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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 
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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. 
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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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