.7 6.5 

5.8 16.1

4.6 15.5

2.94 13.8

from Table 
red base she
ficient of va
ured values 

using NLTH

methodology
hods to repre
na et al. 200

storey steel co

esign of frame

perimental resu

Estimated

Fb 

(kN)
Ab

(mm2

123 430

109 389

52 133

59 151

50 169

109 338

115 335

156 369

2, the DDB
ar strength a
riation (Cv) 

in shake t

HA 

is the NLTH
esent the inel
00). To assu

oncentrically b

e ST2-50H 

ults 

Measur

2)
Fb 

(kN) (m
96 3

94 3

53 1

54 1

40 1

113 3

122 3

151 3

BD methodol
and, hence, 
for the ratio
table tests a

HA. It is cho
astic perform
re that the n

braced frames

red 
Estim
Mea

Ab 

mm2) 
Fb 

334 1.29 

334 1.16 

135 0.99 

138 1.09 

136 1.24 

351 0.96 

357 0.94 

357 1.04 

1.09 

0.12 

logy propose
the required

o of base she
are 1.09 and

osen here bec
mance of stru
numerical m

s 

mated/ 
sured 

Ab 

1.29

1.16

0.99

1.09

1.24

0.96

0.94

1.04

1.09

0.12

ed here 
d cross-
ear (Fb) 
d 0.12, 

cause it 
uctures. 

model is 

1135



represe
behavi
nonlin
the cyc
fibre e

Thi
represe
column
brace s
beam a
model 
behavi
Salawd
axial f
As sho
phase o

 
 

Fig

 

Fig. 8 
model (

enting the re
iour of brac

near beam col
clic behaviou

elements inco
is model wa
enting the sh
ns and beam
specimens ar
at their top e
is adopted 

iour of the s
deh 2013). F
force time hi
own in Fig. 
of the respon

(a

g. 7 Measured 

(

Comparison f
(Goggins and 

eal behaviour
ce members 
lumn elemen
ur of the bra
orporating a f
as advanced 
hake table te

ms are model
re modelled 
ends, and to 
for the num
hake table te

Fig. 7 and Fi
istory respon
7, the nume

nse. Howeve

a) physical tes

displacement

(a) first Brace

for the axial l
Salawdeh 20

Suhaib Sala

r of CBFs, it
using pseud

nt model for 
ace elements
fatigue mode
to get a rob

ests. Two-di
lled to behav
as nonlinear 
the ground 

merical simul
ests (for mor
g. 8 show an

nse of the ph
erical model 
er, a significa

st 

time-history r

e 

load time-hist
13) 

 
 
 
 
 
 

awdeh and Jam

t was validat
do-static cyc
steel structu
(Salawdeh a

el that detect
bust numeric
imensional n
ve elastically
r beam colum
at their low
ations. This 
re details ab
n example of
hysical test S

could predi
ant difference

response of te

tory between 

mie Goggins

ted using phy
clic tests wa

ural rectangul
and Goggins
t fracture due
cal model fo
numerical mo
y with a pinn
mn elements 
er ends. Tan
model is fo

bout the num
f the compar
ST2-E50H an
ict the displa
e is found in

(b)

est ST2-E50H

(

the physical 

ysical tests. F
as carried o
lar hollow se
s 2013). This
e to low cycl
or concentric
odels are car
ned end cond
with fixed co

ngent stiffnes
ound to repre
merical mode
rison between
nd the numer
acement accu
the second p

) numerical m

H (Goggins and

b) second Bra

test ST2-E50

First, a study
out to get a 
ections repre
s model is ba
lic fatigue. 
cally braced 
arried out, in
ditions. The 
onnections w
ss viscous da
esent very w

el see (Gogg
en displacem
erical model 
urately for t
phase. It can

model 

d Salawdeh 20

ace 

0H and the nu

y of the 
robust 

esenting 
ased on 

frames 
n which 

hollow 
with the 
amping 

well the 
ins and 
ent and 
results. 

the first 
n be due  

013) 

umerical

1136



to elon
be cap
NLTH

For
the DD
to diff
displac
used f
section
ST6-20

Eig
each e
filters 
calcula
across 
(Grant
Earthq
distanc

Tw
be use
with th
respon
compa
consid
the nu
(Priest
acceler
follow
and CV

 
 

Fig. 9 
displac

Direct displa

ngation that o
ptured in the 
HA model can
r this study, 
DBD procedu
ferent earthq
cement spec
for ST2-50H
ns, NLTHA 
0F and ST9-

ght accelerog
earthquake) a

the whole 
ates an optim
a period ran

t et al. 2008
quakes with t
ce, r. 

wo alternative
d in design v
he design r

nse parameter
atible accele
dered. This ap
umber of rec
tley et al. 20
rogram as th

wing code gui
V of response

Displacemen
ement spectru

acement based

occurred to a
numerical m
n be used for
frames ST2-
ure described
quakes scale
trums used 

H is shown in
was not app

-40F. 
grams from f
are used. Th
PEER recor

mum linear s
nge of interes
8). For this s
the ID’s used

es are given i
verifications
esponse bein
r (e.g., displa
rograms, wi
pproach is al
cords above 
007). Differen
he records a
idance but n
e parameters 

nt response 
um for the ear

d seismic desig

a brace memb
model. In gen
r different CB
-50H, ST5-2
d in Section 
ed to have d
for the shak
n Fig. 9. As
plied for the

four different
he records w
rd database 
scaling facto
st, and finally
study the ea
d, date of occ

in codes (CE
. The first in
ng taken as
acement). Th
ith the aver
lmost always
the minimu

nt numerical
are selected 
ot on seismo
can be impr

spectrum for
thquake used 

 
 
 
 
 
 

gn for single s

ber causing t
neral, these r
BFs with dif
0H, ST5-20H
2 and having

displacement
ke table test
s the numeri
e frames wit

t earthquake
were selected 

(PEER 201
or for all filt
y ranks these

arthquakes se
currence, PE

EN 2004, IBC
nvolves using
s the maxim
he second ap
rage value b
s adopted an
um of seven
l results for 
focusing on

ological para
roved by add

r eight accel
for ST2-50H 

storey steel co

the frame to 
esults are fai

fferent earthq
HB, ST7-40H
g hollow ste
t response s
s. For exam
ical model w
th steel fille

s (2 compon
by using a 

1) on user-d
tered records
e records in o
elected are s

EER ID, the m

C 2012) for t
g three spect

mum from th
pproach uses 
being adopte
nd there appe
n, to insure 
the response

n compatibili
ameters. Accu
ding more nu

lerograms sca
test 

oncentrically b

lean to one s
irly accurate 
quakes with c
H and ST8-4
el braced sec
spectrums co

mple the disp
was develope
d sections in

nents in ortho
computer pr
defined sele
s to best fit t
order of root
shown in Ta
magnitude, M

the number o
rum-compati

he three reco
a minimum 

ed for the r
ears to be a te
a more repr

e parameters 
ity with the 
uracy in the 
merical analy

aled to be c

braced frames

side which c
e and assure t
confidence. 
40H designe
ctions are su
ompatible w
placement sp
ed for steel 
n frames ST

ogonal direct
rogramme th

ection criteri
the target sp
t-mean-squar
able 3. It giv
M, and the ep

of accelerogr
tible accelero
ords for the
of seven spe

response par
endency to in
resentative a
 are found f
response sp
prediction o

lyses. 

compatible w

s 

couldn’t 
that the 

d using 
ubjected 
with the 
pectrum 
hollow 

T3-50F, 

tion for 
hat first 
ia, then 
pectrum 
re error 
ves the 

picentre 

rams to 
ograms, 
e given 
ectrum-
rameter 
ncrease 
average 
for each 
pectrum 
of mean 

with the

1137



 
 
 
 
 
 

Suhaib Salawdeh and Jamie Goggins 

Table 3 Properties of ground motions used 

Earthquake ID used Date PEER ID M r (km) 

Northridge EQ3a, EQ3b Jan. 17, 1994 959 6.7 5 

Imperial Valley EQ4a, EQ4b Oct. 15, 1979 169 6.5 34 

Hector EQ5a, EQ5b Oct. 16, 1999 1762 7.13 48 

Landers EQ6a, EQ6b Jun. 28, 1992 900 7.28 86 

 
Table 4 Comparison of displacements and base shear obtained from NLTHA and DDBD 

 
Average value from NLTHA for 

8 different accelerograms 
DDBD NLTHA/DDBD 

Test ID Δmax (mm) Fb (KN) Δmax (mm) Fb (KN) Δmax Fb 

ST2-50H 66.8 103 61.5 123 1.09 0.83 

ST5-20H 43.5 60 41.7 52 1.04 1.16 

ST5-20H-B 85.5 62 83.5 59 1.02 1.06 

ST7-40H 135 110 128.0 109 1.05 1.01 

ST8-40H 140.9 130 131.0 115 1.08 1.12 

Mean   1.06 1.03 

Cv   0.02 0.12 

 
 

After carrying out the NLTHA for the frames, it is found that the average of the maximum 
displacements obtained from the time history analysis are very close to the values obtained from 
DDBD as seen in Table 4. Furthermore, the average values of the maximum base shear of the 
frames subjected to the eight accelerograms are close to the base shear values obtained from 
DDBD. The mean and coefficient of variation (Cv) for the ratio of the maximum displacement 
(Δmax) estimated from the DDBD to values obtained from NLTHA are 1.06 and 0.02, respectively. 
Furthermore, the mean and Cv for the ratio of Fb estimated from the DDBD to the values obtained 
from NLTHA are 1.03 and 0.12, respectively. Accuracy in the prediction of mean and CV of 
response parameters can be improved by adding more numerical analyses. 

 
 

5. Conclusions 
 
A direct displacement based design (DDBD) procedure for single-storey concentrically braced 

frames (CBFs) was presented. An equivalent viscous damping model developed specifically for 
CBFs by Wijesundara (2009) was validated using full scale shake table tests. 

A DDBD methodology for single storey CBFs was validated using shake table tests and non-
linear time history analysis (NLTHA). DDBD was performed for all the shake table tests with a 
target displacement equal to the maximum displacement from the shake table tests. It was found 
that estimated base shear forces and required brace cross sectional sizes predicted by the DDBD 
methodology match very closely to the actual values obtained from shake table tests. 

NLTHA is used to verify the DDBD methodology using eight different accelerograms scaled to 
have displacement spectrum equal to displacement spectrums used for the DDBD. It was found 
that the average of the displacements and base shear obtained from NLTHA and the ones obtained 
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from DDBD are very similar. 
Thus, the DDBD methodology presented in this paper has been shown to give accurate and 

reliable results, which was proven by comparing predictions to data obtained from shake table 
tests and large range of NLTHA. 
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